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Changes in the hydrophobic network
of the FliGMC domain induce rotational
switching of the flagellar motor

Tatsuro Nishikino,1,7 Atsushi Hijikata,2,8 Seiji Kojima,3 Tsuyoshi Shirai,2 Masatsune Kainosho,5,6

Michio Homma,3,4,* and Yohei Miyanoiri1,5,9,*

SUMMARY

The FliG protein plays a pivotal role in switching the rotational direction of the
flagellar motor between clockwise and counterclockwise. Although we previ-
ously showed thatmutations in theGly-Gly linker of FliG induce a defect in switch-
ing rotational direction, the detailed molecular mechanism was not elucidated.
Here, we studied the structural changes in the FliG fragment containing the
middle and C-terminal regions, named FliGMC, and the switch-defective FliGMC-
G215A, using nuclear magnetic resonance (NMR) and molecular dynamics simula-
tions. NMR analysis revealedmultiple conformations of FliGMC, and the exchange
process between these conformations was suppressed by the G215A residue
substitution. Furthermore, changes in the intradomain orientation of FliG were
induced by changes in hydrophobic interaction networks throughout FliG. Our
finding applies to FliG in a ring complex in the flagellar basal body, and clarifies
the switching mechanism of the flagellar motor.

INTRODUCTION

Most bacteria are highly sensitive to changes in the surrounding environment and exhibit regulated

responsive movements, including efficient feeding and rapid avoidance of repellents. These movements

are controlled by switching the rotational direction of the flagellar motor, which generates a rotational

force in the flagellum. The flagellar motor consists of a stack of multiple ring structures from the outer

cell membrane to the cytoplasm1 (Figure 1A). The stator complex, which is embedded in the cytoplasmic

membrane, contains two membrane proteins, MotA/PomA and MotB/PomB. They act as an ion channel

(generally for H+ or Na+) and mediate interactions with the C-ring of the motor.2–4 This interaction is crucial

for generating motor torque using the electrochemical gradient developed across the cell membrane. To

clarify the molecular mechanism underlying this interaction, functional and structural analyses of stator and

C-ring components in various bacteria have been reported.5–9

The C-ring of the rotor complex is a three-layer structure consisting of FliG (facing the cell membrane), FliM

(the middle part), and FliN (facing the cytoplasm)10 (Figure 1A). The C-ring plays a key role in switching the

rotational direction between counterclockwise (CCW) and clockwise (CW). In Vibrio, CCW rotation drives

the forward movement of bacteria, whereas CW rotation induces backward and flicking motions to change

the swimming direction.11 Therefore, CCW-CW regulation of the flagellar motor is crucial for directing bac-

terial movement. The chemotaxis signaling pathway, which induces phosphorylation/dephosphorylation

of the CheY protein, controls the switching of the rotational direction.12,13 Phosphorylated CheY

(CheY-P) binds to FliM and FliN in the C-ring,14–18 and these interactions induce rotational switching.

When CheY-P is dephosphorylated by CheZ, CheY dissociates from the C-ring, and motor rotation returns

to CCW.16 As shown in Figure 1, FliM exists in the middle layer of the C-ring and connects FliG with FliN.

The association/dissociation of CheY(-P) with the C-ring via FliM and/or FliN appears to induces conforma-

tional changes in FliG, FliM, and/or FliN; consequently, changes in the structure of the C-ring initiate rota-

tional switching.

FliG has three structural domains: N-terminal (FliGN), middle (FliGM), and C-terminal (FliGC) (Figure 1B).

Each domain has armadillo repeat motifs (ARM), denoted as ARMN, ARMM, and ARMC, which are involved

in intramolecular and/or intermolecular interactions with FliG in the C-ring.19–21 Moreover, each domain
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Figure 1. Polar flagellum model in V. alginolyticus

(A) Model of the rotary motor in the polar flagellum of Vibrio alginolyticus.

The C-ring is composed of three proteins; FliG, FliM and FliN. The inactive stator complex (stator in right side of the

motor) diffuses in the inner membrane (IM). When the stator activates around the rotor (stator on the left side of the

motor), it interacts with FliG to generate torque due to ion flex in the channel pore. Then, the C-terminal region of PomB

(PomBC) binds to the curvature of the peptidoglycan layer (PG) of the T-ring. This binding allows the stator to remain

around the rotor and undergo continued activation. OM represents the outer membrane.

(B) Structural model of V. alginolyticus FliG. FliG comprises three domains, N-terminal (FliGN), middle (FliGM), and

C-terminal (FliGC). The latter two contain ARMM and helixMC and ARMC and Ca1-6, respectively. HelixNM connects FliGN

with FliGM. The structure of FliGN, HelixNM contained N- and C-terminal loop, ARMMHelixMC contained N- and C-terminal

loop, ARMC, and Ca1-6 are shown in gray, light blue, green, yellow, orange, and cyan, respectively, as a ribbon model. The

atoms of white, blue, red, purple, and black balls show EHPQR motif, Gly-Gly flexible linker region (G214 and G215

residues), MFXF-motif and A282 residue. Side chains of highly conserved charged residues interacting with the stator are

shown in magenta as a stick model.
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interacts with other proteins. FliGN interacts with FliF, which is a component of the MS-ring, to tether the

C-ring to the MS-ring.22–24 FliGM interacts with FliM via the EHPQR-motif.25–27 FliGC interacts with the cyto-

plasmic domain of MotA/PomA.9 These multiple protein-protein interaction networks mediated by FliG

are important for the active formation and functioning of the flagellar motor machinery.19,28–31 FliG mono-

mers can acquire multiple conformations due to the presence of flexible linkers: helixNM (between FliGN

and FliGM), helixMC (between FliGM and FliGC), and the MFXF-motif (between ARMC and the C-terminal

helical region of FliGC; Ca1-6).
19,26,28,31–33 Therefore, it is believed that the drastic conformational change

in FliG in the C-ring caused by its flexible linkers plays a crucial role in switching motor rotation between

CCW and CW. Based on the biochemical and mutational analyses of FliG, we identified a FliG mutant

from Vibrio alginolyticus with defective motor function.29,34,35 The wild-type (WT) flagellar motor rotates

bidirectionally with a CCW:CW ratio of 7.0:3.0. However, flagellar motor rotation is strongly biased or

locked in a single direction by residue substitutions at G214, G215, and A282. The mutation changing

G214 to Ser (G214S) confers a CCW-biased (CCW:CW = 9.0:1.0) phenotype, whereas the G215A substitu-

tion confers a CW-locked phenotype. These Gly residues are located in the flexible helixMC region (V186-

G215) in V. alginolyticus. The A282T substitution confers CW-biased flagellar motor rotation. A282 is

located in the hydrophobic core region of Ca1-6 (F256-L351) and is close to the MFXF-motif (M253-F256).

Previous 2D nuclear magnetic resonance (NMR), small angle X-ray scattering (SAXS) and molecular

dynamics (MD) simulation studies demonstrated that the FliGM-FliGC fragment (FliGMC; K130-L351) of

WT-FliG exists in an equilibrium state of multiple conformations.19,29,33 These conformational exchanges

are suppressed in FliGMC (G214S), FliGMC (G215A), and FliGC (A282T). It is believed that the structural

changes mediated by mutations affecting the FliG linker fix the rotor in the CCW or CW state. Although

the structural change in FliG clearly play a crucial role in switching the rotational direction of the motor be-

tween CCW and CW, the detailed molecular mechanism of this allosteric conformational change in FliG

remains unknown.

In general, proteins exist as ensembles with multiple structural states in the free energy landscape. Eluci-

dation of the equilibrium process between these structures and the protein structure of theminor state with

a high energy level provides important information for understanding protein function. Structural changes

in proteins due to pressurization generally decrease their partial molar volume and expand the structural

fluctuations seen at atmospheric pressure.36 The establishment of various pressure-variable experiments

has elucidated the structures of protein folding intermediates and structural equilibrium processes.

Recently, it was found that changes in the hydration state of proteins with pressurization are closely related

to the structural dynamics of membrane proteins and protein-protein interactions.37

To study the molecular mechanism underlying switching of the flagellar motor, we performed structural

analysis of FliGMC fragments of V. alginolyticus using NMR spectroscopy with variable pressure condition.

We prepared a stereo-array isotope labeling (SAIL) FliGMC, which can specifically provide the d1 methyl

signal of isoleucine residues and the d aromatic CH signal of phenylalanine residues with high sensi-

tivity.38–43 The 1H-13C 2D NMR spectrum of FliGMC showed two conformational states in several Ile and

Phe residues. In the CW-locked mutant FliGMC-G215A, chemical shift change and exchange broadening

were observed in the proximal region of the Gly-Gly linker (G214-G215) as well as in the distal region con-

taining the EHPQR-motif (E144-I148 and R179), helixMC (V186-G215), ARMC (L216-V255), the MFXF-motif

(M253-F256) and Ca1-6 (F256-F349). MD simulations showed that the relative orientation between FliGM

and FliGC changed in FliGMC-G215A. Furthermore, contact between FliGMC and water molecules changed

remarkably. FliGMC NMR spectra under high-pressure conditions were comparable to those of the FliGMC-

G215A under ambient pressure. These results suggest that the G215A substitution causes changes in the

hydrophobic interaction network within FliGMC that modulate the relative orientation of FliGM and FliGC.

Considering the changes observed in the relative orientation of FliGM and FliGC C-ring structure,44 we pro-

pose that this mechanism is the primary factor accounting for determining the rotational direction of the

flagellar motor.

RESULTS

Role of the Gly-Gly linker in switching rotational direction

Single amino acid substitutions at Gly214-Gly215 (i.e., in the Gly-Gly linker) dramatically switch the rota-

tional direction of the flagellar motor. The FliG (G214S) mutation in V. alginolyticus causes CCW-biased

motility. In contrast, FliG (G215A) mutation causes CW-locked motility.35 These phenomena were first
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shown by analysis of mutations in E. coli FliG.45 The Gly-Gly linker is conserved in various species, suggest-

ing that the structural properties of this region are closely related to the mechanism for changing the di-

rection of flagellar rotation. The amino acid substitutions in the Gly-Gly linker may induce steric hindrance

between FliGM and FliGC,
29 but the details of the molecular mechanism remain to be discovered.

To elucidate the structural properties of the Gly-Gly linker region, we produced various FliG variants

(G214X and/or G215X) in V. alginolyticus and conducted motility assays (Figure S1). By observing the swim-

ming of V. alginolyticus, we calculated the CCW:CW ratio and frequency of directional switching. The CCW:

CW ratio of cells expressing WT-FliG was 7.0:3.0 and switching occurred 1.1 times per second. The G214S

and G215A substitutions resulted in CCW-biased (CCW: CW ratio of 9.9: 0.1 and switching 0.08 times per

second) and CW-locked rotation, respectively, as previously reported.35 The CCW: CW ratio of the G214A

motor was 9.9: 0.1, and switching occurred 0.01 times per second (Figure S1). Cells expressing G214C or

G214P FliG showed CCW-locked rotation like cells expressing G214S FliG. In contrast, cells expressing

G215P or G215S FliG had the same CW-locked phenotype as cells expressing G215A FliG. Cells expressing

a G214S/G215A doubly substituted FliG showed a CW-locked rotation. Thus, the mutation that generates

G215A is dominant over the mutation that generates G214S. Because Gly residue causes the least steric

hindrance, the WT protein can more easily assume multiple conformations, including a hairpin turn struc-

ture. The limitation of the backbone dihedral angles in the Gly-Gly linker may contribute to maintaining the

CW state.

Using 1H-13C 2D NMR to observe the Ile d1 methyl and Phe d aromatic ring CH signals of

FliGMC

The motility patterns of cells expressing mutant FliG suggested that changes in the flexibility of the Gly-Gly

linker may affect the relative orientation of FliGM relative to FliGC. To examine the structural differences

between FliGMC and FliGMC -G215A in detail, 2D NMR measurements were performed. We prepared

FliGMC that was isotope labeled at the d1 methyl of Ile and the aromatic d-CH of Phe (SAIL-Phe) and

measured the 1H-13C 2D HMQC and 2D aromatic TROSY spectra.43 These experiments yield highly sensi-

tive NMR signals, even for proteins with >100 kDa molecular weight.43,46,47 We succeeded in observing the

Ile d1 methyl signals and Phe d-CH signals from 27.8 kDa FliGMC and its G215A variant (Figure 2). For

sequence-specific signal assignments for the Ile d1 methyl group, we compared the singles from proteins

with single-residue substitution. Because FliGMC contains 16 Ile residues, including one at the N-terminal

Factor Xa cleavage site, we prepared 15mutants–I140L, I141L, I148L, I151L, I164L, I180L, I197L, I213L, I222L,

I238L, I249L, I267L, I310L, I328L, and I331L– that were selectively labeled with d1-13CH3 Ile. To assign the Ile

residue in the Factor Xa cleavage site, the I140L substitution fragment was treated with Factor Xa and inves-

tigated by NMR spectroscopy. Figure 2A shows the overlaid 1H-13C HMQC spectra for FliGMC (black) and

its I331L mutant (red). The result showed that the missing signal in the mutant was assigned to the I331 d1

methyl. In the analyses of mutant FliGMC (Figure S2), several Ile d1 signals could not be unambiguously as-

signed to a specific Ile residue. We also performed nuclear Overhauser effect spectroscopy (NOESY) ex-

periments with FliGMC and FliGMC-G215A to obtain intra- and inter-residue NOEs, which helped achieve

unambiguous signal assignments (Figure S3). The end result was that d1 methyl signals could be assigned

for all of the Ile residues in FliGMC except I151 and I213 (Figure 2B).

The systematic analysis of mutant FliGMC fragments (Figure S2) revealed simultaneous changes in chem-

ical shift in response to Ile-to-Leu substitutions. Comparing 1H-13C HMQC between FliGMC and its I249L

variant showed concomitant chemical shift changes for the d1 methyl signals of I222 and I238 (Fig-

ure S4A). Because these three Ile residues are located in the ARMC domain, the three Ile d1 methyl

groups are located in proximity to each other and may form a hydrophobic cluster (Figure S4C). As dis-

cussed later, these local core structures may provide useful information regarding the structural rear-

rangement of FliGMC.

FliGMC contains six Phe residues: F168, F202, F254, F256, F295, and F350. Notably, the F254 and F256 res-

idues are present in the MFXF-motif. The Phe d-CH signal of FliGMC was assigned using intra-residue NOE

connectivity, based on previously assigned amide signals33 (Figures 2C and S3). Owing to the lack of signal

assignment for amide protons in the FliGM region, we could not unambiguously assign the signal for F168

and F202. The signal intensity of the F256 dCH was significantly lower than those of the others, suggesting

the presence of a conformational exchange state in F256. A previous NMR study also indicated broadening

of the amide signal of F256 due to the existence of an exchange process.33
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After sequence-specific signal assignment, we also measured the 1H-13C 2D NMR spectra for the Ile d1

methyl and Phe d-CH signals of FliGMC-G215A. The G215A substitution caused structural changes not

only in the Gly-Gly linker but also in the entire FliGMC (Figure 3A). In the 1H-13C HMQC spectrum of

FliGMC-G215A (Figure 3B), the d1methyl signal from I180, I197, I222, I238, and I249 disappeared. Moreover,

the d1 methyl signal of I148, I164, and I267 gave two peaks in the 1H-13C HMQC spectrum of FliGMC, but

these signals appeared as a single peak in FliGMC-G215A (Figure 3B). These Ile residues were distributed

in ARMM (I148, I164, I180), helixMC (I197), ARMC (I222, I238, I249) and Ca1-6 (I267) (Figure 3A). A comparison

of the aromatic CH TROSY spectra of FliGMC and its G215A variant showed line broadening and chemical

shift changes at F168 (in ARMM), F202 (in helixMC), and F254 and F256 (in the MFXF motif), respectively

(Figure 3C). In general, hydrophobic amino acid residues, such as Ile and Phe, form a network through hy-

drophobic interactions and maintain the overall structure of proteins. Therefore, the G215A substitution

probably change the hydrophobic interaction network and influences intradomain orientation.

The pressure dependence of structural changes in FliGMC

The results of the motility assays and the NMR experiment described above suggested that the G215

replacement caused a structural change throughout FliGMC that placed it in a form that leads to CW

Figure 2. 2D 1H-13C NMR spectra for Ile d1 methyl and Phe d-CH of Vibrio FliGMC fragment

The spectra were measured using an 800 MHz spectrometer at 288 K equipped with a cryogenic probe.

(A)OverlaidHMQCspectra for FliGMC (black) and its I331Lmutant (red). The I331 signal was not detected in themutant spectra.

(B) Sequence-specific signal assignment for Ile d1 methyl. The assignment of each of the 16 Ile residues is shown in

Figure S2. For I151 and I213 residues, an unambiguous signal could not be assigned.

(C) Sequence-specific signal assignment for Phe d-CH mapped on 1H-13C TROSY-HSQC spectrum. The six Phe residues

were assigned using 13C edited NOESY measurement (Figures S3B–S3D). * indicates impurity.

(D and E) Structure of the isotope labeled at d1 methyl of isoleucine and SAIL Phenylalanine are shown, respectively. *

indicates 13C.
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rotation. In particular, WT FliGMC showed multiple NMR signals in some residues that converged into a

single signal in G215A FliGMC. This phenomenon is consistent with previous MD simulations and SAXS

analysis.19,29,33 It suggests that the chemical exchange process in FliGMC controls the direction of flagellar

rotation. The relaxation dispersion and variable temperature NMR experiments can provide information

that is useful for elucidating the chemical exchange properties of proteins. However, it was difficult to

perform these experiments because FliGMC undergoes degradation and precipitation with temperature

change. As an alternative, we considered variable pressure experiments.

A previous motility assay in E. coli cells lacking the cheY gene (i.e., CCW-locked cells) demonstrated that

the number of flagellar motors rotating in the CW direction increased at 288 K and 60 MPa.48 In addition,

CW rotation increased in a sigmoidal manner with increasing pressure, consistent with the increasing con-

centration of CheY-P.48 Therefore, the flagellar motor machinery, including FliG, may exhibit structural

changes similar to those induced by the binding of CheY-P upon pressurization, leading to CW rotation.

To gain insight into the structural change in FliGMC during the change from the CCW state to the CW state,

we measured 2D NMR spectra of FliGMC after pressure perturbation.

The 2DNMR spectra of FliGMC at ambient pressure and high pressure (75MPa; FliGMC-HP) were compared.

In the 1H-13C HMQC spectrum, the signal intensity of the Ile d1 was reduced at high pressure, particularly

Figure 3. Comparison of NMR spectra between the wild-type and G215A-mutated FliGMC

(A) Mapping of Ile and Phe residues exhibiting chemical shift perturbations and signal broadening upon G215A mutation

(red ball-and-stick and red letters). The mutated site (G215) is shown with green. The position of each domain in FliGMC is

shown in black italic letters.

(B) 1H-13C HMQC Spectra of Ile d1 methyl region and (C) 1H-13C TROSY HSQC spectra of Phe d-CH region overlaid for

FliGMC (black) and its G215A mutant (red). The peaks whose signal intensity and chemical shift changed with the G215A

mutation are highlighted by dotted circles and arrows in spectra (B, C). The spectra were measured using an 800 MHz

spectrometer at 288 K equipped with a cryogenic probe.
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for I180, I238, I249, and I267 (Figure 4). Although the d1 of I148, I164, and I267 at 0.1MPa produced a double

signal, at 75 MPa the d1 of these residues gave a single peak (Figure 4). The d-CH signal of Phe residue also

changed under high-pressure conditions. Marked changes in chemical shift and a reduction in intensity

were observed for F168, F202, F256, and F295. Notably, the dCH signal of F256 at 75 MPa appeared as a

double peak (Figure 4G), and the lower peak was close to the peak of F256 dCH in FliGMC-G215A

Figure 4. Changes in 1H-13C signals of Ile and Phe residues in FliGMC subjected to pressure

(A–E) Overlaid HMQC spectra of FliGMC at 0.1MPa (black) and 75MPa (magenta). (B), (C), (D), and (E) highlight the signals from I148; I164; I180, I238, and I249;

and I267 residues, respectively, that exhibited a significant change in the chemical shift.

(F andG) Overlaid aromatic CH TROSY HSQC spectra of FliGMC at 0.1MPa (black) and 75MPa (magenta). (G) The signal from F256 residue is highlighted. The

spectral display threshold for 75 MPa in (E) and (G) is doubled.
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(Figure 3B). Thus, FliGMC-HP seemed to exhibit an intermediate state between CCW/CW and CW-biased/

locked states.

In general, structural changes in a protein are reversible under a pressure of <500 MPa. In this pressure

range, changes in the hydration state of the protein and structural changes that decreases the partial molar

volume are exhibited.48–53 Our results thus suggest that the hydration state of FliGMC changes under high

pressure, leading to the formation of a compact structure corresponding to a partial unfolded state. The Ile

and Phe residues altered by pressurization led to characteristic changes in FliGMC-G215A as well, suggest-

ing that the signal changes exhibited by these residues reveal the process which converts FliGMC into its

CW conformation.

MD simulation of FliGMC under high pressure

To clarify the structural properties of FliGMC in the CW state, we performed MD simulations under three

conditions: (1) FliGMC corresponding to a mixed CCW and CW state; (2) FliGMC-G215A, corresponding

to a CW-locked state; and (3) FliGMC-HP, corresponding to a CW-biased state. The initial structures of

FliGMC and FliGMC-G215A for these simulations were obtained using homology modeling (see STAR

Methods). The distribution of the FliGMC structures based on simulations performed at each condition

was evaluated (Figure S5, Videos S1, S2, and S3). During the simulation, for each structural domain, namely

ARMM, helixMC, ARMC, and Ca1-6, the root-mean-square deviations (RMSD) from the initial conformation

were at most 4 Å apart, thus the native conformations and secondary structure were approximately retained

under each condition (Figure S5, Videos S1, S2, and S3). However, the RMSD of full-length proteins varied

significantly from the initial structures, indicating that the orientations of the connections among the three

domains were highly flexible, likely because of the flexibility of the random coil regions of helixMC and the

MFXF motif. Such domain linker regions may play a pivotal role in the structural rearrangement FliGMC un-

dergoes during conversion between the CCW and CW states. A similar change in the relative orientation of

FliGM and FliGC was observed in the CW-state C-ring structure determined by cryo-electron tomography

(Cryo-ET) analysis.44

To gain structural insight into the G215A mutation, we determined the water accessibility of FliGMC during

simulations (Figures 5 and S6). Overall, the number of water molecules in contact with atoms in FliGMC

increased significantly in FliGMC-G215A and FliGMC-HP. Moreover, for each residue, the increase in acces-

sibility was comparable for FliGMC-G215A and FliGMC-HP (Pearson’s correlation coefficient: 0.56; p-value

<0.001, Figure S6). The change in accessibility was largest for helixMC and the MFXF motif. The number

of water molecules in contact with I197 in helixMC decreased for both FliGMC-G215A and FliGMC-HP but

increased for both at F256 in the MFXF motif (Figure 5, Table S1). Consistent with the NMR results, the

G215A mutation and pressurization of FliGMC induce similar conformational changes by altering intramo-

lecular hydrophobic interactions and protein–solvent interactions (Figures 3, 4 and S7). These changes are

associated with the preference of FliGMC-G215A and FliGMC-HP for the CW conformation.

DISCUSSION

Correlation between the conformation of FliGMC and the rotational direction of the flagellar

motor

In this study, we analyzed structural changes in the conformation of FliGMC and its G215A variant from

V. alginolyticus. The G215A residue substitution generates a CW-locked rotational phenotype in the

flagellar motor (Figure S1). In the 1H-13C HMQC spectrum of WT FliGMC, the d1 methyl signal from I148,

I164, and I267 showed broadened and double signals. However, these signals appeared as a single

peak in FliGMC-G215A (Figure 3). These I148 and I164 residues are located close to the EHPQR motif in

ARMM, and I267 is positioned close to the Ca1-6 domain.

Recently, Cryo-ET analysis revealed high-resolution images of flagellar motor complexes constructed by

FliG (G214S), which corresponds to the CCW state of the motor complex, and FliG (G215A), which corre-

sponds to the CW state.44 Figure 6 shows the model structures of FliG (G214S) and FliG (G215A) derived

fromCryo-ETmapping. The EHPQRmotif and the charged residue cluster are believed to undergomarked

structural changes during the transition between the CCW and CW states of the motor. Both domains

contribute to the interaction between FliG, FliM and the stator complex. The broadening and doubling

of the d1 methyl signals of Ile residues in WT FliGMC correspond to a mixture of CCW and CW
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conformations. The existence of multiple conformations in such protein–protein interaction sites is advan-

tageous for quickly switching the direction of motor rotation.

The G215A substitution blocks conformational changes in FliG

The G215A substitution in causes structural changes throughout FliGMC, from the N-terminal ARMM

domain to the C-terminal Ca1-6 cluster of charged residues. HelixMC connects ARMM and the Gly-Gly linker.

In the model structure, helixMC lies close to ARMM, and this interface contains many hydrophobic residues

(Figure S4C). The MD simulation results indicated that G215A significantly decreased the accessibility of

water molecules to helixMC (Figure 5). A systematic analysis of the FliGMC mutant revealed that the d1

methyl signal of I148, located close to the EHPQR motif, caused a secondary chemical shift change

upon Ile to Leu substitution in various regions (Figure S2). Furthermore, previous mutational analysis indi-

cated that mutations targeting the EHPQR motif of FliG induce severe defects in the switching of the di-

rection of flagellar motor rotation, causing a CW-biased phenotype.29 These results suggest that structural

Figure 5. Comparison of the number of water molecules interacting with the amino acid residues between FliGMC

proteins in the simulations

(A) Residue-wise difference in the number of contacting water molecules between FliGMC and FliGMC-HP (top) and

between FliGMC and FliGMC-G215A (bottom). The residues in red (positive values) and blue (negative values) depict the

increased number of interacting water molecules in FliGMC-HP or FliGMC-G215A compared with FliGMC and in FliGMC

compared with the other conditions, respectively.

(B) Mapping of the difference in the number of contacting water molecules between FliGMC and FliGMC-HP (left) and

between FliGMC and FliGMC-G215A (right) on the initial structure. The side-chain atoms of Phe and Ile residues are shown

using the ball-and-stick model.
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changes in ARMM are transmitted to the Gly-Gly linker through changes in hydrophobic interactions with

the flexible helixMC region.

A hydrophobic interaction network between ARMC and the MFXF-motif may be involved in transmitting

structural changes in the Gly-Gly linker to the Ca1-6 domain. The d1 signals of I222, I238, and I249 present

in ARMC disappeared in FliGMC-G215A (Figure 3A). Because these residues are located close to each other,

a secondary chemical shift change associated with Ile-to-Leu substitution was observed at these residues

(Figures 3 and S2). Furthermore, inter-residuemethyl–methyl NOE signals were observed among these res-

idues (Figure S3A). Therefore, the G215A substitution may alter hydrophobic interactions in ARMC.

Previous studies have suggested that the MFXFmotif regulates the relative orientation between ARMC and

Ca1-6.
24–26 F256 in the MFXF motif may interact with the A282 residue in Ca1-6. In the MD simulations for the

A282T variant of FliG, which induced a CW-biased rotation of the flagellar motor, interactions between the

Figure 6. Structural models of the conformational change in the C-ring during switching between CCW and CW

states

(A–D) The structural models show CCW (A) and CW (B) states based on the C-ring volumes of the G214S and G215A

mutation; the model was generated based on Cryo-ET analysis.44 FliGC, FliGM FliM and FliN, are shown in light green,

light blue, yellow, pink, respectively, as a ribbonmodel. Side view of FliGC, FliGM and FliM from the dotted circle in (A) and

(B) are shown in (C) and (D), respectively. The Ile/Phe residues whose NMR signals changed with the G215A mutation or

applying pressure to FliGMC were mapped in the model structure of each FliG by ball representation (red). Among those

residues, I197 and F256, which showed particularly large changes, are indicated by blue balls.
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MFXF-motif and Ca1-6 were restricted by the steric hindrance between F256 and T282.33 In the present

study, a marked chemical shift change was observed in the F256 dCH and I267 d1methyl signals in presence

of the G215A substitution (Figures 3 and S7). Phe residues have a bulky aromatic ring in their side chain that

can interact strongly with various hydrophobic amino acid residues. Therefore, the chemical shift changes

and/or line-width broadening of aromatic ring NMR signals often reflect structural changes in the entire

protein. Recent studies have reported that the ‘‘large amplitude slow breathing motion’’ of proteins is

associated with the aromatic ring flipping, which induces structural changes that can affect biological

functions.54–56 In Ca1-6 clusters of charged residues are involved in the interaction with MotA/PomA in

the stator unit. The intradomain rearrangements in FliGMC mediated by hydrophobic residues may affect

the interaction between FliG and MotA/PomA, thereby regulating switching in the direction of motor

rotation.

Previous studies have demonstrated that the FliG Gly-Gly linker is the central node of the dynamic network

controlling motor rotation switching, but the detailed mechanism was poorly understood. In this study,

using SAIL NMR methods, variable pressure NMR experiments and MD simulations, we show that single

residue mutations in the glycine linker induce large scale changes in the coupled domain cores through

extensive hydrophobic interaction networks. The Gly-Gly and Gly-Ser linkers are ubiquitous in a variety

of multidomain proteins, including signal proteins and engineered fusion proteins, and their flexibility

allows them to control interdomain interactions.57,58 The mechanism characterized in this study may be

applicable as a strategy for switching between functional conformations in other multi domain proteins.

Altered interactions between the C-ring and the stator complex associated with structural

changes in FliG

Single particle analysis using cryo-electron microscopy (cryo-EM) determined the 3D structures of

MotA-MotB stator complexes at near atomic resolution.59,60 These studies revealed that the transmem-

brane helices of the MotB dimer insert into the center hole of a ring complex formed by five MotA

monomers. Based on these structures, a working hypothesis was proposed that stated that the rotational

motion of the stator complex driven by the ion flux acted as the driving force for C-ring rotation.59–61 Cryo-

ET analysis has produced high resolution images of flagellar motor complexes formed with FliG (G214S)

(the CCW state) and FliG (G215A) (the CW state).44 Comparing the structural models for the CCW and

CW states revealed that the molecular architecture of FliG in the C-ring was changed drastically by these

single amino acid substitutions (Figure 6). In the CW-state motor, FliG(G215A) forms a compact structure

via intramolecular interactions between FliGM and FliGC.
28,62 In contrast, the elongated structure of FliG

observed in previous crystal structural analysis19,26 fits well into the Cryo-ET map of the C-ring in the

CCW-state FliG(G214S) motor. The region showing a large structural change between the CCW and

CW-forms of FliG corresponded to the region containing the Ile/Phe residues that showed structural

changes in the NMR and MD simulation analyses (Figure 6). This correspondence suggests that changes

in the hydrophobic interaction network of FliG play an important role in switching the rotational direction

of flagellar motor.

Besides the C-ring model from Vibrio, the C-ring structures from Salmonella,63 determined by Cryo-EM

single particle analysis using purified flagellar motors, and from Borrelia,64 using Cryo-ET analysis, have

been reported. In the latter two models, stoichiometry of the C-ring components, the diameter of the

C-ring in both the CW and CCW states varied and is not consistent with the C-ring model for Vibrio. How-

ever, our findings are consistent with the idea that the diameter of the FliG region in the C-ring changes

substantially between the CCW and CW states. However, the mechanism whereby FliG cooperatively

changes its conformation in the C-ring due to association and dissociation of CheY with FliM and FliN is

still unclear.

Our NMR analysis and MD simulations show that applying pressure to FliGMC yields structural changes

similar to those caused by the G215A substitution (Figures 3, 4 and S7). This structural change may be

related to changes in the diameter of C-rings between the CW and CCW states. Both the G215A substitu-

tion and the application of pressure to FliGMC affect the relative orientation between the EHPQR-motif in

ARMM and Ca1-6 via a hydrophobic interaction network. These regions are involved in interactions with FliM

and the stator complex, respectively. These findings are consistent with the torque generation model with

stator rotation powering the C-ring rotation and the conformation of FliG determining the rotational direc-

tion. The findings from the present study suggest that an interdomain rearrangement of FliG through the
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hydrophobic network alters the interaction between FliG within the C-ring and the stator complex to

induce switching in the rotational direction of the flagellar motor.

Conclusion

In this study, we performed SAIL-NMR analysis combined with variable pressure experiment, and MD sim-

ulations for FliGMC and FliGMC-G215A to elucidate the molecular mechanism of the change in the rota-

tional direction of the flagellar motor. The G215A substitution in FliGMC alters the hydrophobic interaction

networks mediated by Ile and Phe residues and results in the formation of a more compact structure. Since

polyglycine linkers are scattered in various proteins, the mechanism of FliG regulation by Gly-Gly linker

characterized in this study could be used for switching between functional conformations in other proteins.

Limitations of the study

A limitation of our study is that detailed 3D structures of FliGMC have not been provided. Solution NMR

methods cannot obtain NMR signals from all amino acid residues for highly molecular weight proteins

due to several limitations. In this study, we observed the NMR signal for only the Ile and Phe residues of

FliGMC. Therefore, the structural dynamics of the other hydrophobic amino acid residues could not be

observed, and the details of the hydrophobic interaction network of FliGMC remain to be elucidated.

In addition, FliG is known to interact with other proteins to form a C-ring structure in vivo. Since this study

focused on the FliGMC monomer, we believe that we have captured part of the molecular mechanism for

changing the direction of flagellar motor.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Vibrio alginolyticus VIO5, see Table S2 Okunishi et al.65 N/A

Vibrio alginolyticus NMB198, see Table S2 Yorimitsu et al., 200366 N/A

Escherichia coli DH5a, See Table S2 Grant et al., 199067 N/A

Escherichia coli BL21(DE3), See Table S2 Novagen Cat#69450-3

Escherichia coli S17-1, See Table S2 Simon et al., 198368 N/A

Chemicals, peptides, and recombinant proteins

Deuterium oxide Wako Cat#040-18831

Ammonium 15N chloride ISOTEC Cat#299251-10G

TALON Metal Affinity Resin Clontech Laboratories, Inc. Cat#635501

Factor Xa New England Biolabs Cat#P8010S

cOmplete�, EDTA-free Protease Inhibitor Cocktail Roche Life Science Cat#11873580001

sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) Cambridge Isotope Laboratories Cat#DLM-32-1

a-ketobutyric acid sodium salt (Methyl-13C; 3,3-2H2) Cambridge Isotope Laboratories Cat#CDLM-7318-0.5

[d-13C; a, b, g12, g13, g2, g2, g2-2H7;
15N] isoleucine SAIL Technologies Cat#I-004

[0, a, b, d1, d2-13C5; b2, ε1, ε2, z-
2H4;

15N] phenylalanine SAIL Technologies Cat#F-013a

Critical commercial assays

QuikChange Site-directed Mutagenesis kit Stratagene Cat#200516

Deposited data

Structure of FliG-FliM from thermotoga maritima Vartanian et al.62 PDB: 4FHR

Cryo-ET volume of Vibrio alginolyticus

clockwise locked rotor

Carroll et al.44 EMDB: EMD-21819

Cryo-ET volume of Vibrio alginolyticus

counter-clockwise locked rotor

Carroll et al.44 EMDB: EMD-21837

Oligonucleotides

Primer: To generate I140L mutation:

CAAGTGGCGAGCTTGATTGTTAACGAACAC

This study N/A

Primer: To generate I140L mutation:

GTGTTCGTTAACAATCAAGCTCGCCACTTG

This study N/A

Primer: To generate I141L mutation:

CAAGTGGCGAGCATCTTGGTTAACGAACACC

This study N/A

Primer: To generate I141L mutation:

GGTGTTCGTTAACCAAGATGCTCGCCACTTG

This study N/A

Primer: To generate I148L mutation:

GAACACCCGCAGTTGCAAACCATCGTATTG

This study N/A

Primer: To generate I148L mutation:

CAATACGATGGTTTGCAACTGCGGGTGTTC

This study N/A

Primer: To generate I151L mutation:

CCGCAGATCCAAACCTTGGTATTGTCTTATTTAG

This study N/A

Primer: To generate I151L mutation:

CTAAATAAGACAATACCAAGGTTTGGATCTGCGG

This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: To generate I164L mutation:

CCAATCCGCGGAGTTGTTGTCTCAGTTCC

This study N/A

Primer: To generate I164L mutation:

GGAACTGAGACAACAACTCCGCGGATTGG

This study N/A

Primer: To generate I180L mutation:

CCTAATGATGCGTTTGGCCAACCTAGAAG

This study N/A

Primer: To generate I180L mutation:

CTTCTAGGTTGGCCAAACGCATCATTAGG

This study N/A

Primer: To generate I197L mutation:

CAGAGCTGAACGAATTGATGGAGAAACAGTTC

This study N/A

Primer: To generate I197L mutation:

GAACTGTTTCTCCATCAATTCGTTCAGCTCTG

This study N/A

Primer: To generate I213L mutation:

CAAGCAGCCAAGTTAGGCGGCCTGAAAG

This study N/A

Primer: To generate I213L mutation:

CTTTCAGGCCGCCTAACTTGGCTGCTTG

This study N/A

Primer: To generate G214A mutation:

CAGCCAAGATTGCGGGCCTGAAAGCGGCA

This study N/A

Primer: To generate G214A mutation:

TGCCGCTTTCAGGCCCGCAATCTTGGCTG

This study N/A

Primer: To generate G214S mutation:

CAGCCAAGATTAGCGGCCTGAAAGCGG

This study N/A

Primer: To generate G214S mutation:

CCGCTTTCAGGCCGCTAATCTTGGCTG

This study N/A

Primer: To generate G214C mutation:

CAGCCAAGATTTGTGGCCTGAAAGCGGCA

This study N/A

Primer: To generate G214C mutation:

TGCCGCTTTCAGGCCACAAATCTTGGCTG

This study N/A

Primer: To generate G214P mutation:

CAGCCAAGATTCCAGGCCTGAAAGCGGCA

This study N/A

Primer: To generate G214P mutation:

TGCCGCTTTCAGGCCTGGAATCTTGGCTG

This study N/A

Primer: To generate G215A mutation:

CAAGATTGGCGCACTGAAAGCGGCAG

This study N/A

Primer: To generate G215A mutation:

CTGCCGCTTTCAGTGCGCCAATCTTG

This study N/A

Primer: To generate G215S mutation:

CAGCCAAGATTGGCTCTCTGAAAGCGGCA

This study N/A

Primer: To generate G215S mutation:

TGCCGCTTTCAGAGAGCCAATCTTGGCTG

This study N/A

Primer: To generate G215P mutation:

CAGCCAAGATTGGCCCACTGAAAGCGGCA

This study N/A

Primer: To generate G215P mutation:

TGCCGCTTTCAGTGGGCCAATCTTGGCTG

This study N/A

Primer: To generate G214S/G215A mutation:

CAGCCAAGATTAGCGCACTGAAAGCGGCA

This study N/A

Primer: To generate G214S/G215A mutation:

TGCCGCTTTCAGTGCGCTAATCTTGGCTG

This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: To generate I222L mutation:

CTGAAAGCGGCAGCGGAGCTGATGA

ACTATCTAGACAAC

This study N/A

Primer: To generate I222L mutation:

GTTGTCTAGATAGTTCATCAGCTCCG

CTGCCGCTTTCAG

This study N/A

Primer: To generate I238L mutation:

GGTTTGTTGATGGAGCAGCTGCGC

GATCAAGACGAAGAC

This study N/A

Primer: To generate I238L mutation:

GTCTTCGTCTTGATCGCGCAGCTG

CTCCATCAACAAACC

This study N/A

Primer: To generate I249L mutation:

GAAGACATGGCGACGCAACTGCA

AGACTTGATGTTTGTC

This study N/A

Primer: To generate I249L mutation:

GACAAACATCAAGTCTTGCAGTT

GCGTCGCCATGTCTTC

This study N/A

Primer: To generate I267L mutation:

GAAGTGGACGATCAAGGTCTGCA

GAAATTGCTGCGTGAT

This study N/A

Primer: To generate I267L mutation:

ATCACGCAGCAATTTCTGCAGACC

TTGATCGTCCACTTC

This study N/A

Primer: To generate I310L mutation:

GAGATGATGCGTGATGACCTGGA

AGCGATGCCGCCAGTT

This study N/A

Primer: To generate I310L mutation:

AACTGGCGGCATCGCTTCCAGGT

CATCACGCATCATCTC

This study N/A

Primer: To generate I328L mutation:

GAAGCGGCACAGAAAGAACTGC

TAGCGATCGCTCGTCGC

This study N/A

Primer: To generate I328L mutation:

GCGACGAGCGATCGCTAGCAGT

TCTTTCTGTGCCGCTTC

This study N/A

Primer: To generate I331L mutation:

CAGAAAGAAATCCTAGCGCTGGC

TCGTCGCATGGCCGAT

This study N/A

Primer: To generate I331L mutation:

ATCGGCCATGCGACGAGCCAGC

GCTAGGATTTCTTTCTG

This study N/A

Primer: To generate F254 mutation:

CAAGACTTGATGTACGTCTTCGA

AAACTTAG

This study N/A

Primer: To generate F254 mutation:

CTAAGTTTTCGAAGACGTACAT

CAAGTCTTG

This study N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Yohei Miyanoiri (y-miyanoiri.protein@osaka-u.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For motility, growth and biochemical assays, Vibrio alginolyticusNMB198 containing appropriate plasmids

were cultured in VC broth or VPG broth at 30�C as described in the Methods details. The strain was

transformed with the pNT1 plasmids carrying mutations. The FliGMC proteins used for structural were

manipulated in Escherichia coli DH5a and expressed in Escherichia coli BL21 (DE3). The strain was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: To generate F256 mutation:

GACTTGATGTTTGTCTACGAAAA

CTTAGTCGAA

This study N/A

Primer: To generate F256 mutation:

TTCGACTAAGTTTTCGTAGACA

AACATCAAGTC

This study N/A

Recombinant DNA

pMMB206, see Table S2 Morales et al., 199169 N/A

pNT1, see Table S2 Takekawa et al.8 N/A

pColdI, see Table S2 Takara Cat#3361

pColdI-FliGMC, see Table S2 Onoue et al., 201670 N/A

Software and algorithms

TopSpin version 3.6.2 Bruker BioSpin https://www.bruker.com/service/supportupgrades/

software-downloads/nmr.html

UCSF Chimera X Version 1.5 UCSF https://www.cgl.ucsf.edu/chimerax/download.html

UCSF Chimera, Microsoft

Windows 64-bit, Ver 1.16

UCSF https://www.cgl.ucsf.edu/chimera/download.html

GROMACS version 2016.5 Pronk et al.71 http://www.gromacs.org

Pymol, version 2.5.0 Schrödinger LLC https://pymol.org/2/

MODELLER version 9.6 Marti-Renom et al. 200072 https://salilab.org/modeller/

NMRFAM-SPARKY Lee et al.73 https://nmrfam.wisc.edu/nmrfam-sparky-

distribution/

Other

Xtreme-60 Syringe pump system Daedalus Innovations Cat#Xtreme-60

5 mm high pressure zirconia tube Daedalus Innovations https://daedalusinnovations.com/high-

pressure-nmr/

Superdex� 200 Increase 10/300 GL column Citiva Cat#28990944
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transformed with the pColdI-FliGMC plasmids carrying mutations. The protein source organism for this

study is Vibrio alginolyticus.

METHOD DETAILS

Bacterial strains, media and growth conditions

The bacterial strains and plasmids used are listed in Table S2. The growth condition and mutagenesis are

detailed in SI Appendix. V. alginolyticus cells were cultured at 30�C in VC medium (0.5% [w/v] polypeptone

or hi-polypeptone, 0.5% [w/v] yeast extract, 3% [w/v] NaCl, 0.4% [w/v] K2HPO4, and 0.2% [w/v] glucose) or in

VPG medium (1% [w/v] polypeptone or hi-polypeptone, 3% [w/v] NaCl, 0.4% [w/v] K2HPO4, and 0.5% [w/v]

glycerol). During culture of cells harboring pMMB206 or pNT1 plasmid, chloramphenicol was added at a

final concentration of 2.5 mg/mL. E. coli cells were cultured at 37�C in LB medium (1% [w/v] bactotrypep-

tone, 0.5% [w/v] yeast extract, 0.5% [w/v] NaCl). During culture of cells harboring pColdI-FliGMC, or

pMMB206 and pNT1 plasmid, ampicillin, or chloramphenicol was added to a final concentration of

100 mg/mL or 25 mg/mL, respectively.

Mutagenesis

To introduce mutations in the fliG gene cloned into the plasmids pNT1 and pColdI-FliGMC, site-directed

mutagenesis was performed using the QuikChange method, following the manufacturer’s instructions

(Stratagene). The core facility of Nagoya University or Eurofins genomic was used to confirm all the con-

structs via DNA sequencing. Transformation of V. alginolyticus with plasmids pMMB206 and pNT1 was per-

formed using conjugational transfer from E. coli S17-1, as described previously.65 Aliquots (20 mL each) of

fresh overnight cultures of E. coli S17-1 cells carrying plasmid pMMB206 and pNT1 (donor) and V. algino-

lyticus NMB198 cells were mixed on a VC–1.5% agar plate and incubated at 30�C overnight. Cells were

scraped from the plate and suspended in 300 mL of VC medium. To select transconjugants, the suspension

was plated on a VC–1.5% agar plate supplemented with 2.5 mg/mL of chloramphenicol and incubated at

30�C overnight.

Flagellar rotation analysis of FliG mutants

Rotational direction and switching events were observed as described previously.35 Briefly, cells were

grown overnight in VC medium at 30�C, diluted 1/100 in VPG medium, and incubated for 4 h at 30�C.
The cells were washed twice in buffer V (50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, and 300 mM NaCl). The

cell suspension was diluted 1:1 with fresh buffer V. Flagellar rotational direction and switching events in

swimming cells were measured for 10 s. The rotational direction was determined from the position of

the flagellum and the direction of cell swimming. The flagellum pushes the cell body during CCW rotation

and pulls it during CW rotation. Measurements were performed at least six times.

Preparation of isotope labeled FliGMC fragment

FliGMC proteins were prepared following previously described methods29 with slight modifications. Briefly,

E. coli BL21 (DE3) cells were transformed with pColdI-FliGMC, which encodes the FliGMC protein fused with

translation enhancing element, 6 x His-tag and Factor Xa cleavage site at its N-terminus.

The E. coli cells were cultured at 37�C inM9-D2Omedium.29,39 At the start of the culture, 3 mg/L of [0, a, b1,

d1, d2-13C5; b2, ε1, ε2, z-
2H4;

15N] phenylalanine (SAIL Phe) (Figure 2E) and 5 mg/L [d-13C; a, b, g12, g13, g2,

g2, g2-2H7;
15N] isoleucine (d1-Ile) (Figure 2D) were added. When the cell OD660nm was 0.38-0.50, cells were

incubated on ice for 30 min. Subsequently, 12 mg/L of SAIL Phe and 15 mg/L of d1-Ile were added, and

culture was resumed at 15�C. After 30–60 min culture, isopropyl b-D-thiogalactopyranoside was added

to a final concentration of 0.5 mM to induce overexpression and grown for 1 day at 15�C. The cells were

harvested by centrifugation and stored at�80�C to break the cell membrane. For sequence-specific signal

assignment, 15 Ile residue mutants (I140L, I141L, I148L, I151L, I164L, I180L, I197L, I213L, I222L, I238L, I249L,

I267L, I310L, I328L, and I331L) were prepared. For isotope labeling of Ile residues in FliGMC, a-ketobutyric

acid sodium salt (Methyl-13C; 3,3-2H2) (CIL, Andover, MA) was used as the isoleucine precursor in following

samples; WT, I140L, I151L, I164L, I180L, I197L, I213L, G215A, I222L, I238L, I310L, and I328L. In this case,

70 mg/L a-ketobutyric acid was used instead of d1-Ile during culture. The procedure for mutant culture

and purification was identical to that for the WT.
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The frozen cells were suspended with T7.0-N150 buffer (50 mM Tris-HCl, pH 7.0, and 150 mM NaCl) and

sonicated using a sonicator (Branson) set on duty cycle 50% and power 5 with proteinase inhibitor, com-

plete EDTA free (Roche Life Science). Unbroken cells were removed by low-speed centrifugation. The sam-

ples were ultra-centrifuged at 118,000 3 g for 30 min. The resultant supernatants were mixed with 5 mg of

Talon Metal Affinity Resin (Clontech Laboratories, Inc.) and incubated at least 10 min at room temperature

in a polypropylene column by batch method. After eluting the supernatant in the column, 15 mL (3 fractions

of the volume) of T7.0-N150 buffer was added to wash the column. To further wash the column, 5 mL (1 frac-

tion volume) of I30 buffer (50 mM Tris-HCl, pH 7.0, 150 mM NaCl, and 30 mM imidazole) was added. To

elute His-tag protein from the resin, 20 mL (4 fraction volume) of I120 buffer (50 mM Tris-HCl, pH 7.0,

150 mM NaCl, and 120 mM imidazole) was added and collected by 1 mL fractions. The His-tag affinity-pu-

rified proteins were concentrated to 1 mL using 10 K Amicon device (Millipore). The samples were

subjected to size exclusion chromatography using Superdex 200 Increase 10/300 column (Cytiva) in

T7.0-N150 buffer with the flow rate at 0.75 mL per min. The peak fractions were collected, and the concen-

tration of samples was measured using Nanodrop (Millipore).

Additionally, to identify the NMR signal of the Ile residue in the N-terminus-fused Tag sequence, which was

derived from the pCold I vector, the purified FliGMC (I140L) was digested with Factor Xa. Briefly, 3 mg Factor

Xa (New England Biolabs) was added to 2 mL FliGMC (I140L) protein solution (0.2 mM) and incubated at 4�C
for 2 days.

NMR spectroscopy

NMR measurements were performed using Avance III 950, 900 and Avance III HD 800, 600 spectrometers

equipped with a cryogenic probe (Bruker Biospin) at 288K.

We used the fraction containing isotope-labeled FliGMC fragments (obtained by the size-exclusion

chromatography) with the highest peak at A280. The concentrations of the samples were 0.1–0.3 mM.

NMR sample buffer contained 50 mM Tris-HCl (pH 7.0), 150 mM NaCl, 0.01% (w/v) sodium 2,2-dimethyl-

2-silapentane-5-sulfonate (DSS), and 5% (w/v) D2O.

In 2D 1H-13C HMQC experiments to observe methyl signals, the data size and spectral width were 128 (t1) x

2048 (t2) and 4020 Hz (u1,
13C) x 8015 Hz (u2,

1H), respectively. The carrier frequencies of 1H and 13C were 4.7

and 10 ppm, respectively.

In 2D 1H-13C TROSY HSQC experiments for observing aromatic signals, the data size and spectral width

were 128 (t1) x 2048 (t2) and 2010 Hz (u1,
13C) x 12820 Hz (u2,

1H), respectively. The carrier frequencies

of 1H and 13C were 4.7 and 130 ppm.

For sequence-specific assignments of the Ile methyl signals, we performed 13C-edited NOESY. In the 3D

NOESY-HMQC experiments, the data size and spectral width were 256 (t1) x 24 (t2) x 2048 (t3) and

12820 Hz (u1,
1H) 3 2012 Hz (u2,

13C) 3 12820 Hz (u3,
1H), respectively. The carrier frequencies of 1H

and 13C were 4.7 and 10 ppm, respectively. The NOEmixing time was set to 200 ms. To assign the aromatic

CH signal in Phe residues, the 13C-edited NOESY-HSQC experiment was performed with a NOE

mixing time of 300 ms. The data size and spectral width were 160 (t1) x 16 (t2) x 2048 (t3) and 11160 Hz

(u1,
1H) 3 1610 Hz (u2,

13C) 3 11160 Hz (u3,
1H), respectively. The carrier frequencies of 1H and 13C were

4.7 and 128 ppm, respectively.

In high-pressure NMR experiments, a 5 mm high pressure zirconia tube and an Xtreme-60 Syringe pump

system were used (Daedalus Innovations).

All NMR data were processed using the TopSpin software (Bruker Biospin) and NMRFAM-SPARKY.73

MD simulations

The model structure of FliGMC was built using MODELLER version 9.6 with the crystal structure of FliG ob-

tained from Thermotoga maritima (PDB code: 4FHR) used as a template. For the model structure of FliGMC

(G215A), a point mutation (G215A) was introduced using the mutagenesis wizard of the PyMOL package

(Schrödinger LLC). These models were used for the initial structures in the MD simulations. MD simulations

were performed using GROMACS version 2016.5.71 The topology was generated using standard amino
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acid protonation states at pH 7.0. The force field of AMBER99SB-ILDN and the TIP3P water model were

used for the simulation. The starting structure was placed in a cubic box with 1.0 nm space around the so-

lute, and the box was filled with water molecules. In total, there were 89,425 atoms for FliGMC (WT) and

89,431 atoms for FliGMC (G215A) in the systems. Energy minimization was performed using the steepest

descent method. Subsequently, the system was equilibrated for 1 ns at 300 K under the NVT (constant

number of particles, volume, and temperature) and NPT (constant number of particles, pressure, and

temperature) conditions. After equilibration, all-atom production simulations were performed at 300 K

under NPT condition at a pressure of 0.1 or 75 MPa for 1 ms without restraints.

QUANTIFICATION AND STATISTICAL ANALYSIS

In Figures 5 and S6, the statistical analysis of the difference in the number of contact solvent or relative sol-

vent accessibility for each residue in the MD trajectories between conditions; FliGMC 0.1 MPa vs. 75 MPa,

and FliGMC 0.1 MPa vs. FliGMC (G215A) were performed with Welch’s t-test. The computation was per-

formed using stats module in the SciPy package.74 In Figure S6, the statistical significance of the Pearson’s

correlation coefficient was also evaluated using the same module.
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