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ABSTRACT

The bacterial adhesin FimH consists of an allosterically regulated mannose-binding lectin domain and a covalently linked

inhibitory pilin domain. Under normal conditions, the two domains are bound to each other, and FimH interacts weakly

with mannose. However, under tensile force, the domains separate and the lectin domain undergoes conformational changes

that strengthen its bond with mannose. Comparison of the crystallographic structures of the low and the high affinity state

of the lectin domain reveals conformational changes mainly in the regulatory inter-domain region, the mannose binding

site and a large b sheet that connects the two distally located regions. Here, molecular dynamics simulations investigated

how conformational changes are propagated within and between different regions of the lectin domain. It was found that

the inter-domain region moves towards the high affinity conformation as it becomes more compact and buries exposed

hydrophobic surface after separation of the pilin domain. The mannose binding site was more rigid in the high affinity

state, which prevented water penetration into the pocket. The large central b sheet demonstrated a soft spring-like twisting.

Its twisting motion was moderately correlated to fluctuations in both the regulatory and the binding region, whereas a

weak correlation was seen in a direct comparison of these two distal sites. The results suggest a so called “population shift”

model whereby binding of the lectin domain to either the pilin domain or mannose locks the b sheet in a rather twisted or

flat conformation, stabilizing the low or the high affinity state, respectively.
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INTRODUCTION

Protein allostery is generally described as the regula-

tion of the active site of a protein through an effector

binding to a distal location and triggering or stabilizing a

conformational transition across the protein.1,2 As a

result, allosterically regulated proteins can be found

natively in two distinct states depending whether the

effector is bound or not. Characterization of the alloste-

ric propagation necessitates knowledge of both states.

However, determining the structure of even only one

functional state of a protein is challenging and relatively

few proteins have been structurally characterized in both

allosteric states.3 Furthermore, most of the reported allo-

steric changes involve propagation through loop regions,

or across regions of high helical content,4 which are

likely to confer a certain degree of flexibility.5 For exam-

ple, a a helix is observed to shift in the hinging region of

myosin heads6 and integrins.7,8 To date, allosteric

propagation through b sheets has only been characterized

for the lectin domain of the protein FimH, an adhesin

located at the fimbrial tip of uropathogenic E. Coli.9,10

However, b sheets are also known to contain a certain

degree of flexibility,11 and 23% of structurally character-

ized protein domains contain b sheets but no a helices,

while 52% contain both b sheets and a helices (in
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contrast only 16% contain exclusively a-helical struc-

ture). The protein FimH may thus provide a model sys-

tem for understanding what may prove to be a common

phenomenon.

The protein FimH consists of a pilin domain that

anchors it to the rest of the fimbria and a lectin domain

that binds mannose on the surface of infected cells12

(Fig. 1). Both domains consist mainly of b sheets form-

ing so called b-sandwich folds. Under static conditions,

lectin and pilin domains are docked onto each other and

FimH forms a hook-shaped structure13 [Fig. 1(a)] with

a low binding affinity to mannose.10 When tensile force

is present across FimH, for example under shear flow,

the two domains separate from each other13,14and the

lectin domain is found in a rather elongated conforma-

tion [Fig. 1(b)]. This is characterized by a large b sheet

in the lectin domain adopting a less twisted configura-

tion than in the docked state and the closing of a loop

around mannose (colored in brown in Fig. 1), conferring

a higher binding affinity to the ligand.9 Therefore, the

lectin domain is allosterically regulated because docking

of the pilin domain affects the distally located active site,

in this case resulting in lower binding affinity to man-

nose. The pilin domain can be said to have the role of

an allosteric effector, which binds to the regulatory inter-

domain region of the lectin domain. This auto-inhibitory

mechanism confers to FimH the property of a so called

“catch bond”, that is, tensile force increases the life time

of the bond.9 A recent mutagenesis study that used a

conformation-sensitive monoclonal antibody, which rec-

ognizes only the high affinity state, determined that the

conformation of the binding pocket and of the inter-

Figure 1
Tertiary and secondary structure of the lectin domain in two distinct crystallographic states. (a) X-ray structure of FimH in low affinity (PDB code

3JWN), where the domains are docked onto each other. The blue arch with arrows indicates that the clamp and swing segments are adjacent in pri-
mary sequence. (b) X-ray structure of isolated lectin domain in high affinity and with butyl a-D-mannose in the binding pocket (PDB code

1UWF). The simulations in this study were performed with the butyl group removed. The structures are displayed from two different angles, which
differ by a rotation of ca. 90

�
around the axis through the longest dimension of the lectin domain. Regions that were identified to undergo signifi-

cant conformational changes are colored as detailed in (c). (c) Secondary structure elements and displacements of Ca atoms between the crystal-
lized low and high affinity conformations. Secondary structure is indicated by green for b strands, cyan for hydrogen bonded turns, magenta for a
helices and purple for 310 helices. The coordinates of the structures were first minimized (see “Materials and Methods”) and then residues 2 to 157

were aligned before calculating the displacements shown in the plot. Segments consisting of at least seven consecutive amino acids with displace-
ments larger than 2 Å were considered to undergo significant conformational changes between low and high affinity state and colored differently. If

a segment started or ended within a loop (defined as a sequence not containing b strands or helices), the entire loop was included. Brown indicates
the clamp, blue the swing, orange the bulge-helix, violet the insertion and red the linker segment. Residues 65 2 70 are highlighted in magenta in

all structures and in the plot to indicate that this region switches from a 310 to an a helix from low to high affinity. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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domain region of the lectin domain are weakly coupled

to each other.15 This suggests the presence of intermedi-

ate states that are significantly populated during the allo-

steric transition.

Molecular dynamics simulation studies have revealed

that the allosteric pathway often consists of a combina-

tion of concerted motions (that is, coupled thermody-

namically) and events that can only occur sequentially4

(like in the case of the monomeric single-domain che-

motaxis protein Y, CheY16). Furthermore, allostery is

often described in terms of “population shifts”.17,18

According to this, the state in which the allosteric pro-

tein is found in the presence of the ligand can be visited

even in its absence but is less populated. Binding of the

ligand alters the energy landscape such that the confor-

mational equilibrium shifts toward the state in which the

protein is found after the allosteric transition. In order

to understand how conformational changes are propa-

gated in the FimH lectin domain across the central b
sheet, it is necessary to characterize the coupling between

the following processes: interaction with the pilin

domain, re-arrangements in the inter-domain region,

twisting of the b sheet, conformational changes in the

binding pocket, and binding to mannose.

This manuscript investigated with molecular dynamics

(MD) simulations how the backbone flexibility of the

lectin domain is related to its allosteric regulation and

mannose-binding function. Simulations performed at

room temperature analyzed how structural differences

between the two states in the inter-domain region and

the mannose binding site might be related to the alloste-

ric regulation of the lectin domain. Simulations of the

low affinity state with mannose computationally docked

were run to elucidate why the closed conformation of

the binding site provides a stronger interaction with

mannose. Finally, ls-long simulations performed at

330 K on a specialized supercomputer provided details

how the twisting motion of the large central b sheet is

correlated with fluctuations in the mannose binding site

and conformational re-arrangements in the inter-domain

region that contacts the pilin domain. This study empha-

sizes that studying protein dynamics at atomic level of

detail is necessary to understand how allosteric confor-

mational changes are propagated. Finally, the knowledge

gained from studying the FimH lectin domain can have

implications for the development of methods to predict

conformational changes in other b-sheets containing pro-

teins suspected of being allosterically regulated.

MATERIALS AND METHODS

Initial conformations

The structure of the low affinity state of the lectin

domain used in the simulations was obtained from the

crystallographic structure containing FimH incorporated

into the fimbrial tip (PDB code 3JWN).10 The rest of

the fimbrial tip except the lectin domain was truncated

after residue at position 160. The resulting C-terminus

was capped with N-methylamide in order to neutralize

its charge. The simulations with the high affinity state

were started from the crystallographic structure of the

isolated lectin domain bound to butyl a-D-mannose

(PDB code 1UWF)19 after truncating the butyl chain for

simplicity. For the purposes of this manuscript, the

ligand a-D-mannose is simply referred to as “mannose”.

All 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.20

Docking of mannose to the low affinity state

To dock mannose to the binding site of the low affinity

state of the lectin domain, the X-ray structure with PDB

code 3JWN was aligned onto the high affinity structure

(PDB code 1UWF) in order to minimize the RMSD of

residues 1–6 and residues 44–48. The coordinates of man-

nose, which is present in the high affinity structure, were

then used to create a complex between the protein in low

affinity and the ligand. The entire system was then sub-

jected to 100 steps of steepest descent minimization in

vacuo and 500 steps of conjugate gradient minimization

in a dielectric continuum using the program

CHARMM.20 The model constructed here of mannose

bound to the low affinity state of the lectin domain has

been used in a previous work,21 which has been pub-

lished during the preparation of this manuscript.

Simulations with NAMD

The MD simulations were performed with the pro-

gram NAMD22 using the CHARMM all-hydrogen force

field (PARAM22)23 and the TIP3P model of water. The

different simulation systems are summarized in Table I.

The proteins were inserted into a cubic water box with

side length of 86 Å, resulting in a system with in total

ca. 60,000 atoms. Chloride and sodium ions were added

to neutralize the system and approximate a salt concen-

tration of 150 mM. The water molecules overlapping

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 minimiza-

tion while the coordinates of the heavy atoms of the pro-

tein were held fixed and subsequent 500 steps with no

restraints. Each simulation was started with different ini-

tial 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
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taken into account by the Particle Mesh Ewald summa-

tion method.24 van der Waals 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 hydro-

gens were rigidly constrained by means of the SHAKE

algorithm with a tolerance of 1028. Snapshots were saved

every 10 ps for trajectory analysis.

Before production runs, harmonic constraints were

applied to the positions of all heavy atoms of the protein

to equilibrate the system at 300 K (or 330 K in the equili-

bration runs for Anton) 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 equilibra-

tion and production phases, the temperature was kept

constant at 300 K, or 330 K, respectively by using the Lan-

gevin thermostat25 with a damping coefficient of 1 ps21,

while the pressure was held constant at 1 atm by applying

a pressure piston.26 The program VMD27 was used to vis-

ualize the trajectories and to render the structures used in

the figures of this manuscript. Analysis of the simulations

was performed using the programs VMD27 and

CHARMM.20 Plots were made with the program xmgrace.

Simulations on Anton

Anton is a specialized supercomputer for MD simula-

tions.28 All systems simulated on Anton were first equili-

brated for 10 ns using NAMD on a conventional

supercomputer in order to avoid crashes due to the fixed

point arithmetic used on Anton. The simulations were run

at constant temperature and pressure with a 2 fs time step

using Anton software version 2.7. The non-bonded inter-

actions were evaluated analytically within a distance of 9

Å. Beyond this cutoff, electrostatic interactions were calcu-

lated by means of the k-space Gaussian split Ewald (GSE)

method29 and evaluated every 6 fs via a multi-stepping

algorithm. The temperature was held constant by means of

the Nosè Hoover thermostat30,31 while the pressure was

kept constant through the Martyna-Tobias-Klein (MTK)

barostat.32 In simulations where mannose was constrained

in the binding pocket, a flat bottom harmonic potential

was applied to the distance between the following two

groups of atoms: Phe1 N, Asp47 N, Asp54 Od1, Asp54 Od2,

and Gln133 N�, and, O2, O3, O6, and O4 of mannose. The

flat bottom harmonic potential was zero if the distance

between the centers of mass between these two groups was

smaller than 2.45 Å and increased with a spring constant

of 100 kcal/mol/Å2 beyond this cutoff.

Determination of hydrogen bonds

A hydrogen bond analysis was performed along the tra-

jectories to determine state-dependent backbone hydrogen

bonds and to study the interaction between mannose and

the lectin domain. 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 or an acceptor A could

both be either an oxygen or a nitrogen. A hydrogen bond

formed in at least 66% of the frames of a trajectory was

said to be persistent in that particular simulation. A back-

bone hydrogen bond was said to be formed weakly if the

H. . .O distance was between 2.7 Å and 3.0 Å as long as the

angle cutoff was satisfied. If a hydrogen bond was formed

in at least 66% of the simulation frames using the larger

cutoff (but in less than 66% of the frames using the stricter

cutoff), then it was called a persistent weak hydrogen

bond. If a backbone hydrogen bond was observed to be

persistent in at least one of the two simulations with one

state but was not persistent in any simulation with the

other state even when using the larger cutoff, it was called

Table I
Simulation Systems

Namea Start structure (PDB code) Tempb [K] Duration [ns] Software

Ld_low_1c low affinity (3JWNd) 300 50 NAMD
Ld_low_2c low affinity (3JWNd) 300 50 NAMD
Ld_high_1c high affinity (1UWF) 300 50 NAMD
Ld_high_2c high affinity (1UWF) 300 50 NAMD
Ld_low_mann_1c low affinity 1 mannose (3JWNd) 300 50 NAMD
Ld_low_mann_2c low affinity 1 mannose (3JWNd) 300 50 NAMD
Anton_low_330K_1e 10 ns Ld_low_1f 330 5801 Anton
Anton_low_330K_2e 10 ns Ld_low_2f 330 2280 Anton
Anton_high_330K_1 10 ns Ld_high_1f 330 1028 Anton
Anton_high_330K_2e 10 ns Ld_high_1f 330 912 Anton

aNames used in the text to denote a specific simulation.
bTemperature.
cLd stands for lectin domain.
dThe lectin domain (residues 1 2 160) of chain H was used.
eIn these runs, constraints were applied onto oxygen atoms of mannose and atoms of the protein that form hydrogen bonds with the ligand in order to prevent man-

nose from escaping the binding pocket.
fThe snapshot sampled after 10 ns in the indicated simulation was used as starting conformation.

b-Sheet Allosteric Mechanism

PROTEINS 993



a state-dependent backbone hydrogen bond. Similarly, a

weak hydrogen bond observed to be persistent in at least

one simulation with only one state was called a state-

dependent weak hydrogen bond. When comparing two

crystallographic structures, a hydrogen bond was consid-

ered state-dependent when formed in one structure but

not in the other even when using the larger distance cutoff.

A complete list of state-dependent backbone hydrogen

bonds along with their frequencies is presented in Sup-

porting Information Tables S1 and S2 and summarized in

Table II. In the case of the hydrogen bond analysis between

mannose and the lectin domain, no distinction was made

which hydrogen atom was donated whenever a donor had

multiple protons (for example, the N-terminal amide

group of Phe1). Similarly, with hydrogen bonds involving

a side-chain with two oxygen atoms (for example, Asp54)

no distinction was made which of the two was the

acceptor.

Determination of side-chain contacts

Side chain contacts were determined between the pro-

tein and mannose, and between key residues in the bind-

ing pocket. A side-chain contact was defined to be

formed if the distance between the centers of geometry

of two side chains, or of a side-chain and mannose was

less or equal 6 Å. A side-chain contact was considered

persistent during a trajectory if observed in at least 66%

of the simulation frames.

RESULTS

Comparison of backbone flexibility

Backbone flexibility has often been linked to biomolec-

ular function, in particular when binding a target.33,34

In the case of the lectin domain of FimH there are two

regions with key functions: the inter-domain regulatory

region that binds the pilin domain and the distal man-

nose binding site. Comparing the flexibility of these

regions between the two states can give clues about how

the docking or separation of a ligand can initiate confor-

mational changes that propagate across the protein. For

this purpose, two 300-K MD simulations were performed

with the low and two with the high affinity state of the

lectin domain (Table I). In both cases, for computational

efficiency, the lectin domain was simulated in isolation,

that is, no other domains of the fimbrial tip were pres-

ent. This might introduce artefacts in the simulations of

the low affinity state where the two domains of FimH

contact each other and removal of the pilin domain will

result in the solvent exposure of otherwise buried resi-

dues of the lectin domain. However, the relatively short

simulation time of 50 ns is not expected to cause signifi-

cant conformational changes as indicated by the rela-

tively low total Ca root mean square deviation (RMSD)

from the initial structure in all four simulations [Fig.

2(a)].

Identification of segments that change conformation

In order to analyze structural differences between the

two states, it was necessary to first identify the regions

of the lectin domain that undergo significant conforma-

tional changes when switching between one state and

another. For this purpose, the low and the high affinity

structure were aligned and the following segments were

identified to have significant conformational differences

(see caption of Figure 1(c) for a detailed description of

the method): clamp segment (residues 2–22), swing seg-

ment (residues 23–32), bulge-helix segment (residues

60–72), insertion segment (residues 112–124) and linker

Table II
Number of State-Dependent Backbone Hydrogen Bonds

X-raya Simulationb Simulation weakc

Segment (residues) Low High Low High Low High

Total1–158 21 25 19 (18) 22 (22) 2 1
Clamp2–22 0 3 0 (0) 2 (2) 0 1
Swing23–32 (total) 4 3 3 (3) 2 (2) 0 0
Swing23–32-Linker150–158 0 2 0 (0) 2 (2) 0 0
Bulge-helix60–72 7 12 7 (7) 12 (12) 1 0
a-switch65–70 (total) 3 6 3 (3) 6 (6) 1 0
a-switch65–70-Insertion112–124 0 1 0 (0) 1 (1) 0 0
Insertion112–124 (total) 5 6 4 (4) 5 (5) 1 0
Insertion112–124-Linker150–158 5 2 4 (4) 2 (2) 1 0
Linker150–158 5 5 4 (4) 5 (5) 1 0

A hydrogen bond observed only in the low or the high affinity state, respectively, is said to be state-dependent (see “Materials and Methods” for the exact definition).

The values indicate total numbers, number of hydrogen bonds involving amino acids in a particular segment and number of hydrogen bonds between segments. A

complete list of hydrogen bonds along with their frequency is presented in Supporting Information Tables S1 and S2.
aNumber of state-dependent hydrogen bonds based on the comparison between the two static X-ray structures (see “Materials and Methods”).
bNumber of state-dependent hydrogen bonds based on the analysis of the trajectories. The number in parenthesis indicates the subset of contacts observed to be state-

dependent according to a comparison of the X-ray structures.
cNumber of state state-dependent weak hydrogen bonds (see “Materials and Methods”).
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segment (residues 150–157). Contained within the

bulge-helix segment is the so called a switch (residues

65–70) which is also monitored separately because it

switches from a 310 helix in low affinity to a a helix in

high affinity [Fig. 1(c)] and for consistency with previ-

ous publications.10,15 The clamp segment is located in

part within the mannose binding pocket, whereas swing,

insertion and linker segments are part of the inter-

domain regulatory region and contain residues that con-

tact the pilin domain in the low affinity state of FimH

[Fig. 1(a)]. According to analysis of the Ca root mean

square fluctuations (RMSF), major differences in flexi-

bility were observed in the clamp segment (mannose

binding site) and in the inter-domain region [Fig. 2(b)].

For this reason, the discussion below is limited to these

areas.

Flexibility of the mannose binding site

The clamp segment, which is part of the mannose

binding pocket, presented a relatively higher mobility in
the low affinity state and sampled a vaster conforma-

tional space as indicated by the larger RMSD from the
initial structure and a larger standard deviation [Fig.

2(a)]. This was consistent with generally larger Ca RMSF
values in the low affinity conformation of the clamp seg-

ment [Fig. 2(b)]. It is worth noting that fluctuations
derived from the crystallographic B values show less
mobility for the clamp segment in low affinity than in
the simulations [indigo line in Fig. 2(b)]. This discrep-
ancy is probably due to intra-unit crystallographic con-
tacts between two copies of the fimbrial tip leading to
lower mobility in the crystalline state than in solution.
The rigidity of the clamp segment in the high affinity

Figure 2
Comparison of backbone flexibilities at room temperature. (a) The Ca RMSD from the initial conformation averaged over two 300-K simulations
of each the low and the high affinity state (only frames from the last 40 ns of in total 50-ns trajectories were used). The RMSD is calculated for

the total length of the lectin domain except for the terminal amino acids (residues 2 2 157) and for the segments identified to present significant
conformational differences between low and high affinity state [Fig. 1(c)]. Error bars indicate the standard deviation of the RMSD along the trajec-

tories. *For the clamp segment, the difference in RMSD was statistically significant (the p-value from a one-tailed Student’s t test is indicated),
while the difference in standard deviation was marginally statistically significant with a p-value of 0.08. (b) Average Ca RMSF calculated from two

simulations with the low and two simulations with the high affinity state. From each simulation, only the last 40 ns of in total 50-ns simulation

time were used. The RMSF was calculated for each simulation independently and then the values of two runs started from the same state were
averaged. The error bars indicate the standard error of the mean. Segments that switch conformation are indicated with vertical dashed lines. Semi-

filled circles indicate that the difference is statistically significant according to a one-tailed Student’s t test (for simplicity, only values of the low
affinity state are labeled). Values of RMSF derived from crystallographic B factors of the low affinity state structure were calculated using the for-

mula RMSF
exp
i 5

ffiffiffiffiffiffiffiffiffiffi
3

8p2 Bi

q
, where Bi is the B factor of Ca of residue i. Chemical shifts measured for the high affinity state35 and deposited in the

BMRB database60 were used to derive RMSF values by utilizing the Random Coil Index server.61,62 [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 3
Structural differences in the mannose binding site and the inter-domain region between low and high affinity state. (a,b) The mannose binding site

in the low and the high affinity state, respectively, showing hydrogen bonds in the clamp segment formed only in high affinity. Hydrogen bonds
are indicated by blue dashed lines, except for one weak hydrogen bond which is colored in green. Residue names are also colored accordingly. (c,

d) Conformation of the inter-domain segments in the low and high affinity state, respectively, highlighting state dependent backbone hydrogen
bonds involving the swing segment and hydrophobic side chains (surrounded by circles) contacting the pilin domain when docked. Names of resi-

dues involved in hydrogen bonds are colored in blue. (e) SASA of hydrophobic residues that contact the pilin domain. The labels below the x axis
indicate in which segments the amino acids are located. (f) Radius of gyration of inter-domain segments. The values are averages over two simula-

tions and the error bars are standard errors of the mean. The differences are statistically significant with p-values smaller than 0.01 according to

one-tailed Student’s t-tests. Values calculated from the crystallographic structures are also included and indicated with stars. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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state is consistent with the presence of three state
dependent (of which one is weak) backbone hydrogen
bonds [Fig. 3(a,b), Table II and Supporting Information
Tables S1 and S2; see “Materials and methods” for the
definition of (weak) state dependent hydrogen bonds].
The flexible and open configuration of the clamp seg-
ment in the low affinity state likely facilitates docking of
the ligand before tensile force activates FimH and the
pocket is tightened.

Flexibility of the inter-domain region

Interestingly, the clamp segment is adjacent in primary

sequence to the swing segment, which undergoes the larg-

est displacement between low and high affinity state [Fig.

1(c)]. In low affinity, the swing segment forms a b hairpin

stabilized by backbone hydrogen bonds [Fig. 3(c), Table II

and Supporting Information Table S1] that swings away

from the linker segment allowing the pilin domain to

wedge itself between the two segments [Fig. 3(c)]. On the

other hand, in high affinity, the swing segment takes a dis-

ordered conformation that is located closer to the linker

segment with which it forms two hydrogen bonds [Fig.

3(d), Table II and Supporting Information Table S2]. This

is consistent with its slightly higher mobility than in low

affinity [Fig. 2(b); out of in total 10 residues in the swing

segment, five had higher mobility with p< 0.10 and two

with p< 0.05, according to a one-tailed Student’s t-test].

The mobility of the swing segment and, in general, the

inter-domain region is evident also from RMSF values cal-

culated from chemical shifts of the high affinity state35

[Fig. 2(b)]. In fact, the backbone flexibility observed in the

simulations is consistent with the mobility derived from

the experiments for most of the protein, except for seg-

ments in the inter-domain region and a region adjacent to

the binding pocket (residues 90–100), which present a

much larger mobility in the experiments [Fig. 2(b)]. This

discrepancy might be due to limited conformational sam-

pling in the simulations. The flexibility of the inter-

domain region in high affinity is probably crucial to allow

docking of the pilin domain and the conversion to low

affinity.

Conformational changes in the inter-domain region

Conformational differences in the inter-domain region

between the low (pilin domain docked) and high (pilin

domain separated) affinity state have been experimentally

shown to be associated with the allosteric pathway that

regulates the function of the lectin domain.10,15 In

order to understand what drives the conversion of the

inter-domain region from one conformation to another,

it is necessary to physically characterize the conforma-

tional differences between the two states. A previous

analysis of inter-domain contacts found that in total four

hydrophobic residues in the inter-domain region contact

the pilin domain [Fig. 3(c,d)].13 Analysis of the solvent

accessible surface area (SASA) along the trajectories

revealed that all four amino acids presented a lower

SASA in the high affinity than in the low affinity struc-

ture of isolated lectin domain [Fig. 3(e)]. Another

important observation is that in the high affinity state all

inter-domain segments presented a relatively more com-

pact structure as indicated by the radius of gyration [Fig.

3(f)]. Notably, the observed differences were consistent

between averages from the simulations and values meas-

ured from the crystallographic structures [Fig. 3(e,f)].

Taken together, these measurements suggest that after

separation from the pilin domain, structural rearrange-

ments occur aimed at achieving a more compact struc-

ture of the inter-domain region. At the same time,

hydrophobic residues that are partially or completely

buried in high affinity serve as hotspots for binding to

the pilin domain.

Affinity for mannose: low versus high affinity
state

Comparison of the crystallographic structures shows

that the clamp segment in the binding pocket is in an

open and rather unstructured conformation in the

unbound low affinity state [Fig. 1(a)], and in a closed

and structured conformation when the lectin domain is

in the high affinity state and bound to mannose [Fig.

1(b)]. However, it is not clear how the clamp segment

modulates the binding affinity to mannose. In order to

understand this, two simulations were performed with

the lectin domain in the low affinity state after mannose

was docked in the binding site. The location of mannose

in the binding site was determined through superimposi-

tion to the high affinity structure where mannose is pres-

ent in the crystal (see “Materials and Methods” for a

detailed description). In both 50-ns simulations per-

formed with the obtained complex, mannose remained

docked to the protein, allowing a comparison of persis-

tent contacts formed between the protein and the ligand

with those observed in the runs with the high affinity

structure (Ld_high_1,2).

Hydrogen bond analysis

In total six hydrogen bonds between mannose and the lec-

tin domain were observed to be persistent (see “Materials

and Methods” for the definition of a persistent hydrogen

bond) in both simulations with the high affinity state [see

Fig. 4(a,b) and Table III and a previous publication by us15].

In contrast, the simulations of the low affinity state in com-

plex with mannose presented only five persistent hydrogen

bonds, which are a subset of the six observed in high affinity.

The hydrogen bond Gln133 N�H. . . mannose O3, which is

persistent in high affinity, is formed in less than 20% of the

frames in each of the two simulations with low affinity [Fig.

4(c,d)]. The fact that five out of six hydrogen bonds

remained formed in almost every frame throughout the
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simulations with docked mannose suggests that the ligand

was probably positioned correctly. Also, during the docking

protocol, the salt bridge between the positively charged N-

terminus and the side-chain of Asp54 ruptured. A previous

computational study suggested that rupture of the salt bridge

between the N-terminus and Asp54 is necessary in order for

mannose to bind correctly.36 In fact, this salt bridge was

observed to be persistent only in the simulations with the

low affinity state without mannose (Table IV).

Hydration of the binding pocket

It is necessary to understand how the open conformation

of the binding pocket in low affinity causes the lack of a

stable hydrogen bond between mannose and the side-chain

of Gln133. For this reason, the solvent exposure of mannose

and of contacting residues was analyzed in both, the low

and the high affinity state [see Fig. 5(a,b) for a side to side

comparison of the binding site in both states with man-

nose]. Mannose presented a remarkably larger SASA in the

low than in the high affinity state [Fig. 5(c)]. This is prob-

ably mainly due to the loss of a side-chain contact between

mannose and Ile13 located in a turn of the clamp segment

that swings outward in low affinity [see Fig. 5(a,b) and

Table III]. The side chains of Asp54 and Gln133, which both

form hydrogen bonds with mannose in high affinity, are

completely buried in both states according to their SASA

values [Fig. 5(c)]. Nevertheless, they still engaged in hydro-

gen bonds with water molecules in the low affinity state

simulations [Fig. 5(d)]. This indicates that in low affinity a

Figure 4
Hydrogen bonds between the lectin domain and mannose. (a, b) Two different angles of the mannose binding pocket in high affinity (snapshot

after 14 ns of the run Ld_high_1). (c) Mannose binding pocket in low affinity highlighting that the hydrogen bond with the Gln133 side-chain is
not formed (snapshot after 20 ns of the run Ld_low_mann_1). (d) Ratio of frames where the respective hydrogen bond is seen to be formed (the

values are averages over two simulations and the error bars denote standard errors of the mean). *Values are larger than 1 because both oxygen

atoms might form a hydrogen bond with the same donor at the same time. All hydrogen bonds persistent in the simulations of both, the high and
the low affinity state, are highlighted by blue dashed lines and their stability is reported with blue bars in the plot. The hydrogen bond with the

Gln133 side-chain, which is stable only in high affinity is colored in green in both, the graphical representations and the bar plot (the difference is
statistically significant). Mannose and the functional groups involved in hydrogen bonds are shown in the stick and ball representation (the carbon

atoms of mannose are colored in purple to facilitate distinction). The backbone of the protein is colored in white except the clamp segment which
is shown in brown. The definition of a persistent hydrogen bond is given in “Materials and Methods”. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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channel might be present in the binding pocket through

which water molecules can infiltrate and interfere with

hydrogen bonds between protein and ligand.

In order to understand how water can penetrate into

the binding pocket, side-chain interactions between

Gln133 and vicinal residues were determined. Persistent

contacts were observed between the side-chain of Gln133

and the phenyl rings of Phe1, Phe142, and Phe144 in both

simulations with the high and both simulations with the

low affinity state [Fig. 5(a,b) and Table III]. However, in

the low affinity runs, Phe142 presented a relatively larger

SASA [Fig. 5(c)] and the side chains of Phe142 and

Phe144 were observed to be more flexible than in the

runs with the high affinity state. The increased mobility

of Phe142 and Phe144 is likely related to two major topo-

logical differences between the high and the low affinity

state. One difference is due to the open configuration of

the clamp segment in low affinity, which causes the phe-

nyl ring of Phe142 and of Phe144 to lose contacts that are

formed in high affinity with the backbone CH2 groups

of Gly14 and Gly15, respectively [visual analysis and Fig.

5(a,b)]. The other topological difference is that the Ca

atoms of Phe142 and Phe144 are located at a greater dis-

tance from the Ca atom of Phe1 in low affinity [Fig.

5(e)], thus indicating an overall wider binding pocket

than in high affinity. Furthermore, in low affinity, the

side-chain of Gln133 loses a contact with Asn135 that is

observed in high affinity [Fig. 5(a)] and forms instead a

contact with Val56 located distally from the clamp seg-

ment [Fig. 5(b) and Table III]. These observations, that

is, a wider binding pocket, an increased mobility of the

phenylalanine side chains and a different placement of

Table III
Contacts between Mannose and the Lectin Domain and Side Chain Contacts between Q133 and the Rest of the Protein

Ld_high_1 Ld_high_2 Ld_low_mann_1 Ld_low_mann_2

Hydrogen bond protein-mannose
F1 NH - mannose O2 1.00 1.00 0.93 0.98
F1 NH - mannose O6 1.00 1.00 0.98 1.00
D47 NH - mannose O6 0.98 0.99 0.97 0.93
mannose O4H - D54 Od1;2

a 1.36 1.36 1.13 1.40
mannose O6H - D54 Od1;2

a 1.02 1.04 1.13 1.04
Q133 N�H - mannose O3 0.99 0.99 0.13 0.05
Side chain contact protein-mannoseb

I13 - mannose 0.71 0.81 0.00 0.00
D47 - mannose 1.00 1.00 1.00 0.99
Y48 - mannose 0.72 0.81 0.73 0.68
I52 - mannose 1.00 1.00 1.00 1.00
D54 - mannose 1.00 1.00 1.00 1.00
Q133 - mannose 1.00 1.00 0.17 0.10
N135 - mannose 0.98 0.98 0.96 0.71
Side chain contact Q133 - proteinb

Q133 - F1 1.00 1.00 1.00 1.00
Q133 - I13 0.00 0.00 0.82 0.37
Q133 - D54 1.00 1.00 0.96 1.00
Q133 - V56 0.42 0.38 0.88 0.96
Q133 - N135 1.00 1.00 0.32 0.33
Q133 - F142 0.99 0.88 0.99 0.86
Q133 - F144 0.92 0.90 0.93 0.83

The values indicate the ratio of simulation frames where a contact is formed.
aSince the side-chain of Asp54 can flip, no distinction was made which oxygen atom was making a hydrogen bond with mannose, leading to values larger than 1 for the

frequency of hydrogen bond formation (see “Materials and methods”).
bSee “Materials and methods” for the definition of a side-chain contact.

Table IV
Contacts in the Binding Pocket that Differ between Bound and Unbound States

Ld_high_1 Ld_high_2 Ld_low_mann_1 Ld_low_mann_2 Ld_low_1 Ld_low_2

Electrostatic contacts
N-term - D54* 0.00 0.00 0.02 0.16 0.89 1.00
Side chain contacts
Y48 - I52 0.81 0.86 0.97 0.88 0.37 0.15
I52 - Y137 0.98 1.00 0.97 0.99 0.68 0.28

Ratio of simulation frames where a contact is formed. A contact is considered persistent if observed in at least 66% of the simulation frames. *The salt bridge between

the positively charged N-terminus and the side-chain of Asp54 is considered formed if the distance between the backbone nitrogen of Phe1 and the Cc atom of Asp54 is

not larger than 4 Å.
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Gln133, suggest that the low affinity state allows water

molecules to penetrate and hydrate groups involved in

hydrogen bonding with mannose [illustrated using two

snapshots from the low affinity simulations in Fig.

6(a,b)].

Tyrosine gate

In both, the low and high affinity state, mannose is

shielded from the solvent also through contacts with the

side chains of Tyr48 and Ile52 located at the outer edge of

the binding pocket [Fig. 6(c,d) and Table III]. These

interactions are stabilized by the fact that Ile52 is sand-

wiched between Tyr48 and Tyr137, with which it forms

stable contacts [Fig. 6(c,d) and Table IV]. In contrast, in

the absence of mannose, the contacts between Ile52 and

the two tyrosine residues were formed much less fre-

quently [Fig. 6(d)], and in particular the side-chain of

Tyr48 sampled a vast conformational space (visual analy-

sis). Because of the ability of Tyr48 to adapt to a ligand

Figure 5
Side chain interactions and hydration of the mannose binding pocket. (a) Side chains undergoing persistent contacts with Gln133 in both high
affinity simulations (dashed lines). Asn135 is marked by a red circle to highlight that it forms a persistent contact only in the high affinity state.

Although it does not interact with Gln133, the side-chain of Ile13 is also indicated because it undergoes persistent contacts with mannose only in
the high affinity state (Table III). (b) Side chains undergoing persistent contacts with Gln133 in both low affinity simulations (dashed lines). Val56 is

marked by a red circle to indicate that it forms a persistent contact only in the low affinity state (Table III). (c) SASA of mannose and of side
chains that form hydrogen bonds with it. The SASA of Phe142 is also indicated because it contacts Gln133 (the SASA of other side chains contacting

Gln133 did not change more than 1 Å2 between the two states and thus it is omitted). (d) Ratio of frames where a specific functional group that is

involved in hydrogen bonds with mannose forms hydrogen bonds with water molecules. (e) Average distance of Ca atoms of hydrophobic residues
contacting Gln133 from the N-terminal Ca atom. In all plots, the reported values are averages over two simulations with each state while the error

bars indicate standard errors of the mean. Reported are also p-values from one-tailed Student’s t-tests. In the last plot, the p-value refers to the dif-
ference between high and low affinity state with mannose. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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and to “open” in the absence of it, the Tyr48-Ile52-Tyr137

configuration has been called in the literature the

“tyrosine gate”.37,38

Correlated motions in ls-long simulations

A previous analysis comparing the crystallographic

structures of high and low affinity state described that

the allosteric conformational change is propagated

through the mechanical twist of a continuous large b
sheet of the lectin domain [Fig. 7(a)].10 In particular,

transition to low affinity upon docking of the pilin

domain involves the tilting of b17-22 which is part of

the clamp segment and is located at the edge of the large

b sheet (the nomenclature “bxx-yy” indicates a b strand

from residue xx to residue yy). However, from the crys-

tallographic structures alone it is not clear whether the

pilin domain induces the conformational switch or

rather stabilizes a conformation that is accessible in its

absence but less populated. In order to investigate this,

two multi-ls simulations starting from the low affinity

state and two ls-range simulations starting from the

high affinity state of the isolated lectin domain were run

on Anton, a specialized supercomputer, at a temperature

of 330 K (Table I). The slightly higher temperature is

used to accelerate sampling. The analysis presented here

focuses first on the simulations started from the low

affinity state since the absence of the pilin domain

(which is docked to the lectin domain in low affinity)

likely allows for greater flexibility of the inter-domain

region and overall a vaster conformational sampling.

Figure 6
Water penetration into the binding pocket and tyrosine gate. (a) Water molecules forming hydrogen bonds with the side-chain of Asp54 or the
amine group of the Gln133 side-chain in the snapshot saved after 29.36 ns of the run Ld_low_mann_1. The side chains that interact with Gln133 in

high affinity are also displayed. In this snapshot, one water molecule, W1, interacts with Asp54 and Asn135 side chains, and another water molecule,

W2, interacts with mannose and the side-chain of Asn133. Hydrogen bonds are indicated through blue dashed lines and water molecules are colored
in orange for better recognition. (b) Water molecules forming hydrogen bonds with the side-chain of Asp54 or the amine group of the Gln133 side-

chain in the snapshot saved after 21.14 ns of the run Ld_low_mann_2. One water molecule, W3, forms hydrogen bonds with both, mannose and
one of the oxygens of the Asp54 side chain. This leads to the loss of one hydrogen bond between Asp54 and mannose. Three other water molecules

(not labeled) also form hydrogen bonds with the Asp54 side chain. Visual analysis shows that the water molecules penetrate the binding pocket
through a gap between Phe142 and the backbone of the clamp segment and a gap between Gln133 and Asn135. (c) Residues involved in the tyrosine

gate. Side chain contacts observed to be persistent (that is, formed in at least 66% of the frames) in simulations with mannose bound are indicated

with dashed lines. (d) Ratio of frames where side-chain contacts are formed. The vertical dashed line separates contacts with mannose from con-
tacts within the tyrosine gate. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Flexibility of the large b sheet

In order to quantify the twist of the large b sheet, the

dihedral angle defined by the Ca atoms of residues 17,

135, 125, and 22 was measured along the trajectories

[Fig. 7(a)]. The reason for selecting this particular dihe-

dral is that while b17-22 undergoes a significant tilt

between the two states, b125-135 does not undergo any

major shifts with respect to the rest of the protein

[Fig. 1(c)] and presents low fluctuations [Fig. 2(b)] thus

constituting a reasonable reference to describe the tor-

sional properties of the large b sheet. Time series calcu-

lated from the runs with the low affinity state indicated

that the dihedral angle is rather flexible and sampled val-

ues similar to both the low and the high affinity state

[Fig. 8(a) and Supporting Information Figure S1] indi-

cating that the large b sheet is rather flexible. To corrob-

orate whether the twisting motion of the large b sheet is

correlated to movements in other parts of the protein,

key distances and angles in the inter-domain region and

the binding pocket were monitored along the trajectories

[Fig. 8(a)]. The Pearson’s linear correlation coefficients

were then calculated among all six monitored quantities

(including the dihedral angle in the large b sheet) and

plotted as a matrix for the combined simulations with

the low affinity state [Fig. 8(b)] and for the combined

simulations with the high affinity state [Fig. 8(c)].

Correlation between the large b sheet and the inter-
domain region

A weak to moderate correlation was observed between

angles in the b sheet [Region II in Fig. 8(b)] and two meas-

ures in the inter-domain region (Region I): the radius of

gyration, which was smaller in the high than in the low affin-

ity state [see Fig. 7(b) and Section “Comparison of backbone

Figure 7
Illustration of angles and distances observed to be correlated in the Anton trajectories. (a) Dihedral angle (highlighted in red) defined by the Ca

atoms of residues Ser17, Asn135, Leu125, and Val22 in the large b sheet (colored in green). (b) Segments in the inter-domain region used for the cal-
culation of the radius of gyration and distance (highlighted by a blue dashed line) between Asn29 in the swing segment and Val154 in the linker seg-
ment. Part of the pilin domain is displayed for reference although it was not present in the simulations. (c) Angle (highlighted by red semi-circles)
between the two adjacent b strands b17-22 and b142-150. (d) Distances of three Ca atoms located near the mannose binding site from the Ca

atom of Phe1 (highlighted by blue dashed lines). The average value of these three distances is used for the correlation calculations. All quantities
were chosen in such a way that their values are smaller in the high than in the low affinity state in order to facilitate the interpretation of the cor-
relations. Angles and distances are shown for the low (left side of each panel) and the high (right side of each panel) affinity structure. The location
of Ca atoms is indicated by spheres. Except in (a), the backbone is colored to highlight segments that change conformation between the two states
as described in Figure 1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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flexibility”], and the distance between Asn29 in the swing

segment and Val154 in the linker segment [Figs. 7(b) and

8(b)]. Residues Asn29 and Val154 are part of the docking site

of mAb21, a monoclonal antibody that recognizes only the

high affinity state of FimH.10 Interestingly, visual analysis of

the FimH structure in low affinity shows that the pilin

domain is wedged between the swing and linker segments,

which prevents the two aforementioned residues from mov-

ing closer to each other and thus stabilizes the swing seg-

ment in its lifted position [Fig. 7(b)]. It is likely that the

absence of the pilin domain from the simulations of the low

affinity state allowed a larger flexibility of the swing segment.

Correlation between the large b sheet and the binding
pocket

The next question is how flattening or twisting of the

large b sheet is related to the closing or opening of the

Figure 8
Correlation between key angles and distances measured along the Anton trajectories. (a) Time series of key angles and distances (Fig. 7) measured
along the Anton simulation started from the low affinity state, Anton_low_330K_1. The red lines are time averages over a 120-ns time window.
The cyan dashed lines in each plot indicate average values obtained from 300-K simulations with the low affinity state (larger value) and the high
affinity state (smaller value). The averages were calculated from the last 40 ns of two in total 50-ns long simulations with either the low or the
high affinity state (Table I). (b) Pearsons’s linear correlation coefficients between key angles and distances in runs with the low affinity state. The
values were obtained after merging the trajectories of two Anton simulations with the low affinity state (Anton_low_330K_1,2) and averaging the
time series with a 120-ns time window in order to eliminate noise. The program xmgrace was used to calculate the correlations. The upper half of
the plot contains the structure of the lectin domain in the low affinity state. (c) Similar as in (b), but using the Anton simulations with the high
affinity state (Anton_high_330K_1,2).
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clamp segment and tightening or losening, respectively,

of the mannose binding site. A strong correlation was

observed between the dihedral angle and the angle

between b17-22 strand and neighboring b142-150

[Region II in Fig. 8(b).] The decrease of this angle

brings residues Gly16 and Gln143 closer to each other,

which form a backbone hydrogen bond in the high

affinity state locking the clamp segment in the tighter

conformation [Fig. 7(c)]. In fact, the angle between the

two b strands and the distance between these two resi-

dues was found to be moderately correlated [Square II-

II in Fig. 8(b)]. A weak correlation was also observed

between the angle and the average distance between resi-

due Phe1 and residues Gly16, Gln143, and Phe144 [Square

II-III in Fig. 8(b)]. Shortening of these distances tightens

the pocket [Fig. 7(d)], which in Section “Affinity for

mannose: low versus high affinity state” was shown to

prevent water penetration. Interestingly, a very weak cor-

relation was observed between the inter-domain region

and one of the key distances in the mannose binding

pocket (Square I-III in Fig. 8). These observations sug-

gest that motions in the inter-domain region and in the

binding site are coupled with the motion of the b sheet

while a loose coupling exists between the two distal

sites.

Spring-like characteristics of the large b sheet

Simulations started from the high affinity state also

presented similar correlations as the runs with low

affinity, although they were generally weaker [Fig. 8(c)

and Supporting Information Figures S2 and S3]. This

discrepancy is consistent with the fact that the simula-

tions started from the low affinity state generally

sampled a vaster conformational space than the runs

with the high affinity state as suggested by the distribu-

tion of the RMSD from the initial structure [Fig. 9(a,b)

and Supporting Information Figures S4-S7]. This could

be due to the longer simulation time of the runs with

low affinity and to the removal of the pilin domain,

which is wedged between the swing and linker seg-

ments. It is plausible that the absence of the inhibitory

pilin domain from the runs with the low affinity state

unlocked the swing segment from its lifted position

[Fig. 7(b)], which in turn facilitated an increased mobil-

ity of the large b sheet [Fig. 8(a)]. In fact, in the simu-

lations started from the low affinity state, the dihedral

angle significantly sampled values representative of the

high affinity state [Fig. 10(a)] while its mean was

located between the average values calculated from

shorter 300-K simulations with either state [Fig. 10(a)].

In contrast, in the simulations with the high affinity

state, only a small fraction of the values sampled by the

dihedral angle were in the region pertaining to the low

affinity state [Fig. 10(b)]. Interestingly, in both cases the

distribution was observed to be Gaussian (Fig. 10) indi-

cating that the conformational space of the large b sheet

is constrained inside a rather shallow parabolic potential

well. Consequently, the b sheet can be described as a

rather soft Hookean spring that can be locked in either

an over-twisted or an over-stretched conformation, as is

the case in the low or high affinity state, respectively. In

the simulations with the low affinity state, where the

pilin domain had been removed, the b sheet likely

sampled values around its equilibrium conformation,

that is, neither over-twisted nor over-stretched, accord-

ing to a Gaussian shaped Boltzmann distribution [Fig.

10(a)].

Figure 9
Conformational sampling of the lectin domain in the Anton simulations. (a) Normalized histograms of the Ca RMSD (residues 2 2 157) from the
initial conformation measured along the Anton simulations with the low and the high affinity state, respectively (Supporting Information Figures

S4-S7). (b) Minimum, average, and maximum values of the Ca RMSD determined after averaging the time series over a 12-ns time window.
Reported are averages over two simulations and the error bars denote standard errors of the mean. The p-value between maximum values was cal-

culated using a one-tailed Student’s t test.
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DISCUSSION

This manuscript presents a model for how allosteric

conformational changes propagate across a protein

domain that consists mainly of b-sheet structure. The

lectin domain of the adhesive protein FimH switches to

a high affinity state for binding mannose when separated

from the inhibitory pilin domain.10 The lectin domain

can be dissected into three main regions: an inter-

domain region consisting mainly of disordered loops that

contact the pilin domain in the low affinity state, a man-

nose binding region also containing flexible loops, and a

structured central region composed predominantly of a

large b sheet [Figs. 1 and 7(a)]. Understanding how con-

formational changes transition from one site of the lectin

domain to the other requires analyzing how the three

regions are connected to each other and how binding or

separation of either the pilin domain or mannose affects

the respective binding sites.

Entropic effects are likely to play a role in conforma-

tional changes occurring in the inter-domain regulatory

region upon separation from the pilin domain. In fact,

in its docked state, the pilin domain is found wedged

between the swing and linker segments located in the

inter-domain region of the lectin domain [Fig. 7(b)].

However, after separation, rearrangements occur that

reduce the radius of gyration of the inter-domain region

and the solvent accessible surface area of key hydropho-

bic residues. Also, the swing segment in the inter-domain

region displays a slightly larger mobility in the high

affinity state, which is indicative of higher entropy. This

is consistent with chemical shift data, which indicates a

relatively high mobility of the inter-domain region in the

high affinity state35 [Fig. 2(b)]. Similarly, entropic effects

regulate the function of the mannose binding site. In its

open configuration of the low affinity state, the clamp

segment [Fig. 3(a)] is relatively flexible and samples con-

formational space [Fig. 2(a)]. Once mannose is bound to

the high affinity state, the clamp segment and nearby

side chains are more rigid, preventing water penetration

into the binding site. The loss of conformational entropy

is compensated by the formation of intra-protein hydro-

gen bonds and hydrogen bonds with the ligand [Fig.

3(b)]. The function of the clamp segment can be

described as a gate that needs to open before mannose

can detach, as observed in a 330-K simulation performed

here with the high affinity state and mannose initially

bound (Supporting Information Fig. S8). Similarly, bind-

ing of mannose to the high affinity state also likely

requires opening of the clamp segment, explaining the

recently experimentally measured slower rate of binding

for the high versus the low affinity state.39

Simulations in the ls time range started from the iso-

lated lectin domain in low affinity revealed that motions

in the inter-domain region and the mannose binding

pocket were moderately correlated with the twist-like

movement of the centrally located large b sheet. The

conformational fluctuations of the two binding sites were

weakly correlated to each other. These observations are

consistent with a recent mutagenesis study that also

showed weak conformational coupling between the two

distal regions.15 The centrally located large b sheet was

found here to have the characteristics of a soft spring

indicated by the Guassian distribution of a dihedral angle

that describes its twisting motion. This suggests that con-

formational changes occurring at either binding site due

Figure 10
Elasticity of the large b sheet observed in the Anton simulations. Histograms of the dihedral angle defined by the Ca atoms of residues 17, 135,

125, and 22 measured along the simulations with (a) the low and (b) the high affinity state, respectively. The binning size was one degree. The

thick solid line represents fitting with a Gaussian curve. The vertical dashed lines are averages calculated from the last 40 ns of two in total 50-ns
long simulations performed at 300 K with either the low or the high affinity state, respectively (Table I).
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to the interaction with a ligand are transmitted across

the lectin domain thanks to the elastic properties of the

large b sheet. In fact, the absence of the pilin domain

from the ls-long simulations with the low affinity state

facilitated structural elements in the inter-domain region

and the large b sheet to fluctuate between the low and

the high affinity conformations [Figs. 8(a) and 10(a)].

However, a full transition to the high affinity state was

not observed in the simulations started from low affinity.

In particular, the bulge-helix segment, which is located at

the opposite edge of the b sheet than the clamp segment

(Fig. 1), generally retained its initial conformation

throughout the simulations (Supporting Information Fig-

ures S4 and S5). This indicates that the conformational

transition is propagated across the lectin domain mainly

through twisting of the large b sheet, which has the

greatest effect on the clamp and swing loops. In contrast,

other elements that lie between the regulatory and active

sites, like the bulge-helix segment that are known to be

part of the allosteric pathway,15 do not demonstrate any

involvement in propagation between the distal sites in

our study, and instead may stabilize the two distinct con-

formations of the regulatory region.

From a thermodynamic point of view, the allosteric

mechanism of FimH can be described by a “population

shift” model.4,18 According to this model, when the lec-

tin domain is in high affinity (that is, separated from the

pilin domain) the inter-domain region and the large b
sheet can access conformations similar to the low affinity

state although higher in energy. Docking of the pilin

domain would then stabilize the lifted conformation of

the swing segment shifting the equilibrium toward the

low affinity state. Similarly, mannose is likely to stabilize

the closed conformation of the clamp segment. Classic

models of allostery focused on whether allosteric confor-

mational changes happen sequentially40 or whether they

must happen simultaneously in a concerted fashion.2

The mechanism of the lectin domain is a combination of

both. Due to the elasticity of the b sheet, conformational

changes at the interface between two neighboring regions

are coupled to each other whereas overall conformational

changes in the distal regions are weakly related. This

allows the presence of transient intermediate states that

are difficult to characterize through crystallographic

studies alone but for which there is biochemical evi-

dence.15 Understanding dynamics at atomic level of

detail makes it possible to link the experimentally

observed intermediate states to the elasticity of the b
sheet and to how conformational changes are propa-

gated. During the preparation of this manuscript, a crys-

tal structure was published containing four FimH

molecules in the asymmetric unit, three of which locked

in an intermediate state with mannose bound to the

high affinity conformation of the pocket while the inter-

domain region was in the low affinity conformation and

docked to the pilin domain (PDB code 4XOB).41 This is

consistent with the mechanism proposed here that the

interconversion between the low and the high affinity

state consists of a series of intermediate steps.

It would be interesting to evaluate whether b-sheet

fluctuations play a role also in the regulation of other

proteins. Ten percent of protein domains have a b-sand-

wich structure, including the binding domains in catch-

bond forming cadherins,42,43 and many bacterial adhe-

sins that mediate a shear-enhanced adhesion that

strongly suggests catch bonds.44–49 It is possible that

backbone fluctuations in b-sandwich folds are common

in catch-bond forming proteins because the b sandwich

would confer the mechanical stability needed to with-

stand force, while the twisting fluctuations would allow

the allostery that provides a mechanism for catch bonds.

It would also be interesting to determine whether b
sheets in mixed a-helix and b-sheet domains, such as the

Rossman folds common in integrins and adhesive pro-

teins such as von Willebrand factor, also provide flexibil-

ity that contributes to known or suspected allosterically

induced conformational changes.7,50,51

In conclusion, the present manuscript illustrates how

b sheets can transfer allosteric conformational changes

across a protein domain. Thanks to MD simulations, it

was possible to distinguish what elements in the lectin

domain are key for the propagation of conformational

changes and how their motions are related to each other.

It would be interesting to apply the methods used here

to other proteins that are known or suspected to be

regulated allosterically, in particular when the transmis-

sion of conformational changes is likely to occur across

b sheets. Here, ls-long simulations were run on a speci-

alized supercomputer. However, when such a resource is

not available, it is thinkable that accelerated methods,

like higher temperature,52,53 metadynamics54,55 or

accelerated dynamics,56,57 could be used instead. Molec-

ular dynamics results can then be complemented by

experimental assays that have also been successfully used

to explore the dynamics behind allostery,4 like nuclear

magnetic resonance58 or fluorescence resonance energy

transfer.59
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