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Automated method for predicting enzyme functional surfaces and
locating key residues with accuracy and specificity

Yan Yuan Tseng and Jie Liang

Abstract— Locating functionally important protein surfaces
and identifying the catalytic site residues are critical for study-
ing enzyme functions. Here, we present methods for predicting
and characterizing catalytic sites of enzymes at atomic level
that is fold-independent. By extract atomic patterns of catalytic
residues in surface pockets computed geometrically, we develop
a library of atomic patterns on protein functional surfaces
of ca 700 structures. Together with propensities of secondary
structures and residue occurrence in active sites, we develop
methods to identify functionally important surfaces on protein
structures and to locate key residues. We discuss application of
our methods to amylase, dioxygenase, deaminase, dehalogenase,
and hydratase. A large scale cross-validated prediction study
shows that our method is sensitive and specific.

I. INTRODUCTION

Identifying protein residues that play functional roles is
an important task. Proteins have a large number (100-1,000)
of residues, but only a small fraction of them are directly
involved in biochemical functions. These residues often are
dispersed in primary sequence, but fold spatially together to
form a binding or catalytic surface. A subset of them are key
residues because they either directly participate in catalysis,
or are important for substrate binding [8, 17].

Although a large number of protein structures in the
Protein Data Bank (PDB) are annotated, e.g., with an enzyme
commission (E.C) number representing a specific chemical
reaction, often such functional information is incomplete: the
location of the binding surface is unknown, the identities
of the key residues are incomplete, and there are well-
known examples where the E.C. labels are misleading. As
more protein structures are solved in the structural genomics
project [6], a large number of structures have unknown
functions. Identifying functionally important surfaces and
locating key residues would provide important information
for further characterizations [5, 10, 11].

In this study, we develop methods for identifying func-
tional surface from a large set of precomputed surfaces. Our
method is based on analysis of bias of functionally important
key residues in composition, in secondary structure, and
in atomic patterns. We formulate a probabilistic model for
predicting whether a residue located in a surface pocket is
functionally important. This model is further used to identify
the surface precomputed as a pocket that is most likely to be
important for biological functions. This paper is organized
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as follows: we first describe our methods and the data set
, we then report results of functional site prediction using
several enzymes as example, followed by a large scale cross-
validation study.

II. METHODS
A. Data set from PDB database

We found there are 13,877 protein structures among
>30,000 structures in the PDB databank that are annotated
as enzymes and have enzyme commission (E.C.) numbers.
However, in many cases there is no information about where
the active site is located on the structure and what residues
are involved. We use geometric algorithm to compute surface
pockets (including buried voids), which are stored in the
CASTP database [4]. We are able to identify a set A of
3,275 proteins whose surface pockets contain one or more
annotated residues. From these, we select a subset B of
~ 700 structure after further cleaning up by verifying the
annotations for each of the key residues, as well as requiring
that experimentally measured B-factor exist. Altogether, we
obtain a final set of ~ 700 proteins structures, containing
3,007 annotated resides. We define a functional surface as
a surface pocket containing one or more of these annotated
key residue(s).

Fig. la shows the size distribution of functional surface
pockets in set 4. The mean size is 35 residues. Fig. 1b shows
that the amino acid residue composition of these functional
surfaces is very different from the one of full backbone
protein sequences [13].

B. Characteristics of enzyme binding surfaces

An important property of the functional surface is its size,
e.g., measured in the number of residues it contains (Fig. 1a).
We also calculated the ratio of size of functional surface over
the total length of the full protein. We found that in general,
about 10%-30% of all residues on a protein are involved
in enzyme function (Fig. 1c), namely, proteins use 10-30%
of their residues to form local binding surfaces for catalysis.
Another informative attribute of enzyme functional site is the
molecular volumes (Fig. 1d). Based on these observations,
we select those precomputed surface pockets containing 10-
30% of the residues as candidates for prediction of functional
surface.

Enzyme functional surfaces have characteristic usage of
amino acid residues. Fig. 2 shows the distribution of the
20 amino acids in annotated residues on the 3,275 surface
pockets from set .A. Similar to previous studies [2, 14, 15],
we found that His, Asp, Glu, Ser and Cys account for more
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Fig. 1: The length distribution and unique residue compo-
sition of functional surfaces for 3,275 proteins with known
key residues. (a) Functional surfaces usually consist of 8-
200 residues, with the mean value of 35 residues. (b) The
amino acid residue composition of functional surfaces on these
proteins is different from the composition of sequences used
to construct the JTT model [13]. (c) The ratio is defined as

reengpoctel <. The ratio ranges from 0.1 to 0.3. Proteins

commonly have size from 100 to 450 residues. They are most
likely to have functional pockets of which length is from 10
to 80 residues. (d) The mean molecular volume of functional
pockets is 1,332.95 A% In general, the molecular volume of a
functional pocket is less than 5,000 A’ and it's length is less
than 80 residues.

than 80% of active site residues in functional pockets. On
the other hand, nonpolar residues (e.g., Val, Leu, Pro) are
absent. These hydrophobic resides are enriched in protein
core for maintaining protein stability, but play little roles in
enzyme activities.

For each annotated residue, we obtain the atomic pattern
by listing the atoms in a consistent order from one specific
residue that are exposed on the surface wall of the pocket.
The secondary structure environment ((3-sheet s, a-helix h,
and coil ¢) of a residue provides useful information, as
backbone N and O atoms form H-bonds in a-helix and (-
strand and therefore are expected to be less likely to form H-
bond involved in the interaction with substrates. We augment
the atomic pattern by including information of the secondary
structure environment of this residue: h for helix, s for (-
sheet, and c for coil. For example, the GIn208 residue in the
alpha-amylase structure 1bag (see Fig. 3b) has the following
atomic pattern:

GLN208 CD:NE2:0:0El:c.

From annotated 3,007 key residues on proteins of set 3, we
obtain 1,031 atomic patterns. This is used to construct the
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Fig. 2: Active site residues are mapped to functional pockets
and based on annotation in SwissProT and PpB (17,930 pdb
entries). His, Asp, Glu, Ser and Cys account for more than 80%
of active site residues of functional pockets. In the contrast,
Ala, Pro, Val, Leu and Met are completely missed because
they are hydrophobic attracted in the core of proteins.

probability 7(a|K) of the occurrence of an atomic pattern a
in key residues from protein set 3.

Integrated predictor of functionally important residues.
For a residue 7 located in a surface pocket, because the iden-
tity r; of this residue, its secondary structure environment
si, and its atomic pattern a; all provide useful discriminat-
ing information for identifying key residues important for
enzyme functions, we use the following method to integrate
these parameters and calculate the key residue probability
P(i € K) for the i-the residue to be from the set K of key
residues:

P(si, 7, 04,0 € K) =m(s4, 15, a5]t € K) - 7w(i € K)
%71'(81'|Z.€IC)-7T(T1‘|Z'€IC)- @)
m(a;li € K) -7n(i € K)

where 7(r;|i € K) is the probability of a key residue to be
amino acids type r;, 7(s;]i € K) the probability of a key
residue to be of the secondary structure type s;, 7(a;|i € K)
the probability of a key residue to be of the atomic pattern
a;, respectively.

Identifying functional surface. A functional surface is
where protein performs its biological roles. To identify key
resides involved in biochemical reactions, a prerequisite is
that the functional surface is identified correctly.

We identify the functional surface pocket p from a set of
computed pockets P on a protein structure. We compute the
summed probability

SP = ZP(Si,Ti,ai,i S IC)

icP

If SP > 102, we declare that pocket p is a functional
surface.
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ASP176 CG:0D1:0D2:c

HIS180 CD2:NE2:c
GLN208 CD:NE2:0:0E1:c
ASP269 CG:0D1:0D2:h

Fig. 3: Prediction of binding surface and predicted key
residues of alpha-amylase. (a) The pocket (green, CASTP
ID=60) predicted to be the functional surface interact with the
substrate glucose (red). This functional surface contains 18
residues. Four of them are predicted to be functionally im-
portant: ASP176 (yellow), HIS180 (cyan), GLN208 (pink) and
ASP269 (blue). (b) The four predicted key residues contains
several high propensity atomic patterns from our library of
1,031 functional atom patterns. Secondary structure (3 sheet
s, helix h , and coil ¢) information used to compute () is also
listed.

III. RESULTS
A. An example

We use alpha-amylases 1bag as an example. Alpha-
amylase (=~ 420 residues) acts on starch, glycogen and
related polysaccharides and oligosaccharides. Our task is to
locate which pocket is the functional surface among the 60
pockets and further identify the key residues involved in the
enzymatic reaction. Our only input is a structure of of the
protein.

We first exhaustively compute all of the pockets (including
voids) on this protein structure [4, 16]. We then compute the
key residue probability P(i € K) for each residues i in a
pocket.

We first predict the functional surface. We rank the 60
surface pockets by summed probability SP. The largest
pocket (CastP ID=60) contains the largest number (7) of
predicted key residues, and has the largest SP = 1.31x 1073
value. It is predicted to be the functional surface pocket
involved in enzyme reaction. This prediction is correct based
on annotation and biochemical literature.

We then predict likely key residues important for enzy-
matic function. After we collect pocket surfaces with SP
greater than a threshold # = 1073, For this protein structure,
pocket 60 is the only one satisfying this condition. It contains
18 residues (Fig. 3). We found that there are 4 residues whose
P(i € K) values are significantly higher than the rest of 14
residues, and are predicted as key residues. These residues

are identical from those reported in literature [7,9].

TABLE I: Detecting functional surfaces and locat-
ing key residues. Predicted results and the true
answers as recorded in the human curated SFLD
[18] database are listed. Notice that some residues
annotated with iron binding are not considered as
catalytic ones and, therefore removed.

PDB Predicted Predicted SFLD
structure surface key residues (experimental
ID/length data)
Ibag” 60/18 D176,H180 D176,H180
EC3.2.1.1 Q208,D269 Q208,D269
1qq5A 71/11 D8,R39 D8,R39
EC 3.8.1.2 K147,N173 S114,K147
N175 S171,N173
D176
ladd— 43/29 E217,H238 E217,H238
EC 3544 D296,D66 D296,D295
lebgA 134/18 S39,E211 S39,E211
EC 4.2.1.11 D246,D296 D246,E295
D320,K345 D320,K345
H159
lkmyA 29/34 H195 H195
EC 1.13.11.39

“The active sites residues are verified by results reported in the literature

[9].

B. Large-scale prediction of functional surfaces

Locating the functional surface is the most important
task in studying enzyme mechanism, as the correct surface
will guide further analysis of binding and catalysis mech-
anism, and will facilitate the correct prediction of the key
residues on protein functional surfaces [12]. To evaluate
the performance of our method in identifying functional
surfaces, we use 10-fold cross validation on the B dataset.
We remove 10% of the structures to test the performance of
the prediction method, which is derived from analysis of the
rest 90% of the data. The average of performace of predicting
functional surfaces of proteins is 91.2% accuracy.

C. Prediction of key residues on protein functional surfaces

We compare our prediction results with enzymes contained
in the Structure-Function Linkage Database (SFLD) [18],
which links related sequences and structures of enzymes
to their chemical reactions, with detailed annotation of
enzyme active site residues. We select the four enzyme
families that each has 8 or more structures. These are: 2,3-
dihydroxybiphenyl dioxygenase (E.C. 1.13.11.39), adenosine
deaminase (E.C. 3.5.4.4), 2-haloacid dehalogenase (E.C.
3.8.1.2), and phosphopyruvate hydratase (E.C. 4.2.1.11). We
take a random template structure from each protein family,
and apply our method to identify functional surfaces and
then locating functionally important residues. As shown in
Table I, we are able to accurately locate many functionally
important residues.
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Since our method successfully located functionally impor-
tant residues, we believe the functional surfaces we predicted
are also correct.

IV. CONCLUSIONS AND FUTURE WORKS
A. Conclusions

In this work, we have developed a method for identifying
functional surfaces and for locating key resides. Our method
is sequence and fold independent. We are able to identify
systematically functional surfaces with > 91.2% accuracy.
In the example of alpha-amylase, the key residues and
their atomic patterns are identified, which fully agree with
experimental data. Our work provides a fully automated
method for locating functionally important surface and for
identifying key residues. It can be used to study the mech-
anism of enzyme reaction, including interactions between
residues and substrates. Its applications include drug design
and engineered biochemical reactions.

B. Future Works

We plan to dynamically increase the size of the library
of annotated functional surfaces, as more structures are
deposited in the PDB databank. Additional annotations will
be obtained by homology transfer when a surface is matched
with another annotated surface satisfying stringent criterion
(p-value < 1075 for cRMSD [3] distance of matched
surfaces).

An important factor we plan to incorporate in our model
is evolutionary conservation. Because residues in protein
functional surface experience strong selection pressure [19],
we expect this would further improve our method. Further
consideration we plan to study is protein dynamics. Protein
function often involves dynamic processes [1], and a crystal
structure is only a snapshot conformation of a protein. The
shape of the functional surface will change locally and may
affect the shape of geometrically computed pockets. We
expect that this problem will be alleviated as more structures
are deposited and different functional conformations will be
increasingly represented in the database. We will critically
examine this issue and assess the robustness of current
approach.
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