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ABSTRACT. Protein—water interactions have long been recognized as a major determinant of chain folding,
conformational stability, binding specificity and catalysis. However, the detailed effects of water on
stabilizing protein-protein interactions remain elusive. A way to test experimentally the contribution of
water-mediated interactions is by applying double mutant cycle analysis on pairs of residues that do not
form direct interactions, but are bridged by water. Seven such interactions within the interface between
TEML1 and BLIP proteins were evaluated. No significant interaction free energy was found between either
of them. Water can bridge interactions, but also stabilize the structure of the monomer. To distinguish
between these, we performed a bioinformatic analysis using AQUAPROT (http://bioinfo.weizmann.ac.il/
aquaprot) to determine the degree of water conservation between the bound and unbound states. 29 structures
of twelve complexes and 20 related monomers were analyzed. Of the 262 water molecules located within
the interfaces, 145 were conserved between the unbound and bound structures. Strikingly, all 50 buried
or partially buried waters in the monomer structures were conserved at the same location in the bound
structures. Thus, buried waters have an important role in stabilizing the monomer fold rather than
contributing to proteir-protein binding, and are not replaced by residues from the incoming protein.
Taking together the experimental and bioinformatics evidence suggests that exposed waters within the
interface may be good sites for protein engineering, while buried or mostly buried waters should be left
unchanged.

Water—protein interactions have long been recognized as Water is also considered an integral part of protgirotein
a major determinant of chain folding, conformational stabil- interfaces. On average, about 10 water molecules are found
ity, binding specificity and catalysid(2). There are avariety  per 1000 & of interface area, albeit this number varies
of experimental and theoretical studies acknowledging the greatly depending on the type of proteiprotein interaction.
active role of solvent in protein stability and dynami& (  In general, binding interfaces in homodimers are more
4). Experimentally, X-ray, NMR §, 6) and femtosecond solvated than interfaces of heterodimel®)( Comparing the
fluorescence 1) measurements reveal the binding sites, architecture and chemical composition of watprotein
structure, and dynamics of water. Water molecules satisfy interactions within specific proteirprotein complexes versus
hydrogen bonds by direct interactions with protein backbone crystal packing has shown that the latter~$0% more
and side chains, fill cavities3( 9) and mediate interactions solvated {2). Moreover, interfaces of weak and highly
with ligands, nucleic acids and proteirtO-14). The much transient complexes, such as electron-transfer proteins,
longer mean residence time for buried waters compared tocontain more water than found in high-affinity complexes.
other first hydration shell water (301000 ns in cavities vs  In both crystal packing and weak transient complexes, water
500 ps in first hydration shell) suggests that buried waters permeates the interface, replacing more preferable inter-
should be considered as an integral part of the tertiary residue interactions as found in higher affinity protein
structure 8). protein binding sites.

Protein crystals, which normally contain substantial amounts  \water-mediated interactions are believed to be a main
of waters (5), show a wide range of nonrandom hydrogen- reason for the water conservation phenomenon, and their
bonding environments3{. The location of many of these inclusion into theoretical models improved folding predic-
waters is conserved in the same positions in multiple crystalstjons @1, 22). Jiang et al. 23) developed a method to model
of the same or homologous proteiri§(17). These and other  water molecules within proteinprotein interfaces, which
studies have shown that spatial conservation of water syccessfully predicted bound water molecules at protein
molecules is common in enzyme active sites, as well as injnterfaces. However, inclusion of water did not improve
polar cavities inside the proteindg or on the protein  prediction of either the free energy of binding or the free
surface. Furthermore, the analysis and prediction of conser-gnergy difference induced by mutations. While intensive
vation versus displacement of water upon ligand binding theoretical work was done to estimate the importance of
showed a relation between the coordination of water binding \yater-mediated interactions, little direct experimental evi-
and its conservationlg, 20). dence exists to support the energetic contribution of specific

_ water molecules toward the affinity of protein complexes.
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acids are treated within their native conte24< 26). In such
cycles the sum of free energy loss by the two single muta-
tions is compared to that of the double mutation, and when
it is greater the residues are defined as interacting. DMC
was applied in two studies of protein stability for the analysis
of water-mediated interactions, and provided contradictory
results 7, 28). Water-mediated interactions within protein
protein interfaces were studied by lkura et al., who fitted
the change in free energy of binding of mutant proteins to
the number of lost H-bonds to water, and found on average
a contribution of 4 kJ/mol per wateprotein interactionZ9).

In the current work we present a direct and extensive
assessment of the energetic contribution of water-mediated
interactions toward proteiaprotein binding. Here, we
analyzed the energetic contributions of eight water-mediated
hydrogen bonds toward protefprotein binding by using
DMC. For the seven cases where no direct bonds were found
between the residues, no interaction free energy was mea-
sured. However, DMC using values &fi instead ofKa
showed a weak bond for two of those interactions. A
bioinformatic analysis of water conservation within the
interfaces of 29 proteinprotein complexes and 20 related
monomers revealed that buried waters were conserved
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between the unbound and bound interfaces, suggesting that
they are mainly important in stabilizing the folded conforma-
tion of the monomer.

Extracting of waters, which are within
3.5A from at least one heavy atom of the
interface residues

RESULTS

Crystallographic Water in Boundersus Unbound Pro-
teins.10—15% of the interface is occupied by crystal water
(12) with some of the water detected in the unbound state
being found at the same position also in the bound state. As
no good correlation was found between the percentage of
the wet area and the binding affinity, one may assume that
specific waters contribute to binding by forming through

water H-bonds 4, 30). In the first part of this study we Ficure 1: A flow diagram of the AQUAPROT server used to

analyzed the conservation of surface water upon complex-produce interface contact maps and to analyze interface waters.
ation, followed by direct determination of the energetic HB is for hydrogen bonds, VDW is for van der Waals interactions.

contribution of through water H-bonds by DMC. . . o

Water molecules are an integral part of X-ray protein Conformational changes accompanying binding, and no
structures, albeit their number is a function of the quality of cofactors within the binding sites. In the case where more
the structure. To extract interface water we developed a newthan one copy of the protein exists within the asymmetric
Web based tool, AQUAPROT (http://bioinfo.weizmann.ac.i unit (as for TEME-BLIP, barnasebarstar, Che¥-CheA
aquaprot). AQUAPROT retrieves a matrix containing all the and the unbound stryctures of colicine E9 and barnase), each
interface interactions between residues from both proteins.COPy Was analyzed independently, and the water molecules
Next, all water molecules within a distance of up to 3.5 A located in their binding sites were assigned. Moreover, four
from an interface polar atom were assigned. (Figure 1 and different complexes (TEMBLIP, trypsin—inhibitor, vita-
Materials and Methods). The binding site determined on the Min D—actin and colicine E9-IM9) and two monomers

bound complexes was assigned to the unbound proteins andtrypsin inhibitor and cytochrome peroxidase) have more
is called “unbound interface”. Twelve different protein ~ than one PDB structure that were suitable for the water

protein complexes were analyzed for their water content @nalysis. The final dataset consisted of 20 unbound structures

using AQUAPROT (Table 1). This set of proteiprotein and 29 complexes, which are related to twelve different
complexes was derived from databases of Neuvirth et al. Protein—protein interactions (Table 1 and Table 1 in Sup-
(31) and Mintseris et al.32). For a protein complex to be ~ Porting Information). The dataset includes complexes from
analyzed it had to fulfill the three following criteria: ~different types, such as enzyme inhibitors, signal proteins

availability of at least one unbound structure with identical and very weak transient complex (cytochroaygeroxidase).
sequence and similar resolution 2.5 A, identical struc- Conseration of Interface Water between the Unbound and

tures of the unbound and bound proteins with no major Bound StateOn average 70% of the binding interface has a
high degree of shape complementarity, with crystal water
occupying 16-15% of the interfacel2, 33). Therefore, one

may assume that the incoming protein will replace this
percentage of water found in the unbound state. Actually,
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! Abbreviations: TEM1, TEM13-lactamase; BLIP j-lactamase
inhibitor protein;m¢ backbonesc side chain; DMC, double-mutant
cycle; ASA, accessible surface area.



The Contribution of Interface Water

Biochemistry, Vol. 47, No. 3, 2008.053

Table 1: Dataset of the ProteiProtein Complexes

no. of % of interface conservation
PDB ID resolution waters waters from all (unbound vs
protein name and chains A in interfacé protein watet boundy (%)
A. Monomers
TEM1 1BTL 1.8 23 12 68
BLIP BLIPd 2.1 8 7 75
trypsin 2PTN 15 12 3 83
trypsin inhibitor 4PTI 15 10 17 38
1BPI 1.1 20 12 31
barnase 1B20_B 1.7 15 11 47
1B20_C 20 9 76
actinol 1J6Z 1.54 47 23 48
colicine E9 1FSJ B 1.8 18 17 43
1FSJ C 16 15 90
1FSJ_D 16 15 62
1FSJ_E 9 9 88
o-amylase 1JAE 1.65 27 11 80
p67 phox 1HH8 1.8 13 9.4 45
cytochromec 1JCI 1.9 16 4 58
peroxidase 1DJ1 1.93 11 3 78
serine proteinase 1SCA 2.0 9 2 22
chemotaxis proteins CheY 1E6K 2.0 3 7.5 100
B. Complexes
TEM1-BLIP 1JTG_AB 1.73 44 19
1JTG_CD 47 21
1SOW_AC 1.9 32 13
1SOW_BD 37 15
1IXXM_AC 1.9 32 15
1IXXM_BD 32 15
2B5R_AB 1.65 44 14
2B5R_CD 42 13
trypsin—inhibitor 2TGP 1.9 27 6
1TPA 1.9 22 10
2PTC 1.9 21 10
3TPI 1.9 21 10
trypsin—pancreatic secretory inhibitor 1TGS 1.8 22 6
barstar-barnase 1B2S_AD 1.8 39 19
1B2S_BE 37 19
1B2S_CF 21 11
vitamin D binding proteir-actin 1KXP 2.1 73 19
1LOT 25 22 25
1MA9 2.4 58 19
colicine E9-cognate immunity protein IM9 1BXI 2.05 23 22
1EMV 1.7 27 18
1FR2 1.6 29 17
o-amylase-RAGI inhibitor 1TMQ 2.5 34 13
o-amylase-AAl inhibitor 1CLV 2.0 50 20
Rac GTApasep67 phox 1E96 2.4 13 19
cytochromec—cytochromec peroxidase 1S6V 1.88 21 7
serine proteinaseinhibitor 1CSE 1.2 22 5
chemotaxis proteins 1FFG_AB 2.1 16 14
CheY—CheA 1FFG_CD 9 5

aNumber of water molecules found in the interface and making polar contact with interface residues, as described in Materials and Methods.
b Percent of waters located in the interface out of the total number of water molecules interacting with protein residues. Interactions of waters with
the protein were defined by the same method as for the interface Wwatee.conservation between waters interacting with the binding site residues
found in unbound and bound proteins. The conservation score was calculated by eq 2 (Materials and Méthedsjucture of the BLIP protein
was obtained from47).

the percentage of replaced water may be even higher, aghe detailed conservation scores as calculated from eq 1. Two
crystal water indicates preferable locations for H-bonds. The water molecules are considered as conserved only when they
conservation of crystal waters upon proteprotein binding make the same polar contacts with protein atoms and are
was evaluated by aligning the water molecules and their located in the same location in the interface (up to 0.5 A).
related residues in the unbound and bound structures (FiguréNaters bound to interface residues with significantly different
2A and Table 1). As the resolutions of the bound and side chain positions between unbound and bound structures
unbound structures were similar, water conservation scoreswere ignored in the conservation analysis. Table 1 clearly
are comparable (Table 1). One should remember that theshows that interface waters found in unbound proteins were
lack of conservation of crystallographic water might also be most often (43-100%) found also in the complex (see

a result of poor water assignment in the crystal structure of conservation score, eq 2 in Materials and Methods). Outliers
the bound state, and does not have to show a real lack ofare complexes of bovine trypsiinhibitor and serine pro-
conservation. Table 2 in the Supporting Information provides tease-inhibitor with conservation scores of 3B8% and
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relocation upon complexation, in conjunction with their
adjacent side chains, are shown in Figure 3A and 3B. Figure
3C shows a case where the water molecule in the bound
complex moved to a new location, although the side chain
did not move. In both cases the same protein atoms are
hydrated in the unbound and bound states. Still, they were
considered as nonconserved in the above analysis, further
increasing the actual conservation degree above the values
given in Table 1.

In addition to the twelve complexes presented in Table 1,
the trimeric complex of lysozyme (HEL) with light and heavy
chains of the D1.3 antibody was analyzed for its water
conservation. The PDB ID of the complex is 1VFB; the
unbound structures of the lysozyme proteins are 132L and
194L. 29 waters are located at the binding site of the unbound
proteins; of those only one water molecule is buried and
conserved (ASA of 2%). The two other conserved water
molecules have ASA values of 8 and 43%. All other waters
are nonconserved and exposed. Comparison between differ-
ent complexes of D1:3HEL showed no water conservation
within the bound interfaces. Sunberg and Mariuz24) (
showed that binding of HEL to the D1.3 antibody involves
flexibility and structural rearrangements, which may affect
the water architecture within the interface. This structural
flexibility is one of the main reasons that we did not further
consider anitigerrantibody complexes for water conserva-
tion analysis.

Buried Waters Are Conseed between the Unbound and
Bound StatesNext, we wanted to relate conservation to
ASA, taking into account crystal contact corrections as
described in Materials and Methods. 262 water molecules
were found in the interface of the unbound proteins. These
were divided into two groups: conserved (145 molecules)
and nonconserved (117 molecules). Water was defined as
] conserved if it is found in at least one bound structure at the
FiIGURE 2: Crystal waters within the TEM2BLIP interface. (A) same position and interacting with the same atoms as in the
An overlay of the complex waters (green) and water found in the unbound protein. Figures 4A and B show that all buried and
unbound structures of TEM1 and BLIP (pink). The conserved water mostly buried waters (up to ASA of 5%) are conserved
molecules are marked by dotted presentation, while buried waterspetween at least one unbound and bound structure. Thus,

are in red. Ribbons of BLIP and TEM1 are in pink and blue, . . . :
respectively. The surface of the BLIP (B) and TEM1. (C) proteins the incoming protein does not replace buried waters located

are colored by an accessibility gradient. The conserved waters areVithin the binding site. For the water molecules exposed to
in red, and nonconserved waters are in pink. Water molecules with the surrounding solvent, no preference for either conservation
relative ASA less than 16% are shown in dotted presentation.  in the bound state or replacement with an incoming amino
acid was found. This is seen by the similar bar height in
22%, respectively. This may be due to the tight fit needed Figure 4A for water exposed over 10% (ASA), as well as in
for this complex to avoid chain degradation, emphasizing Figure 4B by the parallel trends of the conserved versus
the energetic advantage of the intra-protein interactions nonconserved waters for over 10% exposure. In the case of
relatively to water-mediated interactions. The actual conser-the TEM1-BLIP complex, which has the largest number
vation percent may be even higher, as water molecules mayof analyzed structures, the accessible area of the noncon-
be missing from the bound structures, which were solved at served water molecules is in all cased46%. The given
lower resolutions compared to the unbound structures (Tableanalysis suggests that many of the buried water molecules
1). A detailed analysis of the TEMIBLIP interface waters ~ found in the interface contribute to the stability of the
showed that the conservation defined only by specific monomer fold, rather than to binding.
protein—water contacts, and not by location, is even higher.  Analyzing the Physical Parameters of Wat@&rotein
Of the 31 water molecules found in the interfaces of the Interactions.The distances between the water oxygen and
unbound TEM1 and BLIP structures, 22 were conserved in the protein polar atoms are shown in Figure 5. A separate
the complex, 3 water molecules from one protein (TEM1) analysis of hydrogen bonds to backbone)and side chain
were replaced upon complexation by residues of the other(sc¢ atoms shows a similar distribution ofcHOH interac-
protein (BLIP) and for 3 waters no density was found in the tions for the unbound and bound states, with a maximum at
complex. The remaining 3 water molecules were replaced 2.9 A (Figure 5A). The distribution c§cHOH (Figure 5B)
by water at different positions, but binding the same residues shows an optimal distance of 2.8 A for the bound versus
(Table 3 Supporting Information). Two examples for water 2.9 A for the unbound interfaces. These values are similar
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Ficure 3: Examples for water relocation upon complexation. Panels A and B show the water molecules relocated upon changes in rotamers
of the interacting residues Glu 239 (A) and Glu 104 (B) in the TEM1 protein. In panel A the distances between nonconserved waters are
4.63 A (between W188 and W343) and 5.44 A (between W305 and W368). In panel B the distances between unbound water W459 and
three related bound waters, W40, W72 and W60, are 0.55 A, 2.3 A and 5.3 A, respectively. (C) The water molecule in the bound complex
moved to a new location, although the side chain did not move. The distance between the water molecules 343 and 215 is 0.8 A. Residues
and water molecules drawn from the structure of the complex are in green, and from the unbound structures are in cyan.
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Ficure 4: Correlation between water conservation and accessible surface area (ASA) of the waters in the unbound state, taking into
account crystal contact corrections as described in the methods section. (A) Histogram of the relative accessibility values for conserved and
nonconserved interface water molecules. (B) Plot of the relative accessibility of the conserved and nonconserved interface waters ordered
by their relative accessibility (normalized by the number of conserved and nonconserved waters respectively). (C) An example of buried
and partially buried water molecules interacting with the interface residues of serine proteinase (PDB ID 2ptn).
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Ficure 5: Histogram of the distances between the water oxygen and the protein heavy atoms of the interface residues in the bound and
unbound structures. A separate analysis of hydrogen bonds to backbgran(l side chaingg) atoms is shown in (A) and (B), respectively.

(C) The distribution of the H-bonds &t-HOH andmc-HOH in the bound and unbound interfaces. The hydrogen bonds between the water
oxygen and the protein nitrogen atom are marked by N (sc(N) and mc(N)), and with the oxygen atom are signed by O (sc(O) and mc(O)).
The distributions were corrected for the differences in volume elements of the bins by (distance)

to those observed around polar groups in high-resolution a water molecule makes1.4 hydrogen bonds with polar

protein structures2@), and to inter-protein hydrogen bonds atoms, independent of whether the unbound or bound
(35). Interestingly, there is a minor preference of water to structure was analyzed. Thus, no new interactions are formed
interact withmc polar atoms in the unbound state while in between water molecules and the protein upon complexation.

bound interfaces the preference is opposite (Figure 5C).
Similarly, Park showed that buried waters tend to hind
polar atoms of amino acids in globular proteir®.(An

Double-Mutant Cycle Analysis of Water-Mediated Interac-
tions. The high degree of water conservation between the
unbound and bound states of the proteins, as well as the

interesting outcome of the current analysis is that on averagesimilar number of H-bonds per water molecule in both states,
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Table 2: Coupling Binding Energies of Water-Mediated Interactions

ASA (%) conservation (%)
distance
TEM BLIP water no. between AAGyyiny  AAGkyiny water no. unbound  within
residue residue  (1JTG) residues (A)  (kJ/mol) (kJ/mol) inunbound  bound  unbound vs bound bound
1 Glul10 Ser71 144 2.6 1.2 408 7.3 24 50 40
2> Arg243  Asp49 154 2.8 —5.6 —8.8 405 6.5 27 50 40
3 Glul68  Argl60 84 5.8 —2.67 —-1.31 379 55 35 83 80
4 Glul68  Trpl62 84 4.3 -19 —1.25 379 55 35 83 80
5 Glul04  Serl46 72 5.6 1.06 1.45 2.6 €20
6 Serl24  Ser35 91 4.8 —0.03 0.9 3.1 100
7 Thr128  Ser35 91 5.2 0.19 —0.65 3.1 100
8 GIn99 Serl28 111 5.0 0.14 0.79 4.3 100

a Binding energies (in kJ/mol) were measured with TEM1 immobilized to the sensor&NByny is for interaction energies, calculated using
double-mutant cycles based &g (2 x SE= 1.2 kJ/mol).AAGk,ny is for interaction energies, calculated using double-mutant cycles based on
Ka (2 x SE= 2.4 kJ/mol). Conservation between unbound and bound was calculated by eqs 1 and 2, respectively, as described in Materials and
Methods. Conservation of 100% indicates that this specific water is found in other 6 structures of-BENPlcomplex in the same position and
creates the same contacts as in 1JTG_AB. Conservation within the bound complexes was calculated by overlay between 1JTG_AB and 5 other
TEM1—BLIP structures. Structure 2B5R was not used for this analysis due to conformational changes in the analyzed inter3&:e’@eafling
energies obtained fron24). ¢ Residue Glu104 is mutated to Ala in 1XXM structure and has non wild-type position in 1SOW structure, therefore
water bound to Glul04 is not conserved. However, this water molecule is conserved in two copies of the wild-type structure.

shows that the desolvation of unbound interface waters issame water molecule w84E168-R160 and"E168-B-
only partial, and skips completely over the more buried W162) were nonadditiveNAGny Values were-2.67 kJ/
waters. This may be interpreted as a thermodynamic advan-mol and —1.9 kJ/mol, respectively, Table 2). The experi-
tage for having interface water. Despite the importance of mental error for double-mutant cycles evaluated from
this question, very little experimental work was done to measurements & (AAGyny) IS 1.2 kd/mol (for two SE),
directly address it. One way of measuring the interaction and therefore these values are significant (albeit small). The
free energy of water-mediated interactions is by performing only strong DMC free energy was measured betwia49
a double-mutant cycle between the involved residues. Firstand"R243. However, these two residues are only 2.6 A apart,
we identified all crystal waters that bridge side chains from sponsoring a direct salt bridge between these residues (Figure
TEM1 and BLIP using AQUAPROT, allocating twelve inter-  6) (24). The waters analyzed by DMC are all well conserved
protein water-mediatedc—sc interactions (Table 4 in the  between the six different TEM4BLIP structures (46
Supporting Information). This number is similar to that found 100%). The high degree of conservation points toward the
for a dataset of 161 interfacedd). Five of the water  nonrandom positioning of the evaluated waters, indicating
molecules mediating TEM1 and BLIP were also found in that their location is not a crystallographic artifact.
the unbound structures with conservation scores efi%
between the unbound and bound states (Table 2). The surfac®ISCUSSION
exposure of these waters in the unbound state was among
the highest for conserved water molecules<29%). Water is abundantly found within the interfaces between
Eight of the twelve water-mediated inter-protein interac- proteins filling cavities and bridging residueesidue interac-
tions in the interface of TEM1 and BLIP were experimentally tions. In this manuscript we aimed to determine the structural
analyzed using DMC (Table 2). The remaining four interac- and energetical role of interface water by combining bioin-
tions involve residues that are binding hotspots, resulting in formatic analysis and experimental measurements. Double-
too weak affinities to be accurately determined. Figure 6 and mutant cycles were first developed to determine the coupling
Movie 1 in the Supporting Information show the structural free energy between pairs of residues. Thus, results of
details of the analyzed interactions (superscript B is for BLIP measurements of interaction free energies between residues
and superscript T for TEM1). The distances between all theseseparated by water can be related to the energetic contribution
residues, excepE110-8S71 and'R243-BD49, are above  of these water-mediated bonds. DMC analysis of seven
that of a direct H-bond distance, making them good water-mediated hydrogen bonds between residues that are
representatives of water-mediated interactio@8).( The too far to form direct contacts within the TEMBLIP
DMC free energiesAAGk,ny) for all the measured water-  interface showed their interaction energy being either weak
mediated interactions, except foR243A-ED49A, were or within the experimental error of the measurements (Table
between—1.31 and 1.45 kJ/mol. As the experimental error 2 and Figure 6). The lack of strong contribution of water-
of the double-mutant cycles as determined from values of mediated H-bonds toward protetprotein binding is dif-
Ka (AAGk,(ny) Was 2.4 kJ/mol (for two SE), all measured ferent from the data presented by Ikura and Jang, but in line
binding free energy values are not significantly different from with the data of Langhors2{—29), who did not observe a
zero. The averagdAGk,n) value for the seven water-  significant through water interaction for the one analyzed
mediated H-bonds was 0.16 kJ/mol (positive value is for DMC. In the work of Jang et al2() an interaction energy
repulsion), which is within the experimental error for this of 5 kJ/mol was measured for a water-mediated bond.
experiment. Performing the same cycles using only the However, with one of the mutations being D99L and the
dissociation rate constant&.f) showed that four cycles cycle calculated between residues located in a highly buried
("TE104-BS146,7S124-BS35,7T128-BS35 and™Q99-B- and hydrophobic environment causing structural rearrange-
S128) were additive, while two interactions bridged by the ment, the interpretation of these results toward the direct
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T-E110

Ficure 6: Eight sc—sc water-mediated inter-protein interactions in the interface of TEM1 and BLIP. First letter represents the protein
(B-BLIP, T-TEM1). Water molecules bridging the protein residues are assign®d agth the atom number from the TEMABLIP wt
structure (PDB ID is 1JTG, chains A and B). Distances in the figure are between waters and active side chain atom.

contribution of the water-mediated interactions on protein while ko, is a measure of the rate of complex formatié (
stability may be problematic. is the ratioky/Kotr). We have previously shown thags is

Interaction energies calculated from double-mutant cycles affected by short-range interactions, whig, is mostly
are not an exact measure of the bond strength, but rather a&ffected by long-range interaction24j. Therefore, the
quantitative evaluation of the difference in binding energy Significant (albeit weak) DMC values fakAGy,ny deter-
between the two single mutations and the double mutant. mined for two of the water-mediated H-bonds may signify
Secondary effects of mutations as well as structural rear- the existence of short range through water interactions, which
rangements are not accurately taken into account by thisare canceled out by other, less specific effects such as
analysis. For example, the F142A mutation on BLIP makes €lectrostatics, entropy etc. The overall net result of the
an interaction with E104A on TEM1 ofAG; of —3.8 kJ/ ~ AAGk,m Vvalues is close to zero, with no significant
mol (26). This is despite the lack of a “good” physical contact contribution of water-mediated interactions toward complex
between these residues. This apparent interaction is a resulstability.
of the structural rearrangement accompanying the F142A |t is interesting to note that weak water-mediated H-bonds
mutation on E10436). Thus, one may claim that the lack  (for AAG,ny) were observed only through water 84,
of significant interaction energies measured for water- pridging TE168 with BR160, BW162 and the backbone
mediated H-bonds are due to second-site effects. However,oxygen of’E166 (Table 2). Thus, w84 makes four H-bonds
in this work we analyzed the simplest case, where the two with protein, while all other analyzed waters make one or
residues in question do not make direct contact with one two H-bonds also with other adjacent water molecules
another and no new interactions are expected to be formedobserved in the X-ray structure). It may be possible that
between these residues upon mutation to alanine. Rather, thenhe more confined environment of w84 contributes to this
mutations simply increase the size of the cavity within the interaction. Still, most interface waters do not play a crucial
interface, replacing an interaction between a polar residuerole in the formalization of the final complex stability, but
and water with a cavity that is expected to be filled with rather fill the holes within the interface, which are not
additional water (see Figure 6 for details). Moreover, the occupied by amino acids. The question is asked whether this
methyl group of the mutant alanine is hydrophobic and not would mean that increasing the percentage of dry areas within
expected to form new specific H-bonds with water. an interface would increase the binding energy. The con-

How can we explain the differences in DMC values servation of waters from the unbound to bound state points
betweenAAG iy and AAGk,ny? Kot is related to the  toward a nonrandom distribution of water in these structures,
strength of the short-range interactions between two proteins,which allows one to derive general rules for water architec-
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ture within binding interfaces, and sheds further light on the dataset, since their binding involves structural flexibilBg)

role of water in binding. Comparing the conservation of water and their evolutionary process is significantly different from
upon binding shows that buried and mostly buried waters in that of other proteins. In the case where more than one copy
the interface of the unbound proteins are always conservedof the protein exists within the asymmetric unit (as for
upon complexation (Figure 4). This suggests that these watetrTEM1—BLIP, barnasebarstar, CheyChea and the un-
molecules are important in stabilizing the monomer fold, bound structures of colicine E9 and barnase), each copy was
rather than contributing to the proteiprotein interaction. analyzed independently, and the water molecules located in
These results are in line with a recent MD simulation using their binding sites were assigned. Moreover, four different
explicit water performed by us, where we saw that buried complexes (TEM%BLIP, trypsin—inhibitor, vitamin D—-ac-
interface water has a lower entropy in respect to other surfacetin and colicine E9-IM9) and two monomers (trypsin
water molecules (Lapid, H., Gottschalk, K., and G.S., inhibitor and cytochrome peroxidase) have more than one
unpublished). They also fit the findings of Amadasi and PDB structure suitable for water analysis. The final dataset
Barillari that water with higher coordinate number of consisted of 20 unbound structures and 29 complexes, which
H-bonds and tighter binding energy is less likely to be are related to twelve different proteiprotein interactions
replaced by an incoming ligand, 20). Examples of buried  (Table 1 and Table 1 in Supporting Information).

and partially buried waters are shown in Figures 2 and 4C.  Assigning Interface Water Molecules flow diagram of
Although these waters are on the surface of the proteins andthe process of assigning interface water molecules as
are partially exposed, they should be treated as the “twenty-implemented in AQUAPROT (http://bioinfo.weizmann.ac.il/
first” amino acid @). Thus, care should be taken when aquaprot) is presented in Figure 1. All water molecules within
attempting to replace them with amino acids, which may 3.5 A from at least one interface polar atom (oxygen or
decrease the stability of the monomer and thus increase thenitrogen) of both chains were extracted, named “interface
overall free energy of the system upon complexation. By waters”. The interface residues were defined by an approach
contrast, exposed waters within the interface would be goodbased on the “all-atom contact” method, where the detailed
candidates for replacement with specific amino acids to atomic contacts between protein residues were calculated
increase complex stability. This result may also explain why using modified REDUCE, PROBE, NCI and PARE pro-
all interfaces of transient proteitprotein complexes have grams 86). REDUCE @7) adds hydrogens to all heavy
also “wet” regions (in the order of 2535%), as opposed to  atoms, and allows side chain rearrangement for H-bond
the protein core, which is “dry”. The protein interface has a optimization. PROBE38) defines interactions by rolling a
dual life, solvated in the unbound state and bound to a proteinball with a radius of 0.25 A along the van der Waals surface
in the bound state. Protein surfaces are not flat, with specific and defining the points of interatomic contacts. While this
waters occupying the polar cavities. These waters aremethod gives an excellent quantitative description of H-bonds
important to the protein stability, and hence are conservedand van der Waals interactions, it misses some of the
upon complexation. Within the core of proteins cavities filled aromatic and electrostatic interactions because their distance
with water are rare, and the unfolded state is basically and angle restrictions on physically meaningful bonds are
unstructured and hence has no water containing cavities thatnot within the simple definitions of van der Waals distances

are conserved upon folding.

Another take-home message from this study is that
interface waters do not contribute much to the overall
stability of the complex. This should make life simpler when
creating a “good” force field, as one can basically ignore
their contribution to binding (albeit not to protein stability).
Indeed, current force fields work quite well without taking
explicit water into account, and the attempt to add them did
not result in much improvement in calculating the effects of
mutations on binding.

MATERIALS AND METHODS

Deriving a Dataset of Unbound and Bound Structuris.
set of proteir-protein complexes and related monomers was
derived from databases of Neuvirth et &1 and Mintseris
et al. 32). The final set of complexes was selected according
to the following criteria: availability of at least one unbound

probed by PROBE. Therefore, we added a modified version
of the NCI @9) server to identify pipi and cation-pi
interactions, and the PAREQ) program to identify charge
charge interactions. Once all interatomic contacts were listed,
they were integrated into their respective amino acids and
summarized in a matrix containing all the interface interac-
tions between residues from both proteins. After definition
of the interface residues, water molecules interacting with
the interface residues were extracted. Only water molecules
that form hydrogen bonds with the interface atoms were
analyzed in this paper. Each water molecule can make up to
four interactions, with the number and type of hydrogen
bonds per water molecule being recorded. In cases where
more than two donors and two acceptors were found, the
closest four were chosen. We ignored wateromatic
interactions 41) and nonpolar interactions such as water
CH interactions. Still, the number of waters making only

structure with identical sequence, being longer than 30 aminohydrophobic or aromatic contacts was very low-@ per

acids and similar resolution of2.5 A, identical structures
of the unbound and bound proteins with no major confor-

interface in the unbound and bound sets). Hydrogens were
not added to the water molecules, but were added to all other

mational changes accompanying binding and no cofactorspolar atoms in the proteins. The accessible surface area
within the binding sites. In order to compare water occupancy (ASA) of water molecules was calculated by a modified

within unbound and bound structures, resolution of the

NACCESS 2.1.1 program4p), with the ASA of each

unbound and bound structures has to be similar. The majoranalyzed water oxygen being calculated separately (probe

difference in the resolution (up to 1 A) was found in two
complexes, vitamin B-actin anda-amylase-RAGI inhibi-
tor. Antigen—antibody complexes were not included in the

size of 1.4 A), taking into consideration only protein atoms.
The relative accessible area was derived as a percentage from
the maximum ASA value of an oxygen atom (98.5 A). The
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ASA values were corrected by accessible area occupied bywith Ka values being determined frols = koi/Koir @and by

crystal contacts and not by ateratom interactions using following the refractive index (RU) change at equilibrium,

the CryCo serverdQd) (http:/ligin.weizmann.ac.ittlpgerzon/ fitting the data to the mass action expression [teriigga),

cryco5.0/cryco/crystl.cgi). In addition to water analysis, — T . .

AQUAPROT provides interface contact maps and their RU = [C-Kamay Rmanl [ CKamay T 1] ()

analysis within the Mavisto program. The output files include where C represents the protein concentration. Values of

a PDB file of the interface with related water molecules, a AAGk, and AAGk,ma) (determined from eq 3) are highly

list of interatomic contacts within the proteins and between correlated (with a correlation coefficient of 0.9865f). Error

the interacting proteins and a PyMol script for visualization analysis shows that significant values fAG (2SE)

the binding interface with interface waters. calculated fromko, were >0.7 kJ/mol and fronK, >1.4
Consevation AnalysisThe conservation between unbound kJ/mol.

and bound waters was analyzed by the overlay between the Double Mutant Cycle Analysisthe interaction binding

unbound structure and related complexes. Two water mol- energy AAG;, for a pair of residues (1 and 2) was calculated

ecules were considered to be conserved if they are locatedrom

at up to 0.5 A from one another and form hydrogen bonds

with the same atoms on the protein. To avoid inaccuracy in

the global structural alignment due to small structural wjth |l the single and double mutations being to alanine. A
changes, the residues related to specific interface water wergack of interaction results in values close to zero, attractive
aligned locally, and conservation of this water molecule was jnteractions result in negativeAGiy values, and repulsive
analyzed. The conservation score for each interface waterjnteractions result in positive values. Only values\&XGiy;

molecule in the bound proteins was calculated according t0 g5 calculated fronKa >2.4 kJ/mol were treated as signifi-
S= (Nw/Np) x 100 @ cant
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