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ABSTRACT: The yeast Kex2 protease is the prototype of a family of eukaryotic proprotein processing
proteases that includes PC1, PC2, and furin. The catalytic domains of these enzymes are homologous to
the degradative serine proteases of the subtilisin family. Kex2 exhibits optimal activity toward substrates
with Lys or Arg at P2 and Arg at P1 (Lys-Arg or Arg-Arg cleavage sites). However, mammalian proprotein
processing proteases such as furin exhibit more stringent requirements for basic residues at P4 than at P2.
Here we demonstrate that Kex2 protease also recognizes P4, with dual specificity for aliphatic and basic
residues. Recognition of P4 is even more readily apparent in substrates having a poor P1 residue (Lys).
Kinetic analysis of a series of otherwise identical fluorogenic substrates with Lys at P1 and different
residues at P4 indicates that large, aliphatic P4 residues increasekcat/KM by 100-fold. However, smaller
residues or acidic residues at P4 do not. P4 Arg also confers efficient cleavage on such a substrate, but
the uncharged isostere of Arg, citrulline, does not. Kex2 may thus possess distinct subsites that recognize
aliphatic or basic P4 side chains. Although a favorable P4 residue can partially compensate for the defects
in kcat and kcat/KM seen with Lys in place of Arg at P1, this substitution resulted in a change in rate-
determining step for all substrates examined. As previously seen in the case of subtilisin, effects of
substitutions at the P1 and P4 positions were not independent, suggesting that interplay between these two
positions is a common feature of substrate specificity for both processing proteases and degradative enzymes
of the subtilisin superfamily.

Many eukaryotic proteins and peptides are expressed as
proproteins or propeptide precursors that are posttransla-
tionally cleaved at specific sites to generate the mature
species. In the secretory pathway, such processing frequently
occurs at basic motifs, and at least two families of enzymes
capable of cleaving at such sites are now known (1-3). Of
these two types of enzymes, a family of serine proteases
homologous to the degradative proteases of the subtilisin
family is the better understood, and theSaccharomyces
cereVisiaemember of this family, Kex2 protease (kexin, EC
3.4.21.61), has become a paradigm for understanding how
these enzymes achieve the rapid catalysis and exquisite
specificity that are key to their function as processing
enzymes (4).
This family recognizes two principal types of sites, dibasic

sites and sites of the form Arg-Xaa-Xaa-ArgV,1 although it
is thought that Arg at the P6 position may be able to substitute
for the P4 Arg in some contexts (5). Thus, these enzymes
primarily possess specificity at the P4, P2, and P1 positions,
which are the principal sites of substrate specificity in the

degradative subtilisins as well (6). It is not yet clear whether
residues C-terminal to the scissile bond play a major role in
substrate recognition, although the mammalian Kex2 homo-
logue furin has been reported to cleave a substrate containing
C-terminal residues more efficiently than substrates contain-
ing a C-terminal reporter group, aminomethylcoumarin
(AMC, 7). However, a recent examination of Kex2 specific-
ity at the P3, P2, and P1 positions showed no significant
difference between cleavage of substrates with C-terminal
amino acids and cleavage of AMC substrates (8).

Kex2 protease has been characterized in more detail than
any other member of this family (8, 9). The enzyme exhibits
high selectivity for positively charged residues at P2 and an
even more stringent requirement for Arg at P1 (8, 9).
Analysis of known cleavage sites suggested a preference for
aliphatic residues at P4 (10), but the activity of the purified
enzyme with a set of commercially available peptidyl-MCA
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1 Abbreviations: Abu orε, R-aminobutyric acid; Ac, acetyl; AMC,
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(hydroxymethyl)methane; boc,tert-butoxycarbonyl; Cha orø, (â-
cyclohexyl)alanine; Cit or C¸ , citrulline; DMSO, dimethyl sulfoxide;
Lys(Z), (ε-amino)benzyloxycarbonyllysine; MCA, C-terminal methyl-
coumarinamide; Nle orâ, norleucine; Nvl orπ, norvaline; Xaa, an
arbitrary amino acid; Z, benzyloxycarbonyl;V, the scissile bond.
Throughout we designate the cleavage site as -P3-P2-P1VP1′-P2′-P3′-, with
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substrates suggested P4 recognition was of minor importance
at most for efficient catalysis (9). Cleavage of the substrate
Ac-Pro-Met-Tyr-Lys-ArgVMCA by Kex2 exhibited an initial
burst of product formation, demonstrating the existence of
a rate-limiting step after acyl-enzyme formation (9).

Comparison of a tripeptidyl-MCA Lys-Lys substrate with
a pentapeptidyl-MCA Lys-Arg substrate based on a physi-
ological cleavage site suggested that substitution of Lys for
Arg at P1 could result in a defect inkcat/KM of 3000-fold and
a defect in kcat of >100-fold (9). However, a recent
examination of Kex2 specificity using a set of extended
peptide substrates with Lys, Orn, or Arg at P1 showed that
Lys-Lys or Lys-Orn sequences were cleaved withkcat/KM

values only 70-110-fold below the value observed with
comparable Lys-Arg substrates (8). These substrates were
cleaved withkcat/KM values approximately 100-fold higher
than would be expected based on comparison of previously
reported AMC substrates (9). The extended substrates
contained residues C-terminal to the scissile bond not present
in AMC substrates and also contained additional residues
N-terminal to the cleaved bond which were not present in
the tripeptide Lys-Lys substrate examined previously (9). The
improved cleavage of Lys-Lys sequences in the extended
context raised the possibility that processing proteases might
have specific contacts with the residues C-terminal to the
cleavage site that are not present in the AMC substrates
frequently used to examine the specificity of these proteases
(9, 11). However, it was also possible that interactions with
the additional amino acids N-terminal to the cleavage site
were responsible for this stimulation in cleavage. In
particular, these extended substrates contained a P4 residue
(Nle), unlike the Lys-Lys tripeptidyl-MCA substrate previ-
ously examined; if the apparent preference for aliphatic
residues at this positionin ViVo (10) were the result of Kex2
specificity at this position, then the improved cleavage of
the extended Lys-Lys substrate might arise from the presence
of a favorable P4 side chain.

In this work, we synthesized a set of AMC substrates in
which residues at P1 and P4 were systematically varied.
Kinetic analysis of the cleavage of these substrates demon-
strates that a favorable N-terminal contact between Kex2 and
the side chain of the P4 residue accounts for the entire
increase inkcat/KM observed with the extended Lys-Lys
substrate. Moreover, Kex2 exhibited dual specificity at P4,
as aliphatic residues or basic residues at this position resulted
in efficient cleavage but aromatic residues, small residues,
uncharged polar residues, and acidic residues did not. A
favorable P4 interaction increasedkcat for such substrates,
but all Lys-Lys substrates examined exhibited a change in
rate-determining step relative to Lys-Arg substrates, because
the initial burst seen in cleavage of Lys-Arg substrates (9)
was not seen in cleavage of even the best Lys-Lys substrate.
This indicated that substitution of Lys for Arg at P1 resulted
in a defect in acylation regardless of the nature of the P4

residue. Furthermore, the effects of substitutions at P4 and
P1 were not independent, a phenomenon also seen with
degradative subtilisins (12). The interaction between P1 and
P4 recognition may therefore be a conserved feature of
substrate recognition by both processing and degradative
proteases of the subtilisin superfamily.

MATERIALS AND METHODS

Reagents, Substrates, and Enzyme. All reagents were from
Sigma, Aldrich, or Fisher. Preparation of Kex2 protease has
been described elsewhere (8). Ac-Pro-Met-Tyr-Lys-ArgVMCA
was the generous gift of J. Thorner. Boc-Glu-Lys-LysVMCA
and boc-Gln-Gly-ArgVMCA were from Peninsula Labora-
tories, and other AMC substrates were prepared as described
previously (8) except for Ac-Asp-Tyr-Lys-LysVMCA, which
was prepared as follows. Ac-Asp-Tyr-Lys(Z)-Lys(Z) (43
mg, University of Michigan Core Facility) was reacted with
13 µL of isobutyl chloroformate and 3µL of N-methylmor-
pholine in 400µL of N-methylpyrrolidinone on ice for 30
min. AMC (88 mg) was then added in an additional 700
µL of N-methylpyrrolidinone, and the reaction was shaken
overnight at room temperature to yield Ac-Asp-Tyr-Lys(Z)-
Lys(Z)VMCA in good yield (estimated at approximately 40%
of starting peptide by HPLC). The mixture was then
precipitated with ether and centrifuged. The precipitate was
resuspended in 1 mL of methanol and added to 50 mg of
palladium on activated charcoal (Degussa type E101 NO/
W, Aldrich). This suspension was flushed with argon and
then placed under hydrogen for 5 h. Palladium/carbon
catalyst was then removed by filtration, and Ac-Asp-Tyr-
Lys-LysVMCA was purified by HPLC as described (8). A
small amount of product (<1% of starting peptide) was
recovered after hydrogenation. A similar loss was not
observed in preparation of Ac-Nle-Tyr-Lys-ArgVMCA from
Ac-Nle-Tyr-Lys(Z)-ArgVMCA (95% yield at the hydrogena-
tion step), indicating that this loss was specific to Ac-Asp-
Tyr-Lys-LysVMCA. The identity of this substrate was
confirmed by its UV and mass spectra. Although this
substrate was cleaved well by trypsin (data not shown),
cleavage of this substrate by Kex2 protease was so poor that
it was possibly due to background cleavage by a trace
contaminating protease. The value we report forkcat/KM for
this substrate is therefore only an estimated upper bound.
Steady-State Kinetics. Pseudo-first-order kinetics and

reaction conditions were as previously described (8). For
saturation kinetics, 100µL reactions were started by addition
of enzyme and quenched with 600µL of 0.5 M ZnSO4. All
substrates were examined at substrate concentrations at least
4-fold above and belowKM except for Ac-Ala-Tyr-Lys-
LysVMCA, which was examined at substrate concentrations
up to only 2.5-fold aboveKM because of limited solubility.
Reactions were calibrated with substrate-only blanks with
or without small amounts of free AMC as a standard,
fluorescence was measured as described (9), and initial
reaction velocities were fit directly to the Michaelis-Menten
equation using nonlinear regression. Only reactions with
<6% conversion of substrate to product were used in fitting.
All values reported are the mean values of three independent
trials, and errors are reported as standard deviation.
Rapid-Quenched-Flow Measurements. Reactions were

carried out under standard conditions except that reactions
were carried out at 21°C. Enzyme was mixed with substrate
in a Kintek RQF-3 rapid-chemical-quench mixer for times
between 2 ms and 32 s depending on the substrate. Reactions
were quenched by addition of 70µL of 0.75 M sodium
citrate, pH 2.95, followed by an additional 150µL of quench
20 ms later upon exit of the reaction from the rapid-quench
mixer. Each reaction was diluted with a further 400µL of
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quench prior to reading samples so that the final volume
was suitable for use with standard fluorescence microcuvettes
(Starna). No reactivity of the enzyme has been observed in
the initial quenching volume. For the substrate boc-Gln-
Gly-ArgVMCA, reactions were quenched with 1 M acetic
acid. No difference was observed between quench solutions.

RESULTS

Kex2 Recognizes the P4 Side Chain. Previously, we
demonstrated that Kex2 cleaves an extended, internally
quenched fluorogenic peptide substrate with Lys at P1 and
P2 100-fold more efficiently than a tripeptidyl-MCA substrate
with Lys at these positions (8, 9). Comparison of sequences
of physiological Kex2 cleavage sites suggested a preference
for aliphatic residues at the P4 position (10). We hypoth-
esized that recognition of the P4 residue might be the specific
interaction conferring reactivity on the extended substrates.
We therefore synthesized a set of substrates of the form Ac-
Xaa-Tyr-Lys-LysVMCA and examined their cleavage by
Kex2 (Table 1). The results show clearly that Kex2
possesses specificity for the P4 side chain and that P4
recognition accounts for the observed discrepancy between
the extended Lys-Lys substrate and the previously reported
tripeptidyl-MCA substrate.
A long aliphatic side chain at P4 was sufficient to confer

improved cleavage upon a Lys-Lys substrate, but shorter side
chains did not cause this enhancement (Table 1). The values
of kcat/KM for the substrates Ac-Nle-Tyr-Lys-LysVMCA and
Ac-Ala-Tyr-Lys-LysVMCA differed by approximately 70-
fold despite the fact these substrates differed only by three
methylene groups in the P4 side chain. Examination of
equivalent substrates with Nvl or Abu at P4 showed that the
three-carbon alkyl chain of Nvl was also sufficient to raise
kcat/KM to a similar value (9.2× 104 M-1 s-1 with Nle at P4,
7.8× 104 M-1 s-1 with Nvl at P4). However, the ethyl side
chain of Abu did not confer such stimulation and resulted
in an intermediate value ofkcat/KM (5700 M-1 s-1 with Abu
at P4, versus 1200 M-1 s-1 with Ala at P4).
Interestingly, substituting Val at P4 resulted in akcat/KM

approximately 2-fold above the value seen with P4 Abu, or
approximately 6-fold below the value observed with P4 Nvl.
That is, the substrate containing an isopropyl side chain (Val)

was significantly worse than the substrate containing an
n-propyl side chain (Nvl) and only slightly better than the
substrate containing an ethyl side chain (Abu). Therefore,
the P4 pocket of Kex2 can accommodateâ-branched residues,
but only a portion of such a residue’s side chain can actually
interact with the enzyme. However, the enzyme can ac-
commodate quite large residues at this position; in fact, an
equivalent substrate containing the bulky Cha (cyclohexyl-
Ala) at P4 had akcat/KM of 1.3× 105 M-1 s-1, making it one
of the best substrates in this library. In contrast, substitution
of Phe for Nle at P4 introduces a modest defect in cleavage
(Table 1). Because a cyclohexyl moiety is accommodated
at this position, the phenyl ring of Phe must be disfavored
because of its rigid planar character.
Kex2 does not exclusively recognize hydrophobic residues

at P4, since the substrate Ac-Arg-Tyr-Lys-LysVMCA was
cleaved with an efficiency similar to substrates containing
Nle or Cha at P4 (Table 1). The favorable cleavage of a
substrate with Arg at P4 suggested that Kex2 either recog-
nized the aliphatic portion of the Arg side chain, which is
similar to the Nvl side chain, or possessed dual specificity
at P4, interacting favorably with either aliphatic or basic side
chains. To distinguish between these possibilities, we
examined cleavage of Ac-Cit-Tyr-Lys-LysVMCA, in which
the P4 side chain of Cit is isosteric to that of Arg but lacks
positive charge. This substrate was cleaved poorly (ap-
proximately 20-fold lowerkcat/KM than with Nle or Arg at
P4; Table 1). This indicates that recognition of Arg at P4

relies on the positive charge of the guanidinium group rather
than the aliphatic portion of the Arg side chain. An
equivalent substrate with Asp at P4 was cleaved extremely
poorly, as might be expected if the P4 pocket recognizes
hydrophobic or positively charged residues.
FaVorable P4 Residues Increase kcat. Although a favorable

P4 side chain is clearly able to improvekcat/KM for Lys-Lys
substrates, such enhancement might conceivably arise from
a decrease inKM rather than direct compensation for the
severekcat defect (>100-fold) seen with the tripeptidyl Lys-
Lys-MCA substrate (Table 2;9). To distinguish between
these possibilities, we measuredkcat andKM for Ac-Nle-Tyr-
Lys-LysVMCA and Ac-Ala-Tyr-Lys-LysVMCA (Table 2).
The results show that the enhanced reactivity of Lys-Lys
substrates with favorable P4 residues was due largely to an
improvement inkcat. KM for Ac-Nle-Tyr-Lys-LysVMCA was
decreased less than 2-fold relative to theKM for the tripeptidyl
Lys-Lys substrate, butkcat was increased approximately 25-
fold. In fact, kcat for the Lys-Lys substrate with Nle at P4
was comparable to that for a Gly-Arg substrate (Table 2;

Table 1: Kex2 Protease Possesses P4 Specificitya

sequence kcat/KM (M-1 s-1) relativekcat/KM error (%)

AcâYKK VMCA 9.2× 104 1 7
AcπYKK VMCA 7.8× 104 0.85 6
AcεYKK VMCA 5.7× 103 0.062 6
AcAYKK VMCA 1.2× 103 0.013 18
AcVYKK VMCA 1.4× 104 0.15 6
AcFYKK VMCA 3.7× 104 0.40 21
AcøYKK VMCA 1.3× 105 1.4 4
AcRYKK VMCA 1.2× 105 1.3 28
AcÇYKK VMCA 4.9× 103 0.053 11
AcDYKK VMCA <250 <0.0027 N/D
AcâYKRVMCA 4.3× 107 1 23
AcAYKR VMCA 4.3× 106 0.10 2.3
a All data are reported as the mean of at least three independent

trials, and errors are reported as standard deviations. Cleavage sites
are indicated by arrows.ε ) R-aminobutyric acid,π ) norvaline,â )
norleucine,ø ) (â-cyclohexyl)alanine, and C¸ ) citrulline. Relative
kcat/KM values are normalized to the substrates with norleucine at P4

for each P1 residue.

Table 2: Interaction with the P4 Side Chain Increaseskcata

sequence kcat (s-1) KM (µM)

bocEKKVMCA 0.19 55
bocQGRVMCA 6.1 320
AcâYKRVMCA 50 1
AcâYKK VMCA 5.0 38
AcAYKK VMCA 0.36 350

aData for substrates other than bocEKK-MCA and bocQGR-MCA
are reported as the mean of three independent trials with standard
deviations for all values below 35%. Cleavage sites are indicated by
arrows.â ) norleucine. Data for bocEKKVMCA and bocQGRVMCA
are from ref 9, but little difference inkcat and KM between Kex2
preparations was observed with these substrates (data not shown).
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this substrate has the lowestkcatmeasured thus far with Arg
at P1). kcat for the Lys-Lys substrate with Ala at P4 was only
slightly higher than that for the tripeptide substrate boc-Glu-
Lys-LysVMCA, while KM was actually about 6-fold higher.
These results show that the nature of the P4 side chain, rather
than its mere presence, is required to compensate for thekcat
defect observed with Lys-Lys substrates.
Substitution of Lys for Arg at P1 Changes the Rate-Limiting

Step. Unlike other serine proteases such as subtilisin BPN′
and chymotrypsin (13), Kex2 is unusual in that an initial
burst of product formation is seen in its reaction with a Lys-
Arg amide substrate (Figure 1A;9). Such a burst was
observed in cleavage of an Arg-Arg substrate by the
mammalian Kex2 homologue furin (14). However, the
tripeptidyl Lys-Lys substrate boc-Glu-Lys-LysVMCA, which
has akcat defect of>100-fold (9), did not show such a burst
of product formation (Figure 1B), indicating that the rate-
determining step in cleavage of this substrate is different from
that for the Lys-Arg substrate. However, as shown above,
the presence of a favorable P4 residue can restorekcat for a
Lys-Lys substrate to a level comparable to that of certain
substrates with Arg at P1 and only an order of magnitude
below thekcat seen with an optimal substrate (Table 2). This
raised the possibility that the rapid acylation seen with
substrates containing Arg at P1 might also be restored in a
Lys-Lys substrate by including a favorable P4 residue.
However, cleavage of the substrate Ac-Nle-Tyr-Lys-

LysVMCA by Kex2 did not exhibit an initial burst (Figure

2A), indicating that the partial compensation conferred by
the P4 side chain did not restore rapid acylation. The
substrate boc-Gln-Gly-ArgVMCA, whosekcat is comparable
to that of Ac-Nle-Tyr-Lys-LysVMCA, did show an initial
burst (Figure 2B), indicating that the rate-limiting step in
cleavage of these two substrates is different despite their
similar kcat values.
Enzyme-Substrate Interactions at P4 and P1 Are Not

Independent.Although the P4 side chain can compensate
for Lys at P1, previous work on Kex2 had shown little
difference between tripeptidyl and pentapeptidyl Lys-Arg
substrates (9). However, a mutant form of Kex2 with a
perturbed oxyanion hole exhibited much more severe defects
in cleavage of a tripeptidyl Lys-Arg substrate than in
cleavage of an analogous pentapeptidyl substrate (15),
suggesting that contacts beyond P3 may compensate for a
lesion in the active site. The work cited above relied on
substrates differing in N-terminal protecting groups and P3

residues. To examine P4 effects on Lys-Arg substrates within
consistent sequence contexts, we compared cleavage of Ac-
Nle-Tyr-Lys-ArgVMCA and Ac-Ala-Tyr-Lys-ArgVMCA by
wild-type Kex2 protease. Thekcat/KM values for these
substrates differed by only 10-fold, as opposed to>70-fold
for the equivalent Lys-Lys substrates (Table 1). Thus, the
effect of an optimal P4 interaction uponkcat/KM is nearly 10-
fold greater in the context of a poor P1 residue (Lys) than
with the optimal P1 residue (Arg). Therefore, we conclude

FIGURE 1: (A) Kex2 cleavage of Ac-Nle-Tyr-Lys-ArgVMCA
displays an initial burst of product formation (18.5 pmol of Kex2
per time point). (B). No such burst is seen with the substrate boc-
Glu-Lys-LysVMCA (24 pmol of Kex2 per time point).

FIGURE 2: Although the substrate Ac-NleTyrLysLysVMCA has a
very similarkcat to the substrate boc-GlnGlyArgVMCA (Table 2),
these substrates have different rate-limiting steps. (A) No initial
burst is seen with Ac-NleTyrLysLysVMCA (15 pmol of Kex2 per
time point). (B) A burst is seen with boc-GlnGlyArgVMCA. Values
are reported as raw fluorescence.
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that recognition of P1 and P4 by Kex2 protease are inter-
dependent.

DISCUSSION

Here, we have shown that Kex2 protease exhibits specific-
ity at P4 in addition to its previously recognized specificity
at P2 and P1. Favorable interactions between the enzyme
and the P4 side chain substantially improve values ofkcat/
KM and kcat for Lys-Lys substrates. However, this partial
compensation for Lys at P1 is insufficient to restore the burst
kinetics seen with Lys-Arg substrates; that is, even Lys-Lys
substrates with favorable P4 residues form the acylenzyme
intermediate more slowly than Lys-Arg substrates. Further-
more, the effects of substitutions at P1 and P4 on catalysis
are not independent of one another.
These data clearly demonstrate a preference for either an

aliphatic or a basic residue at this position (Table 1).
Although a relatively small number ofin ViVoKex2 cleavage
sites are known, 8 out of a list of 11 known or likely Kex2
cleavage sites inS. cereVisiaeproproteins possess aliphatic
P4 residues (Table 3). However, expression of mammalian
proproteins in yeast has shown that Kex2 can efficiently
cleave substratesin ViVo with Arg at P4 (16). Moreover,
one probable physiological cleavage site does contain a basic
residue at P4 (17). Therefore,in ViVo observations are in
keeping with the data presented here.
There is no crystal structure yet available for a proprotein

processing protease, but the structures of a number of
bacterial subtilisins have been solved (18-20), allowing
identification of residues which may be involved in P4

recognition (21). Furthermore, the role of several of these
residues has been examined by mutagenesis in degradative
subtilisins (22-26), and quantitative effects on P4 specificity
are indeed seen. An attempt to modulate furin specificity
using site-directed mutagenesis of such residues has also been
reported (27), and qualitative effects on specificity are seen
in these mutants as well. It is thus possible to tentatively
identify candidate residues for P4 specificity in both Kex2
and metazoan homologs, such as furin, which have specificity
for Arg at P4 (Table 4). Kex2 possesses both hydrophobic
and acidic residues at these locations, which may explain
the observed dual specificity for aliphatic and basic P4

residues. This is also in keeping with the proposal that the
P4 pocket has two subsites with potentially different char-
acteristics (28).

No Lys-Lys substrate examined exhibited the initial burst
of product formation seen with Lys-Arg substrates. This
suggests that Arg at P1 may be necessary for rapid acylation
of the enzyme. The initial burst indicates that initial
acylation and AMC release are faster than the subsequent
steady-state turnovers, implying that a step after acylenzyme
formation and AMC release must be rate-limiting in the
steady state. The lack of such a pre-steady-state burst with
Lys-Lys substrates suggests that acylation may be the rate-
determining step in cleavage of such substrates. Favorable
P4 contacts do not confer burst kinetics upon Lys-Lys
substrates. However, a favorable interaction with the P4 side
chain does increasekcat for a Lys-Lys substrate, so it must
accelerate the rate-limiting step for such substrates. Thus,
the P4 contact may specifically increase the rate of acylation
of Kex2 protease by Lys-Lys substrates, though not to the
rates achieved with the more physiological substrates having
Arg at P1.
The nonadditive effects of substitutions at P1 and P4

indicate that the subsites that bind the P1 and P4 side chains
do not do so independently. In crystal structures of degra-
dative subtilisins with bound inhibitors, the P4 and P1 pockets
are adjacent to each other. It is thus quite feasible that the
nature of the P4 residue affects the alignment of the P1 residue
with the S1 subsite and vice versa. This is also in keeping
with the observed interdependence of the S1 and S4 binding
sites in degradative subtilisins (12).
An extensive survey of substrate specificity has been

carried out for two degradative subtilisins (6). By comparing
otherwise identical substrates with Phe or Asp at the P4

position, P4 specificity was estimated to contribute ap-
proximately 5 kcal/mol toward catalysis. However, com-
parison of substrates with Phe or Ala at this position gave a
much smaller value of 1.1-1.9 kcal/mol.
The similarity in ourkcat/KM values for Kex2 cleavage of

Lys-Lys substrates with Cha, Nle, or Arg at P4 (Table 1)
suggests that P4 has been optimized in this context. Ifkcat/
KM for Ac-Nle-Tyr-Lys-Lys-MCA or Ac-Arg-Tyr-Lys-Lys-
MCA is indeed an upper bound for Kex2 cleavage of these
Lys-Lys substrates, then the difference between these values
and the lowest value measured provides a reasonable estimate
of the energetic contribution of the S4-P4 interaction to Kex2
catalysis. This corresponds to a free energy of 2.6-2.8 kcal/
mol with a substrate containing P4 Ala as a lower bound or
g4 kcal/mol with a substrate containing P4 Asp. These
values are quite comparable to the energetics of discrimina-
tion for similar residue substitutions in degradative subtilisins
discussed above. However, in the case of Kex2 protease,

Table 3: Physiological Kex2 Cleavage Sitesa

cleavage site sequence reference

k1 killer toxin (44V45) -LLPRVEA- 30
k1 killer toxin (149V150) -VARRVDI- 30
k1 killer toxin (188V189) -YVKRVSD- 31
k1 killer toxin (233V234) -VAKRVYV- 30
MFR1 pro-R-factor (85V86) -LDKRVEA- 32
MFR1 pro-R-factor (104V105)b -MYKR VEA- 32
KEX2 prodomain (109V110) -LFKRVLP- 9
exo-1,3-â-glucanase (40V41) -NKKRVYY- 33
MFR2 pro-R-factor (80V81) -LAKRVEA- 34
MFR2 pro-R-factor (101V102) -MYKRVEA- 34
S. cereVisiaeHSP150 (71V72) -KAKRVAA- 17
a Eleven known Kex2 cleavage sites fromS. cereVisiae are listed.

Residues surrounding the cleavage site are shown from P4 to P2′. The
residue numbers of P1 and P1′ are given, and cleavage sites are indicated
by arrows.b The same cleavage site is repeated at 125V126 and 145V146.

Table 4: Residues Implicated in P4 Specificitya

enzyme
residue
104

residue
107

residue
126

residue
130

residue
135

Kex2 Thr Glu Trp Asp Val
furin Asp Glu Trp Asp Ala
subtilisin Tyr Ile Leu Ser Leu
aResidues implicated in P4 specificity for Kex2, subtilisin BPN′,

and human furin were compared using a previously published alignment
of the catalytic domains (21). A more recent alignment (28) agrees
well with the earlier alignment. The numbering of subtilisin BPN′ is
used throughout. The presence of both aliphatic and acidic residues in
the Kex2 P4 pocket may explain its recognition of both aliphatic and
basic P4 side chains.
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the energies of interaction with substrate P1 and P2 side chains
are higher still (8). P4 specificity would thus play an
accessory role in proprotein processing by Kex2, though for
enzymes such as furin it is clearly a primary determinant of
cleavage site selection (29).
Kex2 had long been considered to have specificity for

dibasic sites, but little apparent P4 specificity, because
substrates containing either aliphatic or basic residues at P4

were cleaved with comparable efficiency (9). However, we
have shown that the reason for this is that Kex2 exhibits
dual recognition for aliphatic and basic P4 residues. Fur-
thermore, this conclusion would suggest that characterization
of P4 specificity in related processing proteases should
include examination of residues such as Ala or Asp rather
than simple comparison of the effects of a large aliphatic
residue and a basic residue. The interaction between the S1

and S4 subsites in determining cleavage site selection makes
this an important consideration. The molecular basis for this
communication between S1 and S4 subsites now apparent in
both processing and degradative members of the subtilisin
superfamily is yet to be elucidated.
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