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One-step site-directed mutagenesis of the Kex2 protease
oxyanion hole
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Background: Members of the subtilisin family of
serine proteases usually have a conserved asparagine
residue that stabilizes the oxyanion transition state of
peptide-bond hydrolysis. Yeast Kex2 protease is 2 mem-
ber of the subtilisin family that differs from the degrada-
tive subtilisin proteases in its high substrate specificity,
it processes pro-a-factor, the precursor of the a-factor
mating pheromone of yeast, and also removes the pro-
peptide from its own precursor by an intramolecular
cleavage reaction. Curiously, the mammalian protease
PC2, a Kex2 homolog that is likely to be required
for pro-insulin processing, has an aspartate in place of
asparagine at the ‘oxyanion hole’.

Results: We have tested the effect of making sub-
stitutions of the conserved oxyanion-hole asparagine
(Asn314) of the Kex2 protease. To do this, we have
developed a rapid method of site-directed mutagenesis,
involving homologous recombination of a polymerase
chain reaction product in yeast. Using this method, we
have substituted alanine or aspartate for Asn314 in a
form of Kex2 engineered for secretion. Transformants
expressing the two mutant enzymes could be identi-
fied by failure either to produce mature a-factor or to
mate. The Ala 314 enzyme was unstable but the Asp 314

enzyme accumulated to a high level, so that it could
be purified and its activity towards various substrates
tested in vitro. We found that, with three peptides that
are good substrates of wild-type Kex2, the &, of the
Asp 314 enzyme was reduced ~ 4500-fold and its K y;
~ 4-fold, relative to the wild-type enzyme. For the pep-
tide substrate corresponding to the cleavage site of pro-
a-factor, however, k., of the Asp 314 enzyme was re-
duced only 125-fold, while the K ,; was increased 3-fold.
Despite its reduced catalytic activity, however, process-
ing of the mutant enzyme in vivo— by the intramolecu-
lar cleavage that removes its amino-terminal pro-domain
— occurs at an unchanged rate.

Conclusions: The effects of the Asn 314-Asp substitu-
tion reveal contributions to the reaction specificity of the
Kex2 protease of substrate residues amino-terminal to
the pair of basic residues at the cleavage site. Aspartate
at the oxyanion hole appears to confer k., discrimina-
tion between substrates by raising the energy barrier for
productive substrate binding: this may have implications
for pro-insulin processing by the PC2 protease, which
has an aspartate at the equivalent position. The rate of
intramolecular cleavage of pro-Kex2 may be limited by
a step other than catalysis, presumably protein folding,
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Background

Serine proteases are among the most extensively
characterized enzymes (for review, see [1]). The
hydrolytic mechanism involves the catalytic triad of
residues, Asp, His and Ser, arranged in a conserved
geometry. Remarkably, this mechanism appears to have
evolved at least twice: once with the chymotrypsin fold
and another time with the subtilisin fold. Crystal struc-
tures of serine proteases in complexes with transition
state analogs have identified key hydrogen bonds that
stabilize the oxyanion reaction intermediate. In chy-
motrypsin, backbone amide hydrogens are positioned
to interact with the carbonyl oxygen when it develops
a negative charge [2]. In subtilisin, the side chain of
Asn 155 forms part of the ‘oxyanion hole’, contribut-
ing a key hydrogen bond to the carbonyl oxygen, in
addition to the hydrogen bond donated by the amide
proton of the nucleophilic Ser221 [3]. The oxyanion-
hole asparagine is a conserved feature of the subtilisin
family, but its role has been evaluated by mutagenesis
only in subtilisin itself [4,5].

Kex2 protease (Saccharomyces cerevisiae Kexin,
E.C. 3.4.21.61) is the prototype of a ‘Kex2 subfamily’

of subtilisin-related enzymes, which are thought to
possess high substrate specificity and to function within
Golgi or post-Golgi organelles to process precursor
proteins by cleavage carboxy-terminal to pairs or mul-
tiples of basic residues [6,7]. The biosynthesis [8], in-
tracellular localization [9,10], and kinetic properties of
Kex2 protease have been studied extensively. By trun-
cating the Kex2 coding sequence before the region en-
coding the protein’s transmembrane anchor, we have
been able to purify and characterize a secreted, soluble
form of the enzyme — ss-Kex2 [11].

Kex2 is synthesized as a pro-enzyme that is pro-
cessed in the endoplasmic reticulum [8] by cleavage
at the peptide bond carboxy-terminal to a Lys-Arg
dipeptide, removing an amino-terminal pro-peptide.
The cleavage reflects the intrinsic specificity of the
enzyme [11] and occurs by an intramolecular re-
action ([12] and P Gluschankof and RS Fuller, un-
published data). The pro-domain of an active-site
His 213-Ala mutant of Kex2 protease was not cleaved,
even when expressed in cells containing wild-type
Kex2 protease (P Gluschankof and RS Fuller, un-
published data). In Bacillus subtilis, however, active-
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site mutants of subtilisin can be made and obtained
as mature, though sparingly active, proteases by co-
cultivation with bacteria expressing wild-type subtilisin
[13,14].
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Fig. 1. One-step site-directed mutagenesis strategy. A 153 bp
fragment encoding an amino-acid substitution at codon 314 and
silent substitutions at codon 312 that introduce a site for BspEl
was generated by PCR using the indicated primers. Yeast cells
were co-transformed with this fragment and Bglll-digested yeast
expression plasmid pG5-KEX2A673. This plasmid is identical to
pG5-KEX2AC3 [111. The allele number ‘A673' now indicates trun-
cation of the KEX2 coding sequence after codon 613, deleting the
Ser/Thr-rich domain, the transmembrane domain and cytosolic
tail. In addition to KEX2 sequences, the plasmid contains pBR322
with an intact B-lactamase gene and the URA3 gene and 2y cir-
cle of S. cerevisiae. Ligation of the linear plasmid or recombina-
tion on both sides of the Bglll site is required for the plasmid
to be replicated in yeast. When the plasmid is regenerated by
recombination distal to the sites of mutation, the mutation is in-
corporated into the plasmid and the resulting yeast transformant
produces the mutant protein.

In the present work, substitution of Asn314 by Ala
or Asp was accomplished by recombination in vivo
of a polymerase chain reaction (PCR) [15] product
and a linearized yeast expression plasmid. Changing
Asn314 to Ala reduced both the activity and the sta-
bility of the protein. Surprisingly, however, changing
Asn 314 to Asp, which is present at the equivalent po-
sition in the mammalian Kex2 homolog PC2 [16], had

little effect on the rate of intramolecular pro-domain
cleavage or the pH-dependence of catalysis, despite
reducing &_,/Ky, for the cleavage of peptide substrates
1000-fold. Although three good Kex2 substrates were
cleaved by ss-Kex2 Asp 314 with ~ 4500-fold lower k&,
the best substrate, derived from the site of cleavage
in the physiological Kex2 substrate pro-a-factor, was
cleaved with only a 125-fold lower k,, This k., dis-
crimination, not observed in cleavage of the same sub-
strates by wild-type Kex2 protease, may be relevant in
understanding the specificity of pro-insulin processing
by PC2 [17,18].

Results

One-step site-directed mutagenesis

Mutations were introduced in one step into the gene
encoding ss-Kex2 on an expression plasmid. Yeast cells
were co-transformed with the linearized plasmid and
PCR products carrying sequence changes introduced
by the primers used in their synthesis (Fig. 1). The
yeast expression plasmid for ss-Kex2, pG5-KEX2A613
(formetly called pG5-KEX2AC3) [11], was linearized at
its unique Bgdl site, 87 nucleotides 3’ to the Asn314
codon. A 153 base pair (bp) mutant PCR product was
generated from a wild-type KEX2 subclone (Fig. 2a).
Mismatches were incorporated at nucleotides 25-32 of
the 42 bp 5" PCR primers (Fig. 2b, primers NA and
ND), allowing efficient priming by the 3" ends of the
primers, but permitting recombination distal (5”) to the
altered sites. The 3’ primer, 21mer Nrev, contained only
wild-type sequences and was used in both mutagenic
PCRs.

Table 1. Ura* colonies per pG5-KEX2A613 transformation.

Bgl Il treatment - + +
Inclusion of PCR product - - +
Strain 5’ primer

ABYO1 ND 244 300 792
CB017 NA 92 219 636

Plasmid pG5-KEX2A613 carries the URA3 gene and confers growth
on uracil-lacking (—ura) media. Yeast strains were transformed as
described in [35] with 60 ng of plasmid and, where indicated, 60ng
of PCR product {100-fold excess).

The results of two sets of yeast transformations are
shown in Table 1. Addition of PCR products to lin-
earized DNA increased transformation efficiency three-
fold, suggesting that roughly two out of three transfor-
mants arose from recombination between plasmid and
PCR product sequences. Recombination between the
plasmid and the PCR product could regenerate either a
wild-type or mutant plasmid (Fig. 1). Recombination at
the 5’ side of the Bgll site could occur either proximal
(3") or distal (5") to the sites of mutation. Proximal
events would regenerate the wild-type plasmid, distal
events would introduce the mutations.
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(a) LysGlyAlalleTyrvalPheAlaSerGly AsnGlyGlyThr

37 TTTCCTCGCTAAATGCARAAACGGTCACCTTITACCACCTTGA

wt 57 AAAGGAGCGATTTACGTTTTTGCCAGTGGAAATGGTGGAACT 72 nt AAAGATCTACATCCTCCTTATTCCGAAGGTTGTTCCGCC 37

LysAspLeuHisProProTyrSerGluGlyCysSerala

TTTCTAGATGTAGGAGGAATAAGGCTTCCAACAAGGCGG 5

NA3 5’ AAAGGAGCGATTTACGTTTTTGCCAGTGCA GCTGGTGGAACT

LysGlyAlaIleTyrvValPheAlaSerGly AlaGlyGlyThr
NA6 5’ AAAGGAGCGATTTACGTTTTTGCC TCCGGAGCTGGTGGAACT

BspE I
ND7 LysGlyAlaIleTyrvValPheAlaSerGly AspGlyGlyThr
and 5’ AAAGGAGCGATTTACGTTTTTGCC TCCGGAGATGGTGGAACT
ND9 BspE 1

Bgl II

(b) Ala
NA 5 AAAGGAGCGATTTACGTTTTTGCC TCCGGAGCTGGTGGAACT 37

BspE 1

Asp

ND 5’ AAAGGAGCGATTTACGTTTTTGCC TCCGGAGATGGTGGAACT 37

BspE T
NX 5’ AAAGGAGCGATTTACGTTTIT 3

Nrev 3’ ATAAGGCTTCCAACAAGGCGG 57

(e) LysGlyAlalleTyrvValPheAlaSerGly AlaGlyGlyThr LysAspLeuHisProProTyrSerGluGlyCysSerAla

72 nt AAAGATCTACATCCTCCTTATTCCGAAGGTTGTTCCGCC 37
Bgl II

LysAspLeuHisProProTyrSerGluGlyCysSerAla
72 nt AAAGATCTACATCCTCCTTATTCCGAAGGTTGTTCCGCC 37
Bgl 11

LysAspLeuHisProProTyrSerGluGlyCysSerAla
72 nt AAAGATCTACATCCTCCTTATTCCGAAGGTTGTTCCGCC 37
Bgl 11

Fig. 2. (a) DNA sequence of a portion of the KEX2 gene, showing the encoded protein sequence [36]. The Bglll site is indicated. Note
that 72bp in the middle are not shown. (b} DNA sequences of the PCR primers used in this study. The Bspkl site is indicated. Bases that
differ from wild type are shown are in bold. Primers NA and ND are mutagenic. Primer NX is used for diagnosing whether a plasmid has
incorporated the BspEl site. Primer Nrev is the common 3’ primer. Oligonucleotides (PAN Facility, Stanford University) were used without
purification. (c) Sequences of mutant isolates. NA3, KEX2A673-Ala 374 isolate 3; NA6, KEX2A613-Ala 314 isolate 6; ND2, KEX2A613-Asp 314
isolate 2; ND13, KEX2A673-Asp 314 isolate 13. Site-directed mutations are in bold.

To screen yeast transformants for the presence of
site-directed mutations, DNA was amplified from
ABYO1 transformants (MATa, ura3) derived from the
Asn 314-Asp mutagenesis. The mutagenic primers in-
corporated three mismatches distal to the Asn314
codon that changed the Ser312 codon AGT to TCC,
Because the following codon was GGA (Gly313),
recombination of these sequences into the plasmid
would generate a BspEI site (5'TCCGGA). Amplifica-
tion of transformant DNA with primers NX and Nrev
(Fig. 2b) showed whether the resulting PCR prod-
ucts contained the BspEI site. Six of 48 transformants
produced PCR products that were partially digestible
with BspEI (data not shown), indicating that the mu-
tagenic PCR product had been introduced into the
genome or the plasmid, but not both. Because the
BspEl site was introduced distal to the Asn codon,
all recombinantscontaining the BspEI site would be
expected to contain the Asn314-Asp substitution.
Conversely, few recombinants lacking the BspEI site
were expected to contain mutations at codon 314
(see below).

Transformants were grown to stationary phase in 1040
medium [11] and assayed for secreted, soluble Kex2
activity. Colonies without the introduced BspEI site dis-
played high levels of ss-Kex2 activity, characteristic of
wild-type overexpressers ( ~400 u/pl in ABYO1). Those
with the introduced site secreted ~0.1 % the activity of
wild-type. The fact that the BspEl site correlated with an
effect on secreted activity ruled out the possibility that
the genomic copy of KEX2 had been modified.

The low activity of putative Asn314-Asp substitution
mutants of ss-Kex2 prompted us to test whether
the yeast transformants could be assayed biologically
for the presence of mutations. Kex2 protease activ-
ity is required for mating by cells of the o mating
type [19]. Strain CBO17 (MAT% kex2A) was trans-
formed with Bglll-linearized pG5-KEX2A 613 plus PCR
products from a reaction with NA and Nrev primers
(Fig. 2) and Ura*t prototrophs were selected (Table
1). Six of 34 transformants tested for mating profi-
ciency failed to mate. The sterile transformants secreted
~1000-fold less ss-Kex2 activity into culture medium
than mating-proficient transformants (data not shown).

For each mutagenesis experiment, plasmids that con-
ferred ampicillin resistance in Escherichia coli were
recovered from two independent transformants (can-
didate Asp 314 mutants were screened by PCR and ac-
tivity assays, and Ala 314 mutants by mating and activity
assays). Both strands of each purified plasmid were
sequenced throughout and beyond the region poten-
tially replaced by the PCR product (Fig. 2c). Each plas-
mid had the site-directed mutation at codon 314 and
no additional mutations that might have been derived
from unfaithful DNA replication, recombination or re-
pair. One isolate, NA3, that was picked on the basis
of sterility and low activity, encoded Asn at codon 314
but did not incorporate the changes at codon 312 that
would generate the BspEl site (Fig. 2¢). This isolate
must have arisen from recombination between codons
312 and 314. PCR products amplified from each puri-
fied plasmid had the expected sensitivity or resistance
to BspEl (data not shown). The apparent frequency of
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Fig. 3. Protein secreted by ABY01 trans-
formants. (a) Protein was precipitated
from 1ml of chilled, cell-free medium
from saturated cultures of ABYOT trans-
formants by the addition of Na deoxy-
cholate to 0.0159% and trichloroacetic
acid to 6 %. Samples were run on SDS-
10 % PACE and stained with Coomassie
brilliant blue. Lanes are as follows: M,
marker proteins of 97, 68, 43, 29, 20 and
14kD; 1, ABYO1 [pG5]; 2, ABYOT [pG5-
KEX2A613); 3, ABYO1 [pG5-KEX2A613-
Ala374] isolate 3; 4, ABYO1 [pG5-
KEX2A613-Ala314] isolate 6; 5, ABYO1
[pC5-KEX2A613-Asp 314] isolate 7; 6,
ABY01 [pG5-KEX2A613-Asp 314] isolate
9. (b). The stained gel shown in (@
was soaked 20 minutes in SDS-PACE
running buffer and electroblotted to
nitrocellulose (Millipore). The blot was
probed with a polyclonal antiserum

introduction of site-directed mutations into the yeast
expression system was 15% (12 out of 82 transfor-
mants tested). Because one-fifth of the length of each
PCR product from the 5 terminus to the BglI site
is distal to the sites of mutation and two-thirds of
the colonies arose because of recombination, the 15 %
frequency of introduced mutations was expected.

To prove that the mating defects and low activities of
Asn 314 mutants were linked to the mutations, each
strain was re-transformed with two independent iso-
lates of each mutant plasmid. CB017 transformants
of each mutant plasmid mated at 1075 times the
frequency of CBO17 carrying pGS-KEX2AG13 (data
not shown). Thus, kex2A613-Ala 314 and kex2A613
Asp 314 alleles were nearly as sterile as kex2A strains,
the mating efficiency of which is indistinguishable from

the bzéckground levels of auxotrophic reversion events
(10796).

Biosynthesis of Asn 314 substitution mutants

The biosynthesis of three kex2loss-of-function mutants
has been analysed previously. Mutation of the active
site His or truncation of the P domain, an essential
155 amino-acid domain carboxy-terminal to the subtil-
isin domain, blocked pro-domain cleavage and resulted
in the accumulation of inactive proteins, even when
expressed in a Kex2*t background (P Gluschankof
and RS Fuller, unpublished data). Similarly, the active
site Ser was shown to be essential for the production
of active, mature-sized ss-Kex2 in baculovirus-infected
insect cells [12].

Culture media from pGS5-KEX2AG613-Ala314 and

pG5-KEX2A 613 Asp 314 transformants of ABY01 were
collected and total protein samples were subjected to
SDS-PAGE (Fig. 3a). Surprisingly, despite the barely

raised against purified ss-Kex2 protease
that had been blocked against non-
specific yeast antigens, washed, probed
with a goat anti-rabbit IgG conjugated
to horseradish peroxidase, and devel-
oped with an enhanced chemilumines-
cence kit (Amersham). Lanes were the
same as in (a).

detectable levels of secreted activity and biological
activity, Asp314 ss-Kex2 accumulated to the same
high level as wild-type ss-Kex2, accounting for greater
than 50 % of total protein in culture medium. Ala 314
ss-Kex2 accumulated to approximately 10% the le-
vel of wild-type ss-Kex2. Increased protein turnover
may account for the decreased accumulation of Ala 314
ss-Kex2. A western blot of the gel shown in Figure 3a
shows that Ala314 ss-Kex2 was substantially degraded
in culture medium. In contrast, the Asp314 ss-Kex2
was as stable as wild-type ss-Kex2 (Fig. 3b). Because of
the instability of Ala314 ss-Kex2, kinetic analyses were
performed only on wild-type and the Asp 314 enzymes.

Table 2. I, tol; conversion of wild-type and mitant ss-Kex2

proteases.
t=0 minutes t=3 minutes I, formation
Enzyme I 8 I I k ti
(countsx10™) min) (s)
wt 114 97 8.6 210 0.49 85
Asp314 26.8 12.0 372 515 0.45 92

A Molecular Dynamics Phosphorimager was used to quantify the
immunoprecipitation shown in Figure 4. Phosphorescent pixel
counts in I, (intracellular plus extracellular) at 0 and 3 minutes were
used to solve the equation: Counts = limit (1 — e ¢~ 128 | ag times
were —0.5 to —1 minutes, indicating that, on average, |, was created
(after translation, translocation and glycosylation) early in the latter
half of the 2 minutes labeling period. Because different cultures can
have different kinetics and extents of amino-acid uptake, the rates
of formation and consumption of I, were considered less reliable
than the rates of 1, formation.

The rates of pro-domain cleavage of wild-type and
Asp 314 forms of ss-Kex2 were measured by pulse—
chase/ immunoprecipitation [8]. Cells pulse-labeled
with 35S-amino acids for 2 minutes were subjected
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Wild-type N314D
Cells Medium Cells

6, 0, 3’ 6' 0: 31 6! 0:
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6
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Fig. 4. Pulse—chase immunoprecipita-
tion of Kex2 biosynthetic intermediates.
Indicated samples were pulse-labeled
for 2 minutes and harvested after the
indicated times of chase. Arrows mark
the positions of |; (pro-ss-Kex2) and
1, (mature ss-Kex2).

to a cold chase and harvested after 0, 3 and 6 min-
utes of chase, Analysis of immunoprecipitated Kex2
protein by SDS-PAGE permits quantification of con-
version of the intermediate ‘I;" (core-glycosylated pro-
Kex2) to intermediate ‘I,” (core-glycosylated enzyme
with pro-domain removed) [8]. I; to I, conversion has
a half-time of ~1 minute for wild-type Kex2 protease
(8] and similar kinetics for the secreted, soluble form
(P Gluschankof and RS Fuller, unpublished data). Re-
markably, I, appeared almost as rapidly in the cells
carrying Asp 314 ss-Kex2 as it did in the cells carrying
wild-type ss-Kex2 protease (Fig. 4; Table 2). In the case
of wild-type ss-Kex2 protease, at 0 and 3 minutes of
chase, I, constituted 46 % and 71 % of the radioactivity
in the two bands, respectively. With Asp314 ss-Kex2,
I, constituted 31 % and 58 % of the radioactivity at the
same time points. The half-times for appearance of I,
were calculated to be 85 and 92 seconds, respectively.

Enzymatic characterization of Asp 314 ss-Kex2

Greatly reduced activity of Asp 314 ss-Kex2 could have
resulted from the inactivation of the majority of the
secreted enzyme. Figure 5a shows a titration of active
sites of concentrated and desalted Asp314 ss-Kex2
with Pro-Nvl-Tyr—Lys—Arg—-CH,Cl, a high-affinity pep-
tidyl chloromethylketone [20]. The quantty of in-
hibitor that is sufficient to inactivate all of the enzyme
was determined by extrapolating inhibition by sub-
stoichiometric inhibitor to zero activity. This indicated
that the concentration of active sites in the Asp314
ss-Kex2 preparation was 18 pM, equivalent to a concen-
tration of 1 mg/ml of active ss-Kex2. Total protein was
1.17 mg/ml, indicating that 85 % of the protein in the
preparation was active Asp 314 ss-Kex2. On SDS-PAGE
(Fig. 5b), the protein appeared to be 85-90% pure,
indicating that nearly all of the enzyme was active.

Table 3. Kinetic constants in hydrolysis of synthetic substrates.
Substrate Enzyme Kege koo Ky Ky, Ko/ Kng koK
P.P,P,P,P, P, s7! rel. uM rel. sTM-! rel.
(1) Ac-P-M-Y-K-R-MCA wt 25.0 1.0 2.2 1.0 11 000 000 1.0
4B Ac-P-M-Y-K-R-MCA N314D 0.2000 1.0 6.1 1.0 33000 1.0
(2) Boc-L-K-R-MCA wit 23.0 0.92 3.9 1.8 5900 000 0.54
(2) Boc-L-K-R-MCA N314D 0.0055 0.028 1.2 0.20 4700 0.14
(3) Boc-L-R-R-MCA wt 45.0 1.8 17.0 7.7 2 600000 0.24
(3) Boc-L-R-R-MCA N314D 0.0085 0.043 4.0 0.66 2100 0.064
(4) Boc-Q-R-R-MCA wt 21.0 0.84 13.0 59 1600000 0.15
4) Boc-Q-R-R-MCA N314D 0.0050 0.025 2.7 0.44 1800 0.055
Wild-type k, Ky, and k_, /K, values are from [11]. k,, Ky, and k_, /Ky, rel. values are k ., Ky, and k, /K, values for a given substrate
divided by the corresponding value for substrate 1. Ac, acetyl; Boc, tertbutoxycarbonyl; P, Pro; M, Met; Y, Tyr; K, Lys; R, Arg; L, Leu; Q, Gln;
wt, wild-type form of ss-Kex2 protease; N314D, Asp314 form of ss-Kex2 protease.
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AMC released (pmol)

0 T T T T T
0 1

Pro—Nvl-Tyr—Lys—Arg—CH,C! (pmol)

N —E

Fig. 5. Concentration and active-site
titration of Asp 314 ss-Kex2. (@) Amount
of aminomethylcoumarin  (AMC) re-
leased in a 4 minutes incubation was
plotted against amount of inhibitor that
had been added in a 1 hour pre-incuba-
tion. Assays contained 0.1 pl of Asp 314
ss-Kex2. Linear regression of the data
(the highest concentration of inhibitor
not included) indicated that 1.8 pmol of
active sites were present in the assays.
(b) Coomassie-stained SDS—10 % poly-
acrylamide gel. Lanes are as follows: M,
marker proteins; 1, 3.3 pg (60 pmol of ac-
tive sites) purified wild-type ss-Kex2 pro-
tease [11]; 2, 3.3 pg (50 pmol of active
sites) of Asp 314 ss-Kex2 preparation.

Steady-state rate constants were obtained for cleavage
of four Lys—-Arg and Arg—Arg-containing methylcouma-
rinamide (MCA) substrates (Table 3) that, previously,
had exhibited the highest &,/ K, values with wild-type
ss-Kex2 protease [11]. The wild-type enzyme discrim-
inated between these substrates primarily on the basis
of Ky, differences, having &, values that were virtually
identical (~25 s~1; [11]). The Asp314 ss-Kex2 en-
zyme cleaved substrates 2, 3 and 4 with a ~4500-
fold decrease in k., offset slightly by a ~4-fold de-
crease in Ky, (Table 4). The effect on cleavage of these
three substrates was similar to the effect on cleavage
of each substrate examined with the corresponding
mutation in subtilisin [5], which resulted in a 2500-
fold decrease in k., and a 5-fold decrease in Ky
In contrast, the best substrate for wild-type ss-Kex2,
Ac—Pro-Met-Tyr-Lys—Arg—MCA (see Table 4, substrate
1), the sequence of which is derived from the sequence
of cleavage sites in the physiological substrate pro-
a-factor, was cleaved by Asp 314 ss-Kex2 with a 3-fold
increase in Kj; and a 125-fold decrease in 4.,

Table 4. Kinetic consequences of substitution of Asp for Asn314.
Substrate K wt/ Kywt/ (ke / KWt/

k. N314D KyN314D - (k. /K, )N314D
(m 125 0.36 330
(2) 4200 3.25 1300
(3) 5300 4.25 1200 .
4) 4200 4.80 890

Introduction of an ionizable group in the vicinity of
the active site could change the pH-dependence of
catalysis, either by affecting protonation of the ac-
tive site His or by introducing another group on
whose ionization the reaction directly depends. How-
ever, the pH-dependence of k. /K, in hydrolysis
of Ac-Pro-Met-Tyr—Lys-Arg-MCA was virtually un-
changed by mutation of Asn314 to Asp. When the val-
ues of k,/Ky of the mutant enzyme were plotted on

a scale 1000 times as sensitive as that of the wild-type
enzyme, the titration curves of the wild-type and mutant
activities were nearly superimposable (Fig. 6).

Discussion

A yeast genetic system for protein engineering

Efficient homologous recombination in mitotic cells
has been crucial to the rapid progress in yeast
molecular genetics. Studies can proceed not only from
mutation to gene to protein, but also in the reverse
order with methods such as ‘one-step gene disruption’
(21]. Homologous recombination can also facilitate
fine-structure mapping of mutations [22] and plasmid
construction [23].

Homologous recombination strategies continue to play
important roles when, as in the analysis of macro-
molecular function, mutations more subtle than nulls
are needed. Transformation of yeast with synthetic
oligonucleotides has been used to mutagenize the
chromosomal iso-1-cytochrome C gene [24], and
libraries of randomly mutated plasmid DNA have been
created by recombination of PCR products with a
linearized plasmid [25]. In the latter approach, non-
mutagenic primers and low fidelity PCR conditions
were used to generate random mutations. The present
work uses a mutagenic primer and high-fidelity PCR
conditions to generate a site-directed change and
shows that physiological, molecular, and biochemi-
cal methods can be used to identify mutated plas-
mid transformants. Although cleaved plasmids with a
non-ligatable gap create a stronger selection for re-
combinational transformants [23,25], this work shows
that yeast transformants generated by recombination
between two linear DNA molecules can be obtained
readily when one is a singly cleaved plasmid and the
other a short PCR product. This method significantly
reduces the number of DNA manipulations required to
generate and to evaluate novel site-directed mutations.

503



504 Current Biology 1993, Vol 3 No 8

25
| |
TA n
2 20 A
x o
T <
T 15 -
2 ol
S 10 2
= E
ZE ;}
X 5 s
5\21

0 T T T

5.0 5.5 6.0 6.5 7.0

Fig. 6. pH-Titration of wild-type and Asp 314 ss-Kex2 proteases.
blue T, Aspss-Kex2; red M, wild-type enzyme. The scale for
mutant enzyme activity is 1000-fold more sensitive than is the
scale for wild-type enzyme activity. The previous pH titration that
measured initial rates at saturating concentrations of substrate 4
arrived at a pK, of 5.7 for the wild-type enzyme [11]. The current
method used first order curves at low concentrations of substrate
1 to measure k,/Ky directly and is considered a more reliable
titration. With this assay, plots of k,/Ky, against pH gave pK, val-
ues for wild-type and Asp 314 ss-Kex2 enzymes of 6.30 and 6.05,
respectively.

Both site-directed mutagenesis and random mutagene-
sis, coupled with thoughtful screens and selections for
altered function, are valuable tools for the dissection
of macromolecular function. One-step site-directed
mutagenesis is readily adaptable to create both directed
and chance mutations simultaneously by use of a mu-
tagenic primer in combination with low-fidelity PCR
conditions. The combined incorporation of a specific
mutation along with random alterations could be valu-
able, because modeling often suggests which substi-
tutions to make but it cannot provide assurance that
a mutant protein will fold properly. Additional, ran-
dom mutations may allow the expression of an in-
tended substitution or may modify its environment in
informative ways.

Pro-domain processing in Asp 314 Kex2

Cleavage of the Kex2 pro-domain is intramolecular,
requiring the catalytic His213 and P domain even
when wild-type Kex2 protease is present in trans
(P Gluschankof and RS Fuller, unpublished data).
However, the Asn 314—Asp substitution did not reduce
the rate or the extent of production of the mature
protease, despite the low activity of secreted enzyme
(Figs 5 and 6; Table 2). Why does intramolecular pro-
domain cleavage appear to be independent of the
oxyanion hole Asn? One possibility is that intramolecu-
lar cleavage differs mechanistically from substrate cleav-
age by the mature enzyme. For example, structural fea-
tures that are unique to the pro-enzyme might posi-
tion moieties other than Asn314 to provide oxyanion
stabilization during pro-domain cleavage.

Alternatively, a step before cleavage, such as folding
of the pro-enzyme, might be rate-limiting ‘and mask

the Asn-dependence of the cleavage step. According
to this view, cleavage can be assumed to occur at a
rate equal to k., for a corresponding substrate. Cal-
culated from 4, the half-time for cleavage of a good
peptide substrate by wild-type ss-Kex2 is 0.028 sec-
onds at 37°C (from [11]) and 0.04 seconds at 30°C
(our unpublished observations). If the intramolecular
site behaved like substrate 1, then the half-time for
cleavage of the site in the Asp 314 mutant pro-enzyme
would be 5 seconds at 30°C, negligible in compari-
son to the overall half-time for pro-enzyme maturation
(Table 2). Note, however, that a 4500-fold reduction
in k., such as that exhibited by Asp314 ss-Kex2 in
cleavage of substrates 2, 3 and 4, would delay the
appearance of I, by 3 minutes. The intramolecular
cleavage site, -Leu—Phe-Lys—Arg 109, shares with sub-
strate 1 a hydrophobic residue at P4 and an aromatic
residue at Pz that may be components of Kex2 speci-
ficity that confer a Kj; advantage to the wild-type en-
zyme and reduce the &, defect of the Asp314 form
of the enzyme (see below). Mutagenesis of the P4 and
P3 positions of the pro-domain cleavage site in Asp 314
ss-Kex2 by one-step site-directed mutagenesis should
provide a direct test of these models.

Kinetics of Asp 314 ss-Kex2 activity

Mutations in the P, binding site of a-lytic protease that
reduced k4 without increasing Kj; were interpreted as
meaning that a conformational change was required in
mutant enzyme-substrate complexes to convert them
from ground to transition state [26]. As expected for
the alteration of a catalytic residue, substitution of Asp
for Asn314 in Kex2 destabilized transition-state inter-
actions with little effect on the ground state. However,
the observed effects on k., depended on the substrate.
The Asn 314-Asp substitution reduced &, ~4500-fold
for substrates 2, 3 and 4, but substrate 1 and, appar-
ently, the intramolecular site were cleaved with £,
nearly 1% that of the wild-type enzyme. The wild-type
enzyme prefers substrate 1 to substrate 2 by only a fac-
tor of two on the basis of K;; The mutant enzyme pre-
sumably uses the additional binding interactions with
substrate 1 to increase k., 40-fold relative to substrates
2, 3 and 4, possibly using binding energy to repel or
reorganize Asp 314. The additional specificity subsites
of substrate 1 may allow it to be bound correctly,
with its carbonyl oxygen pointing into what is nor-
mally the oxyanion hole. Formation of such a complex
may depend on rotating side-chain torsion angles of
Asp and/or reorganizing water or cations to minimize
unfavorable electrostatic interactions. Substrates with
weaker enzyme contacts might be repelled by Asp 314
and bind non-productively. On mutation of Asn to Asp
(Table 4), the increased K, for substrate 1 and reduced
Ky for substrates 2, 3, and 4 are consistent with sub-
strate 1 complexes paying a price in Ky, to become cat-
alytically competent and the other complexes going to
a deeper ground state, more remote from the transition
state.
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Implications for pro-hormone processing by PC2
Recently, the mammalian Kex2 homologue PC2 has
been identified as the type 2 endopeptidase in islets
of Langerhans that cleaves the C peptide from the pro-
insulin A chain at a Lys-Arg site [17,27,28}. When co-
expressed with pro-insulin, PC2 cleaved the C-A junc-
tion preferentially, but Kex2 cleaved both the C-A and
the B-C processing sites [18]. Given the profound ef-
fects of the Asn 314—Asp substitution on Kex2, the ap-
pearance of Asp in place of the conserved Asn in PC2
[16] is remarkable. One model suggested that proto-
nated Asp might function as an oxyanion hole, restrict-
ing PC2 activity to low pH [29]. Because His acts as
a general base in serine proteases [30], the active-site
environment would have to allow the Asp to be proto-
nated and the His to be unprotonated. A bell-shaped
pH curve, with maximal activity between the pK,s of
the Asp and His, would be expected if Asp 314 ss-Kex2
required a protondted Asp. However, the Asp substitu-
tion did not alter the sigmoidal shape of the pH-&_,,/Ky,
profile. The curves for both the wild-type and the mu-
tant enzymes were consistent with inactivation by bind-
ing a single proton. If Asp314 must be protonated
for ss-Kex2 to function, then it must be protonated
throughout the range of pH examined (5-7, limited by
low activity below pH 5 and instability above pH 7)
and have a pK, well above 7. It is more likely that the
Asp is unprotonated, and catalysis proceeds without a
function analogous to that of Asn.

PC2 may have accumulated additional substitutions that
create a new oxyanion binding site or that allow it to
function efficiently without one. Specific substrates of
PC2 might bind tightly in a way that deflects the Asp
side chain from the transition state. For instance, Asp
might project into the oxyanion hole in the free enzyme
or when substrates are bound weakly but move away
from the carbonyl oxygen of a substrate that binds well
enough to displace it.

Pro-insulin is a highly concentrated substrate in nascent
secretory granules [31]. It is potentially significant,
therefore, that under conditions of substrate satura-
tion, Asp314 ss-Kex2 retains substantial activity against
its best substrate. Reduced enzyme activity is the cost
for such discrimination between substrates. However,
processing in dense core granules may be limited
not by enzyme activity but by diftusion of inabundant
proteases through aggregated pro-hormone substrates.
This limitation and a need to minimize inappropriate
proteolysis may have driven the selection of PC2, not
to perfect its chemistry to the diffusion controlled limit
but to repel most potential oxyanions with an oxyanion
of its own.

Materials and methods

Polymerase chain reaction and DNA sequencing

Preparative reactions (100 pl) contained 25 mM Na MES pH 6.5,
50 mM KCl, 3mM MgCl,, 250 uM each dNTP, 1 uM primer NA
or ND, 1uM primer Nrev, 100 ug/ml BSA, and 1ng pKX9 (a
pBR322 subclone of KEX2). Pre-mixes were heated 7 min at

94°C, 5 u Taq polymerase (Perkin Elmer) were added, and then
reactions were performed in 30 cycles of 30 seconds at 55°C, 60
seconds at 70°C, and 30 seconds at 94°C. Diagnostic reactions
(25 pl with 1.25u of Taq polymerase) used NX as the 5" primer
and 1 pl of yeast culture or 1ng of purified plasmid DNA as the
target. Plasmids were recovered into Escherichia coli by electro-
poration of total DNA extracted from yeast [32]. Sequences
were obtained with the cycle sequencing kit (BRL) from double
stranded plasmid DNA using [32P]end-labeled primers Nrev and
Nseq (GTAAAAGGTGTTACTGAGGG, the 3’ end of which is 11
nucleotides 5’ to primer NX).

Yeast strains and methods

Yeast strain genotypes are as follows: ABYO1, MATa ura3 trpl
ade2 bis3; CBO17, MATx kex2A leu2 trpl ade2 bis3 ura3; and
DC14, MATa bis1. For mating assays, CBO17 transformants were
grown on SDC uracil-lacking ( — ura) plates, replica-plated onto
a lawn of ~5 x 105 DC14 cells on a YPD plate, incubated for
12 h, and then replica-plated onto a SD plate. Yeast media were
prepared as described [33].

Pulse—chase immunoprecipitation

CBO17 carrying pG5-KEX2A613 and CBO17 carrying pG5-
KEX2AG13-Asp 314 were grown in low sulfate medium and la-
beled with 300 uCi/ml [35S]amino acids (Dupont) as described
[8]. Chase was initiated after 2 min by addition of cold Cys and
Met to 1mM. 15 sec after the addition of chase, and 3 and 6
min thereafter, 1 ml samples were added to 10 ul 1M NaNjz and
frozen in liquid nitrogen. Cellular and secreted proteins were
subjected to two cycles of immunoprecipitation with 2 ul anti-ss-
Kex2 antibody and 10 pl Pansorbin (Calbiochem) and separated
on SDS-10% PAGE. Gels were exposed to storage phosphor
screens for three days before quantitation and imaging with a
Molecular Dynamics Phosphorlmager (Fig. 4; Table 2).

Concentration and active-site titration of Asp 314 ss-Kex2
314 ml of cell-free culture medium from ABYOl [pG5-
KEX2AG13-Asp 314) was concentrated 150-fold and exchanged
into storage buffer (100mM NaCl, 40mM bis-Tris Cl pH7.0,
10 mM CaCl,) by pressure and spin dialysis with 30 000 molecu-
lar weight cut-off membranes (Amicon). Total protein was as-
sayed with bicinchonicic acid (Pierce) according to the sup-
plier’s recommendations. Samples of concentrated and desalted
Asp 314 ss-Kex2 protease were mixed with 0.00, 0.33, 0.67, 1.00,
1.33, 1.67, and 2.00 pmol Pro-NvI-Tyr—Lys—Arg—CH,Cl {20] and
incubated for 60 min at 21°C. Ac-Pro-Met—Tyr—Lys-Arg-MCA
was added to 40 uM and reactions were incubated for 4 min at
37°C and terminated by the addition of ZnSO,. Remaining activity
was plotted against the amount of inhibitor added {20].

Determination of kinetic constants

Wild-type ss-Kex2 was purified and active-site titration was per-
formed as described [11]. Routine assays of enzyme activity
and individual measurements of k., and Kj; were performed
as described [11)]. For determination of the pK, of k., /Ky
the values of k., /Ky over a range of pH values were deter-
mined directly under k,,/K; conditions [34]. 100nM Ac-Pro-
Met-Tyr-Lys-Arg-MCA (initial concentration 20- to 50-fold below
its Ky; ) was cleaved to completion at 21°C and the first or-
der rate of product formation was divided by the concentra-
tion of active sites to determine k_,/Ky; Reactions contained
100 mM NaCl, 2.5mM CaCl,, 0.01 % Triton X-100, and 40 mM
imidazole-Cl at pH 5.41, 5.60, 5.81, 6.00, 6.23, 6.43 and 6.63. Wild-
type ss-Kex2 was used at 1nM and Asp 314 ss-Kex2 was used
at 139nM. pK,, values and the limiting value of kg, /K, were
obtained by nonlinear regression to the equation: kg, /Ky =
limit (10(PH—pKa ))/(10(PH~pKa )} +1),
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We regret that the gel in Figure 5 of this research paper was printed upside down. The correct version
is printed below. Also, in the legend to Figure 2 (c), ND2 and ND13 should have been ND7 and NDS9.

(a) 50

S
o
|

w
o
|

AMC released (pmol)
[ye]
S
|

0 T T E T T
0 1
Pro—Nvl-Tyr-Lys— Arg—CH,Cl (pmol)

o T

I

@© Current Biology 1993, Vol 3 No 9



