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Abstract: PDZ domains have well known binding preferences for distinct C-terminal peptide
motifs. For most PDZ domains, these motifs are of the form [S/T]-W-[I/L/V]. Although the
preference for S/T has been explained by a specific hydrogen bond interaction with a histidine in
the PDZ domain and the (I/L/V) is buried in a hydrophobic pocket, the mechanism for Trp
specificity at the second to last position has thus far remained unknown. Here, we apply a method
to compute the free energies of explicit water molecules and predict that potency gained by Trp
binding is due to a favorable release of high-energy water molecules into bulk. The affinities of a

series of peptides for both wild-type and mutant forms of the PDZ domain of Erbin correlate very
well with the computed free energy of binding of displaced waters, suggesting a direct relationship
between water displacement and peptide affinity. Finally, we show a correlation between the
magnitude of the displaced water free energy and the degree of Trp-sensitivity among subtypes of

the HTRA PDZ family, indicating a water-mediated mechanism for specificity of peptide binding.
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Introduction

PDZ domains are small modular protein domains of
around 70—90 amino acids that play an important role
in the assembly of complexes of proteins at the plasma
membrane.! PDZ domains have been shown to interact
with G-protein coupled receptors (GPCRs), ion chan-
nels, transporters, and receptor tyrosine kinases, as
well as with cytoskeletal proteins, extra-cellular matrix
proteins, and components of tight junctions (claudins,
occludins). Biological processes involving PDZ
domains include the establishment and maintenance
of epithelial polarity®3; the organization of signaling

Abbreviations: dvl, dishevelled; GPCR, G-protein coupled re-
ceptor; HTRA, high temperature requirement A; MD, molecular
dynamics; MM-GB/SA, molecular mechanics—Generalized Born
surface area; NMR, nuclear magnetic resonance; PDZ, PSD-
95/Discs-large/Z0-1.
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complexes at the synapse* and trafficking of proteins
to the plasma membrane.® Many different types of
PDZ domain-containing proteins have been identified,
with as few as one and as many as 10 copies of the do-
main, often in combination with other regulatory
domains, including SH2, SH3, WW, guanylate kinase,
PTB, or LRR domains. The combination of several
domains in these proteins enables them to act as mo-
lecular switchboards, bringing together components of
signaling complexes.® In total, more than 500 PDZ
domains in over 300 different proteins have been
identified in the human genome.” Known PDZ do-
main-mediated protein—protein interactions have been
compiled in a PDZ specific database, named
PDZBase.®

Insight into the mechanism underlying affinity
and specificity of these interactions has come from X-
ray crystallography,” NMR spectroscopy,'® sequence
analysis," computational biophysics," and combi-
natorial peptide experiments.”>™*® One particularly
attractive experimental technique to study the binding
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Figure 1. (A) WaterMap of the Erbin PDZ domain (gray) complex with the WETWV peptide (green). The oB helix and the B
and BC strands form the peptide binding site. Peptide residues are numbered P-0 to P-4, with the numbering starting at the
C-terminal valine residue. All identified water sites in the peptide binding site are shown as spheres. Water sites with AG >
3.5 kcal/mol are shown in red, sites with 1.5 > AG > 3.5 kcal/mol are shown in orange, and sites with AG < 1.5 kcal/mol in
gray; The three highest energy water sites overlap with side-chains at the P-0 and P-1 positions. (B) Close-up of the P-1
pocket with three predicted water-sites, named w-1a (orange), w-1b (red), and w-1c (orange). The w-1b site is more
unfavorable (—TAS 2.6 kcal/mol, AH 3.2 kcal/mol, AG 5.8 kcal/mol) than the w-1a (—TAS 1.6 kcal/mol, AH —0.1 kcal/mol, AG
1.5 kcal/mol) and w-1c sites (—TAS 1.7 kcal/mol, AH 0.6 kcal/mol, AG 2.3 kcal/mol). (C) WETFV-Erbin model. (D) WETPV-
Erbin model. (E) WETAV-Erbin model. Note that while the wild-type Trp almost completely displaces the unfavorable waters,
the Phe only has partial displacement and both Ala and Pro do not overlap with any of the three high-energy water sites, in
good agreement with the experimentally measured differences in affinity.

properties of these domains is phage display, whereby
large collections of peptides are screened and ampli-
fied in an in vivo selection process, revealing the opti-
mal binding motifs of each PDZ domain. The research
group of Sidhu and co-workers has determined opti-
mal binding profiles for a large number of PDZ
domains, initially for Erbin,*® ZO-1,"7*® and the HTRA
(high-temperature requirement A) family.'>*°® More
recently, they profiled as many as 100 human and C.
elegans PDZ domains.** Together with the experimen-
tally detected endogenous PDZ interactions, these
experiments have enabled a comprehensive analysis of
determinants of specificity and promiscuity of the
entire PDZ domain family.

C-terminal PDZ binding motifs are often classified
as Class I (S/T-X-®) or Class II (®-X-®), where @ is
any hydrophobic residue (the terminal residue in the
ligand interacting with the PDZ domain is termed the
P-0 position, and the next residue towards the N-ter-
minus is designated as the P-1 position, etc.). Corre-
spondingly, PDZ domains have been classified as Class
I binding or Class II binding based on the observed
correlation between binding specificity and the occur-
rence of specific residues in the peptide binding
site.’®** For example, most PDZ domains have a His
residue at the aB1 position in the PDZ domain (see
Fig. 1), and these domains prefer peptides with a Thr/
Ser at the P-2 position.” The specific size and shape of
the P-o0 hydrophobic pocket, formed by residues in the
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oB and BB structural elements, has been correlated
with the observed preference for L or V at the P-o
position in NHERF and PSD-95 PDZ domains.*®> More
distal interactions with P-3 and P-4 sites appear to be
mediated by the BB-BC loop, and the variability of this
loop in terms of length and sequence appears to mod-
ulate specificity through these positions.** Large scale
phage display experiments have significantly extended
the dual classification scheme, showing that these
domains can be subdivided in as many as 16 different
classes and can recognize features of up to seven pep-
tide residues.*

Interestingly, the P-1 (second to last) position was
originally thought to be relatively unimportant for
specificity, based on the variability of amino acid types
at this position in known ligands of PDZ domains,"
and the exposure to solvent of the P-1 side chain in
crystal structures. However, more recent experiments,
most notably a phage-display study of the Erbin PDZ
domain,'® showed that certain side chains at P-1 can
have a major contribution to affinity. For example, the
Erbin phage display profile indicated that a WETWV
peptide was the most optimal binding motif. The affin-
ity of this super-binding peptide was determined to be
20 nM, a 1500-fold increase in potency compared to
the peptide in which the Trp P-1 residue is replaced by
Ala (i.e., WETAV). The NMR structure of Erbin with
the WETWYV peptide revealed that a pocket formed by
Ser26, Args1, and Glng9 residues accommodated the
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Trp side chain. However, specific side-chain interac-
tions appeared to not be important, as Ala mutants at
position 26, 49, and 51 had little effect on binding af-
finity of the peptide. Thus, the authors suggested that
non-specific, backbone-mediated interactions were im-
portant for the high affinity of the Trp containing
peptide.

We have recently developed a method, called
WaterMap, for calculating the location and thermody-
namics of water sites in proteins.?¥2° This method is
based on molecular dynamics (MD) simulation and
computes both the enthalpy and entropy of water sites
around a protein, relative to bulk water, from an anal-
ysis of explicit water molecules from the MD trajectory
(see Materials and Methods). It has been shown that
WaterMap can be used as a tool for qualitatively
understanding the properties of binding sites,”® and as
a quantitative tool for predicting small molecule bind-
ing affinities.?® Here, we have used WaterMap to
investigate the mechanism of high-affinity binding of
peptides to PDZ domains. In particular, the method
was used to investigate peptide binding affinity of the
structurally well-characterized PDZ domains of Erbin
and the HTRA family. Erbin (ERB-interacting protein)
is a member of the LAP (leucine-rich repeat and PDZ
containing) family, a class of proteins involved in the
maintenance of epithelial polarity.?” The PDZ domain
of Erbin was originally identified through yeast two-
hybrid experiments as an interacting partner of the
ERB-B2 receptor,2® and has been shown to interact in
vivo with pi20-like catenin proteins.®® The HTRA
family of proteins are characterized by a combination
of a serine protease domain and a PDZ domain.?® The
best characterized member of the family is HTRA2
(also known as Omi), which is released from mito-
chondria in cellular stress and participates in the regu-
lation of apoptosis.3*

Using WaterMap, we predict the presence of high-
energy water sites on the surface of several PDZ
domains, including Erbin and the HTRA family. In
Erbin, the high-energy water site at the P-1 position is
formed by the hydrophobic parts of the side chains
Ser26, Arg49, and Glns1, as well as the surface of the
BB-BC B-sheet. We show that the Trp dependence of
high-affinity peptides can be correlated to the ability
of Trp to displace this high-energy water, thus releas-
ing it into the bulk and resulting in a net free energy
gain. Additional predicted high-energy water sites on
the PDZ domain, including those in the P-0 pocket,
are also important for affinity, and we show that the
reported affinities of a series of peptides for Erbin cor-
relate well with the total energy of released water, sug-
gesting a direct relationship between water displace-
ment and peptide binding affinity. Finally, we
demonstrate a correlation between the degree of Trp
dependence and the magnitude of the water free
energy among subtypes of the HTRA family, linking
water displacement to the specificity of PDZ domains.
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Results

Prediction of high-energy water sites in Erbin
The results from running WaterMap on the PDZ do-
main of Erbin are shown in Figure 1. Water sites are
predicted along the entire peptide binding site and
have been classified into low-energy (i.e., relatively sta-
ble with AG < 1.5 kcal/mol, gray spheres), medium-
energy (1.5 < AG < 3.5 kcal/mol, orange spheres), and
high-energy sites (highly unstable with AG > 3.5 kcal/
mol, large red spheres). High-energy water sites are
found only in the P-0 and P-1 pockets. This is consist-
ent with the experimental data, which shows that the
P-0 and P-1 sites are most important for high-affinity
binding of the WETWYV peptide (see Table I). Substitu-
tions of the WETWYV peptides at the P-1 and P-o sites
lead to large reductions in affinity; at P-1, Trp to Ala
(WTEAV) leads to a 1500-fold loss of binding affinity
(corresponding to a AAG of 4.1 keal/mol), while at P-
0, Val to Ala (WETWA) results in 3700-fold lower af-
finity (AAG 4.6 kcal/mol.) Ala substitutions at posi-
tions P-2, P-3, and P-4 only affect affinity 100-fold
(2.5 kecal/mol), 140-fold (2.7 kcal/mol), and 50-fold
(2.2 kcal/mol), respectively. Even a conservative sub-
stitution at the P-1 site of Trp to Phe causes a signifi-
cant loss of affinity (170-fold, 2.8 kcal/mol). Finally,
mutation to Pro at this position leads to the largest
loss in affinity (3300-fold, 4.5 kcal/mol).

Inspection of the WaterMap in the P-1 pocket sug-
gests a reason why Trp is a much better binder than
Phe, Ala, or Pro. Three water sites are predicted in the
pocket formed by the Ser26, Arg49, and Glns1 side
chains and the B-sheet backbone (see Fig. 1, panels B—
E). These water sites will be referred to hence forth at
w-1a, w-1b, and w-1c. The central water (w-1b, shown
in red) has the highest energy (5.8 kcal/mol), while
the two flanking waters (w-1a and w-1c, shown in or-
ange) have moderately unfavorable energies (1.5 and
2.3 kcal/mol). Amongst the experimentally tested var-
iants, only Trp [Fig. 1(B)] has the ability to displace
these waters effectively, while Phe [Fig. 1(C)] can only
partially displace them. Pro [Fig. 1(D)] and Ala [Fig.
1(E)] do not overlap with these water sites.

The presence of high-energy water molecules in
the P-0 pocket is consistent with the strongly hydro-
phobic character of this pocket; the P-o Val residue is
in direct contact with the side chains of Leu23, Phe2s,
Tle27 in the BB strand, and Val83, Leu86 in the aB he-
lix. However, the P-1 high-energy water site is more
surprising, given its partial exposure to solvent, and
the proximity of three polar residues Ser26, Arg4o,
and GlIns1. Closer inspection of the environment
reveals that aside from the Ser, no protein hydrogen
bonding partners are available, since the B-sheet al-
ready has satisfied all the backbone hydrogen bonds,
and the Arg and Gln polar groups point away from the
water site toward solvent. This also explains why dra-
matic affinity can be gained with Trp while at the
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Table I. Erbin-Peptide Experimental and Computational Binding Affinities

Affinity, WaterMap MM-GB/
1C50 Relative RTIn -TAS WaterMap AH  WaterMap AG SA AG

Peptide (WMD) affinity (IC50)  (kcal/mol) (kcal/mol) (kcal/mol) MW (keal/mol)
WETWV 0.02 + 0.002 1 -8.6 —30.4 —-6.8 —37.2 718 —23.9
FETWV 0.16 + 0.01 8.0 -7.5 —28.1 —6.6 —34.7 678 —22.7
YETWV 0.16 + 0.01 8.0 -7.5 —28.1 —6.6 —34.7 694 —20.4
WDTWV 0.41 + 0.06 21 —6.9 —28.9 —7.5 —36.4 704 —21.3
WESWV 0.16 + 0.01 8.0 -7.5 —30.0 —6.3 —36.3 704 —26.2
WEVWV 0.26 + 0.01 13 —7.2 —30.5 —-6.9 —37.4 716 —23.2
WETFV 3.3 £ 0.2 170 -5.8 —27.1 —4.2 —31.3 679 —23.5
WETPV 66 + 4 3300 —4.1 —24.5 —3.3 —27.8 630 —14.6
WETWL 1.8 + 0.1 90 —6.1 —28.8 -3.9 —32.7 732 —20.0
WETWI 1.7 + 0.1 85 —6.2 —30.4 —6.8 —37.2 732 —20.4
AETWV 1.0 + 0.1 50 —6.4 —27.5 —6.6 —34.1 603 —22.0
WATWV 2.8 + 0.7 140 —5.9 —28.1 —7.7 —35.8 661 —-19.8
WEAWV 2.0 £ 0.1 100 —6.1 —20.8 —6.1 —35.9 688 —23.3
WETAV 30 £ 7 1500 —4.5 —24.5 —3.3 —27.8 603 —15.4
WETWA 74 + 4 3700 —4.0 —28.0 —2.6 —30.6 690 —21.3

Experimental affinities were determined as IC50 using a glutathione S-transferase-based chemiluminescence assay.'® WaterMap
affinities were calculated from the overlap of the peptides with the water-sites shown in Figure 1, according to the protocol
described in Abel et al.2® MM—GB/SA energies were calculated using Prime,3%33:35 employing a brief minimization of the pro-
tein/peptide structure; peptide strain energies were not included in the total energy. MW, molecular weight.

same time alanine scans of Erbin do not have a signifi-
cant effect on the affinity of the Trp P-1 variant (see
next section for details).

Prediction of peptide affinity

To determine whether WaterMap could be used to ret-
rospectively predict the peptide affinities in Table I,
the NMR structure was used as a template to create
models of all the PDZ-peptide complexes from Table I
(see Materials and Methods for details). The total
energies were then estimated by summing over all
water sites overlapping with the different peptides,
according to the formula described in Abel et al.,®
with no adjustable parameters (see Materials and
Methods). The WaterMap energies of the WETAV and
WETFV peptides calculated using this formula are
—27.8 kcal/mol and —31.3 kcal/mol, relative to —37.2
kcal/mol for WETWV. Thus, the trend of the calcu-
lated energy differences is in good agreement with the
experimental results. Not surprisingly, there is a signif-

WaterMap

Experimental AG (kcal/mol)
Experimental AG (kcal/mal)

MM-GB/SA

icant difference between the absolute values of the
predicted and measured affinities, which is likely due
to the neglect of entropy loss and induced strain in
both the ligand and receptor. The WaterMap energies
for the entire set of peptides in Table I were calculated
and compared with experimental data. As can be seen
in Figure 2, there is a good correlation (R* = 0.67)
between WaterMap energies and experimental peptide
affinities, suggesting that displacement of water from
the surface of the PDZ domain is an important con-
tributor to the affinity of PDZ-peptides complexes.

We also computed peptide affinities using the mo-
lecular mechanics—Generalized Born/surface area
(MM-GB/SA) method, as implemented in Prime.3*3°
This method has been used to successfully predict
binding affinities in diverse systems such as thrombin,
factor Xa, HIV-RT, and several kinases.3#3° In the
case of Erbin studied here, there is only modest corre-
lation between peptide affinities and MM-GB/SA
energies [R*> = 0.33, see Fig. 2(B)]. Indeed, the MM—

Molecular Weight

Experimental AG (kcal/mol}

-38 -37 -36 -35 -34 -33 -32 -31 -30 -29 -28 -27

WaterMap 4G (kcal/mol) MM-GB/SA

-27 -28 -23 -21 -19

735 715 695 675 655 635 615 595 575
Molecular Weight

O S
AG (kcal/mol)

Figure 2. Correlations between computationally estimated energies and experimental peptide affinities [RTIn (IC50)]. (a)
WaterMap (R® = 0.67), (b) MM-GB/SA (R? = 0.33), (c) molecular weight (R? = 0.25).
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GB/SA correlation only slightly exceeds the correlation
of molecular weight to affinity of the peptides [R* =
0.24, see Fig. 2(C)]. Thus, while implicit solvation and
non-bonded interaction energy terms provide some ex-
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planation of the affinity of this series of peptides,
more reliable predictions are obtained when the role
of explicit water is considered.

Virtual amino acid screening

To further assess the ability of WaterMap to explain
and predict relative binding affinities, we performed a
single residue modification to each of the 20 amino
acid types at the five different positions P-0 to P-4. As
shown in Figure 3, the WaterMap energies predict that
the optimal residues at the P-o, P-1, and P-4 sites are
V, W, and W, respectively, in agreement with the opti-
mal motif identified through phage display. For P-o,
the B-branched side-chains Ile and Thr have similar
energies to the optimal Val. For P-2 and P-3, there
appears to be no specific preference for Thr and Glu
respectively in terms of water displacement. Although
there is significant water overlap of these side chains
with water sites, many other amino acids can give
comparable or even improved WaterMap energies.
This suggests that other structural criteria are involved
in determining selectivity at these positions in Erbin
(e.g., hydrogen bond formation at P-2 or charge-
charge interactions at P-3).

Erbin mutants S26A, R49A, and Q51A

Skelton et al. (ref. 16) probed the dependence of the
peptide affinity on specific side-chain interactions with
the PDZ domain by mutating all residues in the pep-
tide binding site to Ala.'® They discovered that none of
the mutations in the proximity of the Trp (i.e., S26A,
R49A, and Q51A) strongly affected peptide affinity. In
particular, the S26A mutation resulted in only a 1.5-
fold loss of affinity and R49A affinity was 3.4-fold less,
while the Q51A mutant affinity was 9-fold higher than
wild-type. To investigate whether these variants con-
tain conserved high-energy water sites, we generated
models for all three mutants (see Materials and Meth-
ods). Locations and energies of water sites for the
mutants were calculated using WaterMap and the dif-
ference in affinity of the WETWV and WETAV pep-
tides was predicted. The results from WaterMap for
these three mutants reveal that the w-1b high-energy
water site predicted in the wild type is also present in
the structures of the Ala mutants (see Fig. 4). The
energies of the w-1b water site are 6.1 kcal/mol in

Figure 3. Virtual amino acid screening of the WETWV
peptide. All 20 amino-acid types were introduced in the
WETWV reference peptide at all five positions. For positions
P-0, P-1, and P-4, the phage-display derived optimal
residues (black) were identified among the most favorable
based on the WaterMap energies. For P-2 and P-3, many
different amino-acid types were comparable to or better
than native residues, suggesting that energetic factors other
than water displacement are important for affinity at these
positions.
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Figure 4. Conservation of the P-1 water sites in Erbin wild-type (A), S26A (B), R49A (C), and Q51A (D) mutants. The color
scheme of the water sites is described in Figure 1. The w-1b high-energy water site (red sphere) is present in all three
mutants. The entropic and enthalpic contributions to AG are similar in wild-type (—TAS 2.6 kcal/mol, AH 3.2 kcal/mol), R49A
(=TAS 2.3 kcal/mol, AH 2.3 kcal/mol), and Q51A (—TAS 2.4 kcal/mol, AH 2.8 kcal/mol), while the site in the S26A has a
strong unfavorable enthalpic term (—TAS 1.5 kcal/mol, AH 4.6 kcal/mol). Removal of the Trp side chain in the peptide leads
to a large reduction in predicted affinity in all three mutants (from 7.1 to 9.9 kcal/mol).

S26A, 5.2 kcal/mol in Q51A, and 4.6 kcal/mol in
R49A, compared to 5.8 kecal/mol in wild-type Erbin.
In all three systems, there is a large difference between
the energies of the WETWV and WETAV peptides, due
to the overlap of the Trp side chain with multiple
high-energy water sites. The values of these differences
are 9.9 kcal/mol for S26A, 8.2 keal/mol for Q51A, and
7.1 kecal/mol for R49A, compared to 9.4 kcal/mol for
wild-type. Thus, these results are in good agreement
with the observation that specific side-chain interac-
tions are not important for Trp binding in Erbin.
Although the absolute free energy of the w-1b
high-energy water site is similar in wild type (5.8 kcal/
mol) and S26A (6.1 kcal/mol), there is an interesting
difference in the thermodynamic characteristics of the
sites. The wild type free energy has both large entropic
and enthalpic contributions (—-TAS = 2.6 kcal/mol,
AH = 3.2 kcal/mol). In the S26A mutant, the removal
of the hydroxyl group increases the enthalpic penalty
(AH = 4.6 kcal/mol) but this is compensated by a
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decrease in the entropy (—TAS = 1.5 kcal/mol). Thus,
the water site has approximately equal free energy in
the wild type and S26A, but with a different balance of
enthalpy and entropy (a case of entropy/enthalpy
compensation).3”

Finally, there are significant differences between
the WaterMap free energies of the entire peptide
between wild-type and the Ala mutants. Thus, while
the wild-type and the S26A mutant calculated free
energies are similar (—35.8 kcal/mol vs. —35.7 kcal/
mol), the values of Q51A (—32.9 kcal/mol), and R49A
(—29.7 kecal/mol) are significantly reduced. These dif-
ferences can be traced to the energies of the water
sites in the P-1 pocket and to the proximity of the P-3
side chain (especially in R49A). The differences in
energies increase with the more dramatic mutations
(R49A>Q51A>S26A). It is possible that the R49
and Q51 could induce local changes in the peptide
side-chain orientations, which might attenuate the
differences.

High-Energy Water Sites Determine PDZ-Peptide Affinity



Table II. Trp-Sensitivity of HTRA PDZ Domains

PDZ 1C50 RTIn WaterMap
domain Peptide (un (IC50)  AG (kcal/mol)
HTRA1 DSRIWWV 0.9 7.8 —28.3

DSRIWAV 6 6.7 —24.6

HTRA2 SWTMFWV 3.3 7.1 —34.1
SWTMFAV  >1000 <3.9 —22.6

HTRAS3 FGRWV 0.6 8.0 —28.5
FGRAV 270 4.6 —17.6

Peptide affinities for super-binding peptides against the three
HTRA domains show a small difference between Trp and Ala
at P-1 for HTRA1 (~6-fold, 0.9 kcal/mol), but a large dif-
ference for HTRA2 (>300-fold, >3.2 kcal/mol) and HTRA3
(~450-fold, 3.4 kcal/mol). Correspondingly, WaterMap AG
values are much smaller for HTRA1 (3.7 kcal/mol) than for
HTRA2 (11.5 keal/mol) and HTRA3 (10.9 kcal/mol).

Conservation of the P-1 water sites in other
PDZ domains

Application of WaterMap to a series of PDZ domains
other than Erbin suggests that an unfavorable water
site at the P-1 pocket may be present in all PDZ
domains. The PDZ domains that were investigated
here include ZO-1, disheveled (dvl), AF-6, and the
HTRA family. The results for the HTRA family are
described in detail below. In the case of ZO-1, dvl, and
AF-6, the simulations indicate that the P-1 pocket
accommodates at least one moderately or highly
unfavorable water within 2 A of the Erbin w-1b site
(data not shown). Thus, the displacement of high-
energy water from the P-1 site might be a general
mechanism for affinity in PDZ domains. There are sig-
nificant differences in the magnitudes of the free ener-
gies of the water sites among the PDZ domains that
were tested, and it is possible that these differences
might correlate with differences in specificity.

To explore this further, WaterMap was run on the
HTRA family of PDZ domains, including HTRA1, 2,
and 3. Phage display peptide profiles are available for
the members of this family,'*° and scanning Ala
mutations of the peptide have revealed differences in
sensitivity to Trp at P-1. As can be seen in Table II,
the mutation of Trp (P-1) to Ala from the HTRA2 and
HTRA3 super binding peptides (SWTMFWV and
FGRWYV, respectively), leads to a dramatic reduction
in affinity (>300 fold and ~450 fold, or 3.2 kcal/mol
and 3.4 kcal/mol, respectively). In contrast, mutation
of Trp (P-1) to Ala only attenuates the affinity of the
DSRIWWV peptide for HTRA1 by 6-fold (1.1 keal/
mol). These differences correlate well with qualitative
and quantitative differences among the water site loca-
tions and energies of the three HTRA PDZ domains.

Similar to Erbin, calculations for HTRA2 and
HTRAS3 suggest several unfavorable water molecules in
the P-1 pocket (see Fig. 5), with a central w-1b-like
water that is highly unfavorable (5.9 kcal/mol and 4.8
keal, respectively). In HTRA2, mutation of Trp to Ala
leads to a computed loss of affinity of 11.5 keal/mol,
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while in HTRA3, the computed loss is 10.9 kecal/mol.
In HTRA1, there is only one moderately unfavorable
water site, with a free energy of 3.3 kcal/mol, and the
difference between Trp and Ala peptides is only
3.5 kcal/mol. Indeed, the rotameric states of the
Arg386 and Glug16 residues in HTRA1 change the
shape of the P-1 pocket relative to HTRA2/3, which
limits the number of water sites in the pocket. Thus,
differences in the energetics of bound water molecules
among members of the HTRA family are consistent
with the observed differences in specificity.

Discussion

The molecular and cellular basis of specificity of PDZ-
peptide interactions has been a field of intense
research in recent years. One aspect of elucidating the
mechanism of specificity is an accurate description of
the molecular determinants of affinity of PDZ domains
to peptides. A key technology to address this issue
experimentally has been the high-throughput genera-
tion of peptide profiles using phage display.® An im-
portant insight that has resulted from these experi-
ments is that in addition to the P-0 and P-2 positions,
the P-1 position is responsible for high-affinity binding
of peptides. Specifically, several PDZ domains, includ-
ing Erbin, ZO-1, and members of the HTRA family
have been shown to bind optimally to peptides with
Trp residues at P-1. However, the mechanism of high-
affinity Trp binding has remained unknown, as no
specific side-chain interactions have been identified
that confer Trp specificity to the PDZ domain.’® The
prediction of a high-energy water site in the Trp bind-
ing pocket described here now suggests a molecular
basis for this effect.

The WaterMap technology used here has been
used previously to identify specific 3D-protein motifs
that generate high-energy water sites in proteins, for
example the hinge region of kinases and the binding
site of streptavidin.?® Here, we show that the exposed
surface of a B-sheet can create a particularly unfavora-
ble environment for a water molecule. Thus, in the
case of Erbin, the B-sheet and the polar groups of
Ser26, Arg49, and Glns1 contribute to a polar environ-
ment that might traditionally be classified as hydro-
philic, but this region is nonetheless unfavorable for
water because of the absence of specific hydrogen
bonding partners. Indeed, removal of these polar
side chains by mutation to Ala maintains the unfavora-
ble water site, in agreement with experimental
observations.

Strong correlations between WaterMap energies
and experimental binding affinities of small molecules
have been observed for factor Xa.?® It is encouraging
that in this work the methodology has proven to be
amenable to biologically endogenous protein-peptide
interactions. In fact, the PDZ domains appears to be
well-suited to this approach, since induced-fit effects
are minimal in the binding event of peptides,® and the
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interactions are predominantly non-polar in nature.
While free energy trends in this case are captured by
WaterMap—leading to strong correlations between
computed free energies and experimental binding
affinities—the computed WaterMap energies are con-
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siderably more favorable than the experimental pep-
tide affinities. Neglect of the ligand entropy terms
(translational, rotational, and configurational) associ-
ated with the binding event is likely to be the primary
source of these differences. Indeed, the magnitude of
this entropy term was estimated using quasi-harmonic
analysis to be between 5 and 24 kcal/mol for a series
of 12 PDZ/peptide complexes.3® Other neglected com-
ponents of the free energy that disfavor binding
include induced strain of the peptide and protein reor-
ganization energy of the PDZ domain. We also note a
general overestimation of the AAG between pairs of
peptides [i.e., the slope of the line in Fig. 2(A) is less
than one]. For example, the difference in experimental
binding between the WETWV and WETAV peptides
for Erbin is 4.1 kcal/mol while the calculated differ-
ence is 9.5 kcal/mol. It is likely that this overestima-
tion is caused by the neglect of second order terms in
the calculation of the entropy. In cases where multiple
water sites are found in close proximity (e.g., the P-1
pocket), this neglect of water—water correlation could
lead to overestimation of the free energies of these
sites. Regardless of the absolute values of the calcu-
lated binding affinity, the predicted trends in affinity
presented in this work suggest that the WaterMap
methodology may be useful for predicting relative
ligand binding affinities in other systems.

To estimate the free energy differences of the pep-
tides in Table I, substitutions were introduced in the
structure of the WETWV peptide by maintaining the
x. and y. angles. This appears to be a reasonable
assumption, since most mutations were either conserv-
ative or to Ala. Thus, the models of the peptide-PDZ
domain complex can be expected to be reasonable,
and indeed there is a good correlation between the
peptide affinities and the computed energies. The
introduction of mutations in the PDZ domains is more
complicated, especially in the case of R49A and Q51A.
While the measured affinities of WETWV against wild-
type and the three mutants are approximately con-
stant, there are differences in the total WaterMap
energies for the peptide. These differences can be
attributed not only to the energies of water sites in the
P-1 pocket, but also more distal effects. For example,
the R49A mutation changes the water environment
around Glu (P-3). However, the removal of a positive
charge from the protein surface undoubtedly has an

Figure 5. Predicted P-1 water-sites in the HTRA family.
The color scheme of the water sites is described in Figure
1. HTRA2 (middle) and HTRAS (bottom) both have several
unfavorable water sites overlapping with the P-1 Trp side
chain, with the high-energy w-1b site present in both
pockets. HTRA1 (top) has only a single, moderately
unfavorable water site overlapping with Trp. This is in good
agreement with the observed sensitivity of HTRA2 and
HTRAS, but not HTRA1, to the mutation of Trp to Ala.
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effect on the orientation of Glu (P-3), and therefore,
the current model may be inappropriate to assess the
total water displacement free energy of the entire pep-
tide. In the absence of an X-ray structure for the
mutants, the induced changes in the binding mode of
peptides needs to be more carefully modeled, which is
beyond the scope of this study.

The differences in Trp sensitivity among members
of the HTRA family were found to be in good agree-
ment with the differences in energies of water sites in
the P-1 pocket. The structures of the HTRA family
reveal qualitative differences in the side-chain orienta-
tion of the P-1 pocket. In HTRA1, the B-branched side
chains of Ile415 and Ile418 pack in a manner that
appears to favor the formation of a salt bridge between
Arg386 and Glug16, and this creates a different shape
of the P-1 pocket. On the basis of our results, we sug-
gest that these differences have an effect on the pep-
tide affinity by modulating the water energies in the
unbound state of the PDZ domain.

Although the biological and structural properties of
PDZ domains are increasingly well described, the devel-
opment of small molecule inhibitors is still in its infancy.
PDZ domains are potentially relevant pharmaceutical
targets because of their important role in signaling path-
ways.?? Given their abundant interaction with GPCRs,
modulation of PDZ-receptor interactions could be an
indirect approach to target this important class of tar-
gets. Several PDZ domains have been implicated in dis-
ease, including the PDZ domain containing protein
PICK1 in schizophrenia*® and the disheveled (dvl) pro-
tein in cancer. Indeed, a dvl inhibitor named FJ9 was
shown to have anti-tumor properties.*" Several studies
have focused on developing improved compounds for in-
hibiting dvl and the structure-activity relationships for
some of these compounds suggest that water displace-
ment is an important mechanism for small molecule
binding as well. For example, compounds with large aro-
matic substituents at a position that is expected to over-
lap with the Trp-1 site were shown to have improved af-
finity over the lead compound.**** In general, the
methodology described in this work to quantify the ener-
getics of water molecules in the binding process and the
application thereof should aid in the understanding of
molecular recognition in PDZ domains and potentially
other pharmaceutically relevant targets.

Materials and Methods

The WaterMap methodology has been described in
detail in Abel et al.2® Molecular dynamics simulations
were performed with the Desmond molecular dynamics
engine** using the OPLS2005 force field.*>4® The start-
ing structures were obtained from the Protein Data
Bank*” and prepared with the Protein Preparation Wiz-
ard in Maestro 8.5.4% The simulation system was gener-
ated using the System Builder module of Desmond.
Briefly, atoms of the protein were truncated beyond 15
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A of the peptide binding site and the resulting protein
construct was solvated in a TIP4P water box extending
at least 5 A beyond the protein in all directions. The
peptide was not included in the system. For all simula-
tions, a 9 ns production MD simulation with positional
restraints on the protein non-hydrogen atoms was per-
formed following the default relaxation protocol, which
involved successive stages of minimization and heating.
Water molecules in the proximity of the peptide bind-
ing site from approximately 2000 equally spaced snap-
shots from the simulation were clustered to form
hydration sites. The enthalpy was computed from the
average non-bonded energy of each hydration site. The
excess entropy was computed by numerically integrat-
ing a local expansion of spatial and orientational corre-
lation functions*>>° as implemented in Abel et al.?® As
an approximation, only contributions from the first
order term of the expansion were included in the en-
tropy calculation. Ligand binding energies were then
estimated as the sum of hydration site (hs) free energies
that are displaced by ligand atoms (lig) upon binding.
The function for the AG of binding is

Fig —
1_|hg Ths|

co

AGbind = Z AGhs |: ®(Rco - ‘?‘lig - ?'hs‘)

lig,hs

@

where, R, is the distance cutoff for a ligand atom to
begin displacing a hydration site, AGys is the com-
puted free energy of transferring the water molecule in
a given hydration site from the active site to the bulk
fluid, and © is the Heaviside step function. The value
of R., was chosen to be 2.24.2°

The best representative conformer of the NMR en-
semble (the structure with the least violations of the ex-
perimental restraints) of the Erbin/peptide complex (PDB
ID: 1N7T,'®) was used to calculate the Erbin WaterMap.
To assess consistency and reproducibility of the results,
calculations were repeated for additional structures from
the ensemble, as well as with a crystal structure of the
Erbin PDZ domain (PDB ID: 1MFG).>' The WaterMap
results (hydration site locations and corresponding free
energies) from these structures were quantitatively similar
and only the representative structure was used to estimate
the peptide energies. For the HTRA1/DSRIWWYV com-
plex, the best representative NMR conformer of PDB
entry 2JOA'™ was used, while for HTRA2/WTMFWYV and
HTRA3/FGRWYV complexes, X-ray structures were avail-
able (PDB ID: 2PZD>° and 2P3W™).

Models of the S26A, R49A, and Q51A mutants
were generated by deleting all side-chain atoms except
for the CB carbon. The structural effects of these muta-
tions were assumed to be minimal; hence no optimiza-
tion of the backbone and proximal side chains was
performed. Models of PDZ/peptide complexes were
based on the Erbin/WETWYV structure and substitu-
tions were introduced by keeping the yx; and .
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dihedral angles constant. For non-conservative muta-
tions, the side chains were manually reoriented to
maximize the overlap with the WETWYV residues, while
minimizing steric overlap with the PDZ domain.

MM-GB/SA energies were calculated using
Prime3*3335 by taking the difference between the
bound state and unbound state energies of the pro-
tein—peptide system after minimization.3* Reported
energies include the molecular mechanics energy
(intramolecular and non-bonded terms) as well as the
solvation energy (polar and non-polar terms). Peptide
and protein configurational entropies were not
included in these calculations; however, an approxima-
tion to the solvent entropy is included as an implicit
term in the Generalized Born methodology.
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