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Abstract: The conservation of interfacial water molecules has only been
studied in small data sets consisting of interfaces of a specific function.
So far, no general conclusions have been drawn from large-scale analysis,
due to the challenges of using structural alignment in large data sets. To
avoid using structural alignment, we propose a solvated sequence method
to analyse water conservation properties in protein interfaces. We first use
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water information to label the residues, and then align interfacial residues
in a fashion similar to normal sequence alignment. Our results show that,
for a water-contacting interfacial residue, substituting it into hydrophobic
residues tends to desolvate the local area. Surprisingly, residues with short
side chains also tend not to lose their contacting water, emphasising the
role of water in shaping binding sites. Deeply buried water molecules are
found more conserved in terms of their contacts with interfacial residues.
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1 Introduction

Protein-protein binding interfaces are wet places involving many water molecules
that shape the binding sites by filling cavities, bridging the local inter-chain contacts
and networking some specific contacts by hydrogen bonding (Ikura et al., 2004; Li
and Lazaridis, 2007; Reichmann et al., 2008; Ahmed et al., 2011). Interfacial water
molecules are also capable of adjusting binding specificity and affinity (Wilson,
1989; Meenan et al., 2010). They are an integral part of binding interfaces rather
than a separate binding environment.

Structural, functional and energetic roles of water molecules in an interface
were previously investigated using structural analysis (Urakubo et al., 2006;
Knight et al., 2009), molecule dynamic simulation (Lu et al., 2006) or statistical
analysis (Rodier et al., 2005). Importance of water molecules was earlier quantified
using site-directed mutagenesis (Ikura et al., 2004; Urakubo et al., 2006; Reichmann
et al., 2008). Theoretical energetic contribution of water molecules to protein
binding was examined by incorporating the water molecules to energy models
implicitly (Benedix et al., 2009) or explicitly (Jackson et al., 1998; Guerois et al.,
2002).

Water conservation at protein-binding sites is another interesting topic. It was
investigated previously by focusing on small data sets of one or two families or
functional groups (Poornima and Dean, 1995; Shaltiel et al., 1998; Bottoms et al.,
2002; Bairagya et al., 2009). For example, the authors of Shaltiel et al. (1998) looked
at only seven different crystal structures of protein kinase A; and they detected
six conserved and structured water molecules near the active site. However, no
large-scale analysis has been undertaken on this topic; and no high-level pattern of
interfacial water conservation has been drawn yet. With data of protein complexes
growing fast in the Protein Data Bank (PDB) (Berman et al., 2000), we can
significantly enlarge the scope by analysing water conservation properties across
protein-binding interfaces in PDB.

Alignment is a necessary step in such a conservation study. Unlike residues
in a protein structure, water molecules are not a part of the protein sequence.
Thus sequence alignment cannot be used directly. Structural alignment is a good
idea. However, it is difficult to apply it to large-scale data sets due to its high
computational cost. Another challenge is that structural alignment is not yet as
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standard as sequence alignment. Different structural alignment algorithms may
lead to opposite observations and conclusions. An example can be seen from the
following two works done separately by Kinjo and Nakamura (2010) and Gao and
Skolnick (2010b) on the structural space of protein-protein interfaces. Kinjo and
Nakamura (2010) used a structural alignment algorithm called GIRAF (Kinjo and
Nakamura, 2009); they found that the structural similarity between protein-binding
interfaces could be observed only in homologous families. In another work done by
Gao and Skolnick (2010b), the authors used another algorithm named iAlign (Gao
and Skolnick, 2010a), and concluded that the structural space of protein-protein
interfaces is highly connected with significant similarities observed universally even
within randomly generated interfaces.

Although water molecules are not a part of protein amino acid sequences, they
are closely engaged in protein interactions via their contacts with residues. This type
of contact is always biased; i.e., water prefers to contact to polar or hydrophilic
residues, and hence the conservation of these contacts is biased. The more specific
the binding is, the more reproducible it is. The conservation patterns of water
can be inferred by investigating the hydration patterns of the residues. In this
work, we conduct an analysis on the conservation of interfacial water molecules
based on a tripartite interface model and a solvated sequence idea. First, interfacial
water molecules are identified by using the tripartite interface model. They are then
assigned to their neighbouring residues of a protein (the solvated sequence idea).
With the interfacial hydration properties of interfacial residues in hand, sequence
alignment is followed in the database of sequences to align the interfacial residues.
In particular, we are interested in the solvation change of residues in a residue
substitution. We find that substitutions to hydrophobic residues tend to desolvate
the residue. We also find that deeply buried residues are more likely to preserve
their water-contacting sites, indicating that water molecules at the core of protein
interfaces are organised more sophisticatedly so that they are harder to be removed,
added or shifted.

2 Methods

2.1 Data set of interface overlaps

A search against PDB (Berman et al., 2000) was done in August 2010 to obtain
our data, with the following requirements:

i the structure is solved by X-ray crystallography;

ii the resolution is no worse than 3.0Å;

iii there are at least 2 protein chains in the biological assembly

iv the chain length is larger than 30.

PDB entries with artificial mutations are further removed. As water molecules
tend to be under reported (Carugo and Bordo, 1999), in order to guarantee
the quality of water information, the protein structures used are required to
simultaneously contain more than 20% and 1% water molecules in number and
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proportion respectively. Only heavy atoms are used. The biological interfaces
are then determined within the PDB structures obtained. First, we extract those
biological assemblies that can be obtained without coordinate transformation.
Then, bipartite interfaces are detected within these biological assemblies. Only those
interfaces having no less than 100 atoms are kept, since two spatially-nearby protein
chains with too few nearby atoms are not likely to be in a real interaction. We
obtained 30,635 protein-protein interfaces distributed in 10,009 PDB entries.

Interface alignments are needed to capture the conservation of interfacial water
molecules. However, structural alignment will be very expensive for such a large
data set (in the order of 104). Therefore, to capture the evolutionary relationship
between protein interfaces, and also to remove the redundancy, we define the
similarity and alignment between interfaces based on sequence alignment. Given
the sequences of protein interactions that we obtained from PDB, an all-against-all
BLAST search is performed with an E-value threshold of 0.0001.

To measure the similarities between two interfaces, we define a concept of
‘overlap’ between two interfaces. Suppose we are given two interfaces I1 =
{A, B} (the interface between chains A and B), and I2 = {C, D} (the interface
between chains C and D). If each of the two chains in one protein interaction is
aligned significantly with one of the two chains of the other interface (for example,
A and C are aligned, and B and D are aligned), the ‘overlap’ between these two
interfaces is defined as:

overlap(I1, I2) = min
{

2 × |fA→C(IA
1 )

⋂
IC
2 |

|IA
1 | + |IC

2 | ,
2 × |fB→D(IB

1 )
⋂

ID
2 |

|IB
1 | + |ID

2 |

}
(1)

where |X| is the cardinality of set X , IA is the set of interfacial residues of interface
I that belong to chain A, and fA→B is the mapping function from the amino acids
in chain A to chain B according to the sequence alignment. If chains A and B can
also be aligned with chains D and C respectively at the same time, then whichever
of the two cases leads to a higher overlap is used. Residue identity is not considered
here. A residue is considered at the overlapping region of the two interfaces as
long as it is aligned to an interfacial residue in the other interface. If there is no
such alignment, the overlap is 0. A schematic diagram of the overlap calculation is
shown in Figure 1(a).

The distribution of the overlap between interfaces in our data set is shown in
Figure 1(b), excluding those interface pairs without significant sequence alignment.
A bimodal distribution is observed. The reason for such a distribution is that,
two protein chains may interact with each other in multiple binding sites, resulting
in lowly overlapped interface pairs. This is especially common in multi-oligomers
where multiple chains are organised together with many binary interfaces inside.
An example is the interface between α and β subunits of hemoglobin. In a
hemoglobin tetramer, the α and β chains can interact in two different ways with
two distinct binary interfaces. The overlap between them is very low. To better
understand the distribution of overlap with respect to sequence similarity, we plot
the joint distribution of interface overlap and sequence similarity in Figure 2. The
sequence similarity of two interfaces is defined as the minimum of the similarities
of the two sequence alignments. From Figure 2 it can be noted that, when the
sequence similarity is very high, the interfaces can be of either high overlap or
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Figure 1 (a) Calculating the overlap between interfaces. In chains A and C, 5 aligned
positions occur in both interfaces; in chains B and D, 5 aligned positions occur
in both interfaces. The overlap between I1 and I2 is then
min{2 × 5/(6 + 6), 2 × 5/(5 + 6)} = 5/6. (b) Distribution of overlap in our
data – a bimodal distribution (see online version for colours)

extremely low overlap, indicating the different binding sites between same proteins.
When sequence similarity is low, three dense region of overlap is observed. The
top part indicates that the interface can be very conserved (overlap > 0.7), when
the sequence similarity is low. The middle part indicates that some interfaces
are changed, but not completely – a part of the original interface remains. The
dense bottom part consists the overlap between different binding sites. Recall
that, we are not considering the residue identity in the overlap calculation. If
there are not too many indels in interfaces, interfaces at the same sites of two
proteins will highly overlap with each other. If there are many indels between
two interfaces, we can actually consider them as different interfaces that are not
aligned, as many indels can change the local water arrangement dramatically. Thus
we removed those alignment pairs with low overlap. The threshold is set to 0.5,
which is roughly the minimum between the two maxima; see Figure 1(b). This
threshold roughly eliminates those overlap between different and shifted interfaces;
see Figure 2. Redundancy is also removed, with another overlap threshold 0.8;
that is, if two interfaces have an overlap larger than 0.8 (corresponding to the
second peak), one of them is removed. The reason we remove these alignments
is that PDB is a biased data base, where some proteins are reported repeatedly
and some others are not. Some commonly seen proteins/protein complexes are, for
example, antibodies and hemoglobins. If the redundancy is not removed, the results
will be dominated by only a few types of protein-protein interactions. Two two
thresholds can also remove most of those interface pairs with very high sequence
similarity. When interface similarity is near 1.0 (Figure 2), most overlaps are either
lower than 0.4 or higher than 0.8. Finally there are 4310 interface alignment
pairs between 3481 interfaces, in which there are 178,251 pairs of residue-residue
alignments.
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Figure 2 Joint distribution of sequence similarity and interface overlap. Each cell is
coloured according to the number of occurrence in the data set (see online
version for colours)

2.2 Burial level and tripartite interface model

Given a protein complex, exposed water molecules are first removed repeatedly with
a solvent accessibility threshold of 10 Å2. In the remaining structure, the atoms are
labelled as exposed or buried based on the threshold of 10 Å2. Also, an atomic
contact graph is built based on the remaining structure, in which nodes are atoms
and edges are atomic contacts. Two atoms are defined to be in contact if they
share a Voronoi facet and their distance is less than their radius plus 2.75Å, which
is the diameter of a water molecule. A pseudo node representing bulk solvent is
added to the graph, connecting to all the exposed atoms. The burial level of an
atom is defined as the length of the shortest path from it to its nearest exposed
neighbour. It is equal to the length of the shortest path from the pseudo node to it
minus one.

We model protein interfaces as tripartite graphs. To calculate the interface
tripartite graph, first a residue contact graph of all the residues (including water)
is constructed. Two residues (water is also referred to as residue here) are defined
to be in contact if at least one pair of atoms, each from one residue, is in contact.
Based on the residue contact graph, interfacial water molecules are identified as
those water molecules that are in contact with both sides of the interaction. At
last, the interface residues from the two interacting proteins are identified as those
residues that are in contact with the other protein or with interfacial water. The
nodes in the interface tripartite graph consists of interfacial water molecules and
interfacial residues from both proteins. Based on this definition, interfacial residues
are those residues that contact directly with the other chain (dry residue), with
interfacial water molecules only (wet spot) or with both the other chain and
interfacial water at the same time (dual residue). More detailed information of
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the concept of burial level and tripartite interface model can be found in another
previous work (Li and Li, 2010).

2.3 Substitutional conservation of water

We simply label an interface residue as water-contacting or non-water-contacting if
it is or is not in contact with at least one water molecule. We define the conservation
of water in the substitution from one residue type to another as the probability of
the water-contacting state preserved after the substitution:

Csubstitution(X → Y ) = P (LY = 1 | LX = 1) (2)

where X and Y belong to the 20 standard amino acid types and LX is the label of
X . LX = 1 when X is water-contacting and LX = 0 otherwise. X → Y stands for
the substitution of residue type X to residue type Y , both being interfacial residues.
Csubstitution(X → Y ) can be estimated by:

Csubstitution(X → Y ) =


2 × C(LX = 1, LY = 1)
2 × C(LX = 1, LY = 1) + C(LX = 1, LY = 0)

, if X = Y

C(LX = 1, LY = 1)
C(LX = 1, LY = 1) + C(LX = 1, LY = 0)

, if X �= Y

(3)

where C(LX = x, LY = y) is the number of such residue-residue alignments that
residues X and Y are aligned and their labels are x and y, respectively. Note that
the count of residue alignments when X = Y is doubled. The reason is that if two
aligned residues X1 and X2 are of the same type X , they contribute twice to the
substitution X → X (X1 → X2 and X2 → X1).

Also, only side chains are considered when the residues are labelled. That is,
LX = 1 if and only if its side chain is in contact with water. For residue types other
than glycine, their side chains consist of atoms other than C, N , Cα, and O. For
glycine, Cα is defined as its side chain because it does not have other heavy atom.

2.4 Hydration site conservation

When the two residues in a residue-residue alignment X → Y belong to the same
amino acid type, it is interesting to understand the conservation of water contact in
more detail at an atomic level. We define the water conservation status of an atom
in a residue type as its probability of contacting water in all residue alignments
X ′ → Y ′, where X ′, Y ′ belong to the same residue type as X, Y . It is calculated by:

Csite(Xa) =
C(LXa

= 1, LYa
= 1)

C(LXa = 1, LYa = 1) + C(LXa = 1, LYa = 0)
(4)

where Xa denotes the atom a in residue X , and its label LXa
is 1 if it is in contact

with water, or 0 otherwise.
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2.5 Water-contacting mode and mode conservation

When the amino acid is not changed in a site, the similarity in their water contact
can be measured. For an interfacial residue, its water-contacting mode is defined as
a vector of length N , where N is the number of heavy atoms in that residue. For
example, in an arginine residue, there are 11 heavy atoms. Each value in the vector
is 1 or 0, denoting whether the corresponding atom is water contacting or not. The
conservation between the solvation of two residues of the same type is defined as
the cosine similarity between their water-contacting modes:

Cmode(i, j) =
Mi · Mj

‖Mi‖ × ‖Mj‖
=

|Si

⋂
Sj |

|Si| × |Sj |
(5)

where Mi is the water-contacting mode of residue i and Si is the set of water-
contacting atoms of residue i. ‖M‖ is the Euclidean norm of vector M .

3 Results and discussions

3.1 Solvated substitution

Figure 3 shows substitutional conservation analysis results when a whole residue (a)
or when only its side chain (b) is considered. In both cases, it can be noted that
substitution to hydrophobic residues (right part) are more likely to desolvate the
residue. Let us divide both panels into four parts: the top-left, the bottom-left,
the top-right, and the bottom-right. The top-left part corresponds to substitutions
within polar or charged residues. As can be seen, their contacting water molecules
are very likely to be preserved in the substitution. Large substitutional conservation
is observed in the substitution from hydrophobic residues to polar or charged
residues (bottom-left part). This indicate that, if a hydrophobic residue is already
in contact with water molecules, substitution of it into polar or charged residues
is not likely to remove the contacting water. In the case of changing a polar
or charged residue to hydrophobic residue (top-right part), water-contacting
status is not that conserved. Thus substituting a polar or charged residue to
a hydrophobic one is very likely to desolvate it. If the substitution is within
hydrophobic residues (bottom-right part), contacting water is also not likely
conserved, indicating contacts between hydrophobic residues and water molecules
are very unstable and easy to break.

Comparing Figure 2(a) and (b), it can be seen that the bias is clearer when only
the side chain is considered. This is reasonable as side chain is the place where the
residues differ from each other.

An example of water structural change due to residue substitution is shown
in Figure 4. In this figure, the two aligned residues are of different types. For
the arginine residue in a ribokinase dimer interface shown in Figure 4(a), a
cluster of water molecules is observed around it. However, they are not blocking
the direct contact of this residue to the other side, and are just offering a wet
environment for its contacts. The local water structure near the isoleucine in a 2-
keto-3-deoxygluconate kinase subunit interface shown in Figure 4(b) is dramatically
different, although they are aligned very well. Overall, the interface is rich in water
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Figure 3 Substitutional conservation of water between residue types when: (a) whole
residue is considered or, (b) only side chain is considered. Each cell of the grid
corresponds to the substitutional conservation from one type of residue (left) to
another (top). The residue types are ordered according to the hydropathy index
(Kyte and Doolittle, 1982) (see online version for colours)

molecules. There are 26 interfacial water molecules, contributing more than 6% of
the interfacial atoms, yet none of them successfully access the isoleucine. A large
area of hydrophobic contact is created. Usually, such large hydrophobic contacting
area can contribute a lot to binding free energy (Sharp et al., 1991).

Figure 4 Two aligned residues and their surrounding water arrangement: (a) an
arginine (red and sticked) in a ribokinase dimer interface [PDB:1VM7] and (b)
an isoleucine (red and sticked) in a 2-keto-3-deoxygluconate kinase subunit
interface [PDB:2DCN]. Water molecules are shown in blue spheres (see online
version for colours)

3.2 Site conservation

When a residue is not substituted in a residue-residue alignment – i.e., the two
residues are of the same type – we can achieve a close and detailed view of the
conservation of water down to the atomic level. In Table 1, the site conservation
of water contact of the atoms in different amino acids is shown. Generally, water
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Table 1 Site conservation

AA Site conservation

ARG C:0.38 Cα:0.53 N :0.48 O:0.53 Cβ :0.58 Cγ :0.56 Cδ:0.56 Nε:0.52 Cζ :0.40
Nη1:0.60 Nη2:0.61

LYS C:0.30 Cα:0.43 N :0.47 O:0.50 Cβ :0.46 Cγ :0.46 Cδ:0.47 Cε:0.50 Nζ :0.55
ASN C:0.49 Cα:0.52 N :0.57 O:0.60 Cβ :0.62 Cγ :0.46 Oδ1:0.62 Nδ2:0.66
ASP C:0.40 Cα:0.59 N :0.55 O:0.61 Cβ :0.62 Cγ :0.50 Oδ1:0.64 Oδ2:0.63
GLU C:0.39 Cα:0.54 N :0.48 O:0.54 Cβ :0.58 Cγ :0.55 Cδ:0.43 Oε1:0.60 Oε2:0.57
GLN C:0.38 Cα:0.49 N :0.39 O:0.53 Cβ :0.55 Cγ :0.54 Cδ:0.42 Oε1:0.59 Nε2:0.62
HIS C:0.50 Cα:0.54 N :0.54 O:0.60 Cβ :0.63 Cγ :0.38 Nδ1:0.49 Cδ2:0.50 Cε1:0.54

Nε2:0.58
PRO C:0.42 Cα:0.53 N :0.46 O:0.60 Cβ :0.59 Cγ :0.61 Cδ:0.62
TYR C:0.45 Cα:0.53 N :0.53 O:0.55 Cβ :0.54 Cγ :0.35 Cδ1:0.46 Cδ2:0.41 Cε1:0.50

Cε2:0.51 Cζ :0.40 Oη:0.61
TRP C:0.46 Cα:0.53 N :0.49 O:0.51 Cβ :0.50 Cγ :0.31 Cδ1:0.51 Cδ2:0.38 Nε1:0.56

Cε2:0.39 Cε3:0.48 Cζ2:0.60 Cζ3:0.60 Cη2:0.59
SER C:0.44 Cα:0.56 N :0.61 O:0.59 Cβ :0.63 Oγ :0.68
THR C:0.40 Cα:0.51 N :0.61 O:0.61 Cβ :0.56 Oγ1:0.62 Cγ2:0.65
GLY C:0.52 Cα:0.67 N :0.62 O:0.65
ALA C:0.42 Cα:0.60 N :0.61 O:0.62 Cβ :0.70
MET C:0.41 Cα:0.57 N :0.56 O:0.59 Cβ :0.59 Cγ :0.50 Sδ:0.50 Cε:0.61
CYS C:0.39 Cα:0.51 N :0.51 O:0.64 Cβ :0.57 Sγ :0.62
PHE C:0.38 Cα:0.52 N :0.54 O:0.59 Cβ :0.57 Cγ :0.34 Cδ1:0.45 Cδ2:0.43 Cε1:0.45

Cε2:0.46 Cζ :0.48
LEU C:0.38 Cα:0.45 N :0.50 O:0.55 Cβ :0.51 Cγ :0.38 Cδ1:0.53 Cδ2:0.55
VAL C:0.39 Cα:0.50 N :0.53 O:0.56 Cβ :0.46 Cγ1:0.58 Cγ2:0.58
ILE C:0.42 Cα:0.55 N :0.54 O:0.62 Cβ :0.48 Cγ1:0.53 Cγ2:0.60 Cδ1:0.57

Conservation of water-contact in different sites of residues. AA: amino acid type.

contacts with polar and charged atoms are more conserved. For example, in the
side chains of ARG, LYS, ASN, ASP, GLN, GLU, TYR, or SER, the polar or
charged groups at the end of their side chains possess the largest water-contact
conservation. This emphasises the importance of interfacial water in bridging local
contacts. Specific contacts such as hydrogen bonds with water molecules can be
formed by these atoms.

A pair of aligned tyrosine residues in hemoglobin subunit interface and their
nearby water structures are shown in Figure 5. Both residues have interfacial water
molecules, contacting with the polar atom Oη in a very close distance (see the
numbers in the figure) at the end of the side chain. In both cases, at the back
of the water molecules in the other side, a threonine is observed. Threonines and
tyrosines can both donate and accept hydrogen bonds (McDonald and Thornton,
1994). The water molecules can bridge the contacts between the two residues by
using hydrogen bonds.

It is interesting that the most conserved water contacts are those with Cβ of
alanine. Their site conservation is 0.70, even higher than that of any polar or
charged atoms. This can be explained by another important function of interfacial
water molecules: filling cavities. Residues with short side chains such as alanine may
create small pockets or cavities; water molecules are needed in this case to shape
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Figure 5 Two aligned tyrosines (red and sticked) in the interface between α and β
subunit of hemoglobin of (a) bovine [PDB:2QSP] and (b) human [PDB:3IC0].
Water molecules directly contacting with the two tyrosine residues are shown in
blue spheres (see online version for colours)

the binding site. This is also the reason that the site conservation of Cα in glycine
is very high (0.67).

In Figure 6, four aligned alanines in four dehydrogenase subunit interfaces are
shown. At each interface shown in the figure, two stacks of α-helices are observed,
making the interface flat. Unlike their nearby residues, the four alanine residues
shown in the figure do not have a long side chain and hence they cannot reach

Figure 6 Water-contacting structure of four aligned alanine residues in: a rat
formyltetrahydrofolate dehydrogenase subunit interface (a, [PDB:2O2P]), and
three betaine aldehyde dehydrogenase subunit interfaces (b[PDB:2WOX],
c[PDB:1WNB] and d[PDB:3EK1]). The conserved alanines are shown in red,
and their contacting water molecules are shown in blue spheres (see online
version for colours)



Conservation of water molecules 13

the interacting partner directly. To maintain the local secondary structure, the
backbone of the alanine residues cannot be changed too much, thus a small gap is
created between the two chains, where the water molecules come and fill in. These
alanine residues are typically called wet spots. They contact with the other side
indirectly through water molecules.

3.3 Conservation of water at different burial levels

We also investigated the relationship between residue burial level and its hydration.
The residue-residue alignments in our data set can be divided into three types
according to the hydration of whether the two residues are water-contacting or not:
non water-contacting to non water-contacting (NW↔ NW), non water-contacting
to water-contacting (NW↔ W), and water-contacting to water-contacting (W↔ W).
The distribution of burial level in these three types of residue alignments is shown
in Figure 7. We find that residues whose contacting water is conserved are more
likely to be those deeply buried ones, indicating that water molecules at the core of
the protein-binding interface are more conserved.

Figure 7 Distribution of burial level (as average of the two residues) in three types of
interfacial residue-residue alignments. NW↔ NW: both residues are non
water-contacting; NW↔ W: only one of the residue is water-contacting and;
W↔ W: both residues are water-contacting (see online version for colours)

The conservation of deeply buried water can also be captured by analysing the
conservation of water-contacting modes (see Methods) in alignments of identical
residue type. The relationship between water-contacting mode conservation and
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burial level is shown in Figure 8. Deeply buried residues always have high water-
contacting conservation. This again suggests that water molecules in the core of the
interface are harder to be changed, even in the atoms they are contacting to.

Figure 8 Relationship between water-contacting mode conservation and burial
level (as average of the two aligned residues) (see online version for colours)

Immobilised water molecules in PDB structures tend to be under reported,
especially buried water molecules near the surface. The quality of water information
is also usually correlated with resolution. However, our observation of high
conservation of deeply buried water is not due to the uneven quality of deeply
and slightly buried water molecules at different resolutions. To confirm this, we
repeated the experiment using a higher resolution threshold to process our data set.
We calculated the average of the burial level in the three types of residue-residue
alignment, using a different resolution threshold of 2.0 Å. The comparison with the
results under the original threshold 3.0 Å is shown in Table 2. The difference (tested
by Mann-Whitney U test (Mann and Whitney, 1947)) is generally not significant,

Table 2 Influence of resolution threshold used to process the data

Resolution threshold BL(NW ↔ NW ) BL(NW ↔ W ) BL(W ↔ W )

≤ 3.0Å 1.3006 1.4474 1.8552
≤ 2.0Å 1.3490 1.4500 1.8748
p-value 0.0036 0.0887 0.1680

Comparing the average burial level in the three types of residue alignments under different
resolution threshold. NW ↔ NW: both residues are non water-contacting; NW ↔ W: only
one of the residue is water-contacting and W ↔ W: both residues are water-contacting.
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especially in the case when the water-contacting status is conserved (W↔ W), where
the p-value is 0.1680.

Protein interface is usually wetter in the rim and drier in the core, which
means that interface rim is more crowded with water molecules. Thus, if water
molecules are just randomly choosing their binding residues level by level, the
water-contacting status of residues at the rim should be more conserved, due to
the higher probability of being in contact with water in the rim. However, the
observation here suggests that water molecules at the core are more conserved.
Therefore, it can be inferred that deeply buried water molecules are organised more
stably in local positions with specific local contacts so that they are harder to be
changed.

4 Conclusions

Based on an idea of solvated sequence, a conservation analysis of the hydration
of residues is studied. We found that, for a residue that is in contact with water,
substituting it into a hydrophobic residue tends to drop its contact with water.
A detailed atomic level analysis reveals that polar and charged sites of residues
are better at preserving their contacting water molecules. Also, short-side-chained
residues are not likely to lose their contacting water molecules, as long as they
are not substituted by other residues. Another finding of this work is that deeply
burieds residues have very stable local water environment, indicating that water
molecules deeply buried in the interface are more conserved.
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