Proc. Natl. Acad. Sci. USA
Vol. 91, pp. 4103-4105, May 1994

Commentary

Can small cyclic peptides have the activity and specificity of

proteolytic enzymes?

B. W. Matthews*t, C. S. Craik%, and H. Neurath§

*Institute of Molecular Biology, Howard Hughes Medical Institute and Department of Physics, University of Oregon, Eugene, OR 97403; ¥Departments of
Pharmaceutical Chemistry and Biochemistry/Biophysics, University of California, San Francisco, CA 94143; and $Department of Biochemistry, SJ-70,

University of Washington, Seattle, WA 98195

‘“‘Catalysis by an enzyme requires the
specific binding of one or more substrate
molecules to a catalytic site and a chem-
ical interaction with this site, which may
directly utilize the binding forces to de-
crease the free energy of activation of the
catalyzed reaction’’ (1). In this preamble
to his book on the subject, Jencks (1)
aptly summarizes the widely accepted
view of enzymes as catalysts. It is under-
stood that the function of an enzyme is to
provide not only catalytic groups but also
a substrate binding site relative to which
the catalytic groups must be correctly
positioned. As proposed by Haldane and
Pauling (2), part of the energy of sub-
strate binding is also understood to favor
the formation of the transition state in
catalysis.

The need to satisfy these multiple re-
quirements is one of the factors that
determines the minimum size of an en-
zyme. The smallest globular proteins
[e.g., crambin (3)] have 40-50 amino ac-
ids, the smallest enzymes [e.g., cyto-
chrome css; (4)] have 80 or so amino
acids, and the smallest structurally char-
acterized serine proteases [e.g., Strepto-
myces griseus protease A (SGPA) (5)]
have about 180 residues.

The serine proteases, which are the
subject of this commentary, are espe-
cially well studied (6). Starting with
a-chymotrypsin (7), the three-dimen-
sional structures of at least 20 such pro-
teases have been determined. These in-
clude representatives of the mammalian
pancreatic and the microbial serine pro-
teases (typified by a-chymotrypsin, tryp-
sin, and SGPA), the bacterial serine pro-
teases such as subtilisin (8), and the ser-
ine carboxypeptidases (9). Although
these families of serine proteases have
different three-dimensional structures
and apparently unrelatéd amino acid se-
quences, their respective active sites all
have elements in common. In particular,
they all share the so-called ‘‘catalytic
triad’’ (10) in which a serine, a histidine,
and an aspartic acid are brought together
in a characteristic three-dimensional jux-
taposition. They all have a similar ‘‘oxy-
anion hole”’ (11) that is thought to help
align the substrate and stabilize the tran-
sition state during catalysis. In the case of

a-chymotrypsin and trypsin, and to a
greater or lesser degree in other cases,
they have a well-developed pocket that
favors the binding of certain amino acid
side chains and helps determine the spec-
ificity of cleavage. Thus, the serine pro-
teases exemplify the general attributes
that are anticipated for enzyme catalysts
a, 12).

The primary binding site of trypsin is a
cavity that is approximately 10 A deep
and 4 A x 6 A in cross section with an
aspartic acid located at its base. When a
peptide substrate binds to the enzyme the
binding pocket not only provides speci-
ficity by preferentially binding an argi-
nine or lysine side chain but also helps
align the scissile peptide bond relative to
the catalytic triad and the oxyanion hole.
It is this synergistic effect that contrib-
utes to rate enhancement of nine orders
of magnitude for the serine proteases
when the mechanisms of enzyme- and
non-enzyme-catalyzed reactions are
compared (13). Parts of the enzyme that
do not directly interact with the substrate
can, nevertheless, be critical in helping to
align those parts that do. It is this direct
and indirect participation of many amino
acids that contributes to the size of en-
zymes. The sensitivity of this ‘‘chemical
machine’’ to small perturbations can be
seen in the loss of activity that results
from small changes in the structure of the
substrate or the enzyme. More than 99%
of the rate enhancement can be lost by
changing the substrate at a site distant
from the atoms involved in bond making
or bond breaking (1, 14). Similarly, con-
servative amino acid substitutions that
introduce minor changes in the binding
pocket of trypsin can decrease catalytic
turnover rates by up to four orders of
magnitude while having a less than 10-
fold effect on substrate binding (15).

In contrast to the well-defined shapes
of typical globular proteins, shorter poly-
peptides (e.g., 1-40 amino acids) usually
have little if any detectable structure in
aqueous solution (16). There are some
peptides that display partial helical char-
acter (17, 19) or the tendency to form a
hairpin bend (18) but these are the ex-
ception rather than the rule. Also some
‘‘leucine-zipper”’ peptides are known to
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form structures based on side-by-side
stacking of a-helices (19). Certain pep-
tides can also adopt well-defined struc-
tures when bound to metal ions, surfaces,
or receptors (19). Except for such special
cases, however, peptides are expected to
be either weakly structured or structure-
less in aqueous solutions at room tem-
perature.

Against this background it was, there-
fore, very surprising to read the report of
Atassi and Manshouri (20) in which two
29-residue cyclic peptides, ChPepz and
TrPepz (Fig. 1), were claimed, respec-
tively, to have both activity and specific-
ity compared to that of chymotrypsin and
trypsin. Such a result was without prec-
edent.

The peptides described by Atassi and
Manshouri (20) were designed to incor-
porate amino acids thought to be impor-
tant in the catalytic activity of trypsin and
chymotrypsin. Based, for example, on
inspection of the three-dimensional
structure of a-chymotrypsin, a sequence
was designed that linked together indi-
vidual amino acids, or short amino acid
sequences, that were located in the active
site of the enzyme. To allow the appro-
priate spatial separation between these
elements, glycine spacers were also in-
corporated (Fig. 1). To retain topological
correspondence, it was also necessary to
reverse the sequence of the heptapeptide
Ser'%_Ser!® in the peptide relative to
that in a-chymotrypsin (Fig. 1). The
overall rationale, therefore, was to try to
reconstruct the active site of an enzyme
by the simplistic device of linking to-
gether those residues thought to be im-
portant for catalysis. Except for the cy-
clization of the peptide, no attempt was
made to incorporate some sort of struc-
tural framework or scaffold whereby the
constituent amino acids would be held in
a defined three-dimensional arrangement
resembling that seen for the intact en-
zyme. Indeed, the incorporation of gly-
cines as ‘‘spacers’’ would be expected to
have the opposite effect. Overall, 38% of
ChPepz consists of glycine. The same is
true of TrPepz (Fig. 1). Glycine is more
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Fi16.1. Amino acid sequences of ChPepz and TrPepz [after Atassi and Manshouri (20)]. The

letters N and C denote, respectively, the amino and carboxyl terminus. The complete sequence
of ChPepz is shown, with the four amino acid substitutions in TrPepz given below. Amino acids
that correspond to segments of a-chymotrypsin (21) [or trypsin (22)] are shown in boldface type
with the a-chymotrypsin sequence numbering (21) given above. In a-chymotrypsin and trypsin,
residue 191 is a cysteine and forms a disulfide bridge with Cys?20. In ChPepz and TrPepz, Cys!®!
is replaced by a glycine. Cys8 in a-chymotrypsin and trypsin forms a disulfide bridge to Cys*2.

flexible than any of the other naturally
occurring amino acids and, therefore, has
a higher entropy cost to maintain in an
ordered structure (23, 24). In addition,
glycine lacks a side chain and, therefore,
can contribute only weakly to the hydro-
phobic stabilization that is the principal
factor in stabilizing the three-dimensional
structures of proteins (25, 26). For these
reasons, the high proportion of glycine
would tend to ensure that both ChPepz
and TrPepz would remain unstructured,
even when cyclized (see below). There-
fore, there was no reason to expect that
ChPepz or TrPepz would adopt a defined
structure resembling the active site of
chymotrypsin or trypsin, let alone have
comparable catalytic activity.

It was also hard to understand why
cyclization of ChPepz or TrPepz would
affect its catalytic properties. According
to Atassi and Manshouri (20), the cyclic
form of the peptides was fully active
whereas the linear molecules had no ac-
tivity whatsoever. A peptide of 29 amino
acids has many degrees of freedom. If we
make the simplifying assumption that the
backbone of each amino acid can adopt
three conformations (which might be cat-
egorized as ‘‘helical,”” ‘‘extended,”” and
‘“other’’), then by ignoring excluded vol-
ume, the peptide could, in principle,
adopt 3% = 7 x 10'3 conformations. It
can be estimated (27, 28) that the forma-
tion of a disulfide loop encompassing 29
amino acids will reduce the number of
backbone conformations available to the
loop by a factor on the order of 1000.
(This estimate is necessarily crude, but
the reducing factor is clearly small rela-
tive to the very large number of confor-
mations available.) Thus the backbone
conformation of a relatively large loop, as
is the case here, is only very weakly
constrained by the incorporation of a
disulfide linkage between its ends. It is
therefore very unlikely that the closure of
the disulfide bridge in ChPepz or TrPepz

will cause such a peptide to adopt an
ordered three-dimensional fold.

The same argument can be made in
terms of free energy. Based on theoreti-
cal (29) and experimental (30) estimates
of the conformational entropy of a pep-
tide chain as 4.1-4.2 cal per mol per deg
per residue (1 cal = 4.184 J), the overall
folding energy required to maintain a
protein in a defined three-dimensional
structure is about 1.2 kcal per mol per
residue. For ChPepz or TrPepz, this cor-
responds to an overall free energy of
folding of about 35 kcal/mol. The forma-
tion of a disulfide bridge encompassing n
amino acids has been estimated (31) to
reduce the conformational entropy of the
backbone chain by

AScont= —2.1—(3/2)R In n.

For n = 29, this corresponds to a free
energy at room temperature of 3.6 kcal/
mol. Thus, the disulfide bridge is ex-
pected to provide only 10% or so of the
overall energy required to fold a peptide
such as ChPepz. Cyclization of ChPepz
or TrPepz would, therefore, be expected
to contribute relatively weakly to a well-
defined three-dimensional structure and
to any concomitant catalytic properties.

It might be argued that the binding of
ChPepz or TrPepz to a substrate could
organize the peptide into a defined cata-
lytically active conformation. The bind-
ing energy between trypsin and bovine
pancreatic trypsin inhibitor (BPTI), one
of the tightest protein—protein complexes
known, is about 19 kcal/mol (32, 33). A
major reason for this high affinity, how-
ever, is that the enzyme and the inhibitor
have preformed three-dimensional struc-
tures that are complementary and change
little on association (33). A model for the
association of a ligand with an unstruc-
tured receptor is provided by the binding
of BPTI to trypsinogen. In contrast to
trypsin, the 39-residue ‘‘activation do-

main’’ (33) in trypsinogen is flexible and
unstructured. From the difference in
binding energy of BPTI to trypsin as
compared to trypsinogen, Huber and
Bode (33) estimated the free energy nec-
essary to order the activation domain in
trypsinogen as 9 kcal/mol. Huber and
Bode (33) also pointed out that the bind-
ing affinity for good substrates of trypsin
is around 6 kcal/mol and that such sub-
strates would, therefore, be essentially
incapable of binding to trypsinogen (i.e.,
in a catalytically productive mode). For
the same reason, there is little reason to
think that the binding of such a substrate
would be capable of organizing ChPepz
or TrPepz into a folded three-dimen-
sional structure or that such a structure
would be catalytically active.

Another surprising claim of Atassi and
Manshouri (20) was that the catalytic
activity of ChPepz could be changed
from chymotrypsin-like to trypsin-like by
the simple device of substituting four
amino acids (Fig. 1). The four substitu-
tions made by Atassi and Manshouri (20)
are a limited subset. According to Blow
(34), a total of 10-amino acid substitu-
tions plus a deletion differentiate the sub-
strate binding region of chymotrypsin
(21) relative to trypsin (22). Therefore, it
would not be expected that the four sub-
stitutions included by Atassi and Man-
shouri (20) would fully account for the
difference in specificity of the two en-
zymes. In addition, a series of mutagen-
esis experiments has shown that it is not
a simple matter to cleanly change the
specificity of trypsin to chymotrypsin
even with multiple amino acid substitu-
tions (35). If such experiments are diffi-
cult in the context of the folded native
enzyme, why should they work so well in
the peptides ChPepz and TrPepz?

In the present issue of the Proceed-
ings, two attempts to reproduce the re-
sults of Atassi and Manshouri (20) are
described (36, 37). In both cases the
results are negative. Neither Wells et al.
(36) nor Corey and Phillips (37) are able to
substantiate the claim (20) that TrPepz
mimics trypsin. The experimental data of
Wells et al. (36) and Corey and Phillips
(37) are well documented, and the fact
that their results are in agreement gives
additional credence to their respective
findings. The NMR spectrum of cyclized
TrPepz (36) also shows no evidence of a
stable conformation, consistent with the
general expectation outlined above, that
the peptide would remain unstructured in
solution. Thus, these two reports (36, 37)
provide strong evidence against the claim
of Atassi and Manshouri (20) that TrPepz
mimics trypsin.

The ultimate test of our understanding
of the various factors involved in enzyme
catalysis is the design and synthesis of
molecules that can duplicate the mode of
action of their natural macromolecular
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counterparts (38). The use of protein en-
gineering to dissect and redesign preex-
isting enzymes has provided trenchant
insights regarding the nature of enzymes.
However, the de novo synthesis of an
enzyme with prescribed function from
first principles has remained elusive.
This has been particularly true for pepti-
dases. Extensive efforts have been fo-
cused on designing an organic model for
each of the steps in chymotrypsin catal-
ysis. Chymotrypsin has a substrate bind-
ing pocket that prefers large hydrophobic
amino acids like phenylalanine. By using
cyclodextrin to mimic the binding cavity
and serve as a scaffold for functional
groups, a molecule was created that
cleaved ester substrates with efficiency
comparable to the natural enzyme (39).
Although chymotrypsin does display es-
terase activity, its physiological function
is to hydrolyze peptide bonds. When
peptide substrates were tested with the
artificial enzyme, no significant amidase
activity was observed.

It has been more than 60 years since
the crystallization of urease by Sumner
(2) and of pepsin, trypsin, and chymo-
trypsin by Northrop and Kunitz (2). Sub-
sequent to these pioneering discoveries
and the characterization of these and
many other proteins, there has been
much speculation regarding the ‘‘big-
ness’’ of enzymes (40-43). Clearly geo-
metric and energetic as well as chemical
factors are implicated in their effective-
ness as catalysts. As yet there has been
no compelling evidence that small poly-
peptides can approach the larger natu-
rally occurring proteolytic enzymes in
terms of activity and specificity.

We are most grateful to Drs. W. A. Baase,
A. Morton, S.J. Remington, and H. K.
Schachman for helpful discussions and for
comments on the manuscript.
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