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The deleterious impact of Helicobacter pylori (H. pylori) on human health is contingent upon its ability
to create and sustain colony structure, which in turn is dictated by the effective performance of flagella
— a multi-protein rotary nanodevice. Hence, to design an effective therapeutic strategy against H. pylori,
we here conducted a systematic search for an effective druggable site by focusing on the structure—
dynamics—energetics—stability landscape of the junction points of three 1:1 protein complexes (FliFc—
FliGn, FliGm—FliMy, and FliYc—FliNG) that contribute mainly to the rotary motion of the flagella via
the transformation of information along the junctions over a wide range of pH values operative in the
stomach (from neutral to acidic). We applied a gamut of physiologically relevant perturbations in
the form of thermal scanning and mechanical force to sample the entire quasi — and non-equilibrium
conformational spaces available for the protein complexes under neutral and acidic pH conditions.
Our perturbation-induced magnification of conformational distortion approach identified pH-
independent protein sequence-specific evolution of precise thermally labile segments, which dictate the
specific thermal unfolding mechanism of each complex and this complex-specific pH-independent
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DOI: 10.1039/d3cp05024f between two protein sequences of a specific complex quantifies the extent of structure-stability modulation

due to pH alteration, rationalizes the exceptional stability of H. pylori under acidic pH conditions, and identi-
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1 Introduction

In a myriad of environments, bacterial health is maintained by
the rotary nanomachines called bacterial flagella, specifically in
the case of colonization in both mammalian and plant cells,"?
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fies the pH-independent complex—sequence—segment-residue diagram for targeted drug design.

which particularly demands flagella-driven motility,® this in
turn being controlled by a chemotaxis mechanism that is
believed to facilitate the microorganism’s dynamical movement
in response to signals. Structurally the flagellum can be viewed
as a multiprotein complex and can broadly be categorized as a
combination of three distinct segments - the filament, the
hook, and the basal body. The basal body is essentially an array
of rings formed by multimeric proteins that span the entire
length between the cytoplasm and the outer membrane and are
believed to perform a gamut of important functions - from
flagellar biogenesis to torque generation to motor action.*™®
The motor switch protein complex, known as the cytoplasmic
ring (C-ring), is an integral unit of the basal body and it forms
the reversible rotary nanodevice by combining itself with three
other rings made up of protein oligomers - the L-ring (outer
membrane), the P-ring (peptidoglycan layer), and the MS-ring
(inner membrane).””® Among these four rings, the MS- and
C-rings form the rotor of the flagellar motor.

The MS-ring/C-ring rotor is mainly made up of four proteins
- FliG, FliF, FliM, and FIliN, and all of them are individually
important for the effective formation of the motor® due to their
sequence-specific roles.”"*® Even though there is a consensus
on the conserved nature of the structural core of the motor, the
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Fig. 1 (A) Schematic representation of the relative organization of the flagellar motor proteins. The green tick signifies the availability of the structure of a
specific set of interacting chains of a particular complex (the FliFc—FliGy complex, the FliGu—FliMy complex, and the FliYc—FliNc complex). The question
mark denotes the lack of an experimentally determined structure of a specific complex either due to non-existing interaction between a couple of chains
(the FliM-FLIN complex) or because of the technical bottleneck arising in experiments in assigning structural information (the FliY-FliM complex). Cartoon
representations of the three protein complexes with available experimentally determined structures — (B) the FliFc—FliGy complex, (C) the FliGu—FliMy
complex, and (D) the FliYc—FliNc complex. Secondary structural information of each of the six chains of the three motor protein complexes in terms of
the a-helix and B-strand — (E) the FliFc sequence, (F) the FliGy sequence, (G) the FliGy sequence, (H) the FliMy sequence, (1) the FliYc sequence, and

(J) the FliNc complex.

similarity in the relative organization of the switch proteins,
and the fundamental function of the motor organelle flagella,
the diversity among a wide range of microbes originates due to
the presence of an additional less abundant protein sequence
(FliY)."”7>° One such important bacterial species is Helicobacter
pylori (H. pylori).">”" Interestingly, the presence of an addi-
tional protein does not alter the core structure of the motor*®
and all of them are necessary for the effective performance of
the flagella."®*' Each of these five proteins can be structurally
sub-divided into three parts - the N-terminal, middle, and
C-terminal domains (denoted with subscripts N, M, and C,
respectively). The interactions between a specific pair of pro-
teins take place in a 1:1 stoichiometric ratio, e.g., FliF¢ inter-
acts with FliGy and acts as an anchor for the C-ring;*** FliGy
is extremely crucial for the interaction with FliMy;>® and FliYc
interacts with both FliM¢ and FliN..>®

We focused on the junction points of the proteins of the MS
and C rings of H. pylori (Fig. 1) because - (1) H. pylori is a
human pathogenic gut-colonizing bacterium that causes dis-
eases ranging from gastric and peptic ulcer to gastric
cancer,””*° (2) the unique variability in the composition of
the motor switch complex of H. pylori is due to the presence of
an otherwise less abundant additional protein sequence,?® and
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(3) the structural integrity of the junctions practically dictates
the effective and smooth propagation of information through the
complex multi-protein network for precise motor action.**?%?°
Additionally, H. pylori generally exists at neutral or near neutral
pH in the stomach and since the stomach can produce very low pH
conditions, the change in conditions to acidic pH has the potential
to shift the conformational landscape and stability pattern of the
overall system and consequently the individual protein complexes
and this logical intuition drove us to compare the evolution of
conformational landscapes of the complexes under both pH
conditions.* We used a temperature range with high resolution
for thermal scanning-mimic simulations® to understand the
structural, dynamical, and energetic features of the complexes,
as it helps us to amplify the thermal malleability of a segment and
identify the structurally labile fragments that would otherwise have
been hidden or sparsely visible at physiological temperature.
Going beyond the limit of thermal fluctuations, we further
invested our efforts toward the investigation of the maximum
potential of inter-protein interactions by applying AFM-mimic
external mechanical force.*® Importantly, to draw a conclusion
on the dominance and extent of inter-protein interactions in a
specific complex, we bridged the gap and hence substantiated our
quasi-equilibrium (thermal) and non-equilibrium (mechanical)
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observations with the thermodynamic parameters in terms
of binding affinities between a pair of constituting chains
of a particular complex by employing enhanced sampling
techniques.**” Overall, we cover the entire landscape of the
structure-dynamics-energetics-stability-function relationship of
the three important complexes that dictate the performance
network of the flagellar motor of H. pylori, in turn guiding us to
arrive at a specific druggable target site for designing an
effective therapeutic strategy against H. pylori, which would
be effective in the entire pH range operative in the stomach.

2 Methods

To characterize the conformational landscapes of the molecular
motor-forming complexes under various solution conditions and
to further estimate the amplitude of binding affinity between a
pair of chains of a specific complex, a set of conventional quasi-
equilibrium, non-equilibrium, and equilibrium MD simulations
with an enhanced sampling approach were performed. The
initial configurations of the FliFc-FliGy complex, the FliGy—
FliMy,; complex, and the FliYc-FliNc complex of H. pylori were
obtained from the corresponding crystal structures deposited
in the protein data bank - 5WUJ,*® 4FQ0,%® and 5XRW,*¢ respec-
tively. Importantly, the missing residues were added using
PyMOL.>® However, we did not include the FliM-FliN and the
FliY-FliM complexes due to the unavailability of their crystal
structures. The lack of structure for the FliM-FliN complex has
somewhat been justified by an earlier research work, which
reports that FliM and FIliN do not interact in H. pylori as FliN
positions itself at a distant location compared to FliG and FliM.>®
However, according to the same report, apparently there should
be a structure comprising FliY and FliM as they are supposed to
be interacting counterparts,”® but still we could not find any
structure reported in that article or otherwise. As these are
protein complexes and not individual protein chain systems,
we could not opt for a state-of-the-art modeling technique.*®

2.1 Conventional quasi-equilibrium MD simulations

Version 5.1.4 of the GROMACS simulation package*® was employed
for carrying out all the simulations. Protein sequences were
modeled using the CHARMM27 atomistic parameter set.*’
Solvent was modeled explicitly using the TIP3P water model.*>
Each of the three complexes was utilized for a set of ten
independent simulations to accommodate all possible combina-
tions of five different temperatures (300 K, 350 K, 400 K, 450 K,
and 500 K) and two different pH conditions - one was neutral pH
at which the titrable side chains were kept protonated/deproto-
nated using the default procedure of the software and the other
was acidic pH at which all the titrable groups were protonated.
We opted for the thermal scanning technique as the enhanced
sampling approaches like Replica Exchange Molecular Dynamics
(REMD) simulations*® were beyond the scope of usage due to the
large size of the complexes to get any form of convergence on
simulated observables in a realistic time scale and aggravated
technical difficulties associated with constant pH REMD**
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(acidic pH conditions) due to the approximation and limitation
in convergence in electrostatic interactions. So, we effectively
sampled states beyond the thermal fluctuation limit without the
exchange considered in REMD, ie., without the Boltzmann
weighting. To mimic the acidic pH conditions, we completely
protonated the side chains of all the protein sequences consider-
ing the extremely low limit of pH as the pH in the human
stomach can reach as low as 1.5-2.0* and according to the
PROPKA web server® estimation of the initial configurations of
the three complexes from their respective PDB structures, the
lowest pK, values appear to be 2.48 for the FliF-FliGy complex,
2.1 for the FliGy~FliMy, complex, and 2.45 for the FliYc-FliNg
complex. This justifies the complete protonation of the titrable
side chains of the protein sequences of the three complexes.
Moreover, defining specific pK, values based on the native state
will not justify the pK, values in the partially/completely
unfolded and exposed states of the proteins and any conforma-
tional ensemble in between, which are in dynamic equilibrium
and would potentially be sampled by the protein sequences in
the near-equilibrium ensemble, as the local environment of any
side chain would be changing continuously and this would
dynamically modify the pK, values of the titrable groups as well.

Execution of the above procedure for all three systems gave
us a total of thirty systems. Consequently, each one of the thirty
systems was put into a rectangular box maintaining a mini-
mum distance of 10 A between any heavy atom of the system
and any edge of the box, which eventually gave us three
different box dimensions for the three complexes under inves-
tigation - 54.8 x 61.0 x 71.2 A® for the FliFc-FliGy complex
system, 71.0 x 57.0 x 84.3 A® for the FliGyFliMy; complex
system, and 66.0 x 59.1 x 67.9 A® for the FliY-FliNg
complex system. Then, each system was solvated using the
TIP3P water model and electroneutralized using the genion
module of GROMACS, where water molecules were replaced
randomly by Na* and Cl~ ions such that the salt concentration
was maintained at 100 mM. Each of the systems was then
energy minimized to reduce any existing steric clashes utilizing
the steepest descent algorithm. Furthermore, for every system,
two sets of equilibrations were performed consecutively where
the center of mass of the system was kept fixed at the center of
the box by applying a force constant of 1000 k] mol ' nm *:
500 ps of NVT equilibration at a constant temperature (mentioned
above) employing the modified Berendsen thermostat*” and 500 ps
of NPT equilibration at a constant temperature (stated above)
and at a constant pressure of 1 bar using the modified
Berendsen thermostat and Parrinello-Rahman barostat.*®
Lastly, a production simulation run for 1 us was performed
for each system removing all position restraints at a specific
temperature (discussed above) and at 1 bar pressure. Following
are the specifications that were implemented during the pro-
duction run: an integration time step of 2 fs, 20 ps resolution
for snapshot storage, 10 step frequency for the nonbonded
interactions list update, the LINCS algorithm®® having a
30° warning angle to restrain bonds with hydrogen atoms,
a relaxation constant of 0.1 ps for temperature coupling, a
relaxation constant of 0.1 ps and an isothermal compressibility
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of 4.5 x 107> bar™" for pressure coupling, periodic boundary
conditions (PBC) with the standard minimum image convention
in all three directions, the Particle Mesh Ewald (PME) method>°
to treat long-range electrostatic interactions with a 10 A real-
space cut-off, and a 10 A cut-off to consider Lennard-Jones
interactions with a Fourier spacing of 1.6 A. The above protocol
produces a total of 30 us of quasi-equilibrium trajectories of the
three systems under ten different solution conditions.

2.2 Steered MD simulations

The crystal structures mentioned in sub-section 2.1 were uti-
lized for steered MD (SMD) simulations®® of the three com-
plexes. For each complex, a set of two SMD simulations were
performed - one under neutral pH and the other under acidic
PH conditions. The specific protonation states of the titrable
side chains, depending on the target pH, were assigned follow-
ing the same protocol as described in sub-section 2.1. Each of
the complexes was then put in a rectangular box, where the box
dimensions were - 196 x 62 x 72 A® for the FliFo-FliGy
complex system, 72 x 58 x 206 A® for the FliGyFliMy; complex
system, and 428 x 44 X 46 A® for the FliYo-FliNg complex
system. Processes of solvation, electro-neutralization, achieving
100 mM salt concentration, and energy minimization to avoid
any steric hindrances were mimicked by following the proce-
dures detailed in sub-section 2.1. The above course of action
resulted in a set of six systems, i.e., two pH conditions for each
of the three complexes. Each of the six systems was then
subjected to 500 ps NPT equilibration at 300 K temperature
and 1 bar pressure using the Nose-Hoover thermostat®*** and
Parrinello-Rahman barostat, where the complex, water, and
two types of ions were coupled separately. For every system,
during NPT equilibration, the initial coordinate of the complex
was placed at one of the edges of the box by applying a
harmonic force constant of 1000 k] mol~* nm™2. For perform-
ing the SMD simulations, for each of the complex systems, the
two tethers for pulling simulations were placed on the centers
of masses of two chains that constitute a complex. For the
FliFc-FliGy complex system, the center of mass of the FliGy
chain was kept fixed and that of the FliFc chain was pulled
along the x-axis with a pulling rate of 0.1 A ps™ over a time of
900 ps using a harmonic spring having a spring constant of
1000 kJ mol ' nm 2. A similar approach was applied for the
FliGy—FliMy; complex system, where the center of mass of the
FliMy, chain was kept fixed and the same of the FliGy, chain
was pulled along the z-axis. Finally, for the FliYc-FliN; complex
system, the position of the center of mass of the FliY. chain was
kept fixed and the same of the FliN¢ chain was pulled apart
along the x-axis. To minimize the uncertainty associated with
the non-equilibrium pulling simulations, for each of the six
systems, a set of three independent trajectories were generated.
The initial and final distances between two chains of a complex
were 6.42 + 0.06 and 87.47 + 0.59 A for the FliFc-FliGy
complex, 30.98 + 0.78 and 100.43 + 0.35 A for the FliGy~FliMy,
complex, and 7.60 £ 0.08 and 91.26 + 0.83 A for the FliY—FliN¢
complex. The rest of the parameters were kept the same as
described in sub-section 2.1.
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2.3 Umbrella sampling simulations

To generate the potential of mean force (PMF) profiles and
subsequently to estimate the extent of binding free energy
operative between two constituting chains of a given complex
system under two different solution (pH) conditions, we used
an enhanced sampling methodology named umbrella sampling
simulations,** where the snapshots obtained from the SMD
trajectories, as discussed in sub-section 2.2, were utilized as
initial configurations. For each of the six systems, a set of
configurations were chosen by using a resolution criterion of
2 A in the change in the distance between the two separating
chains of a complex. We chose the first configuration and
all the progressive conformations using the above-mentioned
criterion, which eventually gave us a set of 31 umbrella
windows for each of the three complexes under two different
pH conditions. For each of the six systems, all the umbrella
windows were simulated for 100 ns each, resulting in a total of
3.1 ps of trajectories for a specific system and hence, 18.6 us of
trajectories in total. For each of the umbrella windows, a
harmonic potential was used having a spring constant of
1000 k] mol ' nm > The rest of the parameters for the
umbrella simulations were kept the same as detailed in sub-
section 2.2. To convert the biased probabilities obtained from
the umbrella sampling simulations into Boltzmann distributions,
the weighted histogram analysis method (WHAM)**" was
employed, which eventually generated the one-dimensional PMF
profile as a function of the distance between the centers of masses
of two separating chains of a complex. The free energy of binding
was estimated by subtracting the lowest value of the profile from
the asymptotic limit of the highest value of the profile. The error
bar associated with the free energy estimation protocol was
obtained by using a standard bootstrap method.*® The magni-
tudes of the error bars were much lower compared to the
calculated binding free energy values, which substantiated the
robustness of the estimated equilibrium properties.

3 Results

3.1 Global as well as chain-wise structural and energetic
features of the complexes display both predictable and
counterintuitive properties

All three complexes and their constituting chains, in general,
show that a rise in temperature at any pH and a drop in pH at
any temperature individually increase the structural deviation
(calculated by estimating the backbone heavy atom-based root
mean square deviation (RMSD) with reference to the initial
configuration used for simulation) of the whole complex (panel A
of Fig. 2 and Fig. S1, S2, ESIT) as well as of the individual chain
(panels A and B of Fig. S3-S5, ESIT) and the combined impact of
increased temperature/decreased pH is cumulatively structu-
rally destructive. A unique deviation is observed for the FliF.
chain (Fig. S3A, ESIT) only at a lower pH, as it produces less
deformed conformations compared to that of the neutral pH at
any specific temperature. The similar characteristics of the
complexes (panel B of Fig. 2 and Fig. S1, S2, ESIf) and the
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Fig. 2 Evolution of structural and energetic features of the FliFc—FliGy complex under thermal scanning and under two different pH conditions.
Normalized probability distributions of the intra-complex characteristics - (A) backbone RMSD, (B) backbone C,-based Ry, (C) global SASA, (D) backbone
hydrogen bonds, (E) electrostatic interactions, and (F) van der Waal's forces. (G) Temperature-dependence of the percentage of secondary structural
content in terms of the a-helix and B-sheet at two different pH values of the solution. (H) Normalized probability distributions of the inter-chain distance
between the centers of masses of two protein chains. Except for panel (G), in all other panels, the solid and dashed lines represent neutral (N) and acidic
(A) pH conditions, respectively, and the five different temperatures are denoted by the following color scheme: 300 K (blue), 350 K (red), 400 K (yellow),

450 K (purple), and 500 K (green).

chains (panels C and D Fig. S3-S5, ESIT) appear even in the
compactness analysis (derived by computing the backbone
Cy-based radius of gyration (R,)), where the overall compact-
ness, whether temperature-dependent or pH-dependent, initi-
ally increases with the rise in temperature or lowering of pH at
lower temperature zones, but gradually decreases at higher
temperatures, i.e., there is a sweet spot of ensemble composi-
tion. The FliF¢ chain mainly follows the above-mentioned
trends, only with a slight exception that the compactness
remains comparable at lower temperatures and at the neutral
pH (Fig. S3C, ESIt). Hence, the FliF; chain’s identity as a trend-
breaker sustains. Since the overall solvent exposure of a struc-
ture (obtained by calculating the solvent accessible surface area
(SASA) of the whole complex/protein) is just the contrasting
property of its compactness, the relative trend in the change in
exposure for the complexes (panel C of Fig. 2 and Fig. S1, S2,
ESIt) as well as for the individual chains (panels E and F of
Fig. S3-S5, ESIT) follows the same trend as observed previously,
only in an anticorrelated fashion, i.e., an increase in compact-
ness is associated with a decrease in exposure and vice versa
(only with a marginal subtle inconsistency for the chains of the
FliYc-FliN¢ complex (Fig. S5E and F, ESIt)).

Moving on from the global structural to the energetic
features, the impact of higher temperature and lower pH
becomes extremely consistent irrespective of the species in
terms of intra-chain/complex cohesive forces exerted by back-
bone hydrogen bonds (Nhg, panel D of Fig. 2 and Fig. $1, S2;
panels G and H of Fig. S3-S5, ESIt). Constant-pH and rising
temperature or constant-temperature and increasing pH lowers
the number of backbone hydrogen bonds, only with a subtle
contradicting trend observed for the chains of the FliYc-FliN¢
complex (Fig. S5G and H, ESIf) at acidic pH in a high-
temperature range. However, the impact of acidic pH on

This journal is © the Owner Societies 2024

creating a stronger network remains sustained for both chains
at a specific temperature. Interestingly, intra-complex electro-
static interactions (panel E of Fig. 2 and Fig. S1, S2, ESI})
diminish as pH decreases, and the impact of temperature
switches from stabilizing to destabilizing as the pH changes
from neutral to acidic. The individual chains (panels I and ]
of Fig. S3-S5, ESIt) experience a more consistent impact of
temperature and pH, as lowering either of them destabilizes the
interactions. The above observations are less prominent though
for the FliF-FliGy complex (Fig. 2E) as well as their constitut-
ing chains (Fig. S3I and J, ESIT). Similarly, a rise in temperature
and an increment in pH generally reduce the van der Waal’s
stabilization both for the intra-complex (panel F Fig. 2 and
Fig. S1, S2, ESIt) and intra-chain scenario (panels K and L of
Fig. S3-S5, ESIt); however, a minute inconsistency appears for
the FliGy-FliMy; complex (Fig. S1F, ESIt) as well as for its
constituting chains (Fig. S4K and L, ESI{) at acidic pH and
specifically in the lower temperature range.

The intrinsic secondary structural elements of the overall
system as well as the individual chains, which were estimated
by calculating the probability of specific ¢-¢ dihedral angle
combinations evolved during the quasi-equilibrium simula-
tions, that would fall in the o-helix and B-sheet regions accord-
ing to the Ramachandran plot display a wide range of variations
- (1) for the FliFc-FliGy complex (Fig. 2G) and its chains
(Fig. S3M and N, ESIf), the secondary structural content
decreases with increasing temperature, but remains oblivious
to the change in pH, though with a tiny exception for the FliGy
chain (Fig. S3N, ESIt) at the highest temperature; (2) for the
FliGy-FliMy; complex (Fig. S1G, ESIt) and its FliMy; chain
(Fig. S4M, ESIt), the secondary structural content shows a
somewhat consistent decrement at neutral pH with increasing
temperature, but a switching point of the trend appears at the
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acidic pH (prominently for the FliMy, chain (Fig. S4M, ESIt)),
and generally, acidic pH increases the overall secondary struc-
tural content (observed for the FliGy, chain (Fig. S4N, ESIt) as
well). On the contrary, the FliGy, chain (Fig. S4N, ESIf) con-
sistently displays a rise in the secondary structural content with
an increment in temperature under both the pH conditions;
(3) the FliYc-FliN¢ complex (Fig. S2G, ESIT) and its FliN¢ chain
(Fig. S5M, ESIt) counterintuitively show an increment in sec-
ondary structural content with the rise in temperature and
lowering of pH and the FliY¢ chain (Fig. S5N, ESIt) behaves in a
complete reverse fashion.

Further transitioning from the intra-chain to inter-chain
parameters, a few trends evolve from the quasi-equilibrium
trajectories of all the three complexes - (1) increasing tempera-
ture and decreasing pH generally lead to more separation
between two chains (measured by calculating the distance
between the centers of masses of two interacting chains) of
the three complexes (panel H of Fig. 2 and Fig. S1, S2, ESIY),
(2) the electrostatic forces operative between a couple of chains
always decrease at the acidic pH compared to the neutral one
(panel O of Fig. S3-S5, ESIT), but the trend is not so consistent
in terms of the impact of temperature, and (3) the lowering of
pH always reduces the magnitude of the inter-chain dispersion
interactions (panel P of Fig. S3-S5, ESIf) as well, but as
observed previously, it displays a pretty inconsistent trend as
a function of temperature.

3.2 Segment-specific structural variability dictates the extent
of heterogeneity of the conformational ensembles

As the usage of different popularly used structural reaction
coordinates indicates the most possible state of a complex
under any given condition with different levels of probability
(Fig. 2 and Fig. S1, S2, ESIY), to get rid of the confusion, we
chose two intrinsic reaction coordinates of a system - the first
two principal components (PCs)*® - to identify the most repre-
sentative state under a specific condition, as this technique has
the unique ability to reduce the dimensionality of an otherwise
complex system, while encapsulating the majority of dynamical
fluctuations.>® Interestingly, the PC-based joint probability
distributions substantiate the relative trend of modulation of
the conformational ensembles as observed previously for all
three complexes. In general, with the rise in temperature, the
landscape becomes more diffused leading to increased con-
formational polymorphism and this observation is robust and
independent of the pH of the solution. Additionally, lowering of
pH aggravates the diffusive nature of the landscape at any
specific temperature producing more heterogeneous configura-
tions. Fig. 3 shows the most representative configurations for
each of the complexes under all ten different solution condi-
tions, i.e., by considering only the maximally sampled state in
each of the ten situations (shown in the figure) for a complex
(two pH conditions and five different temperatures). Compar-
ing the most probable states of a given complex under variable
temperature and pH conditions enables us to deconvolute the
sequence of events (Fig. S6, ESIt) that would eventually lead
to the structural distortion of a complex under thermal and
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pH-driven environmental perturbations, both individually and
as a combination. Interestingly, for any given complex, the
unfolding mechanism is consistent under thermal perturba-
tion at any given pH and under acidic pH perturbation at any
specific temperature; only the separation, the drastic loss of
packing of the chains, and the concomitant loss of secondary
structure happen when two perturbations individually reach
their maximum limit as the impact is additive. So, the struc-
tural transition for a given complex under any specific pertur-
bation, achieved either via thermal or pH-dependent
perturbation or by a combination of the two, remains consis-
tent. Following are the complex-specific generic sequence of
events that evolve during the unfolding process regardless of
the perturbation(s) being applied:

For the FliFc-FliGy complex (Fig. 3A, B and Fig. S6A and B,
ESIt), we arrive at the following general mechanism: the
initiation of packing alteration leading to swollen ensembles
is caused by the rotation of the C-terminus of the FliGy chain
(26-0.7); this unpacking event gradually unpacks the N-terminus
of the FliGy chain (a1); a combination of the above two events
leads to an unfolding of 1 and a7 of the FliGy chain; conse-
quently, the middle segment of the FliGy chain starts unpack-
ing while keeping the FliFc chain almost intact; aggravated
unpacking of the mid-part of the FliGy chain lowers the inter-
chain interactions, which allows the FliF; chain to distance
itself slightly from the FliGy chain; and finally, the chains
separate causing substantial unfolding of each of the chains.

For the FliGy-FliM,y,; complex (Fig. 3C, D and Fig. S6C and
D, ESIY), in general, the variation initially originates due to the
change in the orientation of the first half of a1 of the FliMy
chain; consequently, the change in the orientation of o1
propagates to the entire helix, which breaks it into two parts
from the middle with a concomitant change in the packing of
a2 of the FliMy, chain; and finally, the complete loss of B2 and
B4 and a partial loss of B3 of the FliMy, chain materialize. The
afore-mentioned process is non-monotonous as in a few
instances few of the secondary structural segments gain per-
centage, even though partially by a small margin. For the FliGy,
chain, the diversity originates mainly due to the fluctuating
nature of ol.

In the case of the FliYc-FliNe complex (Fig. 3E and F and
Fig. S6E and F, ESIY), the first point of differentiation originates
due to the out-of-register movement of the C-terminal segment
of the a2 of the FliN¢ chain. The aggravated lack of structural
packing between the chains evolves as the mid-part of 1 and
N-terminal of B4 of the FliN chain lose structural integrity. The
FliYc chain does not contribute to the initial phase of the
perturbations and only displays nominal fluctuations. Conse-
quently, the FliN; chain shows a drastic opening of the N-
terminal end of the structure mainly composed of a1, B1, and
B2. At this point, the FliYc chain also joins the unfolding
phenomenon by showing the complete unfolding of o2 with a
concomitant shift of the segment containing 4 and B5 leading
to a lack of packing of the conformation, exhibiting aggravated
movement of the B1 away from the rest of the protein and
indicating a tendency to higher structural shifts for the rest of
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Fig. 3 Comparison of conformational ensembles evolved due to the variability in the temperature and pH of the solution, where the clustering analysis
was performed based on the evolution of structures of the three complexes in the phase space of the two most dominant dynamical modes (PC1/PC2) —
(top panels) FliFc—FliGy complex, (middle panels) FliFc—FliGy complex, (bottom panels) FliGuy—FliMy complex, (left panels) neutral pH, and (right panels)
acidic pH. A representative conformation of the most populated state of each of the complexes at any given temperature-pH combination is shown as a
cartoon with specific color pairing — FliF¢ in sky blue and FliGy in warm pink (panels A and B); FliGy in forest green and FliMy in purple (panels C and D);
and FliYc in fiber brick red and FliN¢ in dense blue (panels E and F). The color-coding scheme of the protein sequences was kept the same throughout the
manuscript. The neutral pH condition is denoted by (N) in the left panels and the acidic pH condition is denoted by (A) in the right panels. In all the panels,
the variable temperature range is depicted by using five different colors — 300 K (blue), 350 K (red), 400 K (yellow), 450 K (purple), and 500 K (green).

the secondary structural elements. Finally, both the FliYc and keeping the interface intact even at elevated temperatures as
FliN¢ chains show barely any similarity as further unfolding the contributions come from both o1 and o2 (2 is the major
takes place with residual secondary structural elements. contributor) and the impact of temperature is more prominent

To further dig deeper into the variability in the evolution of on the interface residues of the FliGy chain. On the contrary, o7
conformational ensembles, we identified the residues belong- of the FliGy chain never participates in the interface formation
ing to a couple of protein sequences that contribute to the (even at 300 K) and as the temperature rises additional second-
interfacial interactions of a specific complex using PyMOL*®  ary structural segments with variable identities pull themselves
to assess the impact of thermal and pH-driven perturbations off from the interface - a1 and o7 at 350 K; a6 at 400 K; a1, 06
(Fig. S7, ESIf). The entire analysis focuses on two major and o7 at450K;and a1, a5, a6 and «7 at 500 K. The situation is
identifiers - the number of residues being involved from each similar under acidic pH conditions (Fig. S7B, ESIf) as well
of the protein sequences and the identities of the secondary (as expected from the generic unfolding mechanism discussed
structural elements that either contribute to or refrain from previously), only with an aggravated scenario. This claim is
participating in forming the interface. supplemented by the higher degree of loss of interfacial con-

In the case of the FliF-FliGy complex under neutral pH tacts evidenced by a lower number of residues being involved
conditions (Fig. S7A, ESIt), the contributions from the two from each of the chains under acidic pH conditions (FliFc:
chains in terms of the number of residues (FliF: FliGy) change  FliGy - 26:33 (300 K) — 27:35 (350 K) — 23:30 (400 K) —
as the temperature increases with the following trend: 28:40 13:13 (450 K) — 0:0 (500 K)) compared to the neutral pH at a
(300 K) — 29:35 (350 K) — 27:40 (400 K) — 24:30 (450 K) —  specific temperature. As observed previously for the neutral pH
20:25 (500 K). The FliF; chain shows more consistency in scenario, the FliF. chain participates with both of its a-helices
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(o2 being the major one) in all four cases, where the interface
exists with variable extents (except at 500 K). The FliGy chain
shows the following trend in terms of (non)contributing sec-
ondary structural elements - non-participating ol and o7
(300 K); without engaging a1, a6, and o7 (350 K); not involving
al, a4, and a6 (400 K); and contributing via a2 and o5 (450 K) -
and the element identities are quite similar to what was
observed previously under neutral pH conditions.

Mimicking the same technique for the FliGy-FliMy, com-
plex displays the following pattern for the neutral pH condition
(Fig. S7C, ESIt) in terms of the number of residues and the
secondary structural elements engaging in the interface for-
mation - 23 (a3, a5, a6):25 (al, a3, ad) at 300 K, 21 (a3, a5,
a6):20 (al, a3, a4) at 350 K, 17(a1, o2, a6):21 (a1, f1, 04, o5) at
400K, 9 (a1, 06):19 (a1, B1, B5) at 450 K, and 12 (a2, a5): 15 (a1)
at 500 K — where the number ratio represents the number of
participating residues from the individual chains (FliGy:
FliMy;) and the secondary structural identities are mentioned
within the parentheses. It appears that with the rise in tem-
perature, the number of interacting residues decreases due to
the increase in the inter-protein distance and the identities of
the secondary structural fragments change due to the conco-
mitant structural distortions. The impact of thermal perturba-
tion is even more drastic under acidic pH conditions (Fig. S7D,
ESIt) as both fewer residues and hence fewer secondary struc-
tural elements participate at any given temperature and the
complex dissociates completely from each other from 400 K
onwards, which is exemplified by the following quantitative
feature - 25 (a3, 04, 05): 19 (a4, B4) at 300 K, 8 (a5):12 (B2, B3)
at 350 K, and no interaction beyond it.

Since the FliYc-FliNe complex shows the maximum extent
of entanglement between two constituting chains, we preferred
to explain the interfacial interactions by mentioning the non-
participating secondary structural motifs, when necessary, as
those would be fewer in numbers. The situation for the
complex (FliYq:FliN() at the neutral pH (Fig. S7E, ESIt) as a
function of rising temperature evolves as follows: at 300 K and
350 K, all the secondary structural elements of both the chains
participate in the interface formation with number ratios
remaining almost constant - 59:58 and 57: 58 respectively; at
400 K, B3 strands of both chains do not belong to the interface
anymore displaying a minute reduction of the interacting
residue number ratio (54 :56); at 450 K, the number of residues
is reduced by a substantial amount (47:48) with a change in
the non-participating secondary structural segment identities
(a2 for FliY¢ and B2 for FliNg); and the situation at 500 K
further reduces the number from the previous case (35 : 34), but
it reverts to the identity of the non-participating secondary
structural elements as observed at 350 K (B3 strands of both
chains) with two additional non-engaging secondary structural
motifs of the FliNg chain (a1 and B5). The above observation
proves that the complex can sustain higher perturbations and
keep a formidable number of interfacial interactions and the
ability is slightly more prominent for the FliYs chain. Under
acidic pH conditions (Fig. S7F, ESIT), interestingly, the events
appear as almost similar in terms of identities of participating
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secondary structural elements only with a higher degree of loss
of interfacial interactions at any given temperature - 59 (all): 56
(except B3) at 300 K, 55 (all): 55 (except B3) at 350 K, 53 (all): 48
(except B3) at 400 K, 37 (except a2):36 (all) at 450 K, and 21
(o1, B1, B2, B3):18 (x1 and P1) at 500 K. The change in
identities of the participating secondary structural elements
can be attributed to the large extent of structural reorganization
with progressively applied thermal perturbations.

3.3 pH-independent protein-specific common distinct labile
residues and pH-dependent modulation of long-range crosstalk
networks dictate the structural integrity of a complex

To dig deeper into the protein structure, we stretched our infor-
mation spectrum from the segment-specific (Fig. 3) to the
residue-specific domain. Fig. 4 and Fig. S8-S10 (ESIY) respec-
tively show the residue-wise mean fluctuation profiles, obtained by
measuring the time-averaged root mean square fluctuations
(RMSF) as a function of residue index, and the intra-chain
dynamical cross-correlation map (DCCM),” obtained from the
covariance matrix of the C,-based fluctuations.

The comparison of the RMSF profiles of the FliF; chain of
the FliF-FliGy complex (Fig. 4A) displays heterogeneous incre-
ments of residue-wise thermal fluctuations under two different
pH conditions. Estimation of the difference between the pro-
files under a given pH condition leads to the identification of
dominant fluctuating residues under two different pH condi-
tions (Fig. 4B). Interestingly, the identities of the dynamics-
dictating residues and/or segments overlap between neutral
(I537-K542 and P545-E547) and acidic pH (K536-K542 and
P545-A549) conditions and suggest that residues close to either
side of the loop connecting o1-02 dominate the dynamical
evolution pattern of the FliF¢ chain. The corresponding DCCM
analysis (Fig. S8A-]J, ESIf) of the FliFc chain attributes the
impact of higher temperatures and lower pH values to the
gradual evolution of small, correlated domains throughout
the chain compared to the helical-domain-specific correlations
and further appearance of strong anti-correlated movements
between the two helices, which eventually leads to structural
opening. A similar approach applied for the FliGy chain dis-
plays the comparison of the RMSF profiles (Fig. 4C) and
identifies the dynamically important residues (Fig. 4D). Under
neutral pH conditions, two segments emerge as dynamically
dominant regions - one with the N-terminal part of a4 (L41-
E48) and the other with the entire o5 and the loop connecting
a5 and a6 (Q62-N82). Acidic pH does not alter the number of
dominating segments but changes the locations, though with
some overlap — one with the loop connecting o4 and o5 and
the N-terminal part of o5 (N57-V67) and the other with the
C-terminal part of o5 and the loop connecting o5 and a6 (174-
G84). The structural unfolding of the FliGy chain appears when
the DCCM pattern (Fig. S8K-T, ESIT) changes from the appear-
ance of numerous numbers of small correlated and anti-
correlated domains to the genesis of marginal longer ones,
specifically when the entire segment a1-a4 is highly correlated
with itself and extremely anti-correlated with the rest of the
chain - mainly from the mid of o4 to the mid of a6.
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Fig. 4 Residue-specific thermal fluctuation profiles evolved under thermal and pH-induced perturbations of the six protein chains. Comparison of the
RMSF profiles at a specific pH leads to the identification of thermally fluctuating segments (discussed in the text) that eventually initiate the unfolding of
individual chains and consequent separation of the complex-forming chains. In all the panels representing RMSF profiles, the solid lines represent neutral
(N) pH conditions and dashed lines represent acidic (A) pH conditions. Moreover, in the case of the RMSF profiles, the five different temperatures used in
the study were indicated by the following color scheme — 300 K (blue), 350 K (red), 400 K (yellow), 450 K (purple), and 500 K (green) — irrespective of the
pH of the solution. The corresponding structural deviations were shown by superimposing the five most probable states obtained at a specific pH and at
five different temperatures for all the three complexes and hence six protein sequences as identified in Fig. 3; the superimposition was performed only in
a chain-specific manner (shown as cartoon), rather than in a complex-specific manner, and to have parity with the RMSF profiles in terms of
demonstration, the chain colors were chosen according to the temperature from which the coordinates were sampled — (A) and (B) FliFc chain, (C) and

(D) FliGyn chain, (E) and (F) FliMy chain, (G) and (H) FliGy chain, (1) and (J) FliNc chain, and (K) and (L) FliYc chain.

Interestingly, the comparison of the RMSF profiles of the
FliMy; chain of the FliGy-FliMy, complex (Fig. 4E) and the
corresponding identification of the dynamical protagonists
(Fig. 4F) show that the number of dominating segments get
reduced on going from the neutral (5 segments) to the acidic
pH (2 segments). At the neutral pH, the five segments that
contribute mainly to the dynamical evolution of the FliMy,
conformations are the entire 1 strand (E80-M89), B2 and part
of B3 (P101-G116), the loop connecting 3 and o4 and the
N-terminal part of o4 (K131-D155), the complete B4 strand
(F176-S184), and the C-terminal part of 5 and the N-terminal
part of B6 and the loop connecting them (E204-G212). On going
from the neutral to the acidic pH, the important segments get
focused down to two segments - one with 1, a2, 2, and part of
B3 (S77-G116) and the other with the C-terminal part of the o4
and the entire B4 strand (K166-S185). Although it seems like
there is a drastic reduction in the number of dominating
segments on going from the neutral to the acidic pH, practically
this originates due to the merger of segments one and two and
the extension of segment four at acidic pH with respect to the
neutral one, proving the fact that there is a huge overlap between
dominating residues under two different pH conditions. The
DCCM profiles (Fig. S9A-], ESIT) overall state that the unfolding

This journal is © the Owner Societies 2024

of the FliMy, chain takes place when the segment containing
al-03 and PB1-B3 is extremely correlated and shows strong
dynamical anti-correlation with the rest of the chain. For the
FliGy; chain (Fig. 4G and H) however things are much simpler as
two common dominating segments appear under two different
PH conditions, only with slight variations in terms of length - one
stretching from the C-terminal part of o2 to the N-terminal half
of a3 (F133-1142) and the other constituting the entire o5
(F161-R172); only at acidic pH, an additional region appears,
which stretches from the C-terminal part of a3 to the N-
terminal half of a4 (L146-A154), and the previously observed
two segments are shortened (I1135-T141 and 1169-L176). Here,
the structural unfolding happens when the region stretching
from al1-a3 is highly dynamically correlated with itself and
shows complete anti-correlation with the regions stretching
from a4-07 (Fig. SOK-T, ESIT).

In the case of the FliYc-FliNg complex, the corresponding
comparisons of the RMSF profiles and labile dynamically
dominating segments are shown in Fig. 41 and ] for the FliN¢
chain and Fig. 4K and L for the FliY¢ chain, respectively. For the
FliN¢ chain, the major contributing segments overlap nicely
even if the solution condition changes from neutral to acidic
pH. Overall, three major segments appear as main protagonists
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- a segment stretching the entire length of the B2 strand and
the loop connecting o1 and B2 (E66-171/F65-P76), a sequence
containing the B3 strand and the loop connecting 3 and p4
(V85-G91/D82-190), and a final segment that stretches from the
loop connecting the B4 and B5 strands and the N-terminal
segment of the 5 strand (F98-R105/V97-A103) - obviously with
nominal fluctuations in terms of their lengths under different
solution conditions. Similarly, for the FliY¢ chain, the contri-
buting segments toward partial unfolding mainly overlap under
different pH conditions. Although it seems that lowering the
pH increases the number of thermally malleable segments
from three (D232-N244, 1249-E260, and D265-Q271 at neutral
pH) to four (M231-V236, L242-P246, E248-A257, and V262-
N267 at acidic pH), practically it is just a breakage of the
continuity of the first labile segment observed at neutral pH
into two fluctuating fragments at acidic pH. Broadly, the malle-
able parts can be classified in terms of their content of
secondary structural elements as below: the loop connecting
a1 and B2; the B2 strand; the loop joining B2 and (3; the entire
segment containing 3 and B4; and finally, the loop connecting
B4 and B5 and the N-terminal end of 5. In terms of dynamical
communication, the DCCM analysis of the FliNg chain
(Fig. S10A-], ESIt) shows that the unfolding initiates due to a
strongly correlated motion within a continuous stretch of
residues consisting of 3, B4, 5, and al. However, the exten-
sive unfolding appears when the N-terminal segment of the
chain containing 1 moves in an anti-correlated fashion with
respect to the rest of the chain. The extent of anti-correlation
could be higher with the mid-part of the chain containing o1,
B2, B3, and B4 or the C-terminal end of the chain consisting of
B5 and a2. On the other hand, for the FliY¢ chain, a similar
cross-correlation analysis (Fig. S10K-T, ESIt) shows that the
initiation of the unfolding of the chain develops due to a
strongly correlated dynamical segment with B2, 3, and P4
strands. In this case, the extensive unfolding can appear only
when there is a strong dynamically correlated domain contain-
ing a1, which is highly anti-correlated with the rest of the chain
- specifically B2 and a segment containing p4, 5, and a2.

3.4 pH-independent, but complex identity-dependent
mechanical unbinding mechanism: sequential unzipping vs.
simultaneous separation

To further enable the complexes to display their ability to with-
stand different kinds of external perturbations, the mechanical
force was chosen as the disruption creator, where one chain of
a complex was pulled apart and the other chain was kept fixed.
Since the pulling trajectories were non-equilibrium, to achieve
the robustness of the simulated observables, a set of three
independent trajectories were generated for each system at a
given pH and at 300 K (Fig. 5). A few consistent features appear
in the mechanical force profiles (Fig. 5A) of all three complexes
- (1) for a given complex, the magnitude of the maximum force
required to rupture the operative inter-chain cohesive forces
always decreases under acidic pH conditions and (2) in a
particular complex, the time required to achieve the maximum
force also decreases under acidic pH solutions. Additionally,
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the magnitude of the maximum force value decreases from
FliY—FliN¢ to FliF-FliGy to FliGy~FliMy and this observation
is consistent throughout the varying pH conditions and could
be an indicator not only of the relative order of binding affinity
between the complexes but also of the direct impact of pH of
the solution. So, the withstanding nature of a complex does not
necessarily correlate with the lengths of the constituting chains
(FliGy-FliMy; > FliYc-FliNg > FliFc-FliGy). Interestingly, the
relative order of mechanical stability in terms of withstanding
external force between the complexes along with the evident
impact of varying pH conditions sustains its signature in the
separation distance profiles (Fig. 5B) as well. At any given pH,
the separation starts at a longer time scale for the FliYc-FliNg
complex and the time scale gradually decreases for the FliFc-
FliGy complex and even more for the FliGy-FliMy, complex.
Moreover, the lowering of the pH of the solution decreases the
time required for the initiation of the separation mechanism.
Similar to the previously observed trends, acidic pH gener-
ally breaks the inter-chain hydrogen bond network (Fig. 5C) at a
faster rate compared to neutral pH for any given complex.
Intriguingly, the relative rank ordering of the absolute values
of the inter-chain hydrogen bonds (FliYc-FliNc > FliFc-FliGy
> FliGy-FliM),) rationalizes the previously observed rank
ordering of both the rupture force values and the separation
initiation time scales, as it is directly correlated to each of those
parameters. The extent of operative inter-chain non-bonding
interactions, whether electrostatic (Fig. 5D) or van der Waals
(Fig. 5E), follows the same pattern as observed previously for all
the three reaction coordinates (force, distance, and hydrogen
bond), i.e., FliYc-FliN¢ > FliFc-FliGy > FliGy-FliMy, irrespec-
tive of the pH conditions. Similarly, the impact of pH remains
consistent for both the energetic terms, as acidic pH generally
reduces the operative forces - be it electrostatic or van der
Waals. However, for a given complex, the lowering of pH
reduces the inter-chain electrostatic interaction by a much
larger factor and that impact is visible in the case of van der
Waals forces, but to a much lesser extent. This observation can
be attributed to the excessive positive potential of the interact-
ing chains at acidic pH, leading to the generation of electro-
static repulsion between similar types of charges and finally
producing less favorable cohesive inter-chain interactions.
The above set of analyses lead to a conclusion that the
combined impact of external mechanical force and acidic pH
follows an additivity rule as lowering the pH of the solution
generally reduces the cohesive interactions and hence the
mechanical stability of each of the three complexes. To further
decipher the mechanism of the complexes in terms of struc-
tural visualization, we chose intermediate conformations from
the pulling assays and depicted them as a function of a
progressive time scale. Fig. 5F shows the variability in the
evolution of the structural features of the FliF-FliGy complex
under both solution conditions. The general theme that
appears in the mechanical separation process of the FliFc—
FliGy complex is the retainment of the structural integrity
of the FliGy chain irrespective of the pH conditions. On the
contrary, the FliF; chain shows a loss of compactness of the
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Fig. 5 Mechanical fingerprinting of the three complexes under neutral (N) and acidic (A) pH conditions averaged over three independent non-
equilibrium trajectories. (A) Time evolution of the response force curves resulting from the application of external mechanical force to separate the
complex-forming chains. (B) The change in the distance between the centers of masses of the two protein sequences that form a complex as a function
of time. (C) The gradual loss of the inter-chain hydrogen bond with increasing simulation time. (D) The progressive loss of the electrostatic interactions
operative between two chains of a specific complex as a function of time. (E) Time evolution of the van der Waals forces operative between a couple
of interacting protein chains that form a complex. The mechanism of the mechanical separation of the three complexes under two contrasting pH
conditions depicted via the configurations obtained from one of the three independent pulling simulations for each complex (shown as cartoons) at
different time points — (F) the FliFc—FliGy complex, (G) the FliGy—FliMy complex, and (H) the FliYc—FLliNc complex.

native fold along with a concomitant loss in secondary struc-
tural features and the differentiation of the separation path-
ways under two different pH conditions mainly arises due to
the conformational variability of the FliF; chain. On the other
hand, neither of the two chains of the FliGy-FliM,; complex
shows any hint of loss of global fold as well as loss of secondary
structures during the mechanical unfolding process indepen-
dent of the pH of the solution (Fig. 5G). It seems that during the
separation process, the FliGy and FliMy,; chains merely glide
past each other and this observation is in accordance with the
less amount of cohesive interactions operating between the
chains as observed previously. Interestingly, for the FliYc-FliN¢
complex, both chains show a loss of structural integrity in
terms of tertiary and secondary structural features irrespective
of the pH conditions present (Fig. 5H). Two major important
observations evolve in the mechanical separation process of the
FliYc-FliN complex - (1) irrespective of the pH conditions,
the loss in structural feature is more prevalent in the FliN¢

This journal is © the Owner Societies 2024

chain and (2) under acidic pH conditions, the FliN¢ chain
shows an even aggravated loss of secondary structural features.
The latter might be attributed to the lowered inter-chain
interactions observed for the FliY-FliNc complex under acidic
pH conditions.

To add to the categorization of the mechanical unfolding
mechanisms, the distance between the constituting chains was
computed, however, by deconvoluting them into four possible
combinations, where, as a combination, the analysis shows
how the two ends of a protein sequence get separated from
the other two ends of the complementary complex-forming
sequence (Fig. S11, ESIt). For the FliFc-FliGy complex, the
separation gets initiated by the N-terminus of the FliF chain as
it starts moving away simultaneously from the N- and C-termini
of the FliGy chain and this is further followed by the second
event of separation where the C-terminal end of the FliF chain
gets separated from the FliGy chain as well leading to the
complete separation of the two proteins (Fig. S11A, ESIf).
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This suggests that the two proteins of the FliFc-FliGy complex
undergo mechanical separation via the sequential unzipping
mechanism, ie., the separation of two interacting chains
of a specific complex initiates preferentially at one end of the
interface and gradually this structural perturbation permeates
to the other end of the interface, and interestingly, the mecha-
nism remains consistent under two different pH conditions.
In the case of the FliGy-FliM,; complex, however, the separa-
tion event does not show any distinctive bias via any end of the
separating strands and hence it can be termed as the simulta-
neous separation mechanism, which remains sustained
irrespective of the pH of the solution (Fig. S11B, ESI{). When
it comes to the FliYc-FliNg complex, the mechanism slightly
changes on going from the neutral to the acidic pH (Fig. S11C,
ESIT). At neutral pH, the separation gets initiated by the
C-terminus of the FliN( chain from the C-terminus of the FliY¢
chain, which gets further aggravated by the simultaneous
separation of the N- and C-termini of the FliN¢ chain from
the C- and N-termini of the FliY; chain, respectively, and which
finally gets completed by the separation of the two N-termini of
the FliY and FliN¢ chains. Under acidic pH conditions, the
initial and final separation events remain similar, and only the
middle part of the event where the N- and C-termini of
the FliN¢ chain get separated from the C- and N-termini of
the FliYc chain varies from the neutral pH conditions as these
two events happen sequentially and not simultaneously as
observed previously. Overall, the mechanical separation follows
a sequential unzipping mechanism in the FliYo-FliNg complex
irrespective of the solution conditions.

3.5 Protonation drastically lowers the binding affinity of the
FliGy~FliMy,; complex compared to the other two complexes

Although the pulling simulation adds additional information
about the pH-induced modulation of inter-chain cohesive
interactions to the information landscape obtained from
quasi-equilibrium thermal scanning, its non-equilibrium nature
limits itself to providing any thermodynamic stability pattern
required to quantify the impact of intermolecular cohesive forces.
Hence, we estimated equilibrium binding affinities by using a
combination of umbrella sampling simulations and WHAM,
which eventually generated the PMF profiles (Fig. 6). Whether
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at neutral pH or at acidic pH, the binding affinity between
the chains of the FliFc-FliGy complex (AGeutral = 188.11 +
2.80 kJ mol " and AGacigic = 177.19 + 6.23 kJ mol ', Fig. 6A)
displays a mid-range value compared to the other two com-
plexes as the binding free energy appears to be minimum
between the chains of the FliGy-FliMy; complex (AGneutral =
88.62 £ 3.30 k] mol™* and AGaciqic = 33.85 £ 2.09 kJ mol ?,
Fig. 6B) and maximum between the chains of the FliYc-FliN¢
complex (AGneuwral = 324.68 + 3.10 k] mol " and AGacigic =
304.88 + 4.52 k] mol ', Fig. 6C). Interestingly, as the pH of the
solution decreases, all three complexes show reduced binding
affinities compared to their neutral pH counterparts with the
reduction in binding free energy values (AAG) by 10.92 k] mol *
for the FliFc-FliGy complex, 54.77 k] mol ™' for the FliGy—
FliM,; complex, and 19.80 k] mol* for the FliYc-FliN¢ complex.
Remarkably, these findings are consistent with the non-
equilibrium pulling simulation observations in terms of the
relative order of stability between the complexes and also the
impact of the acidic pH conditions and this could be because a
mechanical unfolding pathway was comprehended as an aver-
age of multiple sets of non-equilibrium pulling pathways.
Interestingly, one common observation that also stems from
the comparison of the PMF profiles is that, for any specific
complex, the intermediates with similarly distorted constructs
signified by the distances between partnering proteins of a
complex are achieved at a lower cost of free energy (less stable)
when the solution reaches the acidic pH range compared to the
neutral pH. The above observation leads to the conclusion that
acidic pH facilitates the loss of structural integrity of any
complex. Our estimation of the free energy values is robust
considering the error bars associated with the measurements
and the convergence of the profiles substantiated by the overlap
of the individual umbrella distributions for each case (Fig. S12,
ESIY).

4 Discussion

The present research aims to identify ways to break the motor
protein machinery of H. pylori to find a remedy for its deleter-
ious impact on human lives. The tendency of a complex to
dissociate into its constituting protein sequences originates
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Fig. 6 PMF profiles (with vertical error bars) obtained for the three complexes under two different pH conditions generated via an enhanced sampling
approach. For any specific complex, a pair of PMF profiles signify the destabilizing impact of the acidic pH on the binding affinity of the constituting
proteins — (A) FliFc—FliGy complex, (B) FliGu—FliMy complex, and (C) FliYc—FliNc complex.
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from the inability of the proteins to adapt themselves to
dynamically altering environments,*® which is achieved by
utilizing a gamut of physiologically relevant perturbations, both
individually and also as a combination, to identify the extent of
comparative sustainability of the three complexes and resul-
tantly to expose their weak spots. Here we connect the dots
between the three protein complexes via their generic features
and how they portray their complex-specific signatures by the
unique characteristics with proper justifications.

Under the thermal and pH-dependent perturbations, the
beginning of the structural deformation is exemplified by a
subtle gain in backbone compactness with concomitant retain-
ment of the overall solvent exposure of a protein/complex
hinting toward the generation of a fluffy state®” where labile
side chains are loosely packed to the core of the protein and
this phenomenon becomes more prominent for o-helix-rich
systems. Post-attainment of the fluffy state, the progressive loss
of structural integrity comprises an anticipated route with a
higher degree of structural unfolding where all the structural
order parameters correlatively tell the same story. On the
contrary, the energetic features whose balance helps to hold
the structural integrity of a protein sequence display an extre-
mely predictable trend of gradual weakening of energetic
stabilization, specifically in terms of the backbone hydrogen
bond network®® and dispersion interactions.>® The somewhat
counterintuitive trend as observed for the long-range electro-
static interactions under a specific solution condition might be
due to the emergence of non-specific interactions within/
between protein sequences because of the creation of more
exposed conformational ensembles and hence the increased
possibility of intra-/inter-chain interactions.®® However, the
trend also becomes intuitive when two different solution con-
ditions are compared as acidic pH always destabilizes the
system electrostatically - be it intra-protein or inter-protein.®*
A similar dual character is displayed by secondary structural
content - intuitive (FliFc-FliGy system), as aggravated perturb-
ing conditions always reduce it at a specific pH, and counter-
intuitive (FliGy-FliMy; and FliYc-FliNg systems), as the earlier
trend becomes inconsistent. In the first case, the percentage of
secondary structure remains unchanged due to the protonation
of side chains (keeping the other conditions unchanged) and
this hints that the system loses it tertiary structure at acidic pH,
which leads to less packing of the side chains (complementing
structural order parameters).®® For the latter scenario, the gain
in secondary structure with progressively aggravated perturba-
tions under a particular solution condition or due to the low-
ering of pH without altering the rest of the solution conditions
could be attributed to the preferential unfolding of o-helical
segments and creating a tendency to generate f-sheet-like
structures,® at least in terms of the ¢-¢ landscape. Addition-
ally, in general, the characteristics of each of these three multi-
protein complexes are mainly dictated by its longer protein
fragment. Importantly, irrespective of the nature of perturba-
tions being implemented (elevated temperature or low pH),
each of the three complexes exhibits a complex-specific generic
unfolding mechanism whose sequence of events remains
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unaltered proving the existence of a complex-and chain-
specific maintenance of structural integrity, and this claim is
further substantiated by the observed similarity in the modula-
tion of interfacial interactions of a specific complex under
thermal/pH-driven perturbations. The combined effect of high
temperature and low pH perturbations reduces the withstand-
ing ability of a complex to a much greater extent due to the
additive nature of the combined external force acting on the
structure.®*

One of the most important features of the present work is
the identification of malleable segments that are prone to
extensive fluctuations under thermal and pH-modulated per-
turbations and hence can act as the potential sites for the
initiation of structural disintegration.®® Interestingly, the spe-
cific segments that appear as labile fragments of a sequence
retain their identities in terms of the length and position when
solution conditions are changed to the acidic pH, which
practically suggests that each protein sequence has multiple
generic discrete sites that are vulnerable to any form of cellular
perturbations (weak spots) and would start unfolding early. The
protein-specific network of dynamical cross-talk percolates
these environmental heterogeneity-driven segment-specific per-
turbations to the entire sequence. The progressive loss of
structural integrity of a protein always involves the melting of
a large number of smaller dynamical networks to a very few
numbers of continuous networks where torque is generated by
the out-of-phase dynamical movement of a considerably big
part of a chain from the rest of it.®

Application of mechanical perturbation in our systems
makes sense as the motor proteins experience conversion of
electrochemical potential to mechanical force in the process of
generating torque.’® Interestingly, the complexes show varia-
bility in their mechanical separation processes by projecting
two different mechanisms - sequential unzipping and simul-
taneous separation®” - and more importantly, a particular
complex does not change its mechanical separation mecha-
nism with varying pH. It is important here to mention that the
observed mechanical separation mechanisms of the three
individually studied complexes might vary if the entire oligo-
meric motor protein complex is considered simultaneously
where individual complexes are connected as there could be
some long-range allosteric impact of one complex on another.
Since the conformations evolved in the pulling trajectories are
non-equilibrium in nature as well as the thermally perturbed
ensembles, a direct comparison between them would not make
much sense statistically. Interestingly though, the additivity
feature of combined perturbations is found to be valid for
mechanical perturbation and acidic pH as well.®®

The limitation of quasi- to non-equilibrium sampling is
overcome by employing enhanced sampling approaches which
eventually led us to the equilibrium quantification of binding
affinities between two partnering protein sequences of a spe-
cific complex. In general, acidic pH lowers the binding affinity
between two protein chains of a complex compared to the
neutral one and this in turn practically provides robustness
to the quasi- and non-equilibrium measurements of structural
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and energetic variables, which hinted toward the reduction of
cohesive forces operative between two partnering proteins of a
complex under acidic pH conditions. It is worth emphasizing
that the reduction of affinity between a pair of protein chains
under acidic pH conditions varies significantly as the affinity
gets reduced to a very large extent for the FliGy-FliMy,
complex, but not so much for the other two complexes. Speci-
fically, the FliFc and FliGc chains, which form the MS-ring/
C-ring junction point, get minimally affected due to the low-
ering of pH and this might be a testimony of the unperturbed
functioning of H. pylori under acidic pH conditions in the
stomach.®" The extremely lowered affinity between the FliGy
and FliM, proteins under acidic pH conditions does not show
any considerable impact on the flagellar functional activity®!
and this might be due to the nature of the structure of the
FliG\-FliMy; complex, where the structure-forming proteins
are merely held together without any cross-structure entangle-
ments (a larger distance between two partnering proteins),
unlike what is observed for the other two complexes (a smaller
distance between the structure-forming proteins). The correla-
tion between estimated binding affinities at neutral pH and the
extent of entanglement between two partnering protein
sequences of a specific complex in their native states is further
evidenced by the number of residues involved in the interfacial
interactions, which is maximum for the FliYc-FliNe complex
and minimum for the FliGy,—FliMy,; complex.

Although there have been extensive research reports on the
H. pylori flagellar motor system, a lack of detail is eminent
when it comes to the extremely specific structural and energetic
features of the constituting proteins or the junction complexes
down to the single molecule level and this presents a hurdle for
any simulated observable to be compared and hence to be
validated. Still, we found multiple instances where our simu-
lated observables qualitatively/semi-quantitatively match with
the existing experimental observations: the highest extent of
structural deviation of two helices (a6 and a7) of the FliGy
chain in the FliF-FliGy complex,®® which might be due to the
fact that those two helices are the loosely bound segments as
they form after the complex formation between FIiF and FIiG;>°
acidic pH drives the FliFc-FliGy complex more towards the
dissociated state;’® FliYc-FliN¢ inter-chain interactions are
dominated by electrostatic forces;*® both polar and hydropho-
bic interactions are essential for the FliGy-FliMy; complex to
be in the stable state;*® protonation leads to reduced inter-
chain interactions for the FliF-FliGy complex due to lack of
polar interactions and residual interactions are contributed by
the hydrophobic residues;*® key residues/secondary structural
elements contributing to the interfacial interactions of three
complexes in their native states corroborate nicely with experi-
mentally determined structural information;>***3° o5 of FliGy,
which is reported to be important for flagellar formation and
motility,*® evolves as a malleable segment in our analysis; the
loop connecting o5 and a6, which supposedly prevents intra-
molecular association,*® also appears as a stand out segment in
fluctuation profile analysis; cross-species conserved residues®
of both FliGy, (E137, H138 and R172) and FliMy, (R76, D130,

2124 | Phys. Chem. Chem. Phys., 2024, 26, 2111-2126

View Article Online

PCCP

L133, R144, S147 and 1149) appear to be labile segments in our
study as well; and the relative order of binding affinities
between FliF-FliGy and FliGy,—FliM,; complexes, as estimated
by our simulated approach, matches nicely with the experimen-
tally determined relative trend of dissociation constants of these
two complexes.”>*° All the above comparisons add robustness to
our inferences drawn from simulated trajectories.

5 Conclusions

The entire exercise executed in the present research, where we
tried to decode the minute detailing of structural and energetic
properties of each of the complexes and its constituting chains
in various possible solution environments under various per-
turbing conditions, has helped us to find an effective drug
target for H. pylori that would be suitable for the entire pH
range of the pancreas. The core idea is to search for the target
by funneling down the complex — sequence — segment —
residue route. Among the three complexes, the FliGy-FliMy,
complex shows extreme destabilization at acidic pH, yet, in
reality, H. pylori performs its functions under acidic pH condi-
tions in the pancreas without any hiccups, proving it not to be
the most influential segment of the motor machinery. This
leaves us with two other options - the FliFc-FliGy complex and
the FliYc-FliNe complex. The comparatively lower binding
affinity (easier to impose destabilization), the least reduction
of stability at acidic pH (maximum withstanding ability), and
most importantly, the strategic positioning of the FliFc-FliGy
complex (bridge between the MS-ring and the C-ring, and
hence, destabilization would cut-off the most important link
in the motor protein complex chain) make it a better choice
as a first step for target complex identification compared to
the FliYc-FliNe complex (extremely stable and hence harder
to destabilize). Therefore, the obvious choice for a specific
sequence of the FliFc-FliGy complex should be the FliF¢
sequence, as it shows extreme consistency in displaying com-
mon thermally malleable segments in terms of the number of
segments, lengths of those segments, and positioning of those
segments compared to the FliGy sequence under two different
pH conditions. Consequently, between the two malleable seg-
ments of the FliF; sequence, the smarter choice would be to
target the post-kink P545-D546-E547 segment, as it has the
shortest length (lower uncertainty), which is a prerequisite for
an effective drug target. Finally, to get down to a single residue,
the comparatively logical choice would be residue P545 as - (1)
it shows maximum elevation of fluctuation under thermal
scanning and at acidic pH and hence would be more accessible
to the incoming drug molecules,”" and (2) mutation of P545
would likely remove the kink shape of the FliF; sequence
(proline being a kink generator’?), which structurally seems
like a necessity for the effective interaction with the comple-
mentary FliGy sequence and hence the integrity of the FliFc—
FliGy complex and as a result would facilitate the complex
dissociation process. Although our current research addresses
an extremely important query regarding the therapeutic
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strategy against H. pylori, there is a limitation associated with
the present approach as we have not dealt with the whole
flagellar motor, which calls for future research works on the
entire motor device.
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