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Abstract: Like other protein—protein interaction domains, PDZ domains are involved in many key cellular
processes. These processes often require that specific multiprotein complexes be assembled, a task that
PDZz domains accomplish by binding to specific peptide motifs in target proteins. However, a growing number
of experimental studies show that PDZ domains (like other protein—protein interaction domains) can engage
in a variety of interactions and bind distinct peptide motifs. Such promiscuity in ligand recognition raises
intriguing questions about the molecular and thermodynamic mechanisms that can sustain it. To identify
possible sources of promiscuity and selectivity underlying PDZ domain interactions, we performed molecular
dynamics simulations of 20 to 25 ns on a set of 12 different PDZ domain complexes (for the proteins
PSD-95, Syntenin, Erbin, GRIP, NHERF, Inad, Dishevelled, and Shank). The electrostatic, nonpolar, and
configurational entropy binding contributions were evaluated using the MM/PBSA method combined with
a quasi-harmonic analysis. The results revealed that PDZ domain interactions are characterized by
overwhelmingly favorable nonpolar contributions and almost negligible electrostatic components, a mix
that may readily sustain promiscuity. In addition, despite the structural similarity in fold and in recognition
modes, the entropic and other dynamical aspects of binding were remarkably variable not only across
PDZ domains but also for the same PDZ domain bound to distinct ligands. This variability suggests that
entropic and dynamical components can play a role in determining selectivity either of PDZ domain
interactions with peptide ligands or of PDZ domain complexes with downstream effectors.

Introduction domains® Named after the combination of Post-synaptic density
PSD-95, Discs large Dlg, and Zona occludens-1 ZGHe first
proteins in which PDZ domains have been identifi¢kdese
structurally conserved domains are among the most common

Protein—protein interaction domains are one of the most
remarkable features in protein recognition. Grouped in families

gf strupturaIthhomg;)\?guspﬂro;eénss,E;otap;ose;n |nte.:r§1ct|on. protein—protein interaction domairfs® They consist of 80 to
omains such as o ,» Of participate In a 104 amino acids and have a tertiary structure formed by six

wide variety of biological function$.They do so by binding f-strands, BA through F, and two a-helices, oA and aB
specific peptide sequence motifs within target proteins and (Figure 1a). ' '

assembling these proteins into supramolecular complexes gener- . . .
g P b P g PDZ domains generally recognize peptide motifs located at

ally endowed with a new biological function. However, one . . . .
y g the C-terminus of other proteins. These bind to PDZ domains

characteristic of proteiprotein recognition is its degeneracy, bv what o b heet tati hani b
i.e., the ability that certain proteirprotein interaction domains y what appears 1o 'eﬂ&s cet augmentation mec amsmlo i
served for other proteinprotein interaction domains as wéit

have to bind more than one target sequence rAdtiis property X . . .

is also referred to in the literature as degenerate specificity, Tr:]e car?onllzc_al moie ofopeptulzcletk:ec:])glrlntlonkby I?I?DZD(;or(;]alns_ IS

multivalent specificity, or simply promiscuity. S own_l_n |_gure a. one of the haimarks o ; o_maln
recognition is the carboxylate group of the last residue in the

TO. .|nvest|gate the thgrquynamlc aspects gnderlymg the ligand protein (the P position) interacting through several
specific example of promiscuity in the proteiprotein recogni-

tion function of such modules, we have chosen to focus on PDZ
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Figure 1. Representative structure of a PDZ domain in complex with its

target peptide. (a) Ribbon representation of the crystal structure of PDZ3

of PSD-95 in complex with a peptide in its binding sit@he peptide is
represented in green, and the C-terminus of the peptide is indicategl by P

(b) Molecular surface representation of PDZ3 of PSD-95 with basic residues
in blue, acidic residues in red, polar residues in pink, and hydrophobic
residues in green. The binding pocket for the peptide is indicated by a black

circle. Figures created using VM®.

hydrogen bonds with the main-chain amide protons ofse-

The difficulties encountered in the various attempts at classi-
fying PDZ domains are but an illustration of the remarkable
promiscuity that seems to characterize PDZ domain interactions.
Indeed, some PDZ domains have more than one biological
target, such as the first NHERF PDZ domain which binds both
the NDSLL and EDSFL peptide motifs located at the C-terminus
of the f2-adrenergic and Platelet-derived Growth Factor recep-
tors, respectively® Other PDZ domains exhibit promiscuity by
binding to peptide sequence motifs that belong to more than
one class. For example, the PDZ domain of Erbin binds the
class | C-terminus of p0071/delta-catenin prottand the class
[l C-terminus of ErbBZ2° Similarly, the second PDZ domain
of Syntenin recognizes both the class | motif at the C-terminus
of the IL5 receptor ¢ chain) and the class Il motif at the
C-terminus of syndecatt. Other examples of this dual-class
promiscuity include PDZ3 and PDZ5 of CIPP5i22the PDZ
domain of PICK133 PDZ3 of hINADL,'” and PDZ1 of MINT1
and Par6 PDZ domairi$.Finally, it has been shown that the
PDZ domain of syntrophin can recognize internal peptide
sequences that lack a free carboxyFi&’, and a binding site
distinct from the canonical binding site in the seventh PDZ
domain of GRIP has also been proposgd.

Much information is available from experiments concerning
the binding of PDZ domains. But there is considerably less data
from measurements of binding affinities for PDZ domains than
for many of the other modular domains, such as the SH2
domains. Moreover, measured binding affinities for PDZ
domains are often not comparable due to differences in
experimental conditions. The study of the thermodynamics of
recognition of C-terminal peptides by PDZ domains utilizing
computational methods can therefore offer an important comple-
mentation to the sparse experimental data.

From the computational studies presented in this work, we
aim to understand the origins of promiscuity and selectivity in
peptide/PDZ domain recognition by examining various contri-
butions to the energy in the binding interactions of known
complexes of PDZ domains. In order to evaluate these energy
contributions, namely the electrostatic, nonpolar, and configu-
rational entropy components, a set of distinct PDZ domains
complexes was subjected to molecular dynamics (MD) simula-

B loop, also called the carboxylate-binding loop, that contains tions and the resulting trajectories were analyzed using the MM/

the conserved GLGF motifTwo main classes of PDZ domains
have been definett 14 class | PDZ domains recognizing
C-terminus peptides with a serine or threonine af, Within a
peptide sequence motif defined afX-S/T-X-®], where® is

PBSA method (Molecular Mechanics/Poiss@oltzmann Sur-
face Area). This set includes a variety of same-class and
interclass pairs: 8 different PDZ domains in complex with
different target peptides, for a total of 12 different complexes

any hydrophobic amino acid and X is any amino acid; and class for which 3D-structures were available. The traditional MM/

Il PDZ domains that can bind peptides with any hydrophobic
residue at P, within a peptide sequence motif defined-ax-
d-X-®]. In addition, at least two more classes have been

PBSA approach was combined with a quasi-harmonic analysis
to estimate the configurational entropies of molecules. In

defined, which correspond to different sequence motifs in the (18) Karthikeyan, S.; Leung, T.; Ladias, J. A.Biol. Chem2002 277, 18973~

C-terminal peptide$51° but there is no consensus on this
classificationt6-17
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1997, 275 73-7.
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Table 1. PDZ Domains Used for MD Simulations

PDB ligand ligand
protein PDZ class code residue IDs length sequence?

NHERF PDZ1 Apo 1Go& A:10—94

| 1GQ58 A:10—94/A:95-99 5 -EDSFL (“a” pep.)

| 1GQ48 A:10—94/A:95-99 5 -NDSLL (“b” pep.)

| 119233 A:10—94/A:95-99 5 -QDTRL (“c” pep.)
PSD-95 PDZ3 Apo 1BFE A:306—415

| 1BE®® A:306—415/B:5-9 5 -KQTSV
Dishevelled Apo 1L6& A:254-340

| 1L60%? A:254—340/D:1-8 8 -SLKLMTTV
Shank Apo 1Q30# A:584—686

| 1Q3pP4 A:584—686/C:1-6 6 -EAQTRL
Syntenin PDZ2 Apo INTE A:197-270

| 10BX% A:197-270/B:5-8 4 -(ETLE)DSVF

Il 10BY# B:197-270/Q:1-6 6 -TNEFYA
Erbin Apo 1IMF@° A:1280-1367

| IN7T0 model 2 A:12-99/B:301-307 7 -TGWETWV

1] 1MFG20 A:1280-1367/B:12471255 9 -EYLGLDVPV
GRIP PDZ6 Apo IN7E A:668—753

Il IN7P4 A:668—753/B:1-8 8 -ATVRTYSC
Inad PDZ1 Apo 1HS A:12—105

1] 1IHJ3 A:12—-105/D:3-7 5 -(GK)TEFCA

aResidues in parentheses are disordered in the crystal structure and were not included in the MD sinfuTatéonsordinates of residues 602 to 621
in the holo structure were taken from the crystal structure of the apo form of Shank (PDB code: 1Q30); see “Molecular Systems” subsection in Materials
and Methods.

addition, some of the dynamic effects associated with binding domains were as ordered or less ordered in the bound state than
that could not be captured in the MM/PBSA calculations because in the free (apo) state.
they are based exclusively on the MD trajectories of the PDZ/  Based on these findings we argue that the combined trends
peptide complex were estimated through the calculation of an observed for the nonpolar, electrostatic, and configurational
“adaptation free energy” defined separately for each PDZ entropy contributions are poised to sustain the promiscuous
domain and each ligand as the difference in free energiesinteractions in which PDZ domains engage. Furthermore, it is
between the bound and free state of each moleddfe.  proposed here that the remarkable variability in the degree to
Computing the adaptation free energy required separate MD which the dynamics of the peptide and the cognate PDZ domain
simulations for each PDZ domain and each peptide ligand. are coupled in the complex, as well as the varied ordering
The results of these computational experiments show that response of PDZ domains, suggests that entropic contributions
nonpolar contributions dominate the thermodynamics of the could play a role in determining the specificity of the interactions
interaction between PDZ domains and their ligands. This was between the PDZ domain and its target ligand or of the bound
in marked contrast with the contribution of the electrostatic PDZ/peptide ligand toward a downstream effector.
component that was almost consistently insignificant. The materials and Methods

Configurational entr,Opy contribution, WhiCh reflects th_e degree Molecular Systems.The PDZ domains selected for this study are
to which the dynamics of the PDZ domain and the peptide ligand listed in Table 1. For each domain, independent molecular dynamics

are coupleq in the complex, was alwz_iys unfavorable to bindi_ng. (MD) simulations were performed for the apo (without a bound peptide)
Moreover, it was found to be very variable across PDZ domains, and holo (in complex with a peptide) forms of the PDZ domain and

even for complexes involving the same PDZ domain but for the isolated peptide ligand. Thus, a total of 12 holo systems, 12
different peptides. But when comparing complexes involving isolated peptide ligands, and 8 apo systems were prepared for MD
the same PDZ domain, the configurational entropy contribution simulations. The starting coordinates for all systems were taken from
did not usually alter the binding preferences set by the non- known 3D structures of PDZ domains deposited in the Protein
entropic free energy component (corresponding to the sum of Databank® and subjected to a few modifications as detailed below.
nonpolar and electrostatic contributions). Finally, the evaluation Al 3D-structures were obtained from X-ray diffraction experiments
) . . - except for Erbin IN7P? which was an NMR structure (model 2 was

of the various configurational entropy contributions and adapta-

. . used, as it is considered by the authors to be the “best representative
tion free energies revealed several remarkable features abouf,. .t.re” in the ensemble)

the events that make up the binding reaction. Notably, we found \yhen the sequence length of the apo and holo forms differed in the

that upon binding all peptide ligands underwent significant crystal structures, a few residues at the N- and/or C-termini of the PDZ

ordering (loss of configurational entropy), but while an increase domains were deleted in order to maintain the same sequence in both
in configurational order was also observed for the majority of forms. The simulated chain segments are defined in Table 1 for each
the PDZ domains, in 5 out of the 12 complexes, the PDZ system.

(29) Berman, H. M.; Westbrook, J.; Feng, Z.; Gillland, G.; Bhat, T. N.; Weissig,

(27) Kollman, P. A.; Massova, |.; Reyes, C.; Kuhn, B.; Huo, S.; Chong, L.; H.; Shindyalov, I. N.; Bourne, P. Bucleic Acids Re200Q 28, 235-42.
Lee, M.; Lee, T.; Duan, Y.; Wang, W.; Donini, O.; Cieplak, P.; Srinivasan, (30) Skelton, N. J.; Koehler, M. F.; Zobel, K.; Wong, W. L.; Yeh, S.; Pisabarro,
J.; Case, D. A.; Cheatham, T. E., IAcc. Chem. Re00Q 33, 889-97. M. T.; Yin, J. P.; Lasky, L. A.; Sidhu, S. Sl. Biol. Chem.2003 278
(28) Reyes, C. M.; Kollman, P. Al. Mol. Biol. 200Q 297, 1145-58. 7645-54.
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For the Erbir® Inad?! and Dishevelle# PDZ domains, no apo with a cutoff of 0.9 nm in the direct space. The pair lists were updated
structure was known; therefore, the starting structure for the apo every 10 steps. The Lincs algorithfiwas used to constrain the bond
simulations was built from the corresponding holo structure by deletion lengths and bond angles between atoms, thus allowing an integration
of the peptide. The three crystal structures of the NHERF PDZ domain time step of 2 fs.
used in this study contain a non-natural C-terminus which corresponds Initially, all heavy atoms were restrained to their crystallographic
to the C-terminus of a known interacting protéf#3 This C-terminus positions using a harmonic potential (force constant equal to 1000 kJ/
is bound to the neighboring PDZ molecule in the crystal, thereby mol/nn¥), while surrounding water molecules were first minimized and
mimicking a peptide/PDZ domain interaction. Thus, the holo starting then subjected to 50 ps of MD simulations (NPT, 300 K, 1 bar). Then,
structures for the NHERF PDZ domains were reconstructed from the the resulting system was energy minimized, without any restraints, and
crystal symmetry by manually excising the peptide ligand from the the MD simulations were carried out for 20 or 25 ns depending on the
C-terminus of a neighboring PDZ domain. In the Shank PDZ doiifain, equilibration time (see Results).
the coordinates of residues 610 to 614, located insB«5C loop, are In the case of Shank (holo structure only), in order to relax and
missing in the crystal structure of the holo form. In order to build the equilibrate the coordinates for residues 602 to 621 that had been
coordinates for these missing residues, the apo and holo forms of Shankmanually incorporated (see previous section), the 50 ps restrained MD
were superimposed and residues 602 to 621 from the apo form wererun was decomposed into five 10-ps-long restrained MD runs in which
incorporated in the initial holo structure. Since the structure ofie the restraining force constant for the heavy atoms in residues 602 to
BC loop differs in the apo and holo forms, residues flanking both sides 621 was reduced by 250 kJ/mol/Adim each restrained MD run (initially
of the missing segment were incorporated to include at least one set at 1000 kJ/mol/nfrin the first run) while keeping the restraining
structurally overlapping residue. Minimization and equilibration (see force constant at 1000 kJ/mol/dran the remaining heavy atoms.
next section) were performed with positional restraints on the rest of  Binding Free Energy. Binding free energies were approximated
the molecule in order to relax the resulting holo structure. using the MM/PBSA approact:*>4” The MM/PBSA method is an

Finally, the starting structures for the simulations of the peptide efficient way to evaluate the binding free energy of a complex from a
ligands were extracted from the 3D structure of the complexes. A classic MD simulation in explicit water. It has been applied to many
charged ammonium group (NH was added at the N-terminus of all  different systems, including other protein recognition domains (e.g.,
peptide ligands in simulations of complexes and peptides alone. Note the SH3 domairf§), and the affinities derived from the method have
that, although the N-termini segments of some peptide ligands were been compared successfully to experimental vaitit)sA variant of
disordered in the crystal structure, the coordinates for these missingthis method, termed MM/GBSA, in which the implicit Generalized Born
residues were not reconstituted. This was the case for Syntenin’s (GB) solvent model replaces the PB calculation, has been introduced
10BX?! and Inad’s 1IHJ! in which the coordinates of four and two  recently>®
residues, respectively, are missing. In order to understand whether the In the MM/PBSA approach, the binding free energss, associated
presence of the ammonium group could affect our analyses, we per-with the binding of a PDZ domain (P) to its cognate peptide ligand
formed a control simulation on the Syntenin’s 10BX complexed with (L) to form a protein/ligand complex (P::L) is written
a peptide capped by a neutral acetyl group instead of the charged

ammonium group. We found that the resulting trajectory and the AG, = [Grpesd ™ Bivpesd— Gywpasd 1

calculated energies were nearly identical to the simulation with the

ammonium group (data not shown). where[GuvresAs an approximation of the free energy of a species in
Molecular Dynamics Simulations. All MD simulations were solution given by

performed with the GROMACS simulation pack&g€using the OPLS

all-atom force-field®” Each protein system was immersed in a pre- [Gympesdi = EyH AGIH I]&GSO?D— (2)

equilibrated cubic box of simple point-charge (SPC) water moleétiles.

The distance between the edge of the box and any protein atom was atyith ([ the molecular mechanical energy of the species in vacuum

least 0.8 nm. When present, crystallographic waters were also includedayeraged over snapshot structures extracted from a molecular dynamics

in the initial protein system. Sodium or chlorine counterions were added trajectory; A G¥0and mGe' °r) the nonpolar and electrostatic contri-

to neutralize the systems when necessary. All MD simulations were pytions to the Solvation free energy of the species also computed as
performed using periodic boundary conditions in the isobésiotherm averages over snapshot structures extracted from a molecular dynamics
ensemble, at 300 K and 1 bar. The temperature and the pressure Werg‘ajectory; ands the entropy of the molecular Species in a vacuum
maintained using the Berendsen algorithnwith coupling constants (see “Computational Details” for estimate of the entropy).

of 7v = 0.1 ps andze = 1 ps for the temperature and pressure,  Adaptation Free Energy. The adaptation free energy of a given
respectively. Twin-range nonbonded cutoffs of 0.9 and 1.2 nm were molecule, either a PDZ domain or a peptide ligand, was defined as the
used for the LennardJones potentials. Electrostatic interactions were difference in free energy between the bound (holo) and free (apo) states
calculated using the Partielélesh Ewald (PME) summation mett8d" of that moleculeé?-28 Thus, for a given PDZ domain, the adaptation
free energy associated with its binding reaction in an aqueous solution
was defined as

(31) Klmple M. E.; Siderovski, D. P.; Sondek, BMBO J.2001, 20, 4414

32) Cheyette B. N.; Waxman, J. S.; Miller, J. R.; Takemaru, K.; Sheldahl, L.

C.; Khlebtsova, N Fox, E. P; Earnest T, Moon R Dev. CeII 2002 (41) Essman, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen,
2, 449-61. L. J. Chem. Phys1995 103 8577-8592.

(33) Karthikeyan, S.; Leung, T.; Ladias, J. A.Biol. Chem2001 276, 19683~ (42) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. El.\@omput.
6 Chem.1997, 18, 1463-1472.

(34) Irﬁ, Y. J.; Lee, J. H.; Park, S. H.; Park, S. J.; Rho, S. H.; Kang, G. B; (
Kim, E.; Eom, S. H.J. Biol. Chem2003 278 48099-104.

43) Kuhn, B.; Kollman, P. AJ. Med. Chem200Q 43, 3786-3791.
(35) Berendsen, H. J. C.; Vanderspoel, D.; Vandrune&drap. Phys. Commun. (45

)

44) Massova, |.; Kollman, P. AJ. Am. Chem. Sod.999 121, 8133-8143.
) Masukawa, K. M.; Kollman, P. A.; Kuntz, I. OJ. Med. Chem2003 46,
)

1995 91, 43-56. 5628-37.
(36) Lindahl, E.; Hess, B.; van der Spoel, D.Mol. Mod.2001, 7, 306-317. (46) Srinivasan, J.; Cheatham, T. E.; Cieplak, P.; Kollman, P. A.; Case, D. A.
(37) Jorgensen, W. L.; Maxwell, D. S.; Tirado-RivesJAm. Chem. So996 J. Am. Chem. S0d.998 120, 9401-9409.

118 11225-11236. (47) Srinivasan, J.; Miller, J.; Kollman, P. A.; Case, D. A.Biomol. Struct.
(38) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J. Dyn. 1998 16, 671-82.
In Intermolecular forcesPullman, B., Ed.; D. Reidel Publishing Com- (48) Wang, W.; Lim, W. A,; Jakalian, A.; Wang, J.; Luo, R.; Bayly, C. |;

pany: Dordrecht, 1981; pp 33B42. Kollman, P. A.J. Am. Chem. 30(2001 123 3986-94.

(39) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Di Nola, A.; (49) Wang, J.; Morin, P.; Wang, W.; Kollman, P. A. Am. Chem. So@001,
Haak, J. RJ. Chem. Phys1984 81, 3684-3690. 123 5221-30.

(40) Darden, T.; York, D.; Pedersen,L.Chem. Physl993 98, 10089-10092. (50) Gohlke, H.; Case, D. Al. Comput. Chen2004 25, 238-50.
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AG, o= @WEESAD_ @&,GE%SAD (3) entropy of peptides and_ pro_teiWsThe quasi-harmonic a_nalysis yields
an upper bound approximatiog,, to the real configurational entropy,

S, of a molecule based on the all-atom covariance matrix that can be

calculated from an MD trajectory. For a moleculeMfatoms,S,, is

given by the following equation:

and similarly for the peptide ligand

bound fi
AGadapt: msk/TMguBnSAD_ @kﬂjﬁ%sﬂ (4)
3N—6
Computational Details. Analysis of the results from the MD S<S,=kg o In(1 — ey)] (6)
simulations was carried out with various algorithms implemented in = leg-1

the program METAPHORE (in-house software). All analyses were per-

formed using the last 15 ns of the equilibrated trajectories. Equilibration Where y = h/2z,/1/Kk;T;, h is the Planck constantks is the
was evaluated from the time evolution of the radius of gyration and Boltzmann constanfl is the temperature, and are the eigenvalues
the root-mean-square deviation (rmsd) of the structures from their initial of the all-atom mass-weighted covariance matrix of fluctuatienlk; (

configuration. whereoj = /mmx — 00§ — 00
A. Binding and Adaptation Free Energy. All contributions to the Finally, when calculating the entropic contribution to the free energy

free energy of binding and adaptation, with the exception of the of binding,—TAS,, the structures used to compute the covariance matrix
corresponding entropy contributions, were calculated as averages ofof fluctuations for each individual system (protein, ligand, protein/ligand
instantaneous values computed for snapshot structures extracted frontomplex) were all extracted from the MD trajectory of the correspond-
the MD trajectories. The snapshot structures were taken every 10 psing protein/ligand complex (similarly as the MM/PBSA binding free
over the last 15 ns of the trajectory (1500 structures for each molecular energy calculations). This calculation does not take into account the
system: protein, ligand, or protein/ligand complex). loss or gain of self-entropy associated with the rotational, translational,
Contributions tolEywwere calculated using the potential energy and conformational changes of each component upon binding. However,
terms of the OPLS force field as implemented in the GROMACS it yields the configurational entropy due to the motions of the peptide
package. The van der WaaBq,, and CoulombE.., energies were and the PDZ domain with respect to each other and to the cross-terms
calculated without periodic boundary conditions or a cutoff for long- from correlated motions between the PDZ domain and the peptide.
range interactions. Thus, a high entropic cost of binding indicates a high degree of coupling
The solvation free energy terms were computed following the MM/ between the dynamics of the PDZ domain and the bound peptide.
PBSA approach. For each structure, the nonpolar component of the

solvation free energhGqr was taken to be linearly dependent on the Results
solvent accessible surface aréa,of the solutét MM/PBSA. The components of the binding free energies
for the 12 complexes were calculated with the MM/PBSA
AGP ~yA+b (5) method associated with a quasi-harmonic approximation for the

configurational entropy. The snapshot structures used for these
with y = 0.0054 kcal/mol and = 0.92 kcal/moR”>! The solvent calculations were extracted from the equilibrated portions of
accessible surface area of the solute molecules was calculated usingviolecular Dynamics (MD) trajectories carried out in the pres-
the MSMS prOgrafﬁ? The PARSE radii were used to define the atomic ence of explicit solvent molecules. MD simulations were
radii of the solutes, and the radius of the probe sphere was taken ascomputed for 12 holo PDZ domains, 12 unbound peptide
1.4 A to be consistent with the electrostatic part of the solvation free ligands, and 8 apo PDZ domains, listed in Table 1. All simu-

energies (see below). lations were performed using the same conditions and with the
The electrostatic component of the solvation free enemﬁﬂj, P . 9
same protocol (see Materials and Methods).

was calculated with the program DelpBP*which solves the Poissen . ) . . .
Boltzmann equation numerically for a set of fixed charges in a cavity. The equilibration of the MD trajectories was monitored from

We used the PARSE parameter28étfor the radii of the solute atoms ~ the convergence of the plots of the radius of gyration as a
used to define the solute cavity; the atomic charges were taken from function of time and the time dependence of the root-mean-
the OPLS force field (to be consistent with the calculatiorEgs,). square deviation of &€ carbon atoms (€-rmsd) from their
The interior dielectric constant for the protein was setjte= 4. The initial configuration. The equilibration time varied among
exterior dielectric constant was set ¢ = 80 for water, and the systems, but it was particularly slow, ranging from 3 to 10 ns,
dielectric boundary was calculated using a spherical probe with a 1.4 A for the apo PDZ domains of Inad and Dishevelled for which
radius. The grid was chosen with 3 points per A, and the solute molecule the starting structures had been extracted from the crystal
occupied 80% O.f the box. i . structure of the corresponding holo PDZ domain. These two
B. Configurational Entropy . Only the configurational part of the . .
apo systems were therefore simulated for 25 ns instead of 20 ns

entropy was included in the entropic contribution to the free energy. . .
Thus, the entropic changes associated with binding and adaptationfor all the other systems, in order to ensure an equilibrated

were calculated asTAS, ~ — T(S0L — S — St for the binding portion of the MD trajectory of at least 15 ns long. All analyses
and —TAS o, ~ — T(SH™ — S and —TASy e~ ~T(Si™  were thus performed on the last 15 ns of the trajectories.

— S-™9 for the adaptation of the protein (P) and the ligand (L), It should be noted that long simulations are rarely used to
respectively. evaluate the binding free energy using surface area continuum

The configurational entropy of each system (protein, ligand, and solvent methods. To our knowledge, only one case has been
protein/ligand complex) was estimated using the quasi-harmonic reported of an MM/GBSA (with a solvation term calculated
analysis®>%¢ This method has been used previously to evaluate the using Generalized Born and Surface Area) analysis over a 10 ns
window of a 12 ns MD simulation of a proteirprotein
complex2® That study showed that averaging over such a long
time window was necessary because of the large fluctuations

(51) Sitkoff, D.; Sharp, K. A.; Honig, BJ. Phys. Cheml994 98, 1978-1988.
(52) Sanner, M. F.; Olson, A. J.; Spehner, J.Bbpolymers1996 38, 305~
20

(53) Gilson, M. K.; Honig, B.Proteins1988 4, 7—18.
(54) Honig, B.; Nicholls, A.Sciencel995 268 1144-9.
(55) Andricioaei, I.; Karplus, MJ. Chem. Phys2001, 115 6289-6292. (57) Pohlmann, T.; Bockmann, R. A.; Grubmuller, H.; Uchanska-Ziegler, B.;
(56) Tidor, B.; Karplus, MJ. Mol. Biol. 1994 238 405-414. Ziegler, A.; Alexiev, U.J. Biol. Chem2004 279, 28197-201.
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Table 2. Binding Free Energies of PDZ Domains with Their Target Peptides in kcal/mol Calculated with the MM/PBSA Method?

protein AE, AEq AA GEAAGY, AGE*b AGe ~TAS,* AGy®
NHERP -432@.3 ~56.6 (7.4) 56.6 6.5) ~5.90.49) 0.0(L.7 ~-49.1¢.3 9(2) —40.1(4.9
NHERP —42.2 4.0 —36.4 4.3 38.16.3 -5.70.9 1.7 1.7 —47.9 4.2 73 —39.1(6.4)
NHERF —43.8 4.3 —40.2 (7.0) 42.7 6.1 -6.2 0.9 25(.7) —50.0 @.4) 14 (2) —33.6(5.6)
PSD-95 —42.1 4.1 —87.1 (4.9 87.3(13.) -5.80.2 0.2@.5 —47.9@.1) 93 —38.8(6.2
Dishevelled -61.7@.3 —65.50.2 68.2 0.0 -750.3 2715 —69.2@4.3 22 (3) —44.4(7.0)
Shank —36.4 4.9 -38.40.3 39.58.1) —5.6 (1.0) 1.1@.9 —42.0 4.9 45 ) +4.1(5.8
Syntenin | -35.5@.5 -37.38.) 38.6 6.5 -5.00.9 1.3@.2 —40.4 @4.5 8 () -31.1(3.9
Syntenin |1 —38.7 3.9 —25.4 3.9 27.4 6.0 -5.00.1) 2.0 (.4 —43.7 3.9 5(3) —36.7(5.5)
Erbin | —62.46.1) —39.8(11.5 43.60.1) -7.40.3 3.93.0) —69.8 6.1) 12 ) —53.9(6.9)
Erbin 11 —-50.9 6.4) —44.3 6.5 48.24.9 -7.0(1.0 3.92.4) —-57.9 6.6) 232) —31.0(7.49)
GRIP —46.2 (4.6) —60.0 6.1) 60.7 6.3 -6.9 0.5 0.8 (L.7) —53.14.6) 24 (4) —28.3(7.9)
Inad —33.08.7 —29.6 3.9 322062 —4.5(1.0 2.5(L.6) —37.5@.9 5(2) —30.0(5.2)
Average —44.7(9.5) —46.7(17.5 48.6(17.0 —-6.0(1.0 1.9(1.3 —50.7(10.4 15(12) —33.6(13.9

a Standard deviations of averages are shown in parentheses. The last line is the average of each column and its corresponding standamiG@lg¥iation.
= AEcoul + AAGsof'® ¢ AG,™ = AE,qw + AAGso™. ¢ —TAS, calculated with the quasi-harmonic approximation on the complex traje &g, = AGpele
+ AG™ — TAS

observed in the computed free energies. We have performedbinding free energy of the Erbin PDZ domain with the class |
similar convergence tests and found in agreement with this peptide was 23 kcal/mol more favorable than that with the class
previous study that long simulations were necessary to ensurell peptide. The exaggerated magnitude of this difference is obvi-
better convergence of the calculated free energy componentsously due to the approximations in the MM/PBSA method, but
and that averages obtained over short time windows are the trend is reassuringly correct. We also found that the Syntenin
unreliable (data not shown). We also found that long simulations PDZ domain had a binding free energy that was more favorable
were necessary to obtain sufficient convergence of the entropichy 5.5 kcal/mol for the class Il peptide than for the class |
part of the binding free energies. peptide. This is also consistent with experiméhthat show

For each system, in order to improve the precision of the that the PDZ2 domain of Syntenin binds slightly better to the
computed contributions to the binding free energy, all the class | than to the class Il peptide. Together, these results show
snapshot structures for the protein, the ligand, and the protein/that the MM/PBSA method is capable of reproducing the impor-
ligand complex were extracted from a single MD trajectory of tant preference trends in the comparison of class /Il binding.
the corresponding protein/ligand complex. This procedure  pjrect comparison of the other results with experiment is not
provides only an approximation to the binding free energy strajightforward, because, as mentioned in the introduction, few
because it does not take into account the possible conformationakyperimental binding affinities are currently available for PDZ

changes of the PDZ domain or the peptide in the process of yomain complexes. Although some experimental binding affin-
binding. But we found that when snapshot structures were takenies are in the literature, it is often not possible to compare

from separate trajectories, the standard deviation and the averagg,em among themselves, because the assays are done under very
values for the various free energy contributions had the same giterent conditions. Moreover, comparison with our calculations

ordelr of rr;]z_ag_mtude,_thereby Eampen_ng the 'nter_pLet?]t'on (zjf the \yould require the peptide sequences used in the binding assays
results. This is consistent with a previous sttidyhich showe to match those in our simulations which were imposed by the

that _taklng separat_e trajectories of the components t_o ?Valuateavailable crystal structures. Nevertheless, experimental data are
binding free energies led to very large standard deviations on

h available for some cognate systems. For example, for NHERF
the _avgrages. . _ there are three different binding experiments showing that the
Binding free energies of t_he twelve comp_lext_as_ calculated with N\HERFE PDZ domain binds strongly to the three peptides (a, b,
MM/PBSA are presented in Table 2. Whlle_lt is well-known 54 ¢) but slightly better to the b-peptidés(= 18 nM, ref 60)
that the binding free energies calculated with MM/PBSA do {01 t0 the a-peptidd<q = 26 nM, ref 61), and that both a- and
npt .reproduce expgrimental values accurately, MM/PBSA b-peptides bind better than the c-peptitig € 48 nM, ref 62).
binding free energies have been shown to correlate with |, 'gjiont disagreement with the experiments, we found that the
experiments W‘?"’-‘ Although our purpose here is t(_) use _MM/ NHERF PDZ domain binds equally well to the a-peptide and
PBSA calculations t_o_ reveal_ th_e forces governing binding to the b-peptide, but we agree with the experiments in finding
through a decomposition of binding free energies, rather than the c-peptide to have the lowest affinity(@ kcal/mol less than

to rank the different complexes, the ranking of binding free : :
. ) . ~the a- - for the NHERF PDZ . For PSD-
energies was tested for the Erbin and Syntenin systems fOI’WhICht e a- and b-peptides) for the domain. For PS

the affinities were known experimentally.
In agreement with the experimental finding that the Erbin Z.; Otlewski, J.; Derewenda, Z. Structure2003 11, 459-68.
; R ; : f T (60) Hall, R. A.; Ostedgaard, L. S.; Premont, R. T.; Blitzer, J. T.; Rahman, N;
PDZ domain binds class | peptides with higher affinity than Welsh, M. J.: Lefkowitz, R. Proc. Natl. Acad. Sei. U.S.A998 55, 8496

class Il one€® our MM/PBSA calculations showed that the 501.

(61) Maudsley, S.; Zamah, A. M.; Rahman, N.; Blitzer, J. T.; Luttrell, L. M.;
Lefkowitz, R. J.; Hall, R. A.Mol. Cell. Biol. 200Q 20, 8352-63.

(62) Wang, S.; Raab, R. W.; Schatz, P. J.; Guggino, W. B.; LiFEBS Lett.
1998 427, 103-8.

(59) Kang, B. S.; Cooper, D. R.; Jelen, F.; Devedjiev, Y.; Derewenda, U.; Dauter,

(58) Swanson, J. M.; Henchman, R. H.; McCammon, JBhphys. J.2004
86, 67—74.
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95, binding assays were conducedith the CRIPT peptide, a very small contribution to the binding free energy. Values of
but with a shorter or a longer sequence than the one we simu-AGZ® were on average-1.9 kcal/mol with a standard error of
lated Kq = 2 uM for -YKQTSV andKy = 300uM for -QTSV). 1.3 kcal/mol. They ranged from 0 kcal/mol for NHERF to about
Experiments on the Dishevelled PDZ domain showed that its +4 kcal/mol for class | and Il Erbin. The weakness of
complex with the Dapper peptide, with a longer sequence electrostatic interactions was surprising because the interaction
(-SGSLKLMTTV) than the one in our simulations, has a disso- between the conserved carboxylate binding loop and the
ciation constankq = 16 «M.54 Unfortunately, to our knowledge,  C-terminal carboxyl group in the peptide ligand is one of the
no binding data are available for the Shank PDZ domain in hallmarks of peptide/PDZ domain recognition, and also because
complex with the GKAP peptide, for the GRIP PDZ domain the peptide ligands also comprise charged and polar residues
with liprin alpha, or for the Inad PDZ in complex with NorpA.  that in some cases make distinct hydrogen-bonding interactions
Our predictions of relative PDZ domain binding affinities from  with residues in the PDZ domain receptor. However, decom-
the computational study with MM/PBSA are currently the only  position of the free electrostatic contribution into its Coulombic
quantitative information available for these systems. AEgou and solvatio/MGES components showed that indeed the
The case of the Shank PDZ domain is noteworthy, becausedirect intermolecular electrostatic interactions were always
the total calculated binding free energy of the complex s slightly fayorable to the binding but their contributions could not
positive (+4.1 kcal/mol), but the complex exists in the crystal compensate the large desolvation penalties associated with the
structure. It becomes clear from the energy decomposition (cf. binding event, thereby always leading to an unfavormle_
Table 2) that the calculated unfavorable binding free energy is This compensation phenomenon has been previously observed
entirely due to a very high entropic cost45 kcal/mol), which i several studies of protein/ligand interactions in solutf:67
is by far the largest entropic cost of all the studied systems.

One possible explanation is that this effect is due to the modeling computed assuming a valuegf= 4 for the dielectric constant

procedure required to prepare the starting structure for this S : . .
; o of the protein interior. This value is commonly used for proteins
particular system: in the crystal structure of the Shank complex .

. T : in this kind of study>49.6869However, there is no consensus
residues are missing in th8B—£C loop, and these residues . . .
on what the value of the dielectric constant for proteins should
were modeled based on tfi8—4C loop of the apo form (see

Methods). This procedure may have been responsible for anbe:_ €i values greater than 1 are typically used to_lnc_lude polari-
. . o zation effects § = 2) and/or structural reorganization of the
uncommon dynamic behavior of the complex, resulting in an

N 70 :
exceptionally high entropic cost. However, another more protein € = 4) implicitly.”® To establish the effect of the value

intriguing explanation could be that this unfavorable or very f?crt:]he ||ntetr|ortd;_electr|c cons'iatnttgn tthte Ir(te)l_ag\_/e cfontnbutlon
small computed binding affinity reflectsteue lack of affinity ot the electrostatic component to the total binding free energy,

of the isolated/monomeric Shank PDZ domain for its cognate different € = 1, 2, 4, 10, and 20) interior dielectric constant
peptide-ligand. This would be consistent with the recent values were teste_d. T_he_se tests showed '_[hat the abs_olute value
suggestioff that the functional unit of the Shank PDZ domain of the glectrostatlc binding free energy 1 roughly inversely

is a dimer rather than a monomer (the crystallographic unit doesproportlonal to the value of the dielectric constant (data not

contain a dimer of Shank PDZ domains, and we only simulated shown) in agreemen.t with a previous rep@rHowgver, we
an isolated monomer). found that using a different dielectric constant did not affect

PDZ Domain Binding Interactions. One of the advantages significantly our result of a relative small contribution of electro-
of the MM/PBSA approach is that it enables a decomposition Stali¢ Interactions to b'r?d'”g free energies.
of the free energy into identifiable contributions. Thus, electro- ~ C. Entropic Contributions . There is no explicit method to
static AGpe'® = AEcoy + AAGi!fD, nonpolar or hydrophobic ~ calculate the entropy contribution to the binding free energy

(AG[® = AE,qw + AAGZ), and entropic £ TAS,) contribu- in the MM/PBSA approach. This contribution is sometimes
tions were analyzed separately (Table 2). neglected? calculated with a normal-mode analysis on a few
A. Nonpolar Contributions The decomposition (Table 2) of ~ Minimized structures extracted from the simulatiét&; > or

the binding free energies into electrostatic, nonpolar, and computed using a quasi-harmonic approximatff.Because
entropic components showed that nonpolar contributions, andnormal-mode analysis is computationally very costly when used
more specifically intermolecular van der Waals forces, dominate On a large number of configurations, we chose to use a quasi-
peptide/PDZ domain interactions. The absolute value of the harmonic analysi$=¢to calculate the configurational part of
nonpolar component represented on average 77% of the sunihe entropy contribution to the free energy of binding, as
of the absolute values of the three components (electrostatic,described in Materials and Methods. It should be mentioned
nonpolar, and entropy). The average valud&;" was—50.7
kcal/mol with a standard deviation of 10.4 kcal/mol. The highly (65) Miyamoto, S.; Kollman, P. AProc. Natl. Acad. Sci. U.S.A993 90, 8402~

favorable nonpolar binding free energy probably reflects the (66) Smith, B. J.; Colman, P. M.; Von ltzstein, M.: Danylec, B.; Varghese, J.

i i i - N. Protein Sci.2001, 10, 689-96.
great_number of favorable interactions from th(_e various h_ydro 67) Wang, W Kollman, P AJ. Mol. Biol. 2000 303 567-82.
phobic pockets that cover the surface of the binding site in the (68) Lee, M. R.; Tsai, J.; Baker, D.; Kollman, P. A. Mol. Biol. 2001, 313

It should be noted that the electrostatic contributions were

; i 417-30.
PDZ domains (Cf Flgur,e la) (69) Suenaga, A.; Hatakeyama, M.; Ichikawa, M.; Yu, X.; Futatsugi, N.; Narumi,
B. Electrostatic Contributions. In contrast to the nonpolar T.; Fukui, K.; Terada, T.; Taiji, M.; Shirouzu, M.; Yokoyama, S.; Konagaya,

A. Biochemistry2003 42, 5195-200.

components, the electrostatic interactions were found to make(m) Sharp, K. A Honig. BAmNU. Re, Biophys. Biophys. Cher99Q 19,

301-32.
(63) Niethammer, M.; Valtschanoff, J. G.; Kapoor, T. M.; Allison, D. W.; (71) Archontis, G.; Simonson, T. Am. Chem. So2001, 123 11047-56.
Weinberg, T. M.; Craig, A. M.; Sheng, MNeuron1998 20, 693-707. (72) Laitinen, T.; Kankare, J. A.; Perakyla, Nroteins2004 55, 34—43.
(64) Wong, H. C.; Bourdelas, A.; Krauss, A.; Lee, H. J.; Shao, Y.; Wu, D.; (73) Harris, S. A.; Gavathiotis, E.; Searle, M. S.; Orozco, M.; Laughton, C. A.
Mlodzik, M.; Shi, D. L.; Zheng, JMol. Cell. 2003 12, 1251-60. J. Am. Chem. So@001, 123 12658-63.
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(a) lack of convergence of the configurational entropy calculated
for the individual molecules, differences taken between indi-
vidual configurational entropies were sufficiently converged.
The convergence of the entropic contribution to the binding free
energy,—TAS = —T(§+ — §F — ), is illustrated in Fig-
ure 2b, which represents a plot 6fTAS, on cumulative blocks
as a function of the length of the time interval. We chose,
therefore, to use the value of such entropy differences calculated
from the last 15 ns of the trajectories (the last point on the
graphs) as theonfigurational entropy differencend evaluated
the error on this value as the difference between the value
calculated from the last 15 ns (the time window from 5 to 20 ns
Aa0 g : 1'0 . 1'5 o 20 of the trajectory or 1625 ns for the longer simulations) and
Time (ns) the value calculated in a time window of 10 ns (from 5 to 15 ns
(b) of the trajectory). This error is shown in parentheses in the
60 : : . ; ! entropy column of Tables-24.

Entropy convergence was tested further by performing
multiple simulations on two systems: the PSD-95 complex and
the Syntenin class | complex. These systems are the largest
(PSD-95) and the smallest (Syntenin class I) complexes in total
number of atoms. Four additional 20 ns MD simulations (one
for PSD-95 and three for Syntenin) were performed with
different seeds. For the PSD-95 complex the configurational
binding entropy-TAS, was 11+ 3 kcal/mol for the additional
simulation and 9t 3 kcal/mol for the simulation presented in
. | . ; . Table 2. For the Syntenin class | complex the configurational
0s 10 15 20 binding entropies were & 1, 10+ 2, and 9+ 1 kcal/mol for

Time (ns) the additional simulations and-8 1 kcal/mol for the simulation
t’-'higwi j-si ﬁ:rpnr]%srﬁcnt:tioggifr:zigﬁn\(fs)rgsr?;g ;}g‘?g}f?hrg/ ﬁﬂ%ué?:ﬂggzusmg presented in Table 2. These values are comparable within error
dom‘;m apo (black "n%'[; and holo in complex with the “b” peptide (gray and thus indicate that the entropy calculation is not S|mulgt|on
line) calculated on cumulative blocks, starting at 5 ns of MD simulations dependent. We conclude that the calculated differences in the

inintervals increasing by 0.5 ns. (b) Entropy part of the binding free energy values of configurational binding entropies for the various PDZ
(see Methods) calculated on cumulative blocks for the NHERF PDZ domain svstems we studv are not sampling artifacts
in complex with the “b” peptide. Yy y piing ’

1600 . , . I .

1400

1200

TS (kcal/mol)

800

-TAS (kcal/mol)

It is important to note however that the quasi-harmonic

that another entropy approximation, the Schlitter entrpy, approximation holds only in the case of a multivariate Gaussian
which is also based on the assumption of quasi-harmonic probability distribution. Thus, when a system transits from a
behavior, has been extensively tested and used to evaluate thetable conformation (free energy well) to another stable con-
configurational entropy of peptides and proteifis” When the formation (free energy well), the quasi-harmonic approximation
quasi-harmonic approximation holds, the Schlitter entropy is will overestimate the configurational entropy. These transitions
an upper bound approximation &, and is considered a less can also lead to an overestimation of the configurational binding
accurate approximation to the real configurational entropy than entropy. For example, we observed in the case of GRIP that a
the quasi-harmonic entrogy. sudden change of conformation of the peptide interfered with
The principal difficulty when evaluating the configurational —the convergence of the configurational entropy difference. But,
entropy based on the quasi-harmonic approximation is that theif the transition phases are removed from the trajectory (by
covariance matrix of fluctuations needed for computing the cutting the trajectory into intervals during which the molecules
entropy converges very slowl§j A previous MM/GBSA study are globally stable), the quasi-harmonic approximation holds
reported that convergence was not achieved even when usingand the convergence of the configurational entropy difference
10-ns-long simulation® In testing the approach for conver- s restored.
gence by computing the entropy on cumulative blocks starting  The results in Table 2 show that the configurational entropy
at5 ns of MD, we found that the entropy of each molecule was part js always unfavorable to binding. This is not unexpected
not yet converged even after 20 ns of simulation. This is pecause the entropies of the PDZ domain and the ligand, as
illustrated in Figure 2a for the apo and holo PDZ domain e| as the entropy of the complex, were calculated from a single
simulations of NHERF. However, we found that, despite the gjmyjation of the complex, and thus the entropy of the protein/
ligand complex is by definition smaller than the sum of the

(74) , Schlitter, JChem. Phys. Lett1993 215 617-621.

(75) Schafer, H.; Daura, X.; Mark, A. E.; van Gunsteren, WPFateins2001, entropies of its components, leading to an unfavorable entropy
43, 45-56. ihuti indi ; ;
(76) Schafer, H1.: Mark, A. E.. van Gunsteren, WJEChem. Phy2000 113 contnbutllon to.blndmg. In fact, as §tat§d in thg Methods section,

7809-7817. the configurational entropy contribution to binding calculated
(77) Schafer, Hi Smith, L. J.; Mark, A. E.; van Gunsteren, W ateins2002 with this protocol represents only the magnitude of correlated
(78) Hess, BPhys. Re. E 2002 65, 031910. motions between the PDZ domain and the peptide ligand. And
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Table 3. Adaptation Free Energy of the Peptides Upon Binding: AGédap[ in kcal/mol?@
protein AEj° AGeee AGPY —TASagapt® AG*apt” AGagap?

NHERP 0.1(11.9 0.5@3.0 1.0(7.3 57 Q) 15119 58.5 (14.7)
NHERP —-3.2(11.) 1229 —-0.6 6.9 59 2 —2.6 (10.9 56.4 (12.9
NHERF -5.8(12.5 4.2 .9 —-2.3(7.0 32 —-3.9(12.9 28.1(16.9
PSD-95 —-3.3(12.) 1.3@.3 1.8 6.0 57 @) -0.2(11.7) 56.8 (13.7)
Dishevelled 0.314.7) 0.8 (2.9 0.0 8.0 70 (18) 1.2(14.9 71.232.9
Shank —-2.2(12.8 1.8R.7 -0.4@7.7) 25 (10) -0.8(12.9 24.2 Q2.9
Syntenin | 3.010.9 -0.3@2.0 1.8(6.5 300 4.5(10.0 34.5(@13.1)
Syntenin Il 3.712.9 —2.6 2.9 4.4 6.9 63 (3) 5.5@12.5 68.5 (5.5
Erbin | 9.5(@12.9 0.5@2.3 19(.9 73 () 11.8 2.9 84.8 (17.7)
Erbin Il 0.0 (13.9 0.9 2.1 140.2 55 (15) 2.3(14.9 57.3 9.9
GRIP —3.9(13.8 -0.1@2.3 16(7.2 72 (1) —2.4(13.5 69.6 (14.95
Inad —1.1(10.5 0.2 (1.5 —0.2(6.6 22 ) —-1.1(10.3 20.9(@12.3
Average -0.2(4.2) 0.7(1.6 0.9(1.7) 51.3(18.9 1.3(4.3 52.6(20.8

a Standard deviations of averages are shown in parentheses. The last line is the average of each column and its corresponding standaRiftereiatien.
in internal energy (sum of the bond, angle, and dihedral energiBsfference in electrostatic free energy (sum of the intramolecular electrostatic energy
and the electrostatic solvation free energyRifference in nonpolar free energy (sum of the van der Waals energy and the nonpolar part of the solvation free

energy).® —TAS,.,

~ _ L_bound __
t ™ T(Sconf

L_bound
) where Sgont

free

and Stgnf are calculated with the quasi-harmonic approximation, respectively, from the

complex and the free simulations. The error is calculated-FAF5—20 ns]+ TAF5—15 ns]. f AG* agapt= AEint + AG*® 4+ AG™. 9 AGagapt= AG* —

TA&daps

thus, our results indicate that, in the bound state, the dynamicssignificantly to the binding affinity, and entropic effects, always

of the peptide and PDZ domain are generally tightly coupled. unfavorable to binding as well, did not counterbalance (with
However the magnitude of this dynamical coupling is very one exception) the magnitude of the affinity set by the nonpolar
variable, as indicated by the variation in the configurational interactions. However, the entropic effects were remarkable in
entropy contributions;-TAS,, to the binding free energies in  their variability, notably when comparing distinct peptides bound
Table 2. Configurational entropy contributions ranged fron to the same PDZ domain.
or +10 kcal/mol for Inad, class | and Il Syntenin, PSD-95 and  adaptation Free Energies.In order to compare the free
NHERF (with a- and b-peptides), 645 kcal/mol for Shank.  energy of the bound and unbound/free states of each molecule
Overall, the standard deviation fefTAS, was of 12 kcal/mol. (peptide or PDZ domain), the free energies of the “free” state
This standard deviation is as large as that of the nonpolar of the PDZ domain and of the “free” peptide were computed
contribution (10.4 keal/mol) and could suggest that the con- from MD trajectories obtained for each molecule individually.
figurational entropy contributions could counterbalance nonpolar The free energies of the free states thus obtained were then
contributions in determining the specificity peptide/PDZ domain ¢ ntracted from the already computed free energies of the bound
interactions. But this counterbalancing effect was only observed giate of each molecule (based on the MD trajectories of the
when analyzing the energetics of NHERF bound to peptide “c” ., mplexes), and these differences were considered to represent
vs peptide “b”. In these complexes, the entropic contribution «aqantation free energies” as presented previously else@hre.
—TAS, was twice as large (and unfavorable) for the “c” peptide his sort of adaptation free energy incorporates some of the

(+14 keal/mol) vs the *b” peptide7 kcall rr?ol).“'I;his lead 10 gffects that are missing from the previous binding free energy
a weaker affinity between NHERF and pep_tlde €°33.6 keall calculations, which used structures extracted only from the
mol) than that between NHERF and peptide “b*39.1 kcal/ protein/ligand complex trajectories.
mol) although the nonentropic contributioA@:® + AG[P) to The adaptation free enerdies for the PDZ domaik@”
the binding free energy was slightly more favorable in the P P P g . . L odapt

= By~ Gy, and for the peptide ligand\G, g, =

complex of NHERF with peptide “c”{47.5 kcal/mol) than Gl Gt din Tables 3 and 4 vel
bound_ e @re reported in Tables 3 and 4, respectively.

with peptide “b” (—46.2 kcal/mol). Nevertheless, the entropic ) o :
contributions were remarkably variable. Notably, it is note- It'should be notgd that since th'e standard deviations associated
with the adaptation free energies are very large, abouts@0

worthy that the entropic contributions; TAS,, for peptides =
binding to the same PDZ domain were twice or almost twice kcal/mol (the standard deviation of the free energy average for
each simulation is about 25 kcal/mol), it was not possible

as large in several complexes, including NHERF/peptide “c” X ! o i
vs NHERF/peptide “a” or “b”, Syntenin/class | vs Syntenin/ to interpret these results precisely, but we could still identify
class 11, and Erbin/class Il vs Erbin/class I. This variability in SOMe general features and compare the different PDZ domains.
the degree of coupling between the dynamics of the peptide Notably, in order to distinguish between structural and dynami-
and PDZ domain, while not influencing the affinity of the cal features linked to the variations in adaptation free energy,
interaction (see above), is a property that could be exploited in the nonentropic\G;,,, and entropic—TASuapt contributions
interactions with downstream effectors. to the free energy of adaptation were analyzed separately.

In summary, the decomposition of binding free energies for ~ For the peptide ligands, the adaptation free energy was very
the 12 different PDZ domains in complex with their target unfavorable in all cases, ranging from approximateB/1 kcal/
peptides indicated that nonpolar interactions provided the largestmol in Inad to+85 kcal/mol in Erbin/class | (Table 3). Inter-
unopposed contribution to the binding affinity. In contrast, estingly, the nonentropic part of the adaptation free energy was
electrostatic interactions, always unfavorable, did not contribute negligible 1.3 kcal/mol on average) in comparison to the
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Table 4. Adaptation Free Energy of the PDZ Domains Upon Binding: AGanaptin kcal/mol?

protein AEj° AGeee AG™d —~TASagapt® AG*apt” AGagap I
NHERP —6.0 41.5 4.00.0) 1.432.2 95 (8) —0.6 42.3 94.4 60.3
NHERP —4.2 40.5 3.30.9 -2.134.0 85(3) -3.0419 82.044.9
NHERF -14.841.3 3.1(10.2 10.2 31.8 95 (3) —-1.5@42.]) 93.5 ¢45.1)
PSD-95 30.047.0) —-1.2 (10.9 7.5@5.7 20 (10) 36.3 47.2 56.3 67.2)
Dishevelled —-15.841.2 -1.2@8.2 44.3 30.7) -17 ) 27.3¢1.) 10.3 46.1)
Shank 8.244.6 0.18.9 5.8(32.3 -1(3) 14.1 @4.79) 13.147.7
Syntenin | 7.988.0 -0.6 (7.2 11.1 @6.9) —-15 (@) 18.4 36.9 3.4 (43.9
Syntenin I —2.4@37.2 3.6(7.0 4.2(26.9 15 () 5.3(36.9 20.338.9
Erbin | 17.2 2.0 6.2 (16.4) 47313 42 28.0 45.2) 32.0 47.2
Erbin Il 2.0@41.49 3.30.9 6.732.2 01y 12.041.9 12.062.9
GRIP 10.0 40.9 -3.10.2 17.7 32.9 10 (10) 24.7 ¢3.2 34.7 63.2
Inad —0.842.9 -0.2(10.7 8.5(34.2 15@®) 7.6 43.9 22.6 61.69
Average 2.6(13.1 1.4(2.8 10.0(11.9 26 (42 14.1(13.0 39.6(33.5

a Standard deviations of averages are shown in parentheses. The last line is the average of each column and its corresponding standaBiftereiatien.
in internal energy (sum of the bond, angle, and dihedral energiBsfference in electrostatic free energy (sum of the intramolecular electrostatic energy
and the electrostatic solvation free energyRifference in nonpolar free energy (sum of the van der Waals energy and the nonpolar part of the solvation free
energy).® — TAS, ., ~ —T(SIi?° — Sh5™) where S, and SE25° are calculated with the quasi-harmonic approximation, respectively, from the holo
and the apo simulations. The error is calculatet-aEAS5—20 ns)+ TAS(5—15 ns). f AG* agapt= AEint + AG®® + AG™. 9 AG agapt= AG* adapt— TAS

adapt
entropic contribution£51.3 kcal/mol on average). Thus, the were not necessarily more ordered when bound than when free.
cost of adaptation came almost exclusively from entropic Systems such as the Erbin class | and class Il and the Shank
contributions, indicating that ordering of the peptide within the PDZ domains showed almost no entropic adaptation. But even
binding site was a critical aspect of the binding event (from the more remarkable were systems such as the Syntenin class | and
peptide point of view). Dishevelled PDZ domains for which the binding event was

For the PDZ domains, the total adaptation free energy was associated with an entropic gaift TASuapt values of—15 and
also always unfavorable (Table 4) and very variable among PDZ —17 kcal/mol, respectively) rather than an entropic cost. Overall,
domains, with an average value of abeit89.6 kcal/moland a  in 5 out of the 12 systems the holo state of the PDZ domain
standard deviation of 33.5 kcal/mol over all systems. But the became less or equally ordered than the corresponding free/
picture emerging from the decomposition of the adaptation free apo state. It is worth mentioning that this form of vibrational
energy cost into entropic{TASuapiin Table 4) and nonentropic  entropic gain represents a way to recover partially from the loss
(AG34aptin Table 4) contributions was not as clear as that for of rotational and translational degrees of freedom associated
the peptide ligands: no general trend concerning the relative with a binding event. Steinberg and Scherd@irst proposed
contribution of these two quantities\Gygq, VS —TASugap) to evaluate the magnitude of this entropic gain that arises from
was readily apparent. the creation of new internal/vibrational degrees of freedom in

The values of the nonentropic part of the adaptation free the complex. More recently, Tidor and Karpteishowed that
energy for the PDZ domainSAGZdaptin Table 4) ranged from these effects contribute7.2 kcal/mol to the dimerization of
about 0 kcal/mol for the three NHERF PDZ domains, Inad and insulin.
class Il Syntenin, te-37 kcal/mol for the PDZ domain of PSD- Finally, the contrasting behavior of the Syntenin PDZ domain
95. These values indicate that some of the polar and nonpolarwhen bound to class | and class Il peptides is worth noting,
internal interactions that stabilize the PDZ domain in the free since the computed values 6fTAS.ap indicate that upon
state are lost in the bound state, leading to an unfavorablebinding the class Il peptide the Syntenin PDZ domain becomes
nonentropic free energy of adaptation, but for several PDZ more ordered relative to its free state, but that upon binding
domain complexes (5 out 12) these differences are only minor. the class | peptide the same Syntenin PDZ domain becomes
Note that the nonentropic adaptation free energy cost did notless ordered. This behavior along with the remarkable variation
correlate with the rmsd between the average structures (for thein —TASuap: Values is reminiscent of that observed in the
backbone atoms only) from the apo and holo simulations, a previous section for the configurational entropy contribution and
quantity that should reflect the degree of conformational change the class l/class Il pair in the Erbin PDZ domain, and it is again
upon binding (data not shown). This lack of correlation suggests tempting to speculate that these variations in the entropic
that, when present, the cost associated with the nonentropic partesponse to binding could play a biological role in the differential
of the free energy of adaptation is probably related to subtle recognition by downstream effectors.
side-chain rearrangements, with concomitant packing and
hydrogen-bonding or salt-bridge disruptions.

The values for the entropic part of the adaptation free energy  The set of complexes of PDZ domains with their target
for the PDZ domains ranged from17 kcal/mol for Dishevelled  peptides used in this study includes a variety of same-class and
to ~90 kcal/mol for NHERF complexes. The limits of this wide interclass pairs, so that sources of promiscuity or specificity in

range of values indicated not only that the degree of PDZ recognition could be expected to emerge from the comparisons
domain ordering upon binding was very variable but also that

unlike what was observed for the peptides, the PDZ domains (79) Steinberg, 1. Z.; Scheraga, H. A. Biol. Chem1963 238 172-81.

Discussion
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of the various binding free energy contributions. We used a nized by the conserved GLGF sequence motif present on each
decomposition of the binding free energies and calculations of PDZ domain. Nevertheless, a number of studies have shown
adaptation free energies from molecular dynamics (MD) simula- that electrostatic contributions to the binding free energy are
tions to evaluate the relative contribution of various free energy often small or unfavorable even when the ligands contain
components, namely the electrostatic, nonpolar, and configu- charged group®8283Generally, this relatively small or unfavor-
rational entropy components, in peptide/PDZ domain recogni- able contribution of electrostatic effects occurs because the direct
tion. intermolecular electrostatic interactions that are usually favorable

The free energies of all molecules were calculated using the cannot always compensate for the large desolvation penalties
MM/PBSA method, combined with a quasi-harmonic approxi- associated with ligand bindirf§:#°:¢589t should be noted, how-
mation for the configurational entropy part. Statistically reliable ever, that in some cases electrostatic interactions drive complex
averages for free energies were shown to require long simula-formation+85
tions. Binding free energies were evaluated from a single Our results are consistent with experimental observations
trajectory of the peptide/PDZ domain complex, and the resulting about the role of electrostatic effects in PDZ domain interactions.
absolute values often overestimated experimental affinities. This Notably, a recent experimental study on PDZ domain ligand
was done although using separate trajectories (from separatgecognition that examined the salt dependence of terminal and
simulations of the PDZ domain and the peptide ligand alone, internal ligand recognition in the mouse alphal-syntrophin PDZ
and of the complex) may seem a more appropriate way to eval-domain concluded that the charge on the C-terminus does not
uate binding free energies, as they would take into account theplay a significant role in determining binding affini#§.
structural changes involved in binding. However, such a protocol  Nonpolar and Electrostatic Contributions Enable Pro-
led to very large standard errors. miscuity in PDZ—Ligand Interactions. The relatively small

The results we obtained from the single trajectory calculations thermodynamic importance of the electrostatic contribution
reproduced correctly the experimental ranking of binding free together with the dominance of nonpolar contributions indicates
energies, including the preference of the Erbin PDZ domain the thermodynamic basis for promiscuity in the PDZ domain
for the class | peptide, the preference of the Syntenin PDZ interactions. This idea has been previously advanced by Harris
domain for the class Il peptide, and the preference of the and co-workerd®8 Together with their findings, the specifics
NHERF PDZ domain for the a- and b-peptides over the of our proposition suggest that a given PDZ domain could bind
c-peptide. The paucity of experimental data available on affin- with similar affinity a variety of peptides as long as these pep-
ities of PDZ domain complexes (see Results), and the need fortides can provide a certain threshold of nonpolar interactions,
comparisons of results from assays done under the same condit.e, by projecting individual residues into specific patches on
tions, emphasize the importance of our computational study onthe surface of a PDZ domain binding pocket. This is not to say
binding free energies and the results presented here. that any peptide could be recognized but that steric con-

Nonpolar Interactions Dominate PDZ/Peptide Inter- straintst®86 rather than electrostatic ones, seem to define the
actions. The decomposition of binding free energies into a domain-specific interactioRs between the PDZ receptor and
nonpolar part (sum of the van der Waals interactions and the its putative cognate ligands. The suggestion that in contrast to
nonpolar part of the solvation binding free energy), an electro- their traditional rolé-°! electrostatic interactions do not seem
static part (sum of direct Coulomb interactions and electrostatic to determine the specificity of peptide/PDZ interactions is prob-
solvation binding free energy), and a configurational entropy ably a direct consequence of the recognition mechanism by
part showed that the nonpolar contribution was the largest one, 8-sheet augmentatidii;1*since in this form of recognition it is
representing, on average, 77% of the total binding free energy.the backbone atoms of the ligand and not the side chains that
The dominance of nonpolar interactions in PDZ/ligand binding form most of the interactions with the PDZ domain. A similar
is not surprising. PDZ domains interact mostly with hydrophobic  MM/PBSA study on an SH3 domain also found that electrostatic
ligands, and the typical PDZ domain binding pocket comprises contributions to binding were small and unfavorabiel (6 to
many hydrophobic residues (Figure 1b). Nonpolar interactions +2 kcal/mol) and that nonpolar contributions played a primary
have been shown to dominate the thermodynamics of pretein  role in determining affinity!® It seems important, therefore, to
ligand recognition for many ligand classes including small determine whether this unequal balance between nonpolar and
ligands®>& peptides interacting with immune response proteins electrostatic contributions may be a general thermodynamic
such as MHC class®, or other protein-protein interaction
domains such as the SH3 doméirand even highly charged (83) Chong, L. T.; Duan, Y.; Wang, L.; Massova, |.; Kollman, P.R%oc. Natl.

i 2 Acad. Sci. U.S.A1999 96, 14330-5.
ligands SUCh,aS Rl\B&'or DNA molecul'e§. L (84) Lee, L. P; Tidor, BNat. Struct. Biol.2001, 8, 73-6.

Electrostatic Energies Do Not Contribute Significantly to (85) Sheinerman, F. B.; Honig, B. Mol. Biol. 2002 318 161-77.
PDZ/Peptide Interactions. In contrast, the results indicated a (€6 ;O‘ggﬂzaz%;aé’d; - Wi Fujii, N.; Guy, R. K.; Lim, W. ABiochemistry

very small and unfavorable contribution of the electrostatic (87) Wietlilemann, Uil;( Boisguerin, P.; Lelﬁi_n, R.; Leit?er,_ Pz Krause, G.;
interactions (0 tot-3 kcal/mol) to the binding free energy. This Noeiiad. K.; Volkmer-Engert, R.; Oschkinat, H. Mol. Biol. 2004 343
was somewhat surprising because each PDZ domain complex@88) Hendsch, Z. S.; Nohaile, M. J.; Sauer, R. T.; TidorJBAm. Chem. Soc.

)
studied here contains a bound peptide that carries a chargedgg) ﬁoeonldifﬁ é_zgf%dor, EProtein Sci.1994 3, 211-26.
)
)

carboxylate ion, and this carboxylate ion is specifically recog- (90) Hendsch, Z. S.; Tidor, EProtein Sci.1999 8, 1381-92.
(91) Sindelar, C. V.; Hendsch, Z. S.; Tidor, Brotein Sci.1998 7, 1898-914.

(92) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graph.1996 14, 33-8,
27-8

(80) Kuntz, I. D.; Chen, K.; Sharp, K. A.; Kollman, P. Rroc. Natl. Acad.

Sci. U.S.A1999 96, 9997-10002. (93) Karthikeyan, S.; Leung, T.; Birrane, G.; Webster, G.; Ladias, J. Mol.
(81) Froloff, N.; Windemuth, A.; Honig, BProtein Sci.1997, 6, 1293-301. Biol. 2001, 308, 963-73.
(82) Jayaram, B.; McConnell, K.; Dixit, S. B.; Das, A.; Beveridge, D.JL. (94) Im, Y. J.; Park, S. H.; Rho, S. H.; Lee, J. H.; Kang, G. B.; Sheng, M,;
Comput. Chem2002 23, 1-14. Kim, E.; Eom, S. H.J. Biol. Chem2003 278 8501-7.
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mechanism for sustaining promiscuity in molecular recognition at about 30 kcal/mol for all complexes. Moreover, the variability
by protein-protein interaction domains. was observed not only when comparing complexes of distinct
Entropic Contributions Are Poised for Selectivity. We have PDZ domains but also when contrasting distinct complexes of
tried to capture several dynamic and entropic effects by com- the same PDZ domain (i.e., Erbin class | vs Erbin class Il in
puting both configurational entropy contributions (Table 2) and Table 2 and Syntenin class | vs class Il in Table 4).
adaptation free energy changes (Tables 3 and 4) associated with Together, our results show that both dynamic and entropic
the binding process. We found that the configurational entropy responses are complex-specific, in spite of the commonality of
contribution to the binding free energy was sufficiently con- fold and mode of recognition in PDZ domains. Such complex-
verged after 20 ns of MD simulation. This convergence was specific dynamical or entropic responses may form the basis
confirmed by doing multiple simulations on the PSD-95 for selective interactions either of PDZ domains with specific
complex and the Syntenin class | complex. peptide ligands or of PDZ domain complexes with downstream
The changes in these quantities sketch a dynamic picture ofeffectors. In support of this hypothesis a recent combined
PDZ domain binding interactions. For the peptide ligand, the experimental and computational study has shown that the
binding event involves a large loss of vibrational entropy recognition of a peptide loaded with MHC | molecule (Major
(—TASugapt In Table 3). This free energy loss relates to the Histocompatibility Complex class 1) by the cognate T-cell
significant loss of conformational freedom when the peptide is receptor depends on the dynamics properties of the MHC
bound to the PDZ domain. This is a common observation in I/peptide complex? It is thus tempting to speculate that such a
the binding of flexible ligands to protein receptors and suggests role for the dynamic properties of the PDZ domains in the
that preordering of the ligand, as in a constrained peptide or recognition of their cognate ligands may indicate an involvement
peptide mimetic, could significantly improve binding affinity. of the dynamics in ensuing mechanisms triggered by the
In marked contrast, contributions from the PDZ domains do complexation. Such inferences can be probed with simulation
not share the uniformity seen in the behavior of the peptides. approaches such as those used in this study.
PDZ domains lost but also gained configurational entropy upon
binding the ligands { TASudapt in Table 4). This variety of
responses was surprising because PDZ domains share a comm
fold and the complexes studied here all follow the canonical
mode of PDZ domain/peptide recognition. And thus, it was also
surprising to see that the degree to which the dynamics of the
peptide ligands were coupled to those of the PDZ domains
varied greatly £ TAS, in Table 2). For comparison, in SH3
domains?® the entropic contribution was consistently evaluated JA060830Y
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