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Abstract Protein–protein interactions, particularly weak

and transient ones, are often mediated by peptide recognition

domains. Characterizing the interaction interface of

domain–peptide complexes and analyzing binding specific-

ity for modular domains are critical for deciphering protein–

protein interaction networks. In this article, we report the

successful use of an integrated computational protocol to

dissect the energetic profile and structural basis of peptide

binding to third PDZ domain (PDZ3) from the PSD-95

protein. This protocol employs rigorous quantum mechan-

ics/molecular mechanics (QM/MM), semi-empirical Pois-

son–Boltzmann/surface area (PB/SA), and empirical

conformational free energy analysis (CFEA) to quantita-

tively describe and decompose systematic energy changes

arising from, respectively, noncovalent interaction, desolv-

ation effect, and conformational entropy loss associated with

the formation of 30 affinity-known PDZ3–peptide com-

plexes. We show that the QM/MM-, PB/SA-, and CFEA-

derived energy components can work together fairly well in

reproducing experimentally measured affinity after a line-

arly weighting treatment, albeit they are not compatible with

each other directly. We also demonstrate that: (1) noncova-

lent interaction and desolvation effect donate, respectively,

stability and specificity to complex architecture, while

entropy loss contributes modestly to binding; (2) P0 and P-2

of peptide ligand are the most important positions for

determining both the stability and specificity of the PDZ3–

peptide complex, P-1 and P-3 can confer substantial stability

(but not specificity) for the complex, and N-terminal P-4 and

P-5 have only a very limited effect on binding.
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Introduction

The interactions between protein domains and their peptide

ligands play critical roles in signal transduction and many

other key biological processes. Recently, Russell and

co-workers estimated that 15–40% of all interactions in the

cell are mediated through protein–peptide interactions

[1, 2], meaning that nearly every protein is affected either

directly or indirectly by peptide–binding events [3]. These

interactions are often mediated by peptide recognition

modular domains, such as the SH3, SH2, PDZ, and WW

domains, which bind to short peptides with specific

sequence motifs [4]. The PDZ (PSD-95/Discs-large/ZO-1)

domain family is one of the most abundant modular

domain families in multicellular proteomes and is present

in a variety of proteins, such as phosphatases, tumor sup-

pressors, and regulator proteins, to orchestrate diverse

cellular processes. PDZ domains are composed of 80–90
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amino acids that define a central bent six-stranded b-sheet

surrounded by two a-helices [5], which can specifically

bind the C-terminal sequence of partner proteins. Since

their initial identification [6], PDZ and PDZ-like domains

have been recognized in numerous proteins from organisms

as diverse as bacteria, plants, yeast, metazoans, and flies

[7]. Diversity of PDZ-containing protein functions is pro-

vided by the large number of PDZ proteins distributed

throughout nature. This protein family is implicated in

many molecular networks from the plasma membrane to

the nucleus [8]. The biological importance of PDZ domains

is further underscored by the identification of various PDZ

proteins as human disease and pathogen effector targets

[9], which makes PDZ-involved interactions good candi-

dates for developing small molecule inhibitors [10].

PDZ domains can be categorized into three classes (I, II,

and III) in terms of the loop (b1:b2) and position -2 of the

peptide ligand [11], of which the class I domain is the most-

well characterized PDZ domain that has a GL/YGF loop

(b1:b2) and binds C-terminal peptides with sequence pattern

XS/TXV/I/L [12]. High-resolution crystal structures of a

class I third PDZ domain (PDZ3) from the postsynaptic

density 95 protein (PSD-95) in complex with and in the

absence of its peptide ligand KQTSV have been solved by

Doyle et al. [13]. The structures revealed that a four-residue

C-terminal stretch of the peptide engages the PDZ3 anti-

parallel main chain interactions with a b-sheet of the domain.

Recognition of the terminal carboxylate group of the peptide

is conferred by a cradle of main-chain amides provided by a

GLGF loop as well as by an arginine side chain. The binding

pocket contains a characteristic hydrophobic loop that binds

the peptide ligand through the formation of complicated

hydrogen bond networks (Fig. 1).

Although the crystallographic information has shed light

on the structural basis of PDZ–peptide recognition, there

still exist a number of problems to be solved. In particular,

the quantitative energetic knowledge regarding the free

energy contributions of peptide chains and residue sites

would be fundamentally valuable for understanding the

thermodynamic behavior of this specific binding, but it is

indeed unavailable from the crystal structures. Alterna-

tively, computational approaches provide a promising way

to analyze the binding profile of PDZ–peptide interactions

at atomic level. Previously, a number of modeling experi-

ments have attempted to qualitatively classify and quanti-

tatively predict the binding behavior of diverse peptides to

different PDZ domains. For instance, Stiffler et al. [14]

trained a variation of a position-specific scoring matrix

(PSSM) on interaction pairs determined by protein arrays

to discriminate the binding specificity of mouse PDZ

domains, and Chen et al. [15] later developed a method that

incorporated structural information on protein–peptide

residue pairs within close proximity of each other. The

success of these two studies showed the strength of inte-

grating information from diverse sources. Very recently, by

incorporating empirical ROSETTA potentials and struc-

tural information, Kaufmann and co-workers have sys-

tematically investigated the energetic components involved

in the recognition and interaction of PDZ domains with

cognate ligands [16]. In order to give deeper insight into

the physicochemical and structural implications underlying

the specific recognition and interaction between PDZ

domains and their peptide ligands, in this study an inte-

grated protocol of hybrid quantum mechanics/molecular

mechanics (QM/MM), Poisson–Boltzmann/surface area

(PB/SA), and conformational free energy analysis (CFEA)

is proposed to accurately characterize the direct nonbonded

interactions (by QM/MM) as well as indirect desolvation

effect (by PB/SA) and conformational entropy loss (by

CFEA) associated with the binding and association of 30

Fig. 1 a Stereoview of PDZ3

(ribbon)–peptide KQTSV

(stick) complex structure (PDB

entry: 1tp3). b Close-up view of

the PDZ3–peptide binding

pocket
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affinity-known peptides with the PSD-95 PDZ3. Further-

more, the calculated energy components are correlated to

the experimentally measured affinity by using several sta-

tistical modeling tools, including linear multiple linear

regression (MLR) and nonlinear support vector machine

(SVM) and Gaussian process (GP). We also employed

rigorous quantum mechanics methods and molecular

graphics techniques to dissect the electronic structure

characteristics and charge-transfer behavior of noncovalent

interactions across the model interface of PDZ3–peptide

complexes. On the basis of these calculations, we sys-

tematically discuss the thermodynamic nature of the sta-

bility and specificity of peptide binding to PDZ3.

Materials and methods

Data set

Saro et al. [17] have designed a hexapeptide KKETEV on the

basis of preferred binding sequence for class I domains,

which exhibits high affinity for PDZ3 (Kd & 2 lM).

This peptide was defined with the position pattern

P-5P-4P-3P-2P-1P0 following the nomenclature suggested

by Doyle et al. [13]. In a later study, they performed a residue

replacement analysis at different positions of the KKETEV

to construct a diverse mutation profile on this sequence

scaffold. As a result, 29 mutated peptides, including 27

hexapeptides plus a pentapeptide and a heptapeptide, were

synthesized using a standard Fmoc-based solid-phase peptide

synthesis protocol and purified to single peak homogeneity

using reverse-phase HPLC with product masses confirmed

by ESI–MS. The thermodynamic parameters associated with

the binding of the 29 linear oligopeptides as well as the

scaffold sequence KKETEV to PSD-95 PDZ3 have been

measured using isothermal titration calorimetry (ITC) and

shown in Table 1, in which the experimental values are the

arithmetic mean of at least two independent assays [18].

Construction of PDZ3–peptide complex models

Recently, two high-resolution crystal structures of PSD-95

PDZ3 separately in complex with peptide ligands

KKETWV and KKETPV were solved at 1.54 and 1.99 Å,

respectively (PDB entries: 1tp5 and 1tp3), from which the

best one (PDZ3–KKETWV complex) was chosen as a

template to perform a virtual site-directed mutagenesis to

prepare the crude models of other hexapeptide complexes.

For the pentapeptide KETEV, its complex model was

simply obtained by cutting the N-terminal Lys residue from

the hexapeptide KKETEV in complex with PDZ3, while

the heptapeptide KKKETEV complex was constructed by

manually adding a Lys to the N-terminus of KKETEV.

Virtually mutating a peptide residue was implemented in

two steps: the side-chain of the residue under mutation was

manually deleted from the template KKETWV, and then a

new side-chain was added automatically using the rotamer-

based SCWRL program [19]. Before the virtual mutagen-

esis protocol all water molecules and cofactors were

removed from the template structure, followed by a

hydrogen-adding procedure using the REDUCE strategy

[20]. The SCWRL and REDUCE adopted here are because

these two programs have been demonstrated good perfor-

mance in reproducing experimentally determined struc-

tures of peptides and proteins [21, 22]. Subsequently, crude

complex models were subjected to an energy minimization

treatment to eliminate unreasonable collisions and distor-

tions using the AMBER9 force field package [23].

QM/MM, PB/SA, and CFEA analyses of PDZ3-peptide

binding energy

Generally, the free energy change associated with three

aspects contributing to the binding of a peptide ligand to a

protein receptor: noncovalent interactions between protein

and peptide, desolvation effect due to the displacement of

water molecules from the protein-peptide interface upon

binding, and conformational energy loss incurred from the

loss of flexibility of rotatable single-bonds during the

binding process. In a previous study, we have described a

strategy that employs rigorous QM/MM-PB/SA instead of

traditional MM-PB/SA to dissect the free energy profile of

OppA protein interacting with its cognate ligands [24]. In

addition, considering that the PDZ3 ligands are linear

peptides that possess large flexibility and hence would bear

significant entropy loss during the binding process, we

proposed a method called conformational free energy

analysis (CFEA) to account for entropic contributions to

the binding energy of peptide to PDZ3. Here, we give a

detailed description of the QM/MM, PB/SA, and CFEA:

1. Noncovalent interaction energy calculated by QM/MM

(DEQM/MM): the direct nonbonded energy arising from,

for example, hydrogen bonds, van der Waals contacts,

and electrostatic forces between PDZ3 and its peptide

ligand in the complex state can be calculated using a

two-layered QM/MM scheme, which can be carried

out with the ONIOM algorithm [25] implemented in

Gaussian03 suite [26]. Briefly, the peptide ligands and

corresponding protein residues that specifically inter-

act with the ligand were included in the QM layer and

treated with a high level of the AM1 method [27],

while the rest of the atoms were assigned to the MM

layer and described using a low level of the AMBER96

force field [28]. Li et al. [29] recently demonstrated

that use of the semiempirical AM1 method to analyze
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the weakly bound systems involving relatively large

ligands is a good compromise between computational

efficiency and accuracy.

According to the PDZ3–peptide recognition mode

suggested by Kaufmann et al. [16], only the protein

residues His372, Ala376, Leu379, and Lys380 can

effectively interact with the side-chains of peptide and

provide specific judgement for the recognition. Thus,

these four residues were chosen as the key residues and

included in the QM layer (Fig. 2). Subsequently, the

protein–peptide interaction energy (DEQM/MM) of the

complex was predicted according to the strategy

proposed by Zhou et al. [30]. This was accomplished

by performing a single point energy calculation twice:

once on the bound system (E1) and once on the

unbound system in which the protein and peptide were

separated distantly to each other (E2). In this way, the

interaction energy can be calculated as DEQM/

MM = E1 - E2.

2. Desolvation free energy determined by PB/SA (DGPB/

SA): protein–ligand binding involves desolvation,

which significantly impacts the free energy of the

system. To account for solvent effects associated with

this process, the empirical solvent accessible surface

area (SASA) model [31] and semi-empirical Poisson–

Boltzmann/surface area (PB/SA) model [32] are

available. Previously, the relatively rigorous PB/SA

method was successfully incorporated into QM/MM to

investigate the interaction behavior of proteins with

their cognate and non-cognate ligands and received

satisfactory qualitative results [33, 34]. In the PB/SA

procedure total desolvation free energy (DGPB/SA) was

Table 1 The thermodynamic data associated with the binding of 30 C-terminal peptides to PDZ3

Peptide Experiment [18] Energy decomposition Statistical modeling

pKd
expl. DGexpl. DEQM/MM DGPB/SA DGCEFA DGtotal pKd

MLR pKd
SVM pKd

GP

KETEV 4.74 -6.5 -11.52 -5.10 2.35 -14.27 4.92 4.89 4.88

KKETEV 5.72 -7.8 -12.27 -5.34 3.26 -14.35 5.18 5.17 5.12

KKKETEV 5.89 -8.0 -13.68 -5.96 3.88 -15.76 5.72 5.68 5.59

KKETEA 4.04 -5.5 -14.03 -4.21 3.07 -15.17 4.86 4.95 4.88

KKETEL 5.10 -7.0 -14.76 -5.71 4.69 -15.78 5.78 5.79 5.67

KKETEI 5.11 -7.0 -13.52 -5.77 4.12 -15.17 5.61 5.59 5.50

KKETEM 4.68 -6.4 -12.60 -4.32 3.18 -13.74 4.71 4.78 4.74

KKETEF 4.24 -5.8 -11.44 -4.45 4.56 -11.33 4.65 4.74 4.70

KKETET 3.98 -5.4 -12.36 -3.87 2.01 -14.22 4.41 4.48 4.47

KKESEV 5.18 -7.1 -14.79 -5.17 4.98 -14.98 5.52 5.58 5.48

KKECEV 4.14 -5.7 -10.11 -3.23 3.15 -10.19 3.79 3.92 3.97

KKESEL 4.48 -6.1 -12.89 -3.71 3.90 -12.70 4.46 4.61 4.57

KKESEI 4.62 -6.3 -11.37 -3.92 4.28 -11.01 4.36 4.48 4.46

KKESEF 4.01 -5.5 -10.36 -4.66 3.69 -11.33 4.57 4.60 4.61

KKETGV 5.62 -7.7 -15.01 -5.73 2.83 -17.91 5.77 5.72 5.62

KKETAV 6.35 -8.7 -13.47 -5.29 2.94 -15.82 5.32 5.31 5.24

KKETVV 5.89 -8.1 -13.63 -5.66 3.18 -16.11 5.54 5.51 5.43

KKETLV 5.74 -7.8 -14.82 -4.38 4.69 -14.51 5.11 5.24 5.13

KKETPV 6.02 -8.2 -13.78 -5.46 4.42 -14.82 5.50 5.52 5.43

KKETWV 5.55 -7.6 -12.56 -4.31 3.01 -13.86 4.69 4.76 4.72

KKETDV 4.70 -6.4 -14.53 -4.38 4.17 -14.74 5.06 5.17 5.07

KKETKV 5.92 -8.1 -12.68 -5.09 4.58 -13.19 5.16 5.20 5.13

KKGTEV 4.10 -5.6 -11.48 -4.42 3.46 -12.44 4.60 4.66 4.65

KKATEV 4.68 -6.4 -12.69 -4.36 3.77 -13.28 4.76 4.85 4.80

KKQTEV 5.40 -7.4 -14.72 -4.98 4.49 -15.21 5.40 5.47 5.36

KKDTEV 4.07 -5.6 -13.40 -3.87 3.14 -14.13 4.60 4.71 4.66

KKKTEV 4.57 -6.2 -14.83 -4.03 3.87 -14.99 4.91 5.04 4.95

KKGTGV 3.56 -4.9 -11.64 -4.79 4.02 -12.41 4.83 4.88 4.85

KKATAV 5.08 -6.9 -12.08 -3.50 3.10 -12.48 4.21 4.35 4.33

YKETEV 5.92 -8.1 -13.41 -4.71 4.77 -13.35 5.08 5.17 5.09

All energy values are in kcal/mol
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estimated from the polar (electrostatic) desolvation

energy (DGpolar) and the nonpolar desolvation energy

(DGnonpolar). The polar component was calculated by

finite difference solutions to the nonlinear Poisson–

Boltzmann equation, as implemented in DELPHI

program [35], while nonpolar contribution was deter-

mined by summing up the weighted surface area of

whole solute molecule, i.e. DGnonpolar = cDA, where

c = 0.00542 kcal/mol Å2 [32], and DA is the change

in surface area upon the PDZ3–peptide binding, which

can be computed with MSMS program [36].

3. Conformational entropy loss estimated by CFEA

(DGCFEA): accurate determination of entropy change

upon biomolecular binding is of great challenge in the

computational biology community, since entropy is

perhaps the most elusive aspect of biomolecular

thermodynamic behavior. Peptides are flexible linear

molecules which encounter considerable entropic

penalties due to loss of this flexibility during the

binding process. The free energy contribution of

conformational entropy loss (conformational free

energy) to peptide affinity stems from two aspects:

increased rigidity of the peptide backbone and side-

chains upon binding. In this study, the former could be

regarded as a constant if considering that the back-

bones of peptides investigated here are very similar in

their length and arrangement manner in the binding

groove of PDZ3. Therefore, we herein only calculated

the conformational free energy contribution from

increased rigidity of peptide side-chains, which can

be computed as the difference between the conforma-

tional entropies of peptide side-chains in bound and

unbound states, i.e. DGCFEA = -T(Sbound - Sunbound).

The conformational entropy of a peptide ligand

side-chain in the bound state was estimated using

Boltzmann’s formulation Sbound ¼
P

i pi ln pi, where

the sum is taken over all conformational states

(modeled by penultimate rotamer library [37]) of the

side-chain and pi is the probability of being in state

i. In this study, we used an in-house program 2D-

GraLab [38] to carry out side-chain conformational

entropy analysis in the bound state. For the confor-

mational entropy of peptide side-chains in the unbound

state (Sunbound) we simply took the values published by

Creamer [39], who has performed exhaustive Monte

Carlo simulations to give an accurate description for

the side-chain behavior of unfolded polypeptides. In

addition, entropy loss associated with the increased

rigidity of PDZ3’s side-chains at the binding interface

can also be calculated using the same protocol as that

for peptide side-chains.

Electronic structure analysis of noncovalent

interactions at PDZ3–peptide interface

The electronic structure characteristics of noncovalent

interactions between PDZ3 and the peptide residues of

interest were dissected by using the ‘‘atoms in molecules

(AIM)’’ theory of Bader [40], which is based on a topo-

logical analysis of the electron charge density and its La-

placian. The AIM theory has proved itself a valuable tool

to conceptually define atoms and, above all, bonds from a

quantum mechanical standpoint [41]. Our investigation is

conducted by means of the natural bond orbital (NBO)

theory of Weinhold and co-workers [42], which allows us

to quantitatively evaluate the charge transfer (CT) and

bond order (BO) involving the formation of nonbonded

interactions of PDZ3 with peptides.

The wave functions fed to AIM and NBO analyses were

generated at the stringent Møller-Plesset second order per-

turbation level of theory in conjunction with Dunning’s

augmented correlation consistent basis set, MP2/aug-cc-

pVDZ [43], as implemented in the Gaussian03 suite [26], and

the following AIM and NBO analyses were carried out with

programs AIM2000 [44] and NBO5.0 [45], respectively.

Statistical modeling

The multivariate relationship between QM/MM-PB/SA-

CEFA-derived energy components (DEQM/MM, DGPB/SA,

and DGCEFA) and experimentally determined affinity

(pKd
expl) was further explored by using linear MLR and

nonlinear SVM and GP. The MLR method builds a

weighted linear formula to correlate the energy terms with

the binding affinity of peptide ligand:

Fig. 2 QM/MM partition scheme for the PDZ3–peptide KKETWV

complex (PDB entry: 1tp5). The peptide ligand (stick) and the protein

residues His372, Ala376, Leu379, and Lys380 (ball and stick) that

specifically interact with the ligand are in the QM layer, while the

remainder (ribbon) of this system is in the MM layer
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pKd ¼ b0 þ b1DEQM=MM þ b2DGPB=SA þ b3DGCFEA ð1Þ

where b0 is a constant term characterizing the additional,

invariable contribution from other unknown factors that

were not considered in the QM/MM-PB/SA-CEFA energy

components, and b1, b2, and b3 are the weights of energy

terms DEQM/MM, DGPB/SA, and DGCFEA, respectively, in

contribution to peptide affinity. Compared with MLR,

SVM and GP can handle data with strongly nonlinear,

noisy, and collinear variables, and thus might be more

suitable for mining complicated dependences involved in

the PDZ3–peptide system. Detailed descriptions of MLR,

SVM, and GP are found in Refs. [46–48], and these

algorithms can be easily manipulated with an in-house

program ZP-explore [49], which is running on MATLAB

platform.

Results and discussion

Reconstruction of PDZ3–KKETPV complex structure

In order to examine the reliability of the virtual site-directed

mutagenesis protocol in producing the structure model of

PDZ3–peptide complexes, we herein used this method to

reconstruct a structure-known complex, the PDZ3 in com-

plex with peptide KKETPV, which has been elucidated at

1.99 Å resolution with X-ray crystallography (PDB entry:

1tp3). Superposition of reconstructed and crystal structures

of peptide ligand in the binding groove of PDZ3 is shown in

Fig. 3. As can be seen, two counterparts share a consensus

binding motif that their backbones are fairly aligned to each

other and the reconstructed side-chains of P0, P-1, P-2, and

P-3, the most important residues in the binding, are also

basically placed properly as compared to that of crystal

structure. Only the Lys residue at P-4 in the reconstructed

peptide has a relatively large deviation from the corre-

sponding position of native structure. In addition, the miss-

ing side-chain of C-terminal Lys residue (P-5) in the crystal

structure was predicted as an extended conformation along

the peptide backbone, which can be confirmed by another

complete X-ray-determined PDZ3–KKETWV complex

structure (see Fig. 2). Generally speaking, the virtual muta-

genesis protocol can properly model the binding mode and

backbone arrangement of unknown peptides, but may not be

capable of accurately locating the atomic positions of some

side-chains (especially those with significant flexibility, such

as Lys and Glu) in the groove.

Analysis of PDZ3–peptide binding energy components

PDZ3–peptide binding is a complicated thermodynamic

process in which diverse energy components exert signif-

icant effects on free energy of the system. Here, we

employed the QM/MM-PB/SA-CFEA scheme to dissect

the free energy profile of binding. The calculated energy

components for the 30 PDZ3–peptide complexes are tab-

ulated in Table 1, in which DEQM/MM characterizes the

direct nonbonded energy between PDZ3 and peptide, while

DGPB/SA and DGCEFA describe the indirect desolvation

effect and conformational entropy loss, respectively, due to

binding. As might be anticipated, the energy values of

DEQM/MM and DGPB/SA associated with the 30 complex

samples are all negative, indicating favorable contributions

of noncovalent interaction and desolvation effect to peptide

binding. In contrast, the positive DGCEFA for the 30 sam-

ples clearly manifest a pronouncedly unfavorable entropic

penalty during the PDZ3–peptide recognition process—this

is expected, considering that the degrees of freedom of

numerous single bonds of the highly flexible peptides are

reduced upon binding. In addition, the nonbonded aspect

DEQM/MM exhibits a noticeable potency as compared to

desolvation facet DGPB/SA and, more, to conformational

entropy loss DGCEFA; the absolute values of DEQM/MM are

all larger than 10 kcal/mol, whereas those of DGPB/SA and

DGCEFA are only at the levels of 5 and 3 kcal/mol,

respectively. Although nonbonded energy appears to be

dominant in the binding, its correlation with experimental

affinity (pKd
expl) are moderate as their Pearson’s coefficient

rprs is only -0.479 (Fig. 4a). By contrast, the secondary

desolvation energy appears to be more relevant to peptide

affinity (rprs = -0.605), namely, the variance over the

affinity values could be well explained by desolvation term

(Fig. 4b). The substantial energy contribution from non-

bonded interactions but the high correlation of the

desolvation facet reveals that noncovalent interactions

provide a larger proportion of systematic stabilization

energy, whereas the desolvation effect donates more

Fig. 3 Superposition of reconstructed and crystal structures of

peptide KKETPV in the binding groove of PDZ3. Note that the

side-chain of C-terminal Lys residue (P-5) is missing in the crystal

structure (PDB entry: 1tp3)
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specificity to the interaction. The high stability but low

specificity arising from noncovalent interactions are not

unexpected, since crystallographic analysis revealed that

PDZ3 can form a number of hydrogen bonds with the

invariable backbone moiety of peptide ligands [13]. Fur-

thermore, both the magnitude and correlation of confor-

mational free energy conferring to peptide affinity are quite

modest (Fig. 4c), indicating that entropy loss upon the

binding contributes limitedly to PDZ3–peptide recognition.

This is consistent with the results of a previous calorimetry

study of PDZ domain interacting with nonproteinogenic

peptides [17, 18].

Further, we tried to directly combine the values of the

three energy terms (DEQM/MM, DGPB/SA, and DGCEFA)

together to reproduce the change in systematic free energy

(DGexpl) determined by experiment, but this attempt failed.

It is seen from Table 1 that the sums (DGtotal) of calculated

energy components deviate significantly from experimen-

tally measured ones, that is, DGtotal values were much

larger than DGexpl values. This deviation could be attrib-

uted to the systematic errors existed among the three

independent energy terms calculated at different levels of

accuracy. Therefore, in the following section we will

employ statistical modeling methods to explore linear and

nonlinear relationships between these energy components

and experimentally determined affinity.

Statistical modeling analysis

Since the contributions of different energetic components of

binding may not be identical and linear owing to the heter-

ogeneity between calculation methods and complicated de-

pendences hidden in the investigated system, we further

employed several statistical modeling methods, including a

linear MLR and two nonlinear machine learning tools SVM

[46] and GP [47, 48], to explore the potential relationship

between QM/MM-PB/SA-CEFA-derived energy compo-

nents and the experimentally determined affinity of the 30

PDZ3–peptide complexes. The obtained fitting coefficients

of determination R of the three modeling methods are 0.654,

0.647, and 0.667, respectively. These models were further

tested via leave-one-out cross-validation (LOOCV), and

resulting coefficients Q are 0.509, 0.544, and 0.526,

respectively. LOOCV involves using a single observation

from the original sample as the validation data, and the

remaining observations as the training data. This is repeated

such that each observation in the sample is used once as the

validation data. As can be seen from Fig. 5, the scatter plots

of experimental versus computational values of peptide

affinity are basically around the 45� slope lines and these

sample points in the three plots present a common profile of

distribution. In addition, the fitting ability (given by R) of the

three methods is basically consistent, but the predictive

Fig. 4 Correlations between

calculated energy components

and experimental binding

affinity of the 30 PDZ3–peptide

complexes: a pKd
expl versus

DEQM/MM, b pKd
expl versus

DGPB/SA, c pKd
expl versus

DGCEFA, and d pKd
expl versus

DGtotal
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power (measured by Q) of SVM and GP seems to be slightly

better than that of MLR, indicating that the calculated energy

terms are mainly in linear relationship with the affinity, yet

some nonlinear components are also involved.

Considering that the linear MLR performed as well and

is easy to be interpreted, we herein addressed a further

analysis on this model. The weighted formula of MLR

model is shown as Eq. 2, in which increases in noncovalent

interactions DEQM/MM and desolvation DGPB/SA decrease

binding affinity, whereas increases in conformational

entropy loss DGCFEA increase affinity. This equation

reveals that the DGPB/SA term has a dominant effect on the

specificity of peptide binding to PDZ3, as which can

explain much more variance of observed pKd than those by

DEQM/MM and DGCEFA with respect to the absolute values

of regression coefficients associated with these energy

terms. The insignificant coefficient value 0.03 gives con-

firms that the entropy loss has only a modest effect on the

binding and hence could be regarded as a secondary aspect

affecting peptide affinity. The constant term 0.551 dis-

closes an appreciable contribution of other unknown fac-

tors to the binding, albeit this contribution is not very

significant (it only increases the Kd by 3.56 lM). The

considerable difference between the three regression

coefficients (b1, b2, and b3) uncovers that the energy

components derived from different levels of theory may

not be directly compatible with each other, but these values

can work together fairly well with a weighting treatment.

pKMLR
d ¼ 0:551� 0:148� DEQM=MM � 0:508� DGPB=SA

þ 0:030� DGCEFA

ð2Þ

Decomposition of total energy components

into independent peptide residues

In order to examine in detail the energy contributions from

the independent residue sites in the hexapeptide ligand, we

broke down the peptide bonds (and capped them with

hydrogen atoms) of, as a paradigm, KKETWV and sepa-

rately computed the interaction energy, desolvation effect,

and conformational free energy of each residue binding to

PDZ3. The protocol used for calculating energy terms for

individual residues was the same as that for whole peptide,

and the resulting values are listed in Table 2. The sums of

decomposed energy terms are not equal to the total energy

components derived directly from the whole peptide, which

could be attributed to the fact that the cooperation between

the peptide residues was overlooked when the energy

contributions were calculated on isolated residues. How-

ever, this discrepancy is not significant because the sums of

individual terms are, albeit not equal to, roughly consistent

with the total values. In the following text, we give a fur-

ther discussion for each position of the hexapeptide

KKETWV on the basis of decomposed energy terms, NBO

and AIM analyses, as well as the schematic representation

of noncovalent interactions across the binding interface of

PDZ3–KKETWV complex (Fig. 6).

Position -5. It is known that PDZ domains can bind a

C-terminal protein sequence 4–5 amino acids long [5]. In

this regard, the P-5 and the residues beyond this position

are anticipated to exert very limited potency to the binding.

This point can be confirmed quantitatively according to the

energetic effects associated with P-5. As can be seen from

Table 2, the values of DEQM/MM, DGPB/SA, and DGCEFA at

Fig. 5 Plots of experimental (pKd
expl) against fitted (pKd

MLR, SVM, or GP) binding affinities for the 30 PDZ3–peptide complexes: a MLR model,

b SVM model, and c GP model

Table 2 Decomposition of total energy components into independent

peptide residues

Position Residue DEQM/MM DGPB/SA DGCEFA

P-5 Lys -0.68 -0.22 0.00

P-4 Lys -1.98 1.51 0.69

P-3 Glu -2.66 0.32 0.39

P-2 Thr -3.87 0.86 1.07

P-1 Trp -2.49 -3.86 1.36

P0 Val -5.20 -1.89 1.04
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P-5 are quite modest as -0.68, -0.22, and 0.00 kcal/mol,

respectively. Hence, this position significantly confers

neither stability nor specificity of binding.

Position -4. Usually the P-4 of peptide ligand is occupied

by a positively charged Lys residue which could impose

long-range electrostatic potential on protein receptor.

Indeed, an observable quantity (0.175 au) of charge transfer

(CT) from this residue to protein during the binding was

found with NBO analysis, implying that electrostatic force

and CT bond may be the major factors that the residue affects

peptide affinity. However, this position is also far always

from the main body of PDZ3, leading to a marked discount

on the energy contribution from its nonbonded interactions

with PDZ3 (DEQM/MM = -1.98 kcal/mol). In addition, it is

evident that the charged Lys would incur a non-negligible

desolvation penalty (DGPB/SA = 1.51 kcal/mol) upon the

binding owing to the burial of the charge in low-dielectric

complex interface from high-dielectric solvent context. As

shown in Fig. 6, P-4 can further form two water-mediated

hydrogen bond bridges with the Gly329 and Glu373 of

PDZ3, which would aid the specific recognition between

peptide and PDZ3.

Position -3. The P-3 Glu of the peptide is a negatively

charged residue that can, in a sense, put effective nonbonded

force on protein receptor. However, the side-chain of this

residue is actually out of the binding groove and thus does not

define any functional interaction with PDZ3. Although the

side-chain of Glu is incapable of imposing solid influence on

the binding, its backbone was found to form a strong hydrogen

bond with PDZ3 Ser339, with a bond length of only 2.36 Å

(Fig. 6). The electron density qb and Laplacian of the electron

density r2qb of this hydrogen bond were predicted by AIM

method to be, respectively, 0.0243 and 0.0826 au, which

characterize a covalence- and electrostatics-hybrid profile for

the hydrogen bond [50]. In this way, P-3 can give a prominent

contribution to complex’s stability through forming backbone

hydrogen bond (DEQM/MM = -2.66 kcal/mol), albeit a

fraction of this contribution would be used to pay off the

unfavorable desolvation penalty (DGPB/SA = 0.32 kcal/mol)

and conformational entropy loss (DGCEFA = 0.39 kcal/mol)

due to the binding of this residue to PDZ3.

Position -2. A polar Thr residue presents at P-2 of

peptide ligand, which was observed to be tightly packed in

the binding groove of PDZ3 [13], resulting in an appre-

ciable desolvation penalty (DGPB/SA = 0.86 kcal/mol). As

can be seen from Fig. 6, two hydrogen bonds engage this

position: one formed between the Thr backbone and PDZ3

Ile327, another between the Thr side-chain and PDZ3

His372. AIM and NBO analyses indicate that the latter is a

strong hydrogen bond, whereas a more dominant van der

Waals force makes the former a weak one. Note that the

strong side-chain hydrogen bond could determine speci-

ficity between the peptide ligand and PDZ3, and is also

Fig. 6 Schematic

representation of noncovalent

interactions across the binding

interface of PDZ3–peptide

KKETWV complex. This plot is

based on a high-resolution

crystal structure (PDB entry:

1tp5) and was prepared with the

in-house program 2D-GraLab

[38]
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responsible for the stability of complex architecture

(DEQM/MM = -3.87 kcal/mol).

Position -1. The aromatic Trp residue at P-1 appears to be

in compact contact with PDZ3. On the one hand, it partici-

pates in intensive nonbonded interactions such as p–p
stacking and van der Waals collisions with its neighboring

residues Gly324, Asn326, Phe340, and Leu342 of PDZ3

(Fig. 6), recruiting complicated noncovalent networks

around it (DEQM/MM = -2.49 kcal/mol); on the other hand,

the bulky, hydrophobic side-chain of P-1 Trp gives rise to a

favorable desolvation effect due to its burial in the low-

dielectric interface (DGPB/SA = -3.86 kcal/mol). As a

result, this position throws marked stabilization energy to the

system. The CT phenomenon is also noticeable, as 0.18 au is

transferred from the electron-rich aromatic ring of Trp to its

surroundings upon binding, which is thought to contribute

significantly to stability of the complex. Although a con-

siderable quantity of stabilization energy stems from the P-1

Trp, this residue seems not to constitute specificity for the

recognition since there are no functional hydrogen bond and/

or salt bridge observed.

Position 0. The P0 is perhaps the most important position

for the specific recognition of peptide ligand by PDZ3.

Crystallographic analysis revealed that two carboxylate

oxygens of P0 Val participate in hydrogen bond formation

with three amide nitrogens separately from Leu323, Gly324,

and Phe325 of PDZ3, and a highly ordered water molecule

is located between the carboxyl group of P0 Val and

the guanidinium group of PDZ3 Arg318 (DEQM/MM =

-5.20 kcal/mol) (Fig. 6), giving rise to a very important

functionality of P0 in PDZ3–peptide recognition [13]. The

crystallographic evidence was further confirmed by elec-

tronic structure analysis of these hydrogen bonds and water-

mediated hydrogen bond; their electron density qb and La-

placian of the electron densityr2qb were calculated to be in

the ranges 0.02–0.08 au and -0.4 to 0.03 au, respectively,

which follow the quantities recommended for strong (ionic)

hydrogen bonds by Nakanishi et al. [51]. A significant CT is

observed; the 0.21 au proton shift from PDZ3 to P0 implies

that a notable stabilization effect arises from the CT bonding.

In addition, burial of the hydrophobic side-chain of P0 Val

during the binding process could also provide -1.89 kcal/

mol free energy contribution to complex’s stability, albeit a

large part of this would be used to compensate the confor-

mational entropy loss of 1.04 kcal/mol.

Conclusions

An important class of protein interaction in critical cellular

processes, such as signaling pathways, involves a domain

from one protein binding to a linear peptide stretch of

another [52]. Exploring the highly complex behavior of

flexible peptide ligands binding to their cognate receptor is

definitely a challenge but can provide much valuable

information about thermodynamic properties associated

with the recognition process. Previously, Spaller and co-

workers have performed a systematic calorimetrical anal-

ysis on diverse peptide ligands binding to third PDZ

domain (PDZ3) from PSD-95 protein, and demonstrated

that six residues of peptide ligands are necessary and suf-

ficient to capture maximal affinity [17, 18]. In this study,

we have attempted to understand the structural basis and

energetic landscape of the PDZ3 domain interacting with

its peptide ligands and to enucleate the physicochemical

properties and structural implications underlying the

interaction. To achieve this, we employed an integrated

protocol of QM/MM, PB/SA, and CFEA analyses to

ascertain the binding mechanism of 30 affinity-known

PDZ3–peptide complexes. We conclude with the following

remarks:

1. The stability and specificity of PDZ3–peptide com-

plexes are mainly conferred from, respectively, direct

noncovalent interactions and indirect desolvation

effect, while conformational entropy loss contributes

relatively limited potency to the binding.

2. Due to the calculation of independent energy terms at

different levels of accuracy, the QM/MM-, PB/SA-,

and CFEA-derived energy components are not com-

patible with each other directly, but these values can

work together fairly well with a weighting treatment.

3. Nonlinear SVM and GP performed slightly better than

linear MLR when correlating calculated energy com-

ponents to experimentally measured affinity of the 30

PDZ3–peptide complexes, indicating that the energy

components are primarily in linear relationship with

the affinity, and that only slight nonlinear relationships

are involved.

4. The P0 and P-2 of the peptide ligand are the most

important positions for determining both the stability

and specificity of PDZ3–peptide complex, P-1 and P-3

can confer substantial stability (but not specificity) for

the complex architecture, and N-terminal P-4 and P-5

have only a limited thermodynamic effect on binding.
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