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ABSTRACT: Bacillus subtilisin has been a popular model protein for engineering altered substrate specificity.
Although some studies have succeeded in increasing the specificity of subtilisin, they also demonstrate
that high specificity is difficult to achieve solely by engineering selective substrate binding. In this paper,
we analyze the structure and transient state kinetic behavior of Sbt160, a subtilisin engineered to strongly
prefer substrates with phenylalanine or tyrosine at the P4 position. As in previous studies, we measure
improvements in substrate affinity and overall specificity. Structural analysis of an inactive version of
Sbt160 in complex with its cognate substrate reveals improved interactions at the S4 subsite with a P4
tyrosine. Comparison of transient state kinetic behavior against an optimal sequence (DFKAM) and a
similar, but suboptimal, sequence (DVRAF) reveals the kinetic and thermodynamic basis for increased
specificity, as well as the limitations of this approach. While highly selective substrate binding is achieved
in Sbt160, several factors cause sequence specificity to fall short of that observed with natural processing
subtilisins. First, for substrate sequences which are nearly optimal, the acylation reaction becomes faster
than substrate dissociation. As a result, the level of discrimination among these substrates diminishes due
to the coupling between substrate binding and the first chemical step (acylation). Second, although Sbt160
has 24-fold higher substrate affinity for the optimal substrate DFKAM than for DVRAF, the increased
substrate binding energy is not translated into improved transition state stabilization of the acylation reaction.
Finally, as interactions at subsites become stronger, the rate-determining step in peptide hydrolysis changes
from acylation to product release. Thus, the release of the product becomes sluggish and leads to a low
keat for the reaction. This also leads to strong product inhibition of substrate turnover as the reaction
progresses. The structural and kinetic analysis reveals that differences in the binding modes at subsites
for substrates, transition states, and products are subtle and difficult to manipulate via straightforward
protein engineering. These findings suggest several new strategies for engineering highly sequence selective

enzymes.

Subtilisin BPN’ from Bacillus amyloliquefaciens is a
secreted, serine protease which degrades proteins in the
extracellular environment of the bacillus (/-3). Bacillus
subtilisins have evolved to be highly efficient, hydrolyzing
a broad spectrum of protein substrates at turnover rates
exceeding 10° M~ s7! at 25 °C (4). Although most
bacterial and fungal subtilisins have a degradative func-
tion, some eukaryotic subtilisins are highly specific
processing enzymes. These subtilisins process prohor-
mones into mature hormones by cleaving precisely at
highly specific, cognate sequences (5). The ability to
engineer a degradative subtilisin into a processing enzyme
would be important both technologically and for under-
standing how natural, sequence-specific proteases regulate
hormone metabolism, as well as other physiological
processes (6). Consequently, many studies have focused
on altering the substrate specificity of subtilisin (7).

Most subtilisin contacts are made with the first four
substrate residues on the acyl side of the scissile bond. These
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are denoted P1—P4, numbering from the scissile bond toward
the N-terminus of the substrate (8—/0). The backbone of the
substrate inserts between strands 100—104 and 125—129 of
subtilisin to become the central strand in an antiparallel
p-sheetarrangement involving seven main chain H-bonds (9, 11).
The side chain components of substrate binding to subtilisin
result primarily from the P1, P2, and P4 amino acids (4, /2, 13)
(Figure 1). Accordingly, most mutations affecting specificity
have been made in binding pockets S1 (12, 14-27),
S2 (6, 28-30), and S4 (31-38).

Although many of these studies have succeeded in
producing subtilisin variants with increased specificity, they
also demonstrate that high specificity is difficult to achieve
by engineering selective substrate binding alone. In this
paper, we analyze the structure and transient state kinetic
behavior of a subtilisin engineered to strongly prefer
substrates with phenylalanine or tyrosine at the P4 position.
These experiments show the effects of P4—S4 interactions
on microscopic rate constants and reveal why high selectivity
is difficult to achieve by engineering improved subsite
interactions.
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FIGURE 1: Wild-type active site region of subtilisin with peptide
ligand. This structure was made using Protein Data Bank (PDB)
entry 1SUA with bound tetrapeptide Ala-Leu-Ala-Leu (bright
colors, foreground) bound to specificity pockets S1—S4 (background
surface). Subsites S1, S2, and S4 are labeled. The S1 subsite is
occupied by leucine, and the S4 subsite is occupied by alanine.
The white triangle indicates the location of the scissile bond.
Locations of wild-type residues Tyr 104 and Gly 128, which line
the S4 pocket, are labeled. This image was made with PyMol using
the 2.1 A resolution crystal structure (42). This variant (1SUA,
Sbt70) has a wild-type active site and S1—S4 subsites like Sbt149,
except that it contains the inactivating mutation S221A to facilitate
crystallization.

METHODS

Expression and Purification of Subtilisins. The subtilisin
gene from B. amyloliquefaciens (subtilisin BPN”) has been
cloned, sequenced, and expressed at high levels from its
natural promoter sequences in Bacillus subtilis (2, 3). All
mutant genes were recloned into a pUB110-based expression
plasmid and used to transform B. subtilis. The B. subtilis
strain used as the host contains a chromosomal deletion of
its subtilisin gene and therefore produces no background
wild-type activity (39). Subtilisin variants Sbt149' and
Sbt160 were expressed in a 1.5 L New Brunswick fermentor
at a level of 2200 mg/L. After fermentation,16 g of Tris
base and 22 g of CaCl, (dihydrate) were added to ~1400
mL of broth. Cells and precipitate were pelleted in 250 mL
bottles by centrifugation at 12000g for 30 min at °C. Acetone
(70% final volume) was added to the supernatant. The 70%
acetone mixture was then centrifuged in 500 mL bottles at
12000g for 30 min at 4 °C. The pellet was resuspended in
~150 mL of 20 mM HEPES (pH 7.0) and 1 mM CaCl,.
Resuspended material was centrifuged at 12000g for 10 min

! Abbreviations: Sbt149, subtilisin from B. amyloliquefaciens with
Q2K, S3C, P5S, S9A, I31L, K43N, M50F, A73L, A75—83, E156S,
G166S, G169A, S188P, Q206C, N212G, K217L, N218S, S221A,
T254A, and Q271E mutations; Sbt160, Sbt149 with Y104A and G128S
mutations; Sbt164, Sbt160 with D32A and S221A mutations; PAGE,
polyacrylamide gel electrophoresis; SAAPF-AMC, succinyl-L-Ala-L-
Ala-L-Pro-L-Phe-7-amino-4-methylcoumarin; sDFKAM-AMC, succi-
nyl-L-Asp-L-Phe-L-Lys-L-Ala-L-Met-7-amino-4-methylcoumarin; sD-
VRAF-AMC, succinyl-L-Asp-L-Val-L-Arg-L-Ala-L-Phe-7-amino-4-
methylcoumarin; Tris, tris(hydroxymethyl)aminomethane. A shorthand
for denoting amino acid substitutions employs the single-letter amino
acid code as follows: N218S denotes the change of asparagine 218 to
serine.
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at 4 °C to remove insoluble material. Using a vacuum funnel,
the sample was passed over 150 g of DE52, equilibrated in
20 mM HEPES (pH 7.0). The DE52 was washed twice with
150 mL of 20 mM HEPES, 1 mM CacCl, buffer, and the all
washes were pooled. Solid NH4SO4 was added to the sample
to a final concentration of 1.8 M. Final purification was
carried out using a 2 cm x 30 cm Poros HP 20 column on
a Biocad Sprint. The sample was loaded and washed in 1.8
M NH4SO4 and 20 mM HEPES (pH 7.0) and then eluted
with a linear gradient [1.8 to 0 M NH4SO, in 20 mM HEPES
(pH 7.0)] (40). The [E] was determined using an Ej 4 of
1.15 at 280 nm (/, 41). Purity was assessed by SDS—PAGE
and estimated to be ~95%.

Kinetic Measurements. Succinyl-DVRAF-7-amino-4-me-
thylcoumarin (sDVRAF-AMC) and succinyl-DFKAM-7-
amino-4-methylcoumarin (sSDFKAM-AMC) were purchased
from AnaSpec, Inc. Succinyl-A APF-7-amino-4-methylcou-
marin (SAAPF-AMC) was purchased from Sigma. Concen-
trations of the AMC substrates were determined by absor-
bency at 324 nm using an extinction coefficient of 16 mM™!
cm™!. Reaction kinetics of AMC substrates were measured
using a KinTek stopped-flow model SF2001 instrument
(excitation, 380 nm; emission, 400 nm cutoff filter). A stock
solution of enzyme at a concentration of 2 mM in 10 mM
KP; (pH 5.7), 100 mM NaCl, and 50% glycerol was prepared
for kinetic studies. Immediately prior to stop-flow mixing,
enzyme was diluted into 100 mM Tris-HCI (pH 8.6), 200
mM NaCl, and 0.2 mM EDTA and placed in syringe A of
the SF2000 instrument. A solution of the substrate in water
was placed in syringe B. Solutions were equilibrated at 22
°C. Fluorescence data were collected after 1:1 mixing of the
two solutions. For measurement of single-turnover kinetics,
the final enzyme concentration was varied from ~2 to ~60
uM with a constant substrate concentration, as specified in
the figure legends. For measurement of burst kinetics, the
final substrate concentration was varied from 1.5 to 25 uM
with a constant enzyme concentration of 0.4—0.7 uM. At
least 10 kinetic traces were collected for each experiment.
Kinetic mechanisms were simulated using KinTek Global
Explorer which was purchased from KinTek Corp.

Crystallization and Structure Analysis. The structure of
PDB entry 1SUA (Sbt70, Figure 1) was determined as
described previously (42). The structure of PDB entry 3CNQ
(Sbt164, Figure 2) was obtained as follows. Purified enzyme
with a stoichiometric amount of proenzyme at 9 mg/mL
protein in 10 mM KCI was crystallized at room temperature
by vapor diffusion in hanging drops using 15% PEG 8000,
0.2 M zinc acetate, and 0.1 M sodium cacodylate (pH 6.5)
as a precipitant. Crystals grew as rectangular bars and belong
to space group P2,2,2; with lattice constants of 43.2, 72.9,
and 93.1 A. A diffraction data set 9% complete to 1.7 A
resolution with an Ry, of 0.06 was collected from one crystal
at beamline 241D at the Advanced Photon Source of Argonne
National Laboratory. The structure was determined by
molecular replacement using AMORE (43) and refined to a
final Rype. value of 0.23 using REFMACS (44) and XFIT
(45). The final model contains all enzyme atoms except the
first two residues (disordered) and all proenzyme atoms
except residues 1—8. Coordinates and complete statistics are
available from the RCSB Protein Data Bank as entry 3CNQ.
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FIGURE 2: Overlay of the structure from Figure 1 (wild-type active
site, yellow) and variant Sbt164 with the enlarged S4 pocket (green)
produced by the mutations Y104A and G128S. The green structure
also includes a ligand with Tyr-Arg-Ala-Leu bound in the P4—P1
positions. The black triangle indicates the position of the scissile
bond. The proteins are represented by worms and ribbons, except
for side chains at the mutation sites (104 and 128). The proteins
and ligands superimpose closely, and the green Tyr P4 side chain
fits into the enlarged S4 surface pocket between the two mutations.
This image was made with PyMol using PDB entry 1SUA and 1.7
A resolution PDB entry 3CNQ, which features Sbt164, an
inactivated (D32A, S221A) form of Sbt160. The Sbt189 ligand
(green) also includes an N-terminal extension that is not shown.

RESULTS AND DISCUSSION

Subtilisin Engineering. To engineer processing subtilisins,
we needed to understand how subtilisin catalyzes the
cleavage of substrates with a wide range of binding affinities.
We began with characterization of a hyperstable and
independently folding mutant (Sbt149): Q2K, S3C, PSS,
S9A, I131L, K43N, M50F, A73L, A75—83, E156S, G166S,
G169A, S188P, Q206C, N212G, K217L, N218S, T254A,
and Q271E (46). Our long-term goal of engineering highly
specific subtilisins necessitates introduction of potentially
destabilizing mutations into the active site and substrate
binding pockets. Using a hyperstable framework as a starting
point allows us to introduce mutations which would other-
wise cause difficulties in expression and purification (47).
Optimal substrates for Sbtl49 are similar to wild-type
subtilisin. Preferred substrates have F, L, I, or V at P4 (4, 36),
AorSatP2 (4, 16),and Y, F, L, or M at P1 (4, 12).

Figure 1 shows the arrangement of the key specificity-
determining pockets S1, S2, and S4 in subtilisin 1SUA,
which like Sbt149 has a wild-type active site, except that
the active site serine 221 is mutated to alanine to inactivate
the enzyme and facilitate crystallization. This structure also
contains a tetrapeptide ligand, ALAL, with alanine in the
S4 pocket and leucine in the S1 pocket. The S1 pocket is
clearly larger than necessary to bind the P1 leucine, and more
importantly, the S4 pocket also has additional capacity,
somewhat occluded behind the Tyr 104 residue. This
additional capacity in S4 is the basis for the wild type’s
ability to turn over substrates with Phe at P4 slightly faster
than substrates with Ala at P4.

Engineering of the S4 Pocket To Increase Substrate
Binding Specificity. To narrow the substrate specificity of
Sbt149, we enlarged the S4 binding pocket. This decision
was based on many earlier studies which examined the
effects of S4 mutations on specificity. The natural preference
of subtilisin for a P4 amino acid is as follows: F > L ~V

Ruan et al.

Table 1: Steady State Parameters for Sbt149 and Sbt160

KM (,MM) kcm (571) kca[/KM (M71 571)
Sbt149
SAAPF-AMC 125 35 0.28 x 10°
sDVRAF-AMC 23 26 11.1 x 106
sDFKAM-AMC 0.6 74 12.5 x 106
Sbt160
sAAPF-AMC* - — 900
sDVRAF-AMC 156 16 0.1 x 106
sDFKAM-AMC 0.8 1.3 1.7 x 10°

“Km and key could be accurately determined for Sbt160 with
SAAPF-AMC because of an inability to reach saturation.

~ 1> A (32, 34-36). The preference for F relative to A is
3-fold for substrates where kinetic coupling is weak (33, 35).
Rheinnecker et al. (35) have previously noted that expanding
the S4 pocket can result in a significant increase in specificity
by affecting both Ky and k.. They suggested that the
expanded S4 cavity causes structural changes which are
propagated to the active site. Optimal active site geometry
is restored by filling the cavity with a bulky P4 hydrophobe.
Consequently, the mutations G128S and Y104A were
introduced into Sbt149, producing the variant Sbt160.

Figure 2 shows the resulting structure, with a ligand
featuring a P4 tyrosine bound in the S4 binding pocket,
superimposed on the wild-type ALAL complex of Figure 1.
The P4 tyrosine side chain overlaps slightly with the former
position of Tyr 104, now mutated to Ala, and fits snugly
below the new Ser 128 side chain. The P4 tyrosine appears
to form favorable contacts in the enlarged S4 pocket,
including numerous van der Waals interactions.

Comparison of the Specificities of Sbt149 and Sbt160. We
analyzed the steady state behavior of Sbt149 and Sbt160
versus three peptide substrates: sSAAPF-AMC, sDVRAF-
AMC, and sDFKAM-AMC. AMC is a fluorogenic leaving
group enabling amide bond cleavage to be followed by
fluorescence. SAAPF-AMC can be considered an average
substrate for Sbt149 (48). It has a preferred amino acid (F)
at the S1 site and average amino acids at the S4 and S2 sites.
sDVRAF-AMC is a preferred substrate for Sbt149, having
preferred amino acids at P1 (F), P2 (A), and P4 (V).
sDFKAM-AMC is also a preferred substrate for Sbt149 but
was chosen in particular because it should also be a fully
optimized substrate for Sbt160. Steady state kinetic param-
eters for the three substrates with the two subtilisins are listed
in Table 1. The standard condition for these and all
subsequent assays includes 50 mM Tris-HCI (pH 8.6), 100
mM NaCl, and 0.1 mM EDTA at 22 °C.

The kea/ Ky of Sbt149 for SDVRAF-AMC is 40-fold higher
than for sAAPF-AMC. Sbtl49 has little discrimination
between SDVRAF-AMC and sDFKAM-AMC: k.. /Ky =
11.1 x 10% and 12.5 x 105 M~! s7!, respectively. An upper
limit of turnover in this range has previously been observed
for natural subtilisin BPN” with good substrates (13, 46).
The keo/Ky of Sbt160 versus SAAPF-AMC (900 M~! s71)
is ~1.900-fold lower than that for sSDFKAM-AMC (1.7 x
10° M~ s71), indicating that SAAPF-AMC [an average
substrate for Sbt149 (Table 1)] is a very poor substrate for
Sbt160. Further, the k../Ky of Sbt160 versus SDVRAF-AMC
is 17 times lower than that for sSDFKAM-AMC, indicating
that the expanded S4 pocket increased the level of discrimi-
nation between an optimal sequence and a similar, but
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suboptimal, sequence. Comparison of k.,/Ky values allows
quantitation of substrate preferences but does not reveal the
kinetic and thermodynamic basis for the preference (49). To
improve our understanding of specificity, we employed
transient state kinetic methods to determine microscopic rate
constants.

Transient State Kinetic Analysis. (1) Pre-Steady State
Kinetics. A minimal kinetic scheme for subtilisin catalysis
is shown in Scheme 1: where E is the enzyme, S the
substrate, and P the peptide product. Pre-steady state experi-
ments were performed for Sbt149 and Sbt160 with sAAPF-
AMC, sDVRAF-AMC, and sDFKAM-AMC. In these ex-
periments, subtilisin (0.4—1 M) was mixed with 3—25 uM
substrate in a stopped-flow fluorescence instrument. No pre-
steady state burst phase is observed for Sbt149 with sAAPF-
AMC or for Sbt160 with either SAAPF-AMC or sDVRAF-
AMC. Thus, for these substrate—enzyme combinations, the
time dependence for formation of cleaved product is linear
and obeys steady state approximations:

KM - (k—l +k2)/kl and kcat - k2
Burst kinetics are observed for Sbt149 with sDVRAF-
AMC and sDFKAM-AMC and for Sbt160 with sDFKAM-
AMC. The time dependence for formation of free AMC is
described by a rapid exponential phase followed by a linear
phase. The kinetics are described by
[product]/[Sbt]=A (1 —e ™) +k_ ¢

o cat

The rate constants are defined by the equations A ~ k, +
ks and kcar ~ koka/(ky + k3). The amplitude of the burst phase
(Ao) ~ [kol (k2 + k3)]*.

Representative burst kinetics are shown for Sbt149 and
Sbt160 with sDFKAM-AMC in Figure 3. The pre-steady
state analysis shows that the rate-determining step in peptide
hydrolysis can change from acylation to product release as
interactions at subsites become stronger.

(2) Single-Turnover Kinetics. Single-turnover experiments
were performed for Sbt149 and Sbt160 with sAAPF-AMC,
sDVRAF-AMC, and SDFKAM-AMC. Kinetics were deter-
mined as a function of [Sbt] (in excess of substrate) to
determine microscopic rate constants for a single pass
through the catalytic cycle. [Sbt] was varied from 2 to 60
uM with [substrate] fixed at 1 uM. Representative single-
turnover kinetics are shown for Sbt149 with sSDFKAM-AMC
(Figure 4) and Sbt160 with sDFKAM-AMC (Figure 5). The
kinetic curves are biphasic with the fast phase determined
by ki[E] + k-1 + k. A plot of rate versus [Sbt] of the major
kinetic phase approximates a hyperbole determined by
koki[E/ (ki [E] + ko + k—1) (49).

For Sbt149 and Sbt160 with sDFKAM-AMC, the pre-
steady state and single-turnover experiments clearly show
that the acylation reaction occurs much faster than product
release. The slow product release could be due to slow
deacylation (ks3), slow dissociation of the SDFKAM peptide
product from the enzyme (k4), or a combination of both. A
more detailed kinetic scheme for subtilisin catalysis is shown
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in Scheme 2: where E is the enzyme, S the substrate, EA
the acyl—enzyme intermediate, and P the peptide product.
To separate the kinetic components involved in product
release, product inhibition of Sbt149 and Sbt160 by SAAFP,
sDVRAF, and sDFKAM was assessed. Inhibition constants
were calculated using global kinetic analysis software
because product binding and dissociation cannot be assumed
to be in rapid equilibrium with other species. For tight
binding product—enzyme combinations, both product on
(k—4) and off (k4) rates could be extracted from the fitting.
Once these parameters were determined, all microscopic
constants in Scheme 2 could be determined with reasonable
certainty for Sbt149 with sDVRAF-AMC and sDFRAM-
AMC and for Sbt160 with SDFRAM-AMC. All experimental
data for these combinations were fit according to Scheme 2
using KinTek Global Explorer and are given in Table 2. For
Sbt149, the acylation rate increases in the following order:
SAAPF-AMC < sDVRAF-AMC < sDFKAM-AMC. The
rates of deacylation and product dissociation fall, however.
For Sbt149 and sDFKAM-AMC, the rate of product release
is slower than the deacylation rate. For Sbt160, acylation
rates are similar for SDVRAF-AMC and sDFKAM-AMC,
but the deacylation rate for sDFKAM falls to 1.8 s™! and is
the slowest step in the reaction pathway. Since deacylation
is limiting the overall reaction rate, we tested whether ke
would increase in the presence of a strong exogenous
nucleophile such as hydroxylamine (50). Consequently,
steady state measurements were carried out for Sbt160 with
sDFKAM-AMC with 0.2—0.9 M hydroxylamine. We ob-
served that k., decreases by ~50% as the hydroxylamine
concentration is increased to 0.9 M. Unfortunately, the result
neither supports nor refutes our kinetic model because
deacylation and product release occur at similar rates.
Further, the decrease in k¢, versus hydroxylamine concentra-
tion may indicate that dissociation of the amide product
generated by the hydroxylamine reaction is slower than
dissociation of the acid product generated by hydrolysis.
Assessment of Success and Prospects for Improvement.
The keo/ Ky of Sbt160 for SDFKAM-AMC is 17 times greater
than for SDVRAF-AMC. By this measure, the engineering
of the S4 pocket to improve specificity for an optimal versus
a similar sequence could be called a success because the
parent subtilisin (Sbt149) does not discriminate at all between
the two substrates. As a practical matter, however, Sbt160
is not sufficiently specific to be a useful processing protease.
The crucial question is how one does better. Steady state
kinetic measurements allow one to measure specificity but
provide limited insight into the thermodynamic and kinetic
basis for specificity. The reason for this is that Ky and key
are composite rate constants into which are folded multiple
microscopic rate constants for the multistep hydrolysis
reaction. It frequently is assumed for subtilisins that ke, ~
k, and Ky ~ Ks. These relationships are accurate only if &,
is small compared to ki, k3, and k4, however. While this is
true with average and poor substrates, it is not true with the
preferred substrates. As subsite interactions “improve”, k;
can become larger than k—;, k3, and ks. As k, approaches
k-1, substrate binding can no longer be viewed as a rapid
equilibrium which is kinetically uncoupled from acylation.
This has important consequences for specificity. Specificity
is defined here as the ratio of k,/Ky of an enzyme for one
substrate relative to another. The k.,/Kv value is the apparent
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FIGURE 3: Pre-steady state kinetics of Sbt149 and Sbt160 vs SDFKAM-AMC. The [AMC]/[enzyme] ratio is plotted vs time after mixing
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AMC. Reactions were carried out at 22 °C. Solid lines are fits to Scheme 2 obtained with KinTek Global Explorer.
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second-order rate constant for productive substrate binding.
It is less than the true binding rate (k;) by a factor of k»/(k—,
+ k2) (49). As k-, slows to less than the acylation rate and
the enzyme begins to reach a maximum level determined
by the rate of substrate binding, the coefficient k»/(k—; + k»)
approaches 1. Thus coupling between substrate binding and
acylation (the first chemical step) broadens specificity. To
create a higher-specificity subtilisin, both substrate affinity
and kinetic coupling need to be considered. Further, as
product release becomes slower than acylation, it determines
the k., of the reaction rather than the acylation rate.

Thus, determination of microscopic rate constants allows
us to make a more rigorous assessment of the kinetic basis

for a change in specificity and reveals five basic challenges
to engineering increased sequence specificity and potential
solutions. Below the data for Sbtl60 are discussed and
compared to transient state kinetic data for a natural
processing subtilisin (Kex2) from yeast (51, 52).

(1) Discrimination at the Level of Substrate Binding. Ex-
panding the S4 binding pocket with the Y104A and G128S
mutations results in a Ks for SDFKAM-AMC of 6.6 uM, 24
times tighter than that for SDVRAF-AMC. By comparison,
the K of Kex2 for a cognate sequence is ~25 uM (51). The
ability of Kex2 to discriminate between a cognate P4
(norleucine) and a noncognate (alanine) on the basis of
differential substrate affinity is 10-fold. By this measure, the
engineering of the S4 pocket in Sbt160 to improve specificity
for a cognate versus a near-cognate sequence could be called
a success.

(2) Kinetic Coupling of Substrate Binding and Acylation. For
Sbt160 and a cognate substrate (SDFKAM-AMC), k—; equals
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FIGURE 4: Single-turnover kinetics of Sbt149 vs sDFKAM-AMC. Sbt149 at 30 (A), 15 (B), 7 (C), and 3.5 uM enzyme (D) was mixed with
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22 °C. Solid lines are fits to Scheme 2 obtained with KinTek Global Explorer.

2k,. This kinetic coupling causes the substrate binding rate
as well as substrate affinity to influence the overall rate of
the reaction and broadens specificity (53). For sDVRAF-
AMC, keat ~ ko and Ky ~ Ks, so the binding and acylation
reactions are not coupled. Surprisingly, kinetic coupling also
appears to exist with Kex2 (57). The acylation rate with a
cognate arginine at P1 can exceed 500 s™!, a value which is
likely in the same range as the rate of substrate dissociation
(54). In the case of Kex2, however, rapid acylation is
observed only with a cognate amino acid at P1, and hence,
noncognate sequences are kinetically uncoupled.

(3) Acylation Reaction. Although Sbt160 has better
substrate affinity for SDFKAM-AMC than sSDVRAF-AMC,
the improved substrate binding energy does not translate into
improved transition state stabilization of the acylation
reaction. The acylation rates of Sbt160 for sSDVRAF-AMC
(16.5 s71) and sSDFRAM-AMC (18 s™!) are very similar. This
contrasts with Kex2 and other processing subtilisins such as
furin (45). Acylation rates are very fast with cognate
substrates and dramatically fall with near-cognate sequences.

One reason for this is that substrate binding and transition
state stabilization are dependent on the binding of calcium
in the S1 pocket of Kex2 and furin (55, 56). Cofactor-
dependent catalysis appears to tightly link substrate binding
energy to transition state stabilization.

(4) Deacylation Reaction. The rate-determining step in
peptide hydrolysis changes from acylation to deacylation as
interactions at subsites become stronger. The engineered S4
pocket appears to preferentially stabilize the acyl intermediate
of sSDFRAM. This is a major deficiency in Sbt160. Deacy-
lation of near-cognate and noncognate sequences is faster
than deacylation for the cognate sequence. Since deacylation
is the rate-limiting step in hydrolysis of the cognate sequence,
keat is sluggish (1.3 s71). Deacylation is also the rate-limiting
step in the catalytic cycle of Kex2 with a cognate sequence
(52). Unlike Sbt160, however, deacylation with a cognate
P4 amino acid is as fast as for a noncognate P4 amino acid.

(5) Product Inhibition. The product sDFKAM binds
strongly to both Sbt149 and Sbt160, causing strong inhibition
of substrate turnover as the reaction progresses. An unin-
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FIGURE 5: Single-turnover kinetics of Sbt160 vs SDFKAM-AMC. Sbt160 at 21.65 (A), 12.0 (B), and 6.8 uM enzyme (C) was mixed with
1 uM sDFKAM-AMC. Reactions were carried out at 22 °C. The release of AMC is followed by fluorescence for each Sbt160 concentration
(@). Solid lines are fits to Scheme 2 obtained with KinTek Global Explorer.

Table 2: Transient State Kinetic Analysis pf Sbt149 and Sbt160“

kM~ s™h ko1 (s7h ky (s7h ks (s™h ki (s™H ks M71s7h Ks (uM) Ke (uM)
Sbt149
sDVRAF-AMC 2.1 x 107 55 65 60 160 2.0 x 107 2.7 8
sDFKAM-AMC 1.4 x 107 12 82 21 13 1.4 x 107 0.8 0.9
Sbt160
sDFKAM-AMC 4.6 x 10° 31 18 1.8 6 4.6 x 107 6.6 13

“ Microscopic rate constants could not be determined for the other enzyme—substrate pairs for which Ky ~ Ks and keae ~ k2.

tended consequence of engineering the S4—P4 interaction
was altering the balance between substrate affinity (Ks =
6.6 uM) and product affinity (Kp = 1.3 uM) in Sbt160.
Sbt149 binds the SDFKAM-AMC substrate with the ap-
proximately same affinity as the peptide product (~1 uM).

Thus, transient state kinetic analysis reveals a critical
deficiency in our engineering approach: differences in the
binding modes at subsites for substrates, transition states,
and products are subtle and difficult to manipulate via

straightforward protein engineering (53). However, the
analysis and comparison with Kex2 suggest that an indirect
approach, by engineering a substrate-dependent cofactor site,
could be more successful. In recent work, we have used this
insight to engineer highly specific processing subtilisins by
making chemical steps dependent on substrate sequence
through the formation of an anion site. A first-generation
cofactor-dependent subtilisin has been described previously
(47). We have been able to apply the principles described
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above to create subtilisins which are both highly active (in
the presence of an activating cofactor) and highly specific
due to linkage of substrate binding and cofactor binding (B.
Ruan et al., manuscript in preparation).
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