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Engineering Enzyme Specificity by
“Substrate-Assisted Catalysis”

PAUL CARTER AND JAMES A. WELLS

A novel approach to engineering enzyme specificity is
presented glpwhich a cal:tflmytic r;grngup m an enzyn?; is
first removed by site-directed mutagenesis causing inacti-
vation. Activity is then partially restored by substrates
containing the missing catalytic functional group. Re-
plac;ox?ent of the cabnhstalytic His* :lvlith Ala in ﬂzs Bacilltduf
] iens subtilisin gene (the mutant is desi
QM&M dg:l:: esis reduces th‘?l:ata-
Iytic efficiency (k.¢/Km) by a factor of a million when
assayed with N-succinyl-L-Phe-L-Ala-L-Ala-L-Phe-p-ni-
troanilide (SFAAF-pNA). Model building studies showed
that a His side chain at the P2 position of a substrate
saperimposed on the catalyic His sde chai of hi seine
superi on the catalytic His si in of this serine
gﬁteasc. Accordingly, the His64Ala mutant hydrolyzes a
is P2 substrate (sSFAHF-pNA) up to 400 times faster
than a homologous Ala P2 or GIn P2 substrate (SFAAF-
pNA or sFAQF-pNA) at pH 8.0. In contrast, the wild-
type enzyme hydrolyzes these three substrates with simi-
lar catalytic cicnﬁclies. Agdl.t‘txg::l data ffrom subin-ate-
dent pH profiles an is of large
(ks indichee that the HisGAAl mustant sneymeoon
recover partially the function of the lost catalytic histidine
from a His P2 side chain on the substrate. Such “sub-
strate-assisted catalysis” provides a new basis for engi-
neering enzymes with very narrow and potentially
substrate specificities. These studies also t a possi-
ble functional intermediate in the evolution of the catalyt-
ic triad of serine proteases.

ATIONAL DESIGN OF ENZYME SPECIFICITY BY PROTEIN
engincering should expand the range and utility of biological
catalysts. Site-directed mutagenesis techniques (I) have al-
ready been applied to modify the substrate specificity of subtilisin (2—
4), trypsin (5), tyrosyl-tRNA (transfer RNA) synthetase (6), carboxy-
peptidase (7), alcohol dehydrogenase (8), and aspartate aminotransfer-
ase (9). These studies have focused on altering specificity by changing
residues that make direct contact with the substrate. Here we present
an alternative approach, termed “substrate-assisted catalysis,” in which
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part of the catalytic machinery of the enzyme is removed and
appropriately supplied by a similar functionality from a bound sub-
strate. In this way substrates are distinguished primarily by their ability
to actively participate in the catalytic mechanism permitting the design
of extremely specific enzymes.

We have chosen subtilisin, a serine class endopeptidase, as a model
to test the concept of substrate-assisted catalysis. In the hydrolysis of
peptide bonds by subtilisin, His® acts both as a catalytic base and
acid in the formation of the acyl-enzyme intermediate and in a
similar fashion in the subsequent deacylation step (10). A model of a
substrate containing a histidine residue at the P2 position (11)
bound to subtilisin (Fig. 1) indicated that the N31 and Ne2
nitrogens can almost be superimposed (to about an angstrom unit)
on the corresponding nitrogens of the catalytic histidine (His®).
This suggested that if the histidine in the catalytic triad of subtilisin
was replaced by an alanine by means of site-directed mutagenesis, a
histidine from the substrate might supply the missing catalytic
functional group.

Construction and expression of His64Ala mutant subtilisin.
Maturation of the primary subtilisin gene product (preprosubtilisin)
to subtilisin in Bacllus subtilis is believed to be mediated by
autoproteolysis that involves trace amounts of active subtilisin (12).
The His64Ala mutation (13-19) caused a severe reduction in
secretion of mature subtilisin that was presumed to result from a
large reduction in catalytic activity (20). However, it was possible to
process and subsequently purify the weakly active His64Ala enzyme
by co-culturing B. subtilis cells harboring the His64Ala mutant gene
with B. subtilis cells carrying an active subtilisin gene (helper) (21-
24).

Stringent precautions were taken to ensure the purification of
His64Ala subtilisin away from helper subtilisin and any other
contaminating proteases. First, the mutant subtilisin was expressed
in the B. subtilis host BG2036 (19), which is deficient in chromo-
somal copies of the genes for alkaline protease (subtilisin) and
neutral protease. To minimize helper contamination, the ratio of
helper cells to His64Ala cells in the fermentation culture was
adjusted to 1:1000. A functionally silent Ser24Cys mutation that is
located on the surface of subtilisin (17) was introduced into the

The authors are in the t of Biomolecular Chemistry, Genentech Inc., 460
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Table 1. Kinetic analysis of mutant subtilisins with the substrates, N-
succinyl-L-Phe-L-Ala-L-X-L-Phe-p-nitroanilide, when X is Ala, Gln, or His.
Six hydrolysis assays were performed simultaneously against corresponding
substrate blanks in 0.10M tris-HCl (pH 8.6), 10 mM dithiothreitol at
25° = 0.1°C with a Kontron Uvikon 860 spectrophotometer. Initial reac-
tion rates were determined from the increase in absorbance caused by the
release of p-nitroaniline [€410 nm = 8480M ' cm™' (34)] and fitted by linear
regression to an Eadie-Hofstee plot to calculate V,,x and Ko, The kg, values
were calculated from Vipnay; the spectrophotometrically determined enzyme
concentration was used (24). Enzyme concentrations in the assays were
about 50 pg/ml for Ser24Cys:His64Ala enzyme and 1 pg/ml for the
Ser24Cys enzyme. Standard errors in all determinations were below 20
g:::nt. Slight variation in the absolute kinetic values has been observed

een batches of enzyme, but the relative values among substrates have
remained constant.

Sub- Ser24Cys Ser24Cys:His64Ala
strate

residue (sec™') (WM) (sec™'M7')  (sec”') (M) (secT' M)
Ala 8.1 10 80x10° 81x10°° 32 0.25
Gln 7.0 39 1.8x10° 3.0x107% 150 0.20
His 4.6 23 20x10° 1.6x107% 380 42

His64Ala mutant. This accessible cysteine permitted reversible
attachment to an activated thiol Sepharose column that enabled
purification of the His64Ala mutant away from the cysteine-free
helper subtilisin. Finally, the helper subtilisin contained a function-
ally silent Ala48Glu mutation (22) that altered its electrophoretic
mobility relative to the Ser24Cys:His64Ala double-mutant subtili-
sin on native and sodium dodecyl sulfate (SDS)—polyacrylamide gels
(20). After purification, the Ser24Cys:His64Ala mutant was judged
to be more than 99 percent pure by silver-stained SDS (25) and
native polyacrylamide gel electrophoresis (20).

Kinetic analysis of Ser24Cys:His64Ala. The kinetic parameters
of Ser24Cys and Ser24Cys:His64Ala were determined for the
substrates N-succinyl-L-Phe-L-Ala-L-[X]-L-Phe-p-nitroanilide (ab-
breviated SFAXF-pNA), where X is Ala, Gln, or His (Table 1).
Wild-type and Ser24Cys subtilisins have essentially identical kinetic
parameters for these substrates (26) indicating that the Ser24Cys
mutation is kinetically silent. By comparison, the His64Ala muta-
tion causes a millionfold decrease in the ratio of k., to Ky, for the
Ala and GIn P2 substrates. Almost all of the decrease in catalytic
efficiency is caused by a decreased k¢, value (up to 10% times),
although significant increases appear in Ky, (up to 4 times). The

Fig. 1. Stereo view of B. amyloliquefa-
ciens subtilisin (blue) containing a
modeled bound peptide substrate
(pink) having the sequence r-Phe-r-
Ala-1-His-L-Tyr-L-Gly-L-Phe  repre-
senting residues P4 to P2’ of the sub-
strate (11). For model building we
used the program FRODO (36) and
an Evans and Sutherland PS300 graph-
ics system. The model was bascdg{lpon
2.0 A x-ray crystallographic study of
the product complex (NH,-L-Phe-L-
Ala-L-Ala-Leu-COOH) bound to sub-
tilisin (37). The Ala P2 side chain was
replaced by a His side chain fixing the
main chain position and allowing the
His side chain dihedral angles to v
(Table 3). The catalytic triad (Asp*,
His*, and Ser®”!) is shown in green
with the His P2 side chain from the
substrate superimposed upon the cata-
lytic His* (model corresponds to
model S1 in Table 3).
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relatively small changes in Ky, may reflect changes in the enzyme-
substrate dissociation constant (K;) although it may also reflect a
shift in the rate determining step of the reaction (27); we have not
determined whether acylation is rate limiting for the His64Ala
mutant, as it is for the wild-type enzyme (28). In any case, the
catalytic histidine contributes a factor of about 10° to the enzymatic
rate enhancement (Table 1).

Unlike wild-type or Ser24Cys subtilisin, the Ser24Cys:His64Ala
enzyme was completely resistant to inhibition by the active site
reagent, phenylmethylsulfonyl fluoride (PMSF). This suggests that
the catalytic histidine is critical for stable sulfonylation by PMSF.
Although the proportion of functional active sites in Ser24Cys:
His64Ala enzyme preparations could not be determined directly
by such active site labeling, enzyme that was purified further by
native gel electrophoresis (20) had identical kinetic parameters to
Ser24Cys:His64Ala (Table 1) purified as described (21).

For the Ser24Cys enzyme, the Ala P2 substrate is preferred over
the Gln and His P2 substrates by about four times ko /Ky (Table 1).
Most of this difference is the result of larger Kp, values for the GIn
and His P2 substrates. For the Ser24Cys:His64Ala enzyme, the
relative differences in kco/Km toward the Ala and Gln P2 substrates
are similar to Ser24Cys. In contrast, the Ser24Cys:His64Ala en-
zyme hydrolyzes the His P2 substrate more efficiently by factors of
170 and 210 times kco/Kpm, respectively. Essentially all of the
increase in k.o /Km for the His compared to the Ala and Gln P2
substrates results from the k, term being larger by a factor of 2000
and 500, respectively. The larger K, values for the His and Gln P2
substrates compared to Ala may reflect reduced binding affinity.
Apparently, the catalytic advantage of the His P2 side chain is only
realized in the context of the catalytic groups provided by the
Ser24Cys:His64Ala enzyme, because the nonenzymatic hydrolysis
rates for the His and non-His substrates are essentially the same.
Thus, the drop in kca/Km caused by the His64Ala mutation is
partially restored when cleaving a His P2 substrate. The net effect is
a marked increase in substrate preference for a His P2 side chain
brought about primarily at the level of catalysis rather than by
binding.

The pH dependence of amide bond hydrolysis by Ser24Cys:
His64Ala. The pH dependence of k. /Kp, for wild-type subtilisin
shows a sigmoidal increase from pH 6 to 8 (29) that reflects the
titration of the catalytic His® (pK, = 7.1 = 0.1). The wild-type pH
profile remains relatively flat over the range of pH 8 to 10 and
declines thereafter (30).

The pH dependence of kca/Km is markedly different for the
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Table 2. Digestion of peptide substrates by Ser24Cys:His64Ala subtilisin.
Various synthetic peptides (200 pg) shown were digested with
Ser24Cys:His64Ala subtilisn (10 wg) in 20 mAM tris-HCI (pH 8.0), 10 mM
DTT, 5 percent (v/v) dimethyl sulfoxide, 1 mM PMSF (250 pl, total
volume) fg: 20 hours at 37°C. Digestion products were analyzed by reversed
phase HPLC as described in the legend to Fig. 3. Digestion products
recovered by HPLC were hydrolyzed for 24 hours in 6N HCI, 1 percent (v/
v) phenol before amino acid analysis, with norleucine as an internal standard.

The Cys residues in bovine insulin A and B chains were oxidized to cysteic
acid. Sequences are designated by the single letter amino acid code, and
arrows indicate potential His P2 cleavage sites. ACTH, adrenocorticotropin
hormone; BOP is an open reading frame from the complementary strand to
the gene for bacterial rhodopsin of Halobactersum. Single letter abbreviations
for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg;
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

. Clevage peptides
Peptide source Sequence with Ser24Cys:His64Ala
I ! !
Inhibin B chain (residues 61-80) TVINHYRMRGHSPFANLKSC TVINHY +
! RMRGHSPFANLKSC
ACTH (residues 1-10) SYSMEHFRWG SYSMEHF + RWG
i
Ubiquitin (residues 62-76) CKESTLHLVLRLRGG-NH, Not cleaved
{
BOP gene product (residues 68—86) GYEHFEFLRRFIAASFQGKY Not cleaved
Bovine insulin B chain (oxidized) FVNQHLCGSHLVEALYLVCGERGFFYTPKA Not cleaved
Bovine insulin A chain (oxidized) GIVEQCCASVCSLYQLENYCN Not cleaved

Ser24Cys:His64Ala enzyme. For the sSFAAF-pNA substrate, there
is an increase of 15 times in k../Ky, between pH 8 and 10 (Fig. 2A).
The ke/Kpm ratio shows a linear dependence on hydroxide ion
concentration (Fig. 2B) suggesting that a hydroxide ion can act as a
catalytic base in the absence of a catalytic histidine side chain. If we
extrapolate from the increase in kca/Km as a function of hydroxide
concentration (2 X 10* sec™! M~2), to the keo/Kp for Ser24Cys
with the same Ala P2 substrate (8 x 10° sec™! M™!), then the
equivalent concentration of the hydroxide ion would be about 40M.

In contrast, kc./Ky for hydrolysis of the sFAHF-pNA by
Ser24Cys:His64Ala shows a sigmoidal pH dependence between pH
6 and 8 (Fig. 2C) that is similar to wild-type subtilisin. The pK, of
the activity-dependent group is 6.8 = 0.1, and almost all of the pH-
dependent changes in kc/Ky, result from changes in k. For the
sFAHF-pNA substrate, there is not a strong linear increase in
ko/Km with hydroxide above pH 8 as observed for hydrolysis of
SFAAF-pNA. These data therefore suggest that the His P2 substrate
side chain or hydroxide ion can substitute functionally for the
missing catalytic His®.

The data presented in Table 1 (measured at pH 8.6) underesti-
mate the substrate preference for His over Ala (and GIn) because the
kea/Kym for the sFAHF-pNA is maximal at pH 8.0 (Fig. 2C),
whereas for the sSFAAF-pNA substrate it is significantly lower at pH
8.0 (Fig. 2A). Thus, for Ser24Cys:His64Ala at pH 8.0, we estimate
the substrate preference is up to ~400 times for the His P2 sub-
strate over the corresponding Ala or Gln substrates.

Many lines of evidence indicate that the activity we attribute to
the Ser24Cys:His64Ala enzyme is not the result of any other
protease contamination. First, the extreme substrate preference for
His at the P2 position is unlike wild-type subtilisin or any known
Bacillus protease. Furthermore, the mutant has K, values that are
significantly different from wild-type subtilisin, suggesting differ-
ences in substrate binding or catalysis. In addition, the mutant is
completely resistant to inhibition by PMSF, unlike other serine
proteases. In fact, the kinetic determinations and polypeptide diges-
tion experiments with the Ser24Cys:His64Ala mutant (Table 1 and
Fig. 2) were routinely made in the presence of PMSF to exclude any
possibility of active helper subtilisin. Moreover, the substrate-
dependent pH profiles are unlike any protease we are aware of. In
addition, preparations of Ser24Cys:His64Ala are extremely pure on
the basis of analysis by SDS and native gels (>99 percent). Finally,
the kinetic values determined for Ser24Cys:His64Ala that was
further purified by native gel electrophoresis (20) are essentially the
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same as those reported in Table 1.

Hydrolysis of polypeptide substrates by Ser24Cys:His64Ala.
To evaluate further the specificity of Ser24Cys:His64Ala in compar-
ison with Ser24Cys, we incubated both enzymes with a 20-residue
fragment of the inhibin B chain at pH 8.0. The choice of the peptide
was based on the presence of two histidines (position 5 and 11)
along with 16 other amino acids including various large hydropho-
bic amino acids that are preferred amino acids at the P1 position of
wild-type subtilisin (2). The peptide (Fig. 3A, peak a) at ~120-fold
molar excess over Ser24Cys:His64Ala was cleaved into only two
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Fig. 2. The pH dependence of hy-
drolysis of p-n’}troaxisitdnc peptide sul
strates by Ser24Cys:His64Ala subtil-
isin. Analysis of Ser24Cys:His64Ala
against sSFAAF-pNA (A) was deter-
mined as in Table 1 except that we
used 100 mM tris-HCl or 100 mM
3-[cyclohexylamino}-1-propane sul-
fonic acid (CAPS) bu&cr. The data
were fitted on the basis of a linear
relation with hydroxide ion concen-
tration (solid lines in A and B). Anal-
ysis of Ser24Cys:His64Ala against
sFAHF-pNA (C) was determined as
for Table 1, except that we used 100
mM  3-[N-morpholino]propanesul-
fonic acid (MOPS) buffer (closed cir-
cles) or 100 mM tris-HCl (open circles) and then normalized the ionic
strength with KCL. The data were fitted to a sigmoid curve (solid line) with
the use of a least-squares fit procedure.
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pieces (Fig. 3A, peaks b and c) to more than 95 percent after
incubation for 2 hours. Amino acid composition analysis of these
two peptide fragments indicated cleavage had occurred between
Tyr® and Arg’, as would be expected for substrate-assisted catalysis
by His’ located at the P2 position relative to the cleavage site. After
a longer (ten times) period of digestion (20 hours) a minor third
peak appeared (Fig. 3A, peak X). Analysis showed it to have the
same composition as the undigested inhibin peptide. This minor
product also appeared in a nonenzymatic blank incubation. No
digestion was observed at the second histidine site.

In contrast to the two fragments produced by Ser24Cys:
His64Ala, the Ser24Cys enzyme produced at least seven fragments
(Fig. 3B) at a similar extent of digestion of starting material
(compare 5-minute digestion with Ser24Cys to 2-hour digestion
with Ser24Cys:His64Ala). Although none of these seven fragments
was sequenced, the first two produced eluted from the high-
performance liquid chromatogram (HPLC) at the same positions as
peaks b and c in Fig. 3A. Digestion to 95 percent completion of the
starting peptide by Ser24Cys (Fig. 3C, 30-minute incubation)
produced more than ten different peptide fragments.

Digestion experiments for this and five other peptides are summa-
rized in Table 2. A ten-residue fragment of human adrenocortico-
tropic hormone (ACTH) was quantitatively cleaved at a single site
by Ser24Cys:His64Ala. Analysis of the amino acid composition of
the two digestion products confirmed that the cleavage had oc-
curred with a His residue at the P2 position of the substrate as
expected. However, digestion of this peptide with Ser24Cys also
gave specific cleavage at the same position. This probably resulted
because Phe provides a very favorable P1 residue, and the two short
peptides liberated are relatively poor substrates for subtilisin. The
four other peptides tested (three containing His and one which did
not) were not cleaved by Ser24Cys:His64Ala but were cleaved at
several sites by the Ser24Cys mutant.

These experiments establish much about the activity, specificity,
and utility of the Ser24Cys:His64Ala mutant. In addition to p-
nitroanilide substrates, the enzyme can cleave normal peptide bonds.
Unlike the Ser24Cys enzyme, the specificity of Ser24Cys:His64Ala
appears to be limited to sites containing a histidine side chain
located at the P2 position of the cleavage site. Furthermore,
additional specificity determinants are required because not all His

Table 3. Pertinent bond angles and distances modeled for substrate-assisted
catalysis by a His P2 side chain in subtilisin or trypsin as described in Figs. 1
and 4, respectively. Dihedral angles for the His side chains are defined by x;
(N-Ca—CB—Cy) and x, (Ca—Cp—Cy—C8). The hydrogen bond angles
[Oy(Ser)-Hd(Ser)-Ne2(His)] were calculated from the measured CB(Ser)—
Ov(Ser)-Ne2(His) angle, the Ne2(His)—Ovy(Ser) distance and the known
Ovy(Ser)-Hb(Ser) distance (0.96 A) and the CB(Ser)—Oy(Ser)-HBd(Ser)
bond angle (108.5°) (35). The hydrogen bond angles N81(His)-He (His)—
0382(Asp) were measured after poisitioning He(His) in the structure using
the known distances: Cy(His)-Ne2(His) (1.39 A), Ce(His)-Ne2(His)
(1.34 A) and Ne2(His)-He(His) (1.01 A) and the known angles Ce(His)—

P2 sites are cleaved. We believe that this reflects the normal
specificity determinants in the wild-type enzyme, which extend at
least from P4 to P2’ (30). Peptide substrates were chosen to have
His followed by a large hydrophobic amino acid, which is preferred
for the P1 site in subtilisin (2, 30). The potential cleavage sites for
ACTH and the BOP (Table 2) peptide are very similar, except that
the uncleaved BOP site contains a Glu at the P1’ position. Little is
known about P1’ specificity, but the absence of cleavage at the other
His sites may reflect the presence of a Val, a Pro, or a negatively
charged residue (Glu or cysteic acid), all of which are very poorly
hydrolyzed P1 amino acids (2, 31).

Proteolytic instability of heterologous gene products (particularly
small proteins) sometimes necessitates their expression as larger
fusion polypeptides and recovery by chemical or enzymatic cleavage.
The Ser24Cys:His64Ala mutant, or variant thereof, may be espe-
cially useful in site-specific proteolysis of fusion polypeptides. First,
the enzyme is extremely specific for a P2 histidine compared to its
closest isosteric homolog, glutamine. Furthermore, histidine is the
third least abundant amino acid in proteins having an average
abundance of 2.1 percent in proteins (32). In addition, specificity
determinants at the other subsites in subtilisin further restrict the
cleavage specificity among possible histidine sites. If necessary, the
specificity of the P1 binding site in subtilisin can be further
restricted by protein engineering (2—4). Moreover, subtilisin is
unusually stable in denaturants often necessary for solubilization of
fusion proteins. Finally, the surface thiol (Ser24Cys) permits easy
immobilization or separation.

Substrate-assisted catalysis in design and evolution of serine
proteases. The fact that the catalytic efficiency of the Ser24Cys:
His64Ala enzyme for the His P2 substrate is 5000 times less than
that of the wild type suggests that the His provided by the substrate
functions poorly in catalysis. Indeed, the model of the His P2 side
chain does not exactly match the catalytic His®* (Fig. 1 and Table 3).
When the distances for the His P2 and His® imidazoy! nitrogens are
matched to the catalytic Ser and Asp (Table 3, model S1), dihedral
angles for the His P2 side chain differ from ideality (that is, x; =
+60° —180°% x2 = £90°) and the corresponding imidazoy! nitro-
gens from His* and His P2 are separated by more than an
angstrom. In addition, the planes of the histidine side chains from
the enzyme and substrate are nearly perpendicular to each other

Ne2(His)-He(His) (125.35°), Cy(His)-Ne2(His)-He(His) (126.35°)
(35). Hydrogen bond distances were measured from the catalytic Ser (Ovy)
and Asp (081 and 032) to the Ne2 and N81, respectively, of the enzyme
His or the substrate His P2. The distances are given between the enzyme His
and the modeled substrate His P2 Ne2 and N31 nitrogens. Model 1 (shown
in Figs. 1 and 4 for subtilisin and trypsin, respectively) has the His P2 side
chain optimized for hydrogen bond distances between the imidazoyl nitro-
gens, Ne2 and N81, to the catalytic Ser and Asp, respectively. Model 2 has
idealized x angles for the His P2 side chain. Molecular dynamics and energy
minimization procedures were not applied to any of these models.

Angles Distances (A)
Dihedral H bonds Ne2 (His)— N8l (His)— Catalytic His—>His P2
Xi X2 (Ser—His)  (His—Asp) Or(Ser) OB1(Asp) or O32(Asp)  Ne2/Ne2  N31/Nsl
Subtilisin
Catalytic His® (actual) -167° 85° 148° 156° 3.17 3.34 2.72
His P2 side chain
Model S1 -164°  —50° 149° 98° 3.17 3.55 2.72 1.39 1.35
Model S2 -180°  —90° 144° 84° 3.25 3.59 3.34 0.37 1.57
Trypsin
Catalytic His*’ (actual) 71° 85° 170° 129° 2.70 3.25 2.70
His P2 side chain
Model T1 -155°  =79° 179° 83° 2.78 4.78 3.28 0.98 2.10
Model T2 -180°  -90° 158° 122° 2.48 5.09 3.76 0.58 2.09
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(Fig. 1). This model does not appear to have a detrimental effect on
the hydrogen bond angle between the Ser and His (Table 3) or lead
to bad steric contacts. However, the modeled hydrogen bond angle
between His and Asp is less favorable. Further mutagenesis experi-
ments are under way to determine whether Asp*? has a significant
catalytic role in the His64Ala enzyme. When the dihedral angles are
constrained to ideality, only x; = 180° andy, = —90° give approx-
imate superposition of His* and His P2 (Table 3, model S2). The
hydrogen-bond distances, dihedral angles, and steric contacts are
much less favorable when the substrate imidazoyl ring is rotated
180° (opposite to that of His® or model S1 in Table 3) to pair the
Nb&1 with Ser?! and Ne2 with Asp®2. X-ray crystallographic studies
will be necessary to clarify the precise mode of binding for the His
P2 substrate. Further mutagenesis studies are directed toward
- producing more efficient substrate-assisted catalysis by a His P2 side
chain.

Fig. 3. Hydrzglgsis of a polypeptide substrate (inhibin B chain) by subtilisin
mutant Ser24Cys:Hi or Ser24Cys. The synthetic peptide substrate:
TVINHYRMRGHSPFANLKSC (100 pg) was digested with 10 pg of the
Ser24Cys:His64Ala enzyme (A) or with 0.13 pg of Ser24Cys enzyme (B).
Reaction mixtures (total volume of 250 ul) contained 20 maM wris-HCI (pH
8.0), 10 mM dithiothreitol, 5 percent (v/v) dimethyl sulfoxide, and 1 mM
PMSF (Ser24Cys:His64Ala oni/c). After indicated times at 37°C, digestion
products (monitored at 214 mm) were eluted from a reversed phase HPLC
column (Waters, C18) with a gradient (from left to right) of 0 to 50 percent
(v/v) acetonitrile in 0.1 percent (v/v) trifluoroacetic acid. Peaks a, b, ¢ in (A)
refer to the starting peptide, fragment TVINHY and fragment
RMRGHSPFANLKSC, respectively. Peak X has a composition identical to
the starting peptide. )

The strategy for altering substrate specificity by changing sub-
strate (or transition-state) binding contacts (2-9) has general appli-
cability in that contacts to any part of the substrate can be
engineered to change their binding properties. The substrate-
assisted catalysis approach is particularly applicable where removal
of a catalytic group (such as a nucleophile, or an acidic or basic
group) from an enzyme can be precisely replaced by a similar
functional group from a bound substrate. Thus, enzymes (such as
proteases) that react with substrates having potential catalytic
functional groups may be especially good candidates for this ap-
proach to engineering specificity.

There are at least two distinct families of serine proteases, the
“subtilisin-like” and “trypsin-like,” which evolved the catalytic triad
from two entirely separate genes (10). It is highly unlikely that the
precise positioning of the catalytic triad (Ser-His-Asp) evolved in
one step but more likely involved intermediates. Model building
from a complex between bovine pancreatic trypsin inhibitor (BPTI)
and bovine trypsin shows a His side chain substituted at the
equivalent P2 position (Cys'*) of BPTI can be reasonably superim-
posed upon the catalytic histidine (Fig. 4). Moreover, the dihedral
angles, hydrogen-bond angle, and relevant distances between the
N381 and Ne2 imidazoyl nitroi%gns from the enzyme or P2 substrate
histidines to the catalytic Asp'® and Ser!®* are reasonable (Table 3,
model T1). Constraining x; and x; to ideality (Table 3, model T2)
or rotating the His P2 through 180° (to pair the N31 with Ser'®®
and Ne2 with Asp'®) gives less favorable hydrogen-bond distances,
angles, and steric contacts. A

Model building and experimental data presented above show that
the function of the catalytic histidine in subtilisin can be partially
replaced by a His side chain from the P2 position of the substrate.
We suggest that similar experiments in the trypsin family of
proteases may yield similar results. There is no compelling mechanis-
tic reason why a His at the P2 position should be so poised in close
proximity to the catalytic histidine in two convergently evolved
enzymes. Instead, we speculate that this could represent an evolu-

Flg. 4. Stereo view of a complex (38) between
bovine trypsin (blue) and bovine pancreatic n'g
sin inhibitor (BPTI) complex (pink) in which the
‘eci;\li_lvalent P2 substrate side chain (Cys'* in
BPTI) iSrcplmedbyHisandsuperimposedug}x;
His* in trypsin. The main chain position of B
remained fixed while the dihedral angles for the
His side chain (substituted for Cys'#) were varied.
_The catalytic ‘triad of trypsin (Ser'®, His",
Asp'®) is shown in green and the ‘carbony! car-
“bon of L&s" at the P1 position in BPTI is labeled
(the 1 corresponds to model T1 in Table 3).

SCIENCE, VOL. 237



tionary vestige of when serine proteases operated by substrate-
assisted catalysis.

Nature provides a possible example of a serine protease in which

the catalytic base is donated from another molecule. In the autopro-
teolytic maturation of the human rhinovirus coat protein VPO to
VP2 and VP4, it has been proposed that an RNA base acts as a
proton acceptor-donor by inserting between a catalytic serine and
carboxylate (33). It is plausible that enzymes may evolve by taking
maximal advantage of catalytic groups present in their environment,
whether located on a cofactor or on the substrate. Some enzymes
may remain dependent upon substrate functional group (or
groups), perhaps because the enzymes are too “young,” or the
substrate functional group (or groups) cannot be adequately mim-
icked by an amino acid side chain (or a post-translational modifica-
tion thereof) of the enzyme, or because it serves an important
regulatory function. Other enzymes, such as the serine proteases,
may eventually dispense with the requirement for a substrate
functional group because the latter can be adequately replaced by its
own amino acid side chain allowing the enzyme to relax substrate

specificity.

—
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