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SUMMARY

We have been developing computational approaches to increase our ability to analyze the growing body
of three-dimensional structural data with applications centered on the serine proteases and their natural
inhibitors and substrates. It is essential that these approaches emphasize the comparison of these macro-
molecules at the separate levels of secondary, tertiary and quaternary structure. We assume in our analysis
that in functionally related macromolecules (i.e., a family of evolutionarily related enzymes), regions of
structural and/or physicochemical similarity will exhibit functional similarity; regions that are different in
structure and/or physicochemical properties will function differently and, therefore, be the source of observed
specificity. It is the intent of our research to encapsulate such ‘knowledge’ in a form which is capable of
observing patterns which may serve as generalizable rules for macrostructural analysis (Liebman, M.N. 1986.
Enzyme 36: 150-163), and to serve as the essential ‘tools’ for the rational design of modified serine proteases
and/or their natural inhibitors by the methods available through genetic engineering.

INTRODUCTION

Recent advances in biotechnology have led its
practitioners to return to an examination of the
fundamental questions concerning the relationship
among amino acid and nucleic acid sequences, and
structure and function at the macromolecular level.
These developments in the technology of genetic

Correspondence: M.N. Liebman, Department of Physiology and
Biophysics, Mount Sinai School of Medicine of the City Uni-
versity of New York, New York, NY 10029, U.S.A.

0169-4146/88/$03.50 © 1988 Society for Industrial Microbiology

engineering make it increasingly possible to isolate
genes, perform site-directed mutagenesis and have
the ‘synthetic’ protein expressed in significant quan-
tities, yet the essential information as to which
changes are needed to yield desired results (e.g., en-
hanced protein stability, modification of specificity,
etc.) remains elusive. Our long-standing interest in
both the theoretical and applied aspects of bio-mac-
romolecular architectural analysis have led to our
examination of the serine proteases, with particular
emphasis on their role in physiological control
through limited proteolysis. This family of enzymes
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is accepted to be evolutionarily related, possibly
through gene duplication, and yet its members ex-
hibit substrate and inhibitor specificity directed to-
wards macromolecules, at a level of regulation
which makes these enzymes essential components
of such highly refined cascades as blood coagula-
tion, fibrinolysis, complement activation, and milk
clotting, as well as processes such as fertilization
and hormone production. The importance of this
enzyme family is also indicated by their suggested
role in emphysema, arthritis and septicemia as
caused by bacterial toxin production [8,22,23].

The process of limited proteolysis i1s character-
ized by the ability of the enzyme to complex with
a specific macromolecular substrate, cleaving only
one or two predetermined peptide bonds (as distin-
guished from the complete digestion of a peptide
substrate) and releasing the product for subsequent
activity within the physiological system. This speci-
ficity appears to be highly refined among the eu-
karyotes where the occurrences of zymogen acti-
vation following their production and transport are
examples of such processes. Such a level of speci-
ficity exists among the eukaryotic serine proteases,
in contrast with the structural and mechanistic
homology which they exhibit independent of organ
or organism source. Thus a key to the design of
specific inhibitors or the modification of known en-
zymes or inhibitors of this family is the determi-
nation of the relationship between the architecture
of these molecules and their specificity and reactiv-
ity determinants. An important aspect of this analy-
sis comes from our identification of the source of
specificity towards macromolecular substrates and
inhibitors as a topographical feature, the macro-
molecular recognition surface (MMRS), and the
differences in macromolecular specificity observed
between the eukaryotic and prokaryotic proteases
[16].

We have been developing computational ap-
proaches to increase our ability to analyze the
growing body of three-dimensional structural data
with applications centered on the serine proteases
and their natural inhibitors and substrates. It is es-
sential that these approaches emphasize the com-
parison of these macromolecules at the separate

levels of secondary, tertiary and quaternary struc-
ture. We assume in our analysis that in functionally
related macromolecules (i.e., a family of evolution-
arily related enzymes), regions of structural and/or
physicochemical similarity will exhibit functional
similarity; regions that are different in structure
and/or physicochemical properties will function dif-
ferently and, therefore, be the source of observed
specificity. It is the intent of our research to encap-
sulate such ‘knowledge’ in a form which is capable
of observing patterns which may serve as general-
izable rules for macrostructural analysis [16], and
to serve as the essential ‘tools’ for the rational de-
sign of modified serine proteases and/or their nat-
ural inhibitors by the methods available through
genetic engineering.

In this study we extend our previous analysis [16]
to include the available data on prokaryotic serine
proteases (e.g., isolated from Streptomyces griseus
and Myxobacter 495) [9,26,28], and to examine the
relationship between the organization of the genes
which code for the serine proteases and our obser-
vations concerning the MMRS. In addition we re-
port on the application of a component electrostatic
energy analysis which permits the correlation of the
three-dimensional structure of a protein, as deter-
mined by X-ray crystallography, with spectroscopic
measurements performed in solution studies (i.e.,
fluorescence), and which provides insight into the
difference between sequence, structure and func-
tional analogies.

DATA

The three-dimensional structures of the proteins
used in this study are available as atomic coordi-
nates provided by the Protein Data Bank (PDB) at
Brookhaven National Laboratory [3]. The mem-
bers of the serine protease family which previously
have been studied have been tabulated [16] and we
additionally include the alpha-lytic protease isolat-
ed from Myxobacter 495 (2ALP) which contains
198 amino acid residues and has had data collected
to a resolution of 1.7 A and has been solved to an
r-factor of 0.131 [9].



METHODS

In this report we briefly summarize the method
of component electrostatic energy analysis [17] and
its correlation with fluoresence polarization studies
on the proteases isolated from Streptomyces griseus
termed A (SGA) and B (SGB) [18] which are de-
scribed for the first time.

Several other methods used in this study have

been described in detail elsewhere: distance matrix

analysis [13-16,19,20,30], linear distance plot analy-
sis [14,16,19], structural superposition [16,19], to-
pographical mapping [16] and computation of the
minimum base change per codon and point after
mutation rate for topographically equivalenced
structural features [5].

Deconvolution of component electrostatic energy
(energy matrices)

Energy matrix analysis involves the use of the
distance matrix representation form and an algo-
rithm which separately examines the dipole-dipole,
charge-charge and charge-dipole interactions
within a protein whose three-dimensional structure
is available from X-ray crystallographic study. This
analysis first involves a screening of the coordinates
for completeness and then deconvolution into their
constituent peptide and side-chain dipoles (d), using
vector addition of the individual bond moments for
each of the amino acids assigned from the values
derived from spectroscopy [24]. Computing the di-
pole moment for the peptide bond in this manner
yields an average value of 3.81 debyes while the di-
pole moment for the individual side-chains will vary
with the observed conformational flexibility of that
particular side-chain, e.g., glutamine ranges from
3.03 to 4.11 debyes in native trypsin (TPO). The
conformation produced by the presence of a proline
residue causes the peptide bond dipole moment to
exhibit a computed dipole moment of 2.71 debyes,
while cis-peptides may have peptide dipoles of
2.2-2.4 debyes. In this manner it is possible to com-
pute the composite dipole moment for the peptide
bonds and separately for the side-chain atoms as
well as for the overall protein (see Table 1).

For the purpose of analyzing the organization
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Table 1

Summary of composite dipoles in this study

SGA SGB ALP

Peptide 51.2 59.6 56.3
Side-chain 15.8 15.1 25.0
Total 60.0 69.0 354

of the electrostatic components of the potential en-
ergy of which the overall molecule is comprised, an
algorithm is used which is analogous to that of dis-
tance matrix analysis [17,18]. In the representation
of the energy profile of the protein and correlation
with the three-dimensional structure of the enzyme,
we have utilized the organizational format of the
distance matrix. The symmetrical upper half of the
distance matrix is replaced by a matrix which de-
scribes the potential energy calculated for each di-
pole-dipole (d-d), dipole-charge(formal) (d-q) and
charge(formal)-charge(formal) (¢-¢) for each resi-
due pair in the protein. In addition, because of the
deconvolution of the protein into composite pep-
tide dipoles and side-chain dipoles, separate calcu-
lations and representations are computed for each
to differentiate between the energetics of the poly-
peptide backbones and the side-chains, thus per-
mitting the separation of contributions to the elec-
trostatic energetics from the homologous folding of
the polypeptide backbones and the individual
side-chains of each protein. This has been done to
permit rapid assessment of the effects of site-direct-
ed mutations, or natural evolution, on the confor-
mational pathways which may exist within the en-
zyme tertiary structure. Standard electrostatic po-
tentials were computed using the dipole-dipole,
charge-dipole and charge-charge potentials, and for
the purposes of these computations, a single-valued
dielectric was used (e=2). The limitations of this
approximation are being analyzed in a separate
study (Liebman and Prendergast, unpublished re-
sults). The intent of the present study is to examine
the correlation of this computational approach
with the experimental results to establish the poten-
tial for a quantitative description of computation-
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ally accessible properties which may permit the suc-
cessful prediction of selected protein environments
from their three-dimensional structure.

For each of the three proteins analyzed in this
study, a summary of the energy terms, computed as
described above, are presented below (see Results).
Although these comparisons reveal the overall sim-
ilarity of selected parameters of the energy descrip-
tors of the enzymes being studied, the approach
readily affords the ability to examine the energetic
environments of each of the residues which is being
probed experimentally, namely the sequence-homol-
ogous tryptophans of SGA and SGB in position 41,
and the unique tryptophan in position 42 of SGB.

Other methods used in this study

(1) Distance analysis [13-20,30] generates a
square symmetric matrix of order ‘n’ where ‘n’ is
the number of amino acids in the protein to be
represented. Each element of the matrix, i-j, con-
tains the distance between the alpha carbons of res-
idue i and of residue j, and the resultant matrix is
invariant to rotation and/or translation of the pro-
tein structure. Shading of the matrix within preset
distance ranges highlights secondary, tertiary and
domain structures within the protein and also per-
mits visual comparison of two proteins without re-
quiring superposition. We have further extended
the method of distance matrix analysis to study

quaternary structure as well as the patterns of or-

ganization governing the interaction between more
than one macromolecule {16]. This is achieved by
extending the list of alpha carbons representing
protein A from a list of length ‘#’, to ‘N°, where N
= p + n*, and ‘u*’ is equal to the number of alpha
carbons in protein B (the protein which is com-
plexed with protein A). Thus, C-alpha(1) of protein
B becomes element C-alpha(n+ 1) in the augmented
list, etc., and the newly constructed distance matrix
is an N x N matrix. This resultant matrix can be
partitioned into three major subpartitions contain-
ing, respectively, the distance matrix of protein A,
the distance matrix of protein B, and the interaction
subpartition which describes the relative orienta-
tion of protein A to B as observed within the com-
plex A-B.

(2) Linear distance plot analysis [15,19,20] is
based on a plot of the sum of the series of distances
from the origin alpha carbon to each of four suc-
cessive alpha carbons. The plot is generated by us-
ing each successive amino acid in the protein se-
quence as an origin for the computation. The re-
sultant plot yields a detailed profile of the local
folding of a protein and has been used to identify
new classes of local structure (i.e., secondary and
supersecondary structure) as well as to enable the
structural comparison of two proteins [16].

(3) Structural superposition [14,19] incorporates
a statistically refined structural equivalencing pro-
cedure and is useful in evaluating the global char-
acteristics of structural similarity as is typically
monitored by the root-mean-square deviation
(RMS).

(4) Computation of the minimum base change
per codon (MBC) and point after mutation rate
(PAM) proceeds as has been described in our analy-
sis of pyruvate kinase 5], but is modified to account
for the structural alignment which has been carried
out between 2ALP, SGA and SGB. The first
method evaluates the parameter MBC by compar-
ison of each pair of amino acids, between two pro-
teins, and extracting the appropriate element from
a matrix comparing amino acids which contains the
minimum number of bases which would have to be
altered to transform any codon of amino acid from
protein 1 to that amino acid found in protein 2. The
sum and average of these values over a subsequence
or the entire protein structure present an evaluation
of the similarity of the sequences if they were to
potentially undergo mutation/evolution by the
simple process of such minimum base change, re-
gardless of selection of codon(s) necessary to mini-
mize this function. The second analysis is the Ac-
cepted Point Mutation Method of Dayhofl [5],
which is based on the statistical frequency of amino
acid mutations if a normal distribution of muta-
tions is assumed. The table of values used is derived
from the relatedness odds matrix for an evolution-
ary distance of 256 accepted point mutations per
100 amino acid links, and has been used primarily
to search for similarity in distantly related proteins.
We utilize it, in this study, as a representation of



the observed sequence substitution, potentially dis-
tinct from the MBC method described above, be-
cause the mechanism for the observations is not im-
plicit in the derived values. As noted above, this
study involves the comparison of proteins of non-
equivalent numbers of amino acids, and the analy-
sis of both the MBC and PAM values has been car-
ried out for only those segments of two proteins
whose three-dimensional structures have been es-
tablished to be equivalent by the topographical
mapping procedure.

(5) Topographical mapping of the three-dimen-
sional structure of one protein onto another protein
[16] identifies regions of structural similarity re-
gardless of their relative positions within their res-
pective amino acid sequences (i.e., independent of
size and number of insertions and deletions in the
sequence). This algorithm initially compares sec-
ondary structural matching using the linear dis-
tance plot, and then proceeds to examination of the
distance matrix and partitioned distance matrix
[14,19] of the two proteins under study. A non-
crossover rule assures that regions being mapped
appear in the same order within the polypeptide
chains. Convergence is established by a statistical
test which compares the distribution of the mapped
coordinates with that of a statistically random sam-
ple of three-dimensional data points.

RESULTS

Topographical mapping

The results of the topographical mapping of
SGA onto TPO, SGB onto SGA, and ALP onto
SGA are presented in Table 2, which also includes
the comparison of the amino acid sequences which
have been brought into coincidence by the topo-
graphical mapping procedure. The analysis of the
amino acid sequence comparison, based on those
amino acids which are topographically equivalent
only, has been computed as both the MBC and the
point mutation values. The sequence numbering
which appears for a particular protein uses the same
convention of our earlier study of serine proteases,
namely a sequential numbering from residue 1 to
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Table 2

Topographical superposition of serine proteases and evaluation
of superimposed amino acid sequences

nl n2 No. MBC MBC PAM PAM
start start cum. cum.

SGA vs. TPO, RMS = 1.48 A/106 residues

13 24 4 1.25 1.25 1325 13.25
18 28 4 1.25 1.25 1125 1225
26 33 10 1.10 1.17 1410 13.28
38 43 6 1.67 1.29 12.17  13.00
47 70 3 1.67 1.33 11.33  12.81
53 82 13 0.85 1.17 13.08 12,90
86 109 14 1.14 1.17 11.57  12.56
101 136 10 1.50 1.22 1130 1236
124 159 6 1.50 1.24 1233 1236

131 171 26 0.85 1.14 1285 12.49
162 203 10 1.40 1.16 1250 12.49

SGA vs. SGB, RMS = 0.37 A/154 residues

1 1 8 0.50 0.50 1413 14.13
12 12 10 0.20 0.33 16.50 1544
25 25 12 0.67 0.47 1425  14.97
40 40 3 0.67 0.48 1533 15.00
44 52 18 0.28 0.41 1572 1525
69 78 3 0.33 0.41 1400 1519
8 82 39 0.38 0.40 14.21 14.77

120 124 61 028 035 1567 1513
SGA vs. 2ALP, RMS = 0.60 A/144 residues

2 4 7 1.00 1.00 13.14  [3.14
12 15 12 0.67 0.79 1425  13.84
26 29 9 0.78 0.79 1478 14.14
40 43 3 1.33 0.84 9.00  13.65
44 52 18 1.00 0.90 12.83 1335
70 78 4 1.00 0.91 1250 13.28
76 83 6 1.17 0.93 14.00 1336
88 95 29 0.66 0.84 1393 13.55

120 126 24 0.71 0.81 13.63  13.36
145 152 11 0.64 0.80 1373 13.58
164 179 18 1.06 0.83 13.94 13.62

‘n’, without the common bias imposed by a se-
quence relationship drawn on a comparison with
chymotrypsinogen [16]. In addition, Fig. 1 shows
a linear display of the topographically aligned
structures with an additional alignment showing
the relationship among the prokaryotic proteases
SGA, SGB and ALP, and the mapping of SGA on-
to TPO.



132

7 7

APl — —
W Io k
seer__,__ .
[ [
50 100 190 200

Fig. 1. Topographical mapping of prokaryotic serine proteases
onto eukaryotic serine proteases. An alignment of the residues
of TPO which have been made topographically equivalent with
residues on SGA, revealing regions of non-alignment and the
positions of the active site residues, His-40 (H), Asp-85 (D) and
Ser-177 (S). The reverse alignment of TPO onto SGA is also
shown to permit the additional comparison of the alignments of
SGB onto SGA and ALP onto SGA.
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Fig. 2. Energy matrix for SGA superimposed on the distance
matrix of the protein. The energy matrix represents the dipole
(peptide)-dipole(peptide) interaction energy in the upper half-
matrix, contoured to exhibit both stabilizing and destabilizing
(encircled) interactions. The distance matrix is shown in the low-
er half-matrix and is contoured at the single level to indicate
those distance pair elements which are less than (5.0 A.

Energy matrix analysis

The energy matrices have been computed for
each of the deconvoluted energy terms, for each of
the proteases in this study, and a representative plot
of the dipole(peptide)-dipole(peptide) energy map
for SGA is shown in comparison with its distance
matrix in Fig. 2. A summary of the deconvolved
energy terms, as summed through the interactions
throughout each of the proteases, is given in Table
3. In addition, Fig. 3 reveals a plot of several of the
energy parameters for the sequence and topograph-
ically equivalent tryptophan of SGA and SGB,
represented as interactions with each residue of the
remainder of the protein, to permit comparison of
the sequence homology, structural homology and

Table 3

Summary of energy deconvolutions (unscaled energy values)

SGA SGB ALP

d(pep)-d(pep)

min —0.41 —0.47 —0.50

max 0.40 0.38 0.38

total —15.1 —14.0 —18.5
d(sc)-d(sc)

min —0.21 —0.18 —0.15

max 0.14 0.18 0.28

total 0.50 0.46 —0.77
d(sc)-d(pep)

min —0.41 —0.41 —0.39

max 0.37 0.37 0.31

total —8.71 —3.94 -9.7
q(s¢)-g(sc)

min —0.21 —0.20 —0.33

max 0.35 0.34 0.33

total 5.43 9.34 7.70
q(sc)-d(pep)

min —0.34 —0.78 —1.02

max 0.32 0.32 0.33

total 3.12 1.84 0.11
g(sc)-d(sc)

min —0.20 ~0.33 —0.19

max 0.15 0.31 0.33

total —-1.29 0.31 —-0.27

pep = peptide; sc = side-chain.
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Fig. 3. Energy profiles of Trp 41 from SGA and SGB which

have been represented as their respective interactions with all

other amino acids in the respective protein structures. The en-

ergy profiles shown are for the dipole(peptide)-charge(side-

chain); dipole(peptide)-dipole(side-chain); and dipole(peptide)-

dipole(peptide) interactions for both of the sequence homolo-
gous tryptophans.

functional relationships. The summary of these
analyses for the tryptophans of SGA and SGB has
been provided elsewhere [18].

DISCUSSION

Our analysis of the relationship between struc-
ture and function in the serine proteases [16] con-
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centrated on the specificity directed towards mac-
romolecular recognition among the eukaryotic pro-
teases and yielded the following conclusions which
may bear on any attempts to alter the structure of
a naturally occurring serine protease or macro-
molecular inhibitor:

(1) Identification of a macromolecular recogni-
tion surface (MMRS) as topographically construct-
ed in the eukaryotic serine proteases and identified
in terms of topographically homologous (85%) and
non-homologous (15%) regions of the enzymes.
This is indicative of a pseudo-hypervariable region
in the serine proteases which extends as approxi-
mately 10 loop regions protruding above the tra-
ditional active site. This region controls access by
macromolecule to the active site.

(2) Correlation of the patterns of amino acid se-
quence insertions and deletions within the topo-
graphically non-homologous regions of the serine
proteases, suggesting that these evolutionary differ-
ences are amplified by means of the tertiary folding
of the protein.

(3) Identification of patterns of structural per-
turbation within the tertiary structure beyond the
active site of the serine proteases which appear to
correlate with specific activity within the active site.
Thus the conformational changes outside of the ac-
tive site are more pronounced, yet predictably sim-
ilar when the enzyme interacts with natural, mac-
romolecular inhibitors, and are less significant and
with little similarity when the enzyme is challenged
with small, active site-directed inhibitors. This is
potentially indicative of the source of the strong
binding which is observed to differentiate between
these two classes of natural and synthetic inhibitors.

(4) Observation of the apparent pseudo-twofold
symmetry within the MMRS which accompanies
binding of inhibitor macromolecules and may be a
requisite component of recognition.

(5) Identification of the differences between the
smaller, prokaryotic serine proteases and the eu-
karyotic proteases, which differ in size by approxi-
mately 20%; the major difference occurs within the
region we have defined as the MMRS. This bears
significance since the MMRS would appear to be
directly responsible for zymogen activation follow-
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ing transport, as well as limited proteolytic speci-
ficity in physiological processes which occur pre-
dominantly in the eukaryotes. It is also of note that
the evolution of natural inhibitors in the proka-
ryotic systems appears to utilize this difference in
specificity (i.e., towards the P2-P1-S1-S2). Small
peptide inhibitors in the prokaryotes are directed
toward this subsite rather than towards the mac-
romolecular recognition surface.

(6) Observation of the apparent MMRS-direct-
ing force as an electrostatic component which is ex-
pressed in the eukaryotes as an anomalous distri-
bution of charged amino acids over the MMRS re-
gion, thus providing a long-range directing force
towards the MMRS. This is further evidenced by the
analysis of the positions of the metal ions used in
the X-ray crystallographic phase determination and
which serve as suitable and independent probes of
the effective electrostatic nature of the protein and
its surface. Analyses of these metal-binding sites re-
veal that throughout all of the eukaryotic proteases
they occur predominantly within the MMRS.

(7) We have further observed that the macro-
molecular recognition capabilities of trypsin can be
modulated by binding of a compound in a region
of the MMRS that is approximately 20 A distant
from the traditional active site (Liebman, Kumo-
sinski and Brown; Buono and Liebman; unpub-
lished results). This inhibition occurs solely at the
level of macromolecular recognition, preventing the
process of trypsin-trypsin recognition and autolys-
is, while not blocking the active site from being
functional towards smali, synthetic inhibitors. This
observation is serving as the basis for the design of
serine protease-specific, non-active site-directed in-
hibitors which should exhibit no cross-reactivity
with other common serine proteases (i.e., side-
effects) and should prove potentially suitable for
rational drug design (Buono and Liebman, unpub-
lished results).

What we have determined from our extension of
the serine protease studies to encompass the pro-
karyotic proteases, as reported in this work, are the
following:

(1) The serine proteases from prokaryotes bear
significant topographical homology with those

from eukaryotes, but exhibit similarities among
themselves which differ from those which correlate
with the eukaryotes. Thus regions of large inser-
tions and deletions signify the differences between
the two classes of serine proteases, most notably in
that regions of the MMRS of the eukarvotes are
located within the large regions deleted in the pro-
karyote enzymes. By contrast, several regions
where these gaps occur in the prokaryotic proteases
bear strongly conserved similarity among the SGA,
SGB and ALP. Most gaps indicate that the eukar-
yotic proteases are larger, containing more amino
acids than the proteases found in prokaryotes, ex-
cept for a region bordered by residues 70-90 in the
prokaryotes which is larger than that found in the
cukaryotes and is also apparently conserved.

(2) Examination of Table 2 reveals that a differ-
ence exists between an evaluation of structural
homology and amino acid sequence homology.
This is particularly evident in that regions of to-
pographically mapped residues may show great
variability in amino acid sequence as monitored by
either the MBC or PAM methods. Perhaps most
significant is the observation that the PAM and
MBC evaluations of a particular sequence compar-
ison do not always indicate the same relative good-
ness of fit. This discrepancy bears on the attempts
to build homologous proteins from amino acid se-
quence alignments of potentially homologous pro-
teins whose three-dimensional structure is known.
This is of particular relevance in the analysis of pro-
teins with little sequence identity, as we have re-
cently shown in pyruvate kinase that sequence iden-
tity of as high as 80-90% may not be sufficient to
detail the source of functional differences [5]. We
have proceeded further into the area of mapping
one protein onto another in terms of physicochem-
ical properties derived from the amino acid se-
quence rather than the identity of the amino acid
alone (Williams and Liebman, submitted for pub-
lication).

(3) Examination of the organization of the genes
which code for the serine proteases [5,6,29] reveals
that the sites of introns occur in regions immedi-
ately adjacent to those which comprise the macro-
molecular recognition surface in the eukaryotic ser-



ine proteases. This observation is not totally gener-
alizable but suggests that the occurrence of these
introns (i.e., non-coding regions of the DNA) are
functionally related, either at the level of protein
folding or definition of protein function in the fold-
ed macromolecule.

(4) Examination of the energy matrices of the
serine proteases, an example of which is shown in
Fig. 2, reveals that certain component energy terms
are absolutely conserved within the homologous
segments of the topographically equivalenced ser-
ine proteases, while other regions differ consider-
ably depending on amino acid identity. This sug-
gests that the ability to discern the potential effects
of site-directed mutagenesis will require a further
evaluation of the conformational linkages within
these macromolecules, such as the combination of
the energetic analysis with the observation of the
conformational perturbation throughout the ter-
tiary structure of the eukaryotic proteases as noted
previously [16].

(5) Examination of the component energy pro-
file of tryptophan 41 of SGA and SGB (Fig. 3) re-
veals that these two amino acid sequence homolo-
gous residues do not, in fact, experience the same
energetic environment because of variations within
their interactions with neighboring amino acids,
both those adjacent in sequence and those which
occur in the local environment as a result of the
tertiary structure of the enzyme. These data corre-
late well with the observed differences in the fluo-
rescence spectra measurements for these two en-
zymes [18] and suggest that such analysis may pro-
vide the necessary insight for understanding the
source of experimental observations and the means
by which such measurements may be incorporated
into structure prediction (i.e., folding) algorithms.

CONCLUSIONS

Our analysis of the serine proteases from euka-
ryotic and prokaryotic sources reveal that this fam-
ily of enzymes, which has most often been thought
of as simple, digestive macromolecules, are quite
complex in their architectural organization. We
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have established the occurrence of a macromolec-
ular recognition surface which appears to operate
under evolutionary control to amplify small inser-
tions and deletions in the amino acid sequence in
terms of their function. This feature is essential for
the macromolecular specificity observed in limited
proteolysis and distinguishes the eukaryotic and
prokaryotic proteases presumably because of the
evolved differences in enzyme transport and acti-
vation. It is interesting to note that the natural in-
hibitors of these proteases also appear to have an
evolutionary distinction. We have further shown
some of the details of the conformational pertur-
bations which accompany binding of natural versus
synthetic inhibitors to these enzymes, and their po-
tential involvement in producing the high affinities
that are observed in the naturally occurring com-
plexes. The method of energy deconvoluation that
we have described permits the observation of func-
tional differences between localized regions of these
homologous enzymes as well as insight into the cor-
relation of solution physicochemical measurements
with the three-dimensional structure available from
X-ray crystallographic analysis, This has suggested
that these ‘primitive’ digestive enzymes may exhibit
conformational linkages within their macromolec-
ufar framework which may be analogous to the
pathways necessary for allosteric modulation. In
addition, it has been shown that amino acid se-
quence homology is not strictly the same as struc-
tural homology, and the variation in the methods
of assessing sequence homology for those regions
which are topographically equivalent suggests that
differences in PAM and MBC indicators reflect on
the importance in understanding the mechanism for
amino acid substitution that occurs in nature. An
interesting observation is the apparent correlation
of intron positions in the genes identified as coding
for certain forms of chymotrypsin, elastase and
trypsin, with the functional region of these enzymes
that we have identified as associated with macro-
molecular recognition in limited proteolysis.

All of these results from the analysis of the bio-
macromolecular architecture of the serine proteases
reveals how little is absolutely understood about
their integrated functionality. It has established the
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need for continued computation and experimental
probing of this important enzyme family, both for
use in rational drug design and biotechnology as
applied to the serine proteases, and in terms of the
understanding of the structure-function relation-
ship which is basic to all protein systems.
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