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Abstract

The bacterial adhesin FimH is a model for the study of protein allostery because its structure has been resolved in multiple

configurations, including the active and the inactive state. FimH consists of a pilin domain (PD) that anchors it to the rest

of the fimbria and an allosterically regulated lectin domain (LD) that binds mannose on the surface of infected cells. Under

normal conditions, the two domains are docked to each other and LD binds mannose weakly. However, in the presence of tensile

force generated by shear the domains separate and conformational changes propagate across LD resulting in a stronger bond to

mannose. Recently, the crystallographic structure of a variant of FimH has been resolved, called FimH FocH, where PD contains

10 mutations near the inter-domain interface. Although the X-ray structures of FimH and FimH FocH are almost identical,

experimental evidence shows that FimH FocH is activated even in the absence of shear. Here, molecular dynamics simulations

combined with the Jarzinski equality were used to investigate the discrepancy between the crystallographic structures and the

functional assays. The results indicate that the free energy barrier of the unbinding process between LD and PD is drastically

reduced in FimH FocH. Rupture of an inter-domain hydrogen bond involving R166 constitutes a rate limiting step of the

domains separation process and occurs more readily in FimH FocH than FimH. In conclusion, the mutations in FimH FocH shift

the equilibrium towards an equal occupancy of bound and unbound states for LD and PD by reducing a rate limiting step.
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Abstract

The bacterial adhesin FimH is a model for the study of protein allostery

because its structure has been resolved in multiple configurations, including

the active and the inactive state. FimH consists of a pilin domain (PD) that

anchors it to the rest of the fimbria and an allosterically regulated lectin do-

main (LD) that binds mannose on the surface of infected cells. Under normal

conditions, the two domains are docked to each other and LD binds man-

nose weakly. However, in the presence of tensile force generated by shear the

domains separate and conformational changes propagate across LD resulting

in a stronger bond to mannose. Recently, the crystallographic structure of a

variant of FimH has been resolved, called FimHFocH, where PD contains 10

mutations near the inter-domain interface. Although the X-ray structures of

FimH and FimHFocH are almost identical, experimental evidence shows that

FimHFocH is activated even in the absence of shear. Here, molecular dynam-

ics simulations combined with the Jarzinski equality were used to investigate

the discrepancy between the crystallographic structures and the functional

assays. The results indicate that the free energy barrier of the unbinding

process between LD and PD is drastically reduced in FimHFocH. Rupture

of an inter-domain hydrogen bond involving R166 constitutes a rate limiting

step of the domains separation process and occurs more readily in FimHFocH

than FimH. In conclusion, the mutations in FimHFocH shift the equilibrium

towards an equal occupancy of bound and unbound states for LD and PD

by reducing a rate limiting step.

Keywords: Allosteric regulation, molecular dynamics, pulling simulations,

Jarzinski equality, FimH adhesin, bacterial adhesion, biophysics.
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Introduction

In allosterically regulated proteins, generally an effector molecule binds to a

site of the protein triggering or stabilizing a conformational transition that

propagates to a distally located functional site.1, 2 The bacterial adhesin

FimH is a well-studied model for protein allostery. It consists of an alloster-

ically regulated mannose-binding lectin domain (LD) and a pilin domain

(PD) that anchors FimH to the rest of the bacterial fimbria.3 When the

two domains are docked to each other, LD binds mannose weakly.4, 5 How-

ever, upon separation of the two domains from each other, for example under

tensile force generated by shear flow, LD undergoes conformational changes

that strengthen its bond to mannose.4, 5 Thus, LD is predominantly found

in either a low affinity state (LAS) or a high affinity state (HAS) for binding

mannose. Such an allosteric auto-inhibitory mechanism confers to FimH the

property of a so called ”catch bond”, i.e., tensile force increases the life time

of the bond with mannose.6 Previous studies by us have indicated a weak

correlation between the conformational changes in the inter-domain region of

LD and those occurring at the distally located mannose binding site during

the conversion between LAS and HAS.7, 8 Furthermore, both PD and man-

nose act as effector molecules of the allosteric transition of LD according to a

so called ”population shift” model.8 While docking of PD shifts the confor-

mational equilibrium of LD towards LAS, the presence of mannose increases

the likelihood of LD to be found in HAS9 although the switch from LAS to

HAS is strongly enhanced by the application of tensile force.6

Hence, it is plausible that an equilibrium exists even in the absence of

shear between a state where LD and PD are bound to each other with LD

in LAS and a state where the two domains are separated with LD in HAS.

While in the absence of mannose the LD-PD bound state is more predom-
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inant, when mannose is present the equilibrium slightly shifts towards the

state where LD and PD are separated while tensile force provides sustained

activation. Evidence for such an equilibrium shift in the absence of shear

has been provided by a recent study by us where wild-type FimH was com-

pared to variants that are more easily activated.10 In particular, in one of the

variants LD of FimH was fused in a recombinant manner to a structurally

altered PD where a segment of 16 residues was replaced with a related se-

quence from FocH, a naturally occurring homologue of FimH with different

lectin specificity. Overall, this fusion results in 10 mutations in PD (Figure

1). I refer here to the combination of LD from FimH and PD with the amino-

acid sequence replacement from FocH as FimHFocH (in a previous study,10 it

has been termed LD-PDFocH). The X-ray structure of FimHFocH crystallized

in the absence of mannose reveals that LD and PD are bound to each other

with LD in LAS in a very similar fashion as in wild-type FimH10 (Figure

1a,b). However, in functional assays FimHFocH was found in the presence

of mannose to be activated and displayed HAS-like phenotype even in the

absence of shear while wild-type FimH required shear-induced tensile force

for sustained activation.10 The observation that FimHFocH is activated under

static conditions while wild-type FimH requires shear despite their crystal-

lographic structures having no significant differences suggests a differential

activation mechanism between FimHFocH and FimH. This motivates studying

the dynamics of the activation mechanism at atomic level of detail.

A previous study by us found that the mutation A188D in FimHFocH,

which is known to be activating,11, 12 weakens the LD-PD interface by dis-

rupting hydrophobic inter-domain side-chain interactions.10 However, the

mutations in FimHFocH may also affect inter-domain electrostatic interac-

tions, which are thought to be stronger than hydrophobic contacts. Hence,
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to thoroughly understand how the FimHFocH mutations alter the LD-PD in-

terface it is necessary to investigate, besides hydrophobic-driven side chain

contacts, also electrostatic interactions including intra-PD as the mutations

may alter networks of hydrogen bonds and salt bridges.

In this study, I used molecular dynamics (MD) simulations to study how

the mutations in FimHFocH alter networks of interactions at the interface

between LD and PD. Furthermore, a method combining pulling simulations

and the Jarzynski equality13 as elaborated in a previous study14 was used here

to investigate free energy barriers in the unbinding process of LD from PD

and compare how they differ between FimH and FimHFocH. The overall goal

was to provide a mechanistic explanation for the discrepancy between X-ray

crystallography where FimHFocH is found in LAS and functional experiments

where this variant is activated even in the absence of shear in contrast to wild-

type FimH, which requires tensile force for sustained activation. The results

improve the understanding about the rate limiting steps of the allosteric

transition in a two-domain protein where one of the domains acts as the

effector.

Materials and Methods

Initial conformations

The initial coordinates of LAS of FimH and FimHFocH were obtained from the

crystallographic structures with PDB codes 3JWN5 and 7SZO,10 respectively.

In the X-ray structures, the proteins are incorporated into the entire fimbrial

tip of which two identical copies are present in the crystallographic unit.

While LD and PD are parts of the same subunit, the preceding domains

(such as FimG, FimF, etc.4) are connected through a so called β-strand
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swapping mechanism. For example, PD is donated a β strand from FimG

(Figure 1). For the simulations, chain H (which forms LD and most of PD)

and part of chain G (the donated FimG strand) were used for both FimH

and FimHFocH. The donated FimG strand was truncated after residue 13

and the resulting C-terminus was capped with N-methylamide in order to

neutralize its charge. The initial conformations were minimized with 100

steps of steepest descent in vacuo and 500 steps of conjugate gradient in a

dielectric continuum using the program CHARMM.15

General setup of the simulations

The MD simulations were performed with the program NAMD16 using the

CHARMM all-hydrogen force field (PARAM22)17 with the CMAP exten-

sion18, 19 and the TIP3P model of water. The different simulation systems

are summarized in Table 1. The proteins were inserted into a cubic water

box with side length of 115 Å, resulting in a system with in total ca. 146,000

atoms. Chloride and sodium ions were added to neutralize the system and

approximate a salt concentration of 150 mM. The water molecules overlap-

ping with the protein or the ions were removed if the distance between the

water oxygen and any atom of the protein or any ion was smaller than 3.1 Å.

To avoid finite size effects, periodic boundary conditions were applied. After

solvation, the system underwent 500 steps of minimization while the coordi-

nates of the heavy atoms of the protein were held fixed and subsequent 500

steps with no restraints. Each simulation was started with different initial

random velocities to ensure that different trajectories were sampled whenever

starting with the same initial state. Electrostatic interactions were calculated

within a cutoff of 10 Å, while long-range electrostatic effects were taken into

account by the Particle Mesh Ewald summation method.20 Van der Waals
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interactions were treated with the use of a switch function starting at 8 Å

and turning off at 10 Å. The dynamics were integrated with a time step of

2 fs. The covalent bonds involving hydrogens were rigidly constrained by

means of the SHAKE algorithm with a tolerance of 10−8. Snapshots were

saved every 10 ps for trajectory analysis.

Before production runs, harmonic constraints were applied to the posi-

tions of all heavy atoms of the protein to equilibrate the system at 300 K

during a time length of 0.2 ns. After this equilibration phase, the harmonic

constraints were released. The systems were simulated for in total 50 ns, and

the first 10 ns of unconstrained simulation time were also considered part of

the equilibration and were thus not used for the analysis. During both the

equilibration and production phases, the temperature was kept constant at

300 K by using the Langevin thermostat21 with a damping coefficient of 1

ps−1, while the pressure was held constant at 1 atm by applying a pressure

piston.22

Determination of persistent contacts

The simulation trajectories obtained in the absence of tensile force were

screened for persistent inter-domain side chain contacts, hydrogen bonds

and salt bridges. Contacts in the vicinity of R166 were also analysed. A

side chain contact was defined to be formed if the distance between the cen-

ters of geometry of two side chains was less than or equal 6 Å. To define a

hydrogen bond, a H...A distance cutoff of 2.7 Å and a D-H...A angle cutoff of

120◦ was used, where a donor D could either be an oxygen or a nitrogen, and

an acceptor A could be either an oxygen or a nitrogen as long as it is not part

of an amino group. An interaction was defined as a salt bridge if the atoms

Nζ of Lys or Cζ of Arg were closer than 4 Å or 5 Å, respectively, from either
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the Cγ of Asp or Cδ of Glu. All histidines were assumed neutral. A contact

was considered persistent if it was present in at least 66% of the frames of

a particular simulation. Some of the contacts found to be persistent in the

simulations with no tensile force were also used to monitor separation of the

domains in the pulling runs.

Studying the free energy of unbinding with a method

based on the Jarzynski equality

In order to determine the free energy profile using simulations one would

have to sample multiple binding and unbinding events between LD and PD.

Then, from such an ensemble where FimH or FimHFocH are at equilibrium

between the LD-PD bound and LD-PD unbound states it would be theo-

retically possible to determine the free energy profile along the binding and

unbinding pathways. However, sampling such events in atomistic MD sim-

ulations would be prohibitive since they would occur in a time scale that is

currently not accessible to computer simulations. A viable alternative is to

use external forces to accelerate the separation of PD from LD and then cal-

culate the work performed during the stretching. Normally, the work from

such a non-equilibrium process would only provide an upper estimate for

the free energy of the equilibrium process occurring in the absence of force.

However, a method has been developed that combines pulling simulations

at constant velocity with the Jarzynski equality13 and the second-order cu-

mulant expansion to approximate the free energy profile corresponding to

the process occurring at equilibrium with no external forces applied.14 The

free energy profile is then expressed as a function of the internal coordinate

that describes the extension of the entire protein. Such a function is called a

potential of mean force (PMF) and the coordinate is thought of as a reaction
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coordinate.14

The method is explained in detail in reference.14 A brief description is

presented here with emphasis on the equation used for the calculation of

PMF. Jarzynski13 discovered the following equality that describes the rela-

tionship between an equilibrium free energy difference ∆F and work W done

through a non-equilibrium process:

e−β∆F =
〈

e−βW
〉

, (1)

where β is 1/kT and 〈·〉 denotes an average. However, this equality can only

be applied to slow processes where the fluctuation of work is comparable

to the temperature,14 but as shown in the results this is not the case for

this system. It has been shown that a better estimate of the free energy is

achieved when using the second-order cumulant expansion to approximate

the logarithm of the right side of equation 1:

log
〈

e−βW
〉

≈ −β 〈W 〉+
β2

2

(〈

W 2
〉

− 〈W 〉2
)

. (2)

Since it has been shown that this introduces a bias, one way to correct it

is to use the unbiased estimator for the variance, yielding to the following

approximation for the PMF (corresponding to equation 19 in reference14):

ΨM ≡
1

M

M
∑

i=1

Wi −
β

2

M

M − 1





1

M

M
∑

i=1

W 2
i −

(

1

M

M
∑

i=1

Wi

)2


 , (3)

where M is the number of trajectories used in the calculation (here M = 10

since the in total 20 simulations performed were grouped into two sets).

Details about the pulling simulations and how equation 3 is applied are given

next.
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Constant-velocity pulling simulations

Setup of the simulations. The constant-velocity pulling simulations were

started from snapshots sampled during the runs with no tensile force (Table

1). The protein and a bulk layer of 6 Å were removed from the original cubic

system and placed into a rectangular water box with side lengths of 140 Å in

the direction of pull and 65 Å in the other two directions. The system was

then equilibrated at 300 K during 0.2 ns with harmonic constraints applied

to the heavy atoms of the protein similarly as for the runs with no tensile

force. Positional restraints were then applied to the coordinates of the Cα

atom of the N-terminus of LD. The Cα atom of the C-terminus of the do-

nated FimG strand in PD (Figure 1) was attached through a virtual spring

with a stiffness constant of 2 kcal/mol/Å2 to a dummy atom that was pulled

at a constant velocity of 1 Å/ns. This mimics the situation where LD is

bound to mannose on a host cell while the rest of the fimbria is pulled away

from it as the bacterial cell experiences drag forces due to shear stress. The

initial direction of pull was parallel to the axis through the fixed N-terminal

Cα atom and the pulled atom. As the dummy atom is pulled, the spring

extends. Using Hook’s law, the resulting applied tensile force is defined as

F = k∆x, where ∆x is the extension and k the stiffness constant of the

spring. It needs to be noted that from a physical point of view the direction

of force is not relevant, because the protein would rotate as a rigid body

until the axis through the pulled atoms is aligned parallel to the direction

of pull, if this was not the case at the start of the simulation. In total, 20

pulling simulations were performed with each FimH and FimHFocH and each

run lasted 25 ns (Table 1). This number was estimated from a previous study

where the Jarzynski equality was applied to simulations with deca-alanine.14
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Calculation of PMF. When applying the Jarzynski equality in conjunction

with pulling simulations, the PMF needs to be calculated as a function of a

parameter λ that is varied along the simulation.14 In this case, the parameter

λ is the distance between the fixed N-terminal Cα atom and the position of

the dummy atom. Because of the stiff-spring approximation the reaction

coordinate generally follows the parameter λ,14 and the spring constant of

2 kcal/mol/Å2 used here is a bit softer but still of comparable magnitude

than what was used in the benchmark study with deca-alanine.14 The work

performed during pulling is calculated as:

W = F‖∆λ, (4)

where F‖ is the component of the force parallel to the direction of pull and

∆λ is the increase in λ between saved steps. The resulting value for W is

then used in equation 3 to calculate the PMF. The 20 pulling simulations

were grouped into two sets of 10 and the PMF was calculated for each set

individually. Averages and standard errors of the mean (SEM) were then

calculated (n = 2) and plotted as a function of λ. The fluctuation of work

was estimated by calculating the standard deviation of W over all 20 runs,

and its comparison to kT yields an estimate how accurate the free energy

calculation is.
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Results

Comparison of backbone flexibility and inter-domain

contacts

In order to investigate differences in backbone flexibility and inter-domain

contacts, and to generate snapshots for pulling simulations, 50-ns long runs

at 300 K were performed with wild-type FimH and FimHFocH (Table 1, from

here on ”FimH” will always refer to ”wild-type FimH”). Although the result-

ing trajectories were already used in a previous published study to provide

atomistic explanations for experimental observations,10 here a more detailed

analysis is provided to investigate how the mutations alter the dynamics of

residues at the inter-domain interface.

Time series of the Cα root mean square deviation (RMSD) indicate that

the proteins are stable in the 50-ns long simulations and no significant differ-

ences are observed between FimH and FimHFocH for the total and individual

domains’ RMSD (Figure 2). This is consistent with experimental data show-

ing that in the absence of mannose both FimH and FimHFocH are likely to

be found in LAS with LD and PD docked to each other.10

Despite no differences in overall flexibility, previous studies by the author

on protein complexes have provided evidence that mutations near a bind-

ing interface can often induce changes in the network of inter-protein (in

this case, inter-domain) contacts.23, 24 For this reason, I analysed the persis-

tence of inter-domain contacts between LD and PD, and compared FimH to

FimHFocH.

Consistent with a prior study,10 the activating mutation A188D causes

the loss of a side chain contact in FimHFocH involving residue 188 (Figure 3),

although the total number of persistent inter-domain side chain contacts was
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the same in both runs with both variants (Table 2 and Figure 3). Besides side

chain contacts, which are mostly stabilized by hydrophobic interactions, it is

necessary to compare also electrostatic contacts at the inter-domain interface

to better understand how the mutations in FimHFocH alter its activation

mechanism. Generally, electrostatic interactions are thought to be stronger

than hydrophobic ones and to confer specificity in both protein folding and

protein-protein binding.25, 26

Analysis of inter-domain hydrogen bonds between LD and PD shows a

slightly stronger network in FimH than FimHFocH. Two hydrogen bonds were

persistent in both runs with FimH, and both are present also in the X-ray

structure (Table 2 and Figures 3 and 4). In contrast, only one hydrogen bond

was persistent in both simulations with FimHFocH and it is not observed in

the X-ray structure (Table 2 and Figures 3 and 4). In particular, the hydro-

gen bond involving the side chain of R166 is broken in most frames of one

run with FimHFocH while persistent in both simulations with FimH (Table 2

and Figures 3 and 4). This hydrogen bond is likely to be important in stabi-

lizing the hook-shaped structure of FimH because it involves a large charged

side chain buried at the interface and the large entropic cost of burying an

arginine needs to be compensated by the hydrogen bond formation. Buried

hydrogen bonds are known to significantly contribute to the stability of pro-

tein structure. No persistent inter-domain salt bridges were observed in any

of the simulations although a salt bridge was observed in a previous study

between LD and the neighboring FimG domain.4 Interestingly, a hydrogen

bond between the side chain of N33 and the backbone carboxyl group of G159

in the linker was observed to be persistent in all four simulations (Figure 3).

Although this is not an inter-domain interaction, it may contribute to the

stability of the LAS conformation of LD.
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In order to understand why there is a difference in hydrogen bond for-

mation between FimH and FimHFocH, I analyzed the mobility of the R166

side chain and its interaction with other charged side chains along the sim-

ulations. A persistent salt bridge was observed between R166 and D162 in

both simulations with FimH (Figure 5a,c). In contrast, in the simulations

with FimHFocH the D162-R166 salt bridge was rarely formed (Figure 5b,c).

Instead, the D162 side chain formed a salt bridge with R186, which was

persistent in one of the two simulations with FimHFocH and still present in

37% of the time in the other run (Figure 5b,c). The observed switch in

salt bridge formation is most likely due to the Y186R mutation, which in-

troduces an arginine competing with R166 for salt bridge formation with

D162 (Figure 5b). Interestingly, the formation of the D162-R186 salt bridge

mostly coincides with the rupture of the A115-R166 hydrogen bond (Figure

5c). Also, visual analysis reveals that when the D162-R166 salt bridge is not

formed R166 moves away from the inter-domain interface towards the solvent

(Figure 5b). Taken together, this analysis reveals that the D162-R166 salt

bridge stabilizes the position of R166 facilitating its hydrogen bond forma-

tion with A115. However, the mutation Y186R in FimHFocH causes D162 to

move away from R166 leading to the destabilization of the inter-domain hy-

drogen bond between the R166 side chain and the backbone of A115. Taken

together, although residue 186 is not directly involved in inter-domain con-

tacts, the Y186R mutation still alters the interface by disrupting hydrogen

bond formation through a domino effect on nearby residues.
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Comparing free energies between FimH and FimHFocH

during domain separation using the Jarzynski equality

Analysis of simulation trajectories that sample around the native state can

provide clues as to how the mutations in FimHFocH may weaken the LD-PD

inter-domain interface compared to wild-type FimH. Such destabilization of

the LD-PD complex is thought to lead to the activation of FimHFocH in the

presence of mannose but absence of shear while both, mannose and shear,

are necessary to activate FimH.10 However, it is a priori not clear whether

and how destabilization of specific inter-domain contacts alters the strength

of the interaction between LD and PD. One effective way of measuring how

strongly LD and PD bind to each other and compare FimH to FimHFocH is

to estimate the free energy of the binding and unbinding process between

the two domains. Calculation of free energy profiles in principle requires

the unbiased sampling of binding and unbinding events between LD and

PD. However, such simulations would not be computationally feasible as this

type of events occur in a time scale not accessible through current computa-

tional capabilities. A method has been developed to estimate the equilibrium

free energy profile from a non-equilibrium process such as the application of

tensile force using the Jarzynski equality13 (equation 1) and its second-order

cumulant expansion (equations 2-3).14 This method was used here and I per-

formed 20 pulling simulations at constant velocity with FimH and 20 similar

runs with FimHFocH. Then, I calculated for each protein the PMF (equation

3) from the work performed during pulling (equation 4) as detailed in Mate-

rials and Methods. This allowed me to compare the free energy profile of LD

unbinding from PD between FimH and FimHFocH and analyse differences in

the sequence of events during the unbinding process. In order to estimate

the amount of variability in the simulations, I grouped the runs into blocks
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of 10 similarly as in a previous study,14 computed the PMF for each block

individually (equation 3) and calculated the average and SEM for n = 2.

Comparison of the PMF profiles indicates a significantly lower free energy

barrier for the unbinding process of LD from PD in the case of FimHFocH than

FimH (Figure 6a). Also, while the PMF profile increases rapidly for FimH, it

remains roughly constant in the case of FimHFocH in the early stage of stretch-

ing. Interestingly, the PMF for FimHFocH displays a small dip at around λ =

86 Å, which coincides with the rupture of the inter-domain hydrogen bond

between the R166 side chain and the backbone of A115. In the case of FimH,

rupture of such hydrogen bond occurs later and at a significantly larger PMF

value than for FimHFocH (Figure 6a). These observations suggest that rup-

ture of the inter-domain hydrogen bond involving the R166 side chain occurs

much more readily in FimHFocH than FimH. It is important to note that for

λ > 90 Å the SEM for both proteins becomes very large indicating that as

the domains separate more configurational space becomes accessible limiting

the accuracy of the calculations. Another measure for the reliability of the

free energy estimate is the fluctuation of work, W , in comparison to kT . For

this reason, the standard deviation of W (δW )) was calculated over all 20

simulations, divided by kT and plotted for both FimH and FimHFocH (Figure

6b). In a previous benchmark study with deca-alanine,14 where application

of the Jarzynski equality was shown to provide a good approximation for the

free energy, the standard deviation for the total work was between 3.1 kT

and 7.1 kT depending on pulling speed. Here, large error bars for the PMF

coincide with δW values larger than 5 kT indicating that PMF values for λ

> 90 Å are probably not reliable. Nonetheless, application of the Jarzyn-

ski equality to the separation process of LD from PD reveals a lower free

energy barrier and an easier rupture of the inter-domain hydrogen bond in-
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volving the R166 side chain in FimHFocH compared to FimH. Rupture of the

inter-domain hydrogen bond involving R166 is likely to lead to hydration of

the inter-domain interface causing further separation of the domains. Thus,

the lower energy barrier observed in the simulations in the early stage of

stretching may explain the easier activation of FimHFocH compared to FimH.

Discussion

The bacterial adhesin FimH consists of two domains: LD, which binds man-

nose on host cells; and PD, which connects to the rest of the fimbria. Such

two-domain architecture confers to this protein an auto-inhibitory property

whereby PD acts as an effector molecule regulating the mannose-binding

affinity of LD in an allosteric manner.5, 6 There is compelling evidence that

LD and PD exist at an equilibrium between a state where they are bound

to each other and a state where they are separated.10 In the situation where

both mannose and tensile force are absent, the two domains are rather found

to be bound to each other and LD is in LAS, which is characterized by weak

binding to mannose. When mannose is bound and upon the application of

tensile force, which is for example generated by shear stress in the urinary

tract, the equilibrium is shifted towards the state where the domains are

separated and LD binds strongly to mannose. Normally, mannose alone does

not fully shift the equilibrium towards the active state. Indeed, FimH has

been crystallized in an intermediate state where LD and PD are bound to

each other but LD is in a hybrid conformation with mannose in the binding

pocket.27 However, in the case of a recombinant variant referred to here as

FimHFocH, which contains 10 mutations in PD near the inter-domain inter-

face, mannose alone is enough to be activating even in the absence of tensile
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force.10 This study aimed at understanding how the mutations in FimHFocH

alter contacts at the inter-domain interface and how this affects the strength

of the interaction between LD and PD. The latter was accomplished by esti-

mating the free energy profile of the separation process between LD and PD

and monitoring changes in the sequence of events during the separation.

Analysis of persistent inter-domain interactions along simulations per-

formed in the absence of external forces revealed that the hydrogen bond

between the side chain of R166 and the backbone carboxyl oxygen of A115

is significantly weakened in FimHFocH with respect to FimH (Table 2 and

Figures 3 and 4). Rupture of the hydrogen bond involving R166 was found

to coincide with a switch in salt bridge formation where the side chain of

D162, which formed a persistent salt bridge with R166 in FimH, switched to

form a salt bridge with R186 in FimHFocH (Figure 5b,c). Such a salt bridge

between residues 162 and 186 is not possible in FimH where a tyrosine is

present at position 186. Hence, the intra-PD D162-R166 salt bridge may

have a stabilizing function on the inter-domain hydrogen bond involving the

R166 side chain, and the Y186R mutation in FimHFocH disrupts such inter-

action. These results highlight how a mutation, such as Y186R in this case,

may destabilize a region of interest, such as the interface between LD and

PD, even though it is located distally and, in this case, residue 186 is not

directly involved in any inter-domain contacts. Yet through a cascade of side

chain rearrangements, Y186R leads to the loss of an inter-domain hydrogen

bond.

In order to measure the strength of the interaction between LD and PD

and compare FimH to FimHFocH, pulling simulations at constant velocity

were combined with the Jarzynski equality. The results indicated that in

FimHFocH there is likely to be a relatively lower free energy barrier for the
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separation of LD from PD compared to FimH at least in the initial stage of

the stretching (Figure 6). Furthermore, rupture of the inter-domain hydrogen

bond involving R166 occurs significantly earlier in FimHFocH. This is in

agreement with the fact that this hydrogen bond was observed to be weaker

in FimHFocH than in FimH in the simulations with no applied force.

The stabilizing function of the inter-domain R166-A115 hydrogen bond

is in agreement with the observation in in vitro studies that the mutation

R166H has an activating effect. In fact, variants of FimH from the mul-

tidrug resistant E. coli sequence type 131 (ST131) lineage that carried the

R166H mutation were shown to have increased mannose-binding ability.28

Furthermore, a recent study showed that E. coli cells expressed with the spe-

cific variant FimH30, which is also from the ST131 lineage and contains the

R166H mutation, increased adhesion to bladder cells, invasion of intestinal

cells and biofilm formation compared to other variants of the same lineage.29

In the same study,29 MD analysis of the R166H mutattion revealed that the

electrostatic interaction between residue 166 and A115 was lost due to the

replacement of arginine with histidine. Hence, there is a common mechanism

between the activation observed in FimHFocH and in the variants containing

R166H, i.e., the disruption of inter-domain hydrogen bonding between R166

and A115 facilitates separation of the FimH domains from each other. There-

fore, similarly as the PMF profile is reduced in FimHFocH relative to FimH it

is plausible that a similar reduction in free energy would be observed if the

same method used here was applied to R166H-bearing variants.

The current work presents an application of the Jarzynski equality to the

separation process of two relatively large protein domains. Furthermore, it

provides a way to asses how reliable the calculation of the PMF is along the

extension. In the case of the comparison between FimH and FimHFocH, the



Interlandi et al., Rate limiting step 20

rupture of key inter-domain contacts occurs in the early stage of the stretch-

ing where the estimation of the free energy can still be considered reliable

according to the fluctuation of work, δW , relative to thermal energy. Appli-

cations of the Jarzynski equality to biomolecules reported in the literature

up to date are limited to rather small systems such as the unfolding of small

proteins,14, 30 the unbinding of ligands from receptors,30 or, the pulling of an

ion through a potassium channel.31 In contrast, here the Jarzynski equality

was applied to the estimation of a free energy profile involving the complex

between two relatively large protein domains. The ability of this analysis

to reproduce an experimental difference between the two variants suggests

that the method described in this study based on the Jarzynski equality can

provide relevant insight to larger systems.

The two-domain architecture observed in FimH is typical of glycan-binding

lectin-like bacterial adhesins, which are common especially among gram-

negative bacteria. Hence, it can be postulated that LDs of such adhesins

are regulated by an allosteric mechanism as in FimH. In fact, a similar al-

losteric activation mechanism has been shown also for the galactose-specific

adhesin FmlH32 located at the tip of F9 fimbriae. Therefore, it is thinkable

that the method described here based on the Jarzynski equality can be ap-

plied to other two-domain adhesins in order to, for example, study at atomic

level of detail the effect of activating mutations near the inter-domain inter-

face, or even screen for mutations that may facilitate activation by lowering

the free energy barrier of the separation between LD and PD.

In conclusion, the present study provides an explanation for the relatively

easier activation of FimHFocH based on an analysis of persistent contacts

near the inter-domain interface and the estimation of the free energy profile

of the domains separation process using a method based on the Jarzynski
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equality. The study also employed a criterion to assess the reliability of the

PMF calculation along the projected axis. Given how ubiquitous two-domain

bacterial adhesins are the method described here can be used to study the

allosteric activation mechanism of a vast family of proteins.
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Figure 1: Comparison of the crystallographic structures of (a) wild-
type FimH and (b) FimHFocH highlighting the location of the muta-
tions. In both structures, the proteins are in LAS with LD and PD docked
to each other in a hook-shaped conformation. The PDB codes for FimH
and FimHFocH are 3JWN and 7SZO, respectively (chain H was used for each
structure). The location of the mannose binding site is indicated. Side chains
that differ between FimH and FimHFocH are shown in the stick and ball rep-
resentation and labeled. The backbone of LD and PD is colored in cyan and
magenta, respectively, while the backbone of the donated β strand of FimG
(truncated after residue 13) is colored in orange.

Figure 2: Time series of the Cα RMSD along the trajectories with
no external forces applied. The Cα RMSD was calculated from the initial
conformation in the two simulations with wild-type FimH (FimH 300K 1,2)
and the two runs with FimHFocH (FimHFocH 300K 1,2, Table 1). N- and C-
terminal residues were excluded from the calculations as they are generally
found to fluctuate. Thus, the values for LD were determined using resides 2
to 158, for PD using residues 161 to 278 and 2 to 12 of the donated strand
of FimG, and for the entire protein (LD-PD) the residues 2 to 278 and 2 to
12 of FimG were used.
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Figure 3: Time series of the formation of inter-domain side chain
contacts and hydrogen bonds along the trajectories with no ex-
ternal force applied. Side chain contacts are in turquoise while hydrogen
bonds are colored in blue. The fraction of frames in a run where a specific
contact is formed is indicated on the right side of each graph. A value in
boldface highlights that a contact is persistent (i.e., it is formed in at least
66% of the simulation frames). If a contact is persistent in both runs the
corresponding axis label on the left side of the graphs is in boldface. If it
is persistent in only one run it is indicated in the regular font while if it is
not persistent in either run the label is italicized. Vertical cyan dashed lines
indicate that the first 10 ns of each simulation were not used to calculate how
persistent a contact was. The hydrogen bond between the side chain of N33
and the backbone of G159 is also shown although it is not an inter-domain
contact, but it may help stabilize the LAS conformation of LD.

Figure 4: Persistent inter-domain hydrogen bonds. (a) Simulations
with FimH. (b) Simulations with FimHFocH. Hydrogen bonds persistent in
both simulations performed with the same structure are highlighted with
blue dashed lines while hydrogen bonds persistent in only one simulation
with a given structure are colored in green. Side chains or backbone func-
tional groups involved in the described hydrogen bonds are shown in the
stick and ball representation. For simplicity, only donated hydrogen atoms
are shown. The displayed conformations were sampled after 10 ns in the runs
FimH 300K 1 for (a) and FimHFocH 300K 1 for (b), respectively.
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Figure 5: Electrostatic interactions network at the R166 site. (a)
Snapshot sampled after 20 ns in run FimH 300K 2. (b) Snapshot sampled
after 20 ns in run FimHFocH 300K 2. (c) Time series of the formation of the
inter-domain hydrogen bond between A115 and R166 and intra-domain salt
bridges involving D162. Hydrogen bonds are highlighted with blue dashed
lines while salt bridges are colored in red. Side chains or backbone functional
groups involved in the described electrostatic interactions are shown in the
stick and ball representation. The Y186 side chain in FimH is also displayed
for illustration purposes. The fraction of frames in a run where a specific
contact is formed is indicated on the right side of the time series plot in (c).
A value in boldface highlights that a contact is persistent (i.e., it is formed in
at least 66% of the simulation frames). If a contact is persistent in both runs
the corresponding axis label on the left side of the time series is in boldface.
If it is persistent in only one run it is indicated in the regular font while if
it is not persistent in either run the label is italicized. Vertical cyan dashed
lines in the plots in (c) indicate that the first 10 ns of each simulation were
not used to calculate how persistent a contact was.

Figure 6: Approximation of the free energy profile along the separa-
tion process of LD and PD from each other comparing FimH and
FimHFocH. (a) Projection of the free energy onto the direction of pulling
(referred to as potential of mean force (PMF)) approximated through equa-
tion 3, which is based on the Jarzyinski equality (see Materials and Methods).
The PMF was calculated by applying equation 3 individually to two blocks
of 10 pulling simulations each and then averaging the two values. The ”en-
velope” along the averages represents standard errors of the mean (n = 2).
Averages and SEM were calculated every 2 ps and thus the error bars are
very close to each other forming an envelope. Indicated are the time points
where two inter-domain hydrogen bonds break with averages and standard
deviations calculated from all 20 pulling simulations. Besides the R166-A115,
the C161-S114 hydrogen bond is also shown as a previous study by us showed
that this contact is closest to the hinge axis4 and thus its rupture indicates
full separation of the domains. The time point of hydrogen bond rupture was
defined as the last snapshot in a pulling simulation where the contact was
observed to be formed. (b) Estimate of the accuracy of the PMF approxima-
tion by comparing the fluctuation of Work δW to kT . The horizontal cyan
dashed line highlights the threshold where we define that δW is significantly
larger than kT .
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Table 1: Simulation Systems
Namea Starting structure Type Duration [ns]
FimH 300K 1,2 wild-type FimH 300 Kb 2 x 50
FimHFocH 300K 1,2 FimHFocH 300 Kb 2 x 50
FimH pull 1-20 FimH 300K 1 10-29 ns pullc 20 x 25
FimHFocH pull 1-20 FimHFocH 300K 1 10-29 ns pullc 20 x 25

aIndexes are used to denote different replicas. bNo forces were applied
in these runs to sample the native state. cThe pulling simulations were
started from the snapshots sampled after 10 ns, 11 ns, ..., 29 ns of the
respective 300-K simulation where no forces were applied.

Table 2: Number of Inter-Domain Contacts
FimH

X-ray FimH 300K 1 FimH 300K 2 Both runs
Side chain contacts 14 (14) 10 (10) 9 (9) 9 (9)
Hydrogen bonds 3 (3) 2 (2) 2 (2) 2 (2)

FimHFocH

X-ray FimHFocH 300K 1 FimHFocH 300K 2 Both runs
Side chain contacts 15 (14) 11 (10) 10 (8) 9 (8)
Hydrogen bonds 3 (3) 3 (2) 1 (0) 1 (0)

The number of contacts in the ”X-ray” column was calculated for
both, chain H (reported outside the parenthesis) and chain N (reported
inside the parenthesis). The numbers in parenthesis in the simulation
columns are the subset of contacts present in the respective X-ray structure
(chain H) that was used to start the simulations. ”Both runs” refers to
contacts persistent in both simulations started with the same structure. The
simulations are listed in Table 1.
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