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Structural Dynamics of the MscL 
C-terminal Domain
Navid Bavi  1,2, Adam D. Martinac1,3, D. Marien Cortes4, Omid Bavi1,5, Pietro Ridone1,2, 
Takeshi Nomura1,6, Adam P. Hill1,2, Boris Martinac  1,2 & Eduardo Perozo7

The large conductance mechanosensitive channel (MscL), acts as an osmoprotective emergency valve in 
bacteria by opening a large, water-filled pore in response to changes in membrane tension. In its closed 
configuration, the last 36 residues at the C-terminus form a bundle of five α-helices co-linear with the 
five-fold axis of symmetry. Here, we examined the structural dynamics of the C-terminus of EcMscL 
using site-directed spin labelling electron paramagnetic resonance (SDSL EPR) spectroscopy. These 
experiments were complemented with computational modelling including molecular dynamics (MD) 
simulations and finite element (FE) modelling. Our results show that under physiological conditions, 
the C-terminus is indeed an α-helical bundle, located near the five-fold symmetry axis of the molecule. 
Both experiments and computational modelling demonstrate that only the top part of the C-terminal 
domain (from the residue A110 to E118) dissociates during the channel gating, while the rest of the 
C-terminus stays assembled. This result is consistent with the view that the C-terminus functions as a 
molecular sieve and stabilizer of the oligomeric MscL structure as previously suggested.

The bacterial mechanosensitive channel of large conductance (MscL), has become a prototype molecular system 
in the study of mechanotransduction and its evolutionary origins1,2. The three-dimensional (3D) structure of 
MscL from Mycobacterium tuberculosis (MtMscL) in its closed conformation was resolved at 3.5 Å3. The channel 
is a homopentamer consisting of N- and C-terminal domains facing the cytoplasm and TM1 and TM2 transmem-
brane helices connected by a periplasmic loop3–6. The closed channel structure was also determined in the lipid 
bilayer by site-directed spin labelling electron paramagnetic resonance (SDSL EPR) spectroscopy7. Moreover, the 
open channel structure was also determined by SDSL EPR spectroscopy8 allowing for estimation of the size of 
the open channel pore in a very good agreement with electrophysiological sieving studies9. Later on, an improved 
open E. coli MscL (EcMscL) 3D structure was determined using both ensemble and single molecule site-directed 
fluorofore labelling (SDFL) FRET spectroscopy in combination with MD simulations6,10,11 in agreement with the 
X-ray structure of an expanded form of an archaeal MscL homolog from Methanosarcina acetivorans12. While the 
overall gating-related structural changes in MscL have largely been established8,11,13,14 the structural dynamics 
and physiological role of the C-terminal domain has thus far been controversial. Several studies have suggested 
that the C-terminus should remain intact during gating and could function as a molecular sieve15,16, while others 
suggested that this helical bundle should actively participate in gating and that opening of the MscL channel 
was accompanied by complete dissociation of the bundle13,17. More recently, the X-ray structure of the EcMscL 
C-terminus domain was obtained at 1.45 Å18, suggesting that even in the absence of anchoring biases by the TM 
segments, the bundle stays oligomerized.

To address the question of the C-terminus structural dynamics during MscL gating we used SDSL EPR spec-
troscopy to characterize the conformations of the EcMscL C-terminal bundle under conditions that stabilize 
either the closed or the open channel conformations. Residue mobility and environmental parameters obtained 
by SDSL EPR spectroscopy were used to compare its conformation in the membrane with that of the crystal 
structure and alternative packing models. In addition, we used molecular dynamics (MD) simulations and finite 
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element (FE) modelling to examine the role of polar and electrostatic interactions in maintaining the stability of 
the MscL C-terminal bundle in different physical environments. Our experimental and computational results 
indicate that the bundle stretches apart only at its upper half while the central and the bundle end remain intact, 
consistent with its role as a molecular sieve and stabilizer of the MscL oligomeric structure.

Materials and Methods
Expression, labelling and liposome reconstitution of the MscL protein. 27 C-terminal residues, 
from Ala 110 to Ser 136 were mutated to cysteine for spin labelling. Mutagenesis was performed by oligonucle-
otide mismatch site-directed mutagenesis using the Transformer kit (CLONTECH Laboratories, Inc.) and con-
firmed by dideoxy DNA sequencing. Each of the 27 MscL mutants were cloned into pQE32 vector (N-terminal 
6xHis tag) and expressed in E. coli, followed by MscL protein solubilization using dodecylmaltoside (DDM). 
Mutant channels were purified using Co2+-based resin (Talon resin; CLONTECH Laboratories, Inc., as described 
previously7) and spin labelled overnight with methanethiosulfonate spin label (Toronto Research) at a 10:1 label/
channel molar ratio and reconstituted at a 500:1 lipid/channel molar ratio by dilution in PBS.

EPR spectroscopy and data analysis. EPR spectroscopy was performed as described previously7,19. 
Briefly, X-band CW EPR spectra were obtained in a Bruker EMX spectrometer fitted with a dielectric resonator at 
2-mW incident power, 100 kHz modulation frequency and 1 G modulation amplitude. Solvent accessibility was 
estimated by determining the collision frequency of a given nitroxide spin label with the paramagnetic complex 
Ni(II)ethylenediaminediacetate (Ni-EddA). Ni-EddA accessibility was derived from Power saturation curves, 
obtained for each spin-labelled mutant after equilibration in N2 as control and N2 in the presence of 200 mM 
Ni-Edda as relaxing agents. All EPR data were obtained at room temperature from MscL mutants expressed in E. 
coli, purified by Co2+-based resin, spin labelled and reconstituted into monounsaturated 18:1 phosphatidylcho-
line liposomes (POPC) (Avanti Polar Lipids, Inc., Alabaster, Alabama) at a protein-to-lipid molar ratio of 1:50020. 
Expression levels of all cysteine mutants analysed in this study were almost identical to that of the wild-type MscL 
protein.

Electrophysiological recordings. Spin-labelled channel mutants were tested for function and activation 
by lysophosphatidylcholine (LPC) 12:0 in patch-clamp analysis. For illustration, current traces recorded from the 
V120C mutant channels reconstituted into liposomes made of azolectin or POPC (18:1) are shown in Fig. 5. The 
channel was activated in azolectin liposomes by negative pressure applied to the patch pipette (Fig. 5A) as well 
as by the addition of LPC to excised POPC liposome patches (Fig. 5B and C). Activation by membrane tension 
and LPC of the wild-type and various cysteine MscL mutant channels used for SDSL EPR20 and SDFL FRET13 
spectroscopic studies was previously reported and independently confirmed. Fully and partially activated chan-
nels were recorded from approximately 53% of patches (n = 19). Typically, spontaneous channel gating occurred 
between 2–10 min after addition of LPC20,21. In this study, the application of LPC to POPC liposomes activated 
V120C channels in approximately 70% of the patches (n = 12). Activity of the MscL mutants was recorded 
from bilayer blisters in symmetrical solutions (200 mM KCl, 40 mM MgCl2 and 5 mM HEPES buffer, pH 7.2/
KOH) upon application of negative hydrostatic pressure to the patch pipette, as previously reported22. The 1:500 
protein-to-lipid ratio by weight was used in all the patch-clamp electrophysiology experiments22.

Molecular dynamics simulations. The 3D model of EcMscL was generated based on the crystal structure 
of the MscL homolog of M. tuberculosis (PDB ID: 2OAR) and the crystal structure of E. coli C-terminus (PDB 
ID: 4LKU) using Phyre223 and Swiss-Model24. The MscL model was embedded into a POPE (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine) lipid bilayer. The protein and lipids were next solvated with TIP3P 
water box and 200 mM KCl. The system was equilibrated for 62 ns with a time-step of 2 fs with no restraints. 
After equilibration, to see the channel opening, a 75 mN/m surface tension was applied on the lipid molecules for 
200 ns in an NγPzT ensemble. A further 25 mN/m was added to the previous surface tension (100 mN/m in total) 
and applied to the membrane for another 6 ns (268 ns in total). All simulations were performed with the NAMD 
2–10 package, where CHARMM36 Force Field was employed. Visual Molecular Dynamics (VMD)25 and Pymol 
were used for all visualizations.

Finite Element Modelling. Finite Element (FE) analysis was applied to enable modelling of the MscL 
C-terminal structural dynamics at the continuum level. A 3D MscL model embedded in the lipid bilayer was 
constructed using ABAQUS (ABAQUS FEA. Simulia, Providence, RI 02909-2499, USA) by generating data 
points in space based on the α-carbon coordinates obtained from the 3D crystal structure of MscL4,26. These 
points do not have any properties other than position. The lipid bilayer was assumed to behave as a linear elastic 
plate27,28, and the secondary structural elements making the MscL protein were treated as elastic cylinders/rods, 
as described6,29,30. The Young’s modulus of the bilayer was assumed to be 4.3 MPa as previously determined using 
excised patch fluorometry28 and the Young’s moduli of the MscL N-terminal (0.35 GPa), TM1 (2.6 GPa), TM2 
(3.4 GPa) and C-terminal (7.7 GPa) α-helices were determined using steered molecular dynamics (MD) simu-
lations31. The dimensions of the rods were: radius r = 2.5 Å, the lengths, N-terminus = 18.65 Å, TM1 = 47.33 Å, 
TM2 = 42.51 Å, C-terminus = 36.06 Å. The distance between the MscL channel boundary and the lipid bilayer, in 
the model, was not greater than 2.5–3.0 Å. So that no relative motion could occur, these two separate entities were 
bound together using a tie constraint, effectively emulating the N-terminal and TM2 helix, and the tip/head of the 
TM1 helix being embedded in the lipid bilayer. Tetrahedral elements were used for meshing the lipid bilayer and 
the TM1 and TM2 helices. To simulate the physiologically plausible deformation of the MscL channel the rods 
in our model were hybrid incompressible by assuming the Poisson’s ratio to be 0.48 (almost incompressible31,32).

The major interactions between the five helices of the C-terminal domain are the three distinct networks of 
electrostatic interactions which are located at the top, middle and bottom of the channel. The top and bottom 
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electrostatic interactions can be considered to be electrostatic “caps” which are stabilized by hydrogen bond net-
works16. In order to account for all hydrogen bonds encountered between the atoms in the C-terminal helix 
bundle residues the DSSP approximation was used23, an algorithm that assigns secondary structure to amino 
acids in a protein and can be used for estimation of hydrogen bond energy (SI Eq. 3–4). The central electrostatic 
interactions encompass the circumference of the C-terminal bundle creating a “belt” like structure around the 
coiled coil18. This central belt contains an electrostatic salt bridge formed by the residues E124, D127 and R126 
below the RKKEE charged amino acid cluster33. To determine the electrostatic and polar forces acting in the 3D 
MscL FE model in an electrolyte solution the Debye-Hückel relation was used (SI Eq. 5–7).

The electrostatic and polar interactions were implemented in the model by using connector elements which 
allow for a nonlinear elastic translation of force. When set up as an elastic translating element, the connectors 
permitted the input of a force value with a corresponding displacement value, creating a table of data points which 
emulate a nonlinear force in the constitutive space. The table of data used for each interaction was calculated from 
the equations which govern the respective interaction behaviours (SI Eq. 1–7). The positions where the connec-
tors were applied are based on the crystallographic sites of the respective interacting amino acid residues (Fig. S3).

Results
A single EcMscL monomer (rose pink) highlighted in the 3D homology structure of EcMscL (Fig. 1A) contains 
27 amino acid residues (shown as cyan spheres) comprising the A110-S136 segment of the C-terminal helical 
bundle. Structural comparison between the helical bundles of EcMscL and MtMscL required a residue adjust-
ment between the two MscL homologues by aligning their corresponding sequences (Fig. 1B). There is 48% iden-
tity between the primary amino acid sequence of the EcMscL and MtMscL C-terminal segment in addition to the 
difference in their total number of residues (136 and 151, respectively). All 27 residues in EcMscL helical bundle 
were subjected to cysteine scanning mutagenesis, spin labelling and EPR spectroscopic analysis.

The residue-specific environmental parameter profiles for the complete set of the 27 C-terminal residues in 
the closed configuration of the MscL channel are shown in Fig. 2. The mobility parameter ΔH0

−1, derived from 
the inverse of the width of the central resonance line34, was obtained for each of the 27 residues comprising the 
A110-S136 segment of the C-terminal bundle (Fig. 2A). The first seven residues (A110 – T116) as well as the last 
three residues (N134–S136) exhibited high mobility indicating that these residues form a loop or have no defined 
secondary structure, respectively, in the segment in accordance with the 3D crystal structure of MscL (Fig. 1A). 
The spin labels of the remaining 16 residues (T116–E131) are more dynamically restricted, indicating that they 
are constrained within secondary structure elements in this portion of the helical bundle indicated by the X-ray 
crystal structure.

Solvent accessibilities for each of the 27 helical bundle residues were estimated from power saturation exper-
iments performed in the presence of a water-soluble Ni2+ chelate complex (NiEdda) as previously described20. 
The profile of the ΠNiEdda accessibility parameter (Fig. 2B) suggests high water accessibility for majority of the 
bundle residues, as expected from a region of the protein fully outside of the membrane. In spite of some key 
differences, the overall similarity of the profile of ΠNiEdda to the profile obtained for the mobility parameter 

Figure 1. 3D homology model of the closed EcMscL channel. (A) Single MscL subunit (rose pink) showing 
amino acid residues comprising the A110-S136 segment of the C-terminal bundle encompassing 27 residues 
subjected to cysteine scanning mutagenesis (blue spheres). The single MscL monomer is represented as a 
part of the channel pentamer according to the 3D homology model of EcMscL as described in the methods6 
(left). Linear representation of the membrane topology of EcMscL (right). The N- and C-terminal domains, 
transmembrane helices TM1 and TM2 and the periplasmic and cytoplasmic loops are represented by rose pink 
and blue rectangles, respectively. (B) Sequence alignment of the C-terminal bundle of EcMscL and MtMscL. 
Identical residues are highlighted in black. The numerical equivalence between the residues shown in the figure 
was generated using a ClustalW pairwise sequence alignment between the two helical bundle sequences.
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ΔH0
–1 is evident, both of which are consistent with the 3D structure of MtMscL and the cytoplasmic location of 

the helical bundle.
In a pentameric system like MscL, spin-spin interactions arise from same-residue inter-subunit interactions 

near the axis of symmetry. These interactions disappear when the channel is under-labelled so that on average, 
there is only one spin label per channel. A comparison of spectra from selected residues that have been either fully 
spin-labelled or under-labelled at a 1:10 ratio spin-label:protein (black traces) is shown in Fig. 3.

The presence of spectral broadening due to dipolar coupling is evident for residues A110 at the top and Q132 
at the bottom part of the helical bundle (both are also highly mobile). On the other hand, residue E119 in the cen-
tre of the helix displays dipolar broadening but shows restricted mobility due to proximity of the residues near the 
centre of the helical bundle, as clearly indicated by the comparison of amplitudes and broadening of the low field 
and the high field lines. Coupled with the environmental parameter profile (see Fig. 2), these results are reflection 
of the helical bundle formed by the A110–S136 segment and seen in the MscL crystal structure.

Next, each helical bundle mutant channel was examined by EPR spectroscopy under conditions that stabilized 
the open conformation of the channel. We have reported previously that distortion of transbilayer pressure pro-
files through the use of mixtures of lipids with different geometries leads to open MscL channels in patch-clamp 
experiments with no suction applied to the patch pipette6,8,20,35. A comparison of EPR results obtained from 
closed versus open channels (in the absence and the presence of 25% molar LPC respectively) is shown in Fig. 4.

The MscL mutants could also be activated in patch clamp experiments by the addition of LPC to the excised 
liposome patch (Fig. 5B), as shown previously in several studies11,20,21. The addition of LPC in the presence of 
negative pressure (suction) applied to the patch pipette produces a significant increase in the MscL-V120C chan-
nel activity and once the suction is released the channels remain constitutively open due to the asymmetry in the 
lateral pressure profile induced by LPC favouring open state of the channel (Fig. 5C)20. Importantly, compared to 

Figure 2. Residue-specific environmental parameter profiles obtained for the A110–S136 segment of the 
C-terminal bundle. (A) Mobility parameter ΔH0

–1 indicates the greatest mobility for the first seven residues 
A110–T116 and three last residues N134–S136, which suggests these residues form a free loop and have no 
defined secondary structure, respectively (left). A periodicity in the mobility of the spin label from T116 
through to E131 residues is consistent with the observed α-helical structure of this portion of the C-terminal 
bundle (right) in the crystal structure of MtMscL (D108–Q123 in MtMscL), which is not considered to be in 
the fully open state but an expanded state (Li, Jie, et al., 2015, PNAS). Importantly however, MaMscL has a 
vastly different C-terminus compared to the EcMscL in terms of the number of helices, sequence and structure. 
Nevertheless, the transmembrane helices share high similarity in sequence and gating mechanism6. (B) NiEdda 
accessibility parameter ΠNiEdda shows high accessibility of most helical bundle residues to NiEdda and thus to 
the aqueous compartment consistent with the cytoplasmic location of the bundle (left). The profile of ΠNiEdda 
is also roughly correlates to the profile of the mobility parameter ΔH0

−1 shown in (A). Accessibility to NiEdda 
indicated in blue on the crystal structure of the helical bundle (right).
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pure POPC higher concentrations of LPC were required (up to ∼300 μM) to activate the MscL-V120C mutant 
channel in azolectin liposomes (SI Fig. S1). This is likely due to the fact that azolectin consists of a mixture of 
phospholipids (extracted from soy bean), which can reduce the effect of LPC.

While the mobility of the spin labels for residues V120–S136 is almost identical between the two states, there 
is small but significant increase in residue mobility between residues A110 and E119. Therefore, we suggest that 
during the opening of MscL only a subset of residues at the top of the helical bundle (A110–E119) are moving 
away from the fivefold symmetry axis, whereas the majority remains in a similar configuration as in the closed 
channel.

Using all-atom molecular dynamics (MD) simulations, we examined the structural dynamics of the A110–
S136 segment during gating of EcMscL (Fig. 6). The MD results indicated that in the closed state in a POPE 
bilayer, most of the A110–S136 segment forms a stable helical bundle (Fig. 6A). Upon channel opening, the first 
ten residues of the A110–S136 segment (A110 to E119) dissociates and bends outwardly while the rest of the 

Figure 3. Examples of EPR spectra of the C-terminal residues of EcMscL. X-band EPR spectra of underlabelled 
and fully spin-labelled A110C, E119C and Q132C mutants showing increased spin mobility at the top and the 
bottom of the A110–S136 segment of the helical bundle and reduced mobility in the middle of the A110–S136 
segment. All spectra were obtained using loop-gap resonator with the microwave power of 2 mW and field 
modulation of 1 G.

Figure 4. Mobility parameter ΔH0
−1 profiles of the C-terminal helical bundle. The mobility parameter ΔH0

−1 
was obtained in the closed (black) and open (red) configuration of MscL. The spin-labelled mutant channels 
were opened by applying 25 mol% LPC to liposomes reconstituted with the mutant proteins, as previously 
reported6,20. Except for the first ten amino acid residues (A110 through E119) showing higher mobility in 
the open channel configuration compared to the closed channel, the profiles are almost identical showing no 
difference in the mobility of the remaining 17 residues (V120 through S136) between the closed and the open 
MscL channel.
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helical bundle remains intact (Fig. 6B). Dissociation also occurs in the top belt (E118) of the A110–S136 segment, 
which in the closed state are kept together by hydrogen bonds with water molecules (Fig. 6B)8. We monitored 
the prevailing interaction energies dependent on the inter-helical distances in the A110–S136 segment including 
top, middle and electrostatic belts (Fig. 6C). The interaction energy between the helices at the top belt (E118) was 
very low compared to those at the middle electrostatic belt (E124, R126 and D127) and bottom belt (R135 and 
S136). Interaction energies in the middle and bottom belts were high and stayed relatively stable during gating, 
resulting in less outward helical movement/deformations in this region of the helical bundle. Further, while the 
number of hydrogen bonds in the upper belt between the E118 residues and the water molecules decreased dra-
matically upon channel opening, the number of hydrogen bonds between the R135 and S136 in the middle belt 
was unchanged during gating (Fig. 6D).

In order to assess the macromolecular consequences of these changes in hydrogen bonding, we next used 
finite element (FE) (continuum) modelling to monitor the dynamic conformation of the helical bundle during 
channel gating in different physical environments including vacuum (Fig. S4), water (Fig. S5) and water-salt 
(0.3 M KCl) (Fig. 7).The aim was to investigate whether the forces affecting C-terminus dynamics were compa-
rable to those predicted from the MD simulations and experimental EPR results. This was done by developing a 

Figure 5. Patch-clamp recording from purified MscL mutant V120C reconstituted into liposomes. (A) The 
MscL-V120C mutant current recorded upon the application of 10 mmHg suction steps onto the patch area. The 
channel currents (top) and the negative pressure applied to the inside-out azolectin liposome patch through 
the patch pipette (bottom) are shown. (B) Activation of the mutant channel by application of 3 μM LPC in the 
patch pipette, which is much less than 25 mol% used in EPR experiments (Fig. 4). (Note that it took ∼2 min for 
LPC to diffuse inside the pipette to reach and incorporate in the monounsaturated (18:1) POPC liposome patch 
and activate the channel.) The channel activity is characterized by brief channel openings. Expanded views 
show the openings of the MscL-V120C mutant in the presence (left) and absence of suction (right) after LPC 
incorporation into the liposome patch. (C) The activation of the MscL mutant channel in the presence of 5 μM 
LPC in the patch pipette before, during and after application of suction to the pipette. Note longer openings of 
multiple channels when compared to 3 μM LPC recordings. Pipette potential was +30 mV.
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continuum model and applying the predicted forces while leaving out the detailed molecular interactions (details 
of the FE calculations are included in the SI)6,34,36,37. This method has recently been adopted successfully for 
computational study of several proteins including MscL34,38. Our FE model was based on the crystallographic 
coordinates of the 3D structure of MscL4,18 (see Materials and Methods).

A simulated membrane tension of 9.5 mN/m (2.63 MPa)6,37 was applied to open the channel in three envi-
ronments - vacuum, water and salt-water (Figs S4 and S5, Fig. 7). Changes in the macromolecular structure of 
both the bilayer and the transmembrane region of MscL showed close agreement with experimental values (SI 
Table S1). The side view of the open channel configuration (Fig. 7) suggests that the bundle helices (in natural 
salt environment) do not dissociate from each other; only the upper part of the bundle bends outwardly slightly. 

Figure 6. Conformations of the MscL C-terminal bundle obtained during MscL gating using all-atom 
molecular dynamics simulations. EcMscL structure (top panel) showing the helical bundle in the resting 
(closed) state after the initial relaxation of ∼60 ns. (A) and in the open state (B). The helical bundle is coloured 
in rose pink. The close-up perspective of the C-terminal bundle (C) at rest, (D) at the open state and (E) the 
overlay of the two states. Top, middle and bottom interactions between the residues E (red), R (blue), D (red) 
and S (green). (F) Change in the total interaction energy during the channel gating is plotted against the alpha-
carbon to alpha-carbon distance of the residues forming the top, middle and bottom belts. The middle belt 
residue interaction is electrostatic due to the salt bridge formation between E124 and R126 and D127 residues 
of the adjacent subunit. A tight and stable hydrogen bond also exists between R135 and S136 of the adjacent 
subunit (bottom belt). (G) The number of hydrogen bonds in the top belt decreases dramatically from ~ 20 to 
zero during the channel opening, while the number of hydrogen bonds in the bottom belt remains stable. For all 
the hydrogen bond calculations, we used a donor-acceptor distance of 3.5 Å and angle cut-off of 30°. Overall, the 
figure shows low interaction energy in the top belt and high interaction energy in the middle belt. The helical 
bundle dissociates during MscL opening around the top part but remains intact in the middle and bottom parts 
during 210 ns simulation time (206 ns of the stretching simulation plus 4 ns of the equilibration step; therefore, 
206 + 4 = 210 ns).
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Interestingly, the results of the simulation for MscL in vacuum show that after opening of the channel, the tilt of 
the helical bundle is considerably more pronounced as water mediated hydrogen bonding is absent in the top belt 
interactions (Fig. S4), suggesting that hydrogen bonding is important for the structural stability of the bundle.

Discussion
MscL is gated by bilayer tension and functions as an electromechanical switch converting membrane bilayer 
deformations into concerted protein motion39,40. By opening a large non-selective ion channel pore of ~30 Å in 
diameter8,9,11,13 that allows unhindered permeation of solvent and solutes on a millisecond time scale, the channel 
functions as a bacterial safety valve that opens during hypo-osmotic shocks due to changes in environmental 
osmolarity41–43. The C-terminal bundle of EcMscL (from residue A110 to S136) has been shown not to participate 
in MscL gating and has thus been proposed to have a function of a size-exclusion filter preventing loss of essential 
large (>6.5kDa38) metabolites during MscL opening13,39. Furthermore, the Δ110-MscL deletion mutant lacking 
the A110-S136 segment of the helical bundle was shown to be functional and mechanosensitive, although it 
exhibited activity characterized by frequent gating at subconducting levels compared to the wild-type channel44 
suggesting that the C-terminal bundle may also be required for the formation and stabilization of the pentameric 
structure of the channel43. According to these studies the C-terminal domain is stably associated in both closed 
and open states of the MscL channel. Others have suggested that the stability of the domain was pH dependent33, 
which added another dimension to the function of this domain, namely that of a pH-sensor.

However, this view that the C-terminal bundle is stable during gating has recently been challenged. In an elec-
tron microscopy study using low-angle rotary shadowing17 the open pore of the gain-of-function (GOF) mutant 
G22N of MscL was shown to comprise both the transmembrane TM1 and C-terminal helices. According to this 
study the opening of MscL should be accompanied by dissociation of the helical bundle during the opening of 
the channel pore17.

To resolve which structural model is correct and to understand the structural changes within the MscL helical 
bundle during the gating cycle of the channel, we have used a combination of site-directed EPR spectroscopy and 
computational modelling (MD and FE simulations) for residues A110 to S136 of EcMscL. The motional informa-
tion contained in the nitroxide EPR spectral line shape together with the results of standard collisional relaxation 
methods were used to determine the extent of residue accessibility to NiEdda in closed and open MscL channels. 
The experimental EPR data (Fig. 4) together with the computational MD simulations, and FE modelling (Figs 6 
and 7) point to a gating mechanism where the C-terminal bundle only partially dissociates during MscL open-
ing. This partial dissociation is a consequence of a slight outward bending of the bundle helices (Fig. 6B), so that 
several residues close to the cytoplasmic loop (A110–E119) separate due to the rotation and tilting of the TM2 

Figure 7. C-terminal helical bundle structural dynamics using finite element (FE) simulation for water-salt 
(KCl) environment. (A) Side and top views of the closed state and (B) open state of MscL are shown. In the 
open state (where the pore diameter is D ∼ 30 Å and the membrane thins from 35 Å to ~30 Å) there is outward 
bending in the upper part of the helical bundle compared to the resting (equilibrated) state, while the rest of the 
bundle does not change during the channel opening.
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helix8. Most obvious change in mobility was observed at residue E118 (Fig. 4) due to breakage of hydrogen bonds 
between subunits in this region (Fig. 6G). This is as a result of weak and unstable hydrogen bonds mediated by 
water molecules in this region (top belt).

In contrast, residues further along the bundle sequence (V120–S136) remain assembled as in the closed con-
figuration of the channel (Figs 4, 6 and 7). This association is favoured by high inter-helical electrostatic (middle 
belt) and hydrogen bonding (bottom belt) interactions in this region. Our model schematically depicted in Fig. 8, 
is also in good agreement with a recent FRET spectroscopic study suggesting that the top of the C-terminal bun-
dle separates to create a larger entrance to the pore, allowing molecules such as streptomycin to pass through the 
channel45. However, the rest of the helical bundle end remains associated during the gating cycle and likely func-
tions both as a molecular sieve and as a stabilizer of the MscL oligomeric structure15–17,46. As such, the C-terminal 
bundle of MscL helps prevent the escape of essential cytosolic components larger than 6.5 kDa during hypoos-
motic shock.

References
 1. Cox, C. D., Bavi, N. & Martinac, B. Bacterial Mechanosensors. Annual Review of Physiology 80 (2017).
 2. Cox, C., Bavi, N. & Martinac, B. Origin of the Force: The Force-From-Lipids Principle Applied to Piezo Channels. Current Topics in 

Membranes (2016).
 3. Shabsigh, A. et al. Rapid reduction in blood flow to the rat ventral prostate gland after castration: preliminary evidence that 

androgens influence prostate size by regulating blood flow to the prostate gland and prostatic endothelial cell survival. Prostate 36, 
201–206 (1998).

 4. Steinbacher, S., Bass, R., Strop, P., and Rees, D.C. in Mechanosensitive Ion Channels, Part A (ed O. P. Hamill) 1–24 (Elsevier Academic 
Press, Inc., 2007).

 5. Iscla, I., Wray, R. & Blount, P. On the structure of the N-terminal domain of the MscL channel: helical bundle or membrane 
interface. Biophys J 95, 2283–2291, https://doi.org/10.1529/biophysj.107.127423 (2008).

 6. Bavi, N. et al. The role of MscL amphipathic N terminus indicates a blueprint for bilayer-mediated gating of mechanosensitive 
channels. Nat Commun 7, 11984, https://doi.org/10.1038/ncomms11984 (2016).

 7. Perozo, E., Kloda, A., Cortes, D. M. & Martinac, B. Site-directed spin-labeling analysis of reconstituted MscL in the closed state. The 
Journal of general physiology 118, 193–206 (2001).

 8. Perozo, E., Cortes, D. M., Sompornpisut, P., Kloda, A. & Martinac, B. Open channel structure of MscL and the gating mechanism of 
mechanosensitive channels. Nature 418, 942–948, https://doi.org/10.1038/nature00992 (2002).

 9. Cruickshank, C. C., Minchin, R. F., Le Dain, A. & Martinac, B. Estimation of the pore size of the large-conductance mechanosensitive 
ion channel of Escherichia coli. Biophysical Journal 73, 1925 (1997).

 10. Corry, B., Rigby, P., Liu, Z.-W. & Martinac, B. Conformational changes involved in MscL channel gating measured using FRET 
spectroscopy. Biophysical journal 89, L49–L51 (2005).

 11. Wang, Y. et al. Single molecule FRET reveals pore size and opening mechanism of a mechano-sensitive ion channel. Elife 3, e01834, 
https://doi.org/10.7554/eLife.01834 (2014).

 12. Li, J. et al. Mechanical coupling of the multiple structural elements of the large-conductance mechanosensitive channel during 
expansion. Proc Natl Acad Sci USA 112, 10726–10731, https://doi.org/10.1073/pnas.1503202112 (2015).

 13. Corry, B. et al. An improved open-channel structure of MscL determined from FRET confocal microscopy and simulation. J Gen 
Physiol 136, 483–494, https://doi.org/10.1085/jgp.200910376 (2010).

 14. Konijnenberg, A. et al. Global structural changes of an ion channel during its gating are followed by ion mobility mass spectrometry. 
Proc Natl Acad Sci USA 111, 17170–17175, https://doi.org/10.1073/pnas.1413118111 (2014).

 15. Anishkin, A. et al. On the conformation of the COOH-terminal domain of the large mechanosensitive channel MscL. The Journal of 
general physiology 121, 227–244 (2003).

 16. Yang, L. M. et al. Three routes to modulate the pore size of the MscL channel/nanovalve. ACS Nano 6, 1134–1141, https://doi.
org/10.1021/nn203703j (2012).

 17. Yoshimura, K., Usukura, J. & Sokabe, M. Gating-associated conformational changes in the mechanosensitive channel MscL. 
Proceedings of the National Academy of Sciences 105, 4033–4038 (2008).

 18. Walton, T. A. & Rees, D. C. Structure and stability of the C-terminal helical bundle of the E. coli mechanosensitive channel of large 
conductance. Protein Sci 22, 1592–1601, https://doi.org/10.1002/pro.2360 (2013).

 19. Perozo, E., Cortes, D. M. & Cuello, L. G. Three-dimensional architecture and gating mechanism of a K + channel studied by EPR 
spectroscopy. Nature Structural & Molecular Biology 5, 459–469 (1998).

Figure 8. A diagram showing the main structural conformations during MscL opening. The C-terminal 
bundle remains largely intact during MscL structural change from the closed to the open state. The model also 
shows the MscL N-terminal domain (red rectangle) fusing with the TM1 transmembrane helix to form a single 
continuous α-helix in the fully open channel6,47.

http://dx.doi.org/10.1529/biophysj.107.127423
http://dx.doi.org/10.1038/ncomms11984
http://dx.doi.org/10.1038/nature00992
http://dx.doi.org/10.7554/eLife.01834
http://dx.doi.org/10.1073/pnas.1503202112
http://dx.doi.org/10.1085/jgp.200910376
http://dx.doi.org/10.1073/pnas.1413118111
http://dx.doi.org/10.1021/nn203703j
http://dx.doi.org/10.1021/nn203703j
http://dx.doi.org/10.1002/pro.2360


www.nature.com/scientificreports/

1 0Scientific REpoRTS | 7: 17229  | DOI:10.1038/s41598-017-17396-w

 20. Perozo, E., Kloda, A., Cortes, D. M. & Martinac, B. Physical principles underlying the transduction of bilayer deformation forces 
during mechanosensitive channel gating. Nat Struct Biol 9, 696–703, https://doi.org/10.1038/nsb827 (2002).

 21. Nomura, T. et al. Differential effects of lipids and lyso-lipids on the mechanosensitivity of the mechanosensitive channels MscL and 
MscS. Proc Natl Acad Sci USA 109, 8770–8775, https://doi.org/10.1073/pnas.1200051109 (2012).

 22. Hase, C. C., Le Dain, A. C. & Martinac, B. Purification and functional reconstitution of the recombinant large mechanosensitive ion 
channel (MscL) of Escherichia coli. J Biol Chem 270, 18329–18334 (1995).

 23. Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N. & Sternberg, M. J. The Phyre2 web portal for protein modeling, prediction and 
analysis. Nat Protoc 10, 845–858, https://doi.org/10.1038/nprot.2015.053 (2015).

 24. Biasini, M. et al. SWISS-MODEL: modelling protein tertiary and quaternary structure using evolutionary information. Nucleic acids 
research, gku340 (2014).

 25. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J Mol Graph 14(33–38), 27–38 (1996).
 26. Kabsch, W. & Sander, C. Dictionary of protein secondary structure: pattern recognition of hydrogen‐bonded and geometrical 

features. Biopolymers 22, 2577–2637 (1983).
 27. Nomura, T., Cox, C. D., Bavi, N., Sokabe, M. & Martinac, B. Unidirectional incorporation of a bacterial mechanosensitive channel 

into liposomal membranes. FASEB J 29, 4334–4345, https://doi.org/10.1096/fj.15-275198 (2015).
 28. Bavi, N. et al. Biophysical implications of lipid bilayer rheometry for mechanosensitive channels. Proc Natl Acad Sci USA 111, 

13864–13869, https://doi.org/10.1073/pnas.1409011111 (2014).
 29. Chen, X., Cui, Q., Tang, Y., Yoo, J. & Yethiraj, A. Gating mechanisms of mechanosensitive channels of large conductance, I: a 

continuum mechanics-based hierarchical framework. Biophys J 95, 563–580, https://doi.org/10.1529/biophysj.107.128488 
(2008).

 30. Bavi, N., Qin, Q. & Martinac, B. in Fourth International Conference on Smart Materials and Nanotechnology in Engineering. 
87931S-87931S-87937 (International Society for Optics and Photonics).

 31. Bavi, N. et al. Nanomechanical properties of MscL alpha helices: A steered molecular dynamics study. Channels (Austin) 11, 
209–223, https://doi.org/10.1080/19336950.2016.1249077 (2017).

 32. Evans, E., Rawicz, W. & Smith, B. Concluding remarks back to the future: mechanics and thermodynamics of lipid biomembranes. 
Faraday discussions 161, 591–611 (2013).

 33. Kloda, A., Ghazi, A. & Martinac, B. C-terminal charged cluster of MscL, RKKEE, functions as a pH sensor. Biophysical journal 90, 
1992–1998 (2006).

 34. Martinac, A. D., Bavi, N., Bavi, O. & Martinac, B. Pulling MscL open via N-terminal and TM1 helices: A computational study 
towards engineering an MscL nanovalve. PLoS One 12, e0183822, https://doi.org/10.1371/journal.pone.0183822 (2017).

 35. Mukherjee, N. et al. The activation mode of the mechanosensitive ion channel, MscL, by lysophosphatidylcholine differs from 
tension-induced gating. FASEB J 28, 4292–4302, https://doi.org/10.1096/fj.14-251579 (2014).

 36. Bavi, O., Vossoughi, M., Naghdabadi, R. & Jamali, Y. The Combined Effect of Hydrophobic Mismatch and Bilayer Local Bending 
on the Regulation of Mechanosensitive Ion Channels. PLoS One 11, e0150578, https://doi.org/10.1371/journal.pone.0150578 
(2016).

 37. Zhu, L. et al. Gating mechanism of mechanosensitive channel of large conductance: a coupled continuum mechanical-continuum 
solvation approach. Biomech Model Mechanobiol 15, 1557–1576, https://doi.org/10.1007/s10237-016-0783-4 (2016).

 38. Bavi, O. et al. Influence of Global and Local Membrane Curvature on Mechanosensitive Ion Channels: A Finite Element Approach. 
Membranes (Basel) 6, https://doi.org/10.3390/membranes6010014 (2016).

 39. Martinac, B., Saimi, Y. & Kung, C. Ion channels in microbes. Physiol Rev 88, 1449–1490, https://doi.org/10.1152/physrev.00005.2008 
(2008).

 40. Kung, C., Martinac, B. & Sukharev, S. Mechanosensitive channels in microbes. Annu Rev Microbiol 64, 313–329, https://doi.
org/10.1146/annurev.micro.112408.134106 (2010).

 41. Booth, I. R., Edwards, M. D., Murray, E. & Miller, S. in Bacterial Ion Channels and Their Eukaryotic Homologs 291–312 (American 
Society of Microbiology, 2005).

 42. Martinac, B. 3.5 billion years of mechanosensory transduction: structure and function of mechanosensitive channels in prokaryotes. 
Current topics in membranes 58, 25–57 (2007).

 43. Perozo, E. & Rees, D. C. Structure and mechanism in prokaryotic mechanosensitive channels. Current opinion in structural biology 
13, 432–442 (2003).

 44. Häse, C., Le Dain, A. & Martinac, B. Molecular dissection of the large mechanosensitive ion channel (MscL) of E. coli: mutants with 
altered channel gating and pressure sensitivity. The Journal of membrane biology 157, 17–25 (1997).

 45. Wray, R. et al. Dihydrostreptomycin Directly Binds to, Modulates, and Passes through the MscL Channel Pore. PLoS Biol 14, 
e1002473 (2016).

 46. Ando, C., Liu, N. & Yoshimura, K. A cytoplasmic helix is required for pentamer formation of the Escherichia coli MscL 
mechanosensitive channel. J Biochem 158, 109–114, https://doi.org/10.1093/jb/mvv019 (2015).

 47. Bavi, N., Cox, C. D., Perozo, E. & Martinac, B. Towards a structural blueprint for bilayer-mediated channel mechanosensitivity. 
Channels 11, 91–93 (2016).

Acknowledgements
The authors thank Albert Raso, Paul Rohde, Yury Nikolaev, and Dr Maryrose Constantine for technical 
assistance. We also acknowledge CSIRO for computing facilities and National Computational Infrastructure 
NCI, which are supported by the Australian Government. N.B. has been supported by a University International 
Postgraduate Award (UIPA) and P.R has been supported by a University Tuition Postgraduate Award (UTPA) 
from the University of New South Wales. This project was supported by the Australian Research Council and 
Principal Research Fellowship to B.M. from the National Health and Medical Research Council of Australia. This 
work was also supported by a grant from the NIH (GM063617) to E.P. as well as in part by funds from the Office 
of Health and Medical Research, NSW State Government.

Author Contributions
B.M. and E.P. designed research; N.B., O.B., and A.D.M. performed MD simulations and FE modelling. A.P.H. 
helped and supported MD simulations. D.M.C. and B.M. carried-out site-directed mutagenesis, protein 
purification and liposome reconstitution for EPR experiments. B.M. and E.P. performed EPR experiments and 
analysed data, and T.N. and P.R. performed patch clamp experiments. B.M., A.P.H. and E.P. contributed reagents/
analytic tools. N.B., A.D.M., A.P.H., B.M. and E.P. wrote the manuscript. All authors read and approved the final 
manuscript.

http://dx.doi.org/10.1038/nsb827
http://dx.doi.org/10.1073/pnas.1200051109
http://dx.doi.org/10.1038/nprot.2015.053
http://dx.doi.org/10.1096/fj.15-275198
http://dx.doi.org/10.1073/pnas.1409011111
http://dx.doi.org/10.1529/biophysj.107.128488
http://dx.doi.org/10.1080/19336950.2016.1249077
http://dx.doi.org/10.1371/journal.pone.0183822
http://dx.doi.org/10.1096/fj.14-251579
http://dx.doi.org/10.1371/journal.pone.0150578
http://dx.doi.org/10.1007/s10237-016-0783-4
http://dx.doi.org/10.3390/membranes6010014
http://dx.doi.org/10.1152/physrev.00005.2008
http://dx.doi.org/10.1146/annurev.micro.112408.134106
http://dx.doi.org/10.1146/annurev.micro.112408.134106
http://dx.doi.org/10.1093/jb/mvv019


www.nature.com/scientificreports/

1 1Scientific REpoRTS | 7: 17229  | DOI:10.1038/s41598-017-17396-w

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17396-w.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-17396-w
http://creativecommons.org/licenses/by/4.0/

	Structural Dynamics of the MscL C-terminal Domain
	Materials and Methods
	Expression, labelling and liposome reconstitution of the MscL protein. 
	EPR spectroscopy and data analysis. 
	Electrophysiological recordings. 
	Molecular dynamics simulations. 
	Finite Element Modelling. 

	Results
	Discussion
	Acknowledgements
	Figure 1 3D homology model of the closed EcMscL channel.
	Figure 2 Residue-specific environmental parameter profiles obtained for the A110–S136 segment of the C-terminal bundle.
	Figure 3 Examples of EPR spectra of the C-terminal residues of EcMscL.
	Figure 4 Mobility parameter ΔH0−1 profiles of the C-terminal helical bundle.
	Figure 5 Patch-clamp recording from purified MscL mutant V120C reconstituted into liposomes.
	Figure 6 Conformations of the MscL C-terminal bundle obtained during MscL gating using all-atom molecular dynamics simulations.
	Figure 7 C-terminal helical bundle structural dynamics using finite element (FE) simulation for water-salt (KCl) environment.
	Figure 8 A diagram showing the main structural conformations during MscL opening.




