
FORTHERECORD

Open and shut: Crystal structures of the
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mechanosensitive channel of small
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Helicobacter pylori at 4.4 Å and 4.1 Å
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Abstract: The mechanosensitive channel of small conductance (MscS) contributes to the survival

of bacteria during osmotic downshock by transiently opening large diameter pores for the efflux of

cellular contents before the membrane ruptures. Two crystal structures of the Escherichia coli
MscS are currently available, the wild type protein in a nonconducting state at 3.7 Å resolution

(Bass et al., Science 2002; 298:1582–1587) and the Ala106Val variant in an open state at 3.45 Å

resolution (Wang et al., Science 2008; 321:1179–1183). Both structures used protein solubilized in
the detergent fos-choline-14. We report here crystal structures of MscS from E. coli and

Helicobacter pylori solubilized in the detergent b-dodecylmaltoside at resolutions of 4.4 and 4.2 Å,

respectively. While the cytoplasmic domains are unchanged in these structures, distinct
conformations of the transmembrane domains are observed. Intriguingly, b-dodecylmaltoside

solubilized wild type E. coli MscS adopts the open state structure of A106V E. coli MscS, while H.

pylori MscS resembles the nonconducting state structure observed for fos-choline-14 solubilized
E. coli MscS. These results highlight the sensitivity of membrane protein conformational equilibria

to variations in detergent, crystallization conditions, and protein sequence.
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Introduction

Bacteria can experience significant environmental

stresses that require effective counter measures for

survival. Among these stresses are sudden changes

in external osmolarity that drives the flow of water

across the cell membrane, resulting in either dehy-

dration (osmotic upshock) or swelling (downshock),

which can have dire consequences.1,2 Mechanosensi-

tive channels play a major role in the ability of bac-

teria to survive abrupt osmotic pressure downshock

by transiently opening large pores. The accompany-

ing efflux of cellular contents reduces the membrane

tension and thereby mitigates the possibility of cata-

strophic membrane rupture.3 Two families of mecha-

nosensitive channels that confer protection against

osmotic downshock have been identified in bacte-

ria,4,5 MscL and MscS, the mechanosensitive chan-

nels of large and small conductance, respectively.

MscL and MscS both form large, relatively nonselec-

tive channels (estimated pore diameter in excess of

10 Å) with conductances several orders of magnitude

greater than ion selective channels. While proteins

related to MscS and MscL are predicted to exist in

all three domains of life,6,7 MscS family members in

particular are widely distributed throughout bacte-

rial and archaeal genomes, and multiple family

members are often present (e.g. the Escherichia coli

genome encodes five MscS-related proteins in addi-

tion to MscS itself8,9).

Since the original discovery of MscS by Booth

and coworkers,5 an increasingly detailed under-

standing of the molecular basis for MscS function

has been achieved,10 including two crystal structures

of E. coli MscS (EcMscS), the wild type channel at

3.7 Å resolution (PDB 2OAU11,12) and the Ala106Val

(A106V) variant at 3.45 Å resolution (PDB 2VV513),

both solubilized in the detergent fos-choline-14

(FC14). These structures have defined the basic mo-

lecular architecture for this protein family, which

exists as a heptamer of 286 residue subunits [Fig.

1(a)]. Each subunit contains an N-terminal trans-

membrane (TM) domain consisting of three mem-

brane spanning helices (denoted TM1, TM2, and

TM3), with the remainder of the protein forming a

cytoplasmic domain composed of a five-stranded b-
sheet domain, two a-helices and a three-stranded b-
sheet domain. In the heptamer, the permeation

pathway is formed by the packing of TM3s, which

may be further described in terms of two helical seg-

ments, TM3a and TM3b, separated by a kink or

hinge at Gly113. The permeation pathway is flanked

by TM1-TM2 helical hairpins, while the cytoplasmic

domains form a large fenestrated chamber connect-

ing the permeation pathway to the intracellular

environment. Despite the similarities in the cyto-

plasmic domains of these two structures, significant

changes are evident in the TM helices. These

include a rearrangement of the TM1-TM2 hairpins

that accompany a pivoting of the TM3a helix around

Gly113, the hinge position in TM3. As a consequence

of these changes, the diameter of the pore increases

from �5 Å in the wild type structure to �13 Å in the

Figure 1. (a) Superposition of EcMscS DDM (green) and HpMscS DDM (blue), with one subunit highlighted from each

heptamer, including the representation of the transmembrane (TM) helices as cylinders. The principal differences between

these structures occur in the positioning of the transmembrane helices TM1, TM2, and TM3a, while TM3b and the

cytoplasmic domain are similar in both structures. This figure was created using Chimera.35 (b) Protein sequence alignment of

EcMscS and HpMscS emphasizing the transmembrane organization, with TM1 highlighted in blue, TM2 highlighted in green,

and the two sections of TM3 (TM3a and TM3b) highlighted in yellow. The red stars and the red circle denote the pore

blocking residues (Leucines 105 and 109 in EcMscS) and the hinge position (Gly113) in TM3, respectively. The sequence

alignment was performed using TCoffee36 and the sequence display output using multiple align show.37 [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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A106V variant, and accordingly the wild type 2OAU

and A106V 2VV5 structures have been identified

with a nonconducting, likely inactivated, state14,15

and open state,13 respectively. Open-state conforma-

tions have subsequently been reported16 at lower res-

olutions for two EcMscS variants with spin label

modified cysteines incorporated at positions Asp67

and Leu124 and solubilized in the detergent

n-dodecyl-b-D-maltopyranoside (DDM), at resolutions

of 4.84 Å (PDB 4AGE) and 4.70 Å (PDB 4AGF),

respectively. Quite recently, the structure of a non-

conducting conformation of the Thermoanaerobacter

tengcongensis MscS (TtMscS; PDB 3T9N) solubilized

in DDM has been reported at 3.44 Å resolution.17

To identify additional conformational states and/

or improved diffraction quality crystals of MscS, we

have screened multiple constructs and detergents

for expression and purification. After an extensive

search and optimization, we were able to obtain dif-

fraction data to �4.5 Å resolution for both Helico-

bacter pylori MscS (HpMscS) and wild type EcMscS

solubilized in DDM. While this resolution is inad-

equate for detailed modeling, it is sufficient to

position the TM helices and establish the overall

conformational state. Intriguingly, DDM-solubilized

wild type EcMscS resembles the open state structure

of the A106V EcMscS, while the DDM-solubilized

HpMscS resembles the FC14 solubilized structure of

wild type EcMscS in a nonconducting state.

Results and Discussion

The expression, purification, and crystallization of

DDM-solubilized EcMscS and HpMscS are described

in the Materials and Methods section. The sequence

identity between EcMscS and HpMscS (286 and 274

residues, respectively) is 33% [Fig. 1(b)]. DDM-solu-

bilized EcMscS crystallized in space group P212121
with cell dimensions a ¼ 128.2 Å, b ¼ 150.0 Å, and c

¼ 175.8 Å (isomorphous to those described in

Ref. 16), while HpMscS crystallized in space group

P212121 with cell dimensions a ¼ 113.9 Å, b ¼ 143.1

Å, and c ¼ 178.4 Å. These crystal forms are distinct

from those found in the earlier studies of EcMscS

(2OAU space group P43212, a ¼ 184.3 Å, c ¼ 260.5

Å, and 2VV5 space group C2, a ¼ 230.9 Å, b ¼ 126.6

Å, c ¼ 123.2 Å, and b ¼ 90.4�) as well as TtMscS

(3T9N space group P212121, a ¼ 95.0 Å, b ¼ 138.6 Å,

and c ¼ 214.6 Å); the packing arrangements in these

crystals also differ from each other. Data collection

statistics for EcMscS and HpMscS solubilized in

DDM are summarized in Table I. The structures

were solved by molecular replacement using the con-

served cytoplasmic domain of the EcMscS structure,

which prevents any bias from the TM helices. This

truncated model was used to phase electron density

maps to identify the conformational state of the TM

domains. The crystallographic refinements were

then performed using complete models generated

from either the 2OAU or 2VV5 structures. The crys-

tal structure of wild type EcMscS solubilized in

DDM was determined at 4.4 Å resolution (PDB

4HWA) and revealed that the TM helix arrangement

resembles that of the open state structure (2VV5).

Figure 2a illustrates the electron density map for

DDM-solubilized EcMscS with the TM domains of

the 2OAU and 2VV5 structures superimposed,

clearly indicating that the 2VV5 model provides a

superior fit. Conversely, the structure of DDM solu-

bilized HpMscS determined at 4.2 Å resolution (PDB

4HW9) corresponds to the nonconducting state of

the 2OAU structure [Fig. 2(b)].

In comparing these structures, a seemingly rea-

sonable expectation would be that larger the deter-

gent micelle, the larger should be the nonprotein

volume of the unit cell. Further assuming that the

micelle size of the pure detergent is representative

of that observed in the protein-detergent complex,

the detergent with the larger micelle size would

then be anticipated to have a larger Matthews’ coef-

ficient, VM, which gives the ratio of the unit cell vol-

ume to total protein molecular weight.18 This is not

the case, however; while the molecular weight of a

DDM micelle is �50% greater than for FC14 (72 kD

vs. 47 kD, respectively19), the FC14 solubilized

EcMscS structures have larger Matthews’ coeffi-

cients (VM ¼ 4.8 and 4.2 Å3 Da�1 for 2OAU and

2VV5, respectively) than the DDM solubilized

EcMscS structures (3.8 Å3 Da�1). Furthermore,

Table I. Data Collection and Refinement Statistics

Data processing statistics EcMscS HpMscS

Unit cell dimensions 128.2 113.9
(a, b, and c) (Å) 150 143.1
Space group P212121 175.8 178.4

Wavelength (Å) 0.9795 1
Resolution (Å)a 46.6–4.37 46.1–4.14

(4.48–4.37) (4.25–4.14)
Unique reflections 22,521 22,539
Redundancy 6.6 3.6
Completeness (%) 99.6(99.8) 98.8(98.4)
I/r 18.1(3.9) 13.6(2.2)
Rmerge

a,b 0.053(0.552) 0.048(0.755)
Refinement statistics
Resolution(Å)a 37.9–4.37 44.5–4.14

(4.57–4.37) (4.36–4.14)
R-worka,c 0.267(0.295) 0.283(0.393)
R-freea,c 0.288(0.331) 0.311(0.444)
Average B factor (Åb) 192 172
rmsd bond length (Å) 0.006 0.015
rmds bond angle (�) 1.11 2.22
Ramachandran plot 91, 8, 1 94, 6, 0
(favored, allowed, outliers, %)d

a Numbers in parentheses represent data in the highest re-
solution shell.
b Rmerge(I) ¼

P
hkl((

P
i|Ihkl,i � <Ihkl>|)/

P
iIhkl,i).

c Rcryst ¼
P

hkl (|Fobs| � |Fcalc|) /
P

hkl|Fobs|. Rfree was
computed identically, except that �5% of the reflections
were omitted as a test set.
d Assigned with PHENIX.28
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while one might expect that the open state would

have a larger volume and consequently a larger VM

than a nonconducting state, there is no correlation

between conformational state and VM. Specifically,

the nonconducting state structures (2OAU, HpMscS

and TtMscS) have VM ¼ 4.8, 3.2 and 3.2 Å3 Da�1,

respectively, while the open state structures (2VV5

and DDM solublized EcMscS) are 4.2 and 3.8 Å3

Da�1, respectively.

Surprisingly, despite differences in conforma-

tional states and sequences, the same basic crystal

packing is observed for both DDM solubilized

EcMscS and DDM solubilized HpMscS [Figs. 3(a,b)].

In both structures, MscS heptamers are packed in a

Figure 2. Electron density maps in the transmembrane domain regions of DDM solubilized EcMscS (a) and DDM solubilized

HpMscS (b). The electron density maps were calculated following molecular replacement with PHENIX28 using only the

cytoplasmic domain to minimize model bias in the TM region, followed by averaging of the density with MAIN.38 The 2OAU

and 2VV5 structures are superimposed to illustrate the correspondence between the electron density maps and the

nonconducting and open state structures. For DDM solubilized EcMscS (a), the 2VV5 and 2OAU structures are illustrated as

green ribbons and gold coils, respectively. For DDM solubilized HpMscS (b), the 2OAU and 2VV5 structures are depicted as

blue ribbons and yellow coils, respectively. This figure was created with PyMol.39

Figure 3. Similarities in the crystal packings of DDM solubilized EcMscS (a) and HpMscS (b). The surface representation with

a highlighted central channel indicates possible lattice contacts between the cytoplasmic domains, with more limited contact

between the N-terminal and C-terminal domains. The crystallographic b axis is horizontal, with the sevenfold axis of the

central MscS heptamer (along diagonal of the ac plane) in the vertical direction. (c) Crystal packing in the ac plane of

HpMscS, with a single channel at the center highlighted with multicolored chains. The red boxes identify the herringbone

pattern from each stacking subunit. The red arrow denotes the orientation of each channel, with the head corresponding to

the C-terminal, cytoplasmic domain while the tail end denotes the N-terminal, transmembrane domains. The x, y, and z axes

indicate the orientation of the structure along the crystallographic a, b, and c axes, respectively. A similar packing

arrangement is also present in EcMscS. This figure was created with PyMol.39
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herringbone pattern in the crystallographic ac plane

with the sevenfold axis roughly perpendicular to the

b axis; adjacent planes are related by the crystallo-

graphic 21 screw axes along b [Fig. 3(c)]. Interac-

tions between planes are primarily stabilized by lat-

tice contacts between the cytoplasmic domains,

while interactions within a plane involve contacts

between the cytoplasmic domain and the periplasmic

surface of the translocation pathway. While the

lattice contacts cannot be identified in detail at this

resolution, they do not appear to involve highly con-

served regions. That distinct conformations can be

observed within the same basic crystal packing sug-

gests that it might be possible to drive the transfor-

mation between conformational states in the crystal

by suitable manipulations, perhaps through judi-

cious choice of amphiphilic additives to the crystal

that could partition into the micelle and alter their

size or stability.

Detergents play key roles in the structural biol-

ogy of membrane proteins, both for solubilization

from the membrane and for maintaining the struc-

tural stability of membrane proteins outside of the

natural lipid bilayer. Unfortunately, detergents are

not passive by-standers in this process, and as a con-

sequence, they can destabilize–or more generally

perturb–the structural state of membrane proteins.

Detergents have been classified as either ‘‘mild’’ or

‘‘harsh’’ according to their tendency to destabilize

membrane proteins. This classification of detergents

can be anecdotal but leads to some general trends

(see Ref. 20 for a clear discussion). Mild detergents

are generally characterized by large, neutral head

groups and long alkyl tails, while harsher detergents

have small, charged head groups and short tails.

DDM is a mild detergent, while fos--choline deter-

gents are typically considered harsher. FCs are often

found to solubilize overexpressed membrane pro-

teins, particularly eukaryotic ones,21,22 which gives

rise to some concern that they may be partially

denaturing.23 Nevertheless, this family of detergents

has been used in the successful structure determina-

tions of the 2OAU and 2VV5 forms of EcMscS, as

well as an OmpF structure.24 While the displace-

ment of the TM1-TM2 helices from the permeation

pathway in 2OAU for wild type EcMscS could poten-

tially reflect partial destabilization of those helices

by FC14, the observation that HpMscS could be sol-

ublized in the mild detergent DDM reinforces that

this is likely a functionally relevant conformational

state.

The similarities of the DDM-solubilized struc-

tures of EcMscS and HpMscS to previously deter-

mined FC14-solubilized structures underscore the

mechanistic significance of these two conformational

states. The demonstration that these particular con-

formations can exist under diverse experimental

conditions indicates that they are not artifacts of a

single set of solution conditions (as also discussed in

Ref. 16). Since the open and nonconducting state

structures have been observed under a variety of

conditions and with distinct protein sequences, this

suggests that MscS behaves as a bistable system

where the conformational equilibrium between the

two states is sensitive to the precise experimental

conditions. These observations consequently provide

both a cautionary tale for establishing the functional

relevance of a particular structure and highlight an

approach for sampling conformational space by

screening different detergents, constructs, homologs,

and crystallization conditions.

Materials and Methods

Cloning of MscS homologs
MscS homologs were identified by a BLAST search

using the NCBI genome database. Twenty-five

homologs were selected, the genes amplified by

PCR from genomic DNA, and then cloned into

pET expression vectors (pET19bþ, pET26bþ, and

pET28bþ; see Table S1). Constructs in pET28bþ
have an N-terminal 6�-histidine tag, MscS, and a

C-terminal FLAG tag. Constructs in pET26bþ have

a pelB signal sequence, MscS, and a C-terminal

6�-histidine tag. The last construct, pET19bþ has

an N-terminal 6�-histidine tag and MscS. The con-

structs were transformed into BL21 DE3 Gold cells

(Stratagene) for expression screening.

Expression and monodispersity screening
Initial screenings of MscS expression were con-

ducted using Western blotting analysis to determine

which constructs had the highest expression. Con-

structs for 14 of the 25 MscS homologs exhibited

reasonable expression levels in our E. coli expression

system (as assessed in comparison to EcMscS.)

These constructs were then screened to assess

extraction efficiency from a panel of 25 detergents

(Table S2). Detergent selection was further refined

by performing small-scale expression in two liters of

Terrific Broth media with 1% glycerol. Whole cells

were solublized using a subset of the 25 detergents

and purified using 1 mL gravity flow Ni-NTA col-

umns. Three buffers were used (column equilibra-

tion, wash, and elution buffers) consisting of 20 mM

Tris pH 7.5, 150 mM NaCl, 10% glycerol, and imid-

azole at concentrations of 30 mM, 60 mM, and 300

mM, respectively. Size exclusion chromatography

(Superdex S200 column) was then used to determine

whether constructs were aggregated or monodis-

perse. The sizing buffer used for EcMscS consisted

of 50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol,

0.05% DDM, and 5 mM dithiothreitol. The same

buffer was used for HpMscS, omitting the dithio-

threitol. FC14 and DDM provided the most monodis-

perse samples, while Cymal 5, LDAO, and C12E8
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exhibited monodisperse samples with certain MscS

homologs but generally showed poor extraction prop-

erties. Of the 25 MscS homologs, only seven (Table

S1) were sufficiently monodisperse under at least

some conditions to proceed to large scale expression

and purification.

Large scale expression and purification of
EcMscS and HpMscS

Subsequent large-scale growth and expression for

crystallization experiments were performed using a

60-L fermenter. Only three of the 25 MscS homologs

were successfully scaled up (in addition to EcMscS);

these were the MscS from Archaeoglobus fulgidus,

H. pylori, and Thermoplasma volcanium. Of these,

only the H. pylori and E. coli MscS gave any crys-

tallization leads. Expression was induced with 1

mM IPTG for 1 h, resulting in �700–800 g of wet

cells. For each HpMscS prep, �150–200 g of cells

were homogenized using a microfluidizer with buffer

containing 20 mM Tris, pH 7.5, 20 mM NaCl, 4 mM

MgCl2 and extracted with 1% DDM. Subsequent pu-

rification steps were performed in the same buffer

with 0.05% DDM. Detergent extracted protein was

bound to a large 100-mL Ni-NTA column, washed

with five column volumes of 100 mM imidazole, and

eluted with 0.5 column volumes of 300 mM imidaz-

ole. The eluent was then run on a FLAG affinity col-

umn using 20 mM Tris, pH 7.5, 150 mM NaCl, and

0.05% DDM and eluted with 0.1 M glycine, pH 3.5,

150 mM NaCl, and 0.05% DDM. The final eluent

was injected onto a Sephacryl S300 26/10 size exclu-

sion column. Concentration of the protein was per-

formed using the Amicon Ultra-15 Centrifugal Filter

units (Millipore) with a 100-kDa molecular weight

cut off. The N-terminal 6�-histidine tag was

removed by thrombin digestion for 2 days at 4�C in

thrombin buffer (2 mM Tris pH 7.5, HCl, pH 8.4,

150 mM NaCl, and 2.5 mM CaCl2). For EcMscS,

�50 g of cells were used for each purification. The

purification protocol was modified slightly from

above, with an anion exchange column (Source 30Q)

replacing the FLAG column before separation on

the Sephacryl S300 26/10 column. The eluent from

the Ni affinity column was diluted 10 times before

loading on a Source 30Q column. The loading was

done overnight, and the next morning, the protein

was concentrated using the same method as

HpMscS. For EcMscS, the N-terminal 6�-histidine

tag was left uncleaved for crystallization trials.

Crystallization and x-ray crystallography of

EcMscS and HpMscS
HpMscS crystals were prepared by hanging drop

vapor diffusion at 20�C using a final protein concen-

tration of 10–15 mg/mL. Over 2000 conditions were

screened, with multiple hits from a variety of condi-

tions. The final condition contained 100 mM citrate

pH 5.0, 200 mM lithium chloride, 28% PEG 400, and

5% glycerol. The crystals grew in size between �200

and 300 lm in about 1 week. EcMscS crystals were

grown by hanging drop vapor diffusion at 4�C also

using a protein concentration of 10–15 mg/mL. After

optimization, the final crystallization condition con-

tained 100 mM Tris HCl pH 8.5, 30% PEG 400, and

200 mM MgCl2. Crystals grew to �200 lm in size.

The original conditions for crystallizing EcMscS

solubilized in FC14 did not produce any crystals,

and attempts to crystallize HpMscS in FC14 were

also unsuccessful.

Screening and diffraction data collection of

EcMscS and HpMscS were conducted at the Stan-

ford Synchrotron Radiation Lightsource on beamline

12-2 using the automated sample mounting system

using remote access controlled by Blu-Ice.25–27 Data

process and crystallographic calculations were per-

formed using a combination of PHENIX, XIA2, XDS,

and CCP4.28–31

Molecular replacement for EcMscS was per-

formed with PHENIX, using the 2VV5 cytosolic do-

main as the search model with residues 128–280 on

each chain. The TM domains from 2VV5 aligned

well against the subsequently generated density

map, as inspected with COOT.32 The mutated resi-

due at 106 was then changed back from Val to Ala,

to use as the input model for refinement. For

HpMscS, SCWRL (an algorithm to predict side

chain conformation) was used to generate a homol-

ogy model for HpMscS from a single subunit of the

EcMscS model.33,34 For the molecular replacement

calculation, the cytosolic domain of 2OAU was uti-

lized with the same residues as for the EcMscS mo-

lecular replacement. The full length HpMscS struc-

ture generated from SCRWL was superimposed onto

the molecular replacement model. Refinements of

both EcMscS and HpMscS were performed with

PHENIX, incorporating noncrystallographic symme-

try restraints. Individual B factors were refined

with the weighting scheme determined by PHENIX.

For HpMscS, the Ramachandran plot was manually

optimized in COOT and then subsequently used as

a reference model for further refinement in

PHENIX.

The root mean square deviations (rmsd’s)

between Ca positions of the EcMscS-DDM structure

to equivalent residues in the 2VV5 and 2OAU hep-

tameric structures are 0.5 and 7.9 Å, respectively;

the corresponding rmsd’s for the HpMscS structures

are 7.6 Å and 1.8 Å, respectively, indicative of the

close similarities of the DDM solubilized EcMscS

and HpMscS structures to 2VV5 and 2OAU, respec-

tively. For comparison, the equivalent values for the

TtMscS structure are 6.5 Å and 2.9Å, respectively.

With the exception of the 2OAU, the other EcMscS

structures and HpMscS exhibit nearly sevenfold mo-

lecular symmetry, with rmsd’s < 0.5 Å when
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comparing the rotated versions of a structure to the

unrotated form (i.e., subunits ABCDEFG superim-

posed onto BCDEFGA, etc.). For 2OAU, the corre-

sponding values are �2.0 Å, which reflects the

breakdown from sevenfold symmetry in the TM

region.12

Electronic supplementary material

The supplementary material contains Tables S1 and

S2 detailing the MscS homologs cloned in this study

and the detergents screened for solubilization,

respectively. Supplemental Figure S1 illustrates the

electron density for DDM solubilized EcMscS and

HpMscS calculated from the final refined models.

All supplementary material is contained in a single

file (supplemental.pdf).
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