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Abstract. Computation plays an important role in func-
tional genomics. THEMATICS is a computational
method that predicts chemical and electrostatic proper-
ties of residues in enzymes and utilizes information con-
tained in those predictions to identify active sites. The
only input required is the three-dimensional structure of
the query protein. The identification of residues involved
in catalysis and in recognition is discussed. The two ser-
ine proteases Kex2 from Saccharomyces cerevisiae and
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subtilisin from Bacillus subtilis are used as examples to
illustrate how the method finds the catalytic residues for
both enzymes. In addition, Kex2 is specific for dibasic
sites and THEMATICS finds the recognition residues for
both the S1 and S2 sites of Kex2. In contrast, no such
recognition sites are found for the non-specific enzyme
subtilisin. The ability to identify sites that govern recog-
nition opens the door to better understanding of speci-
ficity and to the design of highly specific inhibitors. 
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The genomics revolution has unlocked the potential to
characterize all proteins in a cell and to establish the links
between them. The genomes of about 1000 organisms
have been sequenced, providing the input for such analy-
ses. These genomes represent all types of living species
from the simplest to the most complex. However, the ac-
tual realization of this potential has been more difficult
than originally imagined. To utilize the information from
these sequences, the gene products predicted from them
must be characterized in terms of their functions. Be-
cause of the large number of proteins for which function
must be established, computational methods are being de-
veloped that can speed up the process.
Sequence comparisons have been valuable in determin-
ing relationships between some proteins, especially if the
sequence identity is high enough so that the relationship
between two proteins can be established with some level
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of confidence. That relationship can be at the structural
level, or the structural and functional level. Ultimately,
the functional relationship is the important one. Structure
has played an important role in the assignment of func-
tion. If the sequences of two proteins from different or-
ganisms are similar, their structures and functions are
also expected to be similar. To a first approximation, this
is true. However, enough exceptions exist such that this
simple rule does not hold every time. Two proteins may
be structurally related without a functional relationship.
In addition, sequences can be so diverse that the struc-
tural and functional relationship between the proteins en-
coded is no longer evident. 
Proteins perform many functions within a cell, ranging
from biochemical functions such as those performed by
enzymes to extracellular functions such as signaling be-
tween cells. All of them depend on the binding of a ligand
to a protein. Ligands may be as small as a proton or as
large as another protein. In all cases, the nature of the in-



teraction between protein and ligand will determine the
functional fate of the system. Consequently, determina-
tion of the site at which a ligand interacts with a protein,
and the nature of the ligand, will help to determine the
function of that protein. If we limit ourselves to enzymes,
proteins that catalyze a chemical transformation, that site
is designed to recognize a specific ligand, usually to the
exclusion of others, and to facilitate the chemical trans-
formation. Residues at that site have chemical or electro-
static properties that enable such protein-ligand interac-
tions. A method to distinguish these residues from others
of the same type, but that do not have these special prop-
erties, is described here.
Theoretical Microscopic Titration Curves, THEMATICS
[1–4], is a computational method that predicts chemical
and electrostatic properties of residues in enzymes and
utilizes information contained in those predictions to
identify active sites. THEMATICS is based on Poisson-
Boltzmann [5–15] methods for determining the electro-
static potential function of a protein structure. A Monte
Carlo procedure calculates the net charge as a function of
pH, C(pH), for each ionizable residue in the protein, en-
semble averaged over a large number of protein mole-
cules. The only input required is the three-dimensional
structure of the subject protein. The sequence and the
structure of this protein need not have any similarity to
any previously characterized protein. 
The Henderson-Hasselbalch equation predicts that the
charge-versus-pH curve C(pH), a titration curve, will be
a sigmoidal function with a sharp fall-off in charge when
the pH is near the pKa. We find that typically most of the
ionizable residues in a protein follow predicted Hender-
son-Hasselbalch behavior, but a small fraction of the
residues are found to have perturbed behavior. In particu-
lar, these perturbed residues are predicted to have elon-
gated titration curves, such that partial protonation per-
sists over a wide pH range. Residues with such unusual
curves we label as THEMATICS positives. A cluster of
two or more of such positive residues has been found to
be a reliable predictor of active-site location [1–4]. The
method does give false positives, residues with perturbed
titration behavior that are not in or near any known active
site, but such residues tend to be isolated in space. Hence
the clustering criterion is highly successful. A residue is
deemed to be a member of a cluster if its reactive atom is
within 6 Å of the reactive atom of any other residue in the
cluster. To date, THEMATICS has been applied to about
100 enzymes and it finds the active site for about 90% of
known enzymes. THEMATICS has been established to
successfully locate catalytic residues in the active site
[1–4]. The purpose of the present paper is to show that it
finds recognition sites also, and can distinguish between
specific and non-specific enzymes.
Our method complements well other methods for protein
function prediction. For some classes of proteins, infor-
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mation about function can be inferred from the evolu-
tionary history derived from sequence relationships
[16–18], or by other homology and non-homology se-
quence methods [19–22]. Combined analysis of se-
quence and structure data gives more revealing clues
about function [23]. Methods to locate active sites rely ei-
ther on analogies to related proteins of known function
[24–31], on searches for clefts in the structure [32], or on
computational searches for binding sites by docking [33]
of selected sets of small molecules [34–36]. Energetics
[37] and flexibility [38] can also predict functionally im-
portant sites. Our method is different from existing ap-
proaches because it takes advantage of the unique chem-
ical properties of active sites in proteins to identify and
characterize them.
In an enzyme, the protein environment influences the
chemical and electrostatic properties of active site
residues in order to facilitate catalysis and recognition.
Any active-site residue that acts as a catalytic Brønsted
acid(/base) must then act as a Brønsted base(/acid) in or-
der to restore itself to its initial state for the next turnover
cycle. A perturbed titration curve increases the range of
conditions over which a residue may act as both an acid
and a base, as is required by the definition of a catalyst.
Similarly, such unusual titration behavior expands the pH
range over which a residue may exist in both charged and
neutral forms, thus assisting reversible recognition. Find-
ing these perturbed titration properties not only identifies
the active site but may also give clues about the type of
chemistry that is catalyzed by that active site. Our work-
ing hypothesis is that this type of perturbed titration 
behavior facilitates both catalysis and reversible recogni-
tion [2]. 
There have been only a few experimental titrations of in-
dividual residues in proteins because the experiments
(generally involving nuclear magnetic resonance on a
mutant protein with site-directed mass labeling) are very
difficult to perform and the mutations can cause changes
in functional properties. Consequently, there is only a 
little bit of experimental evidence at the present time for
non-sigmoidal titration behavior in proteins [39, 40; 
W. W. Bachovchin, personal communication].
In the present paper, we compare the specific serine pro-
tease Kex2 to the structurally related non-specific serine
protease subtilisin Carlsberg. These two proteins have
identical catalytic residues but one has specificity deter-
minants that the other protein lacks. We show how our
method identifies the catalytic residues for both specific
and non-specific proteases and also identifies the recog-
nition residues for a specific protease. The ability to iden-
tify sites that govern recognition opens the door to better
understanding of specificity and to the design of highly
specific inhibitors. We discuss the implications for catal-
ysis, recognition, and drug design.



Example – serine proteases

The active site of an enzyme in the serine protease family
possesses the ‘catalytic triad,’ an acid, a histidine, and a
serine, where the acid is an aspartate or glutamate side
chain, the histidine acts as a catalytic base, and the serine
serves as a nucleophile [41, 42]. This catalytic triad per-
forms hydrolysis on peptide bonds. In the case of a spe-
cific protease, the protein recognizes the side chain of
one or more residues adjacent to the peptide bond to be
hydrolyzed. The residue that provides the carbonyl car-
bon atom of the reactive peptide bond is labeled as P1.
The pocket in the protease that recognizes the side chain
of the P1 residue is called the S1 pocket. Similarly, the
next residue to the N-terminal side of the substrate pro-
tein is labeled as P2 and it is recognized by the S2 site of
the protease, and so on. 

Kex2 – a specific protease

Kex2 (kexin, E.C. 3.4.21.61) is a calcium dependent
transmembrane protease found in the yeast Saccha-
romyces cerevisiae. The name derives from the killer phe-
notype of Kex2 mutant cells. In S. cerevisiae, Kex2 is re-
quired for the production and secretion of mature alpha-
mating factor and killer toxin, among other activities.
Proteolysis occurs at paired basic residues.
Kex2 is the prototype of a large family of eukaryotin pro-
protein-processing proteases that includes furin, the pro-
protein convertases, and PACE4 in mammals. This fam-
ily of proteases is responsible for the processing of neu-
ropeptides and peptide hormones, proinsulin, coagulation
factors, many growth hormones and their receptors,
Alzheimer-related secretases, and cancer-associated ex-
tracellular matrix proteinases.  In addition, furin is known
to function in embryogenesis and homeostasis, and is re-
quired for the activation of many bacterial toxin precur-
sors and virus envelope glycoproteins. 
Kex2 specifically cleaves peptide bonds where P1 and P2

are the basic residues arginine and lysine. (Kex2 cleaves
preferentially after RR and RK.) Kex2 belongs to a fam-
ily of proteases structurally related to the subtilisins.
However, subtilisin is a very non-specific protease: the
structural similarity does not account for the unusual
specificity observed for Kex2. Inhibited structures of the
catalytic and P domains of Kex2 [43] and furin [44] have
been determined, and show the source of the calcium de-
pendence and the nature of the high specificity. 

Subtilisin – a non-specific serine protease

Subtilisin is mechanistically and structurally related to
Kex2. However, subtilisin is non-specific and cleaves

peptide bonds in proteins with little regard for the nature
of the surrounding residues, except for a small preference
for hydrophobic residues. Subtilisin is used commercially
in laundry detergents to degrade proteinaceous material
into small, soluble fragments. 

THEMATICS results

THEMATICS calculations were performed on the 2.4-Å
resolution structure of Kex2 [43] from yeast, Protein
Data Bank (PDB) [45] code 1OT5 and on the 1.2-Å res-
olution structure [46] of subtilisin Carlsberg from Bacil-
lus subtilis, 1CSE. Table 1 shows the results of these cal-
culations for the two featured proteins plus some addi-
tional enzymes chosen to highlight different types of
recognition. THEMATICS-positive residues for these
examples are known to be involved in catalysis and
recognition.
THEMATICS-positive residues for Kex2 were found to
be [D175, D176, D210, D211, E220, H213, H381,
Y212], [D277, D320, E350], [D184], and [Y308], where
residues that are clustered together in coordinate space
are shown together in brackets, known catalytic residues
are shown in boldface, and known recognition residues
are shown in italics. The first and largest cluster includes
the ionizable catalytic residues D175 and H213. This
same cluster also includes the S2 recognition residues,
D176, D210, and D211. The second cluster contains the
S1 recognition residues D277, D320, and E350. D184 and
Y308 are each isolated in space and we are not aware of
any functional significance for them. 
THEMATICS-positive residues for subtilisin were found
to be [D32, H64], the acid and histidine residues of the
known catalytic triad, and D41 (presumed to be an iso-
lated false positive). No residues, analogous to those in
the first two clusters for Kex2, indicative of specificity
were found.

Results for additional enzymes

Table 1 also summarizes THEMATICS results for some
additional enzymes. The last two enzymes in the table are
active as dimers and the calculations for these were per-
formed on the dimer structure. In all of these enzymes,
the method finds at least one residue involved in catalysis
and, except for the non-specific subtilisin, at least one
residue involved in recognition. Overall, these enzymes
represent a variety of different kinds of chemistry and
topology and different types of recognition. Kex2 utilizes
the ionizable side chains of the acidic residues aspartate
and glutamate to recognize arginine in the S1 pocket and
either arginine or lysine in the S2 pocket; THEMATICS
identifies residues in both of these pockets. For arginine
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kinase [47], THEMATICS identifies a set of arginine
residues that recognize a phosphate group. Creatine
amidinohydrolase [48] has two glutamate side chains that
recognize a guanidinium group of the substrate, and these
glutamate residues are found to be positive by THEMAT-
ICS. THEMATICS also identifies as positive the residues
in the site where the halogen is recognized in L-2-
haloacid dehalogenase [49, 50].

Discussion

Since catalysis and recognition are governed by geome-
try, chemistry, and electrostatics, computational methods
that predict chemical and electrostatic properties from the
three-dimensional structure should, at least in principle,
be able to predict protein function at the atomic and mol-
ecular level. We have shown how THEMATICS can pre-
dict residues involved in both catalysis and recognition.
One can therefore distinguish between a specific and a
non-specific protease, for example, from the structure
alone with just a simple calculation. 
The ability to predict precisely where the specificity oc-
curs in an enzyme, in addition to providing insight into
enzyme function, could prove to be very valuable in the
design of highly specific inhibitors. Genomics and pro-
teomics have produced manifold new potential drug tar-
gets and simple computational tools can point to the
source of specificity in these targets. We are in the

process of analyzing hundreds of protein structures to es-
tablish relationships between computed chemical and
electrostatic properties and specific types of recognition,
and also specific types of chemistry. 
Since this computational tool is based on a chemical
property of the residues found, simple computational
methods can now rapidly identify active-site residues and
assign at least some functional information to them for
the new protein structures emerging from structural ge-
nomics efforts.  Computed properties of such residues,
and their spatial relationship within the context of an ac-
tive site, may be able to predict even more detailed func-
tional information in the near future. 
Finding our way on this structure-to-function path takes
us enticingly closer to the realization of the hope for rev-
olutionary post-genomic innovations in medicine. The
discovery of specific inhibitors for gene products associ-
ated with diseases involves the identification of active
sites and the design of molecules that will recognize and
interact with them specifically. THEMATICS is a power-
ful tool that provides information about both reactivity
and specificity in a protein, especially about recognition
sites that distinguish one enzyme from another, even
when they come from the same family.
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Table 1. THEMATICS results.

PDB ID/name Chemistry Topology

1OT5 Kex2 serine protease subtilisin + jelly roll
catalytic residues: D175, H213
basic side chain recognition: D277, D320, E350, D176, D210, D211
all positives: [D175, D176, D210, D211, E220, H213, H381, Y212], [D277, D320, E350], [D184], [Y308]

1CSE subtilisin Carlsberg serine protease subtilisin
catalytic residues: D32, H64
all positives: [D32, H64], [D41]

1BG0 arginine kinase phosphate transfer creatine kinase
catalytic residues: E225
phosphate recognition: R126, R229, R280, R309
all positives: [R126, R229, D226, E224, E225], [R124, R280, R309, R330], [C127], [E335], [H185], [Y134], [Y145]

1CHM creatine amidinohydrolase C-N bond hydrolysis unique
catalytic residues: H232
guanidinium recognition: E262, E358
all positives: [R64¢, R335, D83¢,E262, E358, H232, H324, H376], [D217, H331¢, Y48], [E124], [Y54], [Y257]

1QQ5 L-2-haloacid dehalogenase dehalogenation unique
catalytic residues: D8, D176, K147
recognition residues for halide: R39
all positives: [R39, D8, D176, K147, Y153], [R217¢, E44, K41, Y45, Y68], [Y223]

THEMATICS results are summarized for some enzymes with known recognition residues, plus subtilisin. We include THEMATICS-pos-
itive residues that are known catalytic residues (bold) or known recognition residues (italicized). Prime indicates a residue from another
subunit in a dimer. Then we list all of the THEMATICS-positive residues for each enzyme, with residues in physical proximity in the pro-
tein shown together in brackets.
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