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ABSTRACT: THEMATICS is a simple computational
method for predicting functional sites in proteins. The method
computes the theoretical titration curves of the ionizable
residues of a protein using its 3D structure, determines the
residues with perturbed, non-Henderson- Hasselbalch titration
behavior, and identifies clusters of these perturbed residues in
physical proximity. We have shown previously that this
method is highly successful in predicting catalytic sites in
enzymes. In the present study, we apply the method to
non-catalytic ligand-binding proteins. It is shown that
THEMATICS can predict non-catalytic binding sites. The
success rate is better than 80 % for a set of 30 non-catalytic,
ligand-binding proteins. The application of the method to
Glutamine-binding protein from E. coli is discussed in detail.

1 INTRODUCTION

Computational methods for detecting functional sites in
proteins have become increasingly important, as

structural genomics initiatives continue to determine the
structures of “hypothetical” proteins whose functions are
unknown. The Protein Data Bank (PDB) [1] currently
contains on the order of 10° such structures. THEMATICS
— Theoretical Microscopic  Titration Curves -is a
computational procedure for predicting interaction sites in
proteins [2-5] and we have previously shown that the method
is highly effective in predicting the active sites of enzymes [6,
7]. We now apply the same procedure to a set of thirty
non-catalytic, ligand-binding proteins.

Predictive methods for searching for functional sites often
rely on conserved residues [8-11] or on both sequence and
structural information [12-17]. Some methods utilize
computed electrostatic energies of the residues [18, 19] or
consider structural and sequence information in addition to
computed energies [20]. Some predictive methods search for
binding pockets by certain geometric criteria [21-26]. A more
recent method Q-SiteFinder [27] is based on computed
interaction energy between a probe and the protein. The
methods based on geometric criteria or computed energies
require the three-dimensional structure of the protein as does
THEMATICS.

A unique aspect of THEMATICS is that it extracts
information from the shapes of the computed titration curves.
A small fraction of the ionizable residues in a protein has
previously been predicted to exhibit perturbed,
non-Henderson-Hasselbalch (H-H) titration behavior [28-31].
We have shown that such residues with perturbed titration
behavior tend to occur in the active site of an enzyme with
high frequency, and with sufficiently low frequency elsewhere,
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that they serve as markers of chemical reactivity.

THEMATICS calculates the protonation state of ionizable
residues in proteins as a function of pH (i.e., titration
curves) using a hybrid Monte Carlo procedure [32, 33]
based on the electrostatic potential function obtained from
solving linearized Poisson-Boltzmann (PB) equations [34,
35]. It then determines the perturbed residues that deviate
the most from H-H titration behavior and identifies the
clusters of two or more such residues in physical
proximity. It will be shown here that THEMATICS is
almost as effective in predicting functional sites for
non-catalytic ligand-binding proteins as it is for enzymes.

2 METHODS
2.1 Theoretical Microscopic Titration Curves

A detailed procedure for computing theoretical
microscopic titration curves has been given elsewhere [6,
7]. Briefly, the PB calculations were performed using the
University of Houston Brownian Dynamics (UHBD)
program [36] on each protein; the mean protonation state
of each ionizable residue as a function of pH was then
computed by the program HYBRID [33]. The protein
structures were downloaded from the PDB. The H atoms
were added to the structure using TINKER [37] and the
OPLS-UA force field [38, 39].

2.2 Statistical Analysis of the Titration Curves

For most of the ionizable residues in a protein, the average
protonation state 0 as a function of pH can be expressed
as:

0(pH) = (10!’“‘pKa +1)—1 (1)

This equation is the H-H equation and applies to residues
that form a cation upon protonation (Arg, His, Lys, and
the N-terminus) and to residues that form anions upon
deprotonation (Asp, Cys, Glu, Tyr, and the C-terminus).
Figure 1 shows some examples of titration curves for
Phospholipase C (PDB code: 1AH7) from Bacillus cereus
[40]; H142 in Figure 1 exhibits typical, H-H titration
behavior. For such a residue, the predicted average
protonation state falls sharply in a pH range close to the
pK..
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Figure 1: Theoretical titration curves, plotted as ensemble average proton
occupation @ as a function of pH, for selected residues in Phospholipase
C. The known active-site residues are H14, H118, and D55.

A protein is essentially a polyprotic acid and thus all of its
ionizable groups deviate from the H-H equation at least to
some degree. However, for most of these groups the
deviations are small and the shape of their titration curves
follows Eq. 1 very closely. Only a small fraction of groups
show a significant deviation from the normal H-H behavior.
For example, H14, H118, and D55 in Figure 1 correspond to
unusual titration curves and deviate from H-H behavior: the
non-asymptotic regions of the titration curves are elongated or
step-wise; the D55 curve is asymmetric with elongation on
the high pH side. We have previously shown that residues in
the active site of proteins frequently exhibit this perturbed
behavior [2, 3, 6, 7}. H14, H118, and D55 are indeed in the
active site of Phospholipase C [41], whereas H142 is not.

We define the first derivative function f of the 8(pH) curve as:

f=— do/d(pH) 2

The f functions are essentially proton binding capacities
[42-44], which measure the change in concentration of a
bound proton per unit change in its chemical potential. The
binding capacity is also proportional to the well- known Hill
coefficient [42].
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Figure 2: First derivative functions f{pH) of the residues in Figure 1.

Figure 2 shows the f functions of the residues shown in Figure
1. For almost all ionizable residues, the first derivative itself
is negative, because increasing pH favors deprotonation. For
ideal H-H behavior, f is always greater than or equal to zero,
The f function of H142 resembles a Gaussian distribution;
however, the f functions of H14, H118, and D55 have
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multiple peaks or they are asymmetric. Note that these f
functions are normalized, i.e., the area under the f curve is
unity. This is because 0 always runs from 1 to 0 in Eq. 1,
so that A0 is always unity over the full range of © values;
this is true for both perturbed and normal ionizable
residues.

The f functions may be treated as distributions and
characterized by their moments [7, 42]. Hence we define
the n™ central moment M as:

=] (PH-M))"- f- d(pH) 3

where M, is the first raw moment, defined by the
expression for the n™ raw moment as:

M, =] (pH)" f- d(pH) 4)

The integrals in equations (3) and (4) are over all space
(- to +x), Equations 2, 3, and 4 for each ionizable
residue are evaluated numerically from the theoretical
titration curve of each residue.

For a residue exhibiting H-H behavior, the first raw
moment is the pK, and all the odd-numbered central
moments are zero. The second and fourth central moments
have the values 0.620 and 1.62 respectively. However,
interactions between ionizable residues in a protein will
lead to asymmetry in the f functions and thus the odd-
numbered central moments will be non-zero. These
interactions will also cause broadening of the f functions
and increase the values of the even-numbered moments
above those for H-H residues.

We define the Z score for the n™ central moment as:
Z, = (Ml = <pa>)/o4 )

Here <|u,|> is the mean of the absolute value of the n®
central moment, averaged over all of the ionizable
residues in the protein. Strictly, the absolute sign is needed
only for the odd moments. g, is the standard deviation of
the (absolute) values of the n™ central moment for the set
of all ionizable residues in the protein. The Z score
represents the deviation from the mean value in units of
the standard deviation. As illustrated in Figure 2, the f
functions are peaked functions, but the active site residues
deviate the most from the sharply-peaked H-H form. The
central moments are natural metrics to characterize the
width and the shape of these peaked functions and their Z
scores provide a way to identify the most deviant curves.

We previously used the criterion Z;>1 or Z,>1 to select
the active-site residues in enzymes; we will use this same
criterion to select the binding residues also. This is
because the active-site residues tend to have high third
and/or fourth central moments and because the Z;>1 or
Z2>1 criterion selects most of the known active-site
residues [7]. In fact, for most enzymes, the Z;>1 or Z;>1
criterion is more selective than visual identification; often
the set of positive residues selected by the statistical
criterion is smaller than the set of residues selected by



visual observation. Residues that meet the Z;>1 or Z,>1 test
are termed THEMATICS positive residues.

Once the THEMATICS positive residues are selected, we
group these residues into clusters based on spatial proximity.
The distance between two positive residues is defined as the
distance between their charge centers, e.g., the distance
between C°( Glu) and C'(Asp). For this work, a positive
residue is defined as a cluster member if it is within 9A of any

other positive residue in the cluster. A one-member cluster is -

called an isolated positive and it is not considered predictive.
Clusters containing two or more positive residues are
considered predictive and are termed THEMATICS positive
clusters. If a THEMATICS positive cluster contains at least
one known binding residue, we consider that prediction a
success. The Z;>1 or Z,>1 criterion finds only one positive
cluster for Phospholipase C: [H14, D55, H69, H118, H128].
All of the residues in this cluster are known to be in the active
site and D55 is critical in catalysis [41].

3 RESULTS

The Z;>1 or Z,>1 criterion was applied to a set of 30 non-
catalytic ligand-binding proteins in order to predict their
ligand-binding sites. The application to Glutamine- binding
protein from E. coli is discussed in detail. Results for 30
binding proteins follow.

3.1 Glutamine-Binding Protein

Glutamine-binding protein (GInBP) from E. coli is a
monomeric protein consisting of two similar globular
domains linked by two peptide hinges [45, 46]. It is involved
in the active transport of L-glutamine across the cytoplasmic
membrane. Calculations were performed on a monomer using
the 1.94 A structure (PDB code: 1WDN) [45]. This protein
was crystallized with a bound glutamine; however, the
electrostatic potential functions were computed without the
bound ligand in the structure.

The binding pocket of GInBP is composed of D10, F13, F50,
A67, G68, T70, R75, K115, T118, G119, H156, D157, and
Y185, which account for all hydrogen-bonding and
hydrophobic interactions between the ligand and the binding
pocket [45]. THEMATICS predicts only one cluster: [D10,
E17, D28, Y86, H156, D157, Y185, Y213, Y217], where the
residues known to be in direct contact with the ligand are
indicated in boldface. This cluster includes four of the six
ionizable residues in the binding pocket. The other five
residues in the predicted cluster are not necessarily false
positives. E17 and D28, although they do not bind the ligand
directly, are located in close proximity to D10 and the ligand:
the distance between D10 and E17 is 5 A and between D10
and D28 9A as measured by the separation between the
charge centers of the residues as discussed above. The three
‘tyrosines, Y86, Y213 and Y217, are located at the entrance of
the binding pocket near the surface of the protein. As far as
we are aware, there has not been any study to suggest whether

these three tyrosines are important in recognition of the ligand.

Y 86 is one of the “hinge” residues.

Some sample titration curves for GInBP (1WDN) and the
corresponding f functions are shown in Figures 3 and 4.
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Notice that the perturbations on these residues are not as
visually obvious as the perturbed residues in Figures 1 and
2. Weaker perturbations, hence smaller |y;| or p, values,
may be more typical for non-catalytic proteins, at least for
many of the cases reported here.
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Figure 3: Theoretical titration curves, plotted as ensemble average
proton occupation 0 as a function of pH, for selected residues in
GInBP (1WDN). D10, D157, and H156 are known to be involved in

binding.

0.4

0.3+

do / d(pH)
o
P

0.1+

a o B

Figure 4: First derivative functions f(pH) of the residues in Figure 3.

Even though Phospholipase C (245 residues) and GInBP
(223 residues) are comparable in size, the perturbations
are much more pronounced for the active site residues of
Phospholipase C (see Figures 1 and 2). This could be in
part because Phospholipase C has more than three times
as many ionizable residues as GInBP: 86 ionizable
residues for Phospholipase C and 26 ionizable residues for
GInBP. Therefore, the statistical (rather than visual)
selection criterion seems to be more important for
non-catalytic proteins than for enzymes. A systematic
study is needed before we can generalize about this
apparent trend in the magnitude of the moments.

Calculations were also performed on a ligand-free
“open” structure of GInBP using the 2.3 A resolution
structure (PDB code: 1GGG) [46]. The structure of the
open conformation is considerably different from that
obtained with the bound ligand. In the open conformation,
the two globular domains (termed large and small) are
physically separate, connected only by two hinges
(residues 85-89 and 181-185). In the bound form, these
domains close up to form a binding cleft. THEMATICS
analysis obtains two predictive clusters for this open
structure:[E17, D28] and [Y86, Y213, Y217] as shown in
Table 1. It is interesting to note that THEMATICS selects



all of the residues that were identified with the closed
structure except for those residues that are directly involved in
binding. Although these clusters, particularly [E17, D28], are
located in close proximity to the binding pocket, we consider
this a failed prediction.

Because the two domains (small = residues 90 to 180, large =
residues 1to 84 & 186 to 226) of the open structure are
spatially far apart, the electrostatic energy landscape and
consequently the magnitude and the range of || and p,, are
quite different for two domains. The average and standard
deviation of |1, and p, for the small domain were 0.26 + 0.26
and 3.8 + 1.1, respectively, while those of the large domain
were 0.67 £1.6 and 8.7 + 14.7. So when the criterion is
applied to each domain separately, a different set of clusters is
predicted: [E17, D28] and [Y86, Y217] from the large domain,
[K105, D152], [Y143, H156, D157] and [Y163, K166] from
the small domain. One of the clusters .in this two-domain
analysis includes two binding residues. The same two-domain
statistical analysis applied to the bound form of the structure
(1WDN) yielded only one cluster: [D10, E17, D28, H156,
D157, Y185, Y217], which is nearly identical to the original
analysis for this form.

3.2 Summary for 30 Ligand-Binding Proteins

Results for 30 non-catalytic ligand-binding proteins are
summarized in Table 1. Here we use boldface to indicate
residues identified as important for binding function either in
the original reference contained in the PDB structure file or in
PDBsum site [47]. The thirty proteins in this set were selected
by a search of the PDB using the keywords “binding” or
“transport”. The set was reduced by eliminating mutants and
those structures for which no information about the binding
site was found. Finally, the structures were then ranked
according to the number of missing residues and the thirty
most complete were selected. All of these proteins have at
least one ionizable residue in each binding site.

The calculations were performed on the monomer for all but
seven proteins; for the seven proteins indicated with
superscript ® in Table 1, the dimer was analyzed. All
hetero-atoms and the ligands were removed from the structure
before performing the calculations. Five proteins from Table 1

contain two binding sites per chain or per biological unit;

therefore, there are total of 35 binding sites for the entire set.

29 predictive clusters have at least one known binding residue;
therefore the success rate is 83% (29/35). The success rate per
protein is 80% (24/30). These are less than the 91% success
rate for enzymes [7] .

Examining the failed cases reveals that most of those proteins
have highly hydrophobic binding sites. For example, there is
only one ionizable residue in the hormone-binding pocket of
both forms of Shbg (1F5F and 1KDM). THEMATICS does
identify, for both forms, the ionizable residue D65 as an
isolated positive, which is not considered predictive. Likewise,
there is only one ionizable residue in the binding pocket of
Mosquito sterol carrier protein-2 (1PZ4) and THEMATICS
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identifies R24 as an isolated positive.

There are several ionizable residues in the vitamin
B12-binding pocket of Cobalamine transporter (INQH):
Y229, R497, Y531, and Y579. However, THEMATICS
found the Ca-binding site only: [D193, D195, D230].
Among these three residues, D230 is slightly exposed to
the vitamin B12-binding pocket and connected to A231,
which forms a hydrogen-bond with the ligand. Among the
four ionizable residues in the binding pocket, only R497
forms a hydrogen bond with the ligand. The four ionizable
residues do not have a significant level of electrostatic
interaction with each other and their interactions with the
ligand are primarily hydrophobic.

While we are able to rationalize the above four failed
cases and to some extent, the open form of GInBP (section
3.1), THEMATICS is unable to identify any of the
residues in the binding pocket of Jacalin (1JAC) nor any
residues close to the binding pocket. We note that the
binding pockets of Jacalin are exposed to the solvent more
so than most other binding pockets. The solvation
weakens the electrostatic interactions. While the method
has found surface interaction sites, predicted clusters are
more often found in clefts than on the surface [6].

For Human S100A6 calcium-binding protein (1K9K), the
largest THEMATICS positive cluster contains the residues
from two Ca-binding pockets. This is because the two Ca
jons are only 11.5A apart and the two binding sites form
one THEMATICS cluster.

We note that THEMATICS positive clusters tend to be
more localized on the binding site than many pocket
search methods [6], with most of the cluster members
immediately surrounding the ligand. The maximum
distance across the largest predicted cluster in Table 1 is
about 27 A; this corresponds to the binding region of the
complex of Actin with Vitamin D-binding protein (1LOT)
and reflects the length of that region. Most of the clusters
are significantly smaller. THEMATICS also finds 1.9
predictive clusters per biological unit (58/30), reflecting a
relatively low rate of false positives.

As shown in Table 1, most THEMATICS positive clusters
contain a few residues that are not directly involved in
binding of the ligands. These residues should not
necessarily be considered as false positives. In most cases,
these residues occur in close proximity to bound substrate
or may assist in binding or other functions.

We presented a simple computational procedure for the
identification of functional sites in proteins; the method
can be automated. Our method is applicable to both
enzymes and non-catalytic binding proteins, albeit less
effective in searching for hydrophobic binding pockets
with few or no ionizable residues.



PDB Protein Name THEMATICS Results®
Code
1A99 Putrescine Receptor (Potf) From £. Coli [E66, E184, E185, D247, D278, Y314] [H123]
1ABE L-Arabinose-Binding Protein [E14, E20, D89, D90, D206, D235, H259]
1ADL Adipocyte lipid-binding protein [Y19,R78, R106, C117, R126,Y128] [Cl]
1BYK Trehalose Repressor From E. Coli ® [R71a, D73a, E77a, E99a, Y157a, D159a, D241a, Y284a] ([D94a, H110b]
[Y198a] [H274a] & identical clusters with a and b exchanged
1DK0 Hemophore Hasa From Serratia Marcescens [H32, Y55, H83, 128, H133} [D112] [E148]
IDQE Bombyx Mori Pheromone Binding Protein [D32] [D63, H70, H95,E98] [HI123] [[E137]
1EJE Fmn-Binding Protein from Methanobacterium | [D36, E38] [D66, H67, H68, E105, D143, H144] [E78, E132]
thermoautotrophicum
1F5F The N-Terminal G-Domain Of Shbg In | [D50,ES52, D96, D162] [D65] [(E104,E115] [D117]
Complex With Zinc ©
IFX3 Haemophilus influenzae SecB ® [Y24a, K262, D27a, E31a, E86a, D27b, E31b, E86b] [E76a, D77a] [Y24b,
K26b] [C106a, C111a] [C106b, C111b]
1GGG E. Coli Glutamine Binding Protein (Without | [E17,D28] [Y86, Y213, Y217]
Substrate)
1JAC Jacalin ®@ [D6, Y32, H44] [Y19, D59, E63,K91,Y93,Y96] [K117]
1K9K Human S100A6 Calcium Binding © [K18, Y19] [D25, H27, E33, D61, D65, E67, E72]
1IKDM Human Sex Hormone-Binding Globulin ® | [D65a] [E77a, E104b, E115b,E120b, R123b, R125b] [D96a] [E104a, E115a,
(Tetragonal Crystal Form) E1202, R1232,R1252, E77b] [D117a] [D65b] [D96b] [D117b]
IKLL Mrd Protein ® [D52a , D61a, H71b, Y97b, H100b, D117b, D119b, D124b]
ILAH Periplasmic lysine-, arginine-, | [D11, Y14, D30, D85, Y88, D91, D161, E162, D211, Y223, Y236, D238]
ornithine-binding protein
1LOT The Complex Of Actin With Vitamin D- | [Y120a, Y147a, Y151a, Y162a, Y166a, R187a, K222a, Y297a, Y166b, D288b,
Binding Protein ® © K291b] [K287a, Y133b, Y143b] [K213b, C217b, C257b, Y306b] [H265a]
[Y394a] [H275b] [C285b]
IN2Z Btuf, The Vitamin B12 Binding Protein Of E. | [E35, D52, D242, E245, R246] [D108] [Y143, K147, E181, E186, K190]
Coli [K153, K156, D266]
IN4A Periplasmatic Cobalamine Transporter from £. | [E13, D30, D220, E223] [Y121,K125, E159] [D244]
Coli
INQH Outer Membrane Cobalamine Transporter from | [R14, D81, Y118, Y221, Y2231 [R47, R48, Y109, R111, E465, D482, K504]
E. Coli® [H75,E413] [R84] [D193, D195, D230] [K244, Y246]
10U8 Aaa+ Protease Delivery Protein [Y28] [Y44,K76] [D110]
10Z7 Echicetin From The Venom Of Indian Saw- | [E27a, E43a, D81b] [E48a] [E71a, E752a, E99a] [Y14b, K120b]
Scaled Viper® © [D70b, H95b)
1P28 Pheromone Binding Protein From The | [Y5, R33, Y75, K85]
Cockroach Leucophaea Maderae
1PMP Lipophilic Binding Protein P2 from Bos Taurus | [Y19, R78, R106, C117, C124, R126,Y128] [K105]
1POT Spermidine/Putrescine-Binding Protein | [E36] [E63, Y66, Y86, K89, D168,R170, E171, D257]
Complexed With Spermidine from E. coli
1PW4 Glycerol-3-Phosphate Transporter From E. Coli | [Y38, Y42, R45, K46, Y76, Y266, R269, Y270, Y393] [K284]
1PZ4 Mosquito Sterol carrier protein-2 [D6, E67, D68, D69] [R24] [H28, Y30, D47,E61] [E91]
1USK L-Leucine Binding Protein with Bound L-Leu | [E22, D51, H76] [D121, E226] [H145, D146]
IVYF Schistosoma Mansoni Fatty Acid Binding | [K48,K65] [C62,E72, R107,R127,Y129] [D76]
Protein
IWDN E. Coli Glutamine Binding Protein [D10, E17, D28, Y86, H156, D157, Y185, Y213, Y217]
2ABH Phosphate-Binding Protein [Y16,Y33] [Y104,R135,Y193] [Y196,Y206]

Table 1: THEMATICS results for thirty non-catalytic binding proteins

@ THEMATICS positive clusters for each subunit are reporied except when the binding sites are composed of the residues from different subunits; a
and b designations distinguish the residues from different subunits; ® THEMATICS analysis was performed on the dimer unit; © there are two
binding sites in these proteins; @ Residues belonging to the same cluster are shown together in square brackets. Residues in boldface are known to be
involved in ligand binding. An isolated positive is not considered a successful prediction in this study, even when that residue is known to be a
binding residue.
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