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Peptide binding to the PDZ3 domain by
conformational selection
Sandra Steiner and Amedeo Caflisch*

Department of Biochemistry, University of Zürich, Winterthurerstrasse 190, 8057 Zürich, Switzerland

INTRODUCTION

PDZ domains are found in various proteins with

diverse functions either alone or as arrays. They mediate

interactions by binding to the C-terminal segment of tar-

get proteins and play an important role in signal trans-

duction and scaffolding.1,2 PDZ domains are small (�90

residues) and have a highly conserved fold consisting of

five to six b-strands (b1–b6) and two a-helices (a1, a2).

The C-terminus of the ligand protein binds in an

extended conformation to an elongated pocket (termed

hereafter binding site groove) between the b2 strand and

the a2 helix thereby augmenting the antiparallel b2–b3

hairpin into a three-stranded b-sheet.

A large number of crystal and nuclear magnetic reso-

nance (NMR) structures of PDZ domains in ligand-free

(apo) and complexed (holo) state have been solved,3–6

and several studies have investigated the binding mecha-

nisms of different PDZ domains and their peptide bind-

ing partners using a range of experimental techniques.5–

10 Most of them have concerned three of the most thor-

oughly studied PDZ domains, the second PDZ domain

of human tyrosine phosphatase PTPL1 or murine tyro-

sine phospahtase PTP-BL (human PDZ2, murine PDZ2)

and the third PDZ domain of human synaptic protein

PSD-95 (PDZ3). In particular, a lock-and-key binding

mechanism has been suggested for PDZ3 due to a lack of

visible conformational changes when overlaying crystal

structures of apo and holo PDZ3.3 This finding has been

corroborated by kinetic experiments suggesting a one-

step binding mechanism without rate-limiting conforma-

tional changes.7,8 For murine PDZ2, on the other hand,

NMR structures together with ultrafast kinetic experi-

ments provide evidence for an induced-fit binding mech-

anism.8 Additionally, also for the human form of PDZ2

inspection of NMR structures suggests an induced-fit

binding mechanism.5 Yet, more recent crystallographic

experiments corroborated by residual dipolar couplings
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ABSTRACT

The PDZ domains, a large family of peptide recognition proteins, bind to the C-terminal segment of membrane ion channels

and receptors thereby mediating their localization. The peptide binding process is not known in detail and seems to differ

among different PDZ domains. For the third PDZ domain of the synaptic protein PSD-95 (PDZ3), a lock-and-key mecha-

nism was postulated on the basis of the almost perfect overlap of the crystal structures in the presence and absence of its

peptide ligand. Here, peptide binding to PDZ3 is investigated by explicit solvent molecular dynamics (MD) simulations (for

a total of 1.3 ls) and the cut-based free energy profile method for determining free energy barriers and basins. The free

energy landscape of apo PDZ3 indicates that there are multiple basins within the native state. These basins differ by the rel-

ative orientation of the a2 helix and b2 strand, the two secondary structure elements that make up the peptide binding site.

Only the structure with the smallest aperture of the binding site is populated in the MD simulations of the complex whose

analysis reveals that the peptide ligand binds to PDZ3 by selecting one of three conformations. Thus, the dynamical infor-

mation obtained by the atomistic simulations increment the static, that is, partial, picture of the PDZ3 binding mechanism

based on the X-ray crystallography data. Importantly, the simulation results show for the first time that conformational

selection is a possible mechanism of peptide binding by PDZ domains in general.
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were able to detect only slight conformational changes in

the crystal structures.6 Complementing the crystal struc-

tures with Carr-Purcell-Meiboom-Gill relaxation disper-

sion data indicated a lock-and-key mechanism to be the

most suitable binding mechanism for human PDZ2.6 An

interesting structural feature regarding binding is the b2–

b3 loop. It has been reported that for some PDZ

domains this loop contributes to protein–ligand interac-

tions5 and that it has often enhanced conformational

flexibility.4,10 Therefore, it is speculated to assist in

ligand-selectivity of PDZ domains.

Several experimental and computational studies have

focused on the allosteric behavior of PDZ domains.11–15

Large conformational changes and rearrangements are

rare among the resolved structures, thus particularly the

intramolecular signaling properties have been of interest.

Evolutionary conserved signaling pathways seem to con-

nect the binding site residues to distal parts of the PDZ

fold.16 Computational studies yielded similar pathways

by investigating residue–residue interaction energy corre-

lations.17 An NMR spectroscopy study has shown that

the additional structural element of PDZ3, a C-terminal

a-helix (a3), influences ligand affinity by modifying the

side chain dynamics of the whole domain.14 This study

has provided evidence of dynamic allostery in the PDZ3

domain, as its C-terminal a-helix is distal to the ligand

and dynamical fluctuations throughout the protein cause

the changes in binding affinity.14

Binding mechanisms of several proteins have been

investigated by atomistic simulations. It has been sug-

gested that the distinction between the induced-fit and

the conformational selection model is not absolute.18 A

computational study regarding the binding mechanism of

Lysine-, Arginine-, Ornithine-binding (LAO) protein cor-

roborates this suggestion as it appears from the simula-

tions that binding by conformational selection is followed

by conformational readjustment,19 thus a combination

of the two mechanisms ‘‘conformational selection’’ and

‘‘induced-fit’’ is at work. On the other hand, molecular

dynamics (MD) simulations suggest that the flaviviral

NS2B-NS3pro protease actually binds its peptide sub-

strate by conformational selection,20 although crystal

structures displaying conformational differences between

apo and holo conformations of NS2B-NS3pro had previ-

ously led to the speculation of an induced-fit binding

mechanism. The MD simulations started from the apo

structure showed that even without the substrate the cat-

alytic competent conformation formed spontaneously

and was kinetically stable on a 50-ns time scale.20 Fur-

thermore, a two-state model of the binding free energy

surface of PDZ3 has recently emerged from atomistic

Monte Carlo simulations with restraints on the pro-

tein.21

Here, the mechanism of peptide binding by the third

PDZ domain (PDZ3) from the human synaptic protein

PSD-95 is investigated by explicit solvent MD simulations

of its complexed (holo) and peptide-free (apo) state. This

simulation study was motivated by the heterogeneity of

binding mechanisms suggested by using a variety of exper-

imental methods. In this context, there are several out-

standing questions: How to reconcile the lock-and-key

mechanism postulated for peptide binding to PDZ33,7

with the evidence for a ‘‘delocalized conformational en-

tropy mechanism’’ mediated by the a3 distal helix14? Is it

possible to shed light on the plasticity of the b2–b3 loop

and helix a2 and their influence on the binding mecha-

nism? Is the functional role of a3 only of dynamical na-

ture or has a3 also a structural impact? How can the equi-

librium native state ensembles for apo and holo PDZ3 be

characterized structurally? The simulation results indicate

that PDZ3/peptide association follows most likely a con-

formational selection mechanism. While the complexed

state is rather rigid the peptide-free state displays confor-

mational flexibility. In particular, the b2–b3 loop and the

tilting of the helix a2 characterize structurally the different

free energy basins of the apo state.

MATERIALS AND METHODS

MD simulations

The explicit solvent MD simulations were carried out

with CHARMM22 and GROMACS23 using the

CHARMM22 all-hydrogen force field24 and the TIP3P

water model.25 The coordinates of the complex between

PDZ3 and the 5-residue C-terminal motif Lys-Gln-Thr-

Ser-Val were downloaded from the protein data bank

(PDB code 1BE9) and used as starting structures. Note

that residues 303–402 of the PDZ3 domain are termed

here residues 1–100, in accordance with the work of Petit

et al.14 To reproduce neutral pH conditions, the side

chains of aspartates and glutamates as well as the C-termi-

nus of the peptide were negatively charged, those of lysines

and arginines were positively charged, and histidines were

considered neutral. The protein was immersed in a trun-

cated octahedral box of preequilibrated water molecules.

The size of the box was chosen to have a minimal distance

of 12 Å between the boundary and any atom of the pro-

tein. The simulation box contained five and four potas-

sium ions to compensate for the net negative charge of apo

PDZ3 and PDZ3/peptide complex, respectively.

Periodic boundary conditions were applied, long-range

electrostatic interactions were treated with the Particle

Mesh Ewald method26 and the van der Waals interac-

tions were truncated at a cutoff of 10 Å using a switch

function starting from 8 Å. The MD simulations were

performed at constant temperature (298 K) using the

Berendsen thermostat27 and constant pressure (1 atm)

with an integration step of 2 fs and saving frequency of 2

ps. After an equilibration and heating phases the produc-

tion runs were started using different seeds for the initial

distribution of velocities.

MD study of binding to PDZ3
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The analysis of the MD trajectories was carried out

with CHARMM22 and the MD-analysis tool WOR-

DOM.28,29

Optimization of reaction coordinate

To construct a one-dimensional free energy profile, the

MD trajectory has to be further processed. Here, the total of

655,000 snapshots was binned along a reaction coordinate

(RC), another common method would be grouping the

snapshots with a clustering algorithm (e.g., using a tree-

based algorithm30). The binning suggests the conventional

way of projecting the free energy as FH(i) 5 2kTlnZH(i)

where ZH(i) denotes the partition function which is equal to

the density of bin i, that is, ZH(i) 5 #frames in bin i
bin size

and FH is

short for histogram-based free energy.

A more kinetically motivated approach that is able to

preserve the free energy barriers is to compute the cut-

based free energy profile (cFEP).31–33 This approach

emulates the cuts in flow-networks. In the case of confor-

mational space sampled by MD, the nodes and links of

the network are the mesostates (e.g., bins along a RC or

clusters obtained by root mean square deviation [RMSD]

clustering) and the sampled transitions between them,

respectively.34 The partition function of the free energy

barrier separating two mesostates i and j is equal to the

value of minimum cut between the mesostates in the net-

work.31 Practically, this means that the network is parti-

tioned in two distinct sets I and J, which include meso-

states i and j, respectively, such that the number of tran-

sitions between the two sets are minimal. This minimal

number of transitions is then assigned as partition func-

tion of the transition state between mesostates i and j as

it represents the statistical weight of this transition. Simi-

larly, one can estimate in continuous terms the statistical

weight for a RC and thereby the cut-based partition func-

tion ZC(x) at a point x, as the number of transitions through

point x.32 Accordingly, the computation of the cut-based

free energy is performed as FC(x) 5 2kTln(ZC(x)) where x

is the RC and ZC(x) is the cut-based partition function at

the point x defined as the number of transitions that

pass through the point x. In terms of bins, the following for-

mula applies ZC(i,i1 1) 5 1
2
(
P

j � i < k njk 1
P

j > i � k njk)

where nij is the number of transitions from bin j to bin

i. In terms of continuous RC, the formula becomes

ZC(x) 5 1
2

P
t y((x(t) 2 x)(x 2 x(t 1 Dt))) where y is

the Heaviside step function and Dt is the sampling

interval. A schematic illustration of this procedure is

shown in Figure 1.

The aim of the optimization of the RC is to find a

coordinate that shows diffusive dynamics (at least at the

barrier regions). Diffusive dynamics is characterized by

the mean square displacement growing linearly with

time. The following equation defines the so-called sub-

diffusion exponent a: hDx2(t)i � t2a. For diffusive dy-

namics, one has a 5 0.5, whereas for subdiffusive dy-

namics a < 0.5. The coordinate dependent exponent

a(x) can be computed from the distance between two

profiles FC(x) at different sampling intervals.35 Plotting

FC(x) together with a(x) gives insight into the dynamics

along a profile.

The optimization procedure starts from a seed RC

which is able to capture the configuration space suffi-

ciently well, that is, partially distinguish between free

energy basins, but is suboptimal, meaning that projection

of the free energy onto this coordinate results in possible

subdiffusive dynamics at barrier and other regions and in

underestimating barrier heights due to overlapping of the

configuration space. The seed RC chosen here is the

RMSD of the Ca atoms of residues 6–97 from the first

Figure 1
Schematic illustration of cFEP. By computing its optimized RC value (real number), every MD snapshot can be uniquely placed on the line

representing the real numbers. The transitions are given naturally from snapshot i to snapshot i 1 1 and are here illustrated by curved arrows

(left). Then, for a fixed RC value, for example, x1, the cut-based partition function ZC(x1) is the number of transitions through this point, that is,
the number of curved arrows crossing the dashed line at x1. Computing this values for every x gives the cFEP as FC(x) 5 2kTln(ZC(x)) (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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frame of the MD trajectory. As projecting to a subopti-

mal RC results in faster kinetics by overlapping of differ-

ent regions of the configuration space, the optimal RC is

defined by having the longest mean first passage times

(MFPT) from one free energy basin to another. The opti-

mal RC is then constructed by maximizing the MFPT

that is computed from the trajectory using Kramer’s

equation in the following form

htA;Bi ¼
Z b

a

dx
ebFH ðxÞ

DðxÞ

Z x

�1
dye�bFH ðyÞ

¼ Dt
p

Z b

a

dx
ZH ðxÞ
Z2
CðxÞ

Z x

�1
dyZHðyÞ;

where b 5 1
kT

, D(x) is the coordinate-dependent diffusion

coefficient, and a and b denote two representative coordi-

nate values for two basins A and B, respectively.32,35 The

functional form of the RC is the ‘‘smoothed number of

native contacts’’ R(x, a) 5
P

i,j aij y(Dij 2 rij) where rij is

the distance between atoms i and j while aij and Dij are the

parameters to be optimized (the former is either 1 or 21

while the latter is a threshold for a formed contact [
{0Å,0.5Å,. . .,30Å}) and y is a smoothed step function, that

is, y(x) 5 min(1,x) if x> 0 and zero otherwise.35 The opti-

mization is carried out iteratively by randomly picking a

pair ij and selecting aij and Dij according to the given ranges

above, such that MFPT is maximized. In addition, pairs of

coordinates ij that do not bring substantial improvement

are removed automatically (see Ref. 35 for further details).

There are significant differences between the cFEP

method and other frequently used techniques for projec-

ting the free energy surface, for example, histogram-based

profiles and principal component analysis. The main

advantage of the cFEP method is that the dynamical in-

formation present in the trajectory is fully taken into

account. Moreover, the cFEP with RC optimization does

not require any geometrical clustering. By considering

the actual transition matrix, the approach used in this

work performs dimensionality reduction while preserving

the dynamic information.35 In contrast, other frequently

used methods reduce the dimensionality by trying to pre-

serve the proximity in configuration space. The vicinity

in configuration space does not necessarily imply dynam-

ical closeness. In other words, geometrically similar con-

formations can be separated by high free energy barriers.

Tilting angle

The tilting angle between a2 helix and b2 strand is a

measure of scissor-like partial widening of the binding

site groove. It is computed as the angle between two

directional vectors given by b2 (from Ca of Ile25 to car-

bonyl C of Gly22) and a2 (from carbonyl C of Glu71 to

carbonyl C of Lys78).

RESULTS

The following analysis is based on four explicit solvent

MD runs for each of the apo and holo states. The total

simulation time is 660 ns for apo PDZ3 and 650 ns for

holo PDZ3 during which the native fold is preserved as

expected at the temperature of 298 K. The residues 303–

402 of PDZ3 according to the PDB file 1BE9 are

hereafter termed residues 1–100 while the five C-terminal

residues of the peptide ligand are referred to as Val0,

Ser-1, Thr-2, Gln-3, and Lys-4 (from C-terminus to

N-terminus).

Differences in the free energy surface and
plasticity of apo and holo

The cFEP,31 projected onto an optimized RC35 (see

‘‘Materials and Methods’’ section), displays three free

energy basins [called A, B, and C in Fig. 2(A)] within the

native state. From the time series of the value of opti-

mized RC [Fig. 2B (top)] along the simulation trajecto-

ries, it is evident that in the apo simulations all the three

free energy basins are sampled, whereas in the holo runs

the system never leaves basin A. Defining the ranges of

optimized RC according to basin A,B, and C as 238 to

225, 28 to 6, and 25 to 45, respectively, every snapshot

of the simulation can be allocated either to an individual

basin or to the transition region according to its RC

value. From this, we can derive the relative populations

of the three basins in the apo simulations as approxi-

mately 36%, 45%, and 13% for basins A,B, and C,

respectively, whereas the remaining 6% of the snapshots

populate the barrier regions. The optimization procedure

is started from an appropriate seed RC which should be

able to capture the configuration space well enough.

Although such a conventionally chosen RC often leads to

subdiffusive dynamics and underestimating of barrier

heights due to overlapping of the configuration space,

the optimization procedure yields a RC which is optimal

in the sense that at the barrier regions the projected dy-

namics are diffusive. Furthermore, possible configuration

space overlap is removed. We used the RMSD of the Ca

atoms of residues 6–97 from the first frame of the MD

trajectory as a seed RC for the optimization . The result-

ing optimized RC is more appropriate than the RMSD as

it separates the three free energy basins better [Fig. 2(B)]

and the dynamics at the barriers on projection is diffu-

sive [Fig. 2(A)]. The time series of the RMSD of the Ca

atoms of residues 6–97 never exceeds 2 Å and is below

1.5 Å most of the time which shows that the folded state

is preserved in all MD runs. Carrying out the cFEP anal-

ysis using the apo and holo sampling separately confirms

the finding that apo PDZ3 samples three different free

energy basins whereas holo PDZ3 samples only one. Pro-

jection of the free energy for the apo sampling onto the

seed RC and later on onto the optimized RC reveals

MD study of binding to PDZ3
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three free energy basins, whereas for holo PDZ3 projec-

tion of the free energy onto the seed RC results in a sin-

gle free energy basin (see Supporting Information Figs.

S1 and S2).

It is useful to supplement the cFEP analysis with the

differences in the root mean square fluctuations (RMSF)

calculated from the MD runs. The RMSF of the Ca

atoms in the apo state are higher than in the complexed

state (Fig. 3) which is consistent with the cFEP analysis.

The RMSF differ most at the loop regions, that is, the

b1–b2 and b2–b3 loops, as well as at the a-helix (a2)

which lines the peptide binding groove. Overall, the

RMSF calculated from the MD trajectories are in good

agreement with the crystallographic temperature factors

for 1BFE (apo) and 1BE9 (holo) (Fig. 3). Moreover, the

X-ray structure of the apo state has higher B-factors that

the one of the holo state, and the difference is larger in

the same segments of the sequence as for the RMSF dif-

ference, that is, the loop regions and a2 helix.

It has to be mentioned that all of the seven X-ray

structures of PDZ3 (apo: 1BFE, 1TQ3, 3I4W, and 3K82;

holo: 1BE9, 1TP3, and 1TP5) are located in basin A with

values of the optimized RC ranging from 223.8 for 3K82

to 234.6 for 1TP3. There are two possible reasons for

the fact that according to their value of the optimized

RC the four apo X-ray structures belong to basin A: it is

either the most populated and/or the one favored by the

crystal packing. Given such structural similarity among

the available X-ray structures, the plasticity of the native

state of apo PDZ3, as it emerges from the MD simula-

tions, is rather unexpected. Thus, it is important to

investigate the structural features and transitions that

characterize the individual free energy basins within the

native state of (apo) PDZ3, which are presented next.

Structural analysis

As indicated by the RMSF of the Ca atoms there are

mainly two regions that display significant structural plas-

ticity: the b2–b3 loop and the a2 helix which make up

the binding site groove. To analyze the relative displace-

ment of these secondary structure element, it is useful to

determine the structural ensembles corresponding to each

of the three basins identified by the optimized RC. The

three basins can be characterized by the position of the

b2–b3 loop and the relative orientation of a2 and b2

(Fig. 4). The tilting angle between a2 and b2 (for defini-

tion see Materials and Methods section) widens by about

88 and 108 in going from basin A to basin B and C,

respectively (see Supporting Information Figs. S3 and S4).

Similarly, NMR structures of apo and holo LARG (leuke-

mia-associated Rho guanine nucleotide exchange factor)

PDZ show that peptide binding tilts a2 and b2 apart.10

The distribution of selected pairs of distances are use-

ful to further characterize the motion of the binding site

[Fig. 4(C)] by complementing the observed widening of

the tilting angle. The histograms of three distances

between pairs of Ca atoms in a2 and b2 (Gly22-Lys78,

Asn24-Ala74, Ile26-His70) indicate that the widening of

the tilting angle corresponds to a scissor-like motion of

a2 with respect to b2 with the pivot somewhere between

the middle and the N-terminal turn of helix a2. Thus,

Figure 2
Only one of the three free energy basins of apo PDZ3 is populated

by the PDZ3/peptide complex. (A) Cut-based free energy FC along the

optimized RC for the accumulated apo and holo MD runs. The three

free energy basins are labeled A, B, and C. The FC (solid line) is shown

together with the subdiffusion coefficient a (dashed line). The value of

the subdiffusion coefficient a 5 0.5 in the barrier regions indicates that

the optimization of the RC yields diffusive dynamics35 at the transition

regions between basins in the native state. Note that the subdiffusion a

< 0.5 at the bottom of the basins does not influence significantly the

overall kinetics which are dominated by the barrier regions. B, (top)

Time series of value of optimized RC along the simulation trajectories.
Vertical lines indicate the beginning/end of each MD run and the black

vertical line separates apo from holo runs. The time series of optimized

RC shows that only the basin A is occupied in the absence of the

peptide ligand while all of the three basins [labeled as in (A)] are

populated in the complexed state. The value of the optimized RC for

the X-ray structures of apo (PDB code 1BFE) and holo (PDB code

1BE9) are shown with green and blue horizontal lines, respectively.

B (bottom) Time series of RMSD of the Ca atoms of residues 6–97

from the first frame. Vertical lines are shown as in the top panel. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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the largest displacement when going from basin A to ba-

sin B and C (>2 Å) takes place at the C-terminal turn

(Gly22–Lys78 distance), whereas for the N-terminal part

of helix a2 (Gly22–Lys78 distance, opposite of pivot) a

smaller (�1 Å) displacement in the opposite direction is

observed. This scissor-like motion, therefore, widens or

narrows a hydrophobic cavity of the binding site groove

located between the C-terminal part of helix a2 and the

N-terminal part of strand b2.

The distance between the Ca atoms of residues 29 and

78 reflects the relative displacement of the b2–b3 loop

with respect to a2. The histograms of this distance show

significant differences for the three free energy basins

[Figure 4(C)]. The two-peak distribution for basin B

indicates that there are two main orientations of this

loop in basin B which differ by about 2 Å. Since the his-

togram of the Gly22–Lys78 distance for basin B is single-

peaked, the two peaks arise from two different positions

of Glu29, that is, two different conformations of the

loop. The structural overlap of representative MD snap-

shots of basins A, B, and C visualizes the described struc-

tural differences among basins manifested in helix a2

and the b2–b3 loop [Fig. 4(A)]. Furthermore, overlap of

the available crystal structures of apo and holo PDZ3

with the representative structures of the individual basins

reveals, as suggested by analysis of RC values, that apo

and holo X-ray structures match best with the represen-

tative snapshot of basin A. Importantly, a tilting angle of

helix a2 comparable to the one of the representative

snapshot of basin B is not observed among the crystal

structures [Fig. 4(D)].

The a3 helix is a structural element of PDZ3 that is

additional to the usual PDZ fold, and has been previ-

ously suggested to modulate binding by a dynamic mech-

anism.14 Intriguingly, a3 includes four charged residues

(Lys91, Glu93, Glu94, and Arg97) that form a complex

network of salt bridges. It is, therefore, useful to relate

individual basins of the cFEP to the presence/absence of

salt bridges that ‘‘connect’’ the helix a3 to the rest of the

fold. Interestingly, there are differences between apo and

holo state in this network of salt bridges. In particular,

Arg97 is involved in a salt bridge with Glu29 or Glu32 in

the apo state and almost only with the latter in the com-

plexed state (Fig. 5). Moreover, the salt bridge between

Arg7 and Glu93 is almost always formed in the holo state

while often disrupted in apo PDZ3. On the other hand,

the Glu94-Arg97 salt bridge and the Lys91-Glu94 water-

bridged interaction, both within helix a3, are almost

Figure 3
Differences in backbone flexibility between apo and holo PDZ3. (Top) Values of the RMSF of the Ca atoms for apo and holo PDZ3 (black and

orange lines, y-axis on the left) and the crystallographic B-factors (blue dotted and green dashed lines, y-axis on the right) as a function of residue

number. The RMSF values were averaged over simulation intervals of 5 ns. The first 5 ns of each MD run were discarded. (Bottom) The differences

between the RMSF of holo PDZ3 and apo PDZ3 are shown by red bars. Secondary structure assignment was done with WORDOM 28,29 using the

X-ray structure of holo PDZ3 (1BE9). The individual elements of secondary structure are: b1 strand, 10–15; b2 strand, 23–27; b3 strand, 34–39; b4

strand, 55–60; b5 strand, 63–64; b6 strand, 83–89; a1 helix, 44–48; a2 helix, 70–78; a3 helix, 91–97. The nomenclature used for individual

a-helices and b-strands corresponds to the one introduced in Ref. 3, where bA to bF and aA to aC, are replaced by b1 to b6 and a1–a3,

respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4
Structural characteristics of free energy basins of apo PDZ3. (A) Structural overlap of the representative structures of basins A (red), B (blue),

and C (magenta). The representative structure is the MD snapshot within the smallest RMSD of the Ca atoms of residues 6–97 from the average

structure of the basin. The representatives of basins A, B, and C differ from their respective average structure by RMSD values of 0.36 Å, 0.56 Å,

and 0.47 Å, respectively (for distribution of RMSD values within basins see Supporting Information Fig. S5). (B) Snapshot of holo MD simulations

showing the binding site groove with the bound peptide and indicating the locations of key residues used for the analysis of the tilting of helix a2

and the network of salt bridges. (C) Histograms of distances between pairs of Ca atoms in the binding site. The MD snapshots from all runs with

value of the optimized RC in the range 238 to 225, 28 to 6, and 25 to 45 were used to calculate the histograms of basins A, B, and C,

respectively. The colors used for the individual histograms are consistent with those used for the structures shown in the top, left. (D) Overlap of

X-ray structures and MD snapshots representative of basins A and B. In all three figures, the representative snapshot of basin A is shown in red and

the one of basin B in blue. The following X-ray structures are shown: (Left) 1BFE (apo) in orange and 1BE9 (holo) in green; (Middle) 1TQ3 (apo)
in yellow, 1TP3 (holo) in ochre, and 1TP5 (holo) in iceblue; (Right) 3I4W (apo) in mauve, and 3K82 (apo) in silver. All structures were overlapped

using the Ca atoms of residues 6–97.
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always present and their behavior is indistinguishable

between ligand-free and complexed state. It is clear from

Figure 5 that the formation/rupture of these salt bridges

is sometimes but not always concomitant with changes

in the optimized RC, that is, transitions between free

energy basins.

As noted above, one of the main structural differences

between the three basins is the position and conforma-

tion of the b2–b3 loop. In this context, the salt bridge

Arg97-Glu29 plays an important role, as its formation or

rupture has a direct impact on the conformation of this

loop. While this salt bridge is almost never formed in the

complexed state, it spontaneously forms several times

during the apo simulations, particularly in basin B (Fig.

5), thereby directly modifying the conformation of the

b2–b3 loop. This simulation result is interesting because

experimental studies have provided evidence of the

involvement of the b2–b3 loop in binding. Using 2D

and 3D heteronuclear NMR spectroscopy, Kozlov et al.5

have reported that this loop is directly involved in the

interactions between the peptide ligand and human

PDZ2. In addition, Liu et al.10 have observed by NMR

experiments a high conformational flexibility for the b2–

b3 loop of LARG PDZ in the ligand-free state in contrast

to relative rigidity in the complexed state, and have

speculated that conformational plasticity might facilitate

binding of different peptide ligands. Our MD simulations

indicate that the chain of hydrogen bonds involving the

carbonyl oxygen of Gly27, the imidazole ring of His70,

and the hydroxyl oxygen of Thr-2 in the ligand, origi-

nally observed in the X-ray structure of the PDZ3/pep-

tide complex,3 restricts the b2–b3 loop’s flexibility in the

complexed state and keeps it fixed in a single conforma-

tion. This chain of hydrogen bonds is present throughout

the holo MD simulations (Fig. 6). Furthermore, it has

been shown experimentally, that the mutation of Gly27

into an alanine decreases the peptide affinity by almost

100-fold, which is most probably due to the bulkier side

chain of alanine preventing the b2–b3 loop from adopt-

ing the right conformation to form the hydrogen bond

with His70.36 Whether the flexibility of the b2–b3 loop

facilitates or hinders binding by providing conformers to

which the peptide can not bind is not evident from the

simulations.

Side chain flexibility

Some but not all residues of the PDZ3 binding site

show enhanced side chain flexibility in the ligand-free

state compared to the complexed state (Fig. 7). The con-

Figure 5
Salt bridges involving residues in the a3 helix. Time series of salt bridge distances between residues in helix a3 and the rest of the domain (color

lines) are shown together with the time series of the optimized RC (black line, bottom panel). The black vertical lines at 660 ns indicate the

concatenation point of apo and holo trajectories and the tick marks along the time axis indicate the individual apo and holo MD runs. The black

horizontal lines at distance 5 7 Å is drawn to discriminate between formation and rupture of salt bridges. This rather large threshold takes also

into account single water-bridged polar interactions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

MD study of binding to PDZ3

PROTEINS 2569



trary is not observed. Three different v1 values are acces-

sible to His70 in the ligand-free state while only the trans

rotameric state is populated in the complex because, as

aforementioned, the His70 side chain is directly involved

in peptide binding (Fig. 6). Furthermore, the side chains

of Asn24 and Lys78, which are partially exposed to sol-

vent, show a decreased flexibility in the complexed state.

While Asn24 forms a hydrogen bond with Gln-3 of the

peptide ligand in the crystal structure of the complex,3

for Lys78 no such interactions have been suggested.

Interestingly, the MD simulations reveal that the side

chain amino group of Lys78 can act as donor in a hydro-

gen bond with the carbonyl oxygen of Ser-1 (see Sup-

porting Information Fig. S6 for time series of PDZ3/pep-

tide hydrogen bonds). The v1-angle flexibility of Leu77

decreases upon peptide binding. Leu77 is part of the

hydrophobic cavity of the binding site, as is Phe23, that

is filled by the side chain of Val0 of the peptide ligand.

The crystal structure of the complexed state displays a

hydrogen bond between the carbonyl oxygen of Leu77

and a guanidinium nitrogen of Arg16. However, the lat-

ter interaction is equally probable for ligand-free and

complexed PDZ3 (see Supporting Information Fig. S6).

Therefore, the decreased flexibility of Leu77 in holo state

is most likely due to the further burial of Leu77 by the

side chain of Val0. There are also residues in b2 strand

and a2 helix that show similar flexibility in the holo and

apo state. As an example, the v1 of Phe23 populates a

single rotameric state because its phenyl ring is tightly

packed in the hydrophobic part of the binding pocket.

DISCUSSION

We have investigated the differences between the com-

plexed and peptide-free states of the third PDZ domain

of the synaptic protein PSD-95 by multiple explicit sol-

vent MD simulations and analysis of free energy surface.

Two main results emerge from our simulation study.

First, the free energy landscape of the apo native state is

more complex than the one of the peptide-bound state.

For apo PDZ3 there are three main basins separated by

barriers of about 3–4 kcal/mol. The presence of multiple

free energy basins in the native state of apo PDZ3 is con-

sistent with the folding intermediate observed under

native conditions by native-state hydrogen exchange

experiments.37 In contrast, the holo state consists of a

single basin which implies that there is an entropic pen-

alty in binding the peptide ligand, in agreement with the

conformational entropy mechanism and dynamic allos-

tery unveiled by NMR experiments of wild type and a C-

terminal truncated form of PDZ3.14 Interestingly, the

additional C-terminal helix a3 (residues 91–97), which

has been shown to modify side chain dynamics, plays

also a structural role in binding by influencing the con-

formation of the b2–b3 loop (residues 28–33) via a net-

work of salt bridges involving Lys91, Glu94, and Arg97

in the former, and Glu29 and Glu32 in the latter.

Second, the cFEP analysis shows that the holo state

samples only one conformation, which is also one of the

three conformations sampled by the apo state. Thus, the

peptide ligand binds to PDZ3 by selection of one of

the three conformations sampled by the apo state. As the

present simulation study does not sample the binding

process explicitly, binding to one of the two apo-only

conformations followed by spatial rearrangement (to the

conformation of basin A) cannot be conclusively

excluded. Nevertheless, experimental evidence supports a

one-step binding mechanism without rate-limiting con-

formational change.7,8 Therefore, the theoretical frame-

work of the conformational selection binding mechanism

is the one most in line with our observations. The differ-

ent types of analysis of the MD trajectories provide con-

Figure 6
His70 hydrogen bonds. (A) Time series of distances between the atoms
involved in the two hydrogen bonds formed by His70 in the crystal

structure of the complexed state.3 The inset shows the intermolecular

hydrogen bond. (B) b2–b3 loop and part of the peptide binding pocket

taken from an arbitrary snapshot of holo MD simulations. The

backbone of PDZ3 (yellow) and peptide ligand (blue) are shown in a

ribbon representation while residues involved in hydrogen bonds with

His70 are shown by sticks colored by atom type. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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sistent evidence that the native conformation of PDZ3 is

more heterogeneous in the apo state than the holo state.

Moreover, the increased plasticity in the apo state is not

restricted to side chain fluctuations, as suggested by

NMR spectroscopy data,14 but involves also the back-

bone and in particular the relative orientation of the reg-

ular elements of secondary structure lining up the bind-

ing site (b2 strand and a2 helix) as well as the b2–b3

loop. The scissor-like motion of helix a2 and the thereby

induced partial widening of the binding site groove takes

place on a time scale of 10–100 ns and is reversible. In

contrast, the single conformer of the peptide-bound state

of PDZ3 is the one with the smallest tilting angle of the

a2 helix with respect to the b2 strand.

Importantly, conformational selection as peptide-bind-

ing mechanism for a PDZ domain is a novel suggestion.

It remains to be investigated if it applies also to other

PDZ domains. Up to now, experimental data on binding

kinetics is available for some but not all PDZ domains,

for example for the murine form of PDZ2 8 and the sec-

ond PDZ domain of SAP97.9 Nevertheless, in several

cases where such data is not available, hypotheses for the

binding mechanisms were made by analysis of crystal

structures and/or NMR spectroscopy data of PDZ

domains. The present simulation study shows that infor-

mation on the free-energy landscape obtained by MD,

even if restricted to the native basin, can significantly al-

ter the picture of the binding mechanism suggested on

the basis of X-ray crystallography and/or NMR spectros-

copy data.

It is interesting to compare the behavior of PDZ3 with

other PDZ domains. The present MD simulations reveal

that the conformation accessible to the complexed form of

PDZ3 is the one with the smallest aperture of the hydro-

phobic cavity of the binding site groove, whereas the

ensembles of NMR structures of apo and holo murine

PDZ2 of PTP-BL8 show the exact contrary, that is, an

opening of the binding site on peptide binding by PDZ2.

Note also that the accessibility of different tilting angles/ori-

entation of the a2 helix with respect to the b2 strand has

also been shown experimentally for other PDZ domains as

LARG PDZ10 and the PDZ domain of Par-6.38 However,

the way this tilt is modified on peptide binding, and

thereby widens or narrows the binding site groove, might

depend not only on the specific PDZ domain itself but also

on the bulkiness of the side chains of the peptide ligand.
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Figure 7
Flexibility of side chains. Time series of v1-angles of binding site residues (black, y-axis on the left) together with the time series of the optimized

RC (red, y-axis on the right). The tick mark at time 5 660 ns indicates the separation of apo and holo trajectories, additional tick marks on the x-

axis indicate the independent apo and holo MD runs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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