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Abstract

Thiol based redox signalling is an emerging area of research in protein science.
Reversible disulfide bonding and Zn2+ expulsion are two important but less explored
oxidative thiol modifications associated with redox signalling. They have numerous
implications in health and disease.
Three computational methods have previously been developed to predict redox‐
active disulfides in proteins: redox pair protein (RP) method, ‘forbidden disulfides’ (FD)
method and torsional energy (TE) method. These methods and other tools of
bioinformatics are used in my study to investigate redox‐active disulfides, Zn2+ sites and
the association between FDs and Zn fingers in protein structures.
The first objective of my study was to apply the RP method to predict novel
proteins containing likely redox‐active disulfides. Over 300 novel RP proteins were found
during this study. Significant conformational changes associated with disulfide redox
activity in RP protein structures were also identified. I accomplished another objective, to
predict proteins with likely redox‐active disulfides and thiols in M. tuberculosis and C.
glutamicum by matching protein disulfide templates derived by the FD, RP and TE
methods to the genomes of these organisms.
Expulsion of Zn2+ from proteins following oxidation of ligating cysteine residues is
an emerging area in oxidative stress response. Trends in the ligating residue combination
patterns at redox‐active and inert protein Zn2+ sites were successfully identified, to
achieve the second objective of my study.
The third objective was to identify specific types of FDs associated with Zn fingers.
A novel type of FD motif called the anti‐parallel hairpin‐diagonal disulfide (aHDD) was
discovered during the study. The presence of this motif and its variants in the structure is
characteristic of different types of Zn fingers, suggesting a functional relationship. An
aHDD motif based extension to a Zn finger classification system was also proposed in this
study. I have also estimated around 81% of human Zn finger proteins to be associated
with the aHDD motif, suggesting its likely importance in Zn2+ signalling.
V

Finally, the above investigations are discussed and future directives are proposed
to further enhance our knowledge of redox‐active disulfides, Zn2+ sites and their
associations in protein structures.
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Chapter 1
Introduction

1

1.1

Introduction

Redox homeostasis of a cell is important for its existence. Defining the redox
environment of a cell is quite complex. In cells, energy is generated during the movement
of electrons from oxidizable organic molecules to oxygen (Schafer and Buettner 2001).
Redox couples are pairs of molecules that complement each other and are sensitive to
this flow of electrons. The redox environment of a cell is mirrored by the state of these
cellular redox couples (Schafer and Buettner 2001). However, there are diverse cellular
compartments within the cell, which differ in their redox milieu, which makes it more
difficult to define the cellular redox environment.
Significant changes in the cellular redox environment have now been recognized to
give rise to a large number of pathological conditionssuch as cancer, Alzheimer’s disease,
cardiovascular and neurodegenerative diseases (Valko, Rhodes et al. 2006; Valko, Leibfritz
et al. 2007; Wouters, Fan et al. 2010). Yet, the exact biological mechanisms or pathways
underlying the redox association of these diseases continue to baffle scientists worldwide.
Oxidative and reductive stress is deemed responsible for many diseases associated
with redox biology. Oxidative stress in a biological system is caused by an imbalance in the
production and disposal of reactive oxygen/nitrogen species (ROS/RNS) during
metabolism that results in the cellular accumulation of ROS (Klein and Ackerman 2003;
Apel and Hirt 2004).
ROS and RNS are highly reactive, short-lived small molecules (Hidalgo and Donoso
2008). The high reactivity of ROS/RNS implicates their ability to cause significant oxidative
damage to macromolecules (Rhoads, Umbach et al. 2006). Depending on the reactivity
and half-life, ROS/RNS can either attack macromolecules close to their site of production
or can diffuse freely and cause damage at other sites within or even outside the cell
(Kohen and Nyska 2002). Thus, high concentrations of ROS/RNS are lethal causing nucleic
acid and protein disruption, lipid peroxidation and ultimately cell death (Halliwell 1991;
Halliwell 1996).
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It is also important to note that ROS are associated with normal physiological
processes. Mild to moderate levels of ROS or RNS are involved in routine cellular functions
such as intracellular signalling (Autreaux and Toledano 2007), cell differentiation and
motility (Mishina, Tyurin-Kuzmin et al. 2011), transcription (Brown, Donaldson et al. 2004)
and immuno-defense activity (Bolwell and Wojtaszek 1997).
In contrast to oxidative stress, reductive stress reflects a hypoxic state, triggered
by elevated levels of intracellular NADH (Ido, Kilo et al. 1997). When cellular oxygen is
present, reductive stress promotes ROS generation (Ghyczy and Boros 2001). Hence, both
oxidative and reductive stress can lead to high levels of ROS /RNS within a cell. Reductive
stress has also been implicated in numerous redox-associated diseases. For example, it
has been shown to beassociated with cardiac myopathy, dysfunction and failure (Zhang,
Min et al. 2010). Thus, cellular homeostatic systems have been put in place to maintain
the optimal redox balance in biological and physiological systems.
Potential interactions between oxidants such as ROS and biological molecules form
the basis for sensing the redox environmental modifications in an otherwise homeostatic
cellular redox state. Biological systems have evolved various mechanisms for converting
these sensed oxidant signals into biological responses. One such mechanism rests heavily
on oxidative modification of the thiols of cysteine (Cys) residues within proteins.
Oxidative thiol modifications are very diverse and are often transitory and
refractory to analysis (Riederer 2009; Wouters, Iismaa et al. 2011). Not all protein thiols
are involved in oxidative thiol modification based redox signalling; some Cys thiols are
involved in the stabilization of the protein structure. Those which do undergo oxidative
modification, however, are the focus of this thesis.

1.2

Oxidative thiol modifications in redox signalling

Thiol based redox signalling was first identified in plants (Buchanan and Balmer
2005). Increasingly, cysteinyl thiols are being recognized to play a significant role in
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cellular redox signalling. However, only those thiols with lower pKa values are able to
readily ionize to form thiolate anions in cells. Thus, thiols with lower pKa values have
enhanced reactivity for many oxidants, hence can react with them under the conditions
and at the concentrations the oxidants are found in cells (Eaton 2006). For example, most
thiols in cytoplasmic proteins have pKa values greater than 8.0. This means they will be
protonated and unable to engage in intracellular redox signalling at pH in the physiological
range (Giles, Tasker et al. 2001; Brandes, Schmitt et al. 2009). On the other hand, thiols
with lower pKa values are easily de-protonated and rendered redox active under
physiological conditions (Brandes, Schmitt et al. 2009). Lower pKa values for such reactive
Cys residues are often a result of the positioning of proximal residues with positive (+)
charge or aromatic side chains (Eaton 2006). These stabilize the thiolate anions via chargecharge interactions (Zhang and Dixon 1993). The accessibility of such reactive thiols by the
oxidant is also important for thiol oxidative modification. The accessibility depends on the
position of the thiol in the three-dimensional protein structure (Eaton 2006). These redoxactive thiols have a high tendency to participate in redox signalling processes, in contrast
to those of structure stabilizing permanent origin (Eaton 2006).
Cys residue thiols can undergo a diverse range of oxidative modifications, which
are employed by various redox signalling mechanisms. The thiol modification that is seen
is governed by the type of oxidant and its concentration (Dalle-Donne, Rossi et al. 2007).
Nitrosylation (the conjugation of nitric oxide (NO) to Cys) is a prominent type of thiol
modification in redox signalling(Sun, Steenbergen et al. 2006), which is also frequently
associated with vascular disease (Lima, Forrester et al. 2010). Glutathionation of protein
Cys residues is another major type of thiol modification where proteins are oxidized by
glutathione (GSH), a low-molecular weight cellular thiol (tripeptide) (Wouters, Iismaa et al.
2011). GSH participates in the redox buffering of the cellular system in association with
proteins and plays a protective role against molecular oxidative damage (Chakravarthi,
Jessop et al. 2006). Upon oxidation it dimerizes to form glutathione disulfide (GSSG); this
in turn is reduced by glutathione reductase (GSHR)(Lillig, Berndt et al. 2008). Together,
GSH and GSSG act as a buffer to control the redox potential of the cell (Lillig, Berndt et al.
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2008). Generally, a higher ratio of GSH:GSSG (higher levels of GSH in comparison to GSSG)
indicates a reductive environment, while a lower ratio indicates an oxidative environment
(Lillig, Berndt et al. 2008).
Oxidation of Cys residues by hydrogen peroxide (H2O2) is another type of oxidative
thiol modification, which is versatile and can yield sulfenic (-SOH), sulfinic (-SO2H) and
sulfonic (-SO3H) acid derivatives. Sulfenic acids are the initial oxidation product of the
reaction between Cys and H2O2. This type of thiol modification can also result from the
hydrolysis of S-nitrosothiols, from protein hydrolysis, from the production of sulfenyl
radicals in the presence of hydroxyl radicals and from the oxidization of a disulfide bond
to a thiosulfinate, which in turn attacks a thiol group to generate a sulfenic acid (Poole,
Karplus et al. 2004).
Sulfenic acids are known for their involvement in redox signalling processes. For
example, recent evidence suggests that Cys oxidation to a sulfenic acid in the thiol
peroxidaseGpx3, is necessary for yeast to sense oxidative stress (Paulsen and Carroll
2009). It is also implicated in other biological processes like T cell activation, signal
modulation and function (Michalek, Nelson et al. 2007). Sulfenic acids can be readily
reduced to thiols under physiological conditions by reductants, such as GSH, glutaredoxin
(Grx) and thioredoxin (Trx) (Berndt, Lillig et al. 2007). Sulfenic acids are now viewed as
widespread post-translational modifications found at basal levels in healthy tissue and
elevated in response to H2O2 (Carballal, Radi et al. 2003; Poole, Karplus et al. 2004; Saurin,
Neubert et al. 2004; Dalle-Donne, Rossi et al. 2007).
Sulfenic acids can be further oxidized to form sulfinic and sulfonic acids. These are
also implicated in cellular protective mechanisms and redox switches. For instance, in DJ-1
(a protein involved in certain forms of rare familial parkinsonism) formation of a Cys106sulfinic acid has been shown to play a protective role against mitochondrial fragmentation
and cell death (Blackinton, Lakshminarasimhan et al. 2009). The peroxiredoxin Tpx1,
which upregulates the Pap1 transcription factor of Schizosaccharomyces pombe, is

5

oxidized to yield a Cys-sulfinic acid and then reduced by the sulfiredoxin, Srx1 as part of a
redox switch mechanism in H2O2 signalling (Vivancos, Castillo et al. 2005).
Reversible disulfide linkage formation and reversible expulsion of Cys ligated
metals like Zn2+ are also types of oxidative thiol modifications in proteins. Emerging
evidence suggest these modifications to be of high significance in redox based biological
pathways (Wouters, Fan et al. 2010). However, the extent to which these modifications
are being employed by proteins in redox signalling and other biological pathways and
their exact mechanisms still remain poorly understood. These thiol based oxidative
modifications will be discussed in detail later in this chapter.
Oxidative thiol modifications are often reversed as an integral process of cellular
redox signalling and homeostasis. For example, GSH is removed by glutaredoxin (Lillig,
Berndt et al. 2008), disulfides are reduced via thioredoxin (Berndt, Lillig et al. 2007) and
Zn2+ is reloaded into proteins by metallothioneins (Stephen G. Bell 2009). The NO adduct
of the nitrosylated thiol is removed by GSH adducts and glutaredoxin (Wouters, Iismaa et
al. 2011). The higher thiol derivatives, such as sulfonic acid derivatives, may be harder to
reverse (Wouters, Iismaa et al. 2011) and much remains unknown about mechanisms
involving them. However, there is evidence to suggest sulfiredoxin as a reductant of
sulfinic acids to cysteine (Jonsson, Murray et al. 2008).
The many possible oxidative thiol modifications and the variety of oxidants that
may react with Cys thiols during cellular signalling and homeostasis are summarized in Fig
1.1. This thesis exclusively focuses on two types of thiol oxidative modifications associated
with redox signalling; reversible disulfide linkages and reversible expulsion of Zn 2+.
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Fig 1.1 Oxidative thiol modifications in redox signalling and homeostasis. Protein thiols are
generally found in the reduced state or bound to Zn 2+ ions (blue circles) in the cytosol (A). The
major types of eukaryotic cellular oxidative thiol modifications are summarized as follows: B) The
addition of low-molecular weight thiols, RSH, to yield mixed disulfides, RSSR; C) formation of an
inter-molecular disulfide bond with a different protein (green square); D) intra-molecular disulfide
bonding within the same protein, E) sequential oxidation of Cys thiols to yield sufenic, sulfinic (E1)
or sulfonic acid (E2) derivatives, F) Expulsion of Zn 2+ to form disulfides or other oxidative
derivatives, G) addition of RNS or NO (S-nitrosylation). The types of thiol modifications that form
the basis of study in this thesis are highlighted in blue (A, C, D and F).
*The figure was adapted from Wouters et al. (2011).
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1.3

The disulfide linkage

1.3.1 The disulfide linkage in proteins

The disulfide linkage in proteins is derived by the covalent coupling of thiol groups
from Cys residues. Methionine (Met), which also contains a sulfur atom in the form of
thiol ether, does not form disulfide bonds. Instead, oxidation of surface exposed Met
residues generates methionine sulfoxide, a mechanism also implicated in biological
antioxidant defense systems (Levine, Berlett et al. 1999).
The SS bond length of the protein disulfide is around 2.0-2.05 Å (Petersen, Jonson et
al. 1999; Bhattacharyya, Pal et al. 2004; Aylward and Findlay 2008). The CβSS bond angle is
around 105˚(Petersen, Jonson et al. 1999). Disulfide bond formation in proteins involve
thiol/disulfide exchange reactions between Cys thiolates and oxidizing disulfides (Bulaj
2005). A new protein disulfide bond is formed when a Cys thiolate anion attacks the
oxidizing disulfide along the S-S axis resulting in the interchange of the thiolate and
disulfide via reaction intermediates (Shaked, Szajewski et al. 1980). This thiol-disulfide
exchange in proteins is usually catalyzed by enzymes such as glutaredoxin and protein
disulfide isomerase (PDI) (Gilbert 1990).
Proteins can form either inter or intra-molecular disulfides or mixed disulfides with
low molecular weight thiols such as glutathione. In fact, disulfide linkages are the second
most common form of covalent bonding between amino acids after peptide linkages
(Wong, Ho et al. 2011). Intra and inter-molecular disulfides are often implicated in protein
structure stability. Mixed disulfides arise from post-translational modifications and seem
to be a significant element in protein redox regulation (Wouters, Iismaa et al. 2011).
The chemistry of thiol/disulfide exchange and the thermodynamics of oxidative
folding govern the native disulfide bonding patterns in proteins (Creighton 1997; Bulaj
2005). The thermodynamic stability and protein conformational tendencies of a
polypeptide to form native disulfides determines the equilibrium in native and non-native
disulfide bonded folded products (misfolded) (Bulaj 2005). The thermodynamic stability
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of folded products also determine the Cys pairing format/disulfide connectivity in proteins
(Bulaj 2005). The rate of disulfide bond formation between two Cys residues correlates to
their accessibility and the proximity to each other, within the maximum distance required
for a thiol/disulfide exchange reaction (Wedemeyer, Welker et al. 2000). In addition,
reactivity of Cys residues, determined by the pH and ionic strength of the milieu as well as
the presence of charged nearby residues in the secondary structure and other
electrostatic factors affecting the ionization and nucleophilicity of thiolates control the
formation of protein disulfides (Bulaj, Kortemme et al. 1998; Bulaj 2005; Cannon and
Remington 2006).
The disulfide linkage appears to serve several functions in proteins, especially during
the folding process. These bonds impose distance and angle constraints that lower the
entropy of the protein’s unfolded state making it less favourable than the folded state,
thereby stabilizing the native conformation (Arolas, Aviles et al. 2006). Disulfides can also
stabilize the folded state enthalpically via local interactions, such as stabilizing the packing
of local clusters of hydrophobic residues (Wedemeyer, Welker et al. 2000). They are also
known for their role in protecting proteins from oxidants, high temperatures, pH
variations, organic solvents and proteolytic enzymes, thus increasing the half-life of the
protein by increasing the protein’s thermodynamic stability (Zavodszky, Chen et al. 2001;
Bulaj 2005; Arolas, Aviles et al. 2006). In addition, disulfide bonds are increasingly being
recognized for their function as biological redox switches associated with redox buffering
and other protein functions (Wouters, Fan et al. 2010).

1.3.2 The disulfide proteome – A historical perspective

Historically, disulfides were viewed purely as folding and structural stabilization
agents in protein structures. With the growth of elucidated protein structures in the
Cambridge Structural Database (CaSD) and Protein Data Bank (PDB) following rapid
advances in crystallographic techniques, scientists have been able to gain a deeper
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understanding of various molecular aspects of globular proteins, including their disulfide
linkage patterns. In one such attempt, two scientists called Richardson and Thornton (RT)
established several structural guidelines that governed the formation of protein disulfide
linkages. According to these guidelines, two half-cystines located on, a single helix or βstrand, adjacent or non-adjacent β-strands of the same sheet or located adjacent in the
amino sequence cannot form disulfide linkages without adding a strain to its native
protein conformation (Richardson 1981; Thornton 1981). As no disulfides that disobeyed
the above four guidelines were found amongst protein crystal structures at the time of
this study, such disulfides were thought to not exist.
In hindsight, the absence of such disulfides can be attributed to the paucity of
proteins with solved structures in databases in those early years. Moreover, the inability
to control redox conditions at that time may have led to the cleavage of any such
disulfides during the experimental and crystallographic processes, given their tendency to
be redox sensitive. The redox sensitivity of disulfides disobeying the RT guidelines will be
discussed in detail later on in this chapter. There is ample evidence of radiation induced
reduction of protein disulfides during the X-ray diffraction process (Weik, Ravelli et al.
2000; Alphey, Gabrielsen et al. 2003). For instance, radiation generated cleavage of a
disulfide bond is seen in the N-terminal domain of the Salmonella typhimurium alkyl
hydroperoxide reductase, without much evidence of general radiation damage to the
overall structure (Roberts, Wood et al. 2005). In addition, certain reagents can have a
similar effect on the cleavage of disulfides.
Richardson originally classified native disulfides into two conformational groups: the
left-handed spiral and the right handed hook (Richardson 1981). This division was later
expanded to include the right handed short hook dubbed the ‘staple’ by Harrison and
Sternberg (Harrison and Sternberg 1996).
Although RT studies predicted that disulfides could not connect residues on adjacent
β-strands, a study by Wouters et al. (1995) established that there was, in fact, a high
preference for Cys residues to pair up as cross-strand partners in β-sheets (Wouters and
Curmi 1995). However, in these cases the protein β-sheets were found to be distorted as a
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result of the twisting of the two adjacent Cys bearing β-strands (Wouters and Curmi 1995;
Wouters, Fan et al. 2010). This is necessary in order to accommodate these unusual
disulfide bonds, which were termed ‘Cross-Strand Disulfides’ (CSD) (Wouters, Fan et al.
2010). Most disulfides that adopt the staple conformations are also found to be part of a
CSD motif (Haworth, Feng et al. 2006).
Likewise, Carugo et al. (2003) discovered that vicinal disulfide bonds can occur
between half-cystines adjacent in sequence (Carugo, Cemazar et al. 2003) (see Fig 1.5).
Vicinal disulfides breached the RT rule that defied their very existence. Similar to the CSDs,
structural superimposition studies of vicinal disulfides have shown that backbone
distortions are induced as a result of such disulfide bonding (Carugo, Cemazar et al. 2003).
Formation of the vicinal disulfide also reversed the normal direction of the polypeptide
chain (Carugo, Cemazar et al. 2003). In contrast, a more relaxed and extended backbone
was observed in structures where the vicinal disulfide was reduced (Carugo, Cemazar et
al. 2003).
These vicinal disulfides have a high torsional energy and are often associated with
redox switches in proteins. For instance, the adjacent residue pairs Cys94-Cys95 and
Cys328-Cys329, have been found to destabilize and inactivate the human ribonuclease
inhibitor upon oxidation (Kim, Schultz et al. 1999). Many vicinal disulfide containing
proteins that occur naturally have now been identified. These include: Hepcidin (Hunter,
Fulton et al. 2002), Amaranth α-amylase inhibitor (Cemazar, Zahariev et al. 2003), Janusfaced atrotoxins (Wang, Connor et al. 2000), α-conotoxin (Gehrmann, Alewood et al.
1998) and methanol dehydrogenase (Blake, Ghosh et al. 1994).
The discovery of CSDs and vicinal disulfides led many scientists to view the protein
disulfide linkage from a more functional perspective. A relatively unstable disulfide linkage
with high potential energy due to structural distortion seemed incongruous as a structural
stabilizing agent in proteins. Evidence also began to emerge that some disulfides
contributed little or none to the stability of their resident proteins. For example, Lack et
al. (2003) showed that the Cys2-Cys6 disulfide bond in latent transforming growth factor
TGF- binding protein is unnecessary for protein folding and structural stability (Lack,
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O'Leary et al. 2003). In fact, removal of four native disulfide bonds in cold-adaptive amylase of Pseudoalteromonas haloplanktis, results in a slight increase in its
thermodynamic stability (Siddiqui, Poljak et al. 2005). In the oxidoreductase DsbA (found
in the periplasm of Escherichia coli), a disulfide bond was found to destabilize its folded
conformation (Zapun, Bardwell et al. 1993). Nevertheless, literature provides plenty of
other instances where disulfides seem to act solely as structural stabilizers in proteins. For
example, Pace et al. (1988) showed that the removal of disulfide bonds in ribonuclease T1
decreased the stability of the protein by increasing the flexibility and the conformational
entropy of the unfolded chain (Pace, Grimsley et al. 1988).
These studies have eventually led researchers to propose the existence of two
disulfide sub-proteomes: one that is involved in protein structure stabilization and
another that may be involved in redox activity in proteins.

1.3.3 Structural classification of disulfide bonds

The conformation of a disulfide bond is best described using the five side-chain
dihedral (or torsional) angles, namely χ1, χ2, χ3, χ2′ and χ1′. The χ1, χ2, χ1′and χ2′ are the
dihedral angles of the Cys residues while the χ3 is the dihedral angle of the disulfide
linkage (see Fig 1.2).

Fig 1.2 The five dihedral angles that describe a
disulfide linkage. The yellow spheres represent
the sulfur atoms of the partnering Cys residues.
The spheres coloured in grey are carbon atoms.
Atoms illustrated in blue, cyan and red indicate
nitrogen, hydrogen and oxygen.
*Figure was adapted from Haworth et al.(2007).
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The χ3 dihedral (or torsional) angle (Cβ-Sγ-Sγ-Cβ) is generally ±90˚(Richardson 1981). A
negative (-) value for χ3 denotes a left-handed disulfide, while a positive (+) value indicates
a right handed linkage. The signs of the χ2, χ3 and χ2′ torsional angles can be further used to
categorize the disulfide conformation. In spiral conformations, all three torsional angles
are either left-handed (---) or right-handed (+++). In hook conformations the angles are
either --+/+-- (left-handed) or ++-/-++ (right-handed). In staples they are -+- (right-handed)
or +-+ (left-handed) (Haworth, Feng et al. 2006). All other possible combinations are also
found in the structures currently in the PDB. However, recent studies have shown that
many PDB structures contain disulfide conformations with the χ2 and χ2′ angles outside of
the conventionally defined ranges (Haworth, Feng et al. 2006).

1.3.4 Sub-cellular location of disulfide bonded proteins

During the early years, scientists strongly held the belief that protein disulfide
bridges were restricted to oxidative compartments in the cellular environment. Some
scientific literature even explicitly ruled out the possibility of disulfides occurring in a
reductive environment as the cytosol (Carl and Tooze 1999). However, recent studies have
provided conclusive evidence of disulfide bond formation in reductive environments. For
instance, the single-chain Fv antibody was shown to form a cytosolic intra-molecular
disulfide in stably transformed plants (Schouten, Roosien et al. 2002).
However, disulfide bonded proteins have a tendency to concentrate in different
sub-cellular compartments based on their redox-active or inert nature. For instance,
proteins with structural disulfides though present, are relatively less in cytoplasmic
compartments of any organism (Rietsch and Beckwith 1998; Cumming, Andon et al. 2004)
due to the extreme reductive nature of the cytoplasm. Instead, Cys residues in
intracellular proteins tend to be stabilized by other means as ligating metal ions (Maret
2004). In bacteria, structural disulfides are commonly found in the oxidizing extracytoplasmic compartments (Hatahet, Nguyen et al. 2010) or are secreted into the media,
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while in eukaryotes the endoplasmic reticulum (ER) or plasma membrane tends to contain
many of the proteins with stable disulfides.
Nevertheless, there are reports of disulfide stabilized proteins, which occupy
reducing environments like the cytoplasm. One such example is the adenylosuccinate
lyase from the hyperthermophilic archaea, Pyrobaculum aerophilum (Toth, Worby et al.
2000). Other examples can be found in catalytic proteins as thioredoxin and glutathione
reductase as well as Hsp33 (Ilbert, Horst et al. 2007) and OxyR (Mallick, Boutz et al. 2002).
Furthermore, disulfides can even reduce within an oxidative environment, as in the
case of cholera toxin A-subunit that undergoes a disulfide cleavage to form two units in
the ER (Majoul, Ferrari et al. 1997). The GSH/GSSG ratios in the ER have been shown to be
in the oxidative range of 1/1-3/1 (Hwang, Sinskey et al. 1992).
Thus, disulfide bonds in intracellular proteins are now frequently regarded as
transient, marginally stable entities that are affiliated with redox sensing mechanisms in
the cell.

1.3.5 Thiol-disulfide exchange in proteins

Thiol-disulfide exchange reactions occur when a disulfide linkage is attacked by a
thiolate anion, cleaving the disulfide bond. This results in the formation of a new disulfide
between a sulfur atom of the previous bond and the approaching thiolate. The rate of this
exchange reaction can be slowed by lowering the pH, which leads to the protonation of
the thiolate (Gilbert 1990).
Earlier, it was believed that disulfide bond formation in proteins was a spontaneous
process in vivo, a theory supported by the work of Anfinsen who demonstrated this in
ribonuclease A and also showed that molecular oxygen could promote the formation of
disulfide bonds (Anfinsen, Haber et al. 1961). However, it is now known that thiol-disulfide
exchange follows a much more complex biochemical pathway in organisms. Specialized
thiol-oxidase systems are in place to introduce and rearrange disulfide bonds in proteins.
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Disulfide bond formation is a crucial step in protein folding. This is catalyzed by the
Dsb system in bacteria and the PDI/Erol1 system in the ER of eukaryotic cells (Tu and
Weissman 2004; Lasica and Jagusztyn-Krynicka 2007). For example in bacterial E.coli, the
oxidation of a pair of Cys sulfhydryl groups is catalyzed by the enzyme DsbA. Here, the
oxidative folding process generates electrons that are transferred from DsbA to DsbB,
which is then channeled into the electron transport chain (Inaba and Ito 2002; Inaba and
Ito 2008).
In vivo, thiol-disulfide exchange takes place via the enzymes thioredoxin (HeppellParton, Cahn et al. 1995; Koharyova and Kolarova 2008) and glutaredoxin (Lillig, Berndt et
al. 2008), which also serve as antioxidants in a cellular context. The thioredoxin system
comprises of thioredoxin, thioredoxin reductase and NADPH (Holmgren 1989).
Thioredoxins, which act as the major protein disulfide reductant, have a characteristic
CXXC motif in their sequence (Schultz, Chivers et al. 1999) and a fold consisting of a fourstranded anti-parallel β-sheet between two α-helices (Martin 1995). They also function as
electron donors to ribonucleotide reductases, peroxiredoxins and methionine sulfoxide
reductases (Arner and Holmgren 2000). Thioredoxins are reduced by NADPH dependant
thioredoxin reductase (Holmgren 1989). Glutaredoxins on the other hand are oxidized by
substrates but are reduced by glutathione without the involvement of other enzymes
(Lillig, Berndt et al. 2008). Glutaredoxins and thioredoxins both contain a redox-active
disulfide in their active site (Freedman 1998).

1.4 Redox-active disulfides
1.4.1

Methods to identify redox-active disulfides

As previously stated, recent literature suggests the existence of two disulfide
subproteomes, namely structural and redox-active(Wouters, Fan et al. 2010). Some
disulfide linkages serve purely a structural purpose in their resident protein structures.
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The redox potential of such structural disulfides can be as low as -470mV (Wouters, Fan et
al. 2010). In contrast, the redox potentials measured in thiol-disulfide oxidoreductases,
which catalyze redox reactions, range from -120 to -270mV (Haworth, Feng et al. 2006).
The redox potential of a disulfide indicates how likely it is to be reduced and is expected
to correlate with the disulfide torsional energy (Haworth, Feng et al. 2006). Disulfides with
higher torsional energies are less mechanically stable; they are known to have a high
tendency to reduce, thereby, be redox sensitive (Weiner, Kollman et al. 1984; Haworth,
Feng et al. 2006; Haworth, Gready et al. 2007; Haworth, Liu et al. 2010; Wouters, Fan et
al. 2010). Thus, redox potentials and torsional energies are good indicators of the redox
sensitivity of disulfide bonds in proteins. The features of the protein structure in and
around the Cys residues that form structural or redox-active disulfides can also be used to
differentiate them, as structural features can determine disulfide torsional energies.
The redox potential gives the best indication of disulfide redox activity.
Unfortunately, there are a number of experimental barriers associated with the
measurement of disulfide redox potential, which means that it cannot be applied on a
high-throughput scale. Firstly, the protein of interest must be extracted from a cell for this
purpose. Certain cell lysis and protein solubilization methods can degrade or artificially
modify proteins, thereby producing erroneous redox potential measurements. While
some proteins can spontaneously refold into their native structure once the solubilizing
reagents are removed, for example using dialysis methods, others may fold into nonfunctional or insoluble forms or return a minute yield.
Maintaining the solubilized proteins in fully dispersed monomeric micelles without
inactivating the protein is another challenge faced during the purification of membrane
proteins by affinity chromatography (Thomas and McNamee 1990). Limitations in reagent
access to peptide components containing the reactive Cys (Wouters, Fan et al. 2010), as
well as denaturation of proteins by exposing them to oxidative stress conditions during
differential thiol trapping technique to overcome the reagent access problem (Wouters,
Fan et al. 2010), can modify any susceptible thiols resulting in erroneous predictions.
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An alternative way to identify redox active disulfides is to utilize computational and
bioinformatics techniques. Such attempts include a study by Fomenko et al. (2007), where
high-throughput identification of catalytic redox-active Cys residues in proteins was
achieved by linking them with Selenocysteine-Cys pairs in sequence databases (Fomenko,
Xing et al. 2007). Others have used bioinformatics tools in combination with in vitro
techniques to study redox sensitive proteins. In such an attempt, Conour et al. (2004)
identified putative redox-regulated cell cycle proteins containing redox-sensitive motifs
using the InterPro and Swissprot/spTrEMBL databases (Conour, Graham et al. 2004).
The redox activity of disulfides is strongly influenced by, but not solely dependent
on, the redox potential of the disulfide. Other factors, such as the solvent accessibility and
the nature of the solvent/milieu also contribute to the redox sensitivity of a disulfide
linkage. Electronic environments that lower the thiol pKa also enhance their reactivity,
while protein conformational changes that expose disulfides to reducing solvents lower
the redox reactivity. A fascinating example of a protein conformational change involved in
the control of solvent accessibility can be found in the human prion protein associated
with neurodegenerative disorders. This protein has a single disulfide bond, linking Cys179
and Cys214, which has the ability to alternate between a stable low energy state and a
high energy configuration via a conformational change. When it accesses its high-energy
state, two tyrosine residues and a phenylalanine residue rotate away from the disulfide
bond exposing it to solvent molecules (Tabrett, Harrison et al. 2010). Therefore, a
comprehensive method that factors in all the above aspects is necessary to accurately
identify redox-active disulfides in proteins.
Our lab has extensively used computational data mining techniques to study redoxactive disulfides in proteins. Data mining techniques will be briefly discussed in the next
section.
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1.4.2 Computational data mining techniques for the prediction of redox-active disulfides

Data mining is the principal step of knowledge discovery in databases (KDD). KDD is
defined as the extraction of implicit, non-trivial, novel knowledge from databases (Fayaad,
Piatetsky-Shapiro et al. 1996). Databases are organized collections of data (Chen, Han et
al. 1996). The term ‘data mining’ refers to the extraction of potentially useful patterns and
information from data (sets of facts) in databases. Several computational aspects, such as
machine learning, database management, data visualization, statistics and information
theory are integrated in the process of data mining (Han and Kamber 2006).
Data mining methods are often classified based on the type of database or
knowledge to be mined or the type of technique utilized (Chen, Han et al. 1996). There are
several types of databases. In general, these can be categorized as relational (consisting of
several tables of data), transactional (incomplete operations can be re-iterated), object
oriented, deductive (databases that can make deductions based on stored rules and
facts), spatial (advance databases that store and query data related to objects in space),
temporal (database with built-in time aspect), multimedia, heterogeneous, active
(database with event-driven architecture that responds to internal and external
conditions), legacy or internet information-based (Chen, Han et al. 1996).
The types of knowledge derived from data mining are associations, characteristics,
classifications, clustering, evolution and deviation analysis of objects in a dataset (Chen,
Han et al. 1996). The types of techniques used for data mining can be data-driven, query
driven or interactive. The approach in data mining can also be generalized, pattern-based,
statistical, mathematical theory-based or an integration of several of the above (Chen,
Han et al. 1996).
Data mining can be extensively applied to the field of proteomics. It is of significant
use in deriving meaningful patterns and relationships from data about proteins and their
interacting ligands.
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Previously in our lab, computational chemistry and data mining techniques have
been used to develop methods, to predict redox activity in protein disulfides based on
disulfide torsional energy, redox pair proteins and forbidden disulfides (FD).
Structural constraints associated with disulfide bonds play a key role in determining
disulfide redox potential and torsional energy. Thus, one method to predict redox-active
disulfides has been developed by taking disulfide torsional energy into consideration
(Haworth, Gready et al. 2007). This is further discussed in section 1.4.3.
Forbidden disulfides that defy RT rules of disulfide formation, hence their name,
comprise of unique and consistent patterns of thiol registration and hydrogen bonding
(Wouters, George et al. 2007). They have relatively higher torsional energies due to their
strained conformation, and have a high likelihood of reduction in the event of a redox
attack (Wouters, George et al. 2007). Thus, these protein secondary structural motif
conformations have been used as good markers of disulfide redox activity. This is
discussed in detail in section 1.4.4.
In a recent study, our lab also explored the possibility of using redox pair protein
structures in the PDB to identify and predict redox-active disulfides. Redox pairs are
protein crystal structures that have been solved in multiple oxidation states, ie. where
specific Cys residues are reduced in one structure but oxidized to form disulfide linkages in
another (Fan, George et al. 2009). Redox pairs are discussed in section 1.4.5.

1.4.3 High torsional energy disulfides
The torsional energy of a disulfide is a function of the geometric constraints that
are applied on the linkage by the protein secondary structures. Two methods, one
employing an empirical formula from the Amber force field package and the other, a
three-dimensional ab initio potential energy surface (PES) diagram, has been used in
previous studies by Haworth et al. (2006) to determine the disulfide torsional energy
(Haworth, Feng et al. 2006; Haworth, Liu et al. 2010). The energy minima on the PES
correspond to stable, low torsional energy disulfides, ie. structural disulfides, while
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disulfides adopting conformations in the high energy regions are less stable and are likely
to be more susceptible to reduction (Haworth, Feng et al. 2006).

Fig 1.3. Disulfide torsional
energy surface generated for the
model compound diethyl
disulfide. Structurally stabilizing
disulfides adopt low energy hook
and spiral conformations and
thus, sit in the lowest energy
wells on the surface, whereas
metastable disulfides such as
CSDs adopt a higher energy
staple conformation and occupy a
medium energy ledge on the
surface.
*Figure was adapted from
Wouters et al. (2010)

Disulfides with torsional energies of 17.5 kJ mol-1 or more above the minimum of
the PES have been considered to be high torsional energy disulfides, while those with 1017.5 kJ mol-1 fall into the intermediate torsional energy category (Haworth, Liu et al.
2010). These intermediate torsional energy disulfides can also be redox sensitive. Around
30% of FDs have torsional energies in the intermediate range. The CSD type FD has been
found to be associated with high torsional energies and represent 8% of disulfide bonds
with torsional energies >12.5 kJ mol-1 in an unnormalized dataset (Wouters, Fan et al.
2010). These CSDs occupy a medium ledge on the disulfide torsional PES diagram,
indicating their metastability (Wouters, Fan et al. 2010). However, lower energy disulfides
can also become redox sensitive upon conformational changes that allow them to adopt
higher energy configurations (Haworth, Liu et al. 2010).
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1.4.4 Forbidden disulfides

Forbidden

disulfides

are

canonical

disulfides

exhibiting

unusual

protein

stereochemistry (Wouters, George et al. 2007; Wouters, Fan et al. 2010). As mentioned in
section 1.4.2, these disulfides occur in direct conflict with the classical guidelines set forth
by RT (Richardson 1981; Thornton 1981), hence their terminology ‘forbidden disulfides’.
Several different subtypes of FD have been characterized thus far.
The CSD's, where the two half-cystines are arranged directly opposite to each other
in neighboring β-strands, in the i and j position, (i and j are residues lying directly opposite
to each other) are of three types. One is the parallel (pCSD) type, which crosslinks Cys in
parallel β-strands (Wouters, George et al. 2007). The other two types are antiparallel
types that crosslink Cys in anti-parallel β-strands (Wouters, George et al. 2007); one in the
hydrogen bonded site (aCSDh) and the other in the non-hydrogen bonded site (aCSDn).
Hydrogen bonding across the two β-strands is an integral component of the β-sheet
structure. They restrict the amount of distortion that can be accommodated in the βsheet, thereby destabilizing the disulfide bond (Wouters, George et al. 2007). Notably,
CSD’s are associated with cell entry proteins. A CSD in the D2 immunoglobulin like domain
in the human CD4 is reduced on the cell surface during HIV/cell membrane fusion
(Matthias, Yam et al. 2002).
β-diagonal disulfides (BDD) link the ith and the j ± 2th residues on adjacent β-stands
and β-flip disulfides link ith and j ± 3th residues on adjacent strands (Wouters, Fan et al.
2010). See Fig 1.4. These can also be of antiparallel (aBDD) or parallel (pBDD) nature. A
striking example of an aBDD is found in Botrecin (Wouters, George et al. 2007). Botrecin is
a constituent of Brazillian Viper venom that mimics the binding of Von Willebrand factor
to platelet receptor, glycoprotein Ib-IX-V,initiating thrombus formation (Wouters, George
et al. 2007). pBDDs have been observed in Apo(a) and plasminogen kringle IV domains
(Wouters, George et al. 2007). β-flip disulfides (BFD) have been identified in a retinol
binding protein and in a viral fusion protein that is related to the Dengue virus envelop
protein (Wouters, George et al. 2007).
21

CSDs, BDDs and BFDs, all violate the RT rule, which states that a disulfide linkage
cannot occur between two half-cystines located on adjacent β-strands in the same sheet.
They are collectively termed as Between-Strand Disulfides (BSD) (Wouters, Fan et al.
2010) and are shown in Fig 1.4.

Fig 1.4. Between-Strand Disulfides
These include CSDs in antiparallel and parallel β-sheet (I and II), BDDs in antiparallel and parallel β-sheet (III
and IV) and BFDs (V). Examples shown are I: Cys 435–Cys 445 in Botulinum toxin (PDB: 1epw); II: Cys 426–
Cys 473 in Cdc25B (PDB: 1cwr); III: Cys 497–Cys 512 snake venom Botrocetin (PDB: 1fvu); IV: Cys 2–Cys 77 in
apolipoprotein A (PDB: 1i71); V: Cys 60–Cys 121 in Dengue virus fusion protein (PDB: 1ok8). Hydrogen bonds
are shown by the arrows between the strands. Strand residues are shown by the squares. Note the different
constraints imposed by β-sheet backbone hydrogen bonds on antiparallel and parallel forbidden disulfides.
Because the hydrogen bonds are perpendicular to strand direction, some strand shear can be
accommodated by forbidden disulfides in antiparallel sheet without shortening hydrogen bonds. The strutlike configuration of hydrogen bonds in parallel β-sheet is less accommodating to strand shear. pCSDs are
often found on the end of strands.
*Figure was adapted from Wouters et al. (2010).
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Jump-strand disulfides (JSD) connect the ith and the k ± 2, k ± 1 or k ± 3 residues on
non-adjacent strands of a β-sheet. These violate the RT rule that states disulfide bonds
cannot form between two half-cystines located on non-adjacent strands of the same βsheet (Wouters, Fan et al. 2010). i and k represent residues on strands that are both
hydrogen bonded to the same adjacent j strand (See Fig 1.5). A good example of a JSD is
found in the immune protein defensin and Scytovirin, an antiviral lectin from Scytonema
varium (Wouters, George et al. 2007).

Fig 1.5 Other canonical FD motifs. Along-Strand Disulfides (ASDs-VI) and Intra-Helical disulfides
(IHDs-VII) violate the RT rule that states a disulfide bond cannot be found in a single helix or strand.
Jump-Strand Disulfides (JSDs-VIII) violate the RT rule that a disulfide cannot be found between nonadjacent strands of the same β-sheet. Vicinal disulfides (IX) violate RT rule that a disulfide cannot
be found between Cys residues adjacent in the sequence. Examples shown are VI: Cys 556–Cys 558
in the human transferrin receptor (PDB: 1de4), VII: Cys 268–Cys 272 in the E. coli ribonucleotide
reductase R2 subunit (PDB: 1pj0), VIII: Cys 5–Cys 20 in human defensin (PDB: 1dfn), IX: Cys 82–Cys
83 in a fucose binding lectin of the serum of European eel (PDB: 1k12).
*Figure was adapted from Wouters et al. (2010).

Along-strand disulfides (ASD), as their name suggests, link two Cys residues on the
same β-strand(Wouters, George et al. 2007). Inter-helical disulfides (IHD) occur within a
single helix (Wouters, Fan et al. 2010). An ASD has been found in the transferrin receptor,
which is responsible for transportation of iron in blood (Wouters, George et al. 2007). An
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IHD has been observed in the ribonucleotide reductase R2 subunit (Wouters, George et al.
2007). No redox activity has been reported for this IHD. However, ribonucleotide
reductase is known for its involvement in the catalysis of the redox controlled rate limiting
step of DNA synthesis (Elledge, Zhou et al. 1993). AHDs, IHDs and vicinal disulfides are
shown in Fig 1.5.
More recently, another type of FD termed the End Twist Disulfide (ETD) was
observed in protein structures. Here, the disulfide links ith and the j ± 1 residues in
adjacent β-strands. The disulfide formed between Cys10 and Cys82 in Staphylococcus
aureus arsenate reductase (ArsC) is an ETD (Haworth, Liu et al. 2010).
Several protein folds are commonly associated with the FD motifs. One such fold is
the thioredoxin (Trx) fold bearing a CXXC motif (Schultz, Chivers et al. 1999; Wouters, Fan
et al. 2010). The active site CXXC motif in Trx has the ability to form a disulfide between
the two Cys residues of the motif (Chivers, Laboissiere et al. 1996). In many proteins with
the Trx fold, the CXXC motif has been found to positionthe two Cys residues in the same
helix or strand, thus violating the RT rule that defies such disulfide bonds (Wouters, Fan et
al. 2010). Therefore, the Trx fold has been associated with FDs. The peroxiredoxin (Prx)
fold has a common evolutionary origin to CXXC motif containing Trx. A subset of Prx
structures have been discovered to contain CSDs (Wouters, Fan et al. 2010). In addition,
the immunoglobulin fold has been recognized as a fold that commonly harbours the FD
motif with several examples such as E.coli DsbD and CD4 shown to contain CSDs in them
(Wouters, Fan et al. 2010).
FDs usually experience torsional strain and therefore have a higher likelihood of
being redox-active. Therefore, FDs have been implicated in biological redox switches. It is
suggested that FDs have the potential to act as bi-stable switches in proteins (Wouters,
Fan et al. 2010). FD motifs may lock protein regions into conformations with high
potential energy. Cleavage of the disulfide bond allows the reversal of these constraints,
releasing the stored potential energy, which can be used to trigger biological reactions
(Wouters, Fan et al. 2010).
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1.4.5 Redox pairs

Redox pairs are PDB structures of the the same or highly similar protein(s), where a
particular pair of Cys residues is disulfide bonded in the oxidized structure but reduced in
its counterpart (Fan, George et al. 2009). Thus, they can be used to predict redox-active
disulfides in proteins. Redox pair structures can be identified by data mining the PDB.The
redox pair structures can exhibit different conformational changes between the alternate
redox states as discussed below.

1.4.6 Protein conformational changes associated with disulfide redox activity

The mechanism of thiol based redox regulation of proteins is strongly linked to the
alteration of protein conformation that is associated with reversible disulfide formation.
Four major types of conformational changes in protein structure have been associated
with disulfide redox activity. These include morphing changes, order/disorder transitions,
quaternary changes and changes associated with the expulsion of a bound metal (Fan,
George et al. 2009).
Morphing transitions include major reorganization of the polypeptide backbone as a
result of redox activity. OxyR is a protein displaying this category of transformation
(Wouters, Fan et al. 2010). In order/disorder transitions, two members of the redox pair
have differing amounts of disorder in the structure (Fan, George et al. 2009). Other
conformational changes associated with redox pairs include quaternary changes via the
formation of inter-chain disulfide bonds(Fan, George et al. 2009).
The most important category of conformational change with respect to my study is
the expulsion of Zn2+ (and other metals) as a result of disulfide redox activity in proteins.
This will be discussed in the sections 1.5 and 1.6.
However, our knowledge of disulfide redox activity in biological systems still remains
limited by the scarcity of this information.
25

1.4.7 Association of Zn2+ sites and redox-active disulfides

The association of Zn2+ sites with the redox activity of proteins has been implicated
in many biological functions. It is increasingly being linked with cellular biological switches
and signalling, as discussed in sections 1.5 and 1.6. A study by Fan et al. (2009) established
that almost 30% of redox-active Zn2+ sites are found in FD motifs (Fan, George et al.
2009). This indicates a functional significance of these FD motifs in the biology of Zn2+.

1.5 Zn2+ in proteins

1.5.1 The metal ion Zn2+ in proteins

Zn2+ ions were first shown to be essential in a biological context as far back as 1869,
when Raulin demonstrated that they were required for the growth of Aspergillus niger
(McCall, Huang et al. 2000). Since then Zn2+ has been widely noted for its role in the
regulation, stabilization and enzymatic reactions of proteins and nucleic acids. In fact, Zn 2+
is now known as the second most abundant transition metal ion in organisms after iron
(Coleman 1992). Furthermore, enzymes bearing Zn2+ have been identified in all six of the
enzyme classes (McCall, Huang et al. 2000). Zn2+ ions participate in enzyme catalysis and
protein structure stabilization more widely than any other transition metal (Vallee and
Falchuk 1993; Maret 2004). Unfortunately, the spectroscopically silent nature of Zn 2+(Berg
and Shi 1996; Maret and Li 2009) imposes a major barrier in the study of this metal in a
biological context. However, several distinctive properties of Zn have been noted, which
allow its participation in a multitude of biological functions without introducing undesired
chemical consequences, in contrast to other transition metals.
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1.5.2 Special features of Zn2+

In nature zinc exists as a divalent cation, Zn2+ and consists of a completely filled d
orbital (d10) (Vallee and Falchuk 1993). This electronic configuration confers several
chemical attributes special to Zn, with redox-inertness being the most important with
respect to my study. The inertness, in terms of redox reactivity, means Zn2+ poses no risk
of oxidative damage to protein, nucleic-acid and other biological molecules that interact
with the ion.
This is in contrast to ions like Cu (II) and Fe (II) where the d shell is not filled (Maret
2004). For obvious reasons, it has been suggested that organisms extensively employing
iron or copper ‘fingers’ as opposed to zinc ‘fingers’ were lost during the evolution process
(Berg and Shi 1996).
Zn2+ is largely coordinated by nitrogen, sulfur and oxygen atoms from histidine (His),
Cys and aspartate/glutamate (Asp/Glu) (Alberts, Nadassy et al. 1998; Auld 2001) in
proteins. However, Zn2+ can also be coordinated by other amino acids such as serine
(Vallee and Auld 1993). It is the sulfur donor ligands that introduce the property of redox
activity to the otherwise redox-inert Zn2+. This will be discussed in detail in section 1.6.
The potential oxidized and reduced forms of divalent zinc, Zn 3+ and Zn+, which may exhibit
redox characteristics, are not accessible under physiological conditions (Berg and Shi
1996).
Furthermore, the filled d orbitals in Zn2+ means that it does not experience a change
in ligand field stabilization energy (LFSE) when coordinated with ligands in any geometrical
context (Berg and Shi 1996; Lachenmann, Ladbury et al. 2004). When a metal ion is
coordinated by ligands, the degeneracy of the five d orbitals is altered, with some being
reduced in energy and some increasing. LFSE stems from the filling of only the lower
energy orbitals, so that the overall stability of the complex is increased (Lachenmann,
Ladbury et al. 2004). Changes in LFSE (as a result of changes in the nature or arrangement
of the ligands) influence the thermodynamics of metal ion binding in proteins. Other
transition metals like Ni (II) undergo a loss of LFSE upon the conversion from an
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octahedral hexa-aqua form to the tetrahedral metal-protein complex, reflecting a lower
binding affinity (Rulisek and Vondrasek 1998). The zero change in LFSE is coupled to the
flexibility of Zn2+ to participate in various protein catalytic reactions that involve variations
to the metal coordination geometry, as no geometry is stable over another (McCall,
Huang et al. 2000).
Water is released from the Zn2+ hydration shell in response to the creation of metalprotein bonds (stronger than the interactions between Zn 2+ and water). This increases the
entropy of the molecular system and thus imparts extra stability on the metal-protein
complex (Hanas, Larabee et al. 2005).
Zn2+ is considered a borderline acid as a result of its complete d shell (Berg and Shi
1996). Where ‘hard’ acids lack polarizability and ‘soft’ acids are polarized with relative
ease, Zn2+ borders the midline, exhibiting mixed characteristics such as the ability to
interact with ‘hard’ ligands like imidazoles of histidines and ‘soft’ ligands like thiolates
(Kroncke and Klotz 2009).
Zn2+ undergoes ligand exchange reactions relatively rapidly (Maret and Li 2009).
While steric and electronic properties of the ligands also influence this exchange rate, the
polarizability of Zn2+ contributes to the relative ease of binding and release of the ion to
and from protein-metal complexes (Maret 2004).
Additionally, the smaller ionic radius of Zn2+ eases its chelation to protein and
nucleic acid residues in contrast to large diameter cations such as Ca2+ and Mg2+ (Kepp
2012). This is explained by the Irvin-Williams series that refers to the stability of metal
complexes formed by the coordination of two or more donor atoms arising from the same
ligand (Irving and Williams 1953). For complexes associated with oxygen, nitrogen and
sulfur, the stability of the metal-chelate decreases with the increase of the cationic
diameter (Irving and Williams 1953). This is evident from the comparison of the stability
constants of various Zn2+-chelates with other metal-chelates (Cheney, Fernando et al.
1959). Thus, Zn2+ being a d electron rich cation with a relatively smaller radius of 0.74 Å
(Shannon 1976) is an ideal candidate for metal-protein interactions.
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From a biological perspective, Zn2+ is neither carcinogenic, mutagenic nor
teratogenic (Vallee and Falchuk 1993). Thus, the combination of the above special
properties, coupled with its abundance and availability, favours Zn 2+ as an ideal metal in a
wide variety of protein interactions.

1.5.3 Extent of Zn2+ in the human proteome

Few researchers have attempted to determine the extent of human genes that
encode for proteins that bind Zn. A study in 2001 predicted that 3% of the human genome
is responsible for the encoding of proteins that bind Zn (Maret 2001). However, this
appears to be an underestimate. Andreini et al. (2006) have estimated around 10% of the
human proteome to be Zn2+-binding and also suggest a significant proportion of this to be
involved in the regulation of gene expression (Andreini 2006). In addition, using a
combination of in vitro and bioinformatic approaches, Conour et al. (2004) have
calculated 26.9% of all redox regulated cell cycle proteins to be Zn 2+-binding (Conour,
Graham et al. 2004). Thus, there seems to some ambiguity surrounding the extent of
proteins that bind Zn in the human proteome. However, proteins that bind Zn appear to
comprise a significant proportion of the human proteome and seem to play a key role in
human physiology.

1.5.4 Role of Zn2+ in human physiology

Zn is an essential trace element. Infact, the human body contains around 2-4 g of Zn
(John, Laskow et al. 2010). Some physiological systems, such as the central nervous
system (CNS), seem to employ Zn2+ ions extensively to perform routine functions, whereas
in others it is less prevalent.
A role for Zn2+ in the pre to postsynaptic neurotransmission as a trans-cellular
messenger has been proposed (Frederickson, Suh et al. 2000). Zn2+ also plays a protective
role in the CNS against infection by directly activating microglia, which is macrophage like
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cells in the brain and spinal cord, thereby releasing matrix metalloproteinases, proinflammatory factors and ROS to combat the disease causative (Kauppinen, Higashi et al.
2008).
Apart from the CNS, Zn2+ appears to be of much significance to several other human
physiological systems. In the human respiratory system, Zn2+ is known to act as an antioxidant, organelle stabilizer, anti-apoptotic agent, anti-inflammatory agent and a cofactor
for DNA synthesis in the respiratory epithelium (Truong-Tran, Carter et al. 2001). In
addition, it plays a key role in wound healing (Truong-Tran, Carter et al. 2001).
With respect to the cardiovascular system, several Zn2+-binding proteins seem to be
involved in human myocardial growth and differentiation (Wang, Hwang et al. 1997). Zn2+
is also known for its anti-atherosclerotic effect (Jenner, Ren et al. 2007). Intracellular Zn2+
plays a protective role in the myocardial recovery from oxidative stress induced by
ischemia/reperfusion (Karagulova, Yue et al. 2007). Zn2+ is also an important factor in the
pathophysiology of the cardiovascular system. Several studies have shown that upregulation of Zn2+-dependent matrix metalloproteinases (MMP) is associated with the
progression of atherosclerosis, plaque vulnerability and coronary angiogenesis,
myocardial infarction and pacing-induced heart failure, during conditions of oxidative
stress (Newby 2007; Spinale 2007).
The metal ion Zn2+ is also implicated in the growth and function of the skeletal
system. Some ocular enzymes such as retinol dehydrogenase, ciliary body carbonic
anhydrase and corneal collagenases contain Zn2+ (Karcioglu 1982).
Zn2+ is also important in the development and function of cells mediating nonspecific
immunity, as neutrophils and natural killer cells (Shankar and Prasad 1998). Zn2+
deficiency is also reflected in immune memory response (Vallee and Falchuk 1993).
In recent literature, Zn2+ is increasingly being associated with redox related
physiological activities. These activities range from routine functioning of the cellular
system to response reactions to extreme cellular redox conditions. The redox role of Zn2+
in human physiology is discussed in the following section.
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1.5.5 Redox role of Zn2+ in human physiology

Zn2+ is also recognized for its antioxidant role in a physiological context. Indeed,
there is evidence that Zn2+-deficient animals are more prone to oxidative injury than those
getting an adequate supply of dietary Zn2+ (Bray, Kubow et al. 1986; Parsons and
DiSilvestro 1994; Oteiza, Olin et al. 1995; Taylor, McCutchon et al. 1997). Thiolate
stabilization by Zn2+ appears to be the most widely employed mode for oxidative
protection, in proteins. The Zn2+ mediated protein thiolate stabilization is achieved
through the direct binding of Zn2+ to thiolate groups (Powell 2000). However, Zn2+ can also
bind to protein residues near a thiol group, thereby producing steric hindrance at the thiol
site (Powell 2000). This can protect the thiol from being oxidized by an approaching
oxidant. Zn2+ is also known to initiate localized or global conformational changes in the
resident protein structure that reduces the risk of thiol oxidation (Powell 2000).
In addition, Zn2+ is known to protect bio-molecules from oxidative damage by
displacing Fe and Cu from binding sites (Powell 2000). Transition metals like Fe, Cu, Ni and
Co promote the production of ·OH and other radicals from H2O2 and superoxides (Powell
2000). These metals, when complexed to a bio-molecule, induce ‘site-specific’ formation
of radicals that cause severe oxidative damage to adjacent molecules and cellular
structures (Chevion 1988; Powell 2000). Based on the similarities in coordination
chemistry, Zn2+ is proposed to compete with Cu2+ and Fe3+ for certain protein binding
sites, particularly as the binding affinity of Zn 2+ to histidine is higher than that for other
metals such as Cu2+ (Powell 2000). There is evidence in literature to suggest that this may
be the underlying cause of the decrease of cardiac Cu 2+ content and postishemic •OH
production and the increase in cardiac excretion of Cu2+observed in isolated hearts
perfused with a Zn2+ containing buffer (Powell, Hall et al. 1994; Powell, Gurzenda et al.
1999).
Furthermore, Zn2+ has the ability to accept an additional pair of electrons from
oxidants, thus neutralizing their activity (Truong-Tran, Carter et al. 2001). Zn2+ also exerts
its anti-oxidant properties indirectly by inducing the production of metallothionein, which
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releases anti-oxidant Zn2+ into cellular systems under oxidative stress and reduces
hazardous oxidants (Maret and Vallee 1998; Maret 2000; Powell 2000; Maret 2003;
Krezel, Hao et al. 2007). Lastly, Zn2+ is a component of Cu-Zn superoxide dismutase (SOD)
which removes superoxide anions (Strange, Antonyuk et al. 2006), thereby contributing to
its antioxidant activity.
Zn2+ exerts its antioxidant and other redox effects by forming a critical partnership
with redox sensitive Cys residues. This partnership is perhaps the most critical residuemetal association in proteomics, given its functional mechanism and biological
significance. The Zn2+-Cys partnership will be discussed in section 1.6.

1.6 The association between Zn2+ and Cys
1.6.1 Zn2+-Cys interaction

The interaction between Zn2+ and Cys is held to be unique as it confers a redox
property on the otherwise redox inert metal (Maret 2004). The Zn2+-Cys partnership is
highly favoured in proteins as Zn2+ is known to have a relatively higher affinity for
thiolates, in comparison to metals as Cu2+ (Liebeskind, Srogl et al. 2002). In fact, formation
constants for Zn2+-thiolate complexes are about two orders of magnitude higher than
those for complexes with the corresponding nitrogen-containing ligands (Kroncke and
Klotz 2009).

Zn2+ lowers the pKa of coordinated protein thiol-thiolate equilibrium

enhancing their nucleophilic reactivity, while the polarizability and ease of dissociation of
sulfur helps to modulate the Lewis acidity of Zn2+ (Maret 2004).
The ligand composition of the Zn2+ site determines if the metal is redox-active or
inert, plus its scale of reactivity (Maret 2004). The redox reactivity of Zn2+-Cys complexes
increases in the order of ZnSN3< ZnS2N2< ZnS3N < ZnS4, where Cys (sulfur donor atom) and
His (nitrogen donor atom) are denoted by S and N, respectively (Maret 2004). In fact, ZnS4
is almost as reactive as free thiol (Maynard and Covell 2001). However, there are other
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factors like hydrogen bonding and protonation of the sulfur atom, which influence the
redox sensitivity of Zn2+-thiolate complexes (Maret 2004).
Redox sensitive Zn2+-thiolate linkages have been found significant in numerous
proteins and their functions, especially in protein-protein interactions (Maret 2004).
Oxidative modification of the Zn2+-Cys linkages gives rise to many cellular reactions in
routine maintenance functions and redox response.

1.6.2 Oxidative modification of the Zn2+-Cys linkage in proteins

Oxidative (or nitrosative) modifications to the Zn2+-Cys linkage in proteins can result
in disulfide bonding and release of Zn2+. Thiol reactive compounds as N-ethylmaleimide
(NEM), 2,2-dithiopyridine (DTDP), aldehydes and reducible selenium compounds
(selenocysteine and ebselen) are known to expel Zn 2+ from Zn fingers (Kroncke and Klotz
2009). Exposure of fibroblasts to diamide, which specifically oxidizes thiols, induces a
rapid increase in intra-cytoplasmic free Zn2+ content (Pirev, Calles et al. 2008).
Expulsion of Zn2+ under oxidizing conditions has several implications in the context
of proteins. Firstly, the release of Zn2+ triggers a cascade of events that lead to a
conformational change in its resident protein structure (Fan, George et al. 2009). These
conformational changes can either activate or deactivate a protein to perform or
terminate its particular biological function. For instance, Hsp33 contains a Zn 2+ ion
coordinated by four Cys residues in its reduced and inactive form (Jakob, Muse et al.
1999). The Zn2+ ion is expelled upon exposure to the oxidizing H2O2, causing disulfide bond
formation and a conformational change, thereby activating the protein’s molecular
chaperone function (Ilbert, Horst et al. 2007). Reversible expulsion of Zn2+ in other
proteins, such as SMAD, anti-TRAP and SIR2, is an integral component of their
functionality (Wouters, Fan et al. 2010).
Secondly, upon expulsion Zn2+ becomes free to participate in intracellular signalling,
sometimes acting as a second messenger (Grummt, Weinmann-Dorsch et al. 1986;
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Yamasaki, Sakata-Sogawa et al. 2007; Kroncke and Klotz 2009; Wouters, Fan et al. 2010).
Zn2+ can modulate signalling networks either by substituting metal ions crucial for
signalling proteins, by directly activating or inactivating signalling enzymes or by
enhancing or weakening the binding of cofactors to proteins (Kroncke and Klotz 2009).
Zn2+ ions released from gluzinergic neurons can act as direct or indirect modulators of
both excitatory and inhibitory neurotransmission (Frederickson, Suh et al. 2000; Smart,
Hosie et al. 2004). Excitatory N-methyl-D-aspartate (NMDA) receptors are directly
inhibited by Zn2+ ions (Smart, Hosie et al. 2004). Zn2+ ions also inhibit γ-aminobutyric acid
A (GABAA) receptors in the brain, which are responsible for inhibitory synaptic

neurotransmission (Hosie, Dunne et al. 2003). Furthermore, Zn2+may render
calcium/calmodulin-dependent protein kinase II (CaMPK-II) unresponsive to calcium
signals (Lengyel, Fieuw-Makaroff et al. 2000). Zn2+ is released by a Zn finger domain in
protein kinase C (PKC) and is central to the two signalling pathways of PKC activation by
either lipid second messengers or ROS (Korichneva, Hoyos et al. 2002).
Thirdly, a disulfide can be formed during the oxidative (or nitrosative) modification
of the Zn2+-Cys bond. This phenomenon is also implicated in protein folding (Cox and
McLendon 2000). Zn2+-Cys linkage may have the advantage of easier protein folding or
refolding in reductive environments, in contrast to disulfide linkages (Maret 2006; Foster
and Samman 2010).
It is also important to note that the ability of Zn 2+ to reversibly bind Cys residues
upon protein reduction, seems to be wisely employed for the purpose of protein
trafficking. In reductive environments Zn2+ are bound by proteins, allowing the protein to
be transported across membranes. For example, binding of Zn 2+ to Tim10 proteins, keeps
the proteins in a reduced and import-competent state in the cytosol (Lu and Woodburn
2005). Tim10 and small Tim proteins play a role in the import and transport of
mitochondrial inner and outer membrane proteins, possibly by preventing the
aggregation of hydrophobic membrane proteins in the aqueous inter membrane space
(IMS) (Lu and Woodburn 2005). Once in the oxidizing environment of the mitochondrial
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IMS, the Zn2+ is released and protein oxidative folding and assembly takes place (Lu and
Woodburn 2005).
Oxidative expulsion of Zn2+ from proteins is often associated with biological redox
switching. The Zn2+-thiol based biological redox switch concept in proteins is now
emerging as a popular topic in redox biology.

1.6.3 Zn2+-Cys partnership in biological redox switches

The reversible nature of the binding and expulsion of Zn 2+ from its protein
coordination site forms the basis of a biological Zn 2+-switch. This redox-mediated
reversible mode of interaction is enabled through the partnership of Zn 2+ with redoxsensitive Cys residues in proteins (Kroncke and Klotz 2009). The control of a Zn2+-redox
switch is governed by the availability of Zn2+; this is in contrast to simple thiol based redox
switches (Maret 2004; Krezel, Hao et al. 2007). There is now sufficient evidence in
literature to consider the Zn2+ switch to be one of the principal regulatory mechanisms in
redox biology.
A good example of a Zn2+-thiol based redox switch is found in Hsp33 of Escherichia
coli, a highly conserved member of a novel family of heat shock proteins (HSP) (Graf and
Jakob 2002). HSPs are involved in molecular chaperone activity associated with protein
folding that occur in response to sudden increments in environmental temperature
(Liberek, Lewandowska et al. 2008). Hsp33 exhibits molecular chaperone activity only in
the absence of reductants and is inactive in reducing environments (Jakob, Muse et al.
1999). In its inactive form, Hsp33 contains a Zn2+ ion coordinated by four Cys residues
masking the substrate binding site (Graf, Martinez-Yamout et al. 2004).
Upon exposure to H2O2, Zn2+ is expelled to form two disulfides, one which unfolds
the C-terminus, thereby exposing the hydrophobic surfaces of the substrate binding site
and the other forming a dimer (Graf, Martinez-Yamout et al. 2004; Ilbert, Horst et al.
2007). This induces its chaperone effect (Graf, Martinez-Yamout et al. 2004; Ilbert, Horst
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et al. 2007). In its oxidized active form, Hsp33 prevents the heat-induced aggregation of ζ–
crystalline (Raman, SivaKumar et al. 2001). This chaperone activity is switched on and off
by the reversible expulsion and coordination of the Zn2+ in response to the variations in
the redox milieu (Jakob, Muse et al. 1999).It therefore functions as a Zn2+-based redox
switch
Another example of a Zn2+-thiol based redox switch is seen in RsrA, the negative
regulator of antioxidant defense in Streptomyces coelicolor. This binds to the N-terminal
domain of σR covering region 2 of the sigma factor, thereby hindering its interaction with
RNA polymerase (Li, Bottrill et al. 2003). In reductive environments, RsrA is found in its
active form, which binds Zn2+ (Maret 2004). Upon oxidation RsrA is inactivated by the
formation of disulfide linkages and the release of Zn 2+, which results in the loss of its
affinity to σR (Linke and Jakob 2003; Maret 2004). This causes the release of σR that
induces oxidative stress response in S. coelicolor via a series of additional events (Linke
and Jakob 2003).
The co-chaperone activity of the human DnaJ homolog Hdj2 has been demonstrated
to cease upon oxidation by H2O2 (Choi, Lee et al. 2006). This reversible inactivation is a
result of the formation of disulfide links upon the concomitant release of Zn 2+ upon
oxidation (Choi, Lee et al. 2006; Maret 2006)
The phase 2 response is a cellular reaction to oxidative stress, which depends on the
Keap1 and Nrf2 proteins (Itoh, Wakabayashi et al. 1999). The mammalian transcription
factor Nrf2 is bound to the Kelch domain of Keap1 (Wakabayashi, Dinkova-Kostova et al.
2004). Keap1 acts as the major upstream regulator of Nrf2 and is involved in controlling
the sub-cellular localization and steady-state levels of the transcription factor (Zhang, Lo
et al. 2004). The Zn2+ that bind to the reactive Cys of Keap1 that act as redox sensors, are
expelled upon oxidation (Maret 2006). The reactive Cys are then modified by alkylation,
oxidation or thiol-disulfide exchange that results in a conformational change that
separates the Kelch domains and releases Nrf2, permitting its nuclear translocation and
ultimately the enhanced expression of phase 2 genes (Dinkova-Kostova, Holtzclaw et al.
2005).
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Human replication protein A (RPA) is involved in DNA replication, repair and genetic
recombination. It contains a heterotrimeric Zn finger complex that binds single stranded
DNA (Wang, You et al. 2001). RPA-DNA binding activity appears to be modulated via a Zn2+
based redox switch in its p70 subunit that is involved in forming two intra-molecular
disulfides between residues Cys481-Cys486 and Cys500-Cys503 (Men, Roginskaya et al.
2007).
In addition, Robbins et al. (2011) have recently shown that reversible binding of the
phage T4 td intron endonuclease, I-Tevl to DNA occurs via a ZnS4 site of a Zn finger found
in the linker region separating its catalytic and DNA binding domains (Robbins, Smith et al.
2011). Zn2+ is reversibly liberated from this site and re-sequestered upon the application
of diamide, an oxidizing agent and dithiothreitol (DTT), a reductant (Robbins, Smith et al.
2011). This suggests that redox dependant Zn2+ switch cycling influences the I-Tevl
cleavage activity (Robbins, Smith et al. 2011).
The significance of the Zn2+-Cys partnership in biology has been well understood,
especially in recent times. However, it is also important to understand the prevalence or
extent to which this partnership is exploited in proteomics. Protein-Zn2+ coordination
patterns can provide us with deeper understanding of the partnerships formed between
protein residues and Zn2+ as the above mentioned, which are exploited for functional
purposes, especially from a redox viewpoint. The Zn2+ coordination sites in proteins are
discussed in the following section.

1.7

Zn2+ sites in proteins

1.7.1 Zn2+-coordination sites

Efforts to survey and classify protein Zn2+ coordination sites can be found in
abundance in the scientific literature (Argos, Garavito et al. 1978; Chakrabarti 1990;
Christianson 1991; Karlin and Zhu 1997; Alberts, Nadassy et al. 1998; Harding 2004; Patel,
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Kumar et al. 2007; Tamames, Sousa et al. 2007). All of these studies have been based on
small molecules and protein structures deposited in both the CaSD (Allen 2002) and the
PDB (Berman, Westbrook et al. 2000). They extensively focus on the geometric and
stereo-chemical aspects of Zn2+ ligand coordination. Yet, none of these provide a
complete and comprehensive insight into the importance of Zn 2+ proteins in redox
processes. The literature identifies four main types of Zn 2+ coordination sites in proteins.
These are: structural, catalytic, co-catalytic and protein interface sites (Auld 2001).

1.7.1.1 Structural Zn2+ sites

Structural Zn2+ sites are defined as those coordinated exclusively by four amino acid
residues as ligands, with no bound water (Vallee and Auld 1993; Auld 2001). These Zn2+
sites are mostly associated with protein structural stabilization; they are found in Zn finger
domains. However, there are catalytic enzymes that contain structural Zn 2+ sites, such as
horse alcohol dehydrogenase (Eklund, Nordstrom et al. 1974) and the regulatory subunit
of aspartate carbamoyltransferase (Honzatko, Crawford et al. 1982). The residues Cys and
His are frequently found in structural Zn2+ coordination sites (Auld 2001).

1.7.1.2 Catalytic Zn2+ sites

Catalytic Zn2+ sites are those where water is found as a Zn2+-binding ligand (Vallee
and Auld 1990; Auld 2001). These type of Zn2+ sites are mostly involved in enzyme
catalytic reactions (Vallee and Auld 1990). Catalytic Zn2+ sites often have His and Asp/Glu
residues that coordinate Zn2+via imidazole or carboxyl groups (Auld 2009). Catalytic sites
can also be of redox-active or inert nature. An example of a redox-active catalytic Zn2+ site
is found in betaine-homocysteine-S-methyltransferase, and enzyme involved in sulfur
metabolism (Castro, Millian et al. 2008).
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1.7.1.3 Co-catalytic Zn2+ sites

Co-catalytic Zn2+sites contain more than one metal atom in close proximity (Vallee
and Auld 1993; Auld 2001). Usually, a single amino acid residue, often Asp, bridges the
two metal atoms (Vallee and Auld 1993). Some co-catalytic Zn motifs contain only Zn2+
ions, while other co-catalytic motifs can have multi-metal binding sites (Auld 2001).

1.7.1.4 Protein interface Zn2+ sites
In protein interface sites, the Zn2+is bound by ligands residing on the binding
interface of two protein domains/molecules. These ligands are often contributed by βsheets (Auld 2001). These sites can particularly influence protein quaternary structures by
linking two domains/molecules of the same or different proteins (Auld 2001). An example
of a Cys based protein interface Zn2+ site is found in endothelial nitric oxide synthase,
eNOS or NOS3, where the Zn2+ ion is tetrahedrally coordinated to pairs of symmetryrelated Cys residues near the bottom of the dimer interface (Raman, Li et al. 1998). These
protein interface sites may serve a catalytic or structural purpose (Auld 2001).

1.7.2 Coordination geometry at Zn2+-binding sites
The Zn2+-binding sites are known for their flexible geometry (Berg and Shi 1996). The
electrostatic environment, in particular the repulsive forces that exist between electron
lone pairs of ligands at a Zn2+ site is the key determinant factor of its coordination
geometry (Alberts, Nadassy et al. 1998). Other factors, such as hydrogen bonding, the
presence of other Zn2+ ions and bidentate ligand arrangements involving Asp and Glu
residues, also contribute to the geometry of a Zn2+-binding site (Alberts, Nadassy et al.
1998). The coordination distances and angles provide an overview of the geometrical
nature of the Zn2+ site in proteins.
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The majority of Zn2+ sites are expected to be tetra-coordinated (Alberts, Nadassy et
al. 1998). There is some flexibility in terms of the coordination geometry, however a
tetrahedral geometry is the most favoured (Alberts, Nadassy et al. 1998). The ligand bond
angles are usually close to the ideal tetrahedral bond angle of 109˚. However, many Zn
metalloenzymes contain a slightly distorted version of this tetrahedral configuration at
their catalytic binding sites (McCall, Huang et al. 2000). Coordination numbers of greater
than four, along with other coordination geometries, have also been observed in previous
studies. These are largely present in catalytic Zn2+ sites (Alberts, Nadassy et al. 1998;
Harding 2004).

1.7.3 Redox sensitivity of Zn2+ coordination sites
From a redox point of view, lability of a Zn2+ site is important. Some Zn2+ sites expel
Zn2+ upon variation of the redox environment, whereas others bind Zn2+ tightly and will
not release it under physiological conditions (Wouters, Fan et al. 2010). Zn2+ sites in this
first group arereferred to as “labile”, and those in the second as “inert”.
The identity of the Zn2+-binding ligands is a key indicator of Zn2+ site function.
Amongst the catalytic sites, for redox-inert sites, carboxylate residues (Asp, Glu)
predominate (these are often binuclear Zn2+ sites); His is more common in mononuclear
catalytic sites (Vallee and Auld 1990; Wouters and Husain 2001). In labile catalytic sites,
Cys residues predominate (Fan, George et al. 2009). In labile structural Zn2+ sites Cys
residues also predominate as ligands. These are often found in combination with His
(Wouters, Fan et al. 2010). Substitution of a single His residue for Cys in a redox-active
Zn2+ site lowers the reactivity of the site. His side chains ligate Zn 2+ via the nitrogen atom
(N).
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1.7.4 Zn fingers – a redox perspective

The term “Zn fingers” broadly refers to small protein structural motifs that
coordinate redox inert Zn2+ ions in order to stabilize their protein folds

(Krishna,

Majumdar et al. 2003). The Zn fingers have been classified into eight fold groups (Krishna,
Majumdar et al. 2003). Zn fingers will be discussed in detail in chapter 4.
Theredox sensitivity of Zn finger domains is a function of the Cys ligand combination
at the Zn2+-binding sites. Some examples of redox regulated Zn finger proteins can be
found in the literature but they are few in number. For example, the Sp1-family of Zn
finger DNA-binding proteins are associated with redox activity (Wu, Bishopric et al. 1996).
The Zn finger protein SAP12 that contains two AN1 Zn finger domains is a stress
associated protein in Arabidopsis thaliana (Stroher, Wang et al. 2009). SAP12 is another
example, which exhibits redox-dependent conformational changes and release of Zn2+
ions under oxidizing conditions, suggesting the involvement of Zn finger structures in its
redox regulation (Stroher, Wang et al. 2009).
Evidence as above is emerging to suggest a redox role for Zn finger domains in
proteins. However, little is known to support plausible mechanisms through which Zn
finger domains may contribute to the redox regulation or function of proteins.
Furthermore, there are noproper markers that can be usedto identify or predict any
potential redox-active Zn finger domains in proteins. More research is needed to advance
our knowledge on Zn fingers from a redox perspective.

1.8

Aims and objectives of the thesis

The overarching aim of this thesis is to investigate the redox activity of disulfides in
proteins and to determine the association between Zn2+ sites and redox-active disulfides
in protein structures using tools of bioinformatics. This work was carried out with three
specific objectives in mind.
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The first objective was to identify novel proteins with redox-active disulfides and
significant conformational changes that accompany their disulfide redox activity,
using the redox pair structures method. This is discussed in section 2.1 of chapter 2.
The study also aimed to predict proteins with likely redox-active disulfides and thiols
in two proteomes, the commercially important Corynebacterium glutamicum and
the pathogen Mycobacterium tuberculosis. This work will be discussed in section 2.2
of chapter 2.



The second specific objective was to survey the extent of likely redox-active (and
inert) Zn2+ sites in protein structures in the PDB. This is discussed in chapter 3.



The third specific objective was to identify and study the specific types of likely
redox-activeforbidden disulfide motifs that are associated with Zn fingers. This work
is discussed in section 4.1 in chapter 4. The possibility of expanding a Zn finger
classification system based on a novel forbidden disulfide motif that was discovered
during this study was also explored. This is discussed in section 4.2 in chapter 4. The
study also aimed to estimate the extent of Zn finger proteins and likely redox-active
Zn finger proteins in the human proteome (genome). This work is discussed in
section 4.3 in chapter 4.
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Chapter 2
Redox-active disulfides
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Section 2.1 Novel redox pair protein structures

Background

Numerous proteins and their functions are increasingly being recognized to be
regulated by redox based mechanisms. Oxidative thiol modifications play a principal role
in such redox regulatory mechanisms and pathways, as previously mentioned in chapter 1.
Protein thiols can undergo a diverse range of oxidative modifications as many oxidants are
known to react with them in vivo (Wouters, Fan et al. 2010). The major types of thiol
modifications include S-nitrosylation, S-thiolation, sufenation and, perhaps the most
prominent, disulfide bonding. Disulfide linkages can be a product of thiol-disulfide
exchange reactions, reactions of sulfenyl radicals or a reversible priming type of oxidation
(such as S-nitrosylation followed by reduction by a proximal thiol) (Eaton 2006). Proteins
can form either inter or intra-molecular disulfides upon thiol oxidation.
Oxidative modifications via disulfide bonding in proteins can be reversible or
irreversible (Wouters, Fan et al. 2010). Reversible covalent disulfide linkages are often
sensitive to the prevailing environmental redox conditions. Thus, depending on the
oxidizing or reducing nature of the external milieu, these thiols/disulfides exchange
between the alternative redox states (Wouters, Fan et al. 2010). These exchanges are
often linked with reversible local (or global) rearrangements in protein structure. Several
types of conformational changes have been observed during the redox-mediated thioldisulfide transition (Fan, George et al. 2009; Wouters, Fan et al. 2010).
Reversible disulfide linkages are of particular significance in redox-mediated
regulation of protein function, often acting as redox switches. Redox switches in proteins
are usually responsible for the initiation of events that lead either to the performance or
termination of a biological task, as a result of a change in the redox environment. This
mode of protein regulation involving redox sensitive disulfides is frequently encountered
in signalling pathways [PTEN (Yu, Li et al. 2005) and PTP1B (Lee, Kwon et al. 1998)], gene
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transcription [p53 (Rainwater, Parks et al. 1995) and Yap1p (Wood, Andrade et al. 2003)],
protein folding [Hsp33 (Raman, SivaKumar et al. 2001)], translation, metabolism and
apoptosis (Brandes, Schmitt et al. 2009) and numerous other biological functions. Several
examples of redox-active disulfides in proteins were previously discussed in chapter 1.
To better study thiol mediated redox regulation of protein function, it is important
to develop and improve on methods to accurately identify and predict redox-active
disulfides in proteins. Experimental methods, such as titration against small molecular
weight compounds like DTT and GSH/GSSG and equilibration between proteins to
measure disulfide redox potential and hence, detect protein disulfide formation can be
found in scientific literature (Aslund, Berndt et al. 1997). Yet, the tediousness of these
processes and other experimental limitations severely hinder the study of disulfide redox
activity at a molecular level. Computational chemistry and bioinformatics have proven to
be useful tools for the prediction of redox-active thiols in proteins by considering
sequence and structural parameters that govern redox motifs. These tools are
advantageous in their ability to be applied in a high-throughput scale. Multiple aspects of
the protein, such as its cellular compartmentalization and structural constraints, need to
be considered in developing computational methods to identify redox-active disulfides.
Several computational methods have been developed to predict disulfide linkages
in proteins. CysPRED (Fariselli, Riccobelli et al. 1999), DiANNA (Ferre and Clote 2005),
DISULFIND (Ceroni, Passerini et al. 2006) and GDAP (O'connor and Yeates 2004) are some
computational disulfide connectivity prediction methods. However, they are limited to the
prediction of disulfides and cannot accurately predict redox-active disulfides in proteins or
distinguish them from permanent structure stabilizing disulfides. The Cysteine Oxidation
Prediction Algorithm (COPA) uses physicochemical parameters derived from protein
structures to predict with 80% accuracy, if a particular thiol is prone to reversible
oxidation (Sanchez, Riddle et al. 2008). However, it is difficult to predict redox-active
disulfides by this method.
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The redox pair protein technique combines structure and sequence information to
predict redox-active disulfides in proteins. It identifies redox-active disulfides by
comparison of disulfide connectivity amongst structures of the same or highly similar
protein(s) solved in alternate redox states (Fan, George et al. 2009; Wouters, Fan et al.
2010). The disulfide connectivity describes the pattern of disulfide bridges formed by the
Cys residues of a protein (Song, Yuan et al. 2007). Generally, the set of disulfides and their
pattern is shared by protein structures with high sequence similarity. The redox pair
technique will be explained in more detail in the Materials and Methods section.
Previously, the redox pair method has been successful in detecting 320 proteins,
containing redox-active disulfides (Fan, George et al. 2009). As the PDB is growing at an
exponential rate, this technique was applied in my study to identify novel proteins that
are likely to contain redox-active disulfidesand their associated structural rearrangements.
This work was designed to allow the future development of a dedicated redox pair protein
database. The novel redox pair protein dataset was screened for any unusual or novel
types of structural modifications linked with redox-active disulfides. A further objective of
this study was to introduce additional methods for integrating other databases like Pfam
into the redox pair method to detect certain structural rearrangements associated with
redox-active disulfides.
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Material and Methods

Extraction of novel redox pair proteins in the PDB
The redox pair technique was used to identify and extract novel redox pair proteins
in the PDB as of January 2008 by screening for structures containing Cys residues in
alternate redox states. The study was later expanded to include proteins deposited in the
PDB up to July 2011. The protocol used is as follows. Firstly, the pdb_seqres.txt.gz file (as of
July

2011)

was

downloaded

from

ftp://ftp.wwpdb.org/pub/pdb/derived.

The

pdb_seqres.txt.gz file is a list of all PDB sequences (protein and nucleic acid), in FASTA
format. The PDB sequences corresponding to only protein structures (thereby excluding
those of the nucleic acids) were then extracted from the file. These PDB sequences were
mapped to their corresponding SwissProt FASTA sequences using the software BLAST to
account for missing or modified sequences. These might include cleaved sequences such as
inteins (Silva, Poirot et al. 2011) and modifications made for heterologous expression or
crystallization. BLASTP is a standalone element of the BLAST package used to align protein
sequences (Altschul, Madden et al. 1997).
Next, the PDB sequences corresponding to each protein PDB-chain were clustered
into groups with 95% sequence similarity using BLASTClust. BLASTClust is a standalone
element of the BLAST package used to cluster protein and nucleotide sequences
(http://www.ncbi.nlm.nih.gov/BLAST/).
The DSSP record of a protein PDB entry standardizes the assignment of its secondary
structures (Kabsch and Sander 1983). The software DSSP (Kabsch and Sander 1983) was
used to generate the DSSP records for each PDB structure as of July 2011, by parsing the
PDB entry coordinates. To identify all disulfide-containing PDB structures, the DSSP record
for each structure was screened using a custom Perl algorithm.
The numbering of residues in the PDB file may not always be consistent with the
numbering in its protein sequence. Such occurrences may be the result of proteins being
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modified for the purpose of crystallization or purification. Thus, some sequence residues
may not be present in the crystal structure or a His tag may be added. However, all
residues in the crystal including those not present in the model (i.e disordered, lacking
electron density, cloning artifacts or HIS tags) are included in the PDB SEQRES records.
Thus, the number assigned to a particular residue in the PDB crystal structure is referred
to as the ‘residue position’ while the number assigned to that same residue in the protein
sequence is referred to as the ‘sequence position’ in this study. The residue positions for
each disulfide in PDB structures, which were identified from DSSP records in the previous
step, were mapped to their corresponding protein sequence position, using the
pdb_seqres.txt.gz file and custom Perl scripts. Using the connectivity of the disulfides in
the sequence, a unique identifier called the dmn score (Eqn 1) was calculated for each
protein PDB structure. The dmn score is based on the distance in sequence between
disulfide bonded Cys residues in the protein structure.

dmn = √∑𝑖 (𝑚𝑖 − 𝑛𝑖 )2

(Eqn 1)

m and n - sequence position of disulfide bonded Cys residues,
index i sums over disulfide-bonded Cys pairs

Structures with the same disulfide connectivity, i.e. the same set of Cys residue
pairing, will have the same dmn score (Fan, George et al. 2009). Thus, all protein structures
within a same cluster (sharing 95% sequence similarity) should have the same dmn score,
unless their disulfide connectivity pattern has changed. Differences in disulfide
connectivity are brought about by changes in the redox status of the protein structure
such as disulfide reduction (or isomerization). Based on this, the dmn scores of members of
each cluster were compared against each other using custom Perl scripts. This step
identified subgroups of protein structures within each cluster with different dmn scores,
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indicating alternative disulfide connectivity. Clusters where the dmn scores of all protein
structural members were equal were filtered out. If all structures have the same disulfide
connectivity, the cluster cannot contribute any examples of redox pairs.
For the remaining protein clusters that had members with different dmn scores, the
maximal number of disulfides possible (represented by i, j pairs in eqn 1) were obtained
using custom Perl scripts. This was referred to as the ‘fully’ oxidized chain structure.
Structural chains where the dmn score is 0 are completely reduced. Remaining structural
chains of a particular cluster are partially reduced.
To identify which disulfide(s) were affected (likely redox-active), a set of pseudoreduced scores were iteratively calculated starting from the ‘fully’ oxidized chain structure
as shown in Fig 2.1.1.

Fig 2.1.1Calculation of pseudo-reduced dmn scoresThe large circle in the figure represents a cluster
of PDB structures corresponding to a hypothetical protein. Eight members (PDB structures) of the
protein cluster are represented by the coloured circles within the large circle. The maximal number
of disulfides (ij pairs) is three. The fully oxidized chain structure is shown in red, while the fully
reduced structure, where the dmnscore is 0 is shown in blue. Other circles represent the other six
structures, all of which are partially reduced. For a structural chain with three disulfide pairs,
pseudo-reduced dmn scores are calculated by leaving out one or two disulfide(s) at a time and
iterating through the remaining two or one disulfide(s) in a ‘reduced’ case.
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For each cluster, the actual dmn scores seen were then matched to the set of
pseudo-reduced dmn scores to identify the disulfide(s), which were reduced in each case.
For example, if a ‘fully’ oxidized protein has two disulfides, there are two possible pseudoreduced dmn scores, where each one corresponds to the reduction of each of the different
disulfides. Comparison of these predicted dmn values with what is actually seen for the
reduced structure reveals which disulfide bond has been reduced. Together with the fully
oxidized structure, this reduced member of the protein cluster forms a redox pair. Thus,
the redox pair structures of a particular protein were identified based on this dmn scoring
method. Proteins, where disulfide bonding Cys residues were engineered into the
structure were filtered out from the redox pair dataset. The dataset of redox pair proteins
were compared against those from a previous study (November 2006) to extract novel
redox pairs. Scientific literature was consulted for any further evidence of redox activity
associated with the novel dataset of redox pair proteins. The function of each redox pair
protein was also obtained from their published scientific literature.

Detection of Quaternary Changes in redox pair proteins
To detect quaternary changes in the redox pair protein dataset, Pfam models were
used. Pfam models correspond to protein families that are represented by multiple
sequence alignments generated using Hidden Markov models (Finn, Tate et al. 2008).
Different domains of a single protein can be represented by different Pfam models.
The Pfam models corresponding to each redox pair of structures in the dataset
were obtained by parsing their protein sequences through the Pfam library using HMMER
3.0 (Finn, Tate et al. 2008). Pfam 24.0 was downloaded from ftp://ftp.sanger.ac.uk/pub/
databases/Pfam/releases/ for this purpose. The protein chain sequences corresponding to
each redox pair protein (chain) were extracted from the pdb_seqres.txt.gzfile, for this
purpose.
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Redox pair structures that had redox-active disulfide forming Cys residues located
in different domains (inter-domain) were identified by mapping their positions to the
sequence. Disulfide bonding Cys belonging to different sequence fragments that were
represented by different Pfam models were considered to form inter-domain linkages.
The Pfam models representing the oxidized and reduced structures in each redox pair
were compared to identify any domain changes. For example, the oxidized and reduced
structures in each redox pair were screened for Pfam domains that had been added to or
were missing in the other structure.
To detect any multimerization changes the numbers of each Pfam model
representing the oxidized and reduced structures in a redox pair were compared. For
example, when the redox pair exhibited one and two of a particular Pfam domain in the
reduced and oxidized protein respectively, the oxidized protein was considered to have
undergone dimerization upon disulfide oxidation. The results were manually inspected to
eliminate false positives arising from partially solved PDB structures.

Detection of metal expulsion in redox pair proteins
The PDB files in the redox pair dataset were queried for the presence of metal ions
(Zn2+, Fe2+, Ni2+ , Mn2+, Co2+, Cu2+) to detect likely redox-active metal sites in redox pair
proteins. The metal sites in PDB files were obtained by querying for the keywords ‘ZN’,
‘FE, ‘NI’, ‘MN’, ‘CO’ and ‘CU in the heteroatom section of the reduced and oxidized
structures for each redox pair, using custom Perl scripts. Metal binding ligands were then
identified by considering the distance between each atom (except for C and H) of each
amino residue and the metal ion. Any residues within a distance of 2.5 Å from the metal
were selected as ligands. For metal sites where less than four residues were detected
(incomplete coordination), the ligation sphere was increased iteratively in 0.001 Å
increments to a maximum limit of 3.5 Å until a fourth ligand was encountered or the
distance threshold was reached. Some metal sites contained only three amino residues
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within the considered ligation sphere. These were noted as potential candidates for
forming half-sites in metal clusters.
Redox pairs where the Cys (of the redox-active disulfide) ligated a metal ion in the
reduced structure, while the metal was absent in the oxidized structure (and Cys were
disulfide bonded) were identified as those with likely redox-active metal sites. However, in
many redox pairs the metal ion was still present in the oxidized structure. The following
method was performed to check if the metal ion had been expelled from the metal site as
a result of disulfide bonding.
The distances between the SG atoms of the metal ligating Cys residues (which
form the redox-active disulfide(s)) and the metal ion were compared in the oxidized and
reduced structures, using custom Perl scripts. Redox pair proteins where the distance
between the ligating SG atom and the metal ion had increased by more than 0.5 Å in the
oxidized structure were considered to have potentially expelled the metal. Then the
distances between the two SG atoms were compared in the reduced and oxidized
structures. Those metal sites where the SG-SG distance between the two metal ligating
thiols had been shortened by more than 0.5 Å in the oxidized structure in comparison to
the reduced structure were validated as likely redox-active. However, metal ligating thiols
were considered to be disulfide bonded in the oxidized structure only if the SG-SG bond
was less or equal to 2.07 Å, as the disulfide bond distance in proteins is around 2.0-2.05 Å
(Bhattacharyya, Pal et al. 2004; Aylward and Findlay 2008; Runbinstein and Fiser 2008).
The disulfide distance cut-off was kept within a stringent range to minimize risk of
including false positives. However, an additional 0.02 Å was allowed as stretching or bond
rotations can increase the length slightly.

Detection of order-disorder transitions in redox pair proteins
Disordered regions are characterized by the lack of fixed backbone tertiary
structure in proteins (Mizianty, Stach et al. 2010). This often results in missing electron
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density in the crystal structures for the disordered residues. Thus, regions involved in
order-disorder transitions will often show electron density in one state but not in the
other. Regions of missing residues and/or chain breaks associated with thiols of the redoxactive disulfides in one of the structures in a redox-pair were compared against the same
regions of the other structure using custom Perl scripts to identify order/disorder
transitions.

Detection of morphing changes in redox pair proteins
Morphing changes are large backbone structural rearrangements in protein
structures (Wouters, Fan et al. 2010). To detect morphing changes in redox pairs that are
likely a result of disulfide redox activity, two methods were followed. These methods
involved the structural superimposition of redox pair oxidized and reduced structures and
the analysis of backbone torsional angles, an implementation of a method by Flocco and
Mowbray (Flocco and Mowbray 1995).
In the first method, the morphing changes in redox pair proteins were detected by
superimposing the Cα backbone atoms of the oxidized and reduced structures using the
software ProFit. ProFit was downloaded from www.bioinf.org.uk/software/profit for this
purpose. ProFit uses the McLachlan fitting algorithm for the superimposition of protein
structures, which allows a more flexible structural alignment (McLachlan 1982). The
sequences of oxidized and reduced structures of a redox pair were first aligned to match
their residue positions using a ProFit built-in function. Using the matching residue
positions obtained from the sequence alignment, the two structures were aligned.The
RMS deviations for all individual residues were obtained. The superimposition was then
iterated using the ITERATE function of ProFit to refine the equivalences of the
superimposition twice.
The residue RMSD values between the oxidized and reduced structures of each
redox pair were screened to identify residue regions undergoing local structural
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movements, using custom Perl scripts. Regions with more than four consecutive residues
having RMSD values greater than 4 Å were considered to be involved in large morphing
changes. The Cys residue separation between oxidized and reduced structures was also
compared to identify large structural movements. The SG-SG atom distance was used to
calculate the Cys residue separation in both oxidized and reduced structures.
Secondly, large changes in the backbone torsional angles were used to detect
morphing changes in the redox pair dataset. Dihedral angles are defined by four
consecutive Cα atoms (Flocco and Mowbray 1995). The redox pair oxidized and reduced
structures were compared for differences in the protein backbone torsional angles over at
least seven contiguous residues. The Cα torsional angles were extracted from the DSSP
records using custom Perl scripts. Redox pair structures where the total change in dihedral
angles in a consecutive stretch of five residues between reduced and oxidized structures
exceeded 1000˚ were considered to have undergone large morphing changes.
Redox pair structures undergoing large morphing changes were then checked for
any secondary structural changes associated with the redox-active disulfide containing
region to validate their morphing changes. The changes in secondary structures associated
with morphing transitions were observed from HERA diagrams corresponding to the
relevant redox pair structures. HERA diagrams are schematic diagrams of protein
secondary structures and their hydrogen bonding patterns (Hutchinson and Thornton
1990). The program HERA (Hutchinson and Thornton 1990) was used to generate the
HERA diagrams from DSSP records of redox pair protein structures. The sequence residue
positions of redox pair oxidized and reduced structures were matched to ensure the
regions undergoing secondary changes were the same in both the structures.
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Results

The redox pair dataset (as of July 2011) consisted of 35,934 pairs of protein
structures solved in alternate redox states. Redox pair structures in the PDB have grown
significantly from the 18,003 pairs that were observed in November 2006 (Fan, George et
al. 2009). While a total of 42,864 protein structures were deposited in the PDB in
November 2006, this number had increased to 74,298 by July 2011. This also indicates
that the number of redox pairs in the PDB had almost doubled (200%) at a time when the
number of protein structures in the PDB had grown by 175%. The novel redox pair
structures corresponded to 307 unique protein groups (clustered at 95% sequence
identity). Evidence of redox activity could be found for many of these redox pairs. These
are shown in Supplementary Data, chapter 2, section 2.1, Table 1.
The redox pair proteins were grouped into several major classes based on their
function (functional super groups). These are shown in Fig 2.1.2. These are also shown in
Supplementary Data, chapter 2, section 2.1, Table 1. The largest group of redox-active
disulfides were found in oxidoreductase proteins (39 proteins), as might be expected.
Some other major functions associated with this redox pair protein dataset were:
metabolism (33 proteins), signal transduction (26 proteins), immune response (18
proteins), electron transport (11 proteins), nucleotide/DNA/RNA binding (12 proteins),
transcription (10 proteins), cell adhesion (9 proteins), apoptosis (7 proteins), translation (6
proteins), photosynthesis (6 proteins), cell cycle (4 proteins) and viral reproduction (5
proteins).
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Fig 2.1.2 Number of proteins corresponding to functional super groups in the redox pairs protein dataset. The graph illustrates the 32
functional super groups to which the 307 unique redox pair proteins were assigned.
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Quaternary Changes in redox pair proteins

Quaternary changes in redox pair proteins refer to the inclusion or exclusion of
domains or other quaternary structures in a protein assembly, as a result of the
reversible disulfide linkage. For example, multimers of either homo or hetero origin
may be generated via inter-domain disulfide linkages, upon protein oxidation. A total
of 39 redox pair proteins in the dataset showed quaternary changes upon redox
transition. These are shown in Table 2.1.1. Changes in quaternary structure can trigger
numerous conformational changes that are significant for the protein function.

Table 2.1.1 Quaternary changes associated with redox pair proteins
Protein

Species

Disulfide

Oxd

Red

Pfam
domain(s)
Involved in
the
transition

Transition
Red -> Oxd

Function

C8G

Homo sapiens

345-369

2rd7

2qqh

PF00061

immune
response

Icam-1

Homo sapiens

161-299

1mq8

1zon

PF00092

Lipocalin
domain
linked
Monomer
 tetramer

C3po

Drosophila
melanogaster

229-268

3riu

3axj

PF01997

resA

Bacillus subtilis

73-76

1st9

3c71

PF00085

T4lys

Enterobacteria
phage T4
Simian
immunodeficien
cy virus
Feline
coronavirus
Homo sapiens

21-142

3guk

102l

PF00959

25-80

3jts

3ib4

PF07654

139-172

3eti

3ew5

PF01661

72-81

1fak

1w7x (1)

gag-pol

fcov
F3

(2)
(3)
(4)

Translin
complex
links Trax
Dimerizatio
n of three
domains
Monomer
 dimer
Monomer
hexamer

Trimer 
octamer
(PF00594
assembly of
+PF00008) four
(PF00089 + domains
PF09342)
(PF01108 +
PF09294)
PF00014

cell –cell
adhesion;
protein
binding
endoribonu
clease
disulfide
oxidoreduct
ase
Lysozyme
Immune
response
ATP binding
Catalysis;
blood
coagulation
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(PF02872+P
F00149)

Dimerizatio
n

dimerization Catalysis;
(trimer
digestion
becomes part
of a hexa unit
assembly)
Dimerization Transport

ushA
Btryp

Escherichia coli
Bos taurus

228-513
191-220

1oid
1ejm

1ush
2tpi

PF00089

TTR

Homo sapiens

70-174

1rlb

1fel

PF00061

nedA

Micromonospor
a viridifaciens

351-405

1wcq

1eur

PF10633

Grik1

Rattus
norvegicus

202-256

2f36

2zns

PF00497

Gria2

Rattus
norvegicus
Homo sapiens

206-261

2i3v

2uxa

PF00497

57-102

2qr0

1mkg

PF00341

bigR

Xylella
fastidiosa

42-108

3pqk

3pqj

PF01022

FGFR2

Homo sapiens

179-231

1ev2

3fjk

PF00167
PF00340

HA

Influenza A virus

8-466

2wrf

2wr7

PF00509

THBS1

Homo sapiens

153-214

2ouh

1za4

PF02210

6-167

2e9e

3eri

PF03098

VEGFA

LtPrdase Capra hircus
Bos taurus

NPCBM_ass
oc domain
linked
Monomer
 tetramer
Trimer 
tetramer
Tetramer
octomer
Tetramer 
hexamer

FGF domain
links an IL1
domain
Trimer 
nonamer

Monomer
 dimer
Monomer
 dimer

nucleotide
binding

exo-alphasialidase
Ionotropic
glutamate
receptor
Transport
Protein
binding
sequencespecific
DNAbinding
transcription
factor
protein
binding
host cell
surface
receptor
binding
Cell
adhesion

oxidoreduct
ase
CF2

Homo sapiens

8-128

2b5t

1ant

PF00079

tgr

Schistosoma
mansoni

154-159

2x8c

3h4k

DPP4

Homo sapiens

649-762

1j2e

2rip

(PF07992+P
F02852+PF0
0462+PF000
70+PF00890
+PF01134)
(PF00930+P
F00326)

RAB1A

Homo sapiens

23-123

2wwx

2fol

PF09439

serpA8

Mus musculus

18-137

2wxx

2wxy

PF00079

Monomer
(serpin)
dimer
Assembly of
two six
domain
subunits
Monomer
(comprising
of two Pfam
domains) 
dimer
SRPRB
domain
linked
Monomer

Catalysis

Electron
transport

Protein
binding

Protein
transport
Acetyltransf
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 tetramer

erase

CUB domain
linked
(dimer)
Two TNF
domains
linked

Cell
adhesion

Npn-1

Homo sapiens

149-175

2qqo

2qqj

PF00431

Tnfrsf1
1a

Mus musculus

35-47

3qbq

3me4

PF00229

FECH

Homo sapiens

323-360

2hre

1hrk

PF00762

dfpase

Loligo vulgaris

78-306

3hlh

1e1a

PF08450

Gfra1

Rattus
norvegicus

187-233

3fub

1q8d

PF02351

C3

Homo sapiens

851-1491

2win

2icf

HGF
(nk1)

Homo sapiens

70-96

3mkp

1gmn

[(PF00051+
PF00024)*2]

Atrm4

Methanocaldoc
occus jannaschii
Homo sapiens

47-51

2vl9

3mng

25-90

2uzi

2vh5

(PF08534+P
F00578)
(PF00047+P
F07679)

ci-vsp

Ciona
intestinalis

310-363

3awg

3awe

PF00102

Y_phosphata
se domin
linked

Neurop
ilin-1
ECX

Homo sapiens

147-173

2qqm

2qqi

PF00754

Sulfolobus
solfataricus

184-198

3l7z

2je6

(PF00013+P
F00575) and
(PF01138+P
F03725)

Arabidopsis
thaliana
Escherichia coli

267-359

3nmn

3jrq

Dimer 
trimer
Two
different
monomers
dimerize
dimerization

Hras(g1
2v)

Pyrl

Dimer 
tetramer
Monomer
 tetramer
linking of
two homo
domains
Trimer 
16mer
linkage of
two
monomers
(monomer
has two
each of two
domains)
Momomer
 tetramer
Ig and I-set
domains are
linked

tumor
necrosis
factor
receptor
Ferrochelatas
e
Hydrolase
Receptor

Unknown
growth
factor

transferase
GTP
binding,
signal
transduction
Protein
binding,
dephosphor
ylation
Cell
adhesion
Hydrolases,
RNA
processing
Catalytic
activity
Nucleotide
binding

Dxp
15-207
1k5h
2egh
(PF02670+P Dimer 
reduct
F08436)
trimer
oisome
rase
Disulfide – Cys residues numbers of reversible (redox-active) disulfide of the protein. Oxd –
Oxidized PDB structure. Red – Reduced PDB structure
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Redox-active metal sites in redox pair proteins

Metal sites that trigger conformational changes in proteins upon alteration of
the redox environment are increasingly recognized as key elements in numerous
cellular reaction mechanisms. A total of 47 proteins with likely redox-active metal sites
were detected in the non-redundant data set of novel redox pairs (Table 2.1.2). The
majority of these redox pair proteins ligated the redox inactive Zn 2+. One redox pair
protein was found to coordinate a Fe3+ (Pdx), while another ligated Mn2+ (dahp). No
novel redox pair proteins that contained other metal sites as Co 2+ were found in my
dataset. However, in the previous study, one redox pair structure binding Co 2+ was
identified (Fan, George et al. 2009).

Table 2.1.2 Redox pair proteins with likely redox-active metal sites
Protein

Species

Disulfide

Oxd

Red

Metal binding residues

T

M Function
A (All proteins
coordinate
Zn2+ unless
indicated
otherwise)

Ns3

Hepatitis C
virus

16s rrna

Thermus
40
thermophilus

43

2uub N

1fjg N

24

27

40

43

S4

ilers

Thermus
181
thermophilus
Saccharomyc 60
es cerevisiae
Escherichia
138
coli

184

1ile A

1jzq A

181

184

389

392

S4

63

3m99A

3mhh A

60

63

77

83

S4

141

1r0b H

1acm B

109

114

138

141

S4

Homo
238
sapiens
Saccharomyc 48
es cerevisiae

312

3dxu A

3dxt A

238

244

310

312

S3N

51

2e2i L

1i3q L

31

34

48

51

S4

Equus
caballus

111

6adh B

1a71 A

97

100

103

111

S4

Sgf11
atcase

Jmjc
Rpb4

Adh1e

99

97

145 3oyp B 1dxp A

97

99

145

-

S3

N catalytic
activity,
transformati
on of host
cell by virus
N Structural
constituent
of the
ribosome
N Nucleotide
binding
N Hydrolase
N Transferase
activity,
cellular
amino
metabolism
Y Protein
binding
Y Transcripti
on
regulation
N Nucleotide
binding
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Sir2

Thermotaga
maritima

124

148

2h59 A

2h2f A

127

148

151

adk

Bacillus
subtilis
Bacillus
subtilis

130

133+

2qaj A

1p3j A

133

150

153†

153†

S2O4 N

74

83

2d5nA

3ex8 A

49

51

74

83

S2NO N

Birc5

Homo
sapiens

57

60

1f3h A

2raw A

57

60

77

84

S3N

N

Ubp8

Saccharomyc 76
es cerevisiae
Sulfolobus
98+
solfataricus

92

3m99 B 3mhh C

73

76

88

92

S3N

N

101

3hkz A

2pmz A

98

145

146

146

Homo
sapiens
Bacteriophag
e T4
Sulfolobus
shibatae
Escherichia
coli

56

76

2pvc A

2pv0 A

53

56

73

76

26

61

2qnc B

1e7d A

23

26

58

61

1064 1067

2y0s B

2waq B

1064

1067

1082

S2N2 Y Catalytic
activity,
metabolic
process
S4
Y Protein
binding
S4
N Hydrolases
activity
S3
N Transcription

76

79

1xxh D

3glf B

64

73

76

79

S4

Traf6

Homo
sapiens

73

93

3hcu C

3hcs C

70

73

90

93

S4

Xiap

Homo
sapiens

1063 1090

2pop B

2qra A

1063

1066

1083

1090

S3N

Cul-1

Homo
45
sapiens
Saccharomyc 86
es cerevisiae

83

1u6g B

3dqv R

42

45

80

83

S3N

95

1twa C

3how C

86

88

92

95

S4

Pp1a

SARS
coronovirus

190

193

3mj5 B

3e9s A

190

193

225

227

S4

recr

Deinicoccus
radiodurans

69

72

1vdd C

2v1c A

57

69

72

ribG

Rpoe1

Dnmt3l
End7
rpol
dnax

Rpb1

S3

S3

N

NADH
dependant
oxidationreduction
Hydrolase
activity,
regulation
of
transcription
Nucleotide
binding
Catalytic
activity,
oxidationreduction
Protein
binding,
apoptosis
Hydrolase

N Protein
binding,
DNA
replication
N Protein
binding,
response to
DNA
damage
stimulus
N Catalytic
activity,
apoptosis
N Cell
proliferation
N Transcription
regulation,
response
to DNA
damage
stimulus
N Transferase
activity,
proteolysis
N Nucleic
acid

61

binding
grl

Rattus
norvegicus

Rpol2

460

3g8x B

1r4o A

440

443

457

460

S4

Saccharomyc 271+
es cerevisiae

299

1y1v S

3gtm S

271

274

302

302

S3N

dcmp

Streptococcus 54
mutans

66

2hvv A

2hvw A

24

54

59

66

S3N

Rpol

Thermus
themophilus

3aoi D

1iw7 D

1112

1194

1201

1204

S4

Tab2

Bos Taurus
670
Mus
musculus
Saccharomyc 110
es cerevisiae

684

2wx1 C

3a9j C

670

673

684

687

S4

167

3gtg A

3fki A

107

110

148

167

S4

Antitrap

Bacillus
subtilis

15

2bx9 L

2zp8 E

12

15

26

29

S4

Get3

Saccharomyc 285
es cerevisiae
Thermus
12
thermophilus

288

3sjb A

3idq A

285*

288*

285*

288*

S4

26

2v46 D

1fjg D

9

12

26

31

S4

polG

Kunjin virus

733

852

2hfz A

2hcn A

717

733

852

meth

Thermotoga
maritima

207

272

1q7m A 3bof A

207

272

273

711

S4

Cbf5

Pyrococcus
furiosus
Pyrococcus
abyssi**
Sulfolobus
solfataricus

11

23

3hjy B

8

11

20

23

S4

59

74

2pmd A 2aho A

59

62

74

77

S4

Rpb1

Rs2

Eif2g

457

1112 1201

12

2aus B

S2N

N DNA binding,
transcription
regulation
Y Catalytic
activity,
cellular
metabolic
process
N Catalytic
activity,
cellular
metabolic
process
N Transferase
activity,
regulation
of
transcription
N Protein
binding
Y Transcripti
on
regulation
N Heat shock
protein
binding
N Nucleotide
binding
N Structural
constituent
of
ribosome
N RNAdirected
RNA
polymerase
activity,
viral
genome
replication
N Homocystei
ne Smethyltran
sferase
activity,
cellular
metabolism
N Isomerase
activity,
RNA
processing
N Nucleotide
binding,
translation
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mete

Thermotoga
maritima

620

704

1t7l A

3bq5 A

618

620

704

802

S3N

N Transferase
activity,
microtubule
cytoskeleton
organization
23s-rrna Thermus
42
62
3d5b 4 3knm 4
42
44
61
62
S3N N Structural
thermophilus
constituent
of
ribosome,
ribosome
biogenesis
P53
Mus
173 239
2p52 A 2geq A
173
176
235
239
S3N N Transcriptory
musculus
regulation
region DNA
binding
LeuThermus
439 484
1obh A 2v0c A
439
442
484
487
S4
N Nucleotide
tRNAsyn thermophilus
binding
Rl32
Escherichia
11
27
2vhm 4 1vt2 4
11
14
27
33
S3N N Structural
coli
constituent
of
ribosome,
translation
regulation
Appbp1 Homo
199 343
1r4m B 1yov
199
202
343
346
S4
N Catalytic
sapiens
activity,
metabolic
process,
NEDD8activating
enzyme
Rl27
Thermus
11
14
2xg0 9 3kir 9
11
14
27
32
S3N N Structural
thermophilus
constituent
of
ribosome,
translation
regulation
Rl33
Deinococcus 36
49
3cf5 Y
2zjp Y
33
36
46
49
S4
N Structural
radiodurans
constituent
of
ribosome,
translation
regulation
dahp
Mycobacteriu 87 440
2w19 A 3nue A
87
369
411 440 S2NO N Protein
m
binding,
tuberculosis
growth
(Mn2+ )
pdx
Pseudomon 48 86
3lb8 C 1oqq C
39
45
48
86 S2O2 Y Electron
as putida
transport
(Fe2+)
Disulfide – Cys residue numbers of reversible (redox-active) disulfide of the protein. Oxd – Oxidized PDB
structure, Red – Reduced PDB structure. T – type of metal site. MA – Metal absent from oxidized
structure (Y – yes, N – no). Residue numbering is the same in both oxidized and reduced PDB structures.
All proteins coordinate Zn 2+ unless indicated otherwise. † - Ligated by two O atoms of Asp. * - interdomain disulfide, ** closely related orthologs. +only one thiol of the reversible disulfide is metal ligating.
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Order-disorder transitions in redox pair proteins

A total of 51 proteins in the non-redundant redox pair dataset were found to
be involved in order-disorder transitions. These are shown in Table 2.1.3. Disordered
regions in proteins are generally sections of backbone that lack a fixed tertiary
structure. However, disorder can also be observed in residue side chains. Four types of
redox-active thiol positioning associated with order-disorder transitions have been
previously observed (Fan, George et al. 2009). These transitions can include either one
or both thiols of the redox-active disulfide in a contiguous disordered region, or both
thiols in non-contiguous disordered regions. Order-disorder transitions can also involve
inter-domain disulfides. In this novel dataset the largest proportion of proteins
undergoing order-disorder transitions upon oxidation/reduction belong to the first two
categories. Interestingly, a redox-active disulfide in a redox pair protein that was both
associated with an order-disorder transition and a redox-active metal site was
observed in the dataset.

Table 2.1.3 Order Disorder reactions associated with redox pair proteins

A

Protein

Species

Disulfide

Red

Oxd

Disordered
region

Function

Adr2b

Enterobacteria
phage T4
Enterobacteria
phage T4

184-190

3p0g A

3kj6 A

165-202

lysozyme activity

543-546

1h7a A

1h78 A

546-571†

8f9fab

Homo sapiens

102-107

3eyf B

3eyo B

102-107

ERO1L

Homo sapiens

94-131

3ahr A

3ahq A

90-131

metal ion binding;
ribonucleosidetriphosphate
reductase
antigen binding;
protein binding
oxidoreductase

WASP

Oryctolagus
cuniculus
Sulfolobus
solfataricus

101-104

2a3z B

2a42 B

100-104

98-101

3hkz A

2pmz A

97-173

GC

Homo sapiens

80-96

1j78 A

1lot A

91-111†

AKT2

Homo sapiens

297-311

1mry A

1mrv A

295-313

NRDD

rpoP

Nucleotide binding,
apoptosis
Catalytic activity,
cellular metabolic
process
vitamin D binding;
vitamin transporter
activity
protein
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speH

Streptococcus
pyogenes
Homo sapiens

77-79

1eu4 A

1et9 A

76-82

369-376

2x11 A

2x10 A

369-375

Homo sapiens
Caenorhabditis
elegans
Homo sapiens

145-200

3bsz N

3rif F

145-165

133-193

3nfp B

3c09 B

180-194

Plasmodium
vivax
Homo sapiens

208-220

1w8k A

1w81 A

205-218

247-265

1ywh E

2i9b E

246-249

HHIP

Homo sapiens
Mus musculus

218-543

3ho4 B

2wfx B

538-549

Dnase-1

101-104

2d1k B

2a42 B

100-104

CSF3

Oryctolagus
cuniculus
Homo sapiens

64-74

2d9q A

1rhg A

62-70

GY1

Glycine max

88-298

1fxz A

1ud1 A

vlrb

Petromyzon
marinus

115-147

3g3a E

3g3b E

87-109, 249296
115-119

dacB

166-180

3a3d B

3a3e B

150-169

Ant3

Haemophilus
influenzae
Homo sapiens

317-401

1t1f B

1ath B

397-404

Sema6a

Mus musculus

525-542

3okw B

3afc B

534-553

InlB

Listeria
monocytogenes
Mus musculus

385-397

2uzy B

2uzx B

394-413

receptor activity;
semaphorin
receptor binding;
protein binding;

49-106

3bp5 B

3bp6 B

47-49

protein binding;

ERO1

Saccharomyces
cerevisiae

143-166

1rp4 A

3nvj A

155-174

HGF

Homo sapiens

74-84

1gmo B

1gmn B

52-83

kdsA

Neisseria
meningitidis

23-246

3fyo D

2qkf A

237-248

PGK1

Homo sapiens

98-107

3c3a B

3c39 B

98-103

pII

Enterobacteria
phage PRD1

254-277

1n7u A

1n7v A

248-269

protein binding;
oxidationreduction
growth factor
activity; serinetype
endopeptidase
activity;
3-deoxy-8phosphooctulonate
synthase activity;
ATP binding;
phosphoglycerate
kinase activity;
Interspecies
interaction
between
organisms

EPHA2
B

serine/threonine
kinase activity;
pathogenesis

zTTR

IL2RA
O61130
PLAUR

Pdcd1

Signalling,
protein binding;
Transporter
activity;
interleukin-2
receptor activity;
pathogenesis
protein binding;
U-plasminogen
activator
receptor activity;
catalytic activity;
carbohydrate
metabolic process
Nucleotide binding,
apoptosis
cytokine receptor
activity;
nutrient reservoir
activity;
catalytic
activity;metabolic
process
Hydrolases
activity; cell cycle
protein binding;
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CI

215-219

1kca A

3bdn A

215-216

tRNAm5u54mt

Enterobacteria
phage lambda
Pyrococcus
abyssi

67-70

2vs1 A

2jjq A

61-68

Calm1

Homo sapiens

41-75

1y6w A

1qx7 M

74-75

botD

Clostridium
botulinum

1183-1187

3obr A

3n7j A

1178-1184

FBP

Pisum sativum

153-173

1d9q A

1dbz A

151-163

lepB

Escherichia coli

170-176

3iiq A

1t7d A

171-177

sph

Bacillus cereus

123-159

2dds A

2ddr A

156-162

NCOA3

Homo sapiens

844-852

3l3x A

2ama A

842-847

TNFSF15

Homo sapiens

91-131

2re9 A

2qe3 A

91-105

SOD1

Homo sapiens

57-146

2zkw A

3hff A

51-80

gdhB

338-345

1c9u A

1qbi A

335-344

92-184

1ze1 B

1ze2 B

Agt

Acinetobacter
calcoaceticus
Thermotoga
maritima
Mus musculus

18-138

2wxx C

2wxy C

68-107, 173191
17-27

ribD

Escherichia coli

75-85

2o7p A

2g6v B

82-87†

MXR1

Saccharomyces
cerevisiae

68-176

3pim B

3pin B

60-68†, 162171

mnmA

Escherichia coli

102-199

2det A

2der A

189-204

ATP binding;
sulfurtransferase
activity;
tRNA binding;

Trpv2

195-206

2etc A

2eta A

201-206

TP53BP1

Rattus
norvegicus
Homo sapiens

1796-1802

1kzy D

1gzh D

1794-1796

calcium channel
activity;
p53 binding;

C

Phl2

Bacillus cereus

123-159

2dds A

2ddr A

123-127
156-162

Spingomyelin
phosphodiesterase
activity

D

C8G

Homo sapiens

345-369

2rd7 A

2qqh A

336-380

Transporter
activity, immune
response

E

Kdo8ps

Neisseria

23*-246

3fyo D

2qkf A

237-248

Catalytic activity,

truB

sequence-specific
DNA binding;
RNA
methyltransferase
activity;
protein binding;
muscle contraction
toxin receptor
binding;
Phosphoric ester
hydrolases activity
serine-type
peptidase activity;
sphingomyelin
phosphodiesterase
activity;
DNA binding;
cytokine activity;
tumor necrosis
factor
receptor binding;
superoxide
dismutase activity;
Catalytic activity;
pseudouridine
synthase activity;
Acetyltransferase
activator activity.
Catalytic activity,
metabolic process
peptidemethionine-(S)-Soxide reductase
activity; protein
binding;
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meningitidis

metabolic process

RpoA

Sulfolobus
98*-101
3hkz A
2pmz A
97-173
Catalytic activity,
solfataricus
metabolic process
Oxd – Oxidized structure, Red – Reduced structure (of the redox pair). Disulfide – Reversible (redoxactive) disulfide of the protein. Unless specified the disordered region is found in the oxidized structure.
† - Disordered region is found in the reduced structure. *Metal binding Cys residue. The groups are
coded as follows: A – both thiols located in a contiguous disordered region, B – only one thiol located in
a disordered region, C – two thiols located in non-contiguous disordered regions, D – inter-domain thiols
located in disordered regions and E – metal binding thiols associated with disordered regions.

Morphing changes in redox pair proteins

Large-scale backbone rearrangements of the protein chain, upon disulfide
oxidation or reduction have been recognized as a major group of conformational
changes in redox pair proteins (Fan, George et al. 2009). The majority of the redox pair
structures (73.7%) showed 0-1 Å overall RMSD values, indicating insignificant or no
changes in structure. A further 24.7% had a RMSD value ranging from 1-2 Å. 1.4% of
the redox pair structures reported RMSD values between 2-4 Å, while only a 0.1%
reported RMSD values over 4 Å indicating the possibility of large scale morphing
change associated with redox-active disulfides. However, as the overall RMSD is a
summation of the individual residue RMSD values, where localized changes could be
equalized to maintain the global conformation, all the redox pair structures were
screened for regions of four or more consecutive residues reporting RMSD values
greater than 4.0 Å to detect morphing regions.
In addition, the Cys residue separations between oxidized and reduced
structures of each redox pair protein were also considered. Small, medium and large
scale Cys residue SG-SG atom separations, between the oxidized (disulfide bonded)
and reduced structures were observed in the redox pair structure dataset. 83% and
11.7 % of the redox pair structures in the dataset showed a small (less than 2.0 Å) and
medium (between 2.0- 4.0 Å) Cys residue separations, respectively.
However, 5.2% of the redox pair structures showed a large Cys residue
separation between SG-SG atoms of the oxidized and reduced structures. Small to
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medium scale (0-4 Å) Cys residue separations could also be a result of the SG atom
rotations around Cα-Cβ axis or SG-SG bond stretching (Van Wart and Scheraga 1976).
Therefore, only redox pair structures with residue separation above 4 Å were further
validated for their large morphing changes by looking for associated secondary
structural changes. In addition, large-scale morphing changes of 83.4% of redox pair
structures in the dataset exhibiting Cys SG-SG residue separations above 4.0 Å were
also supported by the Flocco and Mowbray method involving Cα-based dihedral angles.
Overall, 0.32% of all the redox pair structures showed summed changes in dihedral
angles (for a stretch of five residues) that exceeded 1000˚ indicating large hinge
movements. The resulting redox pair structures from the superposition study
(described above) and the Flocco and Mowbray method were merged and validated as
described in the Materials and Methods section. The validated redox pair structures
(exhibiting large morphing changes with accompanying secondary structural
rearrangements) corresponded to 28 unique proteins that are shown in Table 2.1.4.
Several sections of the structure are seen to morph in some proteins. These are also
shown in Table 2.1.4.

Table 2.1.4 Morphing changes in the redox pair dataset
Protein

Species

Disulfide

Oxd

Red

Morphing
region(s)

ΔS Å

Transition
oxd  red

Function

Gmpr2

Homo sapiens

68-95

2c6q G 2bzn F

27-29

6.072

25-80

2x4n B 3low A 50-70

8.913

Catalytic
activity
Protein
binding,
immune
response

Mus musculus

134-194

2jk5 B

2nlj A

158-163

10.23

Eschrichia coli

268-272

1pj0 A

1jpr A

13-15

4.657

Short helix 
coil
Three strands
 extension
of β strands to
form a single
strand
Strand (159163) 
shorter strand
(159-161)
Coil  Singleturn helix

B2m

Homo sapiens

kcsa

Rir2

94-96
267-269

Potassiu
m ion
transport
Protein
binding

Helix  coil
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Ncc27

Homo sapiens

24-59

1rk4 A

1k0o B 41-46,

10.777 Coil  strand
Coil  β
hairpin turn

65-75

Andr

Homo sapiens
Pan
troglodytes

669-844

2pit A

lyp

Homo sapiens

129-227

putative

Staphylococcus
aureus
Homo sapiens

7.764

Helix
shortened

3h2x A 2p6x A 29-43,

4.301

68-102

3ksh A

3ksf A

94-106

7.644

30-68

3nsk B

1kso A

7.288

Saccharomyces
cerevisiae

103-106

1i6h I

3fki I

28-30,
68-70
59-64
69-71

Helix extended
by eight
residues
Coil Singleturn helix
Coil  strand

Rpb2

IleRs

Thermus
thermophilus

461-464

1ile A

1jzq A

716-738

4.763

rpsJ

Thermus
thermophilus
Escherichia coli
Thermus
thermophilus

26-31

2e5l D

1voq D 122-135,
170-187

6.694

Helix  coil
Coil  strand
(forms a β
harpin bend)
Single helix 
coil and two
single-turn
helices
distributed in
the coil
Strand  coil

46-49

2xg0 5

2j01 5

29-42

5.046

Strand  coil

Hla-a2

Homo sapiens

25-80

1akj B

3low B 50-62

34.92

Coil  strand

rnap

Thermus
thermophilus

11121204

1zyr N

1iw7 D 122-130,
155-162

4.38

Coil  helix
(extension of
helix)
Coil  strand

S100e

rplM

1t7f A

845-857

4.004

209-212

Two strands 
four smaller
strands
Helix
extension

1290-1305

1395-1405

Rir1
(large
chain 1)

Saccharomyces
cerevisiae

218-443

1zzd A

3k8t A

104-112
157-163
261-269
627-638

4.065

Coil  stand

Protein
binding,
transport

DNA
binding,
transcript
ion
regulatio
n
Phosphot
ase
activity
unknown
Protein
binding
Catalytic
activity,
transcript
ion
Nucleotid
e binding,
transcript
ion

Ribosome
constitue
nt
Ribosome
constitue
nt
Protein
binding,
immune
response
Transfera
se,
regulatio
n of
transcript
ion

Nucleotid
e binding

Strand  coil
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Erp29

Drosophila
melanogaster

Ape2125
Trpv2

Rattus
norvegicus

24-27

2c0e A

2c0f A

102-104

8.367

Single turn
helix  coil

49-54

2cx3 A

2cx4 D

47-56

8.712

Strand  helix

195-206

2etc A

2etb A

155-166

13.065 Strand  coil

197-199
fech

Homo sapiens

323-360

2hre A

2hrc A

397-402

4.817

Coil  single
turn helix
Coil  helix

Rpb4

Saccharomyces
cerevisiae

31-51

2nvq L

2nvy L

28-39

4.631

Strand  coil

Rir1
(alpha)
ssadh

Escherichia coli

225-462

2r1r A

4.014

Strand  coil

Homo sapiens

340-342

7.338

Strand  coil

2xo5 A 265-275
559-461
2w8n A 2w8o 176-180
A

Helix  coil

428-434
23s-rrna

Thermus
thermophilus

33-49

2y11 5

3i8i 5

35-40

6.044

Strand (35-41)
 shortened
(39-41)

prp

Homo sapiens

179-214

3heq A

3hj5 B

190-200

4.151

Coil  short
strand and
short helix

Xrcc1

Homo sapiens

12-20

3lqc A

3k75 B 15-35

6.437

Cap5O

Staphylococcus
aureus
Xylella
fastidiosa

92-258

3ojo B

3ojl A

255-267

8.928

42-108

3pqk A

3pqj A

48-50

7.423

Short coil
followed by
two helices 
extension of
coil followed
by a single
turn helix and
a short strand
Coil  two
short helices
Coil  strand

Bigr

Protein
binding,
chaperon
e
Antioxida
nt activity
Protein
binding,
transport
Ferrochel
atase
activity
Protein
binding,
response
to DNA
damage
stimulus
Nucleotid
e binding
Oxidored
uctase
activity,
metabolic
process
Structural
constitue
nt of the
ribosome
, RNA
processin
g
Protein
homo
oligomeri
zation
DNA
binding,
DNA
repair

Protection

Sequence
specific
DNA
binding
transcript
ion factor
activity
Oxd – Oxidized structure, Red – Reduced structure (of the redox pair). Disulfide – Reversible (redoxactive) disulfide of the protein.
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Discussion

Researchers often struggle to gain a thorough understanding of the transient
disulfide connectivity associated with thiol based redox regulation of protein function.
Experimental methods to measure the disulfide redox potential, such as titration
against small molecular weight compounds like DTT or equilibration of proteins
(Wouters, Fan et al. 2010) to detect native thiols that are reversibly oxidized under
normal physiological conditions, are difficult to apply at a high-throughput scale.
Bioinformatic tools and techniques on the other hand, can be used to detect redoxactive disulfides and can be applied even in a high-throughput scale. The redox-active
disulfide centers in proteins can be detected based on general structural trends that
set them apart from structurally stabilizing permanent disulfides.
The redox pair protein method is a highly accurate, thiol connectivity based
protocol, which can be used to detect redox-active disulfides in proteins with known
structures. The ability to employ this method on a mass-scale enhances its wide
applicability in proteomics.
However, the redox pair method heavily relies on the availability of protein
structures solved in alternative redox states, in order to make a prediction. Thus, the
application of this method is restricted to only those proteins that fulfill this criterion.
Unfortunately, for many proteins, the redox state of the protein is not considered
during the structure solution process. Yet, it is useful to understand proteins and their
structures in different redox dimensions as it may hold valuable information on protein
function and its regulation. In addition, the redox environment can influence local or
global structural modifications of the protein via redox-active disulfides. It is therefore
important for the redox environment to be made a key consideration during structure
solution, in order to allow informed deductions about the protein to be made.
In this work the pairing of protein structures is based on 95% sequence
similarity. A 95% sequence similarity is expected to indicate a very high structural
homology. For example, the redox pair PDB entries for tripanathione oxidoreductase
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from Trypanasoma brucei (PDB: 2woi and 2wov) share 100% sequence similarity as
they correspond to the same protein in the same organism. The PDB entries for both
human and chicken Fadk1 share 99% sequence similarity as well as the same domain
structure and disulfide connectivity. Therefore, these closely related orthologs were
also paired up in the dataset. Likewise, disulfide connectivity can be an indicator of
structural homology.
DSSP records of protein PDB structures were used to identify their resident
disulfides. Disulfides can also be identified from the SSBOND section of PDB entries.
However, SSBOND records are not available for some PDB structures, even if the
literature and DSSP records indicate disulfides are present. Therefore, DSSP records
are a more reliable method of detecting disulfides in protein structures.
A large number of redox pair proteins in the dataset belonged to the functional
super group oxidoreductases (Fig 2.1.2). Oxidoreductases are highly redox-active and
exert their oxidation-reduction function via thiol-disulfide exchange (Aslund, Berndt et
al. 1997), thus reversible disulfides are highly likely to be an integral component in the
regulation of oxidoreductase function. Many other protein functions have also been
recognized to be associated with thiol based redox activity. These include electron
transport (Sugioka, Nakano et al. 1988), signal transduction (Maret 2006), apoptosis
(Shin, Renatus et al. 2005), cell cycle (Conour, Graham et al. 2004) and
photosynthesis(Pfannschmidt 2003), in the dataset. Each of these functions was
represented by redox pair proteins in the dataset. The association of known redox
activity with novel redox pair proteins in this dataset validates the premise underlying
this study.
A significant number of proteins with likely redox-active disulfides were also
involved in protein and nucleotide binding. This may indicate the participation of
reversible disulfides in protein-protein and protein-DNA/RNA interactions in many
biological networks than previously thought.
A large number of proteins with likely redox-active disulfides are also
associated with metabolism, especially carbohydrate and protein metabolism. This
comes as no surprise as numerous enzymes associated with carbohydrate metabolism
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are known to be redox regulated. In particular, many proteins involved in starch
metabolism have been identified as targets of Thioredoxin in recent proteomic
screenings (Kotting, Kossmann et al. 2010).
Most protein structures have been solved for a specific purpose in deducing
biological pathways and their functionality from a physiological or pathological
perspective. A redox-active disulfide often fails to gain attention unless it produces a
fairly significant structural readjustment. Yet, in reality, minute rearrangements may
have a cumulative effect on the overall regulation of protein function. This also holds
true for all other types of small localized structural modifications associated with redox
transitions. The redox pair method provides a good starting point for the identification
of these structural changes in proteins.
It is also important to note the paucity in details of the conformational changes
exhibited between redox pair structures, in scientific literature. The details of many
novel structures released in the PDB since 2006 remain unpublished. This poses a
barrier in determining the degree of the association between these structural changes
and redox-active disulfide mediated mechanisms.

Quaternary changes in redox pair proteins

Several novel proteins that undergo conformational changes upon redox
transitions were detected during this study. These structural modifications seem to be
integral components of the redox based regulatory mechanisms in many of these
proteins. Quaternary changes form one such group conformational change known to
be associated with redox pair proteins.
Redox induced quaternary changes are known to be important for protein
function in several biological mechanisms and pathways. A well known example is
OxyR, a global response regulator of oxidative stress. OxyR forms a dimer of dimers via
the oxidation of the intra-subunit disulfide Cys199-Cys208. This allows it to exert its
stress response function (Choi, Kim et al. 2001). A good example of a novel quaternary
73

change observed in the novel redox pair dataset was the assembly of Trax-translin
heteromers of C3PO protein from Drosophila melanogaster. This protein activates the
RNA-induced silencing complex by cleaving the siRNA passenger strand (Liu, Ye et al.
2009). In its reduced form, C3PO contains a Translin octomeric complex and in the
oxidized state the Translin complex is linked with Trax. Trax-translin complex is thought
to push the catalytic center to the interior, which is essential for its endoRNAse activity
(Liu, Ye et al. 2009). The likely reversible disulfide in the Translin-Trax complex has not
been noted previously.
In this study, a novel method to detect quaternary changes in redox pairs was
developed using the Pfam database. The Pfam database contains extensive
information on proteins and their classification at a domain level (Finn, Tate et al.
2008). This information is characterized by multiple sequence alignments and Hidden
Markov Models (Finn, Tate et al. 2008).
This Pfam model based method improves on previous techniques through the
use of Pfam domain boundaries to identify inter-domain disulfides. Previous methods
have only been able to identify inter-chain disulfides. While multimerization of
subunits can be found via inter-chain disulfides, domain changes can go undetected by
this method. This is because a single protein chain can harbour a combination of
multiple domains and linker regions. Thus, the use of reliable Pfam domain based
sequence fragments to identify the presence of inter-domain disulfides and the
prevalence of homo and hetero units in redox pair structures enhance the accuracy
and applicability of this exercise. For instance, the method was successful in detecting
a dimerization between two CUB domains in neuropilin-1 (Npn-1). Npn-1 is a
transmembrane receptor that controls semaphorins and VEGF signalling pathways
(Roth, Nasarre et al. 2008). Even though the mechanism of Npn-1 function is not well
understood, dimerization of a transmembrane domain had been previously noted in
this protein (Roth, Nasarre et al. 2008). It was speculated in that study that two CXXXC
motifs were involved in the dimerization (Roth, Nasarre et al. 2008). My data confirms
such a dimerization, and further shows that it involves an inter-domain disulfide
Cys149-Cys175 that links two transmembrane CUB domains (PF00431) containing the
CXXXC motifs.
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Lack of attention to and poor knowledge of the positioning of potentially redox
sensitive thiols in protein structures can also result in undesirable structural
modifications during structure solution. Quaternary changes can be caused by the Xray diffraction process itself, with redox sensitive disulfides being reduced upon
exposure to X-rays. This can alter the quaternary structure of the protein. In such an
event, it is difficult to establish the inherent nature of the disulfide-induced quaternary
change. It is also important to note the influence of crystal packing during protein
structure solution process. Crystal packing can cause multimerization in proteins. This
has been proven elsewhere, with the dimerization in GluR-5 and Glur-6-subtype
kainate receptors considered to be simply necessary to satisfy the crystal packing
requirements andto not be of any functional significance (Mayer, Ghosal et al. 2006).
Importantly, PDB files where the structure has, for various reasons, only been
partially solved need to be correctly identified and filtered to avoid false positives in
the protein dataset of redox induced quaternary changes. One such example
encountered in this study was the bacterial sialidase redox pair (PDB: 1wcq and 1eur).
Bacterial sialidase comprises three subunits; the PDB entry 1eur represented only a
411kD sub-unit of this protein. This made it impossible to confirm if multimerization
had indeed taken place in the oxidized/reduced 1wcq structure. Thus, such potential
false positives were discarded from the dataset.

Redox-active metal sites in redox pair proteins

Conformational changes triggered by the expulsion of metal ions upon
oxidation have been recognized as a key mechanism in redox-mediated biological
pathways. Metal expulsion may give rise to various other types of conformational
changes, such as quaternary changes and order-disorder transitions. While
multimerizations were not observed with metal expulsion in this dataset of novel
redox pair proteins, there were two redox pair proteins,3-deoxy-D-mannooctulosonate-8-phosphate synthase (KDO8PS) and RpoA, which may have undergone
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order-disorder transitions as a result of metal expulsion. Both of these proteins are
associated with catalytic activity.
The majority of redox pair proteins with likely redox-active metal sites ligated
Zn2+. A similar observation was reported in the previous study (Fan, George et al.
2009). Zn2+ has special characteristics, which are discussed extensively in chapter 1,
which makes it an attractive metal for ligation by proteins. The most important
characteristic is its redox inert nature. Redox activity is conferred to a Zn 2+ site only
upon its coordination by Cys residues. Proteins are protected against redox induced
damage (which can be the case with Ni2+ etc) when Zn2+ is involved in a metal site
(Maret 2004). Therefore, proteins seem to prefer Zn2+ at their redox-active metal site
over other metal ions. The trends and prevalence of likely redox-active Zn2+ sites in
proteins are further investigated in chapter 3.
Zn2+ dependant redox switches have been identified in numerous proteins. A
good example is the sequence specific transcription factor p53 that exerts tumor
suppressor activity (redox pair PDB: 2p52 and 2geq). The L3 loop of the p53 core
domain contains the Zn2+-binding residues Cys235 and Cys239. When Zn2+ is released
upon disulfide formation, this undergoes a conformational change, which is believed to
reduce the transcriptional activity (Kwon, Kim et al. 2008).
It is also important to note that certain protein functions (catalytic activity,
protein and nucleotide binding and transcription) predominate amongst the likely
redox-active Zn2+ sites in the redox pair dataset. Zn2+ sites are known to be involved in
these functions. However, it is difficult to draw conclusions from this study as to the
depth of this association.

Order-disorder transitions in redox pair proteins

Order-disorder transitions have been recognized as a major group of protein
conformational changes associated with redox reactions. These transitions can be
identified through changes in electron density between redox pair structures. A good
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example of a redox related order-disorder reaction was observed in the Calvin cycle
enzyme, chloroplastic fructose-1,6-bisphosphate phosphatase (FBP) from the pea plant
(Pisum sativum). The disulfide bridge formed between residues Cys153 and Cys173
gives rise to an order-disorder transition that stabilizes an altered conformation
ofstrands β1 and β2. These slide by 8–9 Å in towards the active site and disrupt the
binding sites for the catalytic Mg2+ cations, 20 Å away from the disulfide bridge
(Chiadmi, Navaza et al. 1999). It has been suggested that upon reduction the relevant
region of secondary structure ‘melts’. The β1 and β2 strands are released, moving back
to their original positions and allowing the active site to re-adopt its ‘catalyticallycompetent’ conformation (Chiadmi, Navaza et al. 1999).
Another example of an order-disorder transition detected in the dataset and
supported by experimental evidence is the non-inhibitory member of the serpin family
of protease inhibitors, angiotensinogen (Agt). The labile, conserved Cys18-Cys138
disulfide bridge in this protein is involved in the order-disorder reaction mechanism, as
indicated by a change in thermal stability from 67.6 ˚C in the oxidized version to 57 ˚C
in the more relaxed reduced state (Zhou, Carrell et al. 2010).
A previously unnoted group of potential order-disorder type transitions were
also observed in the redox pair dataset. These are associated with Cys residues, which
are bound to metal ions. In the redox pair protein KDO8PS (PDB: 3fyo and 2qkf), a key
enzyme in cell wall biosynthesis from Neisseria meningitidis, Cys23 binds a Mn2+ ion.
This residue can also form a disulfide linkage with Cys246 (Cochrane, Cookson et al.
2009). There is evidence that the residue Cys246 may be located in a disordered
β8α8loop region (Cochrane, Cookson et al. 2009). Cys246 is suggested to play a role in
positioning residues that are necessary for D-arabinose 5-phosphate interaction or
catalysis (Cochrane, Cookson et al. 2009). Despite the occurrence of this phenomenon
due to the introduction of Cys23 as a mutation, it proves the potential of such reaction
mechanisms in redox-active proteins. A second example of a metal associated orderdisorder transition, associated with RNA polymerase protein (PDB: 3hkz and 2pmz),
was also uncovered in this study. Unfortunately, the literature describing this protein is
not sufficiently detailed to establish if a redox-mediated pathway is involved in this
process.
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The involvement of metals in order-disorder reactions has been observed in
numerous other proteins. For example, solution of the structure for the metal-free
lectin [carbohydrate binding adhesion molecules] Concanavalin A revealed the collapse
of the Ca2+ binding site upon removal of the metal ion (Bouckaert, Loris et al. 1995).
Similarly, an ordered segment of residues (182 to 192) of α-amylase of Bacillus
licheniformis that contains a metal binding residue Asp183 becomes disordered in the
Ca2+ free version (Machius, Declerck et al. 1998). The metal induced order-disorder
transition triggers the formation of the extended substrate binding site (Machius,
Declerck et al. 1998). Thus, the integration of thiol bound metal switches to initiate
order-disorder re-arrangements in proteins seems a likely route to redox regulation.
The difficulty in observing metal related order-disorder transition lies in the
complexity of maintaining a structurally intact metal-free version of a protein during
the crystallization process (McPhalen, Strynadka et al. 1991). It is generally the metal
that stabilizes the protein structure in order to allow it to function. Removal of the
metal can result in significant disruption of the structure, which prevents crystallization
from occurring. Thus, order-disorder transitions induced by redox-mediated expulsion
of metal ions in proteins become even harder to study. Nevertheless, the potential of
such transitions to be important control mechanisms in proteins should not be
underestimated.

Morphing changes in redox pair proteins

Morphing changes involve large scale backbone rearrangements in peptide
chains associated with redox transitions. A good example of a disulfide mediated
morphing transition in the novel redox pair dataset is found in the scaffold protein
XRCC1 (PDB: 3lqc and 3k75), which is involved in DNA base excision repair and single
strand break repair by coordinating the enzymes involved in the repair process (Cuneo
and London 2010). The N-terminal domain of XRCC1 interacts with DNA polymerase β
with high affinity. The reversible Cys12-Cys20 disulfide bond extends the length of αhelix1 (which harbours Cys20) by five amino acids upon oxidation. Residues 30-36 are
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located on a β-strand in the reduced structure. This forms the α-helix1 in the oxidized
version (Cuneo and London 2010). This redox-mediated structural rearrangement
modifies the electrostatic surface by forming an apolar area, which is surrounded by
both electronegative and electropositive regions (Cuneo and London 2010). It is
suggested that the alteration of electrostatic surface could enable the binding of
additional factors to the protein or to DNA in the oxidized structure (Cuneo and
London 2010).
The formation of a Cys92-Cys258 disulfide linkage in Cap5O of Staphylococcus
aureus, a protein that catalyzes the oxidation of UDP-N-acetyl-mannosamine to UDPN-acetyl-mannosaminuronic acid, stabilizes its inactive conformation. The α11 helix of
the active protein, which houses the Cys 258 residue, is replaced by a flexible loop in
the inactive form (Gruszczyk, Fleurie et al. 2011). This morphing transition is a key
element in the redox regulation of the protein’s function.
Another interesting morphing transition was observed in the catalytic domain
of lymphoid tyrosine phosphatase (PDB: 3h2x and 2p6x), an enzyme involved in
tyrosine phosphorylation regulation (Tsai, Sen et al. 2009). Movement of the protein’s
β-loops results from the oxidation/reduction of the Cys129-Cys227 disulfide. This
unusual disulfide has not been observed in previously solved structures and is
suggested to play a protective role against irreversible enzyme oxidation. Cys129 pairsup with Cys231 to generate a ‘ying-yang’ type regulation mechanism where each Cys in
turn forms a disulfide bond with Cys227 (Tsai, Sen et al. 2009). The Cys129-Cys227
bond is crucial in preventing the ROS mediated oxidation of catalytic Cys227. This
disulfide linkage restricts the β3-β4 loop (also termed the WPD loop), preventing its
closure, over the active site of the enzyme (Tsai, Sen et al. 2009). The detection of
structural movements in this study suggests the involvement of a morphing change
during this process.
It is important to note that morphing transitions are not solely the result of
disulfide redox activity. Other changes in environmental conditions, such as pH,
inhibitors and mutations, may also induce morphing changes. The superimpositions
were performed strictly around the disulfide region to minimize the effects of these
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other influences on the results. Mutant structures were identified during the redox
pairing process. Thus, any morphing changes due to mutations were identified as such
during the study. However, it was not possible to completely exclude changes that may
have risen from other environmental factors.

Conclusions

In this study, 307 novel proteins that contain likely redox-active disulfides were
detected using the redox pair technique. These proteins belong to 32 functional supergroups. Novel proteins undergoing major conformational changes as a result of the
reversibility of redox-active disulfides were also found. During this study, 39, 47, 51
and 28 redox pair proteins undergoing likely redox-active-disulfide mediated
quaternary changes, reversible metal expulsion, order-disorder transitions and
morphing changes were identified, respectively. A new type of conformational change,
an order-disorder transition associated with metal expulsion, was also identified. This
process is likely involved in redox regulation of protein function. In addition, a Pfam
based method was introduced to detect domain changes and multimerization
associated with redox-active disulfides.
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2.2 Prediction of redox-active disulfides in Corynebacterium glutamicum and
Mycobacterium tuberculosis

Background

Systemic identification of redox-active disulfides in proteins is extremely
difficult using experimental methods (either in vivo or in vitro), as the measurement of
disulfide redox potential is difficult on a high-throughput scale. Computational
methods can ease this task by predicting redox-active disulfides using physico-chemical
parameters. Three protein structure-based computational techniques were previously
developed in our lab to predict redox reactivity of disulfides in proteins. These
techniques employ disulfide torsional energy (Haworth, Feng et al. 2006), redox pairs
proteins (Fan, George et al. 2009) and forbidden disulfides (Wouters, George et al.
2007). These are discussed in detail in chapter 1.
Structure-based techniques for prediction of redox-active disulfides naturally
require for a crystal (or NMR) structure for the protein of interest to be available.
Unfortunately, for many proteins this is not the case. Some proteins are given
preference over others for structure solution based on interest and available
resources. In other cases difficulties are encountered during protein extraction or
crystallization; hence, the structures have not been solved. As a large gap still remains
between the number of solved protein sequences and structures, the application of
structure based redox-active disulfide prediction to protein sequences is of particular
importance.
The sequence surrounding a redox-active disulfide is likely to be conserved
amongst similar organisms, especially if the disulfide is of importance in a protein
function or regulation. Therefore, sequence fragments containing known redox-active
disulfides can be used as templates to detect redox-active disulfides in homologous
proteins of other organisms. These templates can be derived from structures where
disulfides have been identified as likely to be redox-active by the forbidden disulfide,
torsional energy and redox pair protein methods. The conservation of these redox81

active disulfide templates in other organisms may indicate redox activity in the
corresponding proteins. This section aims to apply redox-active disulfide templates
derived from the three structure based computational methods mentioned above to
the Corynebacterium glutamicum and Mycobacterium tuberculosis genomes in order
to predict proteins with likely redox-active disulfides in these microbes.
First identified in Japan in the 1950’s, the bacterium C. glutamicum is
considered an important organism in the biotech industry. It is a small, immobile, slow
growing, Gram (+) soil bacterium, which is extensively used in the fermentation
industry for its ability to produce serine, glutamate and lysine amino acids during
metabolism (Leuchtenberger, Huthmacher et al. 2005; Smith, Cho et al. 2010). In
addition, C. glutamicum is used for numerous other industrial purposes, such as
enzyme production and cheese ageing (Lee, Lucas et al. 1985; Demain 2000). It has a
circular chromosome and a plasmid (Gross, Vidaver et al. 1979). Its wild-type strain
genome (ATCC 13032) is made of 3,314,179 nucleotides (Yukawa, Omumasaba et al.
2007). C. glutamicum is non-pathogenic in nature (Yukawa, Omumasaba et al. 2007).
In contrast to C. glutamicum, the bacterium M. tuberculosis is an obligate
pathogen, which mainly infects humans (De Voss, Rutter et al. 2000). Other
Mycobacterium strains can affect cows, birds and some other animals (De Voss, Rutter
et al. 2000). They are aerobic, immobile, non-encapsulated, slow dividing organisms,
which do not form spores (Akgun, Erol et al. 2007). In fact, M. tuberculosis is the
pathogen responsible for the highest mortality and morbidity worldwide, especially in
low and middle income countries and is one of the most studied, in the effort to
combat and eradicate the disease tuberculosis (Smith 2003).
The high resistance to harsh environmental conditions and the virulence (Smith
2003) associated with this pathogen increases the difficulty of designing drugs and
therapeutic strategies to combat and prevent the spreading of tuberculosis. Among
numerous defense mechanisms employed by the pathogen, the mycolic acid based
coating of its cell surface makes M. tuberculosis unique and impervious to Gram
staining, whilst augmenting its virulence and resistance (Glickman and Jacobs 2001). In
addition, M. tuberculosis employs many secreted and imported proteins for
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pathogenesis (Champion and Cox 2007; Wooldridge 2009). Many researchers continue
to search for proteins and genes that are responsible for the unique features that help
adapt and sustain the pathogen even in difficult host conditions. However, it took over
a century to understand its complete genetic makeup, from its discovery by Robert
Koch in 1882 to the completion of the M. tuberculosis H37Rv genome in 1998.
Redox-mediated protein interactions or regulatory mechanisms have been
poorly studied and understood in both M. tuberculosis and C. glutamicum. Thiol based
redox mechanisms may hold key to many novel drugs and treatment strategies in
combating M. tuberculosis, while redox activity should be a key consideration in
exploiting a commercial organism such as C. glutamicum to enhance its productivity
and develop better strains. Thus, the objective in this section is to predict redox-active
disulfides and thiols in proteins and their encoding genes in the M. tuberculosis and C.
glutamicum genomes.
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Material and Methods

The full genomes of C. glutamicum ATCC 13032 strain (wild type) and the R
strain,

were

downloaded

from

http://www.ebi.ac.uk/genomes/bacteria.html.

Similarly, the genomes corresponding to four M. tuberculosis strains (F11, H37Ra,
H37Rv and KZN 4207) were downloaded from the same website.
A list of all PDB structures containing redox-active disulfides was obtained using
the three structure-based techniques: the redox pair protein method (RP) (Fan, George
et al. 2009), torsional energy method (TE) (Haworth, Feng et al. 2006) and the
forbidden disulfide methods (FD) (Wouters, George et al. 2007). These are referred to
as disulfide templates throughout this chapter. PDB structures containing redox-active
disulfides were obtained via the redox pair protein method by looking for pairs of
structures that were solved in alternative redox states and detecting pairs of thiols in
the reduced state, which were disulfide bonded in the oxidized state (see Chapter 2,
Section 2.1). PDB structures containing all nine types of forbidden disulfide motifs
were searched for, using the secondary structure information from DSSP records and
custom Perl scripts. Disulfides, associated with torsional energy over 10 kJ mol-1 have
been found to be likely redox-active (Wetzel 1987; Haworth, Feng et al. 2006;
Haworth, Liu et al. 2010). However, only PDB structures containing high torsional (HT)
disulfides with a conservative threshold, of over 15 kJ mol-1 was used in this study to
reduce the risk of capturing false positives. Torsional energies were calculated using a
potential energy surface based on quantum chemical calculations (Haworth, Liu et al.
2010). [Custom programs to calculate disulfide torsional energy and to detect
forbidden disulfides from DSSP records have been developed by Dr Naomi Haworth].
The proteomes of the C. glutamicum and M. tuberculosis strains were searched
for proteins that shared high sequence similarity with the disulfide templates (obtained
from the previous step). This was achieved by aligning sequences of each chain that
contained a redox-active disulfide, against the proteomes corresponding to each strain
(ATCC 13032, R) and (F11, H37Ra, H37Rv, KZN 4207). The Blastall function of the
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software BLAST was used for this purpose (http://www.ncbi.nlm.nih.gov/BLAST/).
BLAST finds sequence homology by locating short matching regions between two given
sequences. The protein chain sequences of disulfide templates containing redox-active
disulfides were obtained from the pdb_seqres.txt.gz file for sequence alignments.
Only those protein ‘hits’ that reported an E-value which was less than 0.001
were taken. Many proteins in the C. glutamicum and M. tuberculosis strains reported
more than one matching disulfide template. A multiple alignment of the sequence
region surrounding the redox-active disulfide (± 10 residues of Cys involved) in all
matching disulfide templates with the predicted protein in C. glutamicum/M.
tuberculosis was conducted using ClustalW. A threshold E-value of 0.001 was used to
weed out possible false positives, i.e. proteins where the sequence region of the redoxactive disulfide in the disulfide template was not actually conserved in the predicted
C.glutamicum/M. tuberculosis protein. ClustalW is a multiple sequence alignment
program (Chenna, Sugawara et al. 2003).
Next, the conservation of the Cys residues of the redox-active disulfide was
checked in every hit, using custom Perl scripts. The structural positions of the redoxactive disulfide Cys were mapped to their sequence using custom Perl scripts. The
positions were then compared between the disulfide template and the predicted
protein in C. glutamicum/M. tuberculosisto check the conservation of Cys. Based on
the Cys residue conservation the resulting homologous proteins of the C. glutamicum
and M. tuberculosis strains were assigned to three groups; both Cys conserved, one Cys
conserved and neither of the Cys conserved. Manual inspection of the aligned
sequences was also carried out to further improve the accuracy of the results.
Homologous proteins identified in C. glutamicum and M. tuberculosis where both Cys
are conserved, are very likely to be redox regulated by reversible disulfide formation
and thus, were considered as redox-active disulfides. Homologous proteins identified
in C. glutamicum and M. tuberculosis with only one conserved Cys may also be redox
regulated by other redox mechanisms such as glutathionylation (Wouters, Fan et al.
2010). Therefore, these proteins were considered as those with likely redox-active
thiols.
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The Uniprot/SwissProt entries corresponding to all predicted proteins in C.
glutamicum and M. tuberculosis were manually inspected for any other evidence to
support a prediction of redox activity. Such evidence includes the location of disulfides
in a CXXC thioredoxin fold, which is known for its association with redox activity
(Chivers, Laboissiere et al. 1996; Wouters, Fan et al. 2010) or disulfide bonding thiols
associated with Zn2+ sites in alcohol dehydrogenases, which are known for redoxmediated reversible expulsion of metal to form a disulfide (Meijers, Adolph et al. 2007;
Men and Wang 2007). The literature was searched for such evidence of known redox
activity associated with the predicted proteins with likely redox-active disulfides in C.
glutamicum and M. tuberculosis.
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Results

Prediction of proteins with
Corynebacterium glutamicum

likely

redox-active disulfides

and thiols

in

The C. glutamicum ATCC 13032 and R strain proteomes contained 3094 and
3078 proteins, respectively. The study identified 48 and 45 proteins with likely redoxactive disulfides in C. glutamicum ATCC 13032 and R strains, respectively. These are
shown in Supplementary Data, chapter 2, section 2.2, Table I. A 72.3% and 68.8% of
these predicted proteins with likely redox-active disulfides in C. glutamicum ATCC
13032 and R strains were further supported by evidence of known redox activity
associated with them.
37 and 36 proteins with likely redox-active thiols were identified in the C.
glutamicum ATCC 13032 and R strains. The predicted proteins with likely redox-active
thiols in C. glutamicum ATCC 13032 and R strains are shown in Supplementary Data,
chapter 2, section 2.2, Table II. A 43.2% and 44.4% of these predicted proteins with
likely redox-active thiols in C. glutamicum ATCC 13032 and R strains were supported by
evidence of known redox activity associated with them (see Supplementary Data Table
I and II).
The majority of disulfide templates associated with proteins with likely redoxactive disulfides in C. glutamicum was derived from the HT and RP methods. This data
is shown in Fig 2.2.1. 66.6% and 64.4% of all proteins with likely redox-active disulfides
in C. glutamicum ATCC 13032 and R strains had disulfide template matches derived
from HT method respectively. These percentages were 62.5% and 60% for RP method
and 33.3% and 31.1% for FD method in C. glutamicum ATCC 13032 and R strains,
respectively. Many proteins matched disulfide templates derived from more than one
method as shown in Fig 2.2.1.
Similarly, the majority of disulfide templates associated with proteins with
likely redox-active thiols in C. glutamicum was also derived from the HT and RP
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methods. 56.7% and 55.5% of all proteins with likely redox-active disulfides in C.
glutamicum ATCC 13032 and R strains had disulfide template matches derived from HT
method respectively. These percentages were 54% and 52.7% for RP method and only
8.1% (for both strains) for FD method in C. glutamicum ATCC 13032 and R strains,
respectively.

Fig 2.2.1 Breakdown of likely redox-active disulfides and thiols by prediction method in C. glutamicum
ATCC 13032 and R strains. A) Proteins with likely redox-active disulfides in C. glutamicum ATCC 13032,
B) Proteins with likely redox-active disulfides in C. glutamicumR strain, C) Proteins with likely redoxactive thiols in C. glutamicum ATCC 13032, D) Proteins with likely redox-active thiols in C. glutamicumR
strain. Abbreviations: HT – High torsional energy method, RP – Redox pair protein method, FD –
Forbidden disulfide method.

The disulfide template structures for proteins with redox-active disulfides in the
organism C. glutamicum (both ATCC 13032 and R strains) were from Bacteria and
Eukaryota (Metazoa (multi-cellular animals), Viridiplantae (green plants) and
Euglenazoa). This data is shown in Fig 2.2.2.
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Fig 2.2.2 Taxonomic breakdown of
the disulfide templates
corresponding to proteins with
redox-active disulfides in C.
glutamicum. Abbreviations are as
follows. Bacteria-Phyla: PB –
Proteobacteria (purple bacteria), AB
– Actinobacteria, F – Firmicutes, DT
– Deinococcus-Thermus, T –
Thermotagae. Eukaryota: EG –
Euglenazoa, Metazoa: MM –
Mammalia (Mammals), AV – Aves
(Birds), ACT – Actinopterygii (Bony
fish)

The disulfide templates corresponding to C. glutamicum proteins with
predicted redox-active disulfides were evenly split between bacteria and eukaryotes.
Proteobacteria was the major phylum of bacteria represented in the disulfide
templates corresponding to predicted C. glutamicum proteins with redox-active
disulfides, while mammalian disulfide templates were also of a significant number (Fig
2.2.2). There were no templates from the domain Archaea.
In contrast, two templates for proteins with likely redox-active thiols in C.
glutamicum belonged to Archaea (Fig 2.2.3). The others taxonomic groups represented
are Bacteria, Fungi and Metazoa. Actinobacteria and Firmicutes are the prominent
bacterial phyla found in the disulfide templates corresponding to proteins with likely
redox-active thiols in C. glutamicum.
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Fig 2.2.3 Taxonomic
breakdown of the
disulfide templates
corresponding to
proteins with redoxactive thiols in C.
glutamicum.
Abbreviations are as
follows. BacteriaPhyla: PB –
Proteobacteria (purple
bacteria), AB –
Actinobacteria, F –
Firmicutes, AQ –
Aquificae
Eukaryota: EG –
Euglenazoa, Metazoa:
MM – Mammalia
(Mammals), AV – Aves
(Birds), CH Chondrichthyes
(cartilaginous fish)
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Prediction of proteins with likely redox-active disulfides and thiols in Mycobacterium
tuberculosis

The M. tuberculosis F11 and H37Ra strain proteomes each contained 4196
proteins, while H37Rv and KZN4207 strain proteomes comprised of 3990 and 4207
proteins (and encoding genes), respectively. A total of 74, 74, 95 and 83 proteins that
are likely to contain redox-active disulfides were identified in the proteomes of the M.
tuberculosis F11, H37Ra, H37Rv and KZN 4207 strains, respectively. This data is shown
in Supplementary Data Table III. A 65.2%, 65.2%, 66.6% and 62.9% of these predicted
proteins with likely redox-active disulfides in M. tuberculosis F11, H37Ra, H37Rv and
KZN 4207 strains were supported by evidence of known redox activity associated with
them (see Supplementary Data table III).
The majority of disulfide templates associated with proteins with likely redoxactive disulfides in M. tuberculosis was derived from the HT method. This data is
shown in Fig 2.2.4. 70.2%, 55.4% and 33.7% of all proteins with likely redox-active
disulfides in both the M. tuberculosis strains, F11 and H37Ra were derived from the
HT, RP and FD methods, respectively. These percentages were 69.4% and 69.8% for the
HT method, 56.8% and 54.2% for the RP method and 35.7% and 30.1% for the FD
method for disulfide templates corresponding to proteins with likely redox-active
disulfides in M. tuberculosis strains H37Rv and KZN 4207, respectively. Many such
disulfide templates were derived from more than one method as shown in the Venn
diagram (Fig 2.2.4).
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Fig 2.2.4 Breakdown of likely redox-active disulfides by prediction method in M. tuberculosis F11
(A), H37Ra (B), H37Rv (C) and KZN 4207 (D) strains. Abbreviations: HT – High torsional energy
method, RP – Redox pair protein method, FD – Forbidden disulfide method.

Similarly, a total of 44, 44, 44 and 48 proteins that are likely to contain redoxactive thiols were identified in the proteomes of the M. tuberculosis F11, H37Ra,
H37Rv and KZN 4207 strains, respectively. This data is shown in Supplementary Data
Table IV. A 46.5%, 51.1%, 51.1% and 50% of these predicted proteins with likely redoxactive thiols in M. tuberculosis F11, H37Ra, H37Rv and KZN 4207 strains were
supported by evidence of known redox activity associated with them (see
Supplementary Data Table IV).
The majority of disulfide templates associated with proteins with likely redoxactive thiols in M. tuberculosis was derived from the HT method. This data is shown in
Fig 2.2.5. The percentage values corresponding to disulfide templates (for M.
tuberculosis proteins with likely redox-active thiols), derived by HT method are 77.2%,
79.5%, 79.5% and 81.2% for M. tuberculosis F11, H37Ra, H37Rv and KZN 4207 strains,
respectively. These percentage values are 36.3%, 36.3%, 34% and 33.3% for disulfide
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templates derived by the RP method. Similarly, 25%, 27.2%, 25% and 29.1% of proteins
with likely redox-active thiols in M. tuberculosis F11, H37Ra, H37Rv and KZN 4207
strains, were derived by the FD method. The breakdown of M. tuberculosis proteins
with likely redox-active thiols, by the prediction method is shown in Fig 2.2.5.

Fig 2.2.5 Breakdown of likely redox-active thiols by prediction method in M. tuberculosis F11 (A),
H37Ra (B), H37Rv (C) and KZN 4207 (D) strains. Abbreviations: HT – High torsional energy method,
RP – Redox pair protein method, FD – Forbidden disulfide method.

The disulfide template structures for proteins with redox-active disulfides in the
organism M. tuberculosis (F11, H37Ra, H37Rv and KZN 4207 strains) were derived from
bacterial and eukaryotic proteins (Metazoa (multicellular animals), Viridiplantae (green
plants), Fungi and Euglenazoa). This data is shown in Fig 2.2.6. However, there were no
templates from the domain Archaea. The most prominent phylum of bacteria
represented in this disulfide template dataset was Proteobacteria (Fig 2.2.6). A
considerable number of Fungi (Fusarium solani) and Viridiplantae (Spinacia oleracea
(spinach)) disulfide templates also matched M. tuberculosis proteins.
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Fig 2.2.6 Taxonomic
breakdown of the disulfide
templates corresponding to
proteins with redox-active
disulfides in M.tuberculosis (all
F11, H37Ra, H37Rv and KZN
4207 strains). Abbreviations are
as follows. Bacteria-Phyla: PB –
Proteobacteria (purple
bacteria), AB – Actinobacteria, F
– Firmicutes, DT – DeinococcusThermus, T – Thermotagae.
Eukaryota: EG – Euglenazoa,
Metazoa: MM – Mammalia
(Mammals), AV – Aves (Birds),
CH - Chondrichthyes
(cartilaginous fish), NM –
Nematoda (round worms)

The disulfide template structures for proteins with redox-active thiols in the
organism M. tuberculosis (F11, H37Ra, H37Rv and KZN 4207 strains) were also from
Eukaryota and Bacteria. However, one disulfide template from Archaea was also
present. Firmicutes and Proteobacteria were the predominant bacterial phyla
represented in this set of disulfide templates. Amongst the eukaryotes, the metazoan
mammals were the most prominent. As with the set of disulfides corresponding to M.
tuberculosis proteins with the likely redox-active disulfides, a significant number of
disulfide templates of Viridiplantae origin were present in the set of disulfides
corresponding proteins with the likely redox-active thiols (Fig 2.2.7).
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Fig 2.2.7 Taxonomic breakdown of the disulfide templates corresponding to proteins with redoxactive thiols in M. tuberculosis (all F11, H37Ra, H37Rv and KZN 4207 strains).
Abbreviations are as follows. Bacteria-Phyla: PB – Proteobacteria (purple bacteria), F – Firmicutes, AQAquificae, Eukaryota: EG – Euglenazoa, Metazoa: MM – Mammalia (Mammals), AV – Aves (Birds), CH Chondrichthyes (cartilaginous fish)
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Discussion

Thiol based redox mechanisms are increasingly being recognized in many
organisms, particularly in those that are commercially or pathologically important. Yet,
it is difficult and very time consuming to predict proteins that are redox reactive in an
experimental setting. Thus, computational prediction methods give an excellent
alternative for detecting likely redox proteins in proteomes.
Redox-active disulfides in proteins identified from the redox pair, forbidden
disulfide and high torsional methods were used as templates to predict likely redoxactive disulfides and thiols in C. glutamicum and M. tuberculosis. Evidence could be
found to support redox activity of around 70% of the predicted proteins containing
likely redox-active disulfides in C. glutamicum strains (ATCC 13032 and R). In addition,
the method also predicted around 44% of proteins, containing redox-active thiols,
which were also associated with known redox activity. Around 65% and 50% of
proteins predicted to have redox-active disulfides and thiols in M. tuberculosis strains
(F11, H37Ra, H37Rv and KZN 4207) were associated with known redox activity.
It was difficult to establish the redox activity of the disulfides and thiols
themselves for some of the predicted proteins in C. glutamicum and M. tuberculosis
due to lack of published literature. Nevertheless, the large number of predicted
proteins that are associated with known redox activity indicate the possibility in
applying the disulfide template method described in this chapter, to predict and
identify proteins with likely redox-active disulfides and thiols in any organism. It is also
possible to predict such disulfide mediated redox activity in any novel protein using
this method, irrespective of the availability of its structure, providing its sequence is
known.
In C. glutamicum and M. tuberculosis strains, many predicted proteins with
likely redox-active disulfides contain a CXXC motif. In thiol-disulfide oxidoreductases,
the CXXC motif is thought to act as a redox rheostat (Chivers, Prehoda et al. 1997). The
thiols in the CXXC motif are capable of sensing redox signals and forming reversible
disulfide linkages accordingly (Conway, Poole et al. 2004). Thus, the CXXC motif is
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largely implicated in a redox regulatory role (Wouters, Fan et al. 2010). Thioredoxins
were also present in C. glutamicum and M. tuberculosis strains. Thioredoxins are well
known for their redox-mediated regulatory role in numerous organisms. For example,
the method picked up trxC and trxA that encoded for thioredoxins with the redoxactive disulfides Cys32-Cys35 in C. glutamicum and Cys37-Cys40 in M. tuberculosis,
respectively.
NAD+, an oxidizing agent, is involved in redox regulation via electron transfer
(Barron, Gu et al. 2000). Similarly, FAD+ is a redox cofactor that is also involved in
electron transfer (Finn, Basran et al. 2003). There were many predicted proteins with
likely redox activity that were associated with these redox cofactors in C. glutamicum
and M. tuberculosis. For example, the method predicted adhC in M. tuberculosis to
have a redox-active disulfide (Cys94-Cys108). adhC encodes for NADP-dependent
alcohol dehydrogenase C, which has known redox activity (Santos, Vieira et al. 2008). It
is important to note that alcohol dehydrogenasesare a major group of proteins
predicted to have redox-active disulfides and thiols, in both C. glutamicum and M.
tuberculosis. Alcohol dehydrogenases are involved in the redox-mediated inter
conversion between alcohols and aldehydes via their interaction with NAD+/NADH
(Meijers, Adolph et al. 2007).
The method used in this study also predicted disulfide redox activity for some
(genes) proteins with unknown functions in both C. glutamicum and M. tuberculosis.
For example, the function of Rv1262c in M. tuberculosis is unknown. The redox-active
disulfide Cys37-Cys40 of thiol-disulfide oxidoreductase resA (PDB: 1xqu) of Bacillus
subtilis was matched to Cys3-Cys6 of protein encoded by Rv1262c. B. subtilis resA is a
thioredoxin-like protein with a CXXC motif, involved in cytochrome c maturation
(Colbert, Wu et al. 2006). Given the thiols of Rv1262c are also located in a redox
sensitive CXXC motif, the function of this protein is highly likely to be of a redox
regulatory nature.
In addition, the M. tuberculosis protein encoded by ephD is considered to be a
probable oxidoreductase (Uniprot/SwissProt record P66777). This study further
supports this notion as a likely redox regulated thiol (Cys503) was identified in this
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protein. The protein shares high sequence similarity with the trypanothione reductase
(PDB: 2dtd) of Trypanasoma cruzi,which is known to contain redox-active Cys residues
(Borges, Cunningham et al. 1995). Cys445 of M. tuberculosis probable arsenic
transporting integral membrane protein (arsC) was predicted as likely redox-active.
This Cys residue matched Cys82 of arsC in Staphylococcus aureus (PDB: 1jf8). This
finding supports the arsenate reductase function that is suggested for this M.
tuberculosis protein. It has been reported that arsC proteins interact with reduced
glutathione to convert arsenate to arsenite via a redox-active Cys residue in the active
site (Martin, DeMel et al. 2001).
The Cys509-Cys523 and Cys457-Cys477 pairs of putative uncharacterized
protein Cgl2546of C. glutamicum, were matched to the Cys96-Cys107 redox-active
disulfide template of horse alcohol dehydrogenase chain E. Horse alcohol
dehydrogenase is well known for its redox-active Zn2+ site (Eklund, Nordstrom et al.
1974). Thus, Cgl2546 may contain a redox-active Zn2+ site and is likely to be an enzyme,
which is redox regulated. Interestingly, Cgl2889 of C. glutamicum was predicted to
contain a redox-active Cys residue (Cys305). This Cys was matched to Cys70 of human
peptidoglycan recognition protein I (PDB: 1yck). The peptidoglycan recognition protein
I has been found to contain a redox-active thiol that undergoes Cys-SOH modification
during oxidation (Salsbury, Knutson et al. 2008).
Analysis of the organisms to which the redox-active disulfide templates belong
is also important. C. glutamicum and M. tuberculosis both belong to the bacterial
phylum Actinobacteria, which is a large and diverse group. However, the majority of
proteins providing the redox-active disulfide templates were not derived from
Actinobacteria. This is highly likely to be a result of the scarcity of solved protein
structures of organisms belonging to this group. In fact, Proteobacteria was the largest
group of bacteria represented in the disulfide templates corresponding to predicted
proteins with likely redox-active disulfides and thiols in both C. glutamicum and M.
tuberculosis. Proteobacteria include many widely studied organisms such as those in
the pathogenic genera Escherichia, Salmonella, Vibrio, Helicobacter and many others.
Thus, more structures are available for proteins of this bacterial group in comparison
to other taxa, which are less studied.
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Interestingly, a significant number of disulfide templates for both C.
glutamicum and M. tuberculosis were of mammalian origin. Again, this could be a
result of the large number of mammalian protein structures that are available.
Alternatively, it is possible for a lateral gene transfer or convergent evolution to have
taken place resulting in this large similarity of proteins. However, given the pathogenic
nature of M. tuberculosis and its ability to infect mammals, the high sequence
similarity of a large number of its proteins to those of mammals may indicate the
existence of a complex pathogen defense mechanism. Pathogenic bacteria use a range
of tactics to evade host immune defense mechanisms. The high similarity of M.
tuberculosis proteins to mammalian proteins may help the organism to go undetected
by the host immune system.
There are several predicted proteins with likely redox-active disulfides and
thiols in M. tuberculosis that may contribute to its virulence. For example, MT1914 and
MT1904 are possible reductases where the exact function is not understood. They may
play a role in the oxidative defense of this pathogen. Cutinase 2 (Cut2) is important in
fungal virulence and is proposed to activate cAMP/protein kinase A and DAG/protein
kinase C signalling pathways that assist the infectious growth of fungus (Skamnioti and
Gurr 2007). Involvement of Cutinase 1 (Cut1) in virulence is not well understood. A
probable Cutinase 2 (Cut2) containing a likely redox-active disulfide (Cys45-Cys112)
that matched the disulfide template Cys17-Cys95 of Cut1 of the pea pathogen
Fusarium solani was identified during this study. Thus, the Cut2 protein in M.
tuberculosis is very likely to contribute to its virulence and provide a good drug target
for immunologists.
Deaminase superfamily proteins, such as cytidine deaminase, deoxycytidylate
monophosphate deaminase and guanine deaminase, catalyze the deamination of
nucleotide and nucleic acid bases. Deaminase superfamily domains have been found in
bacterial toxin systems that are involved in intra-species competition and kin
recognition. MT3196 of M. tuberculosis, predicted to contain a likely redox-active
disulfide (Cys106-Cys109), belongs to the cytidine and deoxycytidylate deaminase
family. This protein was matched to the guanine deaminase (PDB: 1tiy) of Bacillus
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subtilis. Thus, MT3196 may be a virulence determinant and may be implicated in
colonization of the pathogen indicating its potential as another drug target.
It is also important to note the influence of redox biology in microbial
pathogenesis in general. The redox-regulated gene-expression systems, which play
protective roles against ROS in bacteria, are good examples for this (Droge 2002). For
instance, at low levels of ROS, Escherichia coli activate several gene products including
Mn-superoxide dismutase (Hassan and Fridovich 1977) and glutathione reductase,
which play antioxidant defense roles. A Cu-Zn superoxide dismutase and a glutathione
reductase in M. tuberculosis were also picked up during the study. There are also other
instances of thiol based redox regulated pathways and mechanisms associated with
pathogenesis, such as the cleavage of cross-strand type forbidden disulfides during the
mammalian cell entry process of botulinum neurotoxin and HIV (Wouters, Lau et al.
2004). However, the study did not find any matches in M. tuberculosis for these cell
entry proteins.
This study has predicted several proteins in M. tuberculosis that may be
important in its virulence, such as the two examples above. Importantly, there is a very
high likelihood that these proteins are redox regulated via disulfides and redox-active
thiols. Thiol based redox networks in M. tuberculosis remain a poorly exploited area in
drug design and development despite their high potential (Jaeger and Flohe 2006). In
such a context, this study has served to identify possible drug targets for tuberculosis
by predicting proteins that can be made into redox pharmacophores or be made redox
‘silent’. Oxidative modification of such proteins may block crucial biological functions
that sustain this pathogen in its host(s).
Similarly, it is also important to identify genes and proteins associated with
redox-active disulfides and thiols in C. glutamicum that may influence its productivity.
One such protein is Cgl0024 of the C. glutamicum R strain, which was predicted to
contain a likely redox-active disulfide (Cys60-Cys124). This is listed as a stress induced
protein in Uniprot, and thus may have implications in its productivity from a redox
perspective. Likewise, McBR is a transcription regulator that regulates the expression
of enzymes of L-methionine and L-Cysteine and is involved in amino biosynthesis and
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sulfur assimilation. The metabolic response to the deletion of this regulator in C.
glutamicum shows the up-regulation of numerous oxidative stress proteins (Kromer,
Bolten et al. 2008). These oxidative stress conditions associated with the deletion of
McBR also caused 50% reduced growth rate, 30% reduced glucose uptake and a 30%
reduce biomass yield of C. glutamicum (Kromer, Bolten et al. 2008). This indicates that
stress induced proteins are associated with the productivity of C. glutamicum and may
serve as good targets to improve strains.
C. glutamicum is widely employed in the fermentation of carbohydrates to
produce commercially important molecules. The environmental conditions during the
fermentation process should be at optimal levels to gain a good yield of the desired
products. Thus, understanding of the redox reactive proteins of C. glutamicum is
crucial in designing industrial processes involving this organism. This study has
successfully predicted proteins with likely redox-active disulfides or thiols that may
play a role in the productivity of C. glutamicum. It is important to consider these
proteins when designing novel strains to enhance productivity.
Another point to note is the variation in the extent of redox-active disulfide and
thiol containing proteins in C. glutamicum and M. tuberculosis. While around 3.5% of
the non-pathogenic C. glutamicum proteome (ATCC 13032/R) contained proteins with
likely redox disulfides or thiols, this value was slightly higher (4.5%) in the pathogenic
M. tuberculosis proteome (F11/H37Ra/ H37Rv/KZN 4207). This may suggest a larger
involvement of thiol based redox signalling and regulatory mechanisms in bacterial
pathogenesis than previously believed.
C. glutamicum and M. tuberculosis have not previously been subject to
genome-scale analyses to identify redox reactivity associated with their genes and
proteins. Thus, this study has successfully utilized tools of bioinformatics to predict
proteins with likely redox-active disulfides and thiols in the above genomes.
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Conclusion
Many proteins containing likely redox-active disulfides and thiols in C.
glutamicum (ATCC 13032 and R strains) and M. tuberculosis (F11, H37Ra, H37Rv and
KZN 4207 strains) were successfully predicted during the study. Some of these have
not previously been noted for possible redox activity. A likely redox function of several
unknown proteins in these proteomes was also predicted based on their
corresponding disulfide template proteins. Some proteins that may be important for
virulence in M. tuberculosis were suggested. Similarly, proteins that are important for
the productivity of C. glutamicum were also proposed. The extent of redox-active
proteins in pathogenic bacteria M. tuberculosis is slightly greater than in the nonpathogenic C. glutamicum suggesting an association between redox regulated
biological mechanisms and microbial pathogenesis.
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Chapter 3
Survey of Zn2+ sites in the PDB
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Background

Zn2+ is essential for numerous cellular and physiological functions of living
organisms (Maret 2001). A large number of proteins have been recognized to
coordinate Zn2+ in order to maintain their structural stability and/or perform their
specific functions (Vallee and Auld 1990). The Zn2+-binding sites in protein structures
have been previously analyzed using various computational chemistry and data mining
techniques. Computational data mining techniques enable the extraction, comparison
and manipulation of protein data stored in databases, such as UniprotKB and the PDB
to derive meaningful information and intelligent conclusions regarding a protein’s
sequence, structure, metal coordination and function and the relationships between
them. While some research groups have analyzed Zn2+-binding sites by examining the
protein sequences for specific patterns, others have looked at the protein structural
data, deposited in databases, predominantly the PDB.
From a protein sequence aspect, the characteristics of amino acid spacing
between Zn2+ ligands in catalytic type Zn2+ sites have been analyzed in a previous study
using the PDB (Vallee and Auld 1993). Support vector machines (SVM), an established
machine learning algorithm, and a standard window based local predictor was used in
another study to predict Zn2+-binding sites in protein sequences (Menchetti, Passerini
et al. 2006). SVMs were also used in a second study by Passerini et al. (2007) to predict
Zn2+ sites in the human proteome (Passerini, Andreini et al. 2007). A combinatorial
approach using SVM and sequence homology has also been developed, which was
shown to give improved precision in the prediction of Zn2+-binding Cys and His in
protein sequences compared with the previous two studies (Shu, Zhou et al. 2007).
From a structural perspective, several surveys have previously been undertaken
to study Zn2+ coordination sites in small molecules and protein structures deposited in
both the CaSD (Allen 2002) and the PDB (Berman, Westbrook et al. 2000). These
studies focused extensively on geometric and stereo-chemical aspects of Zn2+ ligand
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coordination (Argos, Garavito et al. 1978; Chakrabarti 1990; Christianson 1991; Karlin
and Zhu 1997; Alberts, Nadassy et al. 1998; Harding 2004; Patel, Kumar et al. 2007;
Tamames, Sousa et al. 2007) and the deviations from the ideal tetra-coordinated,
tetrahedral Zn2+-binding mode in proteins, with efforts to decode the underlying
reasons. For example, several studies have investigated the bond length and angle
information associated with Zn2+ coordination centers of protein structures in the PDB
(Alberts, Nadassy et al. 1998; Patel, Kumar et al. 2007). Quantum chemical calculations
on Zn model systems were employed by one study to deduce the ligand interaction
distances in the Zn2+ coordination sphere, with special focus on Zn2+-ligating enzymes
(Tamames, Sousa et al. 2007). The physical implications of the orientation of amino
moieties with respect to the Zn2+ ion has also been studied in detail (Chakrabarti 1990).
From a chemical aspect, some research groups have recorded the features of
first and second shell interactions in protein Zn2+ sites using structural data (Karlin and
Zhu 1997; Dudev and Lim 2003). In coordination chemistry the first shell/coordination
sphere refers to the molecules, anions or ligands directly surrounding a central atom or
ion. The second shell refers to molecules that are non-covalently attached to the
ligands that occupy the first shell (Stone, Chantranupong et al. 2010). The spatial
arrangement of Zn2+ active centers in the enzymes, carbonic anhydrase, liver alcohol
dehydrogenase, thermolysin and carboxypeptidase have also been comparatively
investigated (Argos, Garavito et al. 1978).
Zn2+ coordination sites in proteins have been classified as either structural or
catalytic based on ligand combinations and inner shell coordination properties as
described in chapter 1, which is also shown in Fig 3.1. However, in more recent studies
this classification has been extended to include co-catalytic and protein interface Zn2+
sites (Auld 2001; Auld 2009). Zn2+ sites can further be distinguished as inert and
labile/redox-active. As previously discussed in chapter 1, labile Zn2+ sites expel Zn2+
upon variation of physiological redox conditions, whereas inert Zn 2+ sites bind Zn2+
tightly and would not be expected to release it under physiological conditions.
The ligand combinations at Zn2+ sites generally indicate its redox nature (Maret
2006). The typical ligand combinations of inert and labile Zn 2+ sites of both structural
105

and catalytic nature are shown in Fig 3.1. The Zn2+ ligand identity can also be a key
indicator of the Zn2+ site function. However, the complexities of ligand identities at
Zn2+ sites and their functional relationships are not completely understood, especially
from a redox point of view. However, a role for Zn2+ is fast emerging in protein based
biological redox processes.
None of the previous studies have attempted to analyze the Zn 2+ sites in
protein structures from a redox aspect. It is important to address the scarcity of
information on Zn2+ based redox mechanisms and biological pathways in proteins and
their general trends. Previous studies also do not adequately capture the ligand
diversity at Zn2+-binding centers and no attempt has been made to distinguish
structurally stable Zn2+ sites from labile ones. Furthermore, the PDB has grown
exponentially during the last few years to include many novel Zn proteins that have
not been considered in previous analyses.
This study was carried out with the main objective of assessing protein Zn 2+
sites from a redox perspective. Another objective was to identify specific biological
processes or functions associated with different types of Zn 2+ sites in proteins. As the
PDB has expanded significantly since the above mentioned studies, this analysis aims
to provide with a fresh overview of the Zn2+-binding proteins and their metal sites in
the PDB.
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Fig 3.1 Types of Zn2+ sites in the PDB Protein X-ray crystallographers typically differentiate two
types of Zn2+ sites: catalytic Zn2+ sites, which in their simplest, mononuclear form have three
amino-acid sidechains and one water molecule as ligands; and structural Zn2+ sites, which have
four amino acid ligands (Vallee and Falchuk 1993). Col1: structural sites; Col2: catalytic sites;
Row1: inert sites (no Cys residue ligands) (A, B); Row 2: labile/redox-active sites (one or more
ligands are Cys) (C, D); Row 3: hybrid sites (one Cys ligand which can be exchanged to give an
inert catalytic site) (E, F).
Redox-active catalytic Zn2+ sites have previously been characterized in betaine-homocysteine Smethyltransferase (BHMT) and formaldehyde-activating enzyme. These catalytic Zn2+ sites are
highly unusual because of their utilization of Cys residues as ligands instead of the more usual
His, Glu or Asp. BHMT and MetH are enzymes of sulfur metabolism, which are redox-regulated
in plants (Buchanan and Balmer 2005). In (E) and (F) the zymogen form of the Zn metalloenzyme
is catalytically inert due to the presence of four ligands but is redox-active due to the presence
of a single thiol in the ligation sphere. Cleavage of the protein chain removes the thiol from the
ligation sphere where it is substituted by water, rendering the enzyme catalytically active but
redox-inert. The three ligating His residues may still be responsive to pH.
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Material and Methods

Survey of redox-active and inert Zn2+ sites in the PDB
A protocol was developed to survey the PDB, a repository for three-dimensional
structural data of large bio-molecules (Berman, Westbrook et al. 2000), to determine
the prevalence of likely redox-active and inert Zn2+ sites in protein structures. The
January 2008 snapshot of the PDB consisting of 48,161 protein structural entries was
downloaded from ftp://ftp.wwpdb.org/pub/pdb/data/structures for this purpose. The
study was later updated to include protein structures up to July 2011. These PDB entries
were queried for the keyword ‘ZN’ to extract those containing Zn 2+. Individual Zn2+binding sites in each of such PDB entries were identified by querying the heteroatom
section using custom Perl scripts.
The structure solution method for each Zn2+-containing PDB entrywas identified
from the EXPDTA records (experimental data) in the HEADER section. The PDB entries
were grouped based on the method of structure solution. PDB entries from X-ray
crystallographic experiments with a resolution ≤ 2.2 Å were grouped as “high-resolution
structures”.

Extraction of Zn2+ ligands
Each Zn2+-binding site in each of the Zn2+-containing PDB entries was then
examined for the presence of ligating atoms and ions, excluding C and H, within a radial
sphere of 2.5 Å from the Zn2+ ion. The residues accommodating the ligating atoms or
ions were extracted. The 2.5 Å radial distance was selected after considering the
average bond distances of Zn-O, Zn-N and Zn-S, all of which have been found to be in
the range of 1.5-2.5 Å in previous studies (Harding 2004; Alberts, Nadassy et al. 1998;
Dudev and Lim 2003).
Zn2+ sites prefer to adopt the ideal, tetrahedral geometry (Alberts, Nadassy et al.
1998). Therefore, for Zn2+ sites that recorded less than four residues within a 2.5 Å
distance to Zn2+, the coordination sphere was iteratively extended to a 3.5 Å limit in
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0.001 Å increments until a fourth ligand was encountered or the distance limit was
reached, as shown in Fig 3.2. The radial distance was extended upto 3.5 Å to allow some
flexibility as it is possible for Zn2+ ligands to be placed outside of the 2.5 Å ligation
sphere due to reasons such as attractive and repulsive forces of an incoming substrate
molecule. After a rigorous literature search it was decided for the maximum distance
cut-off to be set at 3.5 Å as no study reported the binding of Zn2+ to ligands that were
placed further than 3.5 Å. (Co-catalytic sites are an exception to this. For this reason, an
additional procedure was followed to identify such co-catalytic subsites which will be
described in the classification of Zn2+ sites section.) A maximum distance cut-off of 3.5 Å
was imposed to minimize errors. A Perl-based algorithm was developed to extract the
Zn2+ ligands.

Fig 3.2. The Zn2+ coordination sphere
The diagram illustrates the Zn2+ coordination
sphere extending up to 3.5 Å from a
hypothetical Zn2+ site. The ligands are indicated
by the ball-and-stick models. The blue, red,
yellow and black spheres represent the N, O, S
and C atoms respectively. The light blue sphere
in the middle shows the Zn2+ ion. The two Cys
ligands (S) along with His (N) and Glu (O)
residues, positioned within the 3.5 Å sphere
are considered to bind the Zn2+ ion.

Detection of potential non-physiological Zn2+ sites
Non-physiological Zn2+ sites may be present in the solved protein structures if
high concentrations of Zn2+ are added to facilitate crystallization of the protein. To
detect such potential false positives, the coordination numbers of Zn2+ sites were
consulted. Zn2+ has an ideal coordination number of four (Alberts, Nadassy et al.
1998). However, Zn2+ sites involved in catalytic activity or sub-sites can report a
coordination number of three (Alberts, Nadassy et al. 1998). Therefore, Zn2+ sites
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containing less than three residues within the 3.5 Å ligation sphere were extracted
from the dataset to check if they were non-physiological Zn2+ sites. To check if these
Zn2+ sites were interfacial, where the remaining ligating residues were located on an
approaching domain that may not have been located within a 3.5 Å radial sphere, the
ligation sphere was iteratively extended up to 4.5 Å radius and any potential Zn2+binding residues within the extended region were recorded. The likelihood of interchain residues to be located within a coordination sphere of 4.5 Å radius, in a Zn2+ site
that is deeply buried within the protein domain is extremely low. However, in the case
of interfacial sites, it is possible for approaching inter-chain ligating residues to be
located at a distance of 4.5 Å. Therefore, the chains of the residues that were located
in the extended region of the ligation sphere were compared with those of residues
within the 3.5 Å radial sphere to detect any differences in order to confirm if Zn 2+ sites
were indeed interfacial.
Those Zn2+ sites that contained less than three residues within the 3.5 Å ligation
sphere and were also not found to be interfacial during the previous step were further
processed employing the UniprotKB/SwissProt database. The corresponding SwissProt
entries of PDB structures containing these Zn2+ sites, if available, were searched for
Zn2+-binding ligand information, by querying for the keywords ‘Zn’ and ‘Zinc’, using
custom Perl scripts. Where the Zn2+ ligand information was available, the Zn2+ ions and
known ligands were matched to the SwissProt entry information, to check if the Zn 2+
site was physiological.The July 2011 release of the uniprot_sprot.dat file was
downloaded from the ftp siteftp://ftp.uniprot.org/pub/databases/uniprot/current/
release/knowledge base/complete for this purpose. SwissProt is a central database
containing extensively curated protein information, such as their function,
classification and cross-references (The UniProt Consortium 2009). As of July 2011,
there were 532,146 unique SwissProt entries in the database. Zn2+ sites initially
reporting less than three residues within a 3.5 Å ligation sphere that were not found to
be interfacial during the extension of the coordination sphere followed by ligating
residue-chain comparison and which had no ligand record in the SwissProt database
were considered to be non-physiological Zn2+ sites.

110

Detection of potential Zn2+ sites in protein structures
Conversely, electron density corresponding to physiological Zn 2+ sites are
sometimes not annotated as such in the PDB file by crystallographers, for various
reasons. To detect unannotated Zn2+ sites in protein structures (false negatives), a list
of all protein structure files in the July 2011 PDB snapshot that should be associated
with Zn2+-binding was constructed. For this purpose, all SwissProt entries associated
with Zn2+were extracted by querying for the keyword ‘Zinc’ in the KW (Keyword) and
FT (Feature Identifier) fields. The KW field provides information that can be used for
the generation of indexes of the SwissProt entries based on functional, structural or
other categories, while the FT field provides descriptive information on unique and
stable features of a protein, such as metal binding or Zn fingers (Wu, Apweiler et al.
2006). All PDB entries corresponding to a particular SwissProt entry selected by the
keyword search were then extracted from the PDB section of its DR (Database crossReference) field. The DR lines provide information from external databases such as
EMBL and PDB that are related to SwissProt entries (Wu, Apweiler et al. 2006). The list
of all potential Zn2+-binding PDB entries extracted from SwissProt were then compared
against the dataset of Zn2+-containing PDB entries obtained from my survey study to
identify those with potential unannotated Zn2+ sites.

Validation
The following protocol was developed to remove false positives from the
dataset of PDB entries containing potential unannotated Zn 2+ sites. It is summarized in
Fig 3.3. Firstly, the online Pfam database was queried for records that included the
keywords ‘Zinc’ and ‘Zn’ to retrieve potential Pfam domains associated with Zn 2+binding. The Pfam database is a large collection of protein families and domains that
are represented by Hidden Markov models (HMM) generated from multiple sequence
alignments (Finn, Tate et al. 2008). Secondly, the sequences of Zn2+-containing PDB
entries, obtained from the previous survey, were parsed against the Pfam library of
HMMs using the software HMMER-2.3.2 (Eddy S 1998). The protein sequences in
FASTA format were obtained from the pdb_seqres.txt file (as of July 2011, downloaded
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from ftp://ftp.wwpdb.org/pub/pdb/derived_data/) for this purpose. The sequence
boundaries of the resulting Pfam models were compared against the location of Zn 2+binding residues in the sequence to ensure they were within the sequence segment
represented by the Pfam model. A complete list of potential Pfam models associated
with Zn2+-binding were compiled by merging the two lists obtained from the online
search and sequence parsing techniques described above.
Next, the Pfam models representing each PDB entry with unannotated
potential Zn2+ sites were extracted by following the same sequence parsing method as
above, employing the Pfam library and HMMER-2.3.2. The resulting Pfam models were
cross-referenced against the complete list of potential Pfam models associated with
Zn2+-binding, to confirm the Zn2+-binding nature of the PDB structures with
unannotated Zn2+ sites. PDB entries found in both the lists were retained.
These PDB entries were then filtered through the PROSITE database to further
minimize the inclusion of false positives in the dataset. The PROSITE database is a
repository of extensive information pertaining to protein sequence patterns and
profiles as well as domains, families and functional sites (Hulo, Bairoch et al. 2006).The
Zn2+ signatures in the PROSITE database were extracted by querying the flat file
prosite20_72, downloaded from ftp://ftp.expasy.org/databases/prosite, for the
keywords ‘Zn’ and ‘Zinc’ in each of its entries. The corresponding PDB entries were
extracted. The list of PDB entries with unannotated Zn 2+ sites obtained from the
previous step was compared against the list of PDB entries represented by PROSITE
Zn2+ signatures and those found in both the lists were retained.
The electron density maps of the high resolution PDB entries containing
unannotated potential Zn2+ sites were visually examined for the presence of any
positive difference density peaks that correspond to a missing Zn 2+ ion. For this
purpose, electron density maps were downloaded from the Uppsala Electron Density
Server. The Uppsala Electron Density Server is a web-based repository of electron
density maps and statistics pertaining to the crystal structures deposited in the PDB for
which structure factors are available (Kleywegt, Harris et al. 2004). The software COOT
(Crystallographic Object-Oriented Toolkit) was used to visualize the potential Zn 2+ sites
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in electron difference density maps at the 3σ level using its relevant built-in functions.
COOT is a program widely used for geometrical validation and refinement of protein
crystal structures (Emsley and Cowtan 2004; Emsley, Lohkamp et al. 2010). A
difference density map indicates the spatial distribution of the difference between the
electron density of a protein model and the actual measured density of the crystal; it is
calculated using Fourier coefficients (Emsley and Cowtan 2004). Positive density in the
model corresponds to areas of the crystal structure that have not being modeled; they
are indicated by green peaks in the difference density map from COOT. Negative
density areas correspond to regions in the model that are not supported by electron
density in the crystal due to reasons as radiation damage and disorder or erroneous
modeling. These are indicated by red peaks in the difference density map.
To quickly locate the positive density peak representing the potential Zn 2+binding site in the electron difference density maps, the Zn 2+-binding ligands were
obtained, where available, from the uniprot_sprot.dat file of the UniProtKB/Swiss-Prot
repository and highlighted in the electron difference density map using the relevant
COOT built-in function. PDB entries with a positive density peak at the Zn 2+ site
surrounded by its ligating residues were assigned to the validated list of PDB
structures with unannotated Zn2+ sites.
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Fig 3.3 Detection of potential
unannotated Zn2+ sites in the
PDB. The flow chart illustrates
the protocol followed to detect
and validate potential
unannotated Zn2+ sites in the PDB
using several databases and
software. The coloured arrows
represent the following
processes: dark grey – survey
study of annotated Zn2+
containing PDB entries, light grey
– extraction of SwissProt entries
containing the keyword ‘Zinc’ and
comparison of the lists, blue –
extraction of sequences of PDB
entries containing annotated Zn2+
sites and parsing them through
the Pfam library using HMMER2.3.2, purple - extraction of
sequences of PDB entries
containing potential unannotated
Zn2+ sites and parsing them
through the Pfam library using
HMMER-2.3.2, green – keyword
search on the online Pfam
database, black – validation of
unannotated Zn2+ sites using
Pfam, PROSITE, Uppsala electron
density server and COOT.
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Normalization

The final dataset of Zn2+-containing PDB entries was normalized to avoid bias in
results due to overrepresentation of some proteins amongst the crystal structures. The
final datasets of Zn2+-containing PDB entries solved by X-ray, NMR and electron
microscopy were normalized by clustering them at the SCOP species level. The SCOP
parseable file, dir.cla.scop.txt from release 1.75 was downloaded from the website
http://scop.mrc-lmb.cam.ac.uk for this purpose. The SCOP database includes a manual
classification of protein structural domains based on their sequence and structural
similarity (Murzin, Brenner et al. 1995). The UniProtKB/Swiss-Prot primary accession
numbers also correspond to proteins at a species level. The OS field (Organism Species)
specifies the species which is the source of the protein. Therefore, the
UniProtKB/Swiss-Prot primary accession numbers and the OS field were used for the
clustering of PDB entries that were not represented in the SCOP database and the
results were merged.
Some PDB structures of the same protein may not be represented in SCOP.
Thus, there was a possibility for such structures to be re-clustered separately by the
SwissProt method. To reduce this risk, the protein clusters obtained from both the
methods were compared to remove those that were repeated. The SCOP species
identifier corresponding to each protein cluster (obtained from the SCOP method) was
queried for in the dir.des.scop.txt from release 1.75 to identify the species to which it
belonged to. The SCOP database groups protein structures hierarchically. Thus, it is
possible to obtain the different species (source organisms) in which a particular
protein is found and the PDB structures corresponding to it, providing this information
is available in SCOP. Thus, this information was compared with that obtained from the
SwissProt record to eliminate any overlap.
The PDB of highest resolution from each cluster of proteins was selected as the
representative for that group in the datasets solved by X-ray crystallography, while for
NMR and electron microscopic datasets the representative structure for each cluster
was selected randomly. A representative group of PDB entries resulting from the
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normalization process was used in the study, to eliminate data redundancy while
maximizing the potential of capturing the diversity of Zn 2+-binding sites. The remainder
of this study was restricted to the normalized set of high-resolution (≤2.2 Å) PDB
structures, for the purpose of accuracy.

Classification of Zn2+ sites

Zn2+ sites were classified as structural, catalytic, or interfacial based on the
ligand composition. Structural Zn2+ sites were defined as those coordinated by four
amino acid residues exclusively as ligands, with no bound water (Auld 2001). Catalytic
Zn2+ sites were defined as those where water was found as a Zn 2+-binding ligand
(Vallee and Auld 1990; Auld 2001). Zn2+ sites containing more than one metal ion, with
or without water, within the 3.5 Å ligation sphere were considered to be co-catalytic
sites (Auld 2001). For structural and catalytic Zn2+ sites, the coordination sphere was
further extended iteratively to a 6.0 Å radius to check for the presence of any other
metal ions and thus, ensure they were not co-catalytic Zn2+ sub-sites. Any such Zn2+
sites with two metal ions located within 6.0 Å of each other were also considered to be
co-catalytic. The extension of the ligation sphere in this search was limited to 6.0 Å as
it is considered highly unlikely for metal ions in co-catalytic motifs to be located further
apart (Vallee and Auld 1993). Catalytic sites were also examined to identify those
ligating exogenous molecules, such as substrates and inhibitors. The Zn2+ sites where
the ligating residues belonged to different chains were assigned to the group of
protein interface Zn2+ sites.
The Zn2+ sites were also investigated for the presence of sulfur-containing
ligands and grouped as potential redox sensitive and inert (no sulfur-containing
ligands).
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Analysis of Zn2+ sites in Enzymes
The prevalence of different types of Zn2+ sites in enzymes was analyzed by
extracting the Enzyme Commission (EC) numbers corresponding to each PDB (if
available) of the datasets containing the different types of Zn2+ sites. The EC number is
a numerical classification scheme combined with a nomenclature system for enzymes.
EC numbers are only available for PDB structures of enzyme origin. The PDB records of
Zn2+-containing entries and their corresponding entries in the UniProtKB/SwissProt
database were queried for these EC numbers. To obtain the descriptions
corresponding to these EC numbers, the enzclass.txt file, downloaded from the
ENZYME database at ftp://ftp.expasy.org/databases/enzyme, was queried.

GO analysis of Zn2+ sites in the PDB
To validate the results of the classification of proteins with Zn 2+ sites, as well
asidentifying the biological function, processes and cellular locations associated with
the different datasets of Zn2+ sites, a Gene Ontology (GO) analysis was conducted. The
set of GO definitions (gene-ontology.edit-obo) and the list of GO terms associated with
the proteins deposited in the PDB database (gene_association.goa_pdb) as of July
2011, were downloaded from the ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/PDB
website. The Gene Ontology provides standardized vocabulary that describes cellular
locations, biological processes and functions associated with genes and their products
(Camon, Magrane et al. 2004). Level 3 in the GO hierarchical data structure was used in
the analysis.
A p-value, which represents the probability that the observed number of each
GO term in the dataset that could have resulted from randomly selecting the same GO
term in the other dataset as a whole, was calculated during the comparison of
datasets. The PDB datasets corresponding to structural, catalytic, co-catalytic and
protein interface Zn2+ sites of both inert and labile nature were compared against the
whole PDB. The p-value was approximated by a Chi-square test. Wherever the
expected value was lower than 5, the Fischer’s Exact test was used for the
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approximation. The R statistical package was used for this analysis (http://www.rproject.org). GO terms with a p-value of <0.01 were considered as overrepresented.
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Results

The July 2011 snapshot of the PDB consisted of 74,298 protein entries, of which
6821 contained Zn2+ ions (9.1 %) annotated in the PDB file. A total of 14,394 individual
Zn2+ sites were present in these 6821 PDB entries. The majority of these Zn2+ sites
(82.7%) belonged to high resolution PDB entries.

Detection of potential Zn2+ sites in protein structures
The keyword search of the uniprot_sprot.dat file extracted 7274 PDB entries,
where the corresponding Swiss-Prot entry contained the keyword ‘Zinc’. The list of
PDB entries obtained from the keyword search of UniProtKB/Swiss-Prot was compared
against the list of PDB structures containing Zn2+ ions in the coordinates, as shown in
Fig 3.4. This produced a list of 586 PDB structures,which had corresponding SwissProt
entries that contained the keyword ‘Zinc’ but Zn2+ ions were absent in their
coordinates, hence these potentially contain unannotated Zn2+ sites.

Fig 3.4 PDB entries with annotated and potential unannotated Zn2+ sites. The Venn diagram illustrates
the comparison of PDB entries with Zn 2+ ions listed and those having corresponding SwissProt
entriesthat contain the keyword ‘Zinc’. 133 Zn2+ containing PDB entries lacked a corresponding
SwissProt record. 6688 PDB entries contained Zn2+ ions in the PDB entry and had a corresponding
SwissProt record. A total of 586 PDB entries with corresponding SwissProt entries containing the
keyword ‘Zinc’, but no Zn2+ ions in the structure were identified in this step.
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A total of 1052 unique Pfam models potentially associated with Zn2+-binding
were retrieved from the online Pfam database by querying for the keywords ‘Zinc’ and
’Zn’ in the Pfam model descriptions. In addition, 982 Pfam models were obtained by
parsing sequences of Zn2+-containing PDB entries against the Pfam library of HMMs
using HMMER-2.3.2, as described in the Materials and Methods section. The two lists
of Pfam models obtained from the two different search strategies were merged. Many
Pfam models were common to both lists. In total, the merged list consisted of 1281
unique Pfam models potentially associated with Zn2+-binding.
PDB structures corresponding to Pfam models associated with domains
containing potential unannotated Zn2+ sites were compared with those corresponding
to all Pfam models associated with Zn2+-binding domains. Only 423 PDB entries with
potential unannotated Zn2+ sites were retained at the end of the comparison between
the two lists, as shown in Fig 3.5.

Fig.3.5 Pfam based processing of PDB files with potential unannotated Zn2+ sites.The figure illustrates
the processing of PDB entries with potential unannotated Zn 2+ sites by comparing Pfam models. The
flowchart in blue highlights the method followed during this process, which is described in detail in the
Materials and Methods section. The blue dotted line at the bottom shows the reduction in the list of
PDB with potential unannotated Zn2+ sites from 586 to 423 during this process.
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A keyword search of PROSITE records revealed 94 known Zn 2+-binding patterns
and profiles (“signatures”). Comparison of the PDB entries containing these Zn 2+
signatures with the list of 423 PDB entries containing potentially unannotated Zn2+
sites (obtained from the previous step) produced 73 entries common to both. Thus, 73
PDB entries were associated with both a potential Zn2+-binding Pfam domain and a
PROSITE Zn2+-binding profile.
The above set of 73 PDB entries with potential Zn2+ sites included 31 entries
with a resolution of 2.2 Å or better. Only the high resolution PDB entries were selected
for visual examination of electron density maps, as the classification of Zn 2+ sites was
restricted to high resolution PDB entries to improve the accuracy of the validation.
These high resolution PDB entries are shown in Supplementary Data, chapter 3, Table
I.
As discussed in detail in the Materials and Methods section, to visually
determine the presence of potential Zn2+ sites in the high resolution PDB entries,
electron density maps were downloaded from the Uppsala Electron Density Server and
were examined for positive difference density features at 3σ level using the software
program COOT (Emsley and Cowtan 2004; Emsley, Lohkamp et al. 2010). A restriction
was imposed on this study by the absence of electron density maps for 11 PDB entries
in the Uppsala Electron Density Server, while the Zn2+ ligand data was unavailable for
four PDB entries in the UniProtKB/Swiss-Prot repository. These structures had to be
eliminated from the list at this stage. Despite its limitations, the study clearly identified
17 PDB entries with potential Zn2+ sites where positive difference density peaks at the
Zn2+ site resembling a missing Zn2+ ion were observed. These 17 PDB entries were
added to the dataset of PDB entries containing Zn2+ sites. There were a further two
structures where positive peaks were absent at the 3σ level; these structures were
eliminated at this stage.
The final list of Zn2+-containing PDB structures comprised of 6838 entries after
adding the entries with unannotated Zn2+ sites. A majority of 6096 PDB entries (of the
6838 Zn2+-binding PDB entries) had been solved by X-ray crystallography, while 736
entries were by NMR. Six Zn2+-containing PDB entries solved by electron microscopy
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were also found in the dataset. There were no other experimental structure solution
methods, for example fiber diffraction or neutron diffraction, recorded for the
structures containing Zn2+. The distribution of structures solved by X-ray
crystallography, NMR and electron microscopy are shown in the pie chart of Fig 3.6.
Over 91% of the structures solved by X-ray crystallography were of a resolution better
than 2.2 Å.

Figure 3.6 Breakdown of the
normalized
Zn2+-bindingPDB
structures
by
experimental
structure solution technique. The
pie
chart
illustrates
the
percentages of Zn2+-binding PDB
structures solved by different
experimental techniques and at
different resolution levels. Over
80% of the Zn2+-binding PDB
entries correspond to X-ray
structures with a resolution
better than 2.2 Å. 0.09% of Zn2+
containing entries were solved by
electron
microscopy.
The
remaining entries were either
NMR structures or low-resolution
X-ray structures.

The final dataset of Zn2+ containing PDB entries was normalized to avoid bias
in results due to overrepresentation of some proteins amongst the crystal structures.
Coverage of 99.2% was observed for the 6838 PDB entries containing Zn 2+ in both the
SCOP and UniProtKB/Swiss-Prot databases during the normalization process. Counts
of total protein numbers and individual Zn2+ sites corresponding to the X-ray, NMR
and electron microscopy based on the normalized and unnormalized datasets are
shown in Table 3.1. For the purpose of accuracy, the remainder of this study was
restricted to 4179 individual Zn2+-binding sites in the normalized dataset of 1297
proteins solved with a resolution of ≤ 2.2 Å or better.
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Table 3.1 Distribution of Zn2+-binding entries, proteins and Zn2+ sites in the PDB by
structure solution method.

Total
Total PDB entries
Total Zn2+ sites (all PDB
entries)
Number of Proteins
(normalized)
Number of Zn2+ sites
(normalized proteins)

X-ray
Low-resolution
537

NMR

6838

X-ray
High-resolution
5559

736

Electron
Microscopy
6

14394

11915

1359

1112

8

1904

1297

229

374

4

6121

4179

913

1023

6

Ligand coordination of Zn2+ sites
The majority of Zn2+ sites in the high resolution normalized protein dataset
(over 69%) were tetra-coordinated. A further 8% of Zn2+ sites were penta-coordinated,
while around 2% were hexa-coordinated. Three Zn2+ sites had a coordination number
of seven. It is also important to note that many individual Zn2+ sites recorded three or
less ligands within the 3.5 Å radius coordination sphere. For 69 Zn2+ sites, no ligating
residues were detected within a ligation sphere of 3.5 Å, while 349 sites contained only
one or two residues. Another 395 Zn2+ sites contained only three ligating residues in
the 3.5 Å coordination sphere.
A total of 28 Zn2+ sites initially recording an incomplete coordination (<4
residues) were later found to be interfacial, during the extension of their coordination
spheres and ligating residue-chain comparisons, as described in the Materials and
Methods section. These were added to the list of interfacial Zn 2+ sites, while the
remaining Zn2+ sites with none, one or two ligating residues were considered to be
non-physiological. The detailed counts of these Zn2+ sites are shown in Table 3.2. The
division of these structures into structural, mono-nuclear catalytic and co-catalytic site
types will be described in the next section.
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Table 3.2 Coordination numbers of high resolution Zn2+ sites
Coordination
number

Structural

Cocatalytic

Mono-nuclear catalytic

Exclusively
ligating
amino
residues
and water

Protein
interface

Ligating an
exogenous
molecule

Total
number of
Zn2+ sites

0

-

-

-

-

-

69

1

-

-

-

-

-

211

2

-

-

-

-

-

138

3

-

-

-

-

-

395

4

1813

424

316

66

304

2923

55

340

(sub-sites)

5

35

115

125

10
(sub-sites)

6

3

23

62

0

12

100

7

2

1

0

0

0

3

Non-physiological Zn2+ sites are shown in grey.

Ligand based classification of Zn2+ sites
The proportion of structural Zn2+ sites in the dataset was much higher than that
of the other site types. Infact, over half of the Zn2+ sites (with 4 or more ligating
residues) were structural, while around a third were mono-nuclear catalytic. This
dataset also contained a significant proportion of protein interface sites (11.2%).
Around 2% of the Zn2+ sites corresponded to those of co-catalytic nature. The
prevalence of the different types of Zn2+ sites in the dataset are shown in Fig 3.7.
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11.2%

Fig 3.7 Distribution of
Zn2+ sites in the PDB.
The pie chart contains
the percentages
corresponding to the
four types of Zn2+ sites
in the dataset.

2.2%

31.7%
54.9%

Structural

Mono-nuclear catalytic

Co-catalytic

Protein-interface

The majority of structural Zn2+ sites (63.2%) were redox sensitive (having at least
one Cys ligand), while the same was true for only 23% and 8.2% of the mono-nuclear and
co-catalytic Zn2+ sites, respectively. Only 10.6% of the protein interface Zn 2+ sites were
potentially redox-active. The ligands binding each site type will be described in more
detail in the following sections.

Structural Zn2+ sites
Structural Zn2+ sites are defined as those coordinated by four amino acid
residues exclusively as ligands, with no bound water (Auld 2001). 1813 structural Zn2+
sites bearing four amino residues, housed in 677 homologous proteins, were present in
the dataset. However, the dataset also included several Zn 2+ sites that contained
amino acid residues exclusively within the coordination sphere, but with a
coordination number greater than four. A further analysis of these 40 Zn 2+ sites with a
higher coordination number revealed the presence of bidentate ligands Asp and Glu,
where both O atoms were placed within the coordination sphere, in 28 instances. The
various ligand combinations for the complete set of structural Zn 2+ sites can be found
in Supplementary Data, chapter 3, Table II.
Interestingly, around 42% of the structural Zn2+ sites (11% of all Zn2+ sites) were
of the most reactive S4 type (having 4 ligating sulfur atoms), followed by S3N (three
sulfur-based ligands and one nitrogen-based) and S2N2 types bearing 19.6% and 7.3%
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respectively. The remainder of the redox sensitive structural Zn 2+ sites (ligating at least
one redox sensitive residue) had various combinations of S, N and O ligands; these
amount to 2.1% of the total physiological high-resolution Zn2+ sites. These data are
shown in Fig 3.8.
The majority of the inert structural Zn2+ sites comprise N3O (8.5%) and N2O2
(7.4%) ligand combinations, followed by NO3 (4.3%) and O4 (2.8%) site types. In
general, structural Zn2+ sites appear to have a preference for sulfur over nitrogen at
the ligating site, with a total of 1387 (75%) structural sites containing at least one
ligand containing sulfur, as opposed to the 980 (52%) which ligated at least one
nitrogen containing ligand. Oxygen seems to be the least preferred atom for ligation at
structural Zn2+ sites, with only 556 (30%) being bound by at least one ligand via oxygen.

Fig 3.8 Distribution of ligand combination groups amongst structural Zn2+ sites. The graph shows the
percentages of the different ligand combinations found in the dataset of structural Zn 2+ sites. The bars in
blue and orange represent inert and redox sensitive site types, respectively.
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Catalytic Zn2+ sites

Catalytic Zn2+ sites are those where water is found as a Zn2+-binding ligand
(Vallee and Auld 1990; Vallee and Auld 1992; Auld 2001). The PDB also contains many
zinc-protein structures that have been complexed with various exogenous inhibitors
and substrates. In these entries, a bound exogenous molecule is reported in place of
water at the catalytic Zn2+ site. It is also known that when an inhibitor replaces a bound
water molecule, its coordinated atom occupies a similar position to the oxygen of
water (Alberts, Nadassy et al. 1998). Therefore, structures containing exogenous
molecules were included in the dataset of catalytic Zn 2+ sites. The complete list of
exogenous molecules and ions that were identified as binding to Zn2+ ions in the
dataset of PDB entries can be found in the Supplementary Data Table V, along with the
abbreviation used to describe them in the crystal structure.

Mono-nuclear catalytic Zn2+ sites

A sum of 1454 Zn2+ sites were initially assigned to the mono-nuclear catalytic
group based on the presence of a single Zn2+ ion with water molecules in the Zn2+
coordination sphere. However, to claim a Zn2+ site as catalytic based merely on the
presence of water is erroneous. Instances where the Zn2+ ion appears to be ligated by
three water molecules with a single or pair of amino residue are likely due to
inaccuracies in coordinate records. Such sites may not be ‘real’ Zn 2+ sites. Therefore,
1066 mono-nuclear Zn2+ sites in 581 proteins were selected as mono-nuclear catalytic
Zn2+ sites for the purpose of statistical analysis. These ligated either three or four
amino acid residues, where the remaining ligand(s) was either water or an exogenous
molecule (inhibitor/substrate). Several catalytic Zn2+ sites reporting a coordination
number higher than four were present in the dataset, as shown in Table 3.2. The
various ligand combinations for the complete set of mono-nuclear catalytic Zn2+ sites
along with their percentages are shown in the Supplementary Data Tables III and IV.
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Several mono-nuclear catalytic Zn2+ sites reported more than four ligands. This
was often due to the presence of additional water molecules or exogenous molecules
within the coordination sphere which were picked up during the ligand extraction
process. This may not necessarily mean that all these ligands coordinate the Zn 2+ ion
simultaneously. It is also possible for the catalytic sites with higher coordination
numbers to be representing reaction intermediates. Catalytic Zn2+ sites can attain a
trigonal bipyramidal or octahedral coordination geometry in the presence of two and
three water molecules along with three other amino residues (Auld 2001). Therefore,
considering these numerous possibilities, the ligand combinations of such sites were
manually checked for the possibility of assigning them to the group of catalytic mononuclear Zn2+ sites (else they were not considered in the statistical analysis). However,
the complete set of the ligand combinations obtained for mono-nuclear catalytic sites
is listed in Supplementary Data.
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Fig 3.9 Distribution of the ligand combination groups amongst mono-nuclear catalytic Zn2+
sites. The graph shows the percentages of the different ligand combinations found in the
dataset of mono-nuclear Zn2+ sites. The bars in blue and orange represent the inert and redox
sensitive types, respectively. W stands for water. The top section describes the mono-nuclear
catalytic Zn2+ sites ligating other heterogenous moieties (inhibitor/substrate) (holo), while the
bottom section shows those ligating only amino acids and water (apo).

The majority of mono-nuclear catalytic Zn2+ sites ligate redox inert residues, as
shown in Fig 3.9. While some mono-nuclear catalytic Zn2+ sites coordinated a
heterogenous inhibitor/substrate moiety (holo), others ligated water molecules (apo).
[The ligand-bound state of a protein is referred to as its holo state while the ligandunbound state is called the apo state. During the catalytic reaction, the incoming
substrate molecule may displace the water molecule of the apoprotein.] For ease and
better clarity, ligand combination groups of holo and apo mono-nuclear catalytic Zn2+
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sites are shown separately in Fig 3.9. The coordination of two Asp/Glu residues with a
His and a water molecule seems to be the most preferred type of combination. A large
number of sites also have a combination of two His residues, Asp/Glu and water.
Overall, catalytic Zn2+ sites seem to favour the ligation of N containing residues over S,
in contrast to structural Zn2+ sites. This observation is in agreement with that of a
previous study (Auld 2001).
Two Cys and a His residue (S2N) in combination with a water molecule (or
exogenous ligand replacing water) seems to be the most favoured mode of ligation in
redox sensitive mono-nuclear catalytic Zn2+ sites. However, the combination of three
Cys residues (S3) with water or an exogenous molecule was also prevalent.

Co-catalytic Zn2+ sites

Co-catalytic sites contain more than one metal atom in close proximity (Auld
2001). Thus, Zn2+ sites containing more than one metal ion(s) located no more than 6.0
Å apart were considered as co-catalytic. There were 38 co-catalytic Zn2+ sites (76 subsites) housed in 38 proteins in the normalized dataset. Usually, a single amino acid
residue, often Asp, bridges the two metal atoms (Vallee and Auld 1993). Around 2% of
all high resolution physiological Zn2+ sites in the dataset were of co-catalytic nature.
The ligand combination groups for these sites are shown in Supplementary Data Table
VI. Some co-catalytic zinc motifs contain only Zn2+ ions. For example, the Penicillium
citrinum nuclease P1 has a tri-nuclear Zn2+ co-catalytic site (PDB: 1ak0) (Volbeda, Lahm
et al. 1991). In fact, the greater part of the dataset of co-catalytic Zn2+ sites
coordinated only Zn2+ ions. However, there were a few instances of multi-metal multinuclear Zn2+ sites. Such a co-catalytic site, bearing two Zn2+ ions and one Mg2+ ion, was
found in Escherichia coli alkaline phosphatase (PDB: 1kh4) (Kim and Wyckoff 1991; Du,
Lamoure et al. 2002).

A few co-catalytic Zn2+ sites in this dataset were closely

interacting with a Cu2+ ion. These corresponded to the human Cu-Zn superoxide

130

dismutase enzyme (PDB: 2c9u) where the Cu2+ and Zn2+ ion function together to
protect cells against hazardous superoxide radicals (Strange, Antonyuk et al. 2006).
Only one protein structure (PDB: 1znb) in the co-catalytic dataset contained
redox-sensitive sites. This PDB entry corresponds to a metallo-β-lactamase from
Bacteroides fragilis, where a binuclear Zn2+ center is ligated by a combination of His,
Asp with a single Cys ligand. The presence of Cys in the active center of this protein has
been previously noted (Concha, Rasmussen et al. 1996).

Protein interface Zn2+ sites

A total of 371 protein interface Zn2+ sites in 162 proteins were extracted from
the normalized set of PDB entries. The majority of protein interface sites were of redox
inert nature. That is not to underestimate the 8.7% and 1.8% of interfacial structural
and catalytic Zn2+ sites that contained redox sensitive ligands. The distribution of ligand
combination groups in the dataset of protein interface sites are shown in Fig 3.10.
As with the mono-nuclear catalytic Zn2+ sites, the predominant ligand
combination in the catalytic protein interface group was the NO2 type in combination
with a water molecule. The reactive S4 type residue combination dominates (3.7%) in
the dataset of interfacial Zn2+ sites of structural nature, followed by the S2NO and S2N2
type. All ligand combination groups for these Zn2+ sites are shown in Supplementary
Data Table VII.
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Fig 3.10 Distribution of ligand combination groups amongst protein interface Zn2+ sites. The graph
contains the percentages of the different ligand combinations found in the dataset of protein
interface Zn2+ sites. The bars in blue and orange represent the inert and redox sensitive types,
respectively. W stands for water. CL denotes a chloride ion.

Redox sensitive Zn2+ sites with unusual ligands

There were several structures in the dataset where the Zn2+ was coordinated by
unusual ligands. In some Zn2+ sites, the sulfur-containing ligand was Met rather than
Cys. These structural Zn2+ sites were in pseudoazurin and the lipoprotein Tp34.
Pseudoazurin is a redox enzyme that performs one-electron transfer to nitrite
hydratase using the redox properties of Cu. The longer Cu-S bond, associated with the
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Met residue (2.8Å compared with 2.05 Å for the Cu-S Cys) affects the redox properties
of the Cu and results in absorption of blue light (Xie, Hadt et al. 2009). In the
pseudoazurin structure (PDB: 1py0), Zn2+ has been substituted into the native type I Cu
site. In Tp34, a lipoprotein of Treponema pallidum (PDB: 2o6d), there are two
interfacial structural Zn2+ sites linking the monomers of the homodimer. In each
site, two His ligands and a Met residue are donated from one monomer and a third His
ligand from the other monomer. Structural evidence supports the lability of the site
and biochemical evidence suggest it may have a role in oligomerization of the protein
in the presence of divalent metals (Deka, Brautigam et al. 2007).
A structural Zn2+ site, in the crystal structure of DnaD-like replication protein
from Streptococcus mutant UA159 (PDB: 2zc2), contained Selenocysteine (Sec) in place
of the expected Cys residues. The details of this structure remain unpublished to date.
However, it is possible that the Sec is a replacement of Cys in its native protein
structure.

Zn2+-binding sites in enzymes

There were 628 proteins in the normalized dataset that were of enzymatic
nature. The majority of these enzyme proteins contained inert mono-nuclear catalytic
Zn2+ sites (32.2%) followed by redox-sensitive structural Zn2+ sites (25.4%) and inert
structural sites (17.9%). In general, 43.4% and 46.1% of enzymes contained structural
and mono-nuclear catalytic Zn2+ sites, respectively, while co-catalytic and protein
interface Zn2+ sites were found in 2.2% and 7.5% of the enzymes in the dataset. Some
enzymes contained multiple types of Zn2+ sites. A good example is horse liver alcohol
dehydrogenase (PDB: 8adh), which contains both a catalytic and a structural Zn 2+ site.
The distribution of the types of Zn2+ sites among enzyme classes are shown in Fig 3.11.
Hydrolases seem to be the major class of enzymes associated with Zn 2+ in
proteins, with around 42% of all enzymes containing Zn2+ sites belonging to this group.
Hydrolases catalyze the cleavage of chemical linkages, such as ester, peptide, C-N, C-C,
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S-N, C-P, S-S, C-S, halide and ether bonds. Many hydrolases have mono-nuclear
catalytic Zn2+ sites. Lewis acidity of the Zn2+ centre facilitates the deprotonation of the
water nucleophile during the hydrolase enzymatic reaction. Peptidases, a prominent
group of enzyme proteins containing Zn2+, belong to this class. The majority of Zn2+containing hydrolases had redox inert sites (73.9%), which were predominantly mononuclear catalytic. Some contained redox sensitive Zn2+ sites (26%), again predominantly
of a mono-nuclear catalytic nature.
Oxidoreductases, hydrolases and lyases were represented in all the different
datasets of Zn2+ sites. Oxidoreductases, which catalyze oxidation/reduction reactions,
were largely associated with structural Zn2+ sites. While 25% of Zn2+-binding enzymes
corresponded to oxidoreductases, around 16% were oxidoreductases with structural
Zn2+ sites. As expected, oxidoreductases predominantly contained redox sensitive Zn2+
sites (57.6%) over redox inert types (42.3%). An example of an oxidoreductase with a
structural Zn2+ site in the dataset was alcohol dehydrogenase. The Zn2+ site in this
proteinis bound by four Cys residues; its function is to maintain structural stability of
the enzyme.
As the name suggests, transferases catalyze the transfer of functional groups,
such as methyl, amino, acyl or phosphate groups, between molecules. Kinases,
transferases involved in protein phosphorylation, are a well-known group of enzymes
in this class. Around 14% of enzymes containing Zn 2+ were transferases. Majority of
these contained redox sensitive Zn2+ sites (65.6%) while others were of redox inert
nature (34.3%). It is also interesting to note that redox sensitive structural Zn2+ sites
were the predominant site type found in transferases, with around 7% of all enzymes
corresponding to this category.
Lyases are involved in the non-hydrolytic addition or removal of groups from
substrates that can involve cleavage of C-C, C-N, C-O or C-S bonds. 10.7% of enzymes
containing Zn2+ sites were lyases. The majority of Zn2+ sites in lyases were redox inert
(65.3%), while some were redox sensitive (34.6%). Inert mono-nuclear catalytic was
the predominant type of Zn2+ sites in lyases (4.8% of all Zn2+ containing enzymes)
followed by redox sensitive mono-nuclear catalytic type (2.7% of all enzymes).
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Isomerases catalyze the rearrangement of molecules. Some isomerase activity
is driven via oxidative reactions. Only 4.4% of Zn2+ containing enzymes were
isomerases. Around 31.2% of isomerases contained redox sensitive structural Zn2+sites,
while the 34.3% contained inert mono-nuclear catalytic Zn2+ sites. These two groups
were the most prominent in isomerases. Overall, inert Zn2+ sites were higher in
number (65.6%) than the redox sensitive ones (34.3%) in isomerases.
Ligases catalyze the synthesis of new C-O, C-S, C-N or C-C bonds. Aminoacyl
tRNA synthetase is a wellknown example of a ligase. It forms C-O linkages to directly
attach amino acids to tRNA during the matching of amino residues to tRNAs with the
corresponding anticodon (Ibba and Soll 2000). The majority of Zn2+ containing ligases
had redox sensitive Zn2+ sites (66.7%), with structural redox sensitive Zn2+ sites being
the predominant type. The study failed to recognize any protein interface Zn 2+ sites in
ligases.
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Fig 3.11 Distribution of Zn2+ site types in enzymes. The graph shows the percentage of enzyme proteins
and their classes, which contain the different types of Zn 2+ sites. Each group of Zn2+ sites has been
further classified as redox inert (inert) and redox sensitive. The six classes of enzymes are colour coded
as indicated on the top right.

GO term analysis of Zn2+ sites in protein structures
To validate the classification of proteins with Zn2+ sites and to identify the
prominent cellular locations, biological processes and functions associated with
different types of Zn2+ sites, the partitioning of GO terms among these datasets was
investigated. These data are shown in Tables 3.3-3.6. The GO terms associated with
structural Zn2+ sites can be found in Table 3.3 below. The GO terms with p-values <
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0.01 are considered as over-represented. This means that their association with the
dataset is highly likely to be meaningful in a statistical perspective.

Table 3.3 GO terms associated with structural Zn2+ sites

Column 1: Probability that the GO term is associated with the dataset by chance. p-values <0.01
(over-represented) are included. Column 2: n is the number of times the GO term is associated with
proteins in the structural Zn2+ sites dataset, which is normalized by N: the number of times the GO
term is associated with proteins in the PDB. Column 3: GO terms are mapped to level 3 of the
hierarchy. Column 4: Description of the GO term in column 3. GO terms corresponding to the redox
inert and redox sensitive datasets are represented by the blue and yellow stripes on the left,
respectively.

P-value

n(N)

GO term

Description

2.77E-12

83(618)

GO:0008270

zinc ion binding

4.66E-08

5(5)

GO:0009168

purine ribonucleoside monophosphate biosynthetic

1.78E-07

8(46)

GO:0008237

metallopeptidase activity

5.30E-07

5(10)

GO:0006308

DNA catabolic process

1.16E-06

4(4)

GO:0009734

auxin mediated signaling pathway

2.61E-06

5(15)

GO:0006080

substituted mannan metabolic process

2.61E-06

5(15)

GO:0006567

threonine catabolic process

4.63E-06

12(193)

GO:0006508

Proteolysis

7.91E-06

4(8)

GO:0042779

tRNA 3'-trailer cleavage

8.54E-06

5(20)

GO:0009166

nucleotide catabolic process

8.54E-06

5(20)

GO:0019544

arginine catabolic process to glutamate

2.19E-05

5(25)

GO:0030488

tRNA methylation

2.81E-05

4(12)

GO:0045490

pectin catabolic process

3.55E-05

6(48)

GO:0009273

peptidoglycan-based cell wall biogenesis

4.18E-05

10(168)

GO:0000166

nucleotide binding

5.47E-05

5(31)

GO:0004177

aminopeptidase activity

1.21E-04

3(6)

GO:0005788

endoplasmic reticulum lumen

1.21E-04

3(6)

GO:0042820

vitamin B6 catabolic process

1.90E-04

9(165)

GO:0042597

periplasmic space

3.08E-04

3(9)

GO:0006004

fucose metabolic process

3.08E-04

3(9)

GO:0030420

establishment of competence for transformation

4.23E-04

5(50)

GO:0004222

metalloendopeptidase activity

4.80E-04

4(28)

GO:0009186

deoxyribonucleoside diphosphate metabolic process

6.08E-04

4(30)

GO:0008658

penicillin binding

7.84E-04

2(2)

GO:0004000

7.93E-04

5(58)

GO:0006352

adenosine deaminase activity
transcription initiation, DNA-dependent

2.20E-16

30(110)

GO:0030683

evasion by virus of host immune response
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2.20E-16

30(54)

GO:0008616

queuosine biosynthetic process

2.20E-16

30(84)

GO:0006289

nucleotide-excision repair

2.20E-16

40(125)

GO:0043039

tRNA aminoacylation

2.20E-16

43(193)

GO:0008270

zinc ion binding

2.20E-16

65(435)

GO:0055114

oxidation-reduction process

2.20E-16

75(605)

GO:0006260

DNA replication

7.17E-15

15(20)

GO:0006431

methionyl-tRNA aminoacylation

1.61E-13

30(180)

GO:0045454

cell redox homeostasis

4.81E-12

16(44)

GO:0006400

tRNA modification

9.09E-12

24(132)

GO:0006284

base-excision repair

1.02E-11

12(18)

GO:0006476

protein deacetylation

3.63E-11

10(10)

GO:0006428

isoleucyl-tRNA aminoacylation

3.63E-11

10(10)

GO:0042572

retinol metabolic process

3.63E-11

10(10)

GO:0005739

Mitochondrion

2.13E-10

15(50)

GO:0006269

DNA replication, synthesis of RNA primer

5.13E-10

12(28)

GO:0046939

nucleotide phosphorylation

6.67E-10

20(112)

GO:0006259

DNA metabolic process

2.20E-09

75(1245)

GO:0006351

transcription, DNA-dependent

4.60E-09

10(20)

GO:0006419

alanyl-tRNA aminoacylation

2.48E-08

10(25)

GO:0006433

prolyl-tRNA aminoacylation

3.18E-08

8(12)

GO:0006342

chromatin silencing

7.05E-08

54(834)

GO:0006281

DNA repair

7.25E-08

83(1562)

GO:0046872

metal ion binding

1.01E-07

10(1305)

GO:0008652

cellular amino acid biosynthetic process

3.61E-07

6(6)

GO:0034968

histone lysine methylation

3.61E-07

6(6)

GO:0048149

behavioral response to ethanol

1.12E-06

6(8)

GO:0008534

oxidized purine base lesion DNA N-glycosylase activity

1.12E-06

6(8)

GO:0009347

aspartate carbamoyltransferase complex

1.16E-06

8(22)

GO:0006457

protein folding

3.67E-06

5(5)

GO:0006438

valyl-tRNA aminoacylation

5.13E-06

7(19)

GO:0016876

ligase activity

8.48E-06

13(94)

GO:0004812

aminoacyl-tRNA ligase activity

9.01E-06

12(80)

GO:0015074

DNA integration

1.32E-05

20(220)

GO:0009165

nucleotide biosynthetic process

2.49E-05

8(36)

GO:0001682

tRNA 5'-leader removal

2.66E-05

5(9)

GO:0003896

DNA primase activity

2.66E-05

5(9)

GO:0004797

thymidine kinase activity

3.80E-05

4(4)

GO:0001523

retinoid metabolic process

3.80E-05

4(4)

GO:0016491

oxidoreductase activity

3.80E-05

4(4)

GO:0019262

N-acetylneuraminate catabolic process

3.80E-05

4(4)

GO:0032526

response to retinoic acid

3.80E-05

4(4)

GO:0006915

Apoptosis

3.80E-05

4(4)

GO:0006413

translational initiation

3.90E-05

5(10)

GO:0006423

cysteinyl-tRNA aminoacylation

3.95E-05

6(18)

GO:0005658

alpha DNA polymerase:primase complex

5.89E-05

15(150)

GO:0005789

endoplasmic reticulum membrane

138

1.33E-04

41(751)

GO:0005524

ATP binding

1.51E-04

6(24)

GO:0018189

pyrroloquinoline quinone biosynthetic process

1.79E-04

5(15)

GO:0006435

threonyl-tRNA aminoacylation

1.79E-04

5(15)

GO:0006567

threonine catabolic process

1.79E-04

5(14)

GO:0071267

L-methionine salvage

3.45E-04

52(1084)

GO:0006412

Translation

4.03E-04

3(3)

GO:0008479

queuine tRNA-ribosyltransferase activity

4.03E-04

3(3)

GO:0046294

formaldehyde catabolic process

4.69E-04

41(796)

GO:0000166

nucleotide binding

5.48E-04

5(20)

GO:0046983

protein dimerization activity

6.34E-04

4(11)

GO:0003906

DNA-(apurinic or apyrimidinic site) lyase activity

6.34E-04

4(11)

GO:0022900

electron transport chain

6.35E-04

4(568)

GO:0005840

3(4)

GO:0031072

Ribosome
heat shock protein binding

6.90E-04

The dataset of redox sensitive structural Zn2+ sites was enriched with GO terms
associated with known redox processes, in contrast with its redox inert counterpart.
For example, there were numerous GO terms, such as oxidation-reduction, cell redox
homeostasis, protein folding (Mezghrani, Fassio et al. 2001; Herrmann and Jakob
2008), oxidoreductase activity, apoptosis (Sato, Iwata et al. 1995; Watson, Rotstein et
al. 1996), electron transport chains and protein dimerization activity (Groen,
Overvoorde et al. 2008), that are implicated in redox biology. The dataset was also
associated with cellular locations where known redox reactions take place. For
instance, components of the mitochondrion, such as the lumen and the inner
membrane, are known as redox compartments where redox-based reactions takes
place (Kakkar and Singh 2007) and the endoplasmic reticulum membrane is in close
contact with the endoplasmic reticulum lumen, also known to maintain an oxidative
environment (Hwang, Sinskey et al. 1992).
Apart from the above, several GO terms associated with transcription and
translation were over-represented in the dataset of redox sensitive structural Zn 2+
sites. Gene transcription is influenced by the cellular thiol-disulfide balance (Sen and
Packer 1996). The relationship between transcription and Zn 2+ is also well known
(Maret 2006). For example, a Zn2+ ion in a S3N coordination maintains the structure of
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the tumour suppressor p53, which controls the production of ROS, for its interaction
with DNA (Cho, Gorina et al. 1994). It is also interesting to note the over-represented
term “heat shock protein binding” in this dataset. Evidence suggests a Zn2+ based
redox regulated mechanism for the functioning of these proteins (Graf and Jakob
2002; Graf, Martinez-Yamout et al. 2004). Overall, these results suggest a strong link
between structural Zn2+ sites and redox activity.
In contrast, the dataset corresponding to redox inert structural Zn 2+ sites was
enriched with the GO terms Zn2+ ion binding, metallopeptidase activity, tRNA
methylation (Heurgue-Hamard, Graille et al. 2006) and DNA-dependant transcription
initiation. It should be noted that Zn2+ sites may not be directly involved in some of the
processes over-represented in this dataset. For example, proper evidence could not be
found to suggest an active role for Zn2+ in a number of metabolic activities, such as
DNA, threonine, pectin, mannan and vitamin B6 catabolism, highlighted in the dataset.
However, it is likely that Zn2+ sites are integral components of protein domains that
closely interact with the above molecules during the metabolic process. The redox
inert ligands in such domains probably minimize the influence of any fluctuation in the
redox environment on the protein structure during these routine cellular processes.
GO terms enriched in the mono-nuclear catalytic Zn2+ site dataset are shown in
Table 3.4. The inert mono-nuclear catalytic Zn2+ sites dataset included a number of
enzyme related GO terms, including metalloendopeptidase activity, metallopeptidase
activity, aminopeptidase activity, hydrolases activity, transferase activity (Zhang, Fu et
al. 1996) and proteolysis. Thus, it was evident that many functions previously known to
be associated with catalytic Zn2+ sites were enriched in the dataset.
GO terms associated with redox activity seemed less prevalent in the dataset of
redox sensitive mono-nuclear catalytic Zn2+ sites in contrast with those of structural
nature. Yet, it is interesting to note one particular biological process, “transformation
of host cell by virus”, that is over-represented in this dataset. This term is defined as
any viral-induced change in the morphological, biochemical or growth parameters of a
cell. It is particularly interesting as a protein disulfide motif with non-optimal
stereochemistry, termed the aBDDh motif, is known to be associated with the thiol
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based redox regulation of viral host cell entry (Wouters, George et al. 2007). Quorum
sensing was another prominent GO term in the dataset. This is observed in bacteria
which employ a specific mechanism to sense the population density by detecting the
concentration of an autoinducer in the environment. This auto-inducer concentration
is altered through gene expression. A SN2-H2O type of a Zn2+ site in an auto-inducer
synthase involved in quorum sensing, LuxS (PDB: 1ie0), functions in a catalytic role
(Hilgers and Ludwig 2001).

Table 3.4 GO terms associated with mono-nuclear catalytic Zn2+ sites

Column 1: Probability that the GO term is associated with the dataset by chance. p-values <0.01 (overrepresented) are included. Column 2: n is the number of times the GO term is associated with proteins
in the mono-nuclear catalytic Zn2+ sites dataset which is normalized by N: the number of times the GO
term is associated with proteins in the PDB. Column 3: GO terms are mapped to level 3 of the
hierarchy. Column 4: Description of the GO term in column 3. GO terms corresponding to the redox
inert and redox sensitive datasets are represented by the blue and yellow stripes on the left,
respectively.

P-value

n(N)

GO term

Description

2.20E-16

19(50)

GO:0004222

metalloendopeptidase activity

2.20E-16

22(46)

GO:0008237

metallopeptidase activity

2.20E-16

35(193)

GO:0008270

zinc ion binding

2.20E-16

70(618)

GO:0006508

Proteolysis

4.20E-12

22(168)

GO:0008233

peptidase activity

6.73E-11

10(20)

GO:0019544

arginine catabolic process to glutamate

7.06E-11

67(1562)

GO:0046872

metal ion binding

1.52E-10

51(1026)

GO:0016787

hydrolase activity

3.08E-07

8(30)

GO:0017001

antibiotic catabolic process

3.82E-07

8(31)

GO:0004177

aminopeptidase activity

4.30E-07

5(5)

GO:0006601

creatine biosynthetic process

4.30E-07

5(5)

GO:0006602

creatinine catabolic process

4.30E-07

5(5)

GO:0044315

protein secretion by the type VII secretion system

4.76E-06

5(10)

GO:0006308

DNA catabolic process

4.76E-06

5(10)

GO:0009691

cytokinin biosynthetic process

4.76E-06

5(10)

GO:0052083

negative regulation of host immune response

2.28E-05

5(15)

GO:0006567

threonine catabolic process

7.26E-05

5(20)

GO:0006419

alanyl-tRNA aminoacylation

7.26E-05

5(20)

GO:0019478

D-amino acid catabolic process
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1.63E-04

7(58)

GO:0016788

hydrolase activity, acting on ester bonds

2.99E-04

25(605)

GO:0006260

DNA replication

3.39E-04

8(88)

GO:0009253

peptidoglycan catabolic process

3.87E-04

9(114)

GO:0030435

sporulation resulting in formation of a cellular spore

4.48E-04

8(92)

GO:0006525

arginine metabolic process

4.49E-04

3(6)

GO:0052027

modulation by symbiont of host signal transduction

6.49E-04

9(123)

GO:0006139

nucleobase-containing compound metabolism

8.59E-04

3(8)

GO:0004629

phospholipase C activity

1.05E-03

16(351)

GO:0009405

Pathogenesis

1.13E-03

4(22)

GO:0019538

protein metabolic process

1.13E-03

3(9)

GO:0010125

mycothiol biosynthetic process

1.13E-03

3(9)

GO:0030420

establishment of competence for transformation

1.23E-03

5(915)

GO:0016740

transferase activity

1.50E-03

4(24)

GO:0006528

asparagine metabolic process

1.50E-03

4(24)

GO:0043626

PCNA complex

1.54E-03

10(1305)

GO:0008652

cellular amino acid biosynthetic process

1.90E-03

2(2)

GO:0033747

versatile peroxidase activity

2.25E-03

3(12)

GO:0008235

metalloexopeptidase activity

2.50E-03

4(28)

GO:0006783

heme biosynthetic process

2.50E-03

4(28)

GO:0009186

deoxyribonucleoside diphosphate metabolic process

2.50E-03

4(28)

GO:0046939

nucleotide phosphorylation

2.73E-03

3(13)

GO:0016812

hydrolase activity, in cyclic amides

3.12E-03

2(3)

GO:0006518

peptide metabolic process

3.12E-03

2(3)

GO:0009017

succinylglutamate desuccinylase activity

3.12E-03

2(3)

GO:0045148

tripeptide aminopeptidase activity

3.68E-03

10(1245)

GO:0006351

transcription, DNA-dependent

4.27E-03

4(33)

GO:0008800

beta-lactamase activity

4.63E-03

2(4)

GO:0004476

mannose-6-phosphate isomerase activity

4.63E-03

2(4)

GO:0034480

phosphatidylcholine phospholipase C activity

4.63E-03

2(4)

GO:0071770

DIM/DIP cell wall layer assembly

5.67E-03

4(36)

GO:0009245

lipid A biosynthetic process

5.67E-03

4(36)

GO:0016810

hydrolase activity

6.06E-03

3(18)

GO:0000256

allantoin catabolic process

6.06E-03

3(18)

GO:0006476

protein deacetylation

6.06E-03

3(18)

GO:0019836

hemolysis by symbiont of host erythrocytes

6.41E-03

2(5)

GO:0008833

8.44E-03

2(6)

GO:0046873

deoxyribonuclease IV (phage-T4-induced) activity
metal ion transmembrane transporter activity

2.20E-16

9(12)

GO:0019087

transformation of host cell by virus

1.17E-11

13(193)

GO:0008270

zinc ion binding

6.24E-10

6(16)

GO:0009372

quorum sensing

2.13E-09

15(435)

GO:0006418

tRNA aminoacylation for protein translation

2.97E-08

5(15)

GO:0055114

oxidation-reduction process

2.97E-08

5(15)

GO:0006567

threonine catabolic process

4.08E-08

6(36)

GO:0006298

mismatch repair

9.33E-08

6(42)

GO:0033014

tetrapyrrole biosynthetic process
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1.16E-07

24(1562)

GO:0046872

metal ion binding

1.17E-07

8(116)

GO:0009231

riboflavin biosynthetic process

2.19E-07

4(8)

GO:0031966

mitochondrial membrane

2.63E-07

5(25)

GO:0006434

seryl-tRNA aminoacylation

3.47E-06

3(4)

GO:0043768

S-ribosylhomocysteine lyase activity

1.48E-05

4(28)

GO:0006783

heme biosynthetic process

2.15E-05

3(9)

GO:0046654

tetrahydrofolate biosynthetic process

2.71E-05

5(70)

GO:0006351

transcription, DNA-dependent

1.04E-04

4(48)

GO:0006144

purine base metabolic process

1.08E-04

5(95)

GO:0005737

Cytoplasm

1.08E-04

3(17)

GO:0042586

peptide deformylase activity

1.31E-04

2(2)

GO:0016616

oxidoreductase activity

1.31E-04

2(2)

GO:0030317

sperm motility

1.69E-04

5(105)

GO:0019363

pyridine nucleotide biosynthetic process

2.17E-04

2(3)

GO:0004655

porphobilinogen synthase activity

3.25E-04

2(4)

GO:0016888

endodeoxyribonuclease activity

4.54E-04

2(5)

GO:0008106

alcohol dehydrogenase (NADP+) activity

4.96E-04

3(30)

GO:0019861

Flagellum

6.03E-04

2(6)

GO:0008835

Diaminohydroxyphosphoribosylaminopyrimidine activity

7.73E-04

2(7)

GO:0004089

carbonate dehydratase activity

8.18E-04

5(150)

GO:0009435

NAD biosynthetic process

9.29E-04

4(88)

GO:0009253

peptidoglycan catabolic process

9.64E-04

2(8)

GO:0009316

3-isopropylmalate dehydratase complex

4.22E-03

3(66)

GO:0005739

Mitochondrion

4.39E-03

3(67)

GO:0008236

serine-type peptidase activity

4.89E-03

12(1084)

GO:0006412

Translation

5.23E-03

6(333)

GO:0016829

lyase activity

9.41E-03

1(1)

GO:0003935

GTP cyclohydrolase II activity

9.41E-03

1(1)

GO:0004409

homoaconitate hydratase activity

9.41E-03

1(1)

GO:0016878

acid-thiol ligase activity

9.41E-03

1(1)

GO:0018467

formaldehyde dehydrogenase activity

9.93E-03

2(30)

GO:0017001

antibiotic catabolic process

Among the numerous GO terms associated with inert co-catalytic Zn2+ sites, the
hydrogen peroxide catabolic process and versatile peroxidase activity is of greatest
importance. Superoxide dismutases play a key role in the regulation of superoxides
and are known to have peroxidase properties (Hodgson and Fridovich 1975; Hink,
Santanam et al. 2002). Superoxide dismutases are known to harbour co-catalytic sites
consisting of Cu2+ and Zn2+ ions. In contrast, only the GO term “β-lactamase activity” is
over-represented amongst theredox sensitive co-catalytic sites. These data are shown
in Table 3.5.
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Table 3.5 GO terms associated with co-catalytic Zn2+ sites

Column 1: Probability that the GO term is associated with the dataset by chance. p-values <0.01 (overrepresented) are included. Column 2: n is the number of times the GO term is associated with proteins
in the co-catalytic Zn2+ sites dataset which is normalized by N: the number of times the GO term is
associated with proteins in the PDB. Column 3: GO terms are mapped to level 3 of the hierarchy.
Column 4: Description of the GO term in column 3. GO terms corresponding to the redox inert and
redox sensitive datasets are represented by the blue and yellow stripes on the left, respectively.

P-value

n(N)

GO term

1.61E-10

8(116)

GO:0009231

riboflavin biosynthetic process

3.60E-06

5(100)

GO:0042744

hydrogen peroxide catabolic process

2.98E-05

2(2)

GO:0033747

versatile peroxidase activity

2.99E-05

3(24)

GO:0046274

lignin catabolic process

5.32E-05

4(88)

GO:0009253

peptidoglycan catabolic process

1.77E-04

2(7)

GO:0008686

3,4-dihydroxy-2-butanone-4-phosphate synthase activity

1.91E-04

5(235)

GO:0006221

pyrimidine nucleotide biosynthetic process

2.05E-04

3(48)

GO:0009273

peptidoglycan-based cell wall biogenesis

7.09E-04

6(482)

GO:0020037

heme binding

9.22E-04

2(18)

GO:0001666

response to hypoxia

1.20E-03

4(204)

GO:0006364

rRNA processing

2.37E-03

2(30)

GO:0008658

penicillin binding

2.50E-03

6(618)

GO:0006508

Proteolysis

2.86E-03

3(123)

GO:0006139

nucleobase-containing compound metabolic process

4.52E-03

1(1)

GO:0007507

heart development

4.52E-03

1(1)

GO:0043353

enucleate erythrocyte differentiation

4.52E-03

1(1)

GO:0050873

brown fat cell differentiation

5.26E-03

2(46)

GO:0008237

metallopeptidase activity

6.84E-03

9(1562)

GO:0046872

metal ion binding

9.03E-03

1(3)

GO:0004181

metallocarboxypeptidase activity

9.03E-03

1(3)

GO:0006518

1(3)

GO:0045148

peptide metabolic process
tripeptide aminopeptidase activity

1(49)

GO:0008800

beta-lactamase activity

9.03E-03
0.00911

Description

The GO terms enriched in the protein interface Zn2+ site dataset are shown in
Table 3.6. Among the GO terms over-represented in the dataset of redox sensitive
protein interface Zn2+ sites is the term “isomerase activity”. The previous analysis of
Zn2+ sites in enzymes also revealed isomerases to be represented in the datasets of
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redox sensitive as well as inert sites of interfacial nature. Indeed, the Zn2+dependant
dimerization of protein disulfide isomerase is a well known example of such activity
(Solovyov and Gilbert 2004).

Table 3.6 GO terms associated with protein interface Zn2+ sites

Column 1: Probability that the GO term is associated with the dataset by chance. p-values <0.01 (overrepresented) are included. Column 2: n is the number of times the GO term is associated with proteins
in the protein interface Zn2+ sites dataset which is normalized by N: the number of times the GO term
is associated with proteins in the PDB. Column 3: GO terms are mapped to level 3 of the hierarchy.
Column 4: Description of the GO term in column 3. GO terms corresponding to the redox inert and
redox sensitive datasets are represented by the blue and yellow stripes on the left, respectively.

P-value

n(N)

GO term

5.87E-12

10(40)

GO:0015628

protein secretion by the type II secretion system

1.06E-09

9(51)

GO:0016114

terpenoid biosynthetic process

7.42E-09

5(5)

GO:0044315

protein secretion by the type VII secretion system

1.42E-06

5(20)

GO:0019478

D-amino acid catabolic process

1.72E-05

4(16)

GO:0015627

type II protein secretion system complex

4.07E-05

3(6)

GO:0016068

type I hypersensitivity

4.57E-05

16(618)

GO:0006508

Proteolysis

5.71E-05

6(78)

GO:0008270

zinc ion binding

1.05E-04

3(9)

GO:0000062

fatty-acyl-CoA binding

1.35E-04

3(10)

GO:0008685

2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase

1.97E-04

6(99)

GO:0008299

isoprenoid biosynthetic process

2.87E-04

4(36)

GO:0009245

lipid A biosynthetic process

5.81E-04

4(44)

GO:0006547

histidine metabolic process

2.76E-08

5(50)

GO:0006564

L-serine biosynthetic process

1.84E-06

3(12)

GO:0016853

isomerase activity

1.60E-05

2(2)

GO:0050066

lysine 2,3-aminomutase activity

2.81E-05

3(33)

GO:0015948

methanogenesis

7.19E-04

2(22)

GO:0030153

bacteriocin immunity

4.99E-03

1(2)

GO:0055114

oxidation-reduction process

6.65E-03

1(3)

GO:0050524

coenzyme-B sulfoethylthiotransferase activity

2(78)

GO:0016491

oxidoreductase activity

0.007778

Description
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Discussion

Many researchers have previously analyzed Zn2+ sites in proteins from a
geometrical and stereochemical aspect. However, this data is not sufficient to
understand the trends and patterns of Zn 2+ sites from a redox perspective. No attempt
has been made to assess the redox nature of Zn2+ sites in protein structures. Thus,
methods were developed to survey the PDB for the prevalence of potential redoxactive and inert Zn2+ sites in protein structures, during this study.
During this study, all Zn2+ sites ligated by a sulfur-containing residue (Cys in
almost all instances) were considered as potentially redox sensitive. However, it is
important to note that various other factors also influence the redox
sensitivity/activity of a Zn2+ site and thus, some sulfur coordinated Zn2+ sites may not
be redox sensitive under physiological conditions. Such factors include, but are not
limited to: the strength of the solvent/dielectric medium (Maret 2006); the presence of
additional polarizable ligands in the vicinity of Zn 2+-ligating Cys (Maret 2006); steric
hindrance; and the distance of the Zn2+-ligating Cys to the surface. A comprehensive
method which considers all such additional factors would undoubtedly improve the
accuracy of a prediction of redox sensitive Zn2+ sites in proteins. However, such work
was beyond the scope of this study.
Some Zn2+ sites in PDB entries are annotated while others are not, for various
reasons. However, the study aimed to gain a complete understanding of all the Zn 2+
sites in protein structures. Therefore, a method was developed to detect unannotated
Zn2+ sites in PDB entries. Yet, the PDB entries with unannotated Zn 2+ sites identified by
this method were very limited. The detection of unannotated Zn2+ sites in this study
may have been restricted due to limitations in coverage of PDB entries in the
UniprotKB/SwissProt database.
Some PDB entries with unannotated Zn2+ sites would have been further
eliminated based on the absence of Pfam models associated with Zn2+-binding and
PROSITE Zn2+ ligand binding patterns corresponding to their sequences. However, as
the Pfam models associated with Zn2+-binding and PROSITE Zn2+ signatures were also
extracted using a keyword search, to improve the accuracy of this study only those
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PDB entries corresponding to both Zn2+ associated Pfam and PROSITE models were
used. Unfortunately, several electron density maps of PDB entries were also absent
from the Uppsala Electron Density Server, while the Zn2+ ligand data was unavailable
for some PDB entries in the UniProtKB/Swiss-Prot repository. This may also have led to
unnecessary exclusion of structures from the dataset. Nevertheless, these stringent
inclusion criteria were used to avoid any compromise in the quality or accuracy of the
data. However, the resulting dataset is likely an underestimate of the actual number of
unannotated Zn2+ sites in the PDB.
The majority of Zn2+ sites were found to be tetra-coordinated, as expected.
Tetra-coordinated Zn2+ sites have a preferred tetrahedral geometry (Alberts, Nadassy
et al. 1998). Coordination numbers of greater than four have also been observed in
earlier studies (Alberts, Nadassy et al. 1998; Harding 2004). Such Zn2+ sites favour
square-based pyramidal (5 ligands), trigonal bi-pyramidal (5 ligands) and octahedral (6
ligands) geometries (Alberts, Nadassy et al. 1998). The presence of several structural
Zn2+ sites that are exclusively ligated by amino acid residues but have coordination
numbers greater than four was mostly due to the presence of bidentate ligands Asp
and Glu, where the two O atoms were both placed within the 3.5 Å coordination
sphere. Similar observations of bidentate carboxylate amino residue ligation of Zn 2+
have been previously reported (Alberts, Nadassy et al. 1998; Patel, Kumar et al. 2007).
In most of such binding sites one oxygen tends to be closer to the Zn 2+ ion than the
other, rather than both atoms being placed at an equidistance. Thus, it is most likely
that only one of the O atoms of the bidentate ligands complex with the Zn 2+ ion in each
instance. In a complex scenario, the electron delocalization effects also need to be
taken to consideration in bidentate complexes.These also add to the aberration from
the ideal geometric structure.
Catalytic Zn2+ sites have often been solved in trigonal bipyramidal geometries,
where three ligands form a plane around the Zn2+ ion with the remaining two ligands
lying perpendicular to this plane (Alberts, Nadassy et al. 1998). Reaction intermediates,
with both the leaving group and the approaching nucleophilepartially bound, may
transiently adopt such a five-ligand geometry. Infact, a distorted trigonal bipyramidal
geometry has been observed in Zn2+-substituted astacin (Bode, Gomisruth et al. 1992)
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and in two carbonic anhydrase II mutants (Kiefer, Ippoloto et al. 1993). Other pentacoordinated catalytic sites have been identified to have a square pyramidal geometry;
this can be thought of as having an apical ligand positioned “on top” of the Zn2+ ion
with four planar basal ligands at the bottom. Six-coordinate Zn2+sites are also seen in
catalytic Zn2+ sites. In purple acid phosphatase, Zn2+ is involved in a Fe (III)-Zn (II) active
center bearing a distorted octahedral coordination (Guddat, McAlpine et al. 1999).
Several Zn2+ sites had to be grouped as non-physiological as they failed to
comply with the coordination criteria (ie. they had < 3 coordinating ligands). 69 cases
of Zn2+ sites did not contain any ligating group within the coordination sphere. Such
sites may be the result of structural inaccuracies, displacement of the metal during
harsh experimental procedures (ex: due to protein denaturation) or simply excess Zn 2+
ions added during structure elucidation. For example, the crystal structure of human
arginase-1 (PDB: 4gsz) contains nine Zn2+ sites. One of these, labelled 401A, has no
coordinating residues and is therefore likely to be due to the presence of excess Zn 2+
ions. Another example can be found in the crystal structure of murine olfactory marker
protein in spacp43212 (PDB: 1jod). Again, the Zn2+ site referred to as 316A is not
coordinated by any residue. Such Zn2+ sites were not considered during the statistical
analyses.
There were also Zn2+ sites that contained three amino residues with the fourth
missing. Incomplete coordination arrangements with three amino ligands have been
also observed by Alberts et al. (1998). These authors considered such sites to be
catalytic in their study, assuming the missing ligand should have been water (Alberts,
Nadassy et al. 1998). That is, there was a failure to include water molecules during the
structure elucidation process. However, coordination numbers less than four may also
be a result of inaccuracies in the atomic coordinates. Steric hindrance and electrostatic
repulsions may also induce a fourth amino ligand to be positioned at a greater
distance. In addition, these Zn2+ sites could form part of multi-nuclear catalytic Zn2+
sites, with the remaining ligands being outside of the 6.0 Å coordination
sphereconsidered and therefore going undetected. Due to the uncertainty surrounding
the assignment of such Zn2+ sites to relevant groups, they were not considered during
the statistical analysis in this study.
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Protein crystals used for X-ray diffraction are about half water (Wiencek 1999).
However, majority of the water molecules present in the crystal are disordered and
therefore cannot be resolved. Typically, only 10-20% of the water molecules that are
present in the crystal are shown in a PDB file generated by X-ray crystallography. Thus,
it is possible for the results to have been affected by unresolved water molecules that
may be present at the Zn2+ site. Zn2+ sites with less than three coordinating ligands may
be a result of this phenomenon. However, it is also important to note that a Zn2+coordinated water molecule would be expected to be tightly bound and hence,
relatively immobile within the structure. It should therefore be able to be resolved in
protein structures solved by both X-ray crystallography and NMR techniques. Thus, this
issue is unlikely to impact the results in a major way.
This study shows that structural Zn2+ sites are likely to be more redox sensitive
and active than their catalytic counterparts as they seem to have a higher tendency to
ligate Cys residues. Moreover, the majority of these seem to be of the most reactive S 4
type. Infact, a significant proportion of all Zn2+ sites correspond to the S4 type. As they
are considered to be stabilizing agents of protein structures, one would expect
structural Zn2+ sites to favour the ligation of redox inert residues. That is to maintain
the protein conformation during environmental redox fluctutations. Yet, the results
suggests otherwise. However, it is also important to note that redox inert Zn 2+ residues
such as His can be sensitive to pH fluctuations, thus, affecting this stability.
Nevertheless, these results may suggest that structural Zn 2+ sites tend to be more
prone to redox-mediated modifications than previously thought. It is possible for cells
(and proteins) to have evolved complex biochemical mechanisms to protect such Zn2+
sites from oxidative modifications to maintain the structural stability of proteins and to
exploit such oxidative modifications for the benefit of the cell (and protein molecule),
if needed.
Cysteine ligands confer redox properties to a Zn2+ site (Maret 2006). These
redox properties are frequently made use of during redox signalling and Cys-Zn2+ based
regulatory switches (Ilbert, Graf et al. 2006; Maret 2006). Thus, the dominance of
redox sensitive ligands in structural Zn2+ sites also seems to indicate that so-called
149

“structural sites” play a greater role in the functionality of proteins than previously
thought.
Catalytic Zn2+ sites are those where water is found as a Zn2+-binding ligand
(Vallee and Auld 1990; Auld 2001). The water molecule that complexes the Zn2+ ion
may take part in a multitude of ionization, polarization and displacement reactions,
conferring catalytic activity to the Zn2+ site (Vallee and Auld 1990). For example, in
NAD+-dependent liver alcohol dehydrogenase, which catalyzes the reversible oxidation
between alcohols and aldehydes, the Zn2+ bound water molecule is proposed to be
involved in a displacement reaction mechanism in order for the aldehyde substrate to
complex (Meijers, Adolph et al. 2007).
The redox sensitivity of catalytic sites is extremely low in comparison to
structural Zn2+ sites. In contrast to structural sites, nitrogen (N) seems to be the
preferred atom for coordination over sulfur (S). A similar observation, where catalytic
Zn2+ ions were shown to have a lower preference for S as well as O over the imidazole
N, has been made in a previous study (Vallee and Auld 1989). The Lewis acidity of
catalytic Zn2+ ions can be influenced by the polarizability of sulfur ligands (Maret 2004).
This could explain why zinc proteins in nature seem to be averse to redox-mediated
modes of catalytic interaction unless they are imperative for their function. The
inclination towards redox inert ligands to constitute the Zn 2+ coordination system in
catalytic Zn2+ sites may also be a safeguard mechanism adopted by proteins to ensure
that routine biological functions are not disturbed by fluctuations in the redox
environment.
Interestingly, a small number (1.7%) of potential redox sensitive catalytic sites
were of the S3-H2O type. The water molecule at the Zn2+ center can be displaced by a
thiol group within the resident protein or from another molecule to form a S 4 type site.
The S3-H2O type of ligand combination may confer flexibility to a particular catalytic
site to alternate between redox-active and enzymatically active states. This may be
useful in routine redox control processes.
Irrespective of their interfacial nature, protein interface Zn2+ sites share the
same characteristics in ligand combination as the other structural and catalytic Zn 2+
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sites. However, the majority of co-catalytic Zn2+sites were redox inert. It is rather
difficult to draw conclusions about co-catalytic sites as they are small in number.
There may be special instances of Zn2+ sites that are considered to belong to a
certain site type but do not fit the general criteria for assignment to the relevant
group. For example, in matrix metalloproteinases the Zn2+ site lacks a water molecule
but is considered catalytic as the fourth amino ligand is replaced by a water molecule
upon activation (Auld 2001). Thus, it is possible that a small number of such special
sites were overlooked during the analysis due to the difficulty of detecting them from a
data mining study on a high-throughput scale.
It was also found that all types of inert and redox-active Zn2+ sites are present
in all six classes of enzymes. Mono-nuclear catalytic type Zn2+ sites were the
predominant type found in enzymes as might be expected. Co-catalytic type Zn2+ sites
were the least present in enzymes. This could be a result of the limitation in solved
protein structures bearing co-catalytic Zn2+ motifs. Hydrolases were found to be the
most prominent type of enzymes associated with Zn 2+ sites. A large number of
enzymes (close to 50%) were detected in the normalized set of Zn 2+ containing
proteins. Enzymes are relatively easier to extract, in contrast to some other types of
proteins like membrane proteins. Thus, it is likely that a large number of proteins of
enzymatic origin have solved structures in comparison to some other protein types.
The GO term analysis was successful in validating the inert and redox-active
structural, catalytic, co-catalytic and protein interface Zn2+ sites datasets. Numerous
GO terms that were already known to be associated with such Zn 2+ sites were enriched
in all four datasets. A good example is metalloendopeptidase activity (GO: 0004222)
associated with inert mono-nuclear catalytic sites. Metalloendopeptidases are known
for Zn2+-mediated catalytic activity (Becker and Roth 1992). The GO term analyses was
also successful in showing biological processes and functions that are most associated
with different Zn2+ site types.
Overall, this study has been able to reveal the general patterns of ligand
combinations associated with different groups of Zn 2+ sites, with special emphasis on
redox sensitive types.
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Conclusions

In conclusion, this study has revealed trends and ligand combination patterns
associated with Zn2+ sites in proteins, which have not previously been analyzed from a
redox perspective. The study also shows that structural Zn2+ sites have a tendency to
be more redox sensitive than catalytic and interfacial types. The S4 type (four Cys) is
the predominant type of ligand combination in structural Zn 2+ sites. On the other hand,
catalytic Zn2+ sites prefer to ligate redox inert residues. All types of Zn2+ sites are found
in all six classes of enzymes. Hydrolases are the most prominent class of enzymes that
bind Zn2+.
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Chapter 4

Forbidden disulfides and Zn fingers
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Section 4.1 The association between FD motifs and Zn fingers

Background

Zn2+ has unique chemical properties, which makes it an important physiological
metal. Although Zn groups with transition metals in the periodic table, the five d
orbitals are filled (d10), rendering it chemically inert with respect to redox reactions i.e.
it does not undergo valence changing reactions like other transition metals such as Fe
(Maret 2004). Nevertheless, Zn2+ mediates important biological redox reactions
through its association with Cys. Recently, several novel observations were made
regarding redox-active Zn2+-binding sites during a data mining survey to find pairs of
protein structures in different thiol redox states (see chapter 2, section 2.1) (Fan,
George et al. 2009). In these protein “redox pairs”, Cys residues are disulfide bonded
in one crystal structure but reduced in another structure of the same, or a highly
similar, protein. For some of these redox pairs, the thiols in the reduced structures
were complexed with Zn2+ or another transition metal. This metal binding group
represented one of four groups of redox pair structures exhibiting major
conformational changes between redox states.
Around 30% of redox pair structures with likely redox-active Zn2+ sites were
found to contain metal ligating thiols suitably disposed to form “forbidden disulfide”
(FD) secondary structures motifs (Fan, George et al. 2009). FDs are a set of canonical
disulfide motifs in primary and secondary structure with non-optimal stereochemistry
(Wouters, George et al. 2007; Wouters, Fan et al. 2010). Previously, several major
types of FD motifs had been identified (Wouters, Fan et al. 2010), which break the
Richardson-Thornton (RT) rules of allowed protein contexts (Richardson 1981;
Thornton 1981) (see chapter 1). The RT rules specify protein contexts where
constraints on primary or secondary structure were postulated to preclude disulfide
formation. Specifically, the rules state that disulfide bonds should not be found
between Cys pairs: A-on adjacent β-strands of the same sheet; B-in a single helix or
strand; C-on non-adjacent strands of the same β-sheet; and D-adjacent in the
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sequence. However, as the PDB expanded disulfides breaking these rules were found,
with the first examples identified in 1995 (Wouters and Curmi 1995). The torsional
strain in these disulfide bonds is typically in the intermediate range of 10 to 17.5 kJ
mol-1 (Wouters, Fan et al. 2010). Hence, they are likely to be metastable and able to
perform redox roles in their resident proteins (Haworth, Liu et al. 2010). Therefore, FD
motifs can be used as redox markers in protein structures to predict their redox
reactivity.
Given the significant number of redox pair proteins with Zn2+-binding sites
associated with reduced FD motifs, it was hypothesized that the FD motifs could play
an important role in the redox regulation of Zn2+ expulsion, especially in Zn finger
proteins, which contain structural Zn2+ sites. Zn fingers are small protein structural
motifs that coordinate Zn2+ ions in order to stabilize their protein folds (Krishna,
Majumdar et al. 2003). Zn fingers have been classified by Krishna et al. (2003) into
eight different structural groups: C2H2-like, Gag fingers, Treble Clefs, Zn ribbons,
Zn2/Cys6, TAZ2 domain-like, Zn binding loops and Metallothionein (Krishna, Majumdar
et al. 2003). [Throughout this chapter, the classification and analysis of Zn fingers by
Krishna et al. (2003) will be referred to as the KMG study.] The classification of Zn
fingers by Krishna et al. (2003) will be discussed in detail in chapter 4, section 4.2.
Not much is known about the redox activity or thiol based oxidative
mechanisms that could be associated with Zn fingers. In fact, the redox biology of Zn
fingers is a poorly explored region in proteomics. Thus, this study aimed to investigate
the association between FD motifs and Znfingers. In order to do this, protein
structures containing structural Zn2+-binding sites in their reduced states were
examined for the potential to form FD motifs upon oxidation.
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Material and Methods

1)

Specific types of FD associated with Zn fingers

The list of structural Zn2+ sites in the PDB obtained from the survey in chapter 3
was compared against a list of reduced and oxidised FD motifs in PDB structures to
extract all Zn2+ sites where the metal ligating thiols had the potential to form a
disulfide in an FD motif. This was done using custom Perl scripts. The list of PDB
structures (as of June 2010) containing FD motifs (all types) was compiled by Dr Naomi
Haworth using a custom program, which draws on the results of various secondary
structure programs, in particular a modified version of DSSP (Haworth and Wouters
2012, under review). Next, the PDB structures containing FD motifs associated with
Zn2+ sites were compared against the list of redox pair protein structures. This allowed
the identification of FD motifs associated with structural Zn 2+ sites where the potential
for redox activity at the metal site could be supported by redox pair evidence.

2)

Discovery and Prevalence of the aHDD motif in Zn finger structures
One novel type of FD motif, which was termed the antiparallel Hairpin Diagonal

Disulfide (aHDD), was found to be associated with a significant proportion of structural
Zn2+ sites. Next, the 135 Zn finger structures used by Krishna et al. (2003) in their
classification of Zn fingers were assessed for the prevalence of the aHDD motif in each
Zn finger fold group. Each structure was examined for the presence of two Zn2+binding Cys residues located in positions i and j-2 of the hydrogen bonded region of
the β hairpins, which is characteristic to the aHDD motif (see Fig 4.1.1). The
assessments were made using HERA diagrams (Hutchinson and Thornton 1990), which
are schematic diagrams of hydrogen bonding patterns in protein secondary structures.
The PDBsum record (Laskowski 2001) corresponding to each PDB entry was also
visually examined for secondary structure and sequence records to cross check and
validate the presence of an aHDD motif. An example of how the HERA diagram and
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the record in the PDBsum database were used to detect and cross-validate the
presence of an aHDD motif is shown in Fig 4.1.1.
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Fig 4.1.1 Location of
the aHDD motif in
protein structures
A) HERA diagram of
the C-terminal domain
of the human TFIIH
P44 subunit
(PDB:1z60_A). The
aHDD motif area in the
β-hairpin is highlighted
by the red box. The
double arrows within
the motif indicate H
bonds. Residues 344351 form the β-hairpin
loop. Zn2+ ligating
residues Cys 345 and
Cys 348 located in the
aHDD motif are shown
by the yellow boxes.
Residues 345 and 350
lie directly opposite to
each other (i, j). The
second Zn2+ ligating
residue 348 lies at the
j-2 position.

B) The Zn2+ ligating residues that correspond to the aHDD motif, as shown in the PDBsum record of 1z60_A.The blue arrows point to the position of the
Zn2+ ligating residues Cys 345 and Cys 348 in the HERA diagram. C) The secondary structure and sequence records for 1z60_A, extracted from its
corresponding PDBsum record. The aHDD motif is highlighted by the red box. The β-strands are shown by purple arrows. The U-shaped red line within
the red box symbolises the β-hairpin turn. Zn2+-binding residues, relevant to the aHDD associated Zn2+ site are indicated by green triangles. (Blue
triangles indicate ligating residues of another Zn2+ site).
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3) Structural superposition of Zn2+-binding sites associated with the aHDD motif
To investigate if the aHDD motif was structurally conserved, a set of representative
Zn finger structures bearing Zn2+ ions ligated by two Cys residues forming an aHDD motif
were superimposed using the software Insight II. The representative structures were
chosen such that there was one structure from each Zn finger fold group of the KMG
study which contained the aHDD motif (KMG fold groups 1-4). These choices were made
by examining the arrangement of secondary structures at the Zn 2+-binding site using HERA
diagrams and PDBsum records. Backbone superimpositions were performed in two ways:
using all Zn2+ ligands; and using only the two Cys ligands of the aHDD motif. The structures
used for the superimpositions and the relevant Zn2+ ligands are listed below, with the Cys
of the aHDD motif in bold.PDB 1xb1_C: 300, 303, 320 and 327 [Fold 1, C2H2-like]; PDB
1a1t_A: 36, 39, 44 and 49 [Fold 2, Gag knuckle];PDB 1vdd_A: 57, 60, 69 and 72 [Fold 3,
Treble clef]; PDB 2k8d_A: 67, 70, 116 and 119 [Fold 4, Zn ribbon]; and PDB 1j8f_A: 195,
200, 221 and 224 [an aHDD-4X variant]. Stereo-diagrams of the superimposed reduced
aHDD motifs were generated by MolScript 2.1.
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Results

1)

Forbidden disulfide (FD) motifs associated with Zn2+-binding
1.1.

Canonical FD motifs
Several types of FD motifs were associated with the dataset of redox pair

structural Zn2+ sites. These were the JSD, aBDDn, aCSDh, aCSDn, aETD and vicinal
types. These FD types are shown in Fig 4.1.2. Some examples of redox pair protein
Zn2+ sites associated with these canonical FD motifs are shown in Table 4.1.1.

Fig 4.1.2 Canonical FD motifs
associated with structural
Zn2+ sites in redox pair
proteins. These motifs are
labelled: JSD, vicinal, aCSDh,
aCSDn, aBDDn and aETD.
Residues with β backbone
conformations are shown as
rectangles. Residues, which
can adopt either β or 
backbone conformations are
shown as rectangles with
rounded corners. The yellow
rectangles represent Cys
residues of the FD motifs.
Blue rectangles indicate
other residues. Hydrogen
bonds are shown by arrows.
Dotted arrows represent
hydrogen bonds which may
or may not be present.
JSDs link Cys residues on non-adjacent β-strands of the same β-sheet. Vicinal disulfides link Cys
residues adjacent in the sequence. CSDs link Cys residues that are cross strand partners in
adjacent β-strands (positions i and j). While aCSDh links Cys residues in hydrogen bonded sites
of anti-parallel adjacent β-strands, aCSDn have the same thiol registration but link Cys residues
in non-hydrogen bonded sites. aBDDns link Cys residues in the i and j±2 position in antiparallel
adjacent β-strands, with both Cys being in non-hydrogen bonded sites. aETD links Cys residues
in the i and j±1 position in antiparallel adjacent β-strands. FDs introduce strain to the resident
protein conformation.
*Dr. Naomi Haworth has contributed to this figure.
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It is important to note that FDs are disulfide linkages. However, in protein
structures considered in this study, the Zn2+ sites associated with FD are in the
reduced state. This means that the FD forming Cys are bound to Zn 2+. Thus, in these
Zn2+-binding sites, the Cys residues are arranged such that they are suitably disposed
to form the FD motif upon oxidation. However, for ease of expression they are also
referred to as the FD motifs here.

Table 4.1.1Zn2+ sites associated with canonical FD motifs.

Protein

ligands

type

Pfam

FD type

Involved Cys

PDB

TaNAPRTase

S4

S

PF01729

JSD

330-348

1ytd

TtLeu-tRNAs

S4

S

PF00133

JSD

439-484

1h3n

TtIle-tRNAs

S4

S

PF00133

JSD

461-502

1jzq

MmZPR1

S4

S

PF03367

JSD

51-80

2qkd

HsSMAD

S3N

S

PF03165

aBDDn

64-121

1ozj

Mmnucleolar protein

S3N

D

PF08790

aBDDn

13-40

1wjv

SWIM domain-

S3N

E

PF00569

aCSDn

46-58

2dip

MmElongF1

S4

E

PF05129

aCSDh

35-50

1wii

DmZAD(Grau)

S4

E

PF07776

aCSDn

17-53

1pzw

Mmnucleolar protein

S3N

E

PF08790

aETD

13-37

1wjv

Hsrabphilin

S4

D

PF01363

aETD

122-137

1zbd

TtLeu-tRNAs

S4

S

PF00133

aETD

439-442

1h3n

Dgdesulforedoxin

S4

S

PF06397

vicinal

28-29

1dxg

containing protein 2
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HsBirc8

S3N

E

PF00653

vicinal

302-303

3d9t

Ligands – the ligating residue combination [S-Cys, N-His], S-simple Zn site; D-contributing thiols are
part of two distinct Zn sites; E-one thiol donated from a Zn-binding site and the other from an
additional thiol.Ta - Thermoplasma acidophilum,NAPRTase - nicotinate phosphoribosyltransferase, Tt
- Thermus thermophilus, Leu-tRNAs – Leucyl-tRNA synthetase, Leu-tRNAs – Isoleucyl-tRNA
synthetase, Mm-Mus musculus, ZPR1–Zinc finger protein 1, Hs-Homo sapiens, SMAD - Sma and MAD
related proteins, iNOS – inducible nitric oxide synthetase, MsrB – methionine sulphoxide reductase B,
ElongF1 – Elongation Factor 1, Dm – Drosophila melanogaster, ZAD(Grau) –Zinc finger associated
domain of Grauzone, Birc8 – baculoviral IAP repeat-containing 8.

1.2 The aHDD motif associated with structural Zn2+ sites

The structural Zn2+ sites in redox pair proteins were found be predominantly
associated with an unusual type of FD motif, which was dubbed as the aHDD, during
this study. In fact, 72.8% of the FD motifs associated with the redox pair structural Zn2+
sites were aHDDs.
Although this di-thiol motif is not amongst the canonical set of disulfides that
break the RT rules, it is very closely related to one of the major types, the β-diagonal
disulfide in antiparallel β-sheet (aBDD). aBDDs breaks RT rule A: disulfides should not
connect residues on adjacent strands of a β-sheet. In aBDDs the Cys are out of register
by two residues, i.e. if one Cys is labelled residue i and its cross strand partner is
labelled j, the second Cys is found in either position j+2 or position j-2. The Cys residues
in aBDD motifs can be found as non-hydrogen-bonded residue pairs between adjacent
strands (aBDDn) (Wouters and Curmi 1995) or as hydrogen-bonded residue pairs
(aBDDh). In the Zn2+-binding aHDD motif, as in aBDDhs, one Cys is in a hydrogenbonded site, while the second thiol is out of register by two residues (i, j±2). However,
in the aBDDh motif the second Cys is also found in a hydrogen-bonded site. In most
cases the second Cys residue of the Zn2+-binding aHDD motif is located on a β-hairpin
turn formed between the two adjacent strands. This is shown in Fig 4.1.3.
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Fig 4.1.3. The aBDDh and aHDD motifs.
(A) Disulfide in an aBDDh motif. (B) Disulfide in an aHDD motif. Residues with β backbone
conformations are shown as rectangles and those inconformation are ovals. Residues
which can adopt either backbone conformation are shown as rectangles with rounded
corners. Disulfide linkage is shown by the red line. Hydrogen bonds are shown as arrows;
dashed hydrogen bonds may or may not be present. (C) Ball-and-stick structure of a
disulfide in an aBDDh motif (PDB: 1pb7 Cys 44-63). Note the roughly parallel relative
orientation of the backbone vectors of the Cys residues (shown as green lines). (D) Balland-stick structure of a disulfide in an aHDD motif (PDB: 2qaj Cys 44-63).
* Dr Naomi Haworth has contributed to this figure.

The differences between oxidised aBDDh and aHDD motifs can be seen in Fig.
4.1.3. For aBDDh motifs the backbones of the two Cys residues are roughly parallel
to each other, with both Cys held in place by the β secondary structure. This is not
the case for aHDD motifs, likely resulting in different disulfide conformations and
different strain energies on the disulfide bond. However the location of the Cys in
the tightly constrained β-turn forces the disulfide to adopt a stressed conformation,
as found in other FDs.While a disulfide forming between the two Cys of the aHDD
motif is not formally disallowed by any of the RT rules, it is likely to be a ‘forbidden’
disulfide due to its context. Significant buckling of the hairpin turn and highly
contorted disulfide conformations are likely to be required (Fig. 4.1.3 D). A second
important difference between aBDDhs and aHDDs relates to handedness: aBDDhs
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almost always connect residues with a registration of i and j+2 (where j is the βpartner of i), whereas in aHDD motifs the disulfide joins residues i and j-2 (Fig. 4.1.3).
Several examples of reduced aHDD motifs found in redox pair proteins are shown in
Table 4.1.2. The Zn2+ ligand combination, site type and the corresponding Pfam
model are also given.

Table 4.1.2 aHDD motifs associated with redox pair Zn2+ sites
Protein name

ligands type

Pfam

Cys involved
in motif

PDB

HsSIRT2

S4

S

PF02146

195-200
[CXXXXC variant]

1j8f_A

DrRecr

S4

S

PF02132

57-60

1vdd_A

HsBIR

S3N

S

PF00653

300-303

1xb1_C

HIVnucleocapsidpr

S4

S

PF00098

36-39

1a1t_A

MtMrsb

S4

S

PF07411

67-70

2k8d_A

BIR – Baculoviral IAP repeat containing protein 8, Dr – Deinococcus radiodurans, Hs
– Homo sapiens, HIV – Human immunodeficiency virus, Mt – Methanothermobacter
thermoautotrophicus, nucleocapsidpr – nucleocapsid protein, Mrsb– Methionine
sulfoxide reductase, Recr – Recombinational repair protein, SIRT2 - Silencing info
regulator 2-like protein.

The β-hairpin housing the two aHDD thiols has been previously noted and is often
referred to as a “Zn knuckle” (Krishna, Majumdar et al. 2003). Here, the term “Zn
knuckle” is specifically reserved to mean a β-hairpin housing, or formerly housing a Zn2+binding motif. The consistent registration of the thiols with respect to the cross-strand
hydrogen bonds of the hairpin has not previously been noted. Zn knuckles containing the
aHDD motif are a major subset of Zn knuckles. However, not all Zn knuckles contain
thiols arranged in an aHDD motif.
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1.3 Variant aHDD motifs in Zn proteins

The most common aHDD motif found in Zn finger domains is shown in Fig. 4.1.3 B. In
this motif there are two residues between the two Zn2+-binding thiols, resulting in a CXXC
motif in the primary sequence (ie. the thiols are at positions i and i+3 in the sequence).
Thus, the structure of an aHDD motif can be described as (i, i+3 = i, j-2). This motif
represents over 80% of aHDD and aHDD-like (variant) motifs found in the PDB (1136
examples in protein structures). The conformation of the β-hairpin associated with Zn2+binding aHDD motifs is also quite unusual and does not conform to any of the previously
defined β-turns (Venkatachalam 1968; Richardson 1981). This suggests that the turn is
also stressed and likely undergoes a conformational change upon release of Zn 2+.
Assessment of the FD motifs in the PDB also revealed several variations on the aHDD
motif. These include residue insertions/deletions in the β-turn between the thiols and
insertions/deletions in the β-turn after the C-terminal thiol. Motifs with residue insertions
or deletions in the β-turn between the thiols are still aHDDs, because the thiols still have
an i, j-2 registration. These aHDD between-thiol-variant motifs (aHDD-btv) most
commonly exist with one intervening residue (i, i+2, CXC: 47 examples in protein
structures), three residues (i, i+4, CXXXC: 24 examples) or four residues (i, i+5, CXXXXC:
107 examples) between the two Cys. These motifs are described as aHDD-X, aHDD-3X and
aHDD-4X respectively, where the numeral indicates the number of intervening residues.
(Thus the prototype aHDD motif can also be described as an aHDD-2X.) These motifs are
shown in the left panel of Fig. 4.1.4.
A small number of structures were also found to contain di-thiol hairpin motifs,
which are slightly different to the aHDD. These structures are related to two other FD
motifs known as the antiparallel End-Twist disulfide (aETD) and the antiparallel β-flip
disulfide (aBFD) (Wouters, Fan et al. 2010). In these FD motifs the disulfide connects Cys
residues at positions i and j±1 (aETD) or positions i and j±3 (aBFD) on adjacent strands of
β-sheet structures. These aHDD-like structures are shown in the right panel of Fig. 4.1.4.
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To emphasise the relationship with the FD motifs, these variant aHDDs have been called
antiparallel Hairpin-End Disulfides (aHED; i, j-1; 27 examples) and antiparallel Hairpin-Flip
Disulfides (aHFD; i, j-3: 13 examples) respectively. The aHED comes in two varieties; the
aHED-2X (middle of right panel) and the aHED-X (bottom of right panel).
Because of the tight hydrogen-bonding constraints, the polypeptide backbone of
each of these motifs adopts a distinct conformation. The number of residues between the
Cys (the CXnC sequence motif) is a major determinant of the N-terminal conformation of
the β-turn, while the choice of aHDD-like motif specifies the conformation of the
polypeptide chain in the C-terminal portion of the turn. Because the N and C-terminal
parts of the β-turn are mechanically linked, the two cannot be isolated and one influences
the other.

Fig
4.1.4.
Forbidden
disulfide hairpin motifs
found in Zn knuckle
structures.
Between thiol variants of
the aHDD motif are
illustrated in the pale yellow
panel on the left. (Top)
aHDD motif with one
residue between the Cys;
second Cys is at position i+2
= j-2.(Middle) aHDD motif
with
three
residues
between the Cys; second
Cys is at position i+4 = j2.(Bottom) aHDD motif with
four residues between the
Cys; second Cys is at
position i+5 = j-2.
The pale orange panel on the right contains some variants of the aHDD-like motif. (Top) aHFD motif;
second Cys is at position i+3 = j-3. (Middle) aHED motif; second Cys is at position i+3 = j-1. (Bottom) aHED
motif; second Cys is at position i+2 = j-1. Residues with β backbone conformations are shown as blue
rectangles and those in α conformation are purple ovals. Unless otherwise specified, these belong to the
αR region of the Ramachandran Plot. H bonds are shown as arrows; dashed hydrogen-bonds may or may
not be present. The disulfide bond is described by a red zig-zag connecting two Cys residues.
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A significant fraction of Zn knuckle structures in Zn-bindingproteins have pairs of
Zn2+-ligating thiols embedded in an aHDD motif. However, there are Zn knuckles where
the thiols do not form an aHDD or aHDD-like motif; Zn knuckles where one of the Cys is
replaced by an alternative Zn2+ ligand (such as a His); and Zn knuckles where one or both
Zn2+ ligands are missing (bare knuckles).

2) Identification of the aHDD motifs in Zn finger structures used in the KMG study

All the PDB structures used in the original KMG classification of Zn fingers were
screened for the presence and location of a Zn 2+-binding aHDD motif. The eight Zn finger
fold groups each contain several protein families. In each protein family all structures
share a high structural similarity within the vicinity of the Zn2+-binding site. [Each protein
family within Zn finger folds have been assigned an alphabetical code for ease of
identification in this study. Descriptions of each family can be found in chapter 4, section
4.2]. The prevalence and location of the aHDD motif (and variants) in Zn finger structures
used in the KMG study is shown Table 4.1.3 and in Fig 4.1.5.
The aHDD motif was not found to be randomly scattered amongst the Zn finger
structures; a clear pattern of its prevalence in these proteins was observed. The study
revealed that aHDD motifs are strictly limited to four Zn finger fold groups, namely the
C2H2-like, Gag knuckles, Treble clefs and Zn ribbons. This could be expected, as the Zn2+binding domains in the other four Zn finger fold groups do not formally have Zn knuckles.
However, these groups do sometimes have Zn2+-binding Cys residues in loop-like
structures. Nevertheless, none of these were found to contain aHDD motifs. In addition,
the aHDD motif also seemed to be mostly confined to the N-terminal end of the Zn2+binding site (47%). That is, the first twoZn2+-binding ligands in the protein sequence form
the aHDD motif. Exceptions were found amongst the Zn ribbons (fold group 4 in the KMG
study), where some structures had aHDDs in both the N and C-terminal Zn knuckles which
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form the group 4 fold, while others had no aHDD motif. While around 33% of the Zn
ribbon structures used in KMG study had the aHDD (or variant) motif only in the Nterminal Zn knuckle, 27% of them had it only in the C-terminal Zn knuckle. Around 20% of
Zn ribbon structures had the aHDD motif (or variant) in both the N and C terminal Zn
knuckles. Another 20% did not have the motif at all. The positioning of secondary
structural elements at the different KMG fold groups is such that an aHDD motif was not
found to involve the 2nd and 3rd Zn2+-binding ligands in the sequence amongst structures
in the KMG study.
In addition, few KMG structures were observed to contain aHDD variants. In all
cases these were aHDD-btv variants; the aHDD-4X was found in several structures in fold
group 1 and one fold 4 structure contained the aHDD-X type. These are shown in Table
4.1.3. It is also important to note that in three KMG structures in positions where one
might expect to find Cys residues suitably disposed to form an aHDD (or a variant type),
the Zn2+-ligating residue had been substituted by a His. These CXnH motifs were found in
the KMG groups 3A, 4B and 4H and are indicated by † in Table 4.1.3. Other aHDD variant
types described above were not seen amongst the KMG structures.

Table 4.1.3 Presence and location of the aHDD/aHDD variant motif in Zn finger structures
from the KMG study.

Zn2+-binding Cys residues located in a (variant)-aHDD/ motif are shown in bold. *Zn2+-binding residues
(metal is absent). The presence, location and variants of aHDD are shown in the 6th column. Zn (5th column)
– PDB HETATM number of the Zn2+ ion.The numbering of the fold groups are as follows:
Fold 1 – C2H2-like: A – C2H2 finger family, B – IAP domain family;
Fold 2 – Gag knuckle: A – Retroviral Gag knuckle family, B – Polymerase Gag knuckle family, C – Reovirus
outer capsid protein σ3 Gag knuckle family;
Fold 3 – Treble clef finger: A - RING finger-like, B – protein kinase cysteine-rich domain, C –
phosphatidylinositol-3-phosphate binding domain, D – nuclear receptor-like finger, E – nuclear receptor
DNA-binding domain, F – I-TevI endonuclease zinc finger, G – ribosomal protein L31, H – YlxR-like
hypothetical cystolic protein, I – tRNA synthetase treble clef domain, J – NAD+-dependant DNA ligase treble
clef domain, K – YacG-like hypothetical protein, L – His-Me endonucleases, M – RPB10 protein from RNA
polymerase II;
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Fold 4 – Zinc ribbon: A – classical zinc ribbon, B – cluster binding domain of Rieske iron sulfur protein, C –
adenovirus DNA-binding protein zinc ribbons, D – B-box zinc finger, E – rubredoxin family, F – rubredoxinlike domains in enzymes, G – Btk motif, H – ribosomal protein L36, I – cysteine-rich domain of the chaperone
protein DnaJ;
Fold 5 – Zn2/Cys6-like finger: A – Zn2/Cys6 finger family, B – copper responsive transcription factors;
Fold 6 – TAZ2 domain-like: A – TAZ2 domain family, B – zinc binding domain from the DNA polymerase III γ
subunit, C – N-terminal domain of HIV-1 integrase;
Fold 7 – short zinc-binding loops; Fold 8 – metallothioneins;

Fold
1

2

3

Family
1A
1A
1A
1A
1A
1A
1A
1A
1A
1A
1A

Structure
1ncsA
1zfdA
1tf6A
1ubdC
2gliA
1bhiA
1sp2A
1rmdA
2adrA
1znfA
1aayA

1A
1A
1A

1sp1A
1bboA
2drpA

1A
1A
1A
1B
1B
1B
1B
2A
2A
2A
2A
2B

1yuiA
1ej6C
1klrA
1e31A
1jd5A
1c9qA
1g73C
1a1tA
1a6bB
1dsqA
1dsvA
1i3qA

2C
3A

1fn9A
1chcA

3A

1jm7A

3A
3A

1fbvA
1borA

Zn2+ ligands
34,39,52,56
44,49,62,66
75,80,93,98
327, 330,343,347
233,238,251,256
Metal absent
5,10,23,27
91,96,108,112
134,137,150,155
3,6,19,23
137,140,153,157
165,168,181,185
5,8,21,25
32,35,48,54
113,116,129,134
143,146,159,164
36,39,52,57
183,186,199,203
5,8,21,26
57,60,77,84
263,266,283,290
77,80,97,104
300,303,320,327
36,39,44,49
26,29,34,39
31,34,39,44
58,61,66,71
67,70,77,80
107,110,148,167
51,54,71,73
8, 11, 29, 32
24, 26, 43, 46
24, 27, 44, 47
39, 41, 61, 64
381, 384, 404, 404
9, 12, 29, 32

Zn
A 61
A 71
A 203
C 502
A 262
A 32
A 120
A 162
A 27
A 202
A 203
A 30
A 61
A 171
A 172
A 64
C 2000
A 31
A 801
A 501
A 999
?
A 57
A 55
A 144
A 171
A 2008
A 2006
A 1001
A 71
A 70
A 123
A 124
A 1001
A 57

aHDD
N CXXXXC
N CXXXXC
N
N CXXXXC
N (9,14)*
N CXXXXC
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
-
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3A

1g25A

3A

1ldjB

3A
3B
3B

1dcqA
1e53A
1z60A
1ptqA

3B

1faqA

3B
3C

1kbeA
1vfyA

3C

1f62A

3C

1dvpA

3C

1jocB

3C

1fp0A

3C

1zbdB

3D
3D
3D
3D
3D
3D
3D
3D
3D
3D
3D

1fjfN
1j5eN
1jj2T
1ee8A
1k3wA
1ffyA
1l2bA
1xpaA
1gnf A
4gatA
2gatA
1b8tA

3D

1iml A

3D
3D

1zfoA
1g47A

3D

1kb6A

3D

1hcqA

3D
3E

1i3jA
1hcqA

24, 26, 40, 43
6, 9, 31, 34
26, 28, 46, 49
75, 77, 94, 97
53, 56, 68, 82
264, 267, 284, 287
Structure superseded by 1z60
345,348,368,371
244, 247, 269, 272
231, 261, 264, 280
152, 155, 173, 176
139, 165, 168, 184
346, 349, 367, 370
192, 195, 222, 225
176, 179, 200, 203
3, 6, 26, 29
18, 21, 44, 47
164, 167, 188, 191
180, 183, 210, 213
1374, 1377, 1402, 1405
1358, 1361, 1382, 1385
40, 43, 66, 69
28, 31, 48, 51
111, 114, 137, 140
94, 97, 119, 122
Structure superseded by 1j5e
24,27,40,43
6,9,32,36
238,241,258,261
237,240,257,260
886,889,906,909
249,252,269,272
105,108,126,129
204,207,225,228
12,15,33,36
7,10,28,31
10,13,31,34
37,40,58,61
118,121,139,142
145,148,166,169
3,6,24,27
30,33,51,55
5,8,26,29
10,13,32,35
38,41,59,61
24,27,41,44
60,66,76,79
7,10,24,27
43,49,59,62
151,153,164,167
7, 10, 24, 27
43, 49, 59 62

A 58
A 66
A 67
B 202
B 203
A 600
-A1
A2
A1
A1
A2
A2
A 300
A 301
A 52
A 53
A 401
A 402
B 302
B 303
A 89
A 90
B 300
B 301
N 307
Metal absent
A 501
A 501
A 1001
A 300
A 220
A 244
A 67
A 67
A 193
A 194
A 195
A 196
A 77
A 78
A 31
A 998
A 999
A 150
A 151
A 598
A 599
A 100
A 598
A 599

N

CXH †

N

CXH †

-N
N
N
N
N
N
N
N
N
N
N
N
N
-
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3F
3G

4

3H
3I
3J
3K
3L
3L
3L
3L

1i3jA
1lnrY
1nkw
1g2rA
1hc7A
1dgsA
1lv3A
7ceiA
1bxiA
1ql0A
1a73A

3L
3L
3M
4A
4A
4A
4A
4A
4A
4A
4A
4A
4A
4A
4A
4A
4B
4B
4B
4B
4C
4D
4E
4E
4E
4E
4E
4F
4F
4F
4F
4F
4F
4F
4F
4F
4F
4F

1mhdA
1en7A
1ef4A
1tfiA
1qypA
1pftA
1dl6A
1d0qA
1yuaA
1i50B
1kjzA
1jj22
1jj2Z
1jj2Y
1lnrZ
1qf8A
1ezvE
1rfsA
1g8kB
1eg9A
1aduA
1freA
1dx8A
1irnA
1dxgA
1b71A
2occF
1f4lA
1a8hA
1ileA
1zinA
1gaxA
1e4vA
1zakA
1iciA
1ma3A
1j8fA
1gh9A

151, 153, 164, 167
Structure superseded by 1nkw
Metal absent
Deteriorated Zn2+-binding site
427, 432, 458, 461
406, 409, 422, 427
9, 12, 28, 32
-Zn2+ is absent
Zn2+ is absent
125,132,134,138
41,100,105,110
absent
23,26,58,61
6, 9, 43, 44
12, 15, 40, 43
18, 21, 46, 49
8, 11, 27, 30
15, 18, 34, 37
40, 43, 61, 64
?
1163, 1166, 1182, 1185
60, 63, 72, 75
11, 14, 71, 74
19, 22, 34, 37
39, 42, 57, 60
Structure superseded by 1nkw
109, 114, 137, 140
159, 161, 178, 181
107, 109, 125, 127
60, 62, 78, 81
81, 83, 101, 104
396, 398, 450, 467
6, 9, 28, 34
10, 13, 43, 46
6, 9, 39, 42
9, 12, 28, 29
158, 161, 174, 177
60, 62, 82, 85
145, 148, 158, 161
127, 130, 144, 147
461, 464, 502, 504
130, 133, 150, 153
176, 179, 344, 347
--124, 127, 145, 148
126, 129, 150, 153
195, 200, 221, 224
7, 9, 24, 26

4G

--

--

A 100
--

--

-A 490
A 701
A 66
-A 201
A 202
A 401
A 56
A 51
A 58
A 51
A 60
A 151
B 3007
A 411
absent
absent
absent
A 216
absent
absent
absent
absent
A 531
A 43
A 71
A 55
absent
Fe – A 192
F 99
A 701
A 1000
A 1102
A 216
A 998
--A 2001
A 1001
A 1001
absent

-C
N
--

--

NC
NC
C
C
N
NC
NC
C
C
C CXXH †
C
C CXXH †
C CXXH †
C
N
N
N
N
NC
N
N
NC
N
N
--N
N
N
N C
CXC
variants
--
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5

6

7

8

4H

1dfeA

11, 14, 27, 32

A 38

4I
5A
5A

1exkA
1d66A
2hapC

5A

1zmeC

5A

2alcA

5B
6A

1co4A
1f81A

6A

1l8cA

6B

1jr3A
1jr3E
1wjbA
1hsoA
1e3jA
1i3qC
1a5tA
1cyqA1
1gpcA
1enuA
1iq8A
1ia9A
1cw0A
1cyqA2
1ldjB
4mt2A

31, 34, 53, 56
absent
64,67,74,81
64,81,84,93
34,37,44,50
34,50,53,60
12,15,22,39
12,39,42,49
11,14,23,25
19,23,28,33
42,46,54,57
67,71,76,81
18,22,35,40
49,53,59,64
73,77,82,85
64,73,76,79
50,59,62,65
12,16,40,43
97,100,103,111
96,99,102,110
86,88,92,95
50,59,62,65
125,132,134,138
absent
318,320,323,349
279,281,284,307
1751,1808,1810,1814
66,71,73,117
41, 100,105,110
53,56,68,82
15,19,24,29
7,13,15,26

A 81
C 136
C 137
C1
C2
A 64
A 65
A 43
A 88
A 89
A 90
A 96
A 97
A 98
A 400
E 400
A 56
A 1375
A 901
C 2002
A 501
A 601
A 500
A 600
A 2001
A 201
A 602
B 203
A 67
A 68

6C
7
7
7
7
7
7
7
7
7
7
7
7
8

C
CXXXXH †
-

-

-
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Fig 4.1.5.The presence and
location of the aHDD motif in
Zn finger structures used in the
KMG study. The aHDD motif
was confined to the first four
fold groups: the C2H2-like (1),
Gag knuckles (2), Treble clefs
(3) and the Zn ribbons (4). The
motif was absent in the
Zn2/Cys6 (5), TAZ2 domain like
(6), Zn binding loops (7) and
Metallothioneins (8) despite the
presence of Zn2+-binding Cys
residues in loop-like structures
in some of these fold groups
(5,7,8).

3) Structural conservation of aHDD motifs

As the aHDD motif was frequently encountered in Zn finger structures, it was
important to determine if this motif was structurally conserved. Structural conservation of
a particular motif can be used as an indicator of its significance in the function of its
resident protein. As the Zn2+ ligating aHDD is a FD motif type, there is an even higher
likelihood that it might be redox-active. Thus, it was reasoned that structural conservation
of this motif would indicate the possibility of a likely redox role for this motif in Zn fingers,
most probably via metal expulsion.
A set of representative Zn finger structures (fold groups 1-4) containing reduced
aHDD motifs was superimposed as shown in Fig 4.1.6. These structures were aligned using
173

the Cys ligands embedded in the aHDD motif (Fig 4.1.6, A) and all the Zn 2+-binding ligands
(Fig 4.1.6, B). The backbone conformations for the aHDD motifs were highly similar in all
the superimposed structures. Thus, the structure of the aHDD motif was consistent
throughout all four Zn finger folds.
Root Mean Square (RMS) deviation is a measure of the average distance between
atoms (usually backbone atoms) of superimposed protein structures (Maiorov and
Crippen 1994). There was a marked difference in the RMS deviations obtained from the
structural alignments performed using only the aHDD Cys residues and those where all
Zn2+-binding residues were included. For the superimposition of aHDD Cys residues, the
RMS deviations in aligned positions were 0.816 Å, 0.257 Å, 0.288 Å and 0.236 Å for the
PDB entries 1j8f, 1vdd, 1a1t, and 2k8drespectively when paired against 1xb1. For the
superimposition of all Zn2+ ligands,

the RMS deviations for the pairwise alignment

positions against the residues of 1xb1 were 3.625 Å, 1.584 Å, 1.751 Å and 0.948 Å for
1j8f, 1vdd, 1a1t and 2k8d respectively. Higher RMS deviation values indicate higher
variability in structural conformations. The low RMS deviation values obtained for the
alignment of aHDD Cys residues indicate the high structural conservation of the motif
across Zn finger fold groups. Even the variant aHDD-4X motif (PDB: 1j8f) aligned well with
the rest of the aHDD structures, even if the RMS deviation observed for this structure was
slightly higher than the rest.
In the superimposition of all Zn2+ ligating residues (Fig 4.1.6, B), the aHDD ligands
(on the right) show significantly less variability in conformation compared to the nonaHDD Zn2+ ligands (on the left). This further supports the high structural conservation of
the aHDD motif.

174

A

B

Fig 4.1.6. Stereo-view of superimposition of
aHDD motifs associated with Zn2+-binding.
(A) Structural alignment of reduced aHDD
motifs associated with Zn2+ sites based
on the two Cys ligating residues. The
superimposed structures are colour
coded as follows. Human Sir2 histone
deacytylase (PDB: 1j8f) in blue;
recombinational repair protein RecR
(PDB: 1vdd) in green; nucleocapsid
protein from HIV (PDB: 1a1t) in orange;
BIR domain of IAP-like protein (PDB:
1xb1) in pink and Methionine sulfoxide
reductase
of
Methanobacter
thermautotrophicus (PDB: 2k8d) in black.
The Zn2+ ions are represented by the
spheres at the center.
(B) Superposition of the same structures
using all ligating residues in Zn2+-binding
sites associated with aHDD motifs.
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Discussion

In this study, a novel type of FD motif, dubbed the aHDD, which is associated with
Zn2+-binding in proteins was identified. This aHDD motif has a consistent thiol registration
and a hydrogen bonding pattern that is similar to another FD motif known as the aBDDh.
The aHDD motif has not been previously noted elsewhere. It was also found that the
aHDD motif was structurally conserved throughout the first four Zn finger fold groups (14), suggesting that it may be of some functional significance.
Several variants of the aHDD motif were also identified during this study. These
can vary in the number of intervening residues between the two Cys residues of the aHDD
motif or in the thiol registration pattern. There can also be variants where one or both Cys
residues of the aHDD are substituted by other residues. These variations to the aHDD
motif may also be of some functional significance.
The prevalence of the aHDD motif in Zn fingers was examined using Zn finger
structures from a classification study by Krishna et al. (2003) (Krishna, Majumdar et al.
2003). It was found that the aHDD motif was confined to certain fold groups (1-4) and to
certain distinct locations within the Zn finger, most commonly involving the two Nterminal Zn2+-binding ligands. Oxidative conditions can cause metal expulsion and the
formation of disulfide linkages at protein metal sites. The Zn 2+ ligating Cys in aHDD are
held in close proximity by the arrangement of secondary structures, enhancing the
likelihood of them pairing up. However, given the high strain and instability the disulfide
bond in an aHDD motif can confer upon the β-hairpin on which it is located, it is highly
likely for the motif to be redox-active, and thus be readily reduced to re-form the Zn2+binding site.
There is some experimental evidence to support the reversible formation of
disulfides in aHDD motifs in Zn fingers. For example, the aHDD involved Zn2+-binding
domain of human YVH1 is suggested to act as a redox sensor to prevent the active site Cys
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from being inactivated by oxidation. This protects the cells from extreme oxidative stress
conditions. The reversible expulsion of Zn2+ is thought to keep human YVH1 functionally
responsive to protect cells during oxidative stimuli (Bonham and Vacratsis 2009).
UMSBP, a CCHC-type Zn finger protein, contains an N-terminal aHDD. This protein
interacts with DNA during replication, initiation and segregation of kinetoplast DNA.
Interestingly, the UMSBP needs to be in its monomeric reduced form to bind DNA (Sela
and Shlomai 2009). Oxidation causes the protein to expel the Zn2+ ions from CCHC-type Zn
fingers; this allows the Zn finger domains to unfold and the molecule to oligomerize,
which in turn impairs its DNA-binding activity (Sela and Shlomai 2009).
A C-terminal aHDD motif occurs in the human replication protein RPA, which is a
single stranded-DNA binding protein with three subunits (Lee and Kim 1995). A conserved
(S4)-type Zn finger motif is present in its largest subunit, which is implicated in the redox
regulation of RPA through the reversible oxidation of Zn 2+ ligating Cys (Men, Roginskaya et
al. 2007). In its reduced state, the Zn2+-Cys coordination mediates a conformational
change that could facilitate the formation of a stable RPA-ssDNA complex (You, Wang et
al. 2000). Upon oxidation, Zn2+ is released from the site to form two disulfide bonds. This
results in a weak, unstable RPA-ssDNA complex (You, Wang et al. 2000). The loss of RPAssDNA binding activity can be reversed upon the addition of DTT, a strong reducing agent
(Men, Roginskaya et al. 2007). This suggests that the aHDD containing Zn finger motif is
involved in the redox regulation of RPA’s ssDNA binding activity.
It is possible for the Cys residues of the aHDD motif to disulfide bond to expel Zn 2+
upon oxidation, while the non-motif Zn2+ ligating residues act as sensors to changes in the
environment. Non-motif Cys ligands may sense redox signals, which can then be
transmitted to the metal site via these residues. For example, Hsp33 contains a Zn 2+-based
redox switch where the Zn2+ is ligated by four Cys residues. The N-terminal Zn2+ ligating
Cys residues are located in an aBDDn type FD motif, while the C-terminal Zn2+ ligating
residues are non-motif ligands. Upon exposure, the C-terminal (non-motif) ligands are first
attacked by H2O2(Ilbert, Horst et al. 2007). Thus, the C-terminal residues act as H2O2 stress
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sensors. The sensor regions confer activation of Hsp33 via the expulsion of Zn2+, thereby
unfolding the Zn center (Ilbert, Horst et al. 2007). The FD motif involved in this instance is
not aHDD but aBDDn. Given the structural similarities observed between these two types
of FD motifs from a β context, it is highly likely for aHDD based redox switch centers to
adopt a similar mechanism of sensing redox signals and activating the switch accordingly.
Similarly, it may be possible for non-motif Zn2+ ligating His residues at aHDD based Zn2+switches to sense fluctuations in cellular pH, thereby activating the switch based on pH
signals.
It is also interesting to note that most pairs of Cys residues in aHDD motifs are
present in PDB structures in the reduced state, with Zn 2+ bound. A small number of
oxidized structures do exist. Unfortunately, however, while these thiols have been shown
experimentally to oxidise to give a disulfide (Ilbert, Horst et al. 2007; Men, Roginskaya et
al. 2007; Smirnova, Zhukova et al. 2007; Bonham and Vacratsis 2009; Sela and Shlomai
2009), there are too few high resolution X-ray structures of the oxidised systems to allow
an accurate estimate to be made of the strain in these disulfide bonds. Since most Zn
finger proteins are known to be Zn fingers prior to crystallization (from sequencing,
bioinformatic and biochemical techniques) they are routinely crystallized from solutions
containing DTT in a conscious effort to prevent oxidation and thus, expulsion of the Zn2+
that stabilizes the domain.
However, there is evidence of oxidized aHDDs in a small number of structures
showing partial oxidation. For instance, in the partially oxidized form of the Zn finger in the
regulatory chain of aspartate transcarbamoylase (PDB: 1tug_D), the Zn2+ is only partially
occupied in the crystal (75%). The B-factor (Debye-Waller factor) is a measure of
theheterogeneity in the crystal, which in this case likely reflects a mixture of oxidation
states in the D chain. Both the Zn2+ atom and the  sulfur of one of the Zn2+-ligating
residues (Cys 109) have higher B-factors than other atoms in the structure, in particular
the equivalent atoms of the identical, but reduced, B chain (Stieglitz, Stec et al. 2004).
Unfortunately, however, the currently available Zn-protein structures with oxidized aHDD
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motifs are not sufficient to deeply understand the structural implications of aHDD motif
oxidation.

Conclusion

In conclusion, this study discovered the existence of a novel FD motif, the aHDD,
which is commonly associated with Zn2+-binding. It has a consistent thiol registration and
a hydrogen bonding pattern that has not been noted previously. The aHDD motif is very
common in Zn protein structures. 72.8% of the FD motifs associated with the redox pair
structural Zn2+ sites were aHDDs. It was found to be confined to the C2H2-like, Gag
knuckle, treble clef and Zn ribbon folds of Zn finger structures. In addition, it was also
confined to distinct locations within these folds. The motif was also found to be
structurally conserved, implying that it has functional significance. As the disulfide formed
within the aHDD motif is expected to be highly strained, it is likely to be of redox functional
importance. There is also some experimental evidence to support a role for the aHDD
motif in Zn2+ based redox regulation of protein function. Several variants of the aHDD
motif were also identified.
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Section 4.2 Updating the Zn finger classification

Background

The term “Zn fingers” broadly refers to small protein structural motifs that
coordinate Zn2+ ions in order to stabilize their protein folds (Krishna, Majumdar et al.
2003). Often small protein domains need to be stabilized, either through disulfide linkages
or by chelating metal ions (Trivedi, Laurence et al. 2009). Therefore, Zn2+ ions in these
domains are largely thought to play a structural role (Berg and Shi 1996; Krishna,
Majumdar et al. 2003). They have been identified in numerous proteins that play a wide
variety of functions in biological systems. Zn finger domains are often associated with
transcription factors (ex:- GATA) (Molkentin 2000), DNA replication and repair (ex:- RPA)
(Park, Wang et al. 1999), metabolism (ex:- ZNF202) (Wagner, Hess et al. 2000), apoptosis
(ex:- A20, TRAF2) (Lademann, Kallunki et al. 2001) and cell proliferation (ex:- ZFHX1A) (Liu,
Costantino et al. 2007).
The first Zn finger domain was identified in Xenopus laervis basal transcription
factor TFIIIA. The structure of this protein resembles a finger (Miller, McLachlan et al.
1985), hence the name ‘Zn fingers’. With the significant advances in crystallographic and
protein sequencing techniques, a rapid growth of Zn finger domains has been observed in
structural databases such as the PDB in the recent years. To manage this growing volume
of information, comprehensive classification systems of Zn fingers need to be in place.
Detailed classification systems allow researchers to deduce structural, functional and
evolutionary relationships that exist among Zn fingers and to assign novel Zn fingers to
relevant classification categories, thereby predicting their structures and functions.
Various attempts to classify Zn proteins based on their ligand composition and
geometry are in abundance in the literature, as discussed in previous chapters. However
classification systems for Zn fingers based on a structural perspective are scarce. The
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most comprehensive structural classification system of Zn finger domains to date is that of
Krishna et al. (2003). This classification (the KMG study) is based on the structural
backbone similarities at the Zn2+-binding site (Krishna, Majumdar et al. 2003). Zn finger
domains have been organized into eight different fold groups by Krishna et al. (2003),
according to the spatial arrangement of secondary structural elements that donate the
Zn2+-binding ligands (Krishna, Majumdar et al. 2003). These fold groups are C2H2-like, Gag
knuckle, treble clef, Zn ribbon, Zn2/Cys6-like finger, TAZ2 domain-like, short zinc-binding
loop and metallothioneins (Krishna, Majumdar et al. 2003). These fold groups are shown
in Fig 4.2.1.
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Fig 4.2.1The eight fold groups of Zn fingers proposed by Krishna et al. (2003), based on
backbone structural similarities at the Zn 2+ coordination site. The second column contains
the representative structure for each fold group. The third column describes the placement
of ligands in secondary structures while the fourth column contains the PDB structures of
each fold group used in the KMG classification study. *The figure is adapted from Krishna et
al. (2003).
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C2H2-like Zn fingers

Fold group 1, C2H2-like Zn fingers comprise a β-hairpin, also known as a Zn knuckle,
followed by an α-helix (Krishna, Majumdar et al. 2003). Together these form a left-handed
ββα-unit in which two of the Zn2+-binding ligands are donated by the β-hairpin, while the
other two are from the C-terminus of the α-helix (Krishna, Majumdar et al. 2003). This fold
group is sub-classified into two families; the C2H2 fingers and the IAP domain family
(Krishna, Majumdar et al. 2003). In this chapter, these families will be referred to as 1A
and 1B, respectively. The C2H2 finger family seems to have functional commonality in
regulation of transcription and protein-protein interactions, while IAPs are associated with
the inhibition of caspases that induce apoptosis (Deveraux and Reed 1999; Krishna,
Majumdar et al. 2003).

Gag knuckles

The Gag knuckles of fold group 2 are composed of two short β-strands connected by
a β-hairpin that donates a pair of ligands, followed by a short loop or a helix that donates
the other ligand pair (Krishna, Majumdar et al. 2003). This fold group has been subclassified into three families, namely the retroviral Gag knuckle family, polymerase Gag
knuckle family and reovirus outer capsid protein σ3 Gag knuckle family (Krishna,
Majumdar et al. 2003). In this chapter, these families will be referred to as 2A, 2B and 2C,
respectively.

Treble clefs

Fold group 3, the treble clef fingers, comprise an N-terminal β-hairpin and a Cterminal α-helix. Each of these contribute two ligands to the metal binding site (Krishna,
Majumdar et al. 2003). In contrast to fold group 1, two Zn2+ ligands are donated by the N183

terminal of the helix. A loop and a β-hairpin have been found between the N-terminal βhairpin and the C-terminal helix in most treble clefs. This loop and the β-hairpin may be
substituted by either a helix or a pair of helices in some cases (Krishna, Majumdar et al.
2003). A trace of the Cα backbone projects outward, which when viewed at a certain
angle resembles the treble clef sign, hence the name (Grishin 2001). A large number of
functionally diverse proteins are unified in this fold group based on the presence of the
treble clef core domain (Grishin 2001). Often these proteins share none or low sequence
similarity (Krishna, Majumdar et al. 2003). Most treble clef domains bind one or several
metal ions, which serve a structural purpose (Matthews and Sunde 2002). Proteins of this
fold group have a variety of functions, such as DNA, protein and small ligand binding and
acting as enzymes (Grishin 2001). They are also associated with molecular recognition and
signal transduction pathways (Grishin 2001).
The treble clef fold group contains thirteen families. The thirteen treble clef families
and the referral system used for them in this chapter are as follows: RING finger-like (3A),
protein kinase cysteine-rich domain (3B), phosphatidylinositol-3-phosphate binding
domain (3C), nuclear receptor-like finger (3D), nuclear receptor DNA-binding domain (3E),
I-TevI endonuclease Zn finger (3F), ribosomal protein L31 (3G), YlxR-like hypothetical
cystolic protein (3H), t-RNA synthetase treble clef domain (3I), NAD+-dependant DNA
ligase treble clef domain (3J), YacG-like hypothetical protein (3K), His-Me endonucleases
(3L) and RPB10 protein from RNA polymerase II (3M) (Krishna, Majumdar et al. 2003).
Treble clef Zn fingers can be further classified based on the number of bound Zn 2+
ions at the fold (Matthews and Sunde 2002). While some treble clef proteins coordinate a
single Zn2+ ion others coordinate two. Treble clefs such as the RING (Really Interesting
New Gene) (Chasapis and Spyroulias 2009), PHD (Plant Homeo Domain) (Mansfield,
Musselman et al. 2011) and FYVE domains have cross-braced topology, where the two
sets of Zn2+ ligands alternate in the sequence (Matthews and Sunde 2002). [FYVE domain
is named after the four proteins in which this domain is found: Fab1, YOTB, Vac1 and
EEA1 (Stenmark and Aasland 1999).]
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Zn ribbons

The majority of Zn fingers seem to fall in to fold group 4, the Zn ribbons. Like the
treble clefs, Zn ribbons appear to be diverse in function with limited sequence similarity
(Hahn and Roberts 2000; Krishna, Majumdar et al. 2003). The Zn2+ ligands of the proteins
in this group are contributed by a pair of β-hairpins (Krishna, Majumdar et al. 2003). The
primary β-hairpin contains the N-terminal Zn2+ sub-site (which contributes two ligands),
while the remaining two ligands are found in the C-terminal sub-site, which rests in the
secondary β-hairpin (Krishna, Majumdar et al. 2003). An additional β-strand may form
hydrogen bonds with the secondary β-hairpin, forming the three-stranded β-sheet
structure seen in most Zn ribbon domains (Krishna, Majumdar et al. 2003).
Zn ribbons have been sub-classified into nine families. The nine families of this fold
group and the referral system used for them in this study are: classical Zn ribbons (4A), the
cluster binding domain of Rieske iron sulfur protein (4B), the adenovirus DNA-binding
protein Zn ribbons (4C), B-box Zn fingers (4D), Rubredoxin family (4E), Rubredoxin-like
domains in enzymes (4F), Btk motif (4G), ribosomal protein L36 (4H) and Cysteine-rich
domain of chaperone protein DnaJ (4I) (Krishna, Majumdar et al. 2003). The Zn ribbons
can also be sub-classified based on the handedness of the ligand binding geometry. The
majority are left-handed (Krishna, Majumdar et al. 2003).

Other fold groups

The Zn2/Cys6-like fingers of fold group 5 consist of Zn binding domains where two
Zn2+-binding ligands are from a helix and another two come from a loop (Krishna,
Majumdar et al. 2003). As their name suggests, they contain a binuclear Zn cluster in
which two Zn2+ ions are coordinated by six Cys residues (Krishna, Majumdar et al. 2003).
The group contains two families: the Zn2/Cys6 finger family and the copper responsive
transcription factors (Krishna, Majumdar et al. 2003). Zn2/Cys6-like fingers are known for
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their role in transcription activation by binding DNA that contain one or more copies of a
CGG-variable-CCG motif (Lukens, King et al. 2000).
Fold group 6, TAZ2 domain-like, is characterized by the Zn2+-binding ligands being
located in the termini of two α-helices (Krishna, Majumdar et al. 2003). This group has
been sub-classified into three families, namely the TAZ2 domain family, Zn-binding
domain from DNA polymerase III γ subunit and N-terminal domain of HIV-1 integrase
(Krishna, Majumdar et al. 2003).
Fold group 7, short Zn-binding loops, contain at least three Zn2+ ligands that are
located very close to each other in the sequence and are not incorporated into regular
secondary structural elements (Krishna, Majumdar et al. 2003). Proteins coordinating a
single Zn2+ ion through short, non-homologous loops with no regular secondary structure
have been grouped under this fold (Krishna, Majumdar et al. 2003).
Similarly, the metallothioneins of fold group 8 lack clearly defined regular structural
elements and are classified based on the presence of cysteine-rich loops of 60-70 residue
length that bind various metals (Krishna, Majumdar et al. 2003). These Zn fingers bind to
excess metal ions in the cell, thereby protecting the cell against metal toxicity (Palmiter
2004).
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The scope of the Krishna et al. (2003) study was limited to the Zn finger structures in
the PDB and SCOP databases at that time. Some novel Zn binding domains have not been
considered in the study, such as the Zn2+-chelating DNA binding BED finger. The BED finger
shares some commonality with the C2H2 Zn fingers, yet is distinct in the arrangement of
the secondary structural elements (Aravind 2000). These BED fingers are found in
chromatin-boundary-element-binding proteins, such as BEAF, DREF and Dpy20 (Aravind
2000). They are also found in transposases, such as Hobo-AC1 and TAG1 elements of
mobile genomic parasites (Aravind 2000). In addition, another two novel domains, WRKY
and GCM1, were discovered in 2006. These are both Zn 2+ chelating DNA binding domains
that were not included in the original classification (Babu, Iyer et al. 2006). There is,
therefore, a pressing need for the classification of Zn finger structures to be expanded and
updated.
A novel type of forbidden disulfide (FD) motif, termed the aHDD, was discovered
during this study (chapter 4, section 4.1). The reduced aHDD motif is found on many Zn 2+
ligating β-hairpins and is likely to be redox-active. The aHDD motif was found to be
prevalent in Zn fingers. Its presence and distinct location with respect to different Zn
finger fold groups can be used as a good marker of potential redox-active Zn fingers and
can be used in the expansion of their classification.
There is a large gap between the solved sequences and structures of proteins.
Therefore, it would also be extremely valuable to be able to expand classifications of
proteins to sequences, in order to achieve maximum possible coverage. The possibility of
extending the classification of Zn finger structures to sequences, with particular emphasis
on those containing aHDD motifs, using Pfam models were also explored in this section.
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Material and Methods

Acquisition of novel PDB structures to update the KMG classification

The number of structures in the PDB had grown significantly since 2003 when the
KMG study was reported. Thus, it is extremely likely that the PDB holds many additional
structures containing Zn fingers. Firstly, these additional structures had to be acquired to
update the KMG classification. A hierarchical approach (shown in the scheme in Fig 4.2.2)
was used to collect these additional Zn finger structures, to group them within the KMG
classification, and to expand the classification to cover any new Zn finger fold groups or
families. Several different techniques were used. For many of these, the Zn fingercontaining PDB structures listedin the KMG study were used as template structures.
Throughout this chapter they will be referred to as ‘seed’ structures.
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Fig 4.2.2 Acquisition of PDB entries associated with Zn finger fold groups. The flow chart summarizes the
methodology for collecting Zn-finger-containing PDB structures using the Dali, SCOP, SwissProt, Pfam, PDB
and PDBsum databases and the assignment of KMG groups to these PDB structures. Each classification
strategy is described in detail in the following text.

The Dali strategy (brown path)

The Dali (Distance matrix ALIgnment) database is based on extensive 3D structure
comparison of protein entries that are currently in the PDB (Holm and Sander 1995).
DaliLite V.3 performs pairwise alignments of PDB structures and computes a Z-score that
indicates the degree of structural similarity between them (Holm and Sander 1995). It can
be downloaded from http://ekhidna.biocenter.helsinki.fi. Structural ‘hits’ with pairwise
Dali Z-score values between 5.0-10.0 are significant in terms of statistics and are nonhomologous to the query structure. Only Dali Z-scores above 2.0 are statistically
significant (Holm, Kaariainen et al. 2008), while scores above 10.0 tend to match the same
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PDB structure (values close to 100.0) or another structure corresponding to a protein
domain with the same or a very similar sequence. The Dali database was queried for
matches to each of the seed structures. Structural ‘hits’ that reported a pairwise Dali Zscore between 5.0 and 10.0 for each seed structure were selected (Level 1 PDB). Any PDB
‘hits’ that were not already in the KMG classification (seed structures) were re-used as
query structures. Hits that reported Dali Z-scores between 5.0-10.0 for the new query set
were also selected (Level 2 PDB). The lists of potential Zn finger structures obtained at
level 1 and 2 of the Dali strategy were merged. A large number of potential Zn finger PDB
structures were obtained from this strategy. Therefore, a non-redundant list of the PDB
structures obtained from this Dali strategy was compiled by clustering them based on
their corresponding Uniprot/SwissProt accession number. Thus, a single structure for each
distinct protein sequence was obtained by this step. For this purpose the flat file
uniprot_sprot.dat.gz (Release 2010_07), downloaded from the UniprotKB/SwissProt
database at ftp://ftp.uniprot.org/pub/databases/uniprot was used.
The potential Zn finger PDB structures acquired for each KMG family by the Dali
strategy were superimposed with the corresponding KMG seed structures using the
software, Insight II. This allowed anyfalse positive structures to be weeded out and any
potential new groups/subgroupsto be detected. MolScript 2.1 was used to visualize the
superimposed structures. All true positive PDB structures were added to the relevant
KMG group PDB list.

The SCOP strategy (blue, red, green and black paths)

SCOP is a database that provides extensive information on structural and
evolutionary relationships that exist among proteins whose structure has been solved
(Murzin, Brenner et al. 1995). Protein structures are classified hierarchically in SCOP
(Murzin, Brenner et al. 1995). Protein domains that have highly similar structures are
clustered together into families, which in turn are grouped into superfamilies.
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Superfamilies with common folds are grouped together. Each level of hierarchy to which a
protein is assigned has a SCOP identifier (ID). For example, PDB: 1rmd_A has a unique
SCOP domain ID, px=45025. The source of origin (species) for the protein corresponding to
this structure is Mus musculus (sp=57672). The structure belongs to the protein V(D)J
recombination activating protein 1 (dm=57671), which is grouped into the classic zinc
finger (C2H2) family (fa=57668). This family is a member of the superfamily beta-betaalpha zinc fingers (sf=57667), which is grouped under the SCOP fold beta-beta-alpha zinc
fingers (cf=57666) [the names of the fold and superfamily are the same in this case]. All
folds have been assigned to one of 11 classes in the SCOP classification system. PDB:
1rmd_A from the above example belongs to the class, small proteins (cl=56992). There is a
close relationship between folds defined within SCOP class 7 (small proteins) and KMG
families.
The SCOP database was also used to update Zn finger structures. The SCOP
parseable file dir.cla.scop.txt_1.75, which was released in June 2009, was downloaded
from http://scop.mrc-lmb.cam.ac.uk/scop /parse/index.html for this purpose.

A)

The downloaded SCOP flat file (dir.cla.scop.txt_1.75) was searched for the PDB file
name of each of the KMG seed structure using custom Perl scripts. Because of the
close relationship between folds defined within SCOP class 7 and KMG families, for
KMG seed structures belonging to SCOP class 7 folds [small proteins; cl=56692], the
SCOP fold IDs [cf=*] were extracted. All other PDB structures that belonged to the
same SCOP fold as the seed structure were then acquired using these SCOP fold IDs.
The structures were assigned to the relevant KMG families after confirming them
through superimposition studies, using Insight II. MolScript 2.1 was used to visualize
the superimposed structures.

B)

For KMG seed structures that did not belong to SCOP class 7, the SCOP IDs between
the level of class [cl=*] and protein [dm=*] were extracted for later use in step D.
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C)

In parallel, keyword searches were performed in the online SCOP database (V1.75)
using the keywords “Zinc” and “rubredoxin”. The keyword “rubredoxin” was used as
rubredoxin proteins are known to contain Zn fingers that adopt a Zn ribbon fold
(KMG fold group 4)(Krishna, Majumdar et al. 2003).
Rubredoxin matches were automatically identified as belonging to KMG fold group 4
and added to the potential PDB list for superimposition studies. For all matches to
the keyword “Zinc” in the online database, the hyperlinks on the results page were
followed in a hierarchical manner using custom Perl scripts. Whenever a SCOP fold
was identified during this search, the SCOP class ID (cl=*) corresponding to that
SCOP fold was extracted. Most hits were associated with SCOP class 7, while SCOP
classes 1-4 were also matched. For each hit, theSCOP IDs for each classification level
between class [cl=*] and protein [dm=*] were extracted for later use (D).

D)

For SCOP IDs that were derived from both processes B and C, the PDB structures
that were recorded as Zn2+-binding in the SCOP database below the common root
were extracted. [If all structures for a particular SCOP ID were Zn2+-binding, and only
some structures were Zn2+-binding in the SCOP ID that was one level up the
hierarchy, the previous was considered as the common root]. The structures were
assigned to the relevant KMG families after confirmation through superimposition
studies.

E)

PDB files specified by SCOP IDs that were extracted by C but not by B were
examined manually for the presence of a Zn finger motif. This strategy was targeted
at capturing any orphan Zn finger folds in SCOP, that is, Zn finger structures that are
not annotated as distinct folds within SCOP but are noted as inserts within other
folds. These were assigned to KMG groups after manual inspection.
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The Pfam strategy (purple paths)

To acquire additional Zn finger structures that were not captured by the SCOP or
Dali strategies, the Pfam strategy was employed. Pfam is a database of protein families,
where each family is manually curated and represented by a multiple sequence
alignment, a profile Hidden Markov Model (HMM) and an annotation file (Finn, Mistry et
al. 2006). Proteins in the same Pfam family (sharing the same profile HMM) generally
share high sequence and structural similarity. The Pfam families associated with KMG
seed structures were employed to extract new Zn finger structures. This strategy was also
used to check for the possibility of using Pfam models to identify Zn fingers, particularly
those containing aHDD motifs, in protein sequences. Another objective of this strategy
was to compile a list of Pfam domains associated with each KMG fold. This allowed the
development of a method to estimate the extent of Zn fingers and redox-active Zn fingers
in the human proteome (chapter 4, section 4.3).
Pfam models associated with KMG seed structures were obtained from the
Uniprot/SwissProt database [uniprot_sprot.dat.gz file (Release 2010_07)]. The SwissProt
database provides extensive information on proteins such as their sequence, taxonomic
and ontological data (The UniProt Consortium 2009). In particular, each SwissProt record
lists the PDB structures and Pfam models relevant to protein of interest. This allows us to
easily identify the Pfam models associated with the structures of interest.
2A-I)

The uniprot_sprot.dat.gz file was queried for the SwissProt records of KMG seed
structures. The corresponding SwissProt record for each seed structure was
identified by searching for the PDB identifier in the PDB section of the DR
(Database cross-Reference) field of each SwissProt record. Next, the FT (Feature)
lines of the SwissProt record were screened for a ZN_FING section and the Zn
finger name and residues were extracted. Using this name and residue numbers,
the Pfam model corresponding to the Zn finger region was extracted from the
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Pfam section of the DR line of the SwissProt record. Custom Perl scripts were used
to extract all this information.
2A-II) The Pfam models corresponding to Zn fingers of KMG seed structures were then
checked to ensure they were Zn2+-binding. This was done using the Pfam
description in the online Pfam database. If no description was given, the Pfam
model was inspected to ensure the Zn2+-binding residues of the seed
structurewere conserved in other structures representing the Pfam model.
2A-III) Groups of related Pfam families are known as Pfam clans (Finn, Mistry et al. 2006).
If any Pfam family corresponding to the KMG seed structure (obtained from 2A-I)
belonged to a Pfam clan, the other Pfam families of that Pfam clan were also
extracted. This was done manually using the online Pfam database, as Pfam clans
are not currently included in SwissProt. The new Pfam families obtained during this
process were checked for Zn2+-binding using the Pfam description, or in the
absence of a description, using residue conservation. This strategy enabled the
acquisition of novel PDB structures and their Pfam models, as well as Pfam models
currently without structural representation, which potentially contain Zn fingers.
2A-IV) The potential Zn finger structural domains obtained from the Dali strategy were
parsed against the Pfam library of HMMs of Release 24.0, using the software
HMMER-2.3.2. This was done to extract any other potential Pfam models
associated with Zn fingers that were not captured by the previous steps. The
sequences of the PDB structural domains obtained from the Dali strategy were
extracted

from

the

pdb_seqres.txt

file

that

was

downloaded

from

ftp://ftp.wwpdb.org/pub/pdb/derived_data, for this purpose. The Pfam models
identified were checked for Zn2+-binding using the Pfam description, or in the
absence of a description, using residue conservation. The new Pfam models that
were found to be Zn2+-binding were added to the list of Pfam models that are
associated with Zn fingers.
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2A-V) If a Pfam model was found to be Zn2+-binding, all other PDB structures belonging
to that Pfam model were acquired from the online Pfam database. PDB structures
corresponding to a particular Pfam family/model can be obtained from the
‘structures’ section of its webpage. [Note: Rieske proteins have a Zn ribbon fold
(KMG family 4B) but bind Fe instead of Zn. Thus, the Pfam model descriptions
corresponding to this family were checked for Fe binding]. As a large number of
potential Zn finger structures were obtained from this strategy, they were
clustered

based

on

their

Uniprot/SwissProt

accession

number

(uniprot_sprot.dat.gz file (Release 2010_07). The new potential Zn finger PDB
structures acquired by the Pfam strategy were superimposed with relevant KMG
seed structures to confirm their assignments to relevant groups and weed out
false positives.

The PDB/PDBsum strategy (orange path)

Finally, all PDB structures that bind Zn2+ were checked, to determine if they
contained Zn finger structures. This strategy was followed tocapture any other potential
Zn finger PDB structures, which may have been missed by the other strategies. Two
methods were used:
1-I)

In the first method, a list of PDB structures containing physiological structural Zn 2+
sites was obtained (from chapter 3). The PDB structures obtained from the Dali,
SCOP and Pfam strategies were filtered out from this list. The remaining few
structures were queried for sequence similarity to KMG seed structures or the
additional Zn finger structures assigned to KMG groups. This was done using their
sequences from pdb_seqres.txt and the blastp sequence comparison tool (Altschul,
Madden et al. 1997). High sequence similarity generally indicates high structural
similarity. This step was necessary to identify the potential KMG group to which
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these PDBs belonged to. Structures that showed a sequence similarity of 60% or
more to KMG seed structures (or ones already assigned to it by superimpositions)
were selected. They were clustered based on UniProt/SwissProt accession to
remove redundancy. Finally, they were superimposed with relevant KMG group
structures with the intent to confirm their assignment.

1-II)

Next, the Pfam domains associated with the above Zn finger structures were
obtained. The sequences corresponding to the potential Zn finger PDB entries
were parsed against the Pfam library of HMMs of Release 24.0, using the software
HMMER-2.3.2 (Eddy S 1998). In each instance, the Pfam domain sequence
boundaries were cross-referenced with the residue positions of each Zn2+ ligand to
ensure that all the ligating residues were located within the Pfam domain, as
shown in Fig 4.2.3. Customized Perl scripts were used for this purpose.

Fig 4.2.3 Mapping of Zn2+-binding
residues to Pfam models.
The figure illustrates the sequence
mapping of Zn2+-binding residues 41,
43, 61 and 64 of the dimerization
domain of the V(D)J recombinationactivation protein RAG1 (PDB:1rmd_A)
to its corresponding Pfam model zfC3HC4 (RING) shown at the bottom.
The sequence fragment that
corresponds to PF00097 is 26-64. The
Zn binding residues are highlighted in
yellow (Cys) and blue (His) in the
sequence. The ball-and-stick diagram of
the Zn2+ site was adapted from the
PDBsum record for 1rmd.
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2)

The PDBsum database was also queried for PDB structures that bind Zn 2+ to ensure
no Zn protein was missed. The het_pairs.lst file was downloaded from
http://www.ebi.ac.uk /pdbsum for this purpose. However, all of the PDB structures
listed as binding Zn2+ in PDBsum had already been identified in the previous steps.

High-throughput scale identification of the aHDD (and variant) motifs in Zn finger
structures

The large number of potential Zn finger structures identified in this study meant
that it was not possible to identify β-hairpins associated with the Zn2+-binding residues by
manual inspection of HERA diagrams and PDBsum records, as done in section 4.1. Instead,
a high-throughput screening method was developed using PROMOTIF. PROMOTIF is a
suite of programs that analyzes structural motifs in a protein, based on its threedimensional coordinates (Hutchinson and Thornton 1996). The PROMOTIF output for each
Zn finger-containing PDB file was parsed to identify structures where two Zn 2+-ligating Cys
residues were located in a β-hairpin structure. Structures which passed this criterion were
then examined for the positioning of the two Cys residues at relative positions i and j-2 in
the secondary structure (see chapter 4, section 4.1, Fig 4.1.1). This was done using the
PROMOTIF output and custom Perl scripts.
Perl scripts were also used to examine the PROMOTIF output of Zn finger
structures for the presence of aHDD between-thiol variants and aHDD-like motifs. In the
aHDD motif, the Cys residues are at positions i and i+3 relative to each other in primary
sequence and at positions i and j-2 with respect to the secondary structure of the βhairpin (also see chapter 4, section 4.1). This can be expressed as i, i+3=j-2. Between-thiol
variants have varying numbers of residues between the Cys. For example, the aHDD-X
motif has only one residue between the Cys (i, i+2=j-2), while an aHDD-3X has three (i, i+4
=j-2) and an aHDD-4X has four (i, i+5=j-2). aHDD-like motifs also have variations in the
positioning of the two Cys with respect to the secondary structure. These include: aHFD
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(i, i+2=j-3), aHFD-2X (i, i+3=j-3), aHED (i, i+2=j-1), aHED-2X (i, i+3=j-1) and aHED-3X (i, i+4
=j-1).
DSSP records were also generated for each PDB entry that contained a Zn finger
motif (Kabsch and Sander 1983). The DSSP record of a PDB file describes its secondary
structure, geometrical features and solvent exposure of residues within the protein
(Kabsch and Sander 1983). These were also used to identify aHDD motifs in the Zn finger
dataset by searching for Zn2+-ligating Cys residues at positionsi and j-2 in adjacent antiparallel β-strands. Again, this was done using custom Perl scripts.

198

Results

Acquisition of novel PDB structures with Zn fingers

Upon the completion of the pilot study reported in chapter 4, section 4.1, a fullscale high-throughput analysis of the structural relationship between aHDD-like motifs and
Zn fingers was conducted. As the aHDD was found to be restricted to the C2H2 Zn fingers,
Gag knuckles, Treble clefs and Zn ribbons, the acquisition of new Zn finger structures was
limited to these fold groups. New Zn finger structures that had been added to the PDB
since the KMG study were acquired through the Dali, SCOP, Pfam and PDB/PDBsum
strategies described in the Materials and Methods section. As a very large number of
additional non-redundant Zn finger structures were obtained from these strategies, the
results for each fold group and family are reported inthe Supplementary Data (chapter 4,
section 4.1, part 1). An example (KMG family 1B) is given here. The seed structures for 1B
were 1e31A, 1jd5A, 1c9qA and 1g73C.
Table 4.2.1 contains the non-redundant set of PDB structures obtained from the
Dali strategy for KMG family 1B. The PDB structures obtained from the Dali strategy were
clustered based on their Uniprot/SwissProt accession (Release 2010_07) to compile a nonredundant set. The SwissProt accessions corresponding to each ‘hit’ is shown in the 1 st
column of Table 4.2.1. Most of the time, the Dali ‘hits’ obtained for different seed
structures in the same KMG family were the same. This is because seed structures in the
same KMG family have a very high structural similarity. The seed structure of the Dali ‘hit’
is shown in the 3rd column of Table 4.2.1, while the Dali Z-score is shown in the 4th
column.
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Table 4.2.1 Structures added to KMG family 1B via the Dali Score Strategy
Uniprot
Accession

PDB
structural
domain

KMG
seed
domain

Dali
Score

XIAP_HUMAN

1f9xA

1jd5A

9.8

DBLOH_HUMAN

1g3fA

1jd5A

9.2

BIRC5_HUMAN

1e31B

1jd5A

9.5

BIRC5_MOUSE

1m4mA

1jd5A

9.2

BIRC2_HUMAN

1qbhA

1jd5A

5.9

BIRC7_HUMAN

3f7hA

1c9qA

10.0

BIRC1_HUMAN

2vm5A

1c9qA

9.2

CASP3_HUMAN

1i3oF

1c9qA

9.7

IAP1_DROME

1sdzA

1c9qA

9.0

BIRC3_HUMAN

3m0dD

1c9qA

9.0

Table 4.2.2 contains the SCOP folds associated with family 1B obtained from the
SCOP strategy. The number of new potential Zn binding PDB structures obtained from
each SCOP fold (#PDB) along with an example is given in the table. For example, the SCOP
fold corresponding to seed structure 1g73C was the Inhibitor of Apoptosis (IAP) repeat
(cf=57923). The IAP repeat SCOP fold contains only one superfamily, which has the same
name, Inhibitor of Apoptosis (IAP) repeat (sf=57924). All structures in this superfamily
bind Zn2+. However, there are instances in other KMG families where the SCOP fold
contains both Zn binding and non-Zn binding families. Thus, the SCOP Ex. (8th column) in
Table 4.2.2 refers to the common root, ie. the SCOP level that contains all Zn 2+-binding
structures and no structures that don’t bind zinc. The Pfam models corresponding to each
example is also shown in the table. A close relationship between the Pfam models and
SCOP ID’s is also observed. For example, all structures in 1B are represented by the SCOP
fold (and superfamily) IAP repeat and also correspond to a single Pfam model BIR
(PF00653).

200

Table 4.2.2 SCOP folds associated with KMG family 1B
KMG

#PDB

Pfam

SCOP fold name

PF00653

Pfam
name
BIR

SCOP
fold
57923

SCOP
Ex.
57924

Example

IAP repeat

SCOP
class
7

1B

4

1B

4

PF00653

BIR

IAP repeat

7

57923

57924

1e31A

1B

4

PF00653

BIR

IAP repeat

7

57923

57924

1jd5A

1B

4

PF00653

BIR

IAP repeat

7

57923

57924

1c9qA

1g73C

Table 4.2.3 contains structures obtained from the Pfam/Pfam clan strategy for
three of the four seed structures in 1B. The structures associated with each Pfam were
clustered based on their Uniprot/SwissProt accession (Release 2010_07), as in most cases
the Pfam model was represented by a large number of structures. An example from each
cluster was added to the PDB list. The 1B seed structures 1e31A, 1dj5A and 1c9qA all
belong to Pfam family BIR (PF00653). At the time of this study there were 135 structures
that were represented by the Pfam model PF00653. BIR is a member of the Pfam clan
“BIR-like” (CL0417). This Pfam clan comprises of three Pfam families, including PF00653.
The other Pfam families of this clan are Rsm1 (PF08600) and zf-C3HC (PF07967), both
which were not represented by any structures in the PDB. Some seed structures were not
represented in the Pfam database at the time of this study. An example is the 1B seed
structure 1g73C.
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Table 4.2.3Structures obtained from the Pfam/Pfam Clan strategy for 1B
Seed
structure
1e31A
1jd5A
1c9qA

Pfam
PF00653

Pfam
Clan
CL0417

(BIR; 135)

BIRC1_HUMAN

Other
structures
2vm5A

(BIR-like;

BIRC2_HUMAN

3d9tA

3 families)

BIRC3_HUMAN

2uvlB

BIRC5_HUMAN

1xoxA

BIRC7_HUMAN

1oxnA

BIRC5_MOUSE

1m4mA

IAP1_DROME

1sdzA

XIAP_HUMAN

1f9xA

-

-

-

-

CL0417

Other Pfam in Clan

PF08600

Uniprot accession

(Rsm1; 0)
CL0417

PF07967
(zf-C3HC; 0)

The PDB/PDBsum strategy was not as successful as the Dali, SCOP and Pfam
strategies in detecting potential additional structures for KMG folds and families. 93% of
all potential Zn finger structures obtained from the PDB/PDBsum strategy had already
been obtained from the Dali, SCOP and Pfam strategies. It was difficult to assign the few
additional structures to KMG families via superimpositions as a lot of backbone structural
variation was observed.
All potential Zn finger structures acquired via the different strategies were
superimposed on the KMG seed structures to confirm their assignment to their relevant
KMG families. This also allowed false positives to be weeded out. Superimpositions were
very important in detecting false positive structures for each KMG family, particularly
amongst structures acquired from the Pfam clan strategy. The number of false positives
derived by this strategy was higher than that for the other two methods. Such false
positives were identified by the manual inspection of structural alignments. The results of
the structural superimpositions are described in more detail for each KMG family in the
next section.
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Structural alignment of novel Zn fingers to assign them to KMG folds and families

The superimpositions for each KMG fold group and family are shown in the
following figures. Not all KMG seed structures for all KMG families are included in the
figures for purpose of clarity. Zn2+ ions are shown by coloured spheres in each diagram
(when present). The sequence fragment between the first and the last Zn 2+ ligating
residue of each structure (Zn binding domain) is shown in diagrams.

Fold group 1 - C2H2-like Zn fingers

The structures belonging to group 1A, the C2H2 finger family, have been
superimposed in Fig 4.2.4. A total of 28 new structures were added to the 1A family during
this study. It was found to be necessary to split group 1A in two (1A and 1A′). This will be
discussed in detail later in this chapter.

Fig 4.2.4 Structural superimposition of novel PDB structures with
those of fold group 1A (C2H2 finger family)
The structures used in the alignment are as follows: 107 to 129 of
PDB: 1a1f_A in red, 183 to 203 of PDB: 1ej6_C in blue, 11 to 32 of
PDB: 1fu9_A in orange, 11 of 32 of PDB: 1fv5 in yellow, 5 to 26 of
PDB: 1klr_A in purple, 10 to 30 of PDB: 1m36_A in pink, 34 to 56 of
PDB: 1ncs_A in deep pink, 14 to 34 of PDB: 1p7a_A in dark gold, 5
to 25 of PDB: 1sp1_A in dark grey, 15 to 37 of PDB: 1tf3_A in
orange red, 13 to 32 of PDB 1wjv_A in olive, 17 to 37 PDB: 1x6e in
peru, 36 to 57 of PDB: 1yui in red, 7 to 29 of
PDB: 1zaa_C in blue, 36 to 58 of PDB: 1zu1_A in brown, 5 to 28 of PDB: 1zw8 _A in cyan, 134 to
155 of PDB: 2adr_A in pink, 21 to 41 of PDB: 2cot_A in crimson, 13 to 32 of PDB: 2csh_A in dark gold, 18 to
39 of PDB: 2ct1_A in dark grey, 37 to 58 of PDB:2ctd_A in light purple, 10 to 33 of PDB: 2dlk_A in light
blue, 10 to 30 of PDB: 2dlq_A in light yellow, 22 to 44 of PDB: 2dmi_A in peru, 12 to 32 of PDB: 2els_A in
green, 10 to 31 of PDB 2elx_A in blue, 15 to 35 of PDB: 2em6_A in orange, 15 to 35 of PDB: 2emf_A in
yellow, 13 to 33 of PDB: 2emx_A in brown, 14 to 34 of PDB: 2en2_A in cyan, 15 to 35 of PDB: 2en4_A in
purple, 15 to 35 of PDB:2eom_A in pink and 20 to 42 of PDB:2epa_A in deep pink.
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Similarly, seven novel structures were grouped with 1B, the IAP domain family,
which is illustrated in Fig 4.2.5. Group 1B was also split in two, as will be discussed later in
this chapter.

Fig 4.2.5 Structural superimposition of novel PDB structures with
those of fold group 1B (IAP domain family)
The structures used in the alignment are as follows:
300 to 327 of PDB: 1f9x_A in red, 300 to 327 of PDB 1g73_C in
green, 128 to 152 of PDB: 1k2f_A in blue, 124 to 151 of PDB:
1oxn_A in orange, 80 to 107 of PDB: 1sdz_A in yellow, 57 to 84 of
PDB: 1xox_A in brown, 292 to 319 of PDB: 2uvl_B in purple and
300 to 327 of PDB: 3d9t_A in pink.

Fold group 2 – Gag Knuckle

No additional structures were obtained for fold group 2, the Gag knuckles, from
the Dali, SCOP or PDB/PDBsum strategies. The structures obtained from the Pfam strategy
did not align well with the seed structures. Thus, this study failed to recognize novel
protein structures corresponding to 2A, 2B and 2C subgroups of the Gag knuckles.
It is also important to note that a fourth family of Gag knuckles was identified for
the first time during this study (2D). This was not based on structural alignment studies.
The addition of this family is described in detail in the Discussion section.
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Fold group 3 – Treble clef

The superimpositions corresponding to fold group 3 families are shown by figures
4.2.6-4.2.11. The new Zn finger structures assigned to treble clef family 3A (RING fingerlike) are shown in Fig 4.2.6. The study recognized 27 new structures that were grouped as
3A, RING finger-like treble clef domains. There is some flexibility observed in the loop
region of the alignment. As this flexibility was sufficiently random, it was not regarded as
grounds to split the family. This flexibility is caused by the variations in loop length.

Fig 4.2.6 Structural superimposition of novel PDB structures
with those of fold group 3A (RING finger-like)
The structures used in the alignment are as follows: 9 to 43 of
PDB:1bor_A in red, 14 to 56 of PDB: 1e4u_A in green, 381 to 419
of PDB:1fbv_A in blue, 6 to 49 of PDB: 1g25_A in orange, 134 to
175 of PDB: 1iym_A in yellow, 75 to 82 of PDB: 1ldj_B in brown,
26 to 55 of PDB: 1rmd_A in cyan, 9 to 53 of PDB: 1vyx_A in pink,
748 to 756 of PDB: 1z6u_A in dark gold, 21 to 51 of PDB: 2csv_A
in dark green, 18 to 58 of PDB: 2ct0_A in dark grey,18 to 62 of
PDB: 2ct2_A in orange red, 18 to 64 of PDB:2d8s_A in plum,
18 to 55 of PDB: 2d8t_A in light blue, 18 to 56 of PDB: 2djb_A in peru, 18 to 62 of PDB: 2ea6_A in spring
green, 28 to 62 of PDB: 2ecg_A in red, 28 to 66 of PDB: 2eci_A in green, 18 to 58 of PDB: 2ecj_A in blue, 8 to
49 of PDB: 2ecm_A in yellow, 18 to 54 of PDB: 2ecn_A in brown, 18 to 58 of PDB: 2ect_A in cyan, 22 to 65 of
PDB: 2ecv_A in purple, 22 to 65 of PDB: 2ecw_A in pink, 21 to 52 of PDB: 2egm_A in deep pink, 18 to 56 of
PDB: 2h0d_A of dark gold, 17 to 48 of PDB: 2yrg_A in dark grey, 18 to 58 of 2yur_A in plum, 9 to 40 of PDB:
2yvr_A in light blue and 557 to 591 of PDB: 3eb5_A in olive.

Nine new structures were gained for group 3B, corresponding to protein kinase
cysteine-rich domains (Fig 4.2.7).
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Fig 4.2.7 Structural superimposition of novel PDB
structures with those of fold group 3B (protein
kinase cysteine-rich domains of the treble clef fold
group)
The structures used in the alignment are as
follows: 139 to 184 of PDB: 1faq_A in red, 244 to
280 of PDB: 1ptq_A in green, 28 to 78 of PDB
1r79_A in blue, 118 to 165 of PDB: 1rfh_A in orange,
102 to 151 of PDB: 1tbn_A in yellow, 567 to 616 of
PDB: 1y8f_A in pink, 36 to 84 of PDB: 2e73_A in dark
gold, 18 to 67 of PDB: 2eli_A in dark green, 516 to
564 of PDB: 2vrw_B in orange red, 18 to 67 of PDB:
2yuu_A in plum and 206 to 255 of PDB:3cxl_A in
light blue.

A total of 33 new structures were added to family 3C during this study (Fig 4.2.8).
The phophatidylinositol-3-phosphate binding domains represented by this group bind two
Zn2+ ions similar to treble clef groups 3A and 3B. The flexibility seen in the loops is caused
by the variation in loop lengths.
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Fig 4.2.8 Structural superimposition of novel PDB structures
with those of fold group 3C (phosphatidylinositol-3phospahte binding domains of the treble clef fold group)
The structures used in the alignment are as follows: 28
to 69 of PDB: 1fp0_A in red, 64 to 107 of PDB: 2zet_C in green,
29 to 76 of PDB: 2yqm_A in blue, 22 to 69 of PDB: 2yw8_A in
orange, 19 to 62 of PDB: 1wes_A in yellow, 92 to 137 of PDB:
2a20_A in brown, 189 to 232 of PDB: 3c6w_vicinal_A in cyan,
164 to 213 of PDB: 1dvp_A in purple, 10 to 54 of PDB: 2ysm_A
in pink, 19 to 63 of PDB: 2e6r_A in deep pink, 19 to 69 of PDB:
1wev_A in crimson, 12 to 60 of PDB: 1wfk_A in dark gold, 17 to
72 of PDB: 1x4u_A in dark green, 15 to 60 of PDB: 1wep_A in
dark grey, 19 to 69 of PDB: 1wew_A in orange red, 29 to 74 of
PDB: 2e6s_A in plum, 19 to 67 of PDB: 1wem_A in light blue, 17
to 51 of PDB: 1wys_A in light yellow, 28 to 60 of PDB: 1wfl_A in
olive, 28 to 60 of PDB: 1wfp_A in peru, 176 to 225 of PDB:
1vfy_A in red, 19 to 63 of PDB: 1wee_A in green, 9 to 52 of
PDB: 1x4i_A in blue, 18 to 53 of PDB: 1x4w_A in orange, 299 to
340 of PDB: 1xwh_A in yellow, 9 to 58 of PDB: 2yt5_A in brown,
9 to 55 of PDB: 1we9_A in cyan, 18 to 50 of
PDB: 1wfh_A in purple, 15 to 49 of PDB: 1x4v_A in pink, 213 to 256 of PDB: 2qic_A in deep pink,
12 to 53 of PDB: 1mm2_A in crimson, 3 to 47 of PDB: 1f62_A in dark gold, 11 to 56 of PDB: 2f6j_A in dark
green, 341 to 393 of PDB: 2dx8_A in dark grey, 19 to 62 of PDB: 1wen_A in orange red, 12 to 59 of PDB:
1hyi_A in plum, 1358 to 1405 of PDB: 1joc_B in light blue and 491 to 532 of PDB: 2puy_A in light yellow.

Nuclear receptor-like fingers are represented by the group 3D. A total of 62 novel
Zn finger domains corresponding to the family 3D were identified from this study. These
are shown in Fig 4.2.9. Several structures contained multiple (mostly duplicates) of these
Zn finger domains. In such cases, each individual domain was included separately in the
alignment.
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Fig 4.2.9 Structural superimposition of novel PDB structures with
those of fold group 3D (nuclear receptor-like fingers of the treble
clef fold group)
The structures used in the alignment are as follows: 12 to 36 of
PDB: 4gat_A in red, 238 to 261 of PDB: 1ee8_A in green, 237 to
260 of PDB: 1k3w_A in orange, 886 to 909 of PDB: 1ffy_A in
yellow, 105 to 129 of PDB: 1xpa_A in brown, 7 to 27 of
PDB:1hcq1_A in cyan, 24 to 44 of PDB: 1kb61_A in pink, 10 to 34
of PDB: 1b8t1_A in crimson, 37 to 61 of PDB: 1b8t2_A in dark
gold, 118 to 142 of PDB: 1b8t3_A in dark green, 145 to 169 of
PDB: 1b8t4_A in dark grey, 3 to 27 of PDB: 1iml1_A in orange red,
30 to 55 of PDB: 1iml2_A in plum, 5 to 29 of PDB: 1zfo_A in light
blue, 151 to 167 of PDB: 1i3j_A in light yellow, 38 to 61 of PDB:
1g472_A in peru, 8 to 32 of PDB: 1d4u_A in red, 10 to 34 of PDB:
1a7i1_A in green, 37 to 61 of PDB: 1a7i2_A in blue, 7 to 31 of
PDB: 1gat_A in orange, 2 to 22 of PDB: 1gdc1_A in yellow, 204 to 228 of PDB: 1gnf1_A in cyan, 7
to 27 of PDB: 1hcp1_A in pink, 33 to 59 of PDB: 1j2o2_A in dark gold, 249 to 272 of PDB: 1r2z_A in light
yellow, 542 to 562 of PDB: 1r4i1_A in olive, 8 to 33 of PDB: 1wyh1_A in navy blue, 36 to 60 of PDB:
1wyh2_A in spring green, 18 to 41 of PDB: 1x3h1_A in red, 44 to 68 of PDB: 1x3h2_A in green, 8 to 33 of
PDB: 1x4k1_A in blue, 36 to 60 of PDB:1x4k2_A in orange, 18 to 41 of PDB: 1x621_A in cyan, 44 to 68 of
PDB: 1x622_A in purple, 18 to 43 of PDB: 1x631_A in pink, 46 to 70 of PDB: 1x632_A in deep pink, 28 to 51
of PDB: 1x641_A in crimson, 54 to 78 of PDB: 1x642_A in dark gold, 8 to 35 of PDB: 1x681_A in dark green,
38 to 62 of PDB: 1x682_A in dark grey, 18 to 41 of PDB: 1x6a1_A in orange red, 44 to 70 of PDB: 1x6a2_A
in plum, 18 to 42 of PDB: 2co81_A in light blue, 45 to 71 of PDB: 2co82_A in light yellow, 18 to 41 of PDB:
2cor1_A in olive, 44 to 67 of PDB: 2cor2_A in peru, 12 to 36 of PDB: 2cu81_A in navy blue, 39 to 64 of
PDB: 2cu82_A in spring green, 8 to 33 of PDB: 2cup1_A red, 36 to 60 of PDB: 2cup2_A in green, 69 to 94 of
PDB: 2cup3_A in blue, 18 to 42 of PDB: 2d8y1_A in orange, 45 to 69 of PDB: 2d8y2_A yellow, 18 to 42 of
PDB: 2dan2_A in cyan, 28 to 51 of PDB: 2dar1_A purple, 54 to 78 of PDB: 2dar2_A in pink, 23 to 51 of PDB:
2das_A in deep pink, 18 to 42 of PDB: 2dj71_A in crimson, 45 to 68 of PDB: 2dj72_A dark gold, 10 to 30 of
PDB: 2ebl1_A in dark green, 18 to 46 of PDB: 2egq1_A in orange red, 49 to 73 of PDB: 2egq2_A in plum, 7
to 31 of PDB: 2gat_A in light blue, 399 to 436 of PDB: 2inn_A in light yellow, 504 to 528 of PDB: 2jw61_A
in red, 515 to 540 of PDB: 2jw62_A in green, 37 to 61 of PDB: 2o101_A in orange, 10 to 34 of PDB:
2o102_A in yellow, 663 to 687 of PDB: 2od11_A in brown, 674 to 699 of PDB: 2od12_A in cyan, 34 to 58 of
PDB: 2rgt1_A in pink, 61 to 84 of PDB: 2rgt2_A to deep pink, 93 to 118 of PDB: 2rgt3_A in crimson, 121 to
147 of PDB: 2rgt4_A in dark gold, 15 to 38 of PDB: 2yqq1_A in dark grey and 26 to 46 of PDB: 2yqq2_A in
orange red.

Twelve novel structures were grouped to the family 3E, nuclear receptor DNAbinding domains (Fig 4.2.10). These domains have two Zn2+-binding sites corresponding to
two repeats of the Zn finger motif. The second repeat has only a partial resemblance to a
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treble clef, with the Zn knuckle bearing the C-terminal Zn2+ ligands missing (Krishna,
Majumdar et al. 2003).

Fig 4.2.10 Structural superimposition of novel PDB structures with
those of fold group 3E (nuclear receptor DNA-binding domains of
the treble clef fold group)
The structures used in the alignment are as follows: 7 to 62 of PDB:
1hcq_A in red, 542 to 597 of PDB: 1r4i_A in green, 10 to 65 of PDB:
2ebl_A in blue, 7 to 62 of PDB: 2han_A in orange, 103 to 158 of
1lo1_A in yellow, 1 to 56 of PDB: 1hlz_A in brown, 232 to 287 of
PDB: 1cit_A in cyan, 86 to 141 of PDB: 2a66_A in purple, 74 to 128
of PDB: 2env_A in pink, 1135 to 1190 of PDB: 1dsz_A in deep pink,
135 to 190 of PDB: 2nll_A in crimson, 13 to 68 of PDB: 2ff0_A in
dark gold and 303 to 360 of 2nll_B in dark green.

The study failed to identify any novel protein structures belonging to treble clef
families: I-tevI endonuclease Zn fingers (3F), ribosomal protein L31 (3G), YlxR-like
hypothetical cystolic proteins (3H), NAD+-dependant DNA ligase treble clef domains (3J),
YacG-like hypothetical proteins (3K), His-Me endonucleases (3L) and RPB10 proteins
corresponding to RNA polymerase II (3M). The Dali, SCOP, Pfam and PDB/PDBsum
strategies did not identify any potential structures that belonged to 3G and 3K. The
potential structures obtained for 3F, 3H, 3J, 3L and 3M did not structurally align with the
seed structures in these families.
However, one structure was identified and addedto the group 3I, t-RNA synthetase
treble

clef

domains

(Fig

4.2.11).

This

was

prolyl-tRNA

synthetase

from

Methanothermobacter autotrophicus (PDB: 1nj1_A). The length of the domains in 3I
structures vary, thus some flexibility is observed in the loop region. A strong alignment is
observed in the regions containing the Zn2+-binding residues.
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Fig 4.2.11 Structural superimposition of a novel PDB
structure of fold group 3I (t-RNA synthetase treble clef
domain)
The figure illustrates the superposition of 436 to 467 of
novel PDB: 1nj1_A in green with 427 to 461 of PDB: 1hc7 in
red.

Fold group 4 – Zn ribbons

The Zn ribbons comprise of nine families. The novel structures assigned to these
families are shown in the structural alignment diagrams below (Fig 4.2.12-4.2.18).
This study identified a total of 30 new structures corresponding to family 4A, the
classical Zn ribbons group. These are shown in Fig 4.2.12. The loop lengths of the
structures largely vary giving rise to the flexibility observed in that region in the alignment.
However, a strong alignment was observed in the Zn binding residue containing regions of
the structures.
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Fig 4.2.12 Structural superimposition of novel PDB
structures with those of fold group 4A
The structures used in the alignment are as follows. 40 to 64
of PDB: 1d0q_A in red, 15 to 37 of PDB: 1dl6_A in green, 7 to
32 of 1i3q_I (site 1) in cyan, 75 to 106 of of 1i3q_I (site 2) in
purple, 243 to 266 of PDB: 1k82_A in dark grey, 245 to 268 of
PDB: 1kfv_A in orange red, 60 to 75 of PDB: 1kk1_A in light
blue, 17 to 39 of PDB: 1nui_A in light yellow, 18 to 49 of PDB:
1qyp_A in green, 6 to 21 of PDB: 1ryq_A in orange, 12 to 43
of PDB: 1tfi_A in yellow, 98 to 119 of PDB: 1vk6_A in purple,
26 to 53 of PDB: 1wii_A in pink, 8 to 28 of PDB: 2akl_A in
crimson, 35 to 59 of PDB: 2au3_A in dark gold, 18 to 36 of
PDB: 2con_A in dark green, 61 to 76 of PDB: 2d74_A in dark
grey, 7 to 27 of PDB:2exu_A in orange red, 174 to 198 of PDB:
2gvi2_A in light blue, 11 to 32 of PDB: 2hf1_A in light yellow,
11 to 115 of PDB: 2j6a_A in olive, 5 to 24 of PDB: 2jne_A in peru, 21 to 42 of PDB: 2k4x_A in green,
114 to 139 of PDB: 2kae_A in blue, 59 to 83 of PDB: 2kgo_A in orange, 13 to 34 of PDB: 2kpi_A in
yellow, 84 to 108 of PDB: 2kq9_A in brown, 31 to 51 of PDB: 2nvt_L in cyan, 109 to 140 of PDB:
2r6m_A in purple, 673 to 697 of PDB: 2vus_I in pink, 317 to 341 of PDB: 3dfv_C in deep pink, 16 to
36 of PDB: 3h7h_A in crimson, 24 to 48 of PDB: 3k1f_M in dark gold and 4 to 19 of PDB: 3lpe_B in
dark green.

Seven new structures were identified for family 4B during this study. These are
shown in Fig 4.2.13. The ‘cluster binding domain of Rieske iron sulphur proteins’ (4B), bind
Fe instead of Zn. As with 4A, some flexibility in the loop region is observed due to varying
loop lengths.

Fig 4.2.13 Structural superimposition of novel
PDB structures with those of fold group 4B. The
structures used in the alignment are as follows.
142 to 164 of PDB: 1bcc_E in red, 81 to 104 of
PDB: 1eg9_A in blue, 159 to 181 of PDB: 1ezv_E
in yellow, 43 to 66 of PDB: 1fqt_A in green, 98 to
121 of PDB: 1uli_A in deep pink, 46 to 68 of PDB:
1vck_A in olive, 69 to 93 of PDB: 1ww9_A in
spring green, 79 to 102 of 2bmo_A in red, 43 to
66 of PDB: 2e4p_A in yellow and 45 to 67 of
2i7f_A in blue.
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Group 4C contains the adenovirus DNA-binding protein Zn ribbon represented by
the structure PDB: 1adu_A. No structures were acquired for this group during this study.
The B-box Zn fingers of the group 4D, was assigned six new structures during this study.
These structures are shown in Fig 4.2.14 below. The variations observed in the loops are
not significant enough to split this group.

Fig 4.2.14 Structural superimposition of novel PDB structures
with those of fold group 4D
The structures used in the alignment are as follows. 6 to 34 of
PDB: 1fre_A in red, 175 to 198 of PDB: 2dq5_A in orange, 21 to
43 of PDB: 2csv_A in brown, 11 to 33 of PDB: 2did_A in purple,
6 to 29 of PDB: 3ddt_A in deep pink, 21 to 44 of PDB: 2dja in
dark gold and 11 to 34 of PDB: 2d8v in dark grey.

Group 4E represents the rubredoxin family of Zn fingers. Three new structures
were grouped into 4Eduring this study (Fig 4.2.15). As with 4D, variation in the loop region
was observed in the alignment. However, these were largely due to the different lengths
of the loop regions. The Zn2+-ligating residue regions align well.

Fig 4.2.15 Structural superimposition of novel PDB structures with
those of fold group 4EThe structures used in the alignment are as
follows.142 to 160 of PDB: 1nnq_A in yellow, 305 to 322 of PDB:
1b7l_A in cyan, 399 to 436 of PDB: 2inn_A in purple and 27 to 54 of
PDB: 2jz8_A in pink.
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A total of 14 new structures were added to the 4F group, rubredoxin-like domains
in enzymes, as depicted in the superimposition diagram of Fig 4.2.16. Multiple Zn2+ sites
corresponding to the same domain were present in some structures and each was
considered separately in the alignment.

Fig 4.2.16 Structural superimposition of novel PDB structures with
those of fold group 4F.The figure illustrates the superimposition of:
127 to 147 of PDB: 1a8h_A in red, 145 to 161 of PDB: 1f4l_A in green,
886 to 909 of PDB: 1ffy_A in blue, 176 to 347 of PDB: 1gax_A in orange,
439 to 487 of PDB:1h3n_A (site 1) in yellow, 159 to 179 of PDB: 1h3n_A
(site 2) in brown, 124 to 148 of PDB: 1ici_A in cyan, 461 to 504 of PDB:
1ile_A in purple, 95 to 106 of PDB: 1irx1_A in pink, 177 to 203 of PDB:
1irx2_A in deep pink, 195 to 224 of PDB: 1j8f_A in crimson, 101 to 119
of PDB: 1nzj_A in dark green, 130 to 153 of PDB: 1p3j_A in dark grey,
143 to 173 of PDB: 1q14_A in orange red, 130 to 153 of PDB: 1s3g_A in
plum, 17 to 130 of PDB:1yc22_A in light yellow, 130 to 153 of PDB:
1zin_A in peru, 166 to 212 of PDB: 2b4y_A in navy blue, 124 to 151 of
PDB: 2h2d_A in spring green and 372 to 399 of PDB: 2hjh_A in indigo.

The Btk motifs belong to the family 4G. Two new structures that aligned with the
seed structure, human tyrosine protein kinase Btk (PDB: 1b55_A), were assigned to this
group. The superimposition of the three structures is shown in Fig 4.2.17.

Fig 4.2.17 Structural superimposition of novel PDB structures with
those of fold group 4G
The figure illustrates the superimposition of 143 to 165 of PDB:
1b55_A in red, 16 to 38 of PDB: 2e6i_A in green and 16 to 38 of PDB
2ys2_A in blue.
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This study failed to identify novel structures for the family 4H, the ribosomal
protein L36. Finally, two structures belonging to the “cysteine-rich domains of the DnaJ
chaperone protein” family were added to group 4I as shown in Fig 4.2.18. In this
alignment flexibility in the loop region was observed, which was again simply due to
variation in loop length.

Fig 4.2.18 Structural superimposition of a novel PDB structures with
those of fold group 4I
The figure illustrates the superimposition of 14 to 70 of PDB: 1exk1_A
in red, 31 to 56 of PDB: 1exk2 in green, 48 to 73 of PDB: 2ctt1_A in
blue, 31 to 87 of PDB: 2ctt2_A in orange, 143 to 204 of PDB 1nlt1_A in
yellow and 159 to 188 of PDB: 1nlt2_A in brown.

The number of additional structures recognized in this study for each KMG family, are
summarized in Fig 4.2.19.

Fig 4.2.19 Additional structures obtained for each KMG family during this study. The graph summarizes the
number of new structures that have been added to each KMG family during the update process. Potential
structures were detected from the Dali, SCOP, Pfam (and PDB/PDBsum) strategies. These were aligned with
the relevant seed structures to confirm their assignments to relevant groups.
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Detection of the aHDD motif in Zn finger structures

In the previous section, novel PDB structures with Zn fingers were acquired. The
next step was to examine these structures for the presence of aHDD or aHDD variant
motifs. (These motifs have been described in detail in chapter 4, section 4.1). A PROMOTIF
based protocol was developed and used for this purpose (See Materials and Methods
section). The occurrence of the aHDD (or aHDD variant motif) in all new Zn finger
structures that were assigned to KMG fold groups 1-4 and their respective families is
shown in Supplementary Data, chapter 4, section 4.2, part 2.
aHDD motifs were found to be prevalent in four of eight Zn finger fold groups.
They were confined to distinct positions within the fold. Thus, the aHDD motif can be used
to further classify Zn fingers as shown in Fig 4.2.20.

C2H2 Zn fingers
KMG fold 1, the C2H2-like Zn fingers, originally contained two families: C2H2 Zn
fingers (1A); and BIR domains (1B), also known as IAP repeats. During this study, two new
families were added to this group. A new family 1A′ was created to include the new group
of Zn fingers WRKY and GCM domains (Babu, Iyer et al. 2006). The second new family 1B′
was created to include several structures that were parsed by the Pfam models Sina
(PF03145) and zf-TRAF (PF02176). The reasons for grouping structures under these new
families are described in detail in the Discussion section. Two super-groups 1A* and 1B*
were created to hold the 1A/1A′ and 1B/1B′ groups, respectively. With respect to the
presence of aHDD motifs, families of KMG fold 1 can be divided into two major groups:
those with an aHDD motif, which form the majority; and those with some variant (V).
aHDD/aHDD variants are confined to the N-terminal of the fold 1 Zn finger domains.
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Gag knuckles
Krishna et al. (2003) assigned three families to KMG fold 2: retroviral Gag fingers
(2A), Polymerase Gag fingers (2B), and Reovirus Gag fingers (2C). A fourth family of Gag
fingers was added here for the first time. These are the Trypsin-like (TSP) Gag fingers
(Family 2D). This addition will be described in the Discussion section. Only the N-terminal
ligands of the Zn2+ site are located in an aHDD motif in fold groups 2.

Treble clefs
Some treble clefs ligate a single Zn2+ ion, while others ligate two. The secondary
structural elements that ligate two Zn2+ ions within treble clef folds differ. Thus, the two
Zn2+ sites are termed as Zn 1 and Zn 2. Four supergroups were created for the treble clef
KMG family (KMG fold 3) during this study: those bearing Zn 1 only, those bearing Zn 2
only, those with both Zn sites, and “hybrids”. The fold can be further classified based on
the location of the aHDD motif within the treble clef (see Fig 4.2.20). This classification is
explained in detail in the Discussion section.
Treble clefs with only Zn1: In Zn 1, the Zn2+ ligating N and C-terminal pairs of
residues are located on a β-hairpin (N-terminal) and an α-helix (C-terminal). Therefore,
treble clef structures containing only Zn 1 can only contain an N-terminal aHDD motif.
Thus, structures with only Zn 1 can be broadly divided in to three subgroups: (I′) structures
with an N-terminal aHDD, (II′) structures with an aHDD variant and (III′) structures with no
aHDD (see Fig 4.2.20).
Treble clefs with only Zn2: In Zn 2 the Zn2+ ligating N and C terminal residue pairs
are both located on β-hairpin structures. Therefore, treble clef structures with only Zn 2
can be broadly divided into five sub groups: (a) structures with only an N-terminal aHDD,
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(b) structures with only a C-terminal aHDD, (c) structures with both N and C-terminal
aHDDs, (d) structures with aHDD variants and (e) structures with no aHDD.
Treble clef structures containing both Zn 1 and Zn 2: These structures were divided
as follows: (I) aHDD motif in only Zn 1, (II) aHDD motif in only Zn 2, (III) aHDD motif in both
Zn 1 and Zn 2, (IV) aHDD variant motif in either Zn 1 or Zn 2 or both and (V) no aHDD.
“Hybrids”: A category dubbed ‘hybrids’ was created to hold any treble clef Zn
fingers structures that cannot be grouped in to the previous three sub-classes due to
variation in structure and ligand positioning, such as circular permutation. Two sub groups
were created: (a′) hybrid structures with aHDD/variant aHDD motifs and (b′) hybrid
structures without aHDD motifs.

Zn ribbons
Two β-hairpins ligate the Zn2+ ion in Zn ribbons. None, both or either of these can
house an aHDD motif. Thus, Zn ribbon structures can be assigned to four groups based on
the presence and location of the aHDD motif. Therefore, four supergroups were created
within the Zn ribbon fold as follows: (4-I) Zn ribbons with only N-terminal aHDDs/variant
aHDDs, (4-II) Zn ribbons with only C-terminal aHDDs/variant aHDDs, (4-III) Zn ribbons with
both N and C terminal aHDDs/variant aHDDs and (4-IV) Zn ribbons with no aHDD/variant
aHDD motifs. [Note: 4-I, 4-II, 4-III each can be subdivided based on the presence of the
original aHDD motif and variant. This subdivision is not shown in Fig 4.2.20 for purpose of
clarity in the diagram].
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Fig 4.2.20 Classification of Zn fingers based on the presence and location of the aHDD motif
The first four fold groups of Zn fingers classified by Krishna et al.(2003)(Krishna, Majumdar et al. 2003) are
depicted in the inner ring. Supergroups created for each fold group based the aHDD motif are shown in the
middle ring. The outer ring shows presence and location of the aHDD motif for each super group. The
alphabetically coded protein families that correspond to the different classes in the relevant fold groups are
shown in the second ring. V stands for variant. Key to KMG families: 1A – C2H2 finger family (BED domains
are grouped here), 1B – IAP domain family, 1A’ – structures of the C2H2 finger family that were grouped
separately (WRKY and GCM). 2A – Retroviral Gag knuckle family, 2B – Polymerase GAG knuckle family, 2C –
Reovirus outer capsid protein σ3 GAG knuckle family, 2D – Trypsin-like family, 3A- RING finger-like, 3B –
Protein kinase cysteine-rich domain, 3C – Phosphatidylinositol-3-phosphate binding domain, 3D – Nuclear
receptor-like finger, 3E – Nuclear receptor DNA-binding domain, 3F – I-TevI endonuclease zinc finger, 3G –
Ribosomal protein L31 (deteriorated treble clef fingers), 3H – YlxR-like hypothetical cystosolic protein, 3I – tRNA synthetase treble clef domain, 3J – NAD+-dependent DNA ligase treble clef domain, 3K – YacG-like
hypothetical protein, 3L – His-Me endonucleases, 3M – RPB10 protein from RNA polymerase, 4A – Classical
zinc ribbon, 4B – Cluster binding domain of Rieske iron sulfur protein, 4C – The adenovirus DNA-binding
protein zinc ribbons, 4D – B-box zinc finger, 4E – Rubredoxin family, 4F – Rubredoxin-like domains in
enzymes, 4G – Btk motif, 4H – Ribosomal protein L36, 4I – Cysteine rich domain of the chaperone protein
DnaJ.
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The positions of the aHDD motif and other Zn 2+ ligands in protein secondary
structures of typical Zn finger groups are also shown in Fig 4.2.21.
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Fig 4.2.21 Position of the aHDD motif and other Zn 2+ ligands in protein secondary structures typical
of Zn finger groups
The table contains examples of the aHDD motifs associated with Zn 2+-binding in Zn fingers. A helix is
denoted as
and a strand is indicated by . Cys residues of the aHDD motif are represented
by . The Zn2+-binding ligands are marked by and . β-hairpin turns are indicated by
. At –
Arabidopsis thaliana, Bp - Burkholderia pseudomallei, Ccj -Coturnix coturnix japonica, Ec –
Escherichia coli, Hs – Homo sapiens,Mm – Mus musculus, Sc – Saccharomyces cerevisie, Tt –
Thermus thermophilus, ATCase - Aspartate carbamoyltransferase, CRP2 - Cysteine and glycine-rich
protein 2, DNApolB – DNA polymerase subunit B, DTX2 - Protein deltex-2, EGR1 – Early growth
response protein 1, GAG-PP – GAG polyprotein, GTFIIH-s2 - General transcription factor IIH subunit 2,
HIV-1 – Human Immunodeficiency Virus-1, IAP-2 - Baculoviral IAP repeat-containing protein 2, MsrB Methionine sulfoxide reductase B, RibPr-L36 – Ribosomal protein-L36, TFIIB – transcription factor IIB,
WKRY-TF1 - WRKY transcription factor 1.

Variations within Zn knuckles include mutation of one or both of the thiols or
insertion or deletion of additional residues. These residues can be added or lost
either between the thiols of the motif loop (CXnC), or between the C-terminal thiol
and the j residue. In both cases this causes a departure of the two thiols from the
usual registration. Some of these variations appear to be generic, in that they are
reproduced in a minority of structures across the four KMG fold groups.
Nonetheless, there does appear to be a relationship between distinct variations of
Zn knuckles and Zn finger function. A relationship also appears to exist between the
identity of non-aHDD motif Zn2+-ligating residues and Zn finger function within
particular KMG folds. This suggests that changes to Zn2+-ligating residues may be
adaptations to particular functions. All of these “within fold variants” are likely to be
involved in specialized functions. For instance, an aHED-X motif was found in a
variant of the PHD domain (PF00628) that specifically recognizes Histone 3 proteins
that are tri-methylated on Lys 4 (H3K4me3).
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Another important type of variation to the aHDD motif observed during this
study was dubbed the Cross Strand His (CSH) motif. In the CSH motif, the Zn 2+ligating thiol group at j-2 is substituted by a His residue at j (Fig 4.2.22). This motif
was separately identified in different Zn finger folds and families and may be of some
functional significance, as described in the figure caption.

Fig 4.2.22 Structural superimposition
of the CSH aHDD-like variant from
three different families in two folds
In the CSH aHDD-like variant motif the
Zn2+-ligating thiol group at j-2 is
substituted by a His residue at j. The
side chains of the CSH motif structures
are coloured in the main figure as
follows: thiols associated with the
aHDD-like variant motif in yellow, His
in blue and non-motif thiols in orange.
Reference thiols in the usual i and j-2
positions are shown in black. The
structure in green is the RAG2-PHD Zn
finger of Mus musculus, a variant of
fold group 3. The PHD domain of the
RAG2 is involved in the recognition of
H3K4me3 and influences V(D)J
recombination (PDB: 2v89_A). The
structure in red is the human U11-48k
CHHC Zn finger, which is a C2H2 type
variant. This domain may be involved
in the stabilization of the U11-5′ splice
site base pairing during minor
splicesome assembly (PDB: 2vy5_A).
The zf-C3HC4 domain of the human
enhanced at puberty protein 1, a RING
finger variant is shown in cyan (PDB:
2cs3_A).
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The reference structure bearing the canonical aHDD motif, the Mcm10 domain of the replication
initiation factor of Xenopus laevis is shown in grey (PDB: 3ebe_A). Zn2+ within each structure is
represented by matching coloured spheres. The structural variation at the CSH aHDD-like motif
influences the position of the Zn2+ ions, which are moved to the left in CSH motif structures
(coloured) compared to the aHDD reference structure (grey) and may have functional
implications. A close up of Zn 2+-ligating residues in a slightly different orientation is shown in the
inset.Examples of variant CSH motifs are also seen, these include the rhinovirus cysteine protease
that contains a CSH-3X motif similar to the U11-48k Pfam model of Family 1A (CSH-5X).
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Discussion

The aHDD motif based extension to the classification of Zn fingers and mapping of
Pfam models to KMG fold groups

Additional structures within the KMG classification were acquired by several
strategies; Dali, SCOP, Pfam/Pfam clan and PDB/PDBsum using KMG seed structures. All
acquired structures were aligned with their respective seed structures to weed out false
positives and assign them to their relevant families. The aHDD motif was used to extend
the classification of Zn fingers proposed by Krishna et al. (2003).
In this section, each of the KMG families will be discussed with respect to their
classification based on the aHDD motif. The function and the association of Pfam families
to each KMG family will also be discussed.

Structures of KMG fold 1

In the first structural group of Zn fingers, the C2H2-like Zn fingers, the N-terminal
pair of Cys ligands is usually embedded as a reduced aHDD motif within an N-terminal Zn
knuckle (Fig. 4.2.23). KMG fold 1, the C2H2-like Zn fingers, originally contained two
families: C2H2 Zn fingers (1A); and BIR domains (1B), also known as IAP repeats. The
common core of C2H2-like Zn fingers consists of a ββα fold, where the N-terminal βstrands form the Zn knuckle. aHDD variants and exceptions (structures with no aHDD) in
fold 1 are currently represented by very few structures. In both families of C2H2-like Zn
fingers (1A and 1B), the non-aHDD-motif ligating residues are donated from the α-helix of
the ββα fold. The identity of the non-motif Zn2+-ligating residues is also likely to be
functionally significant.
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During the update process, two novel families were added to fold group 1. The first
of these belongs to a group of Zn fingers recently proposed by Aravind (Aravind and
Koonin 1999), consisting of WRKY, GCM and BED domains (Babu, Iyer et al. 2006). These
will be referred to as the WGB group. The WGB group is proposed to have arisen from
C2H2 Zn fingers and, like C2H2 Zn fingers, generally bind DNA (Babu, Iyer et al. 2006). The
common core of the WGB fold is a three-stranded β-sheet with a β-meander topology. The
two C-terminal strands of the WGB group form the Zn knuckle. In terms of the context of
the non-aHDD motif ligating residues, the WGB group can be divided into two subgroups:
the BED and WRKY/GCM (WG) subgroups. In BED domains, the WGB βββ core fold is
elaborated by a C-terminal α-helix bearing the additional non-motif Zn2+ ligating residues.
This results in a β(ββα) fold, where the bracketed structural elements are equivalent to the
C2H2 fold. Hence, they have been included in group 1A. In the WRKY/GCM subgroup, the
βββ core fold is elaborated by an additional C-terminal strand that continues the βmeander topology (Babu, Iyer et al. 2006). The two interior strands of the resulting ββββ
fold form the Zn knuckle. The non-motif Zn2+-ligating residues are donated from a coil
following the additional C-terminal strand (Fig. 4.2.23). These were included in KMG fold 1
as the WG subgroup, 1A′. A common function of the 1A* superfamily (1A/1A′) is to bind
nucleic acids.
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Fig 4.2.23 Structural representatives of the four families of Zn finger fold 1, the C2H2-like Zn
fingers. The coloured spheres at the centre of each diagram represent Zn2+. Zn knuckles containing
the aHDD motifsare coloured, while the remaining secondary structures are illustrated in grey. The
Zn2+-ligating Cys residues of the aHDD motif are shown in yellow, while the non-motif thiols are
coloured in orange. His residues are shown in blue.
First Row: Members of the 1A* superfamily, which bind nucleic acids. Left panel: Family 1A, the
classic C2H2 Zn fingers. The structure of the Zn finger transcription factor, zif268 (PDB: 1zaa_C) is
illustrated in this diagram. Middle panel: Family 1A' the WKRY/GCM Zn fingers. This family is
represented by the C-terminal of WRKY domain of transcription factor atwrky1 (PDB: 2ayd_A). Right
panel: The superposition of zif268 (red) and atwrky1 (purple) representing fold group 1A*. The
polypeptide backbones of the two structures were aligned using backbone atoms of the Zn 2+-ligating
thiols associated with the aHDD motif.
Second Row: Canonical members of the 1B* superfamily, which mediate protein-protein
interactions. Left panel: The structure of BIR3 domain of human cIAP1 (PDB: 3d9t_A) of 1B. Middle
panel: Human TRAF-type Zn finger (PDB: 2eod_A), which represents the ST family, 1B׳. Right panel: A
structural alignment of group 1B* structures. The aligned structures are the BIR domain (green),
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TRAF-type Zn finger (light blue) and the Siah-1a protein (PDB: 1k2f_A) (pink). Superimposition of the
three structures is based on the polypeptide backbone of the two Zn2+-ligating thiols located in the
aHDD motif.
Third Row: Variants of the aHDD motif (aHFD in all cases) in fold 1 in two different orientations. Left
panel: The structures used in the superposition are as follows: the Kruppel factor Zn finger (PDB:
2ctd_A) in red, the human TNF receptor-associated factor 4 (PDB: 2eod_A) in cyan and a BIR domain
of XIAP (PDB: 2pop_B) in green. The reference structure containing the aHDD motif, shown in grey is
the Mcm10 domain of the replication initiation factor of Xenopus laevis, PDB: 3ebe_A.

Three structures that were originally assigned to the C2H2 family (1A) need to be
noted. These are the zf-TRAF domain, PDB: 1k2f, along with two structures of CCHC-type
Zn fingers from the U-shaped transcription factor (PDB: 1fu9 and 1fv5) (Krishna, Majumdar
et al. 2003). The Zn fingers in all three of these structures are involved in protein-protein
interactions (PPIs), rather than binding nucleic acids like the majority of the C2H2 family.
The IAP domain family (1B) has a CCHC pattern, in contrast to the C2H2 Zn 2+-binding
pattern observed with the C2H2 family (Krishna, Majumdar et al. 2003). As the above
three structures also contain a CCHC pattern (and not C2H2), they were considered for
grouping with the other structures of 1B.
The PDB structures 1fv5 and 1fu9 are the 1st and 9th C2H2-like modules of the
transcriptional modulator “U-shaped”, a member of the Friend of GATA (FOG) family. The
1st, 5th and 9th modules each bind a GATA Zn finger (hence the name), whereas modules 24 and 6-8 interact directly with DNA (Fox, Liew et al. 1999). Modules 1, 5 & 9 are easily
distinguished from the nucleic-acid-binding modules by the non-aHDD motif Zn2+-ligating
residues, which are His and Cys, rather than the His and His of the nucleic-acid-binding
classic Zn fingers. However, these “CCHC” Zn fingers were retained in the family 1A
because they are clearly derived from this group. In addition, although their direct function
involves mediating a protein-protein interaction, their overarching function, along with the
6 other U-shaped Zn fingers, is to mediate interactions with DNA.
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With the benefit of further structures, the zf-TRAF Pfam domain (PF02176) was
reassigned to a novel group (1B′) along with some new structures, which are parsed by the
Pfam model Sina (PF03145). This group has been labelled the SIAH-TRAF family (ST). A
clear difference between solved structures of the family 1B and family 1B′ is seen in the
between-thiol sequences. In the BIR family (1B), these are typically 2X in length and bear
phenylalanine residues; in contrast, they are 6X in length, typically with oxygen-bearing
side-chains, in the ST family (1B’). A common function of the 1B* superfamily (1B/1B′) is to
facilitate protein-protein interactions.
The identity of the non-aHDD motif Zn2+-ligating residues is also likely to be
functionally significant. In classic C2H2 Zn fingers that bind nucleic acids, the two Cterminal (non-aHDD motif) Zn2+-ligating residues are generally His residues. In BIR domains
and other C2H2-like domains that mediate protein-protein interactions, the C-terminal
Zn2+-ligating residues are generally a Cys and a His. Similarly, in the U-shaped protein
described above, 6 of the 9 Zn fingers are C2H2 domains, which bind DNA, whereas the
non-aHDD motif Zn2+-ligating residues in the remaining three domains that mediate
protein-protein interactions are His and Cys. Both the BED and WG contain distinct
monophyletic subgroups in which the non-motif Zn2+-ligating residues can be (His, His) or
(His, Cys), again suggesting specialized functions which are conserved across nearest
homologs (Aravind 2000).
With respect to the aHDD motif, families of KMG fold 1 can be divided into two
major groups: those with the aHDD motif, which form the majority; and those with some
variant. The most common variant is the aHFD. Structural examples have been solved for
three of the four KMG families of fold 1 (Fig 4.2.23), but they only represent 1-2% of
current structures. Examples are found in the Kruppel factor Zn finger ZN512 (Family 1A,
PDB: 2ctd, Cys37-Cys40), one of the multiple TRAF Zn fingers of TRAF4 (Family 1B′PDB:
2eod, Cys 221-Cys 225) and the first BIR domain of the X-linked inhibitor of apoptosis
protein (XIAP) (Family 1B, PDB: 2pop, Cys 1063-Cys 1066). These variant domains may
have adapted to perform specialized functions. There is some functional data to support
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this notion for the first BIR domain of XIAP. Most BIR domains have aHDDs and bind
caspase peptides (Shin, Renatus et al. 2005). The aHFD-containing first BIR domain of XIAP
does not bind a caspase peptide, but is instead involved in interaction with
TAB1/MAP3K7IP1 and is important for dimerization (Lu, Lin et al. 2007).

Mapping of Hidden Markov models to KMG fold 1

KMG Family 1A - C2H2 Zn fingers are classified within SCOP mostly as the ββα fold
[cf=57666] of class 7. The Pfam model most commonly associated with these PDB
structures is zf-C2H2 (PF00096). Two structures in the original KMG classification, which
are parsed by alternate Pfam models are the V(D)J recombination-activating protein RAG1
(PDB: 1rmd) and the Drosophila GAGA transcription factor (PDB: 1yui). Both of these
structures, which are parsed by the Pfam models zf-RAG (PF10426) and GAGA (PF09237)
respectively, are included in the SCOP ββα fold. Two of the 3 Pfam models [zf-C2H2
(PF00097); zf-met (PF12874)] of the original family 1A belong to Pfam clan C2H2-zf
(CL0361). On the basis of clan CL0361 membership, 3 additional Pfam models were added
to KMG family 1A: zf-C2H2_jaz (PF12171), zf-U1 (PF06220), and zf-BED (PF02892).
Inclusion of these Pfam models was further supported by structures classified within the
SCOP ββα fold in release 1.75. Several structures within the updated SCOP ββα fold
mapped to 3 additional Pfam models: the cell-growth regulator nucleolar protein (PDB:
1wjv) mapped to Pfam model zf-LYAR (PF08790); and the u11/u12 small nuclear
ribonucleoprotein (PDB: 2vrd) mapped to Pfam model zf-U11-48K (PF05253). These
structures mostly contain aHDDs with between-thiol loop lengths of two (aHDD-2X) or four
residues (aHDD-4X) and are chiefly involved in binding nucleic acids. Two orphan Zn fingers
within SCOP were also grouped with the C2H2 Zn fingers in the original KMG classification:
the zf-TRAF domain (PF02176), which has been reassigned to superfamily 1B; and a
reovirus component (PDB: 1ej6_C), which is retained in group 1A.
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An example of a Zn knuckle specific to group 1A that does not contain an aHDD is
the first C2H2-like domain in a structural fragment of the U11-48K CHHC Zn finger domain
(PDB: 2vy5). This mapped to Pfam model zf-U11-48K (PF05253). In this Zn knuckle, the
second motif thiol, normally found at j-2, is replaced by a His in the j position. As the CHHC
name suggests, this particular variant of the aHDD is conserved across the CHHC group
(Andreeva and Tidow 2008). Proteins conforming to the U11-48K Zn finger bind specifically
to the 5 ׳splice site of U12-type introns (Tidow, Andreeva et al. 2009), which is spliced by
the minor spliceosome. This Cross-Strand His (CSH) motif occurs repeatedly in other folds.
The updated KMG family 1A consists of nine Pfam models, five of which belong to
Pfam Clan CL0361, as well as six structures that are listed in SCOP but are not currently
parsed by any Pfam model.

KMG Family 1A′ - The C-terminal Zn2+-ligating residues of the WRKY/GCM subgroup
are generally His residues but a (His, Cys) combination is also found. WKRY domains are
described by the Pfam model PF03106. GCM domains, which are described by the Pfam
model PF03615, are further elaborated by insertion of a Zn ribbon into the hairpin of the
Zn knuckle. PF03615 (GCM) and PF03106 (WRKY) both belong to Pfam Clan CL0274. Pfam
domains FLYWCH (PF04500), MuDR (PF03108) and FAR1 (PF03101) are also members of
this clan, however there were no representative structures for these domains (Finn, Mistry
et al. 2006).

KMG Family 1B - BIR domains, also known as IAP repeats, correspond to the BIR
Pfam domain (PF00653). The Zn knuckle in this family most often houses an aHDD motif
but aHFD motifs, such as the first domain of XIAP, are also found (Fig. 4.2.23). Structures
conforming to the Pfam model PF00653 are structurally similar to those in family 1A. They
differ mainly in the nature of the C-terminal Zn2+-ligating residues in the fold. These are
generally a His and a Cys in BIR domains, rather than the two His residues most often seen
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in C2H2 Zn fingers (1A). BIR Zn fingers are involved in protein-protein interactions (Shin,
Renatus et al. 2005). The BIR domain binds to a peptide within caspases, lending them
their alternative name, Inhibitor of Apoptosis (IAP) (Shin, Renatus et al. 2005). The caspase
peptide binds as an additional strand next to the C-terminal strand of the Zn knuckle (Shin,
Renatus et al. 2005).

KMG family 1B ′ - Like the BIR family, the SIAH/TRAF (ST) family are involved in
protein-protein interactions rather than binding nucleic acids (Rothe, Pan et al. 1995). SIAH
family proteins, which are parsed as Pfam Sina (PF03145) are involved in regulating
ubiquitination and protein degradation (Polekhina, House et al. 2001). Proteins belonging
to the TRAF family are known to bind the cytoplasmic portion of TNF receptors and
mediate downstream signaling (Ely, Kodandapani et al. 2007). They are found by the zfTRAF Pfam model (PF02176) (Arch, Gedrich et al. 1998). Like the BIR family, the aHFD
motif occasionally replaces the aHDD motif in a small number of the Zn knuckles in this
family.

Structures of KMG fold 2

KMG Fold 2, the Gag fingers, are similar to C2H2-like domains (fold group 1) but
shorter, with lengths of about 20 amino acids compared with 30 residues of C2H2-like
domains (Krishna, Majumdar et al. 2003). Gag fingers resemble specific subfamilies of
C2H2-like Zn fingers in function and may be cut down versions of these domains (Krishna,
Majumdar et al. 2003). From this perspective, it is not clear if they warrant a separate
KMG Fold. However, they do have some distinct features, such as little or no secondary
structure in the non-knuckle region, that may distinguish them from C2H2-like domains
(Krishna, Majumdar et al. 2003).
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Krishna et al. (2003) assigned three families to KMG fold 2: retroviral Gag fingers
(2A), polymerase Gag fingers (2B), and reovirus Gag fingers (2C). Many retroviral Gag
fingers lack defined secondary structures, often consisting of only a vestigial Zn knuckle in
the form of a β-turn. The lack of secondary structure may be an artifact of the structure
solution process. Many structures are either protein fragments solved by NMR or low
resolution X-ray structures of large complexes. The majority of Gag fingers are found in
structures of viral proteins, although this may be driven by medical interest in these
proteins.
Retroviral Gag fingers (2A), which are embedded in the nucleocapsid protein, bind
stem loops of the Ψ-RNA packaging signal, directing specific packaging of the unspliced
viral genome into assembling virus particles (Ako-Adjei, Johnson et al. 2005). Similar
structures have recently been recognized in endogeneous proteins such as Lin-28A (PDB:
2cqf) and Retinoblastoma-binding protein 6 (PDB: 2ysa) where they are involved in the
recognition of stem loops in microRNAs (Heo, Joo et al. 2008).
In retroviral Gag fingers, the C-terminal α-helix of KMG fold 1 is replaced by a
minimal α-helical turn. This contains the non-motif Zn2+-ligating His, Cys residues, which
are separated by four residues. Retroviral Gag fingers are most similar to a cut down
version of the Fold 1A C2HC domains of U-shaped. An exception, where the Zn knuckle is
fully formed, is the structure of the tandem retroviral Zn fingers of the HIV-1 nucleocapsid
in complex with one of the four stem loops of the Ψ-RNA packaging signal which it
recognizes (PDB: 1f6u) (Amarasinghe, De Guzman et al. 2000). In this complex with the SL2
stem loop, the aHDD motif is present in a minimal Zn knuckle. However, structures of the
same fragment in either the holo state (PDB: 1mfs) or bound to the SL3 stem loop (PDB:
1a1t) exhibit the same lack of secondary structure found in the majority of retroviral Gag
fingers. Interestingly, the stem loop-binding modes of SL2 and SL3 are quite different,
suggesting the Gag finger binds in an adaptive manner (Amarasinghe, De Guzman et al.
2000). It is possible that the reduced aHDD motif only forms in response to binding of
specific RNA stem loops.
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Two other distinct families proposed by Krishna et al. (2003) for fold group 2 are
the polymerase Gag fingers (2B) (PDB: 1i3q) and the reovirus Gag knuckle (2C) (PDB: 1fn9).
The example of polymerase Gag fingers is a low resolution structure. Polymerase Gag
fingers contain no discernible secondary structure at all in the non-motif region. In
comparison with retroviral Gag fingers, the His and Cys Zn2+-ligating residues are
transposed, separated by two (rather than four) residues and donated from coil rather
than a single α-helical turn. With regard to identity and context of the Zn2+-ligating
residues, this family most closely resembles the replication initiation Mcm10 Zn finger
(PDB: 3ebe) (Warren, Vaithiyalingam et al. 2008) from KMG fold 1. The Mcm10 Zn finger
likely binds single-stranded DNA (Warren, Vaithiyalingam et al. 2008) suggesting a similar
function for this group.
The reovirus Gag finger (2C) is part of the σ3 outer capsid protein parsed within the
Reovirus_cap Pfam model (PF00979). It has a distinct Zn knuckle, which forms the last two
strands of a four-stranded β-meander. Like the polymerase Gag finger, the non-motif His,
Cys Zn2+-ligating residues are donated from coil, but in this case they are separated by a
single residue. The closest analogs of reovirus Gag knuckles in Fold 1 are members of the
WG group (family 1A′) that have (His, Cys) as non-motif Zn2+-ligating residues. A
superposition of structural representatives of 2A, 2B and 2C is shown in Fig. 4.2.24.
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Fig 4.2.24 Structural representatives of three families of KMG fold 2, the Gag finger
The diagram contains representative structures of three of the four families grouped into KMG fold 2,
namely the Retroviral Gag knuckle family, the Polymerase Gag knuckle family and the Reovirus outer capsid
protein σ3 Gag knuckle family. The aHDD motif is highlighted in colour while the remaining Gag knuckle
secondary structures are shown in a different shade of the same colour. The coloured spheres at the center
represent the Zn2+ ion. The Zn2+-ligating thiols associated with the aHDD motif are shown in yellow while,
the non-motif thiols are shown in orange. His residues are drawn in blue.
First Row: Left panel: The retroviral gag knuckles, which contain a Zn knuckle followed by a minimal αhelical turn, represented by the HIV-1 nucleocapsid protein, PDB: 1f6u_A. Right panel: The structure of RNA
polymerase, PDB: 1i3q_A represents the polymerase Gag knuckle family. In contrast to the retroviral Gag
knuckles, the polymerase Gag knuckles contain a loop, which follows the Zn knuckle as shown in the
diagram. Second Row: Left Panel: The Reovirus outer capsid protein σ3 Gag knuckles, represented by the
structure of the reovirus outer capsid protein σ3, PDB: 1fn9_A. Right Panel: A structural superposition of
the above three structures.

A fourth family of Gag fingers, which were added here for the first time, is the
Trypsin-like (TSP) Gag fingers (Family 2D). These involve Zn knuckles inserted in a
homologous position between strands 5 and 6 of barrel 2 in two different viral Trypsin-like
proteases: the human rhinovirus (PDB: 2hrv) and the hepatitis C protease (PDB: 2k1q).
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Both are found within the genome polyproteins of single-stranded RNA positive strand
viruses with no DNA stage (The UniProt Consortium 2009). The identified TSP Gag fingers
each contain a distinct variant of the aHDD. The rhinovirus cysteine protease contains a
CSH-3X motif similar to the U11-48k Pfam model of Family 1A (CSH-5X). The hepatitus C
serine protease has the same Zn2+-ligating residues in an ETD context. In both cases, the
non-motif ligands are in a CXC motif located on the inter-barrel linker and circularly
permuted in the sequence with respect to the Zn knuckle. The rhinovirus protease has
been demonstrated to bind viral RNA, which co-operatively modulates its protease activity
(Glaser, Triendl et al. 2003).
In summary, Gag Zn fingers do have some distinct features, such as little or no
secondary structure in the non-knuckle region and adaptive binding, which potentially
merit their retention as a distinct fold. In addition, they may only form the aHDD motif
under certain conditions.

Mapping of Hidden Markov models to KMG fold 2

Of the four families identified, only the retroviral Gag fingers are parsed by a
specific Pfam model zf-CCHC (PF00098). The two structures assigned to family 2D are
parsed within distinct Pfam models: The hepatitis C protease is within the peptidase_S29
model (PF02907); and the human rhinovirus protease is within Pico_P2A Pfam model
(PF00947). Hits for both are largely restricted to positive-strand RNA viruses, with the Zn2+ligating residues present in around 50% of hits found by both models.
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Structures of KMG fold 3

The third KMG fold group to contain aHDD motifs is the Treble clef Zn finger (fold
group 3). Treble clef Zn fingers consist of two distinct subgroups: one of these contains a
single Zn2+ atom; while a second group, which contains two Zn 2+ atoms, are known as
cross-braced Zn fingers (Matthews and Sunde 2002).
In cross-braced treble clefs, the polypeptide chain loops around the two Zn 2+ sites
like an infinity symbol (Matthews and Sunde 2002; Krishna, Majumdar et al. 2003). The
majority appear to consist of a Zn knuckle and a helix at one Zn 2+ site. This will be referred
to as the “Zn 1” site in this chapter. In most structures, an additional β-hairpin and a loop
have been inserted. The ligands for a 2nd Zn2+ site are donated by these β-elements
(Matthews and Sunde 2002). (This is referred to as the “Zn 2” site in this chapter). Pairs of
Zn2+ ligands are interleaved in the protein sequence in cross-braced treble clefs (Matthews
and Sunde 2002).
Because of the different structural contexts of the C-terminal ligands of Zn 1 and 2,
the infinity sign is slightly distorted. The Zn 1 bears a resemblance to KMG fold 1 and Zn 2
to KMG fold 4, giving the polypeptide chain its treble clef appearance (Grishin 2001). The
helical backbones of the C-terminal ligands of Zn 1 have a more pronounced curvature
than the β-hairpin context of the C-terminal ligands of Zn2 (Grishin 2001). This effect can
be even more pronounced when Zn 2 is missing (Grishin 2001). For treble clefs with only a
single Zn2+, some folds seem to have lost Zn 1 whereas others, such as the Zn finger in the
β subunit of DNA polymerase, have lost Zn 2.
When present, an aHDD motif is usually formed from N-terminal thiols of a Zn
knuckle, in either Zn 1 or Zn 2 or both (Fig 4.2.25). Occasionally it can be found in the third
possible position as the C-terminal Zn knuckle of Zn 2. In some cross-braced structures the
aHDD motif is absent in both Zn sites (see Supplementary Data, chapter 4, section 4.2, part
2).
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Fig 4.2.25 Structural representatives of Treble clefs of Zn finger fold group 3 associated with the aHDD motif.
The structural region of the protein corresponding to the aHDD motif is illustrated in red. The Zn1 and Zn 2
sites are coloured in light and dark green, respectively. The Zn 2+ ligating Cys residues associated with the
aHDD motif are shown in yellow while the non-aHDD Zn2+-binding Cys residues are shown in orange. His
residues are shown in blue. The N and C termini of the protein sequence are denoted in each of the diagrams.
A) Cross-braced treble clef where an N-terminal aHDD motif is located at only the Zn1 site; this is represented
by PDB: 1z60_A, the structure of the C-terminal domain of human TFIIH p44 subunit. B) PDB: 1y02_A, the
structure of a fyve-type domain from caspase regulator carp2; this corresponds to the sub group of crossbraced treble clefs where an N-terminal aHDD is associated with only Zn 2. C) The structure of PDB: 2pnx_A,
the PHD finger of ing4; this contains a cross-braced treble clef region, with both Zn 1 and Zn 2 having Nterminal aHDD motifs. D) PDB: 3flo_B, the C-terminal domain of yeast DNA polymerase alpha is a good
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example of a non-cross-braced treble clef structure containing only the Zn 2 site. E) Two tandem LIM
domains, each havinga Zn2+ associated aHDD motif containing the N-terminal Zn2+-binding residues; PDB:
1ibi_A, the zinc-finger protein CRP2 (LIM2).

KMG family 3A comprises RING finger-like Zn finger domains that contain two
cross-braced Zn2+-binding sites (Krishna, Majumdar et al. 2003). The aHDD motif is absent
in some cross-braced structures. In many others, the motif is restricted to the N-terminal
end of the Zn 2 site and is absent in Zn 1. However, there are two structures (PDB: 1vyx_A
and 1xa6_A) that contain an aHDD motif exclusively at the N-terminal end of Zn 1. A
number of variations to the aHDD motif are also observed. A common variant is the CXH,
where an i, i+2 type aHDD-between thiol variant has the second Cys replaced by a His
residue. Another variation is of a CXXD type, where the second Cys of an aHDD motif is
replaced by an Asp residue; this is often found at the N-terminal end of the Zn 2 site. Two
structures grouped here also contain an original aHDD motif at Zn 1 coupled with a CXC or
CXH type variant at Zn 2.
KMG family 3B is similar to 3A in its cross braced nature (Krishna, Majumdar et al.
2003). However, while the majority of the structures grouped into this family contain both
Zn 1 and Zn 2 sites, a subset have only Zn 2. In the set of cross-braced structures, the motif
is predominantly found in both the Zn 1 and Zn 2 sites. The aHDD motif is also found in all
structures that only have Zn 2 (PDB: 1faq_A, 2enn_A, 2db6_A, 2eli_A and 1tbn_A). An
HXXH variant of the aHDD motif (where both Cys are replaced by His residues/bare
knuckles; PDB: 1v5n_A), was also noted in the dataset. Whether, this variation is of any
functional significance is hard to determine at this stage.
The protein structures grouped into this family (3B) are mostly involved in protein
interactions and metal binding. Among functions seen are ATP binding (PDB: 2enn_A,
1ptq_A and 2yuu_A), transferase activity (PDB: 2eli_A, 1r79_A), signalling (PDB: 1xa6_A,
1y8f_A) and transcription.
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KMG family 3C originally comprised of FYVE, PHD and rabphilin-3a domains. The
structures of this family can be broadly categorized into three groups, namely those with
only Zn 1, those with only Zn 2 and those with both Zn1 and Zn 2. Thoseof the first group
have protein binding functions. In these structures, aHDD motifs are confined to the
second of two tandem Zn 1 sites.
The majority of the 3C structures have both Zn 1 and Zn 2 sites. Interestingly, in
almost all of such structures the aHDD motif is restricted to the β hairpin turn associated
with the Zn 1 site. The only exceptions are PDB: 1wep_A where the motif is only found in
the Zn 2 site and PDB: 1x4w_A where the aHDD motif is absent in both Zn 1 and 2. No
evidence could be found to support a functional significance for these exceptions. It is
important to note that none of the 3C structures contain the redox sensitive aHDD motif
simultaneously in both Zn2+ sites in a cross-braced structure. In some structures of 3C the
aHDD motif was absent altogether (PDB: 1mm2_A, 1wen_A); this group has a common
function in DNA binding.
The structures representing family 3D, nuclear receptor-like fingers can be loosely
grouped as those with either one or two Zn2+-binding sites. In several structures with two
Zn2+ sites, either Zn 1 or 2-type sites are repeated in a tandem manner. However, the
majority of the structures have both Zn 1 and Zn 2 sites arranged in a non-cross-braced
(tandem) pattern, with the secondary structural elements following the order βα and ββ in
the sequence. These structures clearly belong to fold group 3 but it is rather difficult assign
them to Zn 1, Zn 2 or cross-braced groups due to the arrangement of their Zn 2+ sites. Thus,
these have been placed in the ‘hybrid’ group.
In 3D structures containing only Zn 1 sites, the aHDD motif is predominantly
absent. The exceptions to this are PDB: 2jw6_A and 2yqq_A, both which contain an aHDD
motif in the second Zn 1 site of a tandem arrangement. Two structures in the dataset
(PDB: 1j2o_A and 2co8_A) containtwo tandem Zn 2 sites, however the aHDD motif was
absent in both cases. The aHDD motif is also absent in most non-cross-braced structures
containing both Zn 1 and Zn 2 sites. A few structures (PDB: 1b8t_A, 2dar_A, 2od1_A and
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2o10_A) had an aHDD motif at the N-terminal of the Zn 2 site, and one had the motif
exclusively at the N-terminal of the Zn 1 site (PDB: 1a7i_A). It is worthwhile to note that no
variants of the aHDD motif were observed. There were also some structures that
contained a single Zn2+-binding site. While most of these single Zn2+-binding sites
corresponded to a Zn 2-type site, a few contained only the Zn 1 site type. The aHDD motif
was again mostly absent in these single Zn site structures.
The family 3E corresponds to nuclear receptor DNA binding domains in the original
KMG classification. All the structures grouped into this family have only Zn 1 sites. None of
these structures were found to contain an aHDD motif.
The KMG 3F family comprises I-tevI endonuclease type Zn fingers. This group of
proteins is implicated in DNA interactions (Krishna, Majumdar et al. 2003). However, it has
been suggested that the Zn finger in I-tevI may have a function other than interacting with
the primary DNA-binding site (Roey, Waddling et al. 2001). After a series of unsuccessful
structure alignment attempts, only the original seed structure (PDB: 1i3j_A) remained in
this group. This structure has only a Zn 2 site. The aHDD motif is absent.
The family 3G corresponds to Ribosomal protein L31 in the original KMG
classification. The structure, PDB: 1lnr_Y, used in the KMG classification has been
superseded by PDB: 1nkw, which contains only a Cα trace for the relevant protein. It was
not possible to acquire additional structures for this family due to the absence of Dali
based matching domains and the non-alignment of the structures obtained from the Pfam
method. It is important to note that the original structure (PDB: 1lnr_Y) assigned to this
family in the KMG study did not have a Zn 2+ site, as the Zn2+-binding ligands were replaced
by other residues. In the original KMG study, it was reasoned that, despite the absence of
the Zn2+ site, the structure contained all structural elements of the treble clef and hence it
should be included in the treble clef fold (Krishna, Majumdar et al. 2003). This domain is a
constituent of the ribosome and is involved in RNA processing (Harms, Schluenzen et al.
2001).
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The family 3H represents the YlxR-like hypothetical cystolic proteins of the KMG
classification. This group is solely represented by a structure of cytosolic protein of
unknown function coded by a gene from Nusa/Infb region (PDB: 1g2r_A). No structural
domain matches were found for this group after the superposition studies. The Zn2+binding site is deteriorated in this protein, as seen with 3G.
The non-cross braced family corresponding to 3I, tRNA synthetase treble clef
domains were originally represented by a single structure, the cytoplasmic prolyl-tRNA
synthetase from Thermus thermophilus (Yaremchuk, Tukalo et al. 2001). This permutated
structure contains a C-terminal aHDD motif and is associated with nucleotide binding
(Cusack, Yaremchuk et al. 1998).
The family 3J corresponds to NAD+-dependant DNA ligase treble clef domains in the
original classification. The aHDD motif is absent altogether in this family. DNA ligases are
involved in joining broken regions in the DNA duplex that occur during DNA replication,
repair and recombination (Lee, Chang et al. 2000). The crystal structure of the NAD+dependant DNA ligase from Thermus filiformis suggests a structural support role for its Zn
finger motif during the DNA interaction process to repair broken regions (Lee, Chang et al.
2000). Thus, the absence of a redox sensitive aHDD motif may indicate its need to
maintain structural stability during the repair process, even under fluctuating redox
conditions. Having the redox sensitive aHDD motif might actually impair its function.
The family 3K comprises of YacG-like hypothetical proteins; it is represented by a
single Zn finger from the YacG protein of Escherichia coli. No new structures were acquired
for the 3K family during this study. The function of the Zn finger domain of YacG protein
remains poorly understood. However, it is suggested to be involved in transcription via
protein-protein interaction or DNA binding (Ramelot, Cort et al. 2002). The Zn finger
domain contains an N-terminal aHDD motif in a Zn 2-type site. The Zn 1 site is lost in this
structure.
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The aHDD is absent in 3L, His-Me endonucleases.The treble clef domain itself is
deteriorated in this family. The structures representing the family 3M, corresponding to
the RBP10 protein from RNA polymerase II, also do not contain aHDD motifs. However, the
RNA polymerase subunit RBP10 from Methanobacterium thermoautotrophicum (PDB:
1ef4_A) contains an unusual ligand arrangement where two adjacent Cys residues within a
helix bind the Zn2+ ion.

Mapping of Hidden Markov models to KMG fold 3

In the original KMG study, family 3A included structures that corresponded to the
Pfam models zf-C3HC4 (PF00097), zf-B_box (PF00643), MAT1 (PF06391) and zf-rbx1
(PF12678). All these protein families belong to the Pfam clan RING (CL0229). Many
proteins comprising the RING finger are associated with the ubiquitinylation pathway. The
B-box type Zn finger domain is a short protein domain, which is frequently associated with
ubiquitinylation (Massiah, Simmons et al. 2006). However, B-box Zn fingers were assigned
to the Zn ribbon fold (Fold group 4) in the KMG study. Therefore, zf-B_box (PF00643) was
removed from the treble clef Pfam list. The MAT1 domain functions as a target factor for
cyclin-dependant kinase-activating kinase by interacting with the transcription factor TFIIH
(Gervais, Busso et al. 2001). The RING-H2 Zn finger represented by PF12678 may be
involved in cell cycle control (Sasagawa, Urano et al. 2003). In addition to the above, a new
structure (PDB: 2ct0) belonging to zf-RING-like (PF08746) family of the same RING clan was
added based on structural alignment data.
KMG family 3B is represented by the Pfam Clan C1 (CL0006), which includes
variants of the protein kinase C1 domain with a rich Cys and His content (Azzi, Boscoboinik
et al. 1992). The original KMG seed structures of this family belong to C1_4 (PF07975) and
C1_1 (PF00130). Several new structures were added to this family during this study. These
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are represented by the ZZ (PF00569), C1_2 (PF03017) and C1_3 (PF07649) Pfams, all of
which belong to CL0006.
KMG family 3C is represented by FYVE (PF01363), PHD (PF00628) and Ras
(PF00071). The Pfam model, zf-Piccolo (PF05715) of the same clan as FYVE and PHD
(CL0390) families was considered as an addition to this group. However, no structures are
available for this family yet. FYVE domains may be involved in regulating protein-protein
interactions or lipid-protein interactions by binding phosphatidylinositol-3-phosphate
(Gaullier, Simonsen et al. 1998; Stenmark and Aasland 1999), while PHD fingers are
implicated in H3K4me3 binding (Wang, Shen et al. 2011).
The nuclear receptor-like fingers of KMG family 3D are largely represented by the
Pfam clan TRASH (CL0175). The original KMG seed structures used in the KMG
classifications map to the Pfam models Ribosomal_S14 (PF00253), Ribosomal_L24e
(PF01246), zf-FPG_ileRs (PF06827), XPA_C (PF05181), GATA (PF00320), LIM (PF00412) and
zf-C4 (PF00105). The Pfam families, YHS (PF04945), zf-MYND (PF01753), zf-FCS (PF06467)
and zf-HIT (PF04438) were also added to 3D as they belong to TRASH. The structures
belonging to these Pfam models aligned with the KMG seed structures, indicating
structural similarity of the Zn finger.
The nuclear receptor DNA binding domains of family 3E are represented by the
single Pfam model zf-C4 (PF00105). This Pfam model is not associated with a Pfam clan.
The 3F family is represented by the Pfam model GIY-YIG (PF01541), which belongs to the
GIY-YIG endonuclease superfamily (CL0418). This Pfam clan also contains the Pfam family
DUF123 (PF01986), which does not have any structural domains. The GIY-YIG proteins are
involved in DNA recognition (Dunin-Horkawicz, Feder et al. 2006).
The crystal structure of the large ribosomal subunit from Deinococcus radiodurans
(PDB: 1nkw) of the 3G family is represented by the Pfam model Ribosomal protein L31
(PF01197), which is not a member of any clan. Absence of a proper Zn2+-binding site in the
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PDB file restricts further analysis of this structure with respect to the presence or absence
of aHDD motifs.
The family 3H is represented by the Pfam model DUF448 (PF04296), which is also
not a member of any clan. The tRNA synthetase treble clef domains of 3I are represented
by tRNA_synt_2b (PF00587). The family 3J is represented by the Pfam model
DNA_ligase_ZBD (PF03119). This model is restricted to NAD+-dependant DNA ligase
proteins and contains a small Zn2+-binding motif involved in DNA interactions (Lee, Chang
et al. 2000). It is also not a member of any Pfam clan.
YacG-like hypothetical protein of family 3K is represented by the Pfam model
DUF329 (PF03884). According to its Pfam description, this Pfam model has no
characterized function. It is a member of the Pfam clan TRASH (CL0175). Several other
Pfam members of the TRASH clan represent structures grouped under 3D. The TRASH
Pfam clan is implicated in metal trafficking, according to its Pfam description.
The His-Me endonucleases of family 3L are represented by Colicin-Dnase
(PF12639). The KMG seed structures 7cei_B and 1bxi_B of His-Me endonucleases
correspond to this Pfam model. This belongs to the Pfam clan His-Me_finger (CL0263).
Some other Pfam families of this clan are Colicin_Pyocin (PF01320), Endonuclease_NS
(PF01223), MH1 (PF03165), Endonuclease_7 (PF02945), HNH (PF01844), NinG (PF05766)
and ICEA (PF05315). However, no structures were available for NinG, HNH and ICEA. The
His-Me endonucleases are a diverse family, which bind nucleic acids (Grishin 2001;
Krishna, Majumdar et al. 2003).
The family 3M corresponds to RBP10 protein from RNA polymerase II and is
represented by the Pfam model RNA_pol_N (PF01194), which is not a member of a Pfam
clan.
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Structures of KMG fold 4

The KMG study identified nine families of Zn ribbons based on sheet topology and
three-dimensional structure (Krishna, Majumdar et al. 2003). In general, Zn ribbon
structures can be assigned to four groups based on the presence and location of the aHDD
motif. Therefore, four supergroups were created within the Zn ribbon fold as follows; Zn
ribbons with N-terminal aHDDs/variant aHDDs (4-I), Zn ribbons with C-terminal
aHDDs/variant aHDDs (4-II), Zn ribbons with both N and C terminal aHDDs/variant aHDDs
(4-III) and Zn ribbons with no aHDD/variant aHDDs motifs (4-IV). Structural
representatives of the four supergroups of Zn ribbons are shown in 4.2.26.
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Fig 4.2.26 Structural representatives of Zinc ribbons of Zn finger fold group 4 associated with the
aHDD motif.
The structural region of the protein corresponding to the aHDD motif is illustrated in red. The Zn 2+
is coloured in green. The Zn 2+ ligating Cys residues associated with the aHDD motif are shown in
yellow, while the non-aHDD Zn2+-binding Cys residues are shown in orange. His residues are
drawn in blue. The N and C termini of the protein sequence are denoted in each of the
diagrams.The Zn ribbons in subgroup 4-I contain the Zn2+-binding aHDD motif on the N-terminal βhairpin, while 4-II Zn finger structures have a C-terminal aHDD motif. PDB: 1a8h_A, methionyltRNA synthetase from Thermus thermophilus and PDB: 1r0b_H, aspartate transcarbamylase of
Escherichia coli represent 4-I and 4-II respectively.PDB: 3cxk_A, methionine-r-sulfoxide reductase
from Burkholderia pseudomallei belongs to subgroup 4-III. In 4-III Zn ribbon structures the aHDD
motifs are associated with both the N and C terminal Zn 2+-binding Cys residues, as shown in the
diagram. The Zn ribbons that do not contain Zn2+ associated aHDD motifs have been classified as
4-IV and are represented here by PDB: 1dgz_A, the ribosmal protein l36 from Thermus
thermophilus.
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The KMG family 4A is a large group of Zn ribbons that are generally characterized
by a long secondary hairpin (Krishna, Majumdar et al. 2003), however there are several
protein members that are exceptions. Zn finger structures in this family broadly fall into
four categories based on the location of the aHDD motif. The aHDD motif can either be
found in the N or C terminal or in both the N and C-term Zn knuckles. There are some 4A
structures in which the aHDD is absent altogether (Supplementary Data, chapter 4, section
4.2, part 2). Therefore, 4A structures can belong to any of the Zn ribbon supergroups,
mentioned above.
4A structures containing an N-terminal aHDD are mostly transcription elongation
factors. For example, yeast transcription initiation protein spt4/spt5 (PDB: 2exu_A), RNA
polymerase II elongation complex (PDB: 2nvt_L) and human transcription elongation
factor hspt4/hspt5 (PDB: 3h7h) all contain N-terminal aHDD motifs. There are also
transcription initiation factors, such as the translational initiation factor 2 (a/eIF2) (PDB:
2d74_A), which contain an N-terminal aHDD.
The 4A structures containing an aHDD motif in the C-terminal Zn knuckle include
Casein kinase II homologs (PDBs: 1qf8_A (KMG seed structure) and 2r6m_A) and a
hydrolase (PDB: 1vk6_A).
Some structures in the 4A dataset contained an aHDD motif in both the N and Cterminal Zn knuckles. A good example of this is the transcription elongation factor TFIIS
(PDB: 1tfi). Here, the Zn2+-binding Cys12-Cys15 and Cys40-Cys43 are embedded in N and C
terminal Zn knuckles, respectively. The folding pattern of the Zn finger regions is
important for the interaction of transcription factors with nucleic acids. Thus, it is possible
that the aHDD motifs may be contributing towards an optimal folding pattern for the
nucleic acid binding process. Also, TFIIS coordinates Zn 2+ in an optimal tetrahedral
geometry. Therefore, the aHDD motifs may also contribute to the ideal tetrahedral
binding of Zn2+ in this structure, which in turn positions it for interaction with the nucleic
acid.
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The group 4B represents the cluster binding domain of Rieske iron sulfur proteins.
This group is represented by the SCOP fold: ISP domain (cf=50021). The Fe binding Cys/His
residues are arranged in a CXHXnCXXH sequence pattern. These protein structures house a
C-terminal variant of the aHDD motif, where a Cys-His combination occurs with the same
residue registration as in the original aHDD motif. In other words, a thiol in an aHDD motif
has been replaced by a His. The substitution of one aHDD thiol by a His may be of some
functional significance. For example, the respiratory enzyme Cytochrome bc1 (PDB:
1bcc_E) transfers electrons from ubiquinolto Cytochrome c; this involves protein domain
movement to form an electrochemical gradient across the mitochondrial inner membrane
(Zhang, Huang et al. 1998). The residue His161, which forms a hydrogen bond that holds
the Rieske protein in a proximal position to interact with the electron donor ubiquinol of
Q0 site (Zhang, Huang et al. 1998), is located in a CXXH type variant aHDD motif. The
protein adopts the distal conformation to interact with the electron acceptor, the haem
group of cytochrome c1. Thus, the variant aHDD motif seems to be an integral part of the
reaction mechanism of electron transfer via the protein conformational change.
Moreover, the substitution of Cys by His may be linked with the need to form hydrogen
bonds critical for the function of this protein. It is also important to note that all the
proteins assigned to 4B are involved in oxidation-reduction processes. Because all 4B
structures contained the variant aHDD motifs in the C-terminal Zn knuckle, they were
assigned to 4-II supergroup (see Fig 4.2.20).
Family 4C contains the adenovirus-DNA-binding-protein (AdDBP) Zn ribbons. The
protein AdDBP plays a role in DNA replication and transcription control (Kanellopoulos,
Tsernoglou et al. 1996). AdDBP of the adenovirus E2A transcriptional unit was found to
contain Zn2+-binding motifs that resemble the Rpb1 protein of RNA polymerase II of
Saccaromyces cerevisiae (PDB: 1i50_A) that belongs to classical Zn ribbons (4A) (Krishna,
Majumdar et al. 2003). Indeed, the Dali score analysis revealed that the structure of the
Zn2+-binding motif of human adenovirus single-stranded DNA binding protein (PDB:
1adu_A) matched PDB: 1i50_A. Apart from 1adu_A from the KMG study, there were no
other structures found for 4C. The presence of long insertions between the N and C248

terminal Zn2+-binding residues, as well as an insertion between the two C-terminal
residues in this structure, sets this 4C family domain apart from the classical 4A Zn
ribbons. However, this group has been suggested to be homologous to classical Zn ribbons
(Krishna, Majumdar et al. 2003). While in 1i50_A the aHDD motif is absent, the C-terminal
ligand pair (Cys450 and Cys 467) of 1adu_A is embedded in a variant aHDD motif that is
followed by a single-turn helix. Considering the differences observed through sequence
insertions, the group 4C was retained as an individual family in this classification, rather
than merging it with 4A and was assigned to super group 4-II (Fig 4.2.20).
Family 4D comprises the B-box Zn fingers. The B-box Zn finger domains have been
classified into two groups (1 and 2 B-box domains) based on their consensus sequence
and spacing between Zn2+-binding residues (Short and Cox 2006). However, the aHDD
motif was absent altogether in all the structures assigned to this group. Hence, they were
all assigned to the 4-IV super group.
The rubredoxins are grouped under family 4E. In some of the 4E structures the
aHDD motif could be found in the N terminal β-hairpin, while in others it was found in
both the N and C-term Zn knuckles. In PDB: 2inn_A the aHDD motif was absent. Thus, 4E
structures seem to be scattered across the 4-I, 4-III and 4-IV super groups. There were no
4E structures that contained an aHDD in only the C-terminal Zn knuckle. However, it is
difficult to establish if this is due to some functional reason, or if 4E structures with aHDD
motifs in the C-terminal knuckle have not yet been solved. Rubredoxins play a role in
electron transfer (Hagelueken, Weihlmann et al. 2007).
The structures of family 4F, the rubredoxin-like domains in enzymes, can be
broadly classified into three groups based on the Pfam families they represent, as will be
discussed later. Almost all of 4F structures contained an aHDD motif in the N-terminal Zn
knuckle. Methionyl t-RNA synthetase (PDB: 1f4l_A) from the original KMG study is one
such example. Only two structures contained aHDD motifs in both N and C-terminal Zn
knuckles (PDB: 1h3n_A and 1ile_A), while one structure contained variant aHDD motifs in
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both N and C-terminal Zn knuckles (PDB: 1irx_2). Therefore, 4F structures were classified
under both the 4-I and 4-III supergroups.
Family 4G contains structures with the Btk motif. This group is represented by
structures of the human transferase Btk motif (PDB: 1b55_A and 2ys2_A). The aHDD motif
was absent in this family. Hence, they were assigned to 4-IV supergroup. A common
function found to be associated with this group was internal signal transduction.
The 4H family contains the ribosomal protein L36. No new structures were found
for 4H. Hence, 4H was solely represented by the ribosomal protein L36 of Thermos
thermophilus (PDB: 1dfe_A) from the original KMG study. The aHDD motif is also absent in
this structure. Due to the absence of the aHDD motif in either of the Zn knuckles, this
family was placed in the supergroup 4-IV.
Family 4I comprises the cysteine-rich domain of the chaperone protein DnaJ. This
group comprises of molecular chaperones of DnaJ (Hsp 40) (PDB: 1exk_2 and 2ctt_A) and
yeast Hsp40 Ydj1 (PDB: 1nlt_1). The DnaJ CR domain (PDB: 1exk_2) contains four
conserved CXXCXGXG sequence motifs that fold into two inter-linked type III and type III′ β
turns. These form the Zn2+-binding knuckles and are characterized by a number of (+) Ф
dihedral angles (Martinez-Yamout, Legge et al. 2000). Pairs of Zn2+-binding Cys residues are
interleaved in the sequence, similar to 3A type cross-braced treble clef Zn fingers. The
hydrogen bonding pattern of the CXXC segment of the DnaJ CR domain differs from that of
the aHDD motif. Thus these structures do not contain aHDD motifs. The type I Hsp40 Ydj1
(PDB: 1nlt_1) does not contain an aHDD motif either. Therefore this family was included in
the super group 4-IV.
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Mapping of Hidden Markov models to KMG fold 4

Many members of KMG family 4A are parsed by Pfam models that are grouped in
Pfam clan CL0167. However, there was a false positive that was included in this Pfam clan
but is not of Zn ribbon origin. This was the GATA model (PF00320), which was assigned to
the treble clefs.
Group 4A is also represented by several Pfam models of the Pfam clan
Zn_Beta_Ribbon (CL0167). These Pfam models include the transcription-factor-associated
TFIIS_C (PF01096) and TF_ZN_Ribbon (PF08271), as well as zf-CHC2 (PF01807), zfFPG_ileRS (PF06827), Prim_Zn_Ribbon (PF08273), Spt4 (PF06093) elF2_C (PF09173) and
CK_II_beta (PF01214), amongst others.
The Rieske iron sulfur proteins of group 4B correspond to a single Pfam model,
Rieske (PF00355). Rieske proteins contain redox centers; they transfer electrons to 2Fe-2S
clusters and then release them to cytochrome c or cytochrome f (Rieske, Maclennan et al.
1964). Thus, a redox functional importance for the aHDD motif may be highly likely for
proteins of this family.
The adenovirus DNA-binding proteins of group 4C are parsed by members 1
through

7

of

the

RNA

polymerase

Rpb1

family

in

the

Pfam

library.

RNA_pol_Rpb1,2,3,4,5,6,7 and R corresponding to PF04997, PF00623, PF04983, PF05000,
PF04998, PF04992, PF04990 and PF05001.
The Pfam family zf-B-box (PF00643) represents the 4D group, the B-box Zn fingers.
B-box proteins are of two types: type-1 B-box and type-2 B-box (Krishna, Majumdar et al.
2003). While many type 2 B-box proteins are associated with ubiquitinylation (Krishna,
Majumdar et al. 2003), an exact function for type 1 B-box domains cannot be found in
literature. It is difficult at this point to establish if the absence of the aHDD motif has a
functional significance in the protein structures of family 4D.
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The 4E group, the rubredoxin family was initially represented by four Pfam models
corresponding to the seed structures used in the KMG study. These were Rubredoxin
(PF00301), Desulfoferrod_N (PF06397), Rubrerythrin (PF02915) and COX1 (PF00115).
Rubredoxin and Desulfoferrod_N are members of the Pfam clan Rubredoxin (CL0045),
which also contains two other Pfam families COX5B (PF01215) and zf-CHCC (PF10276).
Ruberythrin is associated with a 13 member clan Ferritin (CL0044).
The rubredoxin-like domains in enzymes of the group 4F were originally
represented by the Pfam models Transthyretin (PF00576), tRNA_synt_1g (PF09334),
tRNA_synt_1 (PF00133), ADK_lid (PF05191), SIR2 (PF02146) and DUF1922 (PF09082).
Transthyretin is a member of the eight-family Pfam clan Transthyretin (CL0287), while
tRNA_synt_1g and tRNA_synt_1 are associated with the clan tRNA_synt_1 (CL0038).
Similarly, SIR2 was associated with the six member clan FAD_DHS (CL0085).
The Zn ribbon group 4G of the Btk motif family is solely represented by the Pfam
model BTK (PF00779). The Btk motif is well known for its participation in cell signalling
pathways, particularly those evoked by cell adhesion receptors (Laffarguem, RagabThomas et al. 1999). The absence of the aHDD motif in this family suggests that the
regulation of its function may not be redox related. Similarly, the Pfam model
Ribosomal_L36 (PF00444) is the only family that represents the group 4H and is not
associated with a Pfam clan. Ribosomal proteins are important in mRNA-directed protein
synthesis (Ma, Zhang et al. 2005).
The Zn ribbon family 4I, corresponding to the cysteine-rich domain of the
chaperone protein DnaJ, is represented by the Pfam model DnaJ_CXXCXGXG (PF00684).
This Pfam family is not a member of any Pfam clan. Chaperone DnaJ, also known as the
heat shock protein 40, plays a protective role in preventing irreversible protein
aggregation during synthesis and stress conditions (Qiu, Shao et al. 2006). The aHDD motif
variant in this structure is of particular interest for its possible role in the redox based
chaperone mechanism (Qiu, Shao et al. 2006).
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The Pfam strategy and the extension of the Zn finger classification to sequence

The KMG classification system groups all Zn fingers into eight fold groups based on
the arrangement of backbone secondary structures at the Zn 2+-binding site (Krishna,
Majumdar et al. 2003). There are 34 protein families that are grouped within these folds.
This classification is a very detailed and accurate one that systematically groups all Zn
finger proteins with solved structures. However, the classification cannot be extended to
sequences. As mentioned elsewhere in this thesis, many proteins do not have solved
structures. The structure solution process is often driven by interest and available
resources. Thus, the possibility of developing a method to extend the Zn finger
classification to sequences, using Pfam models as signatures was explored during this
study.
Pfam models represent groups of protein domains that share sequence and
structural similarity. These groups are referred to as Pfam families. Each Pfam family is
represented by a Hidden Markov Model (HMM) profile. [HMMs are frequently associated
with temporal pattern recognition. They are statistical Markov models in which the system
being modelled is assumed to be a Markov process (a time-varying phenomenon for which
a specific property holds) with hidden (unobserved) states]. Pfam is a manually curated
database (Finn, Tate et al. 2008).
Pfam clans have been introduced to address the relationship that exists between
many Pfam families that have artificially high thresholds, which prevents their overlap in a
single sequence (Finn, Mistry et al. 2006). Therefore, multiple HMMs are used to group
structures that belong to a single but large and divergent family. Thus, Pfam clans
converge all Pfam models represented by a set of HMMs that share a common
evolutionary origin (Finn, Mistry et al. 2006). They are detected by structural and
functional information and the matching of a single sequence to multiple HMMs from
different families (Finn, Mistry et al. 2006). Thus, the acquisition of novel structures using
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the Pfam clan method in this study is justified based on the frequent inability of a single
HMM to represent a large protein family where the thresholds have been artificially
inflated to prevent sequence overlap of families.
Pfam models were mapped to the Zn finger structures of the first four fold groups
during this study. It was possible to identify numerous links between the Pfam models and
the Zn finger protein families that they correspond to. However, there were instances
where incorrect Pfam models were matched to particular Zn finger families via the Pfam
clans. For example, many members of KMG family 4A were parsed by Pfam models that
are grouped in Pfam clan CL0167. The GATA model (PF00320), is also a member of this
Pfam clan. However, GATA is a treble clef Zn finger and not a Zn ribbon. Due to such
discrepancies, care was taken when assigning structures to KMG families via the Pfam clan
method. All such structures were checked for their alignment with the relevant seed
structures.
However, the Pfam strategy successfully extracted many new Zn finger structures
that were able to be assigned to KMG groups after structural alignment. Therefore, the
potential to develop a Pfam based method to detect Zn fingers, and importantly those
with the aHDD motif, from sequences seems very promising. This prospect will be further
pursued by our research group but it is beyond the scope of this thesis.

The SCOP, DALI and PDB/PDBsum strategies

Many of the structures obtained from the Pfam strategy were also acquired by the
Dali and SCOP strategies. Therefore, many of the new Zn finger structures proposed by
Pfam for the KMG groups were also supported by the Dali and SCOP databases. It is also
important to note that the Pfam database shares the same domain boundaries defined by
the SCOP database to ensure the protein families correspond to single structural domains
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(Finn, Tate et al. 2008). The SCOP database is a manually curated repository of proteins
hierarchically grouped based on their structural similarities. However, Zn fingers do not
seem to be particularly well classified within SCOP. SCOP is generally considered to be the
most accurate hierarchical structure database, probably due to its origins as a handcurated database (Murzin, Brenner et al. 1995).
There is reasonable correspondence between SCOP at the fold level and KMG
families. Most (70%) of the Zn finger structures classified by Krishna et al. (2003), belong to
KMG families that directly correspond to unique folds of SCOP class 7 [SCOP ID cl=56992].
However, SCOP class 7 is actually a grab bag of small proteins generally lacking
hydrophobic cores (Chu, Feng et al. 2005).
The KMG fold classification improves upon the SCOP fold classification in three
ways. Firstly, it distinguishes Zn fingers from other small proteins in SCOP class 7. The
original 34 KMG families only comprise around 30% of the current SCOP folds in SCOP class
7. Other folds included in SCOP fold 7 are small proteins, which are not Zn2+-binding, such
as disulfide-rich proteins like EGF domains. However, Zn fingers are relatively well studied
compared to other small proteins of class 7.
Secondly, the KMG classification supergroups some SCOP class 7 folds into KMG
folds. The KMG folds could largely be accommodated within the existing SCOP hierarchy by
pushing the current SCOP Zn finger folds down to the superfamily level and inserting the
KMG folds at the SCOP fold level.
Lastly, the KMG classification identifies Zn finger structures scattered throughout
the SCOP database. Some Zn finger structures are inserted within other domains. Versions
of the fold exist with and without the Zn finger. In many cases these Zn fingers are not
annotated as distinct folds within SCOP but are merely noted as “Zn finger inserts” within
other folds. For this reason, as noted by Krishna et al., some Zn fingers belonging to the
same KMG fold are scattered among various SCOP folds. In many cases these Zn fingers
are involved in protein-protein interactions. An example is the Zn finger inserted within a
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TRAF domain, which is classified in SCOP on the basis of the associated immunoglobulin
domain (PDB: 1k2f).
Dali is a popular method used in structural studies for its high accuracy. The Dali
method considers the input structures in hexapeptide fragments for the calculation of
distance matrices by evaluating the contact patterns between successive fragments (Holm
and Sander 1995). Two proteins are considered a ‘match’ when their distance matrices
share similar characteristics in approximately the same positions (Holm and Sander 1995).
The Dali strategy identified many structural hits for KMG seed structures. However, it is
important to note that structural alignment of proteins may recognize tertiary structures
sharing similar characteristics but originating from convergent evolution. In such proteins,
structures from unrelated lineages may have developed the same or similar characteristics
to perform a similar biological function. Haemoglobin and myoglobin molecules are a
classic example of this phenomenon.
Being the final strategy employed, the PDB/PDBsum strategy was less successful in
detecting additional Zn finger structures in comparison with the other three. The
PDB/PDBsum strategy did capture most of the additional structures that were acquired
from the other three strategies. The exceptions were the Rieske proteins, which do not
bind Zn2+ but Fe3+, and those with deteriorated Zn fingers, such as ribosomal protein L31.
It was difficult to assign the additional structures that were acquired from only the
PDB/PDBsum strategy to KMG families, as they tended to align poorly with all the
available seed structures. Hence, the PDB/PDBsum based strategy was unsuccessful in
detecting any additional structures that could be added to the KMG classification. It is
possible that additional structures captured by only this strategy are not of Zn finger origin
but were picked up purely because they were Zn2+-binding.
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Conclusion

Potential additional structures for the KMG families were acquired by the Dali,
SCOP, Pfam/Pfam clan (PDB/PDBsum) based strategies to update the KMG classification of
Zn fingers. The assignments of these structures to their relevant KMG families were
confirmed by structural superimposition studies. A PROMOTIF-based method was
developed to identify the aHDD motif (and variants) in Zn finger structures on a highthroughput scale. An extension to the KMG Zn finger classification was proposed based on
the presence and the location of the aHDD motif in Zn finger groups.
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Section 4.3 The extent of Zn fingers in the human genome

Background

Zn fingers are small protein domains that are stabilized by Zn2+ ions (Krishna,
Majumdar et al. 2003). These are important in numerous cellular and physiological
functions. Thus, they are frequently encountered in proteomes of many organisms. In fact,
Zn fingers have been found to be the most common structural motifs in the proteomes of
Saccharomyces cerevisiae, Drosophila melanogaster and Caenorhabditis elegans (Rubin,
Yandell et al. 2000).
Zn finger proteins are known to play a significant role in the human body. For
example, the human Zn finger gene MZF-1 is thought to regulate transcriptional events
during hemopoietic development (Hromas, Collins et al. 1991). The THAP Zn finger of
human THAP1 protein is important for DNA recognition (Bessiere, Lacroix et al. 2008).
THAP1 regulates cell proliferation by modulating the pRb/E2F cell cycle target genes
(Bessiere, Lacroix et al. 2008). The loss or alteration of human Zn finger functions can lead
to many diseases, further suggesting their importance for our existence. For example,
alteration in the function of Zn finger containing Kruppel-like transcription factors are
associated with the pathophysiology of numerous human diseases such as cancer,
metabolic disorders and cardiovascular disease (McConnell and Yang 2010).
Yet, surprisingly, it is difficult to understand the extent of human proteins that
contain Zn fingers and genes that encode them from the available literature. A previous
study roughly estimated the human genes that encode for Zn finger proteins to be in the
hundreds (Bray, Lichter et al. 1991). However, that study was conducted over twenty
years ago. Many human proteins have been identified since then. Thus, this data is very
likely to be outdated.
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Emerging evidence suggests Zn fingers to play a redox role in numerous cellular
and physiological functions. However, no attempt has been made thus far, to quantify the
extent of redox-active Zn fingers in human proteins. It is rather difficult to identify redoxactive Zn fingers using experimental techniques on a high-throughput scale.
Bioinformatics and computational tools can be utilized to predict Zn fingers on a genomewide scale. Certain characteristics such as FD motifs can be used as markers to predict
redox activity in proteins. The aHDD motif, a novel type of FD associated with Zn fingers
that was discovered during this study, may be used as a hallmark of redox activity in Zn
fingers. This motif is located on Zn binding β-hairpins and is found in a large number of Zn
fingers. The structural configuration of the aHDD makes it very likely to be redox-active.
This is discussed in chapter 4, sections 4.1 and 4.2.
In this study, Pfam models were used estimate the number of human Zn finger
proteins and genes that encode them. In addition, Pfam models associated with aHDD
motifs were used to estimate likely redox-active Zn finger proteins and their encoding
genes.
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Materials and Methods

To estimate the prevalence of Zn fingers in the human genome, human protein
sequences from Build 36.3, were downloaded from NCBI (Wheeler, Barrett et al. 2007).
These sequences were parsed against the Pfam library of Hidden Markov Models using
HMMER 2.3.2 (Eddy S 1998) to obtain a list of Pfam models associated with human
proteins. The list of Pfam models associated with Zn finger motifs (and Zn fingers with
aHDDs) obtained in Materials and Methods (Pfam strategy) from chapter 4, section 4.2
was compared against this list Pfam models representing human protein sequences. The
number of the genes, proteins and domains corresponding to each Zn finger associated
Pfam model was counted using custom Perl scripts. The percentage of proteins potentially
containing Zn fingers (and Zn fingers with aHDD motif) in the human genome, proteome
and domain content was calculated.
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Results

The extent of Zn fingers in the human proteome was estimated using Pfam models
associated with Zn finger structures. The number of human genes, proteins and domains
that correspond to each Pfam model associated with Zn fingers and the fraction of the
genome, proteome and domain content they represent were calculated. This data is
shown in Table 4.3.1 The Pfam strategy revealed a total of 154 Pfam models that were
associated with Zn finger structures. Of these, 101 were represented in the human
genome/proteome.
The NCBI human Build 36.3, indicated that the human genome consists of 22,969
genes, while the human proteome is comprised of 52,005 protein domains that belong to
31,545 unique proteins. Zn finger proteins and their encoding genes make up around 9%
of the human proteome (8.85%) and genome (8.97%). Over 18% of human protein
domains bind Zn2+. 1673 human genes encode for 2235 human proteins and 8660
different domains that likely contain aHDD motifs or variants. Thus, 92% of the protein
domains associated with human Zn fingers are likely to also contain an aHDD motif or one
of its variants. It is also interesting to note that 81% of the human Zn finger proteins
(80.05%) and genes (81.17%) [encoding these Zn finger proteins] are associated with an
aHDD motif.
The number of human genes, proteins and domain content corresponding to each
Zn finger fold group are shown in the colour coded columns G, P and D respectively of
Table 4.3.1. Treble clefs are the most highly represented group of Zn fingers in the human
genome and proteome. Almost 50% of all human Zn finger proteins and 45% of Zn finger
encoding genes correspond to treble clefs. However, 3% of the all human genes encode
for C2H2 type Zn finger proteins (zf-C2H2, PF00096). This aHDD-containing Pfam
comprises a massive 13.7% of the human protein domain content.
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Table 4.3.1 Prevalence of Pfam domains associated with Zn fingers in the human proteome
D,P and G stands for domain content, proteins and genes, respectively. *Zn fingers of the KMG families 3G, 3H and Zn2/Cys6 groups
are not found in the human proteome.Y, N and V in the aHDD column stands for yes (present), no (absent) and variant.
Group

Pfam

Description

aHDD

Domains

%

Proteins

%

Genes

%

1A

PF00096

zf-C2H2

Y

7102

13.656

850

2.695

704

3.065

1A

PF02892

zf-BED

Y

7

0.013

4

0.013

4

0.017

1A

PF03615

GCM

Y

2

0.004

2

0.006

2

0.009

1A

PF06220

zf-U1

Y

11

0.021

10

0.032

7

0.030

1A

PF08790

zf-LYAR

Y

1

0.002

1

0.003

1

0.004

1A

PF04434

SWIM

Y

10

0.019

10

0.032

7

0.030

1B

PF00653

BIR

Y

27

0.052

17

0.054

12

0.052

1B'

PF03145

Sina

Y

4

0.008

4

0.013

3

0.013

1B'

PF02176

zf-TRAF

Y

24

0.046

15

0.048

8

0.035

2

PF00098

zf-CCHC

Y

47

0.090

27

0.086

22

0.096

3A

PF00017

SH2

Y

148

0.285

133

0.422

98

0.427

3A

PF00097

zf-C3HC4

Y

341

0.656

336

1.065

227

0.988

3A

PF00620

RhoGAP

Y

98

0.188

98

0.311

65

0.283

3A

PF02262

Cbl_N

V

3

0.006

3

0.010

3

0.013

3A

PF02761

Cbl_N2

V

3

0.006

3

0.010

3

0.013

3A

PF02762

Cbl_N3

V

3

0.006

3

0.010

3

0.013

3A

PF04564

U-box

N

8

0.015

8

0.025

6

0.026

3A

PF08746

zf-RING-like

Y

1

0.002

1

0.003

1

0.004

3B,3A

PF00130

C1_1

Y

116

0.223

89

0.282

61

0.266

D

P

G

7188

913

748

47

27

22

262

3B

PF00169

PH

Y

3

0.006

3

0.010

3

0.013

3B

PF00569

ZZ

Y

48

0.092

47

0.149

17

0.074

3B

PF00621

RhoGEF

Y

87

0.167

85

0.269

65

0.283

3B

PF03107

C1_2

Y

1

0.002

1

0.003

1

0.004

3B

PF07975

C1_4

Y

15

0.029

15

0.048

3

0.013

3C

PF00439

Bromodomain

Y

85

0.163

59

0.187

37

0.161

3C

PF00628

PHD

Y

148

0.285

103

0.327

70

0.305

3C

PF00790

VHS

Y

12

0.023

12

0.038

9

0.039

3C

PF01363

FYVE

Y

37

0.071

35

0.111

27

0.118

3C

PF01428

zf-AN1

Y

9

0.017

7

0.022

7

0.030

3D

PF00320

GATA

N

20

0.038

13

0.041

12

0.052

3D

PF00412

LIM

N

225

0.433

94

0.298

72

0.313

3D

PF01286

XPA_N

Y

1

0.002

1

0.003

1

0.004

3D

PF01753

zf-MYND

Y

32

0.062

32

0.101

20

0.087

3D

PF01803

LIM_bind

N

2

0.004

2

0.006

2

0.009

3D

PF04438

zf-HIT

Y

9

0.017

9

0.029

7

0.030

3D

PF05181

XPA_C

Y

1

0.002

1

0.003

1

0.004

3D

PF06827

zf-FPG_IleRS

N

1

0.002

1

0.003

1

0.004

3D

PF06831

H2TH

N

3

0.006

3

0.010

3

0.013

3D

PF08264

Anticodon_1

Y

7

0.013

7

0.022

6

0.026

3E

PF00105

zf-C4

N

95

0.183

95

0.301

46

0.200

3F

PF01541

GIY-YIG

N

6

0.012

6

0.019

2

0.009

3G

-

-

-

0

0

0

0

0

0

3H

-

-

-

0

0

0

0

0

0
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3I

PF00587

tRNA-synt_2b

Y

10

0.019

10

0.032

10

0.044

3I, 4F

PF00133

tRNA-synt_1

Y

5

0.010

5

0.016

4

0.017

3I, 4F

PF01406

tRNA-synt_1e

Y

5

0.010

5

0.016

2

0.009

3I

PF03129

HGTP_anticodon

Y

9

0.017

9

0.029

9

0.039

3I

PF09180

ProRS-C_1

Y

1

0.002

1

0.003

1

0.004

3J

PF00533

BRCT

N

48

0.092

26

0.082

13

0.057

3L

PF03165

MH1

N

17

0.033

17

0.054

12

0.052

3M

PF01194

RNA_pol_N

N

1

0.002

1

0.003

1

0.004

4A

PF00009

GTP_EFTU

Y

21

0.040

21

0.067

18

0.078

4A

PF00293

NUDIX

Y

32

0.062

32

0.101

21

0.091

4A, 4C

PF00623

RNA_pol_Rpb1_2

Y

3

0.006

3

0.010

3

0.013

4A

PF01096

TFIIS_C

Y

11

0.021

11

0.035

6

0.026

4A

PF01149

Fapy_DNA_glyco

N

1

0.002

1

0.003

1

0.004

4A

PF01214

CK_II_beta

Y

1

0.002

1

0.003

1

0.004

4A

PF01599

Ribosomal_S27

Y

3

0.006

3

0.010

2

0.009

4A

PF01751

Toprim

Y

2

0.004

2

0.006

2

0.009

4A

PF02150

RNA_POL_M_15KD

Y

2

0.004

2

0.006

2

0.009

4A

PF03144

GTP_EFTU_D2

Y

21

0.040

21

0.067

18

0.078

4A

PF03604

DNA_RNApol_7kD

N

1

0.002

1

0.003

1

0.004

4A

PF03966

Trm112p

Y

6

0.012

6

0.019

4

0.017

4A

PF05129

Elf1

Y

1

0.002

1

0.003

1

0.004

4A

PF06093

Spt4

Y

1

0.002

1

0.003

1

0.004

4A

PF08772

NOB1_Zn_bind

Y

1

0.002

1

0.003

1

0.004

329

327

237
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4A

PF09173

eIF2_C

Y

1

0.002

1

0.003

1

0.004

4A

PF09296

NUDIX-like

Y

2

0.004

2

0.006

2

0.009

4A

PF09297

zf-NADH-PPase

Y

2

0.004

2

0.006

2

0.009

4A

PF08271

TFIIB_Zn_Ribbon

Y

3

0.006

3

0.010

3

0.013

4A

PF01667

Ribosomal_S27e

Y

2

0.004

2

0.006

2

0.009

4A

PF00935

Ribosomal_L44

Y

14

0.027

14

0.044

11

0.048

4B

PF00355

Rieske

V

4

0.008

4

0.013

3

0.013

4C

PF04983

RNA_pol_Rpb1_3

Y

3

0.006

3

0.010

3

0.013

4C

PF04997

RNA_pol_Rpb1_1

Y

2

0.004

2

0.006

2

0.009

4C

PF04998

RNA_pol_Rpb1_5

Y

3

0.006

3

0.010

3

0.013

4C

PF05000

RNA_pol_Rpb1_4

Y

3

0.006

3

0.010

3

0.013

4C

PF05001

RNA_pol_Rpb1_R

Y

4

0.008

1

0.003

1

0.004

4D

PF00643

zf-B_box

N

142

0.273

124

0.393

76

0.331

4E

PF00210

Ferritin

Y

8

0.015

8

0.025

6

0.026

4E

PF00268

Ribonuc_red_sm

N

2

0.004

2

0.006

2

0.009

4E

PF01215

COX5B

Y

1

0.002

1

0.003

1

0.004

4F

PF00406

ADK

Y

19

0.037

17

0.054

11

0.048

4F

PF02146

SIR2

Y

10

0.019

10

0.032

7

0.030

4F

PF09334

tRNA-synt_1g

N

2

0.004

2

0.006

2

0.009

4G

PF00779

BTK

N

11

0.021

11

0.035

9

0.039

4H

PF00444

Ribosomal_L36

V

1

0.002

1

0.003

1

0.004

4I

PF00684

DnaJ_CXXCXGXG

N

4

0.008

4

0.013

4

0.017

5A

-

-

-

0

0

0

0

0

0

5B

-

-

-

0

0

0

0

0

0

0

0

0
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6A

PF02135

zf-TAZ

N

4

0.008

2

0.006

2

0.009

6B

PF00004

AAA

N

61

0.117

54

0.171

43

0.187

6B

PF07728

AAA_5

N

30

0.058

15

0.048

12

0.052

7

PF08240

ADH_N

N

19

0.037

19

0.060

17

0.074

7

PF00107

ADH_zinc_N

N

23

0.044

23

0.073

20

0.087

7

PF01000

RNA_pol_A_bac

N

3

0.006

3

0.010

2

0.009

7

PF01193

RNA_pol_L

N

6

0.012

6

0.019

4

0.017

7

PF01702

TGT

N

2

0.004

2

0.006

2

0.009

7

PF01472

PUA

N

2

0.004

2

0.006

2

0.009

7

PF02816

Alpha_kinase

N

4

0.008

4

0.013

4

0.017

8

PF00131

Metallothio

N

16

0.031

16

0.051

15

0.065

95

71

57

59

59

51

16

16

15
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Discussion

Zn finger proteins are important in health and disease. Thus, it is beneficial to
understand the extent to which they are found in the human proteome. Much is
unknown of the redox-active human Zn finger proteins and their prevalence in the
proteome. The aHDD can be used as a marker to detect likely redox-active Zn finger
proteins. Pfam models were used in this study to estimate the extent of Zn fingers and
those Zn fingers with the aHDD motif in the human proteome. Human protein
sequences were examined for the presence of Pfam domains that served as signatures
of Zn fingers and the presence of aHDDs within them.
The results from this study suggest that close to a tenth of our proteome is
made up of Zn finger-containing proteins. Interestingly, the proportion of the gene
content encoding proteins with Zn finger domains is roughly the same, suggesting that
most genes associated with Zn fingers may only encode a single protein isoform.
However, this number is likely to be an underestimate. It is likely that some Zn finger
domains are not yet represented by a Pfam model. Thus, such Zn finger proteins would
not have been captured by this Pfam-based method.
This study also revealed that 81% of human Zn fingers are likely to be
associated with an aHDD motif. This means that over 80% of human Zn fingers are
likely to be redox sensitive. It is therefore important not to discount the significance of
the aHDD related Zn fingers in biological processes, particularly in relation to their
redox activity.
It is also important to note that almost the whole human genome has been
sequenced by the International Human Genome Project (International Human Genome
Sequencing Consortium 2004). There are, however, a minute number of regions which
have not yet been sequenced. Similarly, sequences are not yet known for all human
proteins. Thus, the estimates produced in this study are likely to be lower than the
actual numbers of genes and proteins that are associated with (redox-active) Zn
fingers.
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One particular Zn finger structure, TFIIIA which belongs to C2H2 type Zn fingers
(fold 1), has been reported to constitute the majority of Zn fingers in the human
genome (Matthews and Sunde 2002). However, according to my study, treble clef type
Zn fingers are the most common to be associated with the human genome. Around
45% of the human genes that encode Zn fingers proteins are associated with a treble
clef fold in comparison with 3%, which are asscociated with C2H2 type Zn fingers. Zn
finger proteins containing treble clefs are associated with a large range of functions,
thus, reflecting the diversity of such proteins in humans. The Zn2/Cys6-like Zn fingers
were not found to be represented in the human proteome. These Zn fingers are
usually found in fungi and are represented by the Pfam model Zn_clus (PF00172).
It is also important to note that the Pfam-based method to estimate the extent
of Zn finger and redox-active Zn finger containing proteins can be applied to
proteomes of other organisms. Furthermore, Pfam models associated with redoxactive Zn fingers may provide leads for novel drug targets. They may also be
particularly useful in predicting redox-active Zn fingers in organisms that are of medical
or other benefit to humans.

Conclusion

This study reveals that around 9% of the human proteome and genome
correspond to Zn finger proteins and their encoding genes, respectively. 92% of the
human protein domain content are associated with Zn fingers also contain an aHDD
motif. 81% of human Zn finger proteins are associated with the likely redox-active
aHDD motif.
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Chapter 5

General Discussion and Conclusions
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ROS are well known for their damaging effect on cellular molecules and are
implicated in numerous diseases, such as cancer and heart disease (Halliwell 1991). On
the other hand, ROS are increasingly being recognized for their significance in routine
‘house-keeping’ functions in cells (Drakulic, Temple et al. 2005; Wouters, Fan et al.
2010). Cellular signalling is frequently associated with ROS (Wouters, Iismaa et al.
2011). ROS often target protein thiols, oxidizing them to form disulfides and other
oxidative products. This oxidation of thiols by ROS can be either reversible or
permanent. The reversibility of thiol oxidation is highly significant in thiol based redox
signalling (Wouters, Iismaa et al. 2011). Oxidative thiol modifications are also
implicated in numerous other cellular and biological functions, such as protein
trafficking and folding (Le Moan, Tacnet et al. 2009).
While the significance of reversible oxidative thiol modification in proteins was
well understood by the time I began my PhD (2008), information on how these posttranslational modifications were involved in protein functions and mechanisms was
very limited. The extent of proteins which employ thiol based oxidative modifications
for functional purposes had been poorly explored. To a large extent, the tediousness
and experimental barriers that limit high-throughput scale analysis of proteins for
redox sensitive characteristics are responsible for the limited understanding of the
implications of oxidative protein thiol modifications. Given the exponential growth of
proteins in our knowledgebase, bioinformatic tools have proven critical for conducting
large-scale analyses of proteins exhibiting oxidative thiol modifications.
This thesis aimed to investigate two aspects of thiol based redox signalling in
proteins: reversible disulfide bonding and reversible expulsion of Zn2+. Bioinformatics
tools were extensively used in my study to investigate reversible disulfide bonding and
reversible expulsion of Zn2+ in proteins on a high-throughput scale. With the
overarching aim of investigating the redox activity of protein disulfides, Zn2+ sites and
the associations between them, my work was carried out with three specific objectives
in mind.
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The first objective was to identify novel proteins with redox-active
disulfides and significant conformational changes that accompany their disulfide
redox activity, using the redox pair structures method. The study also aimed to
predict proteins with likely redox-active disulfides and thiols in two proteomes,
the commercially important Corynebacterium glutamicum and the pathogen
Mycobacterium tuberculosis. The second specific objective was to survey the
extent of likely redox-active (and inert) Zn2+ sites in protein structures in the PDB.
The third specific objective was to identify and study the specific types of likely
redox-active forbidden disulfide motifs that are associated with Zn fingers. The
possibility of expanding the Zn finger classification system based on a novel
forbidden disulfide motif (aHDD) that was discovered during this study was also
explored. The study also aimed to estimate the extent of Zn finger proteins and
likely redox-active Zn finger proteins in the human proteome (genome).

5.1.1 Novel redox pair proteins

The first objective was to expand the current knowledge of redox pair proteins.
My objective was to identify novel proteins containing redox-active disulfides and the
structural modifications associated with them. This work is reported in chapter 2,
section 2.1.
My study was successful in identifying 307 new proteins with likely redox-active
disulfides. These novel redox pair proteins were assigned to 32 groups based on their
function. Several new redox pair proteins undergoing likely major conformational
changes as a result of the reversible thiol-disulfide exchange were also identified. The
major conformational changes that had been previously observed in redox pair
proteins were quaternary changes, reversible metal expulsion, order-disorder
transitions and morphing changes (Fan, George et al. 2009). A new type of
conformational change, an order-disorder transition associated with metal expulsion,
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was found during my study. This transition is likely to be involved in the redox
regulation of protein function.
In addition, I have also successfully introduced a Pfam model based method to
detect protein domain changes and multimerizations associated with redox-active
disulfides. The protein domains parsed by Pfam models which are associated with
likely redox-active disulfides are detected in its sequence. They are then mapped to
the reduced and oxidized structures, to detect any changes in domains that may have
taken place during redox transitions.
The redox pair protein data will need to be updated regularly in the future. This
will allow the detection of new proteins involved in thiol based redox signalling and
homeostasis and the identification of novel mechanisms through which redox-active
thiols trigger protein conformational change. Such conformational changes are critical
for the performance or termination of a protein’s function. Redox pair information
provides valuable insight into redox regulatory mechanisms employed by proteins,
which is otherwise difficult to detect experimentally. Therefore, this information will
undoubtedly expedite research studies of these proteins.
My work related to redox pair proteins will be made publically available
through a database in the future. The construction of this database has already
commenced in our research group. Redox pair protein data can also provide leads on
numerous redox-regulated mechanisms in proteins, which may be useful in drug
designing and protein engineering. Hence, the future objective is to make this
information readily available to researchers worldwide.
Another future direction coming out of my work is associated with the redoxmediated isomerization of disulfides in proteins. Disulfide isomerization is implicated
in numerous redox based protein functions such as oxidative protein folding. It is also
associated with cellular signalling. For example, the surface accessible Cys186-Cys209
disulfide in cell-surface Tissue Factor (TF) is targeted by protein disulfide isomerase,
thereby disabling the coagulation activity of the protein (Ahamed, Versteeg et al.
2006). TF binds and activates Factor VIIa. Thus, the redox-mediated isomerization of
this disulfide inhibits TF-VIIa mediated signalling (Ahamed, Versteeg et al. 2006). It is
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likely that the dmn score method used and the accompanying methods developed in my
work can be modified to detect isomerized disulfides and associated conformational
changes in redox pair proteins.
It is also important to study other oxidative thiol modifications, such as the
formation of sulfenic acids, to gain a broader understanding of thiol mediated
functions like cellular signalling. Databases such as the UniprotKB (The UniProt
Consortium 2009) can be used in data mining studies to gather evidence of proteins
employing other oxidative modifications to perform certain functions. Tools of
bioinformatics can be used to process this information in a meaningful way to
understand the extent to which such modifications are used by proteins.

5.1.2 Prediction of likely proteins with likely redox-active disulfides and thiols in C.
glutamicum and M. tuberculosis

Another objective of my study was to identify proteins with likely redox-active
disulfides and thiols in the commercially important C.glutamicum and the pathogenic
M.tuberculosis proteomes. Proteins with redox-active disulfides and thiols are likely to
participate in redox regulatory functions (Wouters, Fan et al. 2010). The scarcity of
solved structures for C.glutamicum and M.tuberculosis pose a large barrier for the
detection of their redox-active-disulfide-containing proteins. This is surprising given
that these organisms are of utmost commercial and medical interest to humans.
However, many experimental limitations associated with the protein extraction and
structure solution processes limit the availability of such protein structures. Thus,
genome-scale identification or prediction of proteins with redox-active disulfides and
thiols in these two organisms had never been previously attempted.
To achieve this objective, I used sequence templates for disulfides which are
highly likely to be redox-active. These were derived from the redox pair (Fan, George
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et al. 2009), forbidden disulfide (Wouters, George et al. 2007) and high torsional
energy (Haworth, Feng et al. 2006) methods. These disulfide templates were matched
to the genomes of C. glutamicum and M. tuberculosis, thereby successfully predicting
proteins with likely redox-active disulfides and thiols in these two organisms. This work
is reported in the section 2.2 of chapter 2. There was evidence to support a redox role
for many of the predicted proteins. Furthermore, I was able to predict several likely
redox-active proteins in M. tuberculosis that may be important for its virulence. These
proteins will provide immunologists with good leads for the designing of drugs to
combat this disease. In addition, I was also able to predict redox-active proteins that
are likely to be important in the productivity of C. glutamicum.
It is also important for proteins predicted to have redox-active disulfides and/or
thiols to be tested experimentally for their redox activity. My dataset of likely redoxactive proteins are currently being tested for their redox activity and their potential
redox role in C. glutamicum and M. tuberculosis in a collaborative laboratory (Dr Joris
Messens, Brussels Centre for Redox Biology, Vrije Universiteit, Brussels).
In the future, likely redox-active proteins of other medically or commercially
important organisms can be predicted using the same methodology that was used in
my study. This is important because thiol based redox mechanisms seem to play a
larger role in the function of proteins than previously thought. Therefore, such
information will undoubtedly hold the key to the design of novel drugs and industrial
processes that benefit humankind.

5.2 Survey of Zn2+ sites in the PDB

The second specific objective of my study was to survey the extent of likely
redox-active Zn2+ sites and inert Zn2+ sites in protein structures. To date, no other
attempt can be found in scientific literature, which analyzes and quantifies protein Zn 2+
sites from a redox perspective. My study was successful in capturing the complex
ligand diversity of protein Zn2+ sites. During this study I quantified the different types
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of Zn2+ sites after assigning them to structural, mono-nuclear catalytic, co-catalytic and
protein interface groups of labile and inert nature. This work is reported in chapter 3. I
also looked at the distribution of these different groups of Zn2+ sites in enzymes.
It is quite difficult to establish if a Zn2+ site is labile purely based on its ligating
residue combination and the presence of Cys residues. Other factors, such as the
solvent exposure, cellular compartment and arrangement of protein secondary
structures at the Zn2+ sites, all influence its redox reactivity. However, Cys residues
confer redox activity to Zn2+ sites. No other Zn2+ ligating protein residues can directly
influence the redox activity of a Zn2+ site. Therefore, Cys ligating Zn2+ sites can be
modified by fluctuations in their resident redox environment. The redox reactivity
increases with the number of Cys residues the Zn 2+ sites ligates (Maynard and Covell
2001).
It is possible to suggest that structural Zn2+ sites have a tendency to be more
redox sensitive in comparison with catalytic and interfacial types based on the results
of my study. The most reactive S4 site type was found to be the predominant ligand
combination in structural Zn2+ sites. Catalytic Zn2+ sites were found to prefer the
ligation of redox inert residues. All types of Zn2+ sites were found in each of the six
enzymes classes. Hydrolases were the most prominent class of enzymes that bind Zn 2+.
The GO term analyses revealed numerous biological processes, functions and cellular
locations that most likely form meaningful associations with different types of Zn 2+
sites.
Zn2+ is an important ion in biology. It is of high significance in human
physiology. The redox environment of Zn2+ containing proteins is linked with their
homeostasis and signalling processes. It is important to understand the extent of
proteins that can be affected by fluctuations in the redox milieu and may expel Zn 2+ as
a result. While some proteins have redox sensitive ligating residues, they can still
remain stable under minor redox fluctuations. There may be complex mechanisms
underlying the homeostasis and stabilization processes. Therefore, it is also important
to understand the mechanisms that protect redox sensitive Zn 2+ sites from oxidative
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damage. My data is aimed at expanding the current knowledge of the dynamics of
Zn2+-protein coordination, and its implications in redox biology.

5.3 The association between forbidden disulfides and Zn fingers

The third specific objective of my thesis was to identify which types of
forbidden disulfides (FD) were associated with structural Zn 2+ sites in proteins. My
study discovered the existence of the novel FD motif, the aHDD. The aHDD is similar to
the previously observed aBDDh motif in its thiol registration and hydrogen bonding
pattern. However, this novel aHDD is found (in its reduced form) in Zn knuckles.
The aHDD motif was also found to be structurally conserved, implying it has
some functional significance. Given the high torsional energy conformation expected to
be required for a disulfide formed from Cys residues located in the aHDD motif, aHDDs
are likely to be of redox functional importance. There is also some experimental
evidence to support a role for aHDD motifs in Zn 2+ based redox regulation of protein
function. Several variants of the aHDD were also identified. These variations may be
adaptations to perform (or not perform) specific roles.
The aHDD motif is the most prevalent type of FD in structural Zn 2+ sites (over
70%). This novel motif is found in four of the eight Zn finger fold groups proposed by
Krishna, Majumdar et al. (2003), being confined to the C2H2-like, Gag knuckle, treble
clef and Zn ribbon folds of Zn finger structures. It was also confined to distinct
locations within these folds. This work is reported in chapter 4, section 4.1.
The presence of the aHDD motif in a large number of Zn fingers and its pattern
of distribution amongst them suggests it as a good candidate to form the basis of a Zn
finger classification. Furthermore, the likely redox nature of the aHDD motif can be
used to predict redox activity in Zn fingers that contain them. The discovery of the
aHDD is important in light of the redox aspects of Zn fingers being a poorly explored
region of protein science. During this study, I expanded the Zn finger classification
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system proposed by Krishna, Majumdar et al (2003) to include the aHDD motif. This
work is reported in chapter 4, section 4.2.
The classification of Zn fingers based on the aHDD motif is important in defining
redox roles to proteins that harbour this motif. Furthermore, novel Zn fingers can be
matched to these aHDD based Zn finger groups to predict their redox activity. The Zn
finger classification system proposed by Krishna, Majumdaret al. (2003) was the most
comprehensively and reasonably detailed one at the time of my study (2009). It is
important to note, however, that in late 2011 Andreini et al. introduced a new scheme
involving ten motifs to which 77% Zn2+ sites could be grouped (Andreini, Bertini et al.
2011). All Zn2+ sites, including those of catalytic nature, have been considered in their
study. The KMG classification of Zn fingers fits well within their system. Hence, the
aHDD based analysis should apply equally to Andreini’s system. This indicates that the
aHDD motif can also be used in numerous classification methods and systems of Zn 2+
sites and proteins. This also suggests the possibility of building an independent aHDD
based classification system for Zn proteins as a future directive.
A significant majority (81%) of the human Zn finger proteins (and the genes
that encode them) were found to be associated with the aHDD motif. This suggests
that a large proportion of human Zn finger proteins may be redox regulated or
influenced by their redox environment.

5.4

Limitations in detecting redox-active disulfides and Zn2+ sites in protein

structures

The scarcity of proteins structures posed a huge barrier for my study of redoxactive disulfides and Zn2+ sites in proteins. As stated previously, the solution of protein
structures is driven by interest and available resources. Yet, it is also a pragmatic
approach to the solution of structures, given the countless numbers of proteins that
are currently being discovered and isolated through improved sequencing and
purification techniques.
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Another obstacle encountered throughout my study was the poor quality of
solved structures. In some instances my study had to be limited to high resolution Xray structures, particularly in the survey of Zn2+ sites in the PDB in chapter 3. Structural
data generated by all experimental techniques can have errors and the results are
subjective to the interpretation of the researcher. It is interesting to note that the
overall quality of the solved protein structures has been found to have remained
constant, despite the increase in the number of structures solved due to technological
advancements (Brown and Ramaswamy 2007). This finding was based on the
assessment of nine different quality matrices available for all structures in the PDB at
the time of the study. Surprisingly, the study also found that more poor quality
structures had been published in high-impact journals (Brown and Ramaswamy 2007)
as opposed to what might have been expected. Similarly, databases can also have
erroneous or missing information. The impact of these errors can be minimized
through the use of several approaches or several databases in parallel.
Structures are critical for the comprehension of protein function and their role
in biological processes and pathways. Given the paucity of protein structures,
however, it is also important to predict structural characteristics from protein
sequences. In my study, disulfide sequence templates obtained from protein
structures (FD, redox pair and high torsional energy methods) were matched to the
proteomes of two organisms to predict proteins with likely redox-active disulfides and
thiols. Furthermore, the possibility of using of Pfam models as signatures of Zn fingers
and Zn fingers containing aHDD motifs was tested in Chapter 4. While more work is
required to establish this as a definitive method, such an application of redox markers
in protein sequences seems very promising.
As a future directive, the use of Pfam models and other methods to detect
aHDD motifs in protein sequences needs to be developed. This will allow future
researchers to determine the prevalence of aHDD-motif-containing proteins in
organisms that are important for medicinal or other commercial purposes. This
information will provide a better understanding of redox regulated proteins and
mechanisms in these organisms.
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Despite the limitations mentioned above, tools of bioinformatics can be
successfully applied to further enhance our knowledge of redox-active disulfides and
Zn2+ sites in protein structures and their associations. Undoubtedly, this knowledge will
be valuable in gaining a better understanding of health and disease.
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Supplementary Data
Supplementary Data can be found in the attached CD.

Files: Chapter 2, 2.1 – Novel redox pair proteins.pdf
Chapter 2, 2.2 – Corynebacterium glutamicum – Mycobacterium tuberculosis
red.ds and thiols.pdf
Chapter 3 – Survey of Zn sites.pdf
Chapter 4, 4.2, part 1 – Novel potential Zn finger structures.pdf
Chapter 4, 4.2, part 2 – Location of aHDD – variants in Zn fingers.pdf
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