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Adhesion of uropathogenic Escherichia coli to host tissues is mediated by pili, which extend from the outer cell membrane of
the bacterium. Here we report molecular dynamics (MD) characterizations of the major constituent of P pili from the
uropathogenic E. coli, PapA, in unliganded state and in complex with the G1 strand of the chaperone PapD. To mimic the PapA
response to the gradual dissociation of the PapD G1 strand and to evaluate the role of PapA chaperone recognition sites, we
also carried out MD simulations of complexes of PapA with fragments of PapD G1 strand, that leave either the P4 or both P3
and P4 sites unoccupied. Data on the unbound form of PapA indicate that, upon release of the chaperone, PapA evolves toward
compact states that are likely not prone to subunit-subunit association. In line with recent experimental reports, this finding
implies that chaperone release and subunit-subunit association must be concerted. Our data also indicated that the gradual
unbinding of the chaperone from the PapA groove has increasingly strong structural consequences. Indeed, the release of the
chaperone from the site P4, which is closest to the initiation site (P5), does not have dramatic effects on the domain structure,
whereas its release from both the P4 and the adjacent P3 sites induces a quick structural transition toward a collapsed state,
where the subunit groove is obstructed. Copyright () 2008 European Peptide Society and John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article
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Introduction

Uropathogenic strains of Escherichia coli are responsible for
infections of the bladder (cystitis) and kidney (pyelonephritis),
which are among the most common bacterial infections [1]. The
survival and persistence of these bacteria in the urinary tract
require their efficient attachment to the host cells. To this scope,
bacteria have developed a variety of different adhesive extensions.
The chaperone/usher secretion system represents the prominent
machinery devoted to the production of these organelles [2-5].
This pathway uses a periplasmic chaperone that interacts with
monomer subunits, protecting them from aggregation and
proteolysis by forming chaperone-subunit complexes in the
periplasm. So far, a variety of different gene clusters encoding
for the proteins of this complex machinery have been identified
[6]. Among these, the cluster deputed to the generation of P
pili extensions in the uropathogenic E. coli is one of the best
characterized [6,7]. P pili are composed of six distinct structural
proteins that interact to form a composite fiber, formed by a rigid
rod (68 A diameter) which terminates with a thin fibrillum (20 A
diameter). The pilus rod is exclusively formed of PapA subunits
arranged in a right-handed helical cylinder whereas the thin
fibrillum is made mostly of repeating PapE subunits. PapA rod is
anchored in the outer membrane by the PapH protein and to the
PapkE fibrillae by the PapK adapter protein. The P pilus terminates
with the PapG adhesin, which is joined to the distal end of the tip
fibrillum by the PapF adapter protein.

Structural investigations have provided enlightening infor-
mation on the mechanisms of adhesive formation through
the chaperone/usher secretion system [3,5,8-18]. These stud-
ies, initially focused on the chaperone and components of the

fibrillae, have shown that all pilus subunits exhibit a noncanon-
ical imunoglobulin-like (Ig-like) fold, since they lack the seventh
C-terminal G strand and present, therefore, a large hydrophobic
groove along the subunit. Except for the subunit PapG, all others
possess an N-terminal region which does not interact with the
rest of the protein. The association of the subunits is based on the
binding of the N-terminus of one subunit to the groove of the ad-
jacent one via a donor-strand complementation mechanism. The
chaperone PapD assists the folding of all subunits and is important
for their correct assembly in the final pilus. During the assembly
of pili, which occurs at the outer membrane usher, the N-terminal
region of an incoming subunit displaces the chaperone and oc-
cupies the groove of the last incorporated subunit (donor-strand
exchange). A plethora of crystallographic studies have provided a
solid base for the understanding of these processes at molecular
level. However, some important aspects, mainly related to the
structure and the role of transient species, are yet to be clarified.
Various investigations have shown that molecular dynamics (MD)
simulations are valuable in providing atomic level details of these
complex processes, whose inhibition strongly depotentiate these
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pathogens [14,19-21]. The very recent structure determination of
the pilus rod subunit PapA in complex with the chaperone PapD
offers the opportunity to analyze structural features of transient
conformational states of this fundamental component of P pili [17].
Here we report extensive MD simulations on this subunit in its un-
bound state or bound to different fragments of the chaperone G1
strand. These analyses provide new data on the chaperone-subunit
interactions and on the donor-strand exchange mechanism.

Materials and Methods
Starting Models

The starting coordinates of PapA subunit were derived from
the complex between the chaperone PapD and two PapA
subunits (PapD(PapA),) [Protein Data Bank (PDB) code 2uy6]
[17]. Incomplete loops have been modeled using the program ‘O’
[22], followed by energy minimization with the GROMACS software
package 3.3 [23]. Throughout the paper, recognition sites between

the pilus subunit and the chaperone or the pilin N-terminal strand
have been designated by adopting the notation used in previous
studies (P1 to P5) (Figure S1) [17]. Various simulations were carried
out both on the unliganded PapA subunit, on PapA bound to the
G1 chaperone PapD strand (residues 100-112) (PapA-PapDg;),
and on two complexes between PapA and truncated forms of
the PapD G1 strand (residues 102-112, PapA—PapDg;aps, and
residues 104-112, PapA—PapDg Ap3ps)- IN these latter complexes
the G1 strand was deprived of residues occupying either the P4 or
both P3 and P4 sites.

Simulation Procedure

MD simulations were performed using GROMACS 3.3 [23].InallMD
simulations, the model was immersed in a rectangular box filled
with water molecules (Table 1). The GROMOS9643a1 (GROMOS96)
[24] force field was used with the SPCE water model. The
simulations were run with periodic boundary conditions. Systems
were simulated in NPT ensemble by keeping constant temperature

Table 1. Parameters of the MD simulations
Number of
Simulation time Water water
Force field (ps) Box (nm?3) model molecules
PapA-PapDg;, GROMOS96 30000 6.011,5.146, 6.766 SPCE 6187
Unliganded PapA GROMOS96 20000 4.836,6.198, 7.442 SPCE 6675
Unliganded PapA OPLS 30000 4.846,6.319, 7.429 TIP4P 6772
PapA—PapDg; spa GROMOS96 10000 6.011,5.156, 6.766 SPCE 6206
PapA-PapDg1ap3pa GROMOS96 10000 6.011,5.156, 6.766 SPCE 6216
PapA—PapDg; ap3ps OPLS 10000 6.091,5.193,6.828 TIP4P 6339
B : :
PapA
N-ter [
reel | L‘I ~ /
.
s

Figure 1. (A) Crystallographic model of the complex between PapA (orange) and the chaperone PapD (green). Regions of PapD, which interact with
PapA in this structure are indicated in solid green whereas the rest of the chaperone is drawn in transparent material. (B) Topology of the PapA subunit
in complex with PapD G1 strand (orange). The two facing S-sheets of PapA are drawn in green and red. The G1 strand of PapD (orange) complements

the B-sheet containing A2, F and C strands (red).
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Figure 2. MD simulation of the complex between PapA and the PapD
G1 strand, PapA-PapDg;. (A) Evolution of RMSD values through the MD
simulation of the complex PapA-PapDg;. (B) RMSF values, calculated
on backbone Ca atoms of residues belonging to the G1 strand in the
equilibrated region (8000-20 000 ps) of the MD simulation. The sequence
of the G1 strand is reported in the inset.

(300 K) and pressure (1 atm). To evaluate the dependence of results
on the force field, MD simulations were repeated using the OPLS
force field [25] coupled with the TIP4P water model (Table 1).

Before starting the MD simulation, 200-ps positional restrained
runs were carried out for all the simulations. To check solvent
relaxation effects, radial distribution functions of water molecules
as well as protein—solvent interaction energies were analyzed.
In the case of the unliganded PapA subunit, an MD simulation
preceded by a positional restrained procedure (1600 ps) with a
gradual release of protein degrees of freedom was also performed.
This was achieved by running sequential positional restrained
simulations with decreasing values of the force constant (fc). In
particular, 1000 ps with fc = 3000, 200 ps with fc = 1000, 200 ps
with fc = 500 and final 200 ps with fc = 200 kJ mol™" nm~2.

Inall MD simulations, carried out with a time step of 0.002 psand
a dielectric constant of 1, bond lengths were constrained by the
LINCS procedure. Lennard-Jones interactions were calculated
with a 12 A twin-range cutoff. Electrostatic interactions were
treated using the particle mesh Ewald (PME) method with a
cutoff of 10.0 A. Trajectories were checked to assess the quality
of the simulation using GROMACS routines and the program
VMD [26]. We checked that in all simulations the lowest distance
between the protein images was always larger than nonbonded
and electrostatic cutoff values.

Results and Discussion
G1 Strand of PapD is Tightly Bound to the PapA Subunit

Initial MD simulations were conducted on the complex between
PapA and the G1 strand (residues 100-112) of the chaperone
PapD (PapA-PapDg;). As shown in Figure 1, in the X-ray structure
of PapAin complex with PapD [17], there are extensive interactions
between the pilin and this chaperone strand. In particular, the A
strand of PapA is composed of two portions, A1 and A2, separated
by a 3-10 helix. A1 and A2 are located at one of the two edges
of PapA groove. The B-sheet containing A2 is the one that is
complemented by the PapD G1 strand (Figure 1). The evolution
of the system during the simulations was monitored by using the
indicators commonly adopted to check the system stability in MD
analyses. The trend of root mean square deviations (RMSD) of
the trajectory structures from the starting X-ray model shows that
the (PapA-PapDg;) reaches a stable state in the 8000-20000 ps
interval (Figure 2(A)). This observation is corroborated by the
evaluation of other indicators such as secondary structure and
gyration radius (data not shown). The analysis of the trajectory
structures clearly indicates that the chaperone strand G1 is firmly
bound to the PapA pilin. Indeed, H-bonding interactions between
the strand G1 and the pilin persist throughout the simulation
(Figure S2). As a consequence, the root mean square fluctuation
(RMSF) values of strand G1 residues, computed in the equilibrated
region of the trajectory, are rather low (Figure 2(B)). Notably, low
RMSF values are also exhibited by the residues that are not bound
to the P1-P4 recognition sites. This observation may be ascribed
to hydrogen bonding interactions between residues of the G1 and
F strands [e.g. between Thr109(0) and Leu160(N) and between
Lys110(0) and Tyr162(N)], which are maintained throughout the
simulation. Furthermore, although pilin—chaperone interactions
in the crystal structure go beyond those established by the G1
strand, the removal of the rest of the chaperone does not affect
the integrity and secondary structure elements of PapA (Figure 3).
Altogether, these findings suggest that the extensive G1-PapA
interactions are able to keep the system in a stable, well-defined
state.

(B)

Figure 3. Ribbon representation of the starting model of the complex
between PapA (prune) and PapD G1 strand (green) (A) and of a structure
representative of the equilibrated region of the trajectory obtained with
the GROMOS96 (B).
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Dynamics of the Unliganded PapA Reveals a New Conforma-  model, the X-ray structure of the sole PapA subunit, derived from
tional State Accessible to the Subunit the ternary complex PapD(PapA), [17]. RMSD from the starting

The intrinsic conformational behavior of the Ig-like PapA domain ~ X-ray model indicate an early transition, which evolves toward a
(residues 20-163)inits unbound state was alsoinvestigatedby MD  stable state after the first 7500 ps of the trajectory (Figure 4(A)).
simulations. These analyses were conducted by using, asastarting ~ The plateau region of the RMSD plot is characterized by significant
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Figure 4. Evolution of RMSD values, calculated on Ca atoms, in MD simulations of unliganded PapA carried out with the GROMOS96 (A) and the OPLS
(B) force fields. (C) Evolution of RMSD values, calculated on Co atoms of A—F strands, throughout the MD simulation of unliganded PapA using the OPLS
force field. Strands A-F are defined using PROCHECK. A: residues 23-25 and 32-35; B: 52-59; C: 77-82 and 89-94; D: 101-106 and 115-118; E: 130-139;
F: 153-162. Color code is reported in the up-left inset. (D) Hydrophobic solvent accessible surface in the MD simulations of unliganded PapA (black) and
PapA-PapDg; (gray). SAS values of the starting and equilibrated structures of PapA and PapA—-PapDg; are shown as red and blue lines, respectively.

(A) (B)

Figure 5. Ribbon representation and molecular surfaces of the starting X-ray model (A) and of structures representative of the equilibrated region of
the trajectories obtained with the GROMOS96 (B) and the OPLS (C) force fields. The 90° views of (A), (B), and (C) are reported below. Residues lining the
subunit groove are represented in blue.
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deviations of the trajectory structures from the starting X-ray model
(~3.5 A). These deviations, which are higher than those observed
in the simulation of PapA-PapDg; (~2.9 A), are indicative of the
structural modifications throughout the simulation. Analysis of the
trajectory structures shows that the largest modifications affect
the regions on the protein surface that were initially involved in
the complex with PapD. Consistently, RMSD analysis of individual
B-strands shows that the largest deviations are displayed by the A
strand followed by the F and D strands (Figures 4(C) and 1(B)). This
observation clearly indicates that PapA groove is unable to keep
its open structure upon chaperone release. Both in the simulations
of unliganded PapA and of PapA-PapDg;, a clear decrease of
hydrophobic solvent accessible surface (SAS) is observed. This
indicates that the systems react by shielding surface hydrophobic
regions generated by the release of the chaperone. In the case of
unliganded PapA, whichisalsolacking the G1 strand, the reduction
of SAS is more evident (Figure 4(D)).

A deeper analysis of the observed modifications shows that,
once the PapD G1 strand is removed from the model, the
A2 strand of PapA significantly moves form its position in
the crystallographic PapD(PapA), complex. Indeed, this strand,
freed from the interactions with the G1 strand, comes closer to
the F strand. In the equilibrated region of the trajectory, the
interaction between A2 and F strands is stabilized by as many
as nine backbone-backbone hydrogen bonds (Figures5 and 6
and Figure S3). It is worth mentioning that, once formed, these
interactions are maintained throughout the simulation. It is also
noteworthy that, in contrast to A2, the strand A1 does not display
significant rearrangements during the simulation (Figure S4) and
remains associated with strand B. This leaves the extra region of
the groove that extends beyond the P1 site in an open state. This
finding is in line with the observation that in the PapA moiety
of PapD(PapA), complexed with the N-terminal peptide of the
other PapA subunit this site is open, although it is not occupied by
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Figure 6. Evolution of distances between atoms forming H-bonding interactions throughout the MD simulations with both the GROMOS96 (left column)

and the OPLS (right column) force fields.
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Starting model

Equilibrated model

Figure 7. MD simulations of complexes of PapA with truncated forms of
the PapD G1 strand. Ribbon representation of the starting models and of
structures representative of equilibrated regions in the MD simulations of
PapA-PapDgiap3ps (A), (B) and of PapA—PapDg; ap4 (C), (D).

any ligand [17]. Therefore, different regions of the groove display
different behavior upon chaperone release.

The observed collapse of the PapA subunit was also confirmed
by running another simulation, using the GROMOS96 force field,
which was preceded by a longer positional restrained procedure
(1600 ps) with a gradual release of protein degrees of freedom,
see Section on Methods. The evolution of the system in this
run closely resembles that observed in the previous simulation
(data not shown). This indicates that the present findings can be
reproduced even if different equilibration protocols are used. In
addition, since it is known that the use of a specific force field
may bias the results of MD simulations [27] we checked whether
the large modifications observed in PapA simulation using the
GROMOS96 force field [24] (see the Methods section for details)
could be reproduced with a different force field. To this aim, this
simulation was repeated by using the OPLS all-atom force field
[25]. As shown in Figure 6, in this case, the equilibration process is
slower. Nevertheless, a number of backbone-backbone hydrogen
bonds between the strand A2 and the strand F are observed. Of
the nine H-bonds formed in the simulation carried out by using
the GROMOS96 force field, six are also observed in the simulation
conducted with OPLS (Figure 6 and Figure S3). It is worth noting
that the residues that form the three H-bonds observed only in
the GROMOS96 simulation also come closer during the simulation
carried out with OPLS. Therefore, although minor differences
are observed in the two independent simulations, representative

structures of the equilibrated regions of GROMOS96 and OPLS
trajectories present similar features (Figure 5). Indeed, in both
cases the groove region corresponding to the P1-P5 sites is
completely obstructed due to interactions formed between the
A2 and F strands. Along this line, the PapA extra groove region
remains in an open state in both simulations, in agreement with
the indication provided by the PapD(PapA), crystal structure [17].

Role of the Individual Pilin/Chaperone Recognition Sites in the
Donor Exchange Mechanism

The analysis of the simulations carried out on PapA in its unbound
state clearly indicates that, upon chaperone release, this subunit
has an intrinsic tendency to collapse. Since this novel state is
not prone to polymerize through the donor-strand exchange
mechanism donor, chaperone release and pilin—pilin association
are likely concerted processes. The strikingly variable dynamic
behavior of PapA depending on its binding state prompted us to
analyze the dynamic properties of PapA bound to fragments of
the G1 strand. This analysis on partially bound models was also
aimed at providing information on potential transient states of the
concerted mechanism that leads to the donor-strand exchange.
In this framework, we carried out MD simulation of the pilin in
complex with portions of the PapD G1 strand, which left either
an empty P4 site (PapA—-PapDg; ops, including residues 102-112
from G1) or both P3 and P4 empty sites (PapA-PapDgiap3pas
including residues 104-112 of G1). These simulations are intended
to mimic PapA response to the gradual dissociation of the PapD G1
strand. MD simulations carried out on PapA—PapDg; p3p4 Clearly
evidenced an immediate collapse of the PapA subunit (Figure 7).
In this simulation, the lack of a residue blocking the P3 site
allows for the association of the A2 and F strands through the
formation of six backbone-backbone hydrogen bonds (Figure 8).
These interactions compensate for the generation of unsatisfied
hydrogen bond donors and acceptors upon dissociation of
chaperone G1strand from the P4 and P3 sites. Different results were
obtained in the MD simulations carried out on PapA—PapDg; Aps-
In this case, when the sole P4 site is left unoccupied, no major
groove closure is observed (Figure 7). Indeed, the interactions
formed in the simulation of PapA-PapDg;apsps, Which would
require a partial dissociation of the G1 strand at the P3 site, do
not occur (Figure 8). Instead, only one rather transient hydrogen
bond (between the carbonyl oxygen of Leu38 and the backbone
nitrogen of Phe152) which does not form in the simulation of
PapA-PapDg;ap3pa, is Observed at the P4 site. These data indicate
that the dissociation of the G1 strand of the chaperone PapD from
the P4 site does not have a strong impact of the structure of the
PapA subunit, which is still receptive for donor-strand exchange
with an incoming PapA. Chaperone dissociation form the P4 site,
without compromising the pilin ability to polymerize, may be
important for providing enough space, required in a concerted
donor-strand exchange process, for both an outcoming chaperone
strand and an incoming pilin N-terminus.

Conclusions

The understanding pili formation, which is essential to bacterial
pathogenicity, has received an enlightening contribution from bio-
chemical and crystallographic investigations. There is increasing
evidence, however, that computational approaches may fruit-
fully complement these studies by providing information on the

|
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Figure 8. Evolution of the relative position of atoms belonging to the residues facing each other in the PapA groove throughout MD simulations of

PapA-PapDg; apsps (red) and PapA-PapDg; »p4 (black).

properties of specific conformational states whose experimental
characterization is difficult. In previous investigations, we have
shown that Ig-like domains of the uropathogenic E. coli PapE [19]
and of Caf1 from Yersinia pestis [21] exhibit domain collapse when
left in the unliganded form. A similar dynamic behavior has here
been evidenced for the PapA subunit, the main constituent of P
pili from the uropathogenic E. coli. Notably, this collapse of the
structure likely hampers the subunit-subunit association process.
Our new data along with the previous investigations [16,19,20,28]
suggest that, in all systems involved in bacterial extension forma-
tion through donor-strand complementation, the chaperone has
the important role to avoid quick collapse of the pilin structure
toward states which are not prone to polymerize. This character-

istic of chaperones is most likely the motivation for the concerted
nature of donor-stand exchange mechanism. In this scenario, the
strong intrinsic tendency of pilus subunits to undergo structural
modifications in their unbound states is indicative of their high
reactivity, which may be important for their tight association in
the final fiber.

We also show that pilin domain collapse of the unliganded PapA
occurs independent of the force field used and is, therefore, an
intrinsic characteristic of the domain structure. It is well established
that donor-strand exchange initiation occurs at the P5 site [29],
which is empty in the PapA structure. We here observed that
gradual release of the G1 strand of PapD from the PapA groove
has increasingly strong structural consequences. When the sole P4
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site is left unoccupied by the PapD G1 strand, no major changes
occur atthe PapA groove. This may leave an adjacent PapA subunit
with the opportunity to insert its N-terminal part. More critical is
the removal of the chaperone G1 strand from the P3 site, since an
immediate groove collapse is observed.

In conclusion, our data provide further support to the concerted
mechanism proposed for the donor complementation mechanism
and also highlight the role played by the individual recognition
sites present in the pilin groove.

Supporting information

Supporting information may be found in the online version of this
article.
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