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Confirming the Revised C-Terminal Domain of the MscL Crystal Structure
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ABSTRACT The structure of the C-terminal domain of the mechanosensitive channel of large conductance (MscL) has
generated significant controversy. As a result, several structures have been proposed for this region: the original crystal structure
(1MSL) of the Mycobacterium tuberculosis homolog (Tb), a model of the Escherichia colihomolog, and, most recently, a revised
crystal structure of Tb-MscL (20AR). To understand which of these structures represents a physiological conformation, we
measured the impact of mutations to the C-terminal domain on the thermal stability of Tb-MscL using circular dichroism and
performed molecular dynamics simulations of the original and the revised crystal structures of Tb-MscL. Our results imply that
this region is helical and adopts an a-helical bundle conformation similar to that observed in the E. coli MscL model and the revised

Tb-MscL crystal structure.

INTRODUCTION

In 1998, our understanding of ion channel structure was rev-
olutionized by the determination of atomic resolution struc-
tures for KcsA (1) and the bacterial mechanosensitive
channel of large conductance (MscL) (2). These and subse-
quent structures have made it possible to study ion channel
structure-function relations in the context of atomic-level
protein maps. However, some details of these structures have
been inconsistent with biochemical and electrophysiological
data and chemical intuition, including the C-terminal region
of the Mycobacterium tuberculosis (Tb) MscL crystal struc-
ture.

Overall, the original high-resolution crystal structure of
Tb-MscL (IMSL) (2) led to exciting new revelations about
how mechanosensitive ion channels function. Mechanosensi-
tive ion channels are involved in a wide range of physiological
processes, from osmoreglation in bacteria to touch, circulation,
and hearing in higher organisms (3). The bacterial mechano-
sensitive channel of large conductance has proven to be a
useful model for mechanosensation since its initial identifi-
cation and cloning from Escherichia coli (4). Because MscL
channels are quite amenable to mutagenesis, expression, pu-
rification, and electrophysiological characterization in bacte-
rial spheroplasts and lipid vesicles, they have become the best
characterized mechanosensitive channels (3,5-7).

The gross structural characteristics of the original Tb-MscL
structure have been verified biochemically and electro-
physiologically (8—10). In particular, Sukharev, Guy, and co-
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workers (11-13) were able to use this crystal structure along
with experimental cross-linking data to develop detailed mo-
lecular gating models for E. coli (Ec) MscL. In other studies,
Perozo, Martinac, and co-workers (14) were able to develop
MscL gating models by interpreting site-directed spin-labeling
data in the context of the crystal structure. The presence of a
high-resolution structure has also allowed MscL gating to be
considered with molecular dynamics (MD) simulations (15—
17).

Most of these studies considering MscL gating focused on
the transmembrane regions of the channel. One reason for
this focus was that initial studies implied that the C-terminal
region played no discernable role in Ec-MscL function and
that a large portion of this region could be cleaved off without
altering channel gating (18,19). However, charged residues at
the beginning of this region are clearly important for channel
function (20), and even mutations and cleavages to the more
distal regions of the protein in the C-terminal region do have
some effect on the channel physiology of Ec-MscL (21). As a
result, this region of the protein clearly has a significant
physiological role, although the details of this role have not
been worked out.

The C-terminal region of the original crystal structure
(IMSL) adopted a striking helical bundle that placed nega-
tively charged residues pointing toward each other. Early
MD simulations from our group suggested that this helical
conformation was unstable (22), although subsequent TASP
studies implied that this region does, in fact, adopt a primarily
a-helical conformation (23). Sukharev and co-workers
modeled this region of the Ec-MscL. homolog as a helical
bundle based on MD and cross-linking studies (21), placing
charged residues on the outside of the bundle and burying
hydrophobic residues on the inside of the bundle. In a recent
revision (20AR) made by Rees and co-workers to the orig-
inal Tb-MscL crystal structure (24), this region assumed a
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conformation similar to Sukharev’s Ec-MscL model. How-
ever, it should be noted that Tb-MscL and Ec-MscL show
different electrophysiological properties and are in different
sequence subfamilies (8,9). Because there has been signifi-
cant controversy regarding this section of the Tb-MscL
structure, we aimed to confirm the revised structure using
MD simulations and experimental measurements of thermal
stability. Our results confirm that the Tb-MscL. C-terminal
region adopts a helical structure and that this structure re-
sembles the 20AR structure and not the IMSL structure.

MATERIALS AND METHODS
MD simulations

In general, MD simulations of the Tb-MscL C-terminal region were set up
analogous to our previous simulations of this region (22). Simulations in-
cluded all residues after Tyr”* from all five subunits of either the original
(IMSL) (2) or the revised (20AR) (24) Tb-MscL crystal structures. The
N- and C-termimi were uncharged (-NH; and -COOH) in the simulations, as
neither end is the terminus of the physiological structure. All ionizable side
chains were charged in the simulations; no histidine residues were present in
the Tb-MscL structure. The initial structures were solvated with explicit SPC
water (9411 and 12,127 for the original and revised structures, respectively),
and Na* ions were added to neutralize the overall charge on the systems.
Because thermal denaturation studies were performed under low-ionic-
strength conditions, no additional ions were added. The systems were sub-
jected to 50 steps of steepest-descents minimization before and after the
addition of ions.

MD simulations of these minimized systems were performed in GROMACS
3.3.1 (25) using the Gromos 96 43al force field (26). After heating to 298 K
over 20 ps, simulations were extended to 20 ns at a constant temperature (298
K) and pressure (1 bar). Temperature and isotropic pressure coupling (27)
utilized time constants of 0.1 ps and 1.0 ps, respectively. Position restraints
were placed on the C, atoms of the two N-terminal residues of each subunit
to represent conformational restrictions imposed by the overall assembly of
the channel. Simulations utilized a 2-fs time step with the LINCS routine to
constrain bond lengths (28) and SETTLE to constrain water geometries (29).
Lennard-Jones and short-range Coulombic interactions were cut off at
1.0 nm, and long-range electrostatics were calculated using the particle-mesh
Ewald method (30) with Fourier grid spacing of 0.10 nm and cubic inter-
polation. Analyses were performed using tools in the GROMACS suite, with
properties averaged over the last 5 ns of trajectories. Figures were produced
using PyMOL (31).

Thermal denaturation studies
Plasmids and strains

As previously described, Tb-MscL was encoded in the pET 19b vector, and
protein expression was performed in an MscL null E. coli BL21 strain (2,8).
The pET 19b vector provides ampicillin resistance, a His-tag for purification,
and isopropyl-B-D-thiogalactopyranoside control over protein expression.
Site-directed mutagenesis of Tb-MscL was performed using the QuikChange
protocol (Stratagene, La Jolla, CA); all mutants were verified by sequencing
and enzymatic digestion.

Protein expression and purification

Frozen permastocks of Tb-MscL or Tb-MscL mutations were used to inoc-
ulate 25 ml of LB medium with 50 ug/ml ampicillin. The cultures were
grown overnight at 37°C with shaking. LB cultures were used to inoculate
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500 ml of TB medium with ampicillin. The resulting TB cultures were
grown to mid-log phase and then induced with 1 mM isopropyl-3-p-
thiogalactopyranoside. After induction, the cultures were grown for an ad-
ditional 2 h at 37°C or in some cases for 3 h at 30°C. Bacteria were then
pelleted and resuspended in 50 mM Tris, 75 mM NaCl, 1% B-dodecyl
maltoside (DDM), at pH 7.5 (10 ml) with complete protease inhibitor
cocktail (Roche, Indianapolis, IN). The suspensions were then probe soni-
cated (4 X 30 s) and incubated with shaking for 1 h at 37°C. After incubation,
the suspensions were pelleted at 45,000 X g for 45 min, and the resulting
supernatant was passed through a 0.2-um filter. All chromatography steps
were carried out on a Vision Workstation (Applied Biosystems, Foster City,
CA). The clarified supernatant was subjected to two-dimensional chroma-
tography using a POROS metal chelate affinity column (Applied Biosys-
tems) charged with cobalt chloride in the first dimension and a POROS HQ
anion-exchange column (Applied Biosystems) in the second dimension.
Elution from the metal chelate column was achieved using an imidazole
gradient (0.25 mM to 1 M at pH 7.5) with 0.05% DDM, and elution from the
HQ column was achieved using a sodium chloride gradient (0 mM to 1 M) in
the presence of 10 mM Tris at pH 7.5 and 0.05% DDM. Buffer exchange and
desalting were then performed using a HiPrep 26/10 desalting column
(Amersham Pharmacia Biotech, Piscataway, NJ) charged with 1 mM phos-
phate buffer and 0.05% DDM at pH 7.2. Difficulties were encountered when
producing L1171 and R118Q. These proteins showed extensive proteolysis
of the carboxyl-terminal tail that was not observed for other proteins.

Circular dichroism thermal denaturation

Thermal denaturation was performed using an Aviv 62 DS circular dichroism
spectrophotometer (Aviv Instruments, Lakewood, NJ). Purified Tb-MscL
protein samples were diluted to approximately identical concentrations in
1 mM phosphate buffer (pH 7.2) for thermal denaturation. Circular dichroism
scans (260—195 nm) showed equivalent helical propensities between sam-
ples. The denaturation consisted of heating from 25°C to 95°C, stepping
every 2.5°C, and allowing the sample to equilibrate at each temperature for
5 min. After equilibration, the ellipticity of samples at 220 nm was measured
with the signal averaged over 30 s.

RESULTS AND DISCUSSION

The revised Tbh-MscL C-terminal region remains
stable in MD simulations

We performed 20-ns MD simulations of the original (1MSL)
and revised (20AR) C-terminal regions using GROMACS
(Fig. 1). In both simulations, the C-terminal region (starting
at Tyr’*) was solvated in explicit water molecules with Na™
ions to neutralize the charge of the systems. Position re-
straints were placed on the two N-terminal residues of each
subunit to represent restraints from the transmembrane sec-
tions in this region.

As seen previously, the original crystal structure C-terminal
region rapidly becomes scrambled in the trajectory (Fig. 1 A),
losing much of its helical character. Over the last 5 ns of the
trajectory, this structure had an average C, RMS deviation of
5.4 A from the crystal structure for the helical bundle region
of the structure (starting at Pro'%®) (Fig. 2). Conversely, the
revised C-terminal structure maintained an a-helical bundle
throughout the simulation (Fig. 1 B), with an average C,
RMS deviation of 1.2 A from the crystal structure for the
helical bundle region (Fig. 2). Additionally, the revised
structure showed significantly more structural stability after
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FIGURE 1| Tb-MscL C-terminal region from the original 1IMSL (A) and
revised 20AR (B) structures. Crystal structure conformations are shown on
top with 20-ns frames from MD simulations on the bottom. C, RMS
fluctuation values from the last 5 ns of simulations (averaged over all five
subunits) are depicted by coloring of the MD structures, with lower fluctua-
tions in cooler (blue = 0.5 A) and higher fluctuations in warmer (red =
2.0 A) colors. Glu'®? and Glu'® are shown in space filling in B.

equilibration, with decreased RMS fluctuation in the helical
bundle region (Fig. 1).

We used DSSP to further analyze the a-helical structure
over the course of the simulation and found that the revised
structure maintained significantly more helical character than
the original structure (Fig. 3). In fact, helicity was rapidly lost
in the trajectory of the original structure. Overall, the extent
of helicity observed over the last 15 ns of the simulation does
not vary significantly for either structure.
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FIGURE 2 C, RMS deviation from the crystal structure of the helical
bundle region in simulations of the original (solid) and revised (shaded)
Tb-MscL structures. Values were calculated for each frame of the simula-
tions by fitting all C,, in the bundle region (defined as starting at Pro'%) to
the crystal structure.
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FIGURE 3 DSSP analysis of secondary structure for MD simulations of
the original and revised crystal structures. Solid portions on plots represent
residues that are a-helical at a given point in the trajectories. Results for one
representative subunit from each trajectory are shown.

Thermal stability data are consistent with the
revised C-terminal structure

Thermal stability data were collected on several mutants
using circular dichroism to verify the revised structure and
confirm our simulations. Wild-type and mutant Tb-MscL
were expressed and purified as described in the Materials and
Methods section, and denaturation as a function of temper-
ature was monitored by the ellipticity at 220 nm. The dena-
turation curve for wild-type Tb-MscL shows a single melting
transition at ~60°C (Fig. 4 A). A reduction of 35% in the
circular dichroism signal is observed between 25°C and
95°C; relative ellipticity of 0 and 1 are defined at these points
in our melting profile. Thus, significant helicity remains in
the sample even after the observed transition, which most
likely corresponds to the transmembrane domains. After
melting, Tb-MscL regains the majority (>90%) of its origi-
nal ellipticity on returning to 25°C.

We initially compared the thermal stability of several
mutants that neutralized acidic residues. The trends for these
mutations are consistent with the revised Tb-MscL structure.
E102C and E104Q mutations increased stability (Fig. 2 A)
because these residues are in very close proximity in the re-
vised structure. These acidic side chains strongly repel each
other in our MD simulation, leading to a region with very
high structural fluctuations (Fig. 1 B). Stabilizing this region
through neutralizing residue 102 or 104 appears to increase
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FIGURE 4 Thermal denaturation profiles for a series of single-site
C-terminal mutations. In each panel, the denaturation curve for the wild-
type channel is shown in black, and mutant channels are shown in dashed
and/or shaded lines.

the integrity of the helical bundle in the subsequent region.
Interestingly, neutralization of analogous residues dramati-
cally affects gating tension in Ec-MscL (20). Conversely,
neither D108N nor D119N mutations significantly altered
stability (Fig. 4 A), consistent with their relatively isolated
positions on the outside of the bundle in the refined structure.
Mutations to E116 are discussed in greater detail below.
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In our simulation of the revised crystal structure, residues
110-118 exhibited particularly low RMS fluctuations (Fig.
1 B). Thus, this region appears to form a ‘‘core’” of the helical
structure, and mutations to this core should have a pro-
nounced effect on helical stability. Interestingly, this region
includes the highly conserved LLXEIRD motif (residues
113-119) shared throughout the MscL family (21).

Mutations to residue E116 led to particularly intriguing
results (Fig. 4 B). In the simulation of the revised structure,
Glu''® is very close to the positively charged Arg''® in an
adjacent subunit (Fig. 5 A). Disrupting this intersubunit in-
teraction clearly could destabilize the helical bundle. In fact,
we see that an E116D mutation, which shortens the side chain
of residue 116 by one methylene unit, dramatically destabi-
lizes this structure. Clearly, the correct positioning of these
residues is critical to the stability of the domain. However,
replacement of Glu''® with glutamine, an isosteric but un-
charged amino acid, actually causes a slight stabilization of
this region. At first, it may seem surprising that an E116D
mutation dramatically disrupts this interaction whereas
E116Q leaves it intact. However, this is consistent with other
studies that have shown a hydrogen bond between a charged
residue and a good neutral acceptor in a well-solvated region
can be as strong as a salt bridge in aqueous solution (32,33).

Two other relatively subtle mutations to this ‘‘core’’ re-
gion, L113I and T115A, also altered thermal stability (Fig.
4 C). Mutation of Leu'" to isoleucine results in destabiliza-
tion of the C-terminal domain. Although, this effect is some-
what surprising for such a conservative mutation, Leu'"?
forms a tight contact with Leu''* on the adjacent subunit (Fig.
5 A) that apparently is somewhat destabilized by even this
slight steric change. The T115A mutation destabilizes the
bundle by making the very solvent-exposed side chain of
residue 115 significantly more hydrophobic (Fig. 5 B). Mu-
tations to 1117 and R118 led to extensive proteolysis of the
carboxy terminus, which might be a result of destabilization
caused by these mutations.

FIGURE 5 Depictions of the final frame from the MD simulation of the
revised C-terminal conformation, highlighting (A) intersubunit interactions
between Glu''® (red)—Arg] '8 (blue) and Leu''? (yellow)—Leul 14 (green), and

(B) position of Thr'"

from B for clarity.

(blue). Residues before the helical region are omitted
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Conversely, an I121L mutation does not affect thermal
stability. Although the Tle'?' side chain also is involved in
hydrophobic packing, it occurs after the ‘‘core’’ region of the
bundle and has a significantly greater structural fluctuation in
the MD trajectory. Thus, subtle changes in its sterics do not
appear to have the effect observed for residue 113.

CONCLUSION

Our computational and experimental results are consistent
with the Tb-MscL C-terminal region adopting the revised
conformation. This conformation is quite similar to the pro-
posed Ec-MscL model (21). Moreover, our data imply that
the helical stability of this bundle is largely dependent on the
highly conserved LLXEIRD motif found in almost all MscL
sequences as well as in other helical bundles, such as the
COMP protein (8,21). Although early studies of MscL sug-
gested little functional relevance for the C-terminal region,
more recent work has demonstrated the importance of this
region. Intriguingly, the Synechocystis sp. and C. perfringens
homologs, which have nonconserved C-terminal sequences
(8), also exhibit distinct electrophysiology from other MscL
homologs (34).

As the number of ion channel crystal structures continues
to increase, it has become critical to evaluate these structures
in light of biochemical evidence. This is especially important
because membrane proteins are crystallized in a particularly
nonnative environment. Clearly, the original IMSL structure
did not properly define the C-terminal conformation of
Tb-MscL, whereas the recently revised 20AR structure ad-
dresses inconsistencies between biochemical and structural
data. Similar approaches combining biochemical and com-
putational studies will be useful to confirm ambiguous re-
gions in other channel structures.

This work was partially supported by the National Institutes of Health
Program Project Grant GM-62532. Additional support was provided by the
Office of the Dean at Wellesley College.
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