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The human tissue kallikrein family is composed of 15
secreted serine proteases (hK), encoded by 15 highly
similar genes (KLK) in terms of structure and regula-
tion [1-4]. The best studied member, hK3 [also known

Abbreviations

The reactive center loop (RCL) of serpins plays an essential role in the
inhibition mechanism acting as a substrate for their target proteases. Chan-
ges within the RCL sequence modulate the specificity and reactivity of the
serpin molecule. Recently, we reported the construction of al-antichymo-
trypsin (ACT) variants with high specificity towards human kallikrein 2
(hK2) [Cloutier SM, Kiindig C, Felber LM, Fattah OM, Chagas JR, Gygi
CM, Jichlinski P, Leisinger HJ & Deperthes D (2004) Eur J Biochem 271,
607-613] by changing amino acids surrounding the scissile bond of the
RCL and obtained specific inhibitors towards hK2. Based on this
approach, we developed highly specific recombinant inhibitors of human
kallikrein 14 (hK14), a protease correlated with increased aggressiveness of
prostate and breast cancers. In addition to the RCL permutation with
hK14 phage display-selected substrates E8 (LQRAI) and G9 (TVDYA)
[Felber LM, Borgoiio CA, Cloutier SM, Kiindig C, Kishi T, Chagas JR,
Jichlinski P, Gygi CM, Leisinger HJ, Diamandis EP & Deperthes D (2005)
Biol Chem 386, 291-298], we studied the importance of the scaffold, serpins
al-antitrypsin (AAT) or ACT, to confer inhibitory specificity. All four
resulting serpin variants ACTgg, ACTgy, AATgg and AATgy showed
hK14 inhibitory activity and were able to form covalent complex with
hK14. ACT inhibitors formed more stable complexes with hK 14 than AAT
variants. Whereas E8-based inhibitors demonstrated a rather relaxed specif-
icity reacting with various proteases with trypsin-like activity including
several human kallikreins, the two serpins variants containing the G9
sequence showed a very high selectivity for hK14. Such specific inhibitors
might prove useful to elucidate the biological role of hKI14 and/or its
implication in cancer.

as prostate-specific antigen (PSA)] is a valuable marker
for prostate cancer diagnosis and monitoring. More
recently, hK2 has also emerged as a promising com-
bined biomarker for prostatic carcinoma, especially in

AAT, aq-antitrypsin; ACT, a-antichymotrypsin; AMC, 7-amino-4-methylcoumarin; E, enzyme; hK, kallikrein protein; I, inhibitor; IPTG, isopropy!
thio-B-D-galactoside; KLK, kallikrein gene; NaCl/Pi, phosphate-buffered saline; OD, optical density; PSA, prostate-specific antigen;
r, recombinant; RCL, reactive center loop; Sl, stoichiometry of inhibition.
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improving discrimination between prostate cancer and
benign prostatic hyperplasia [5-7].

Several genes of the kallikrein family are aberrantly
expressed in various cancers [2,3] but especially in
hormone-dependent cancers such as prostate, breast
[8-10], ovarian [11] or testicular cancers [12]. One gene,
KLKI4, encoding the human kallikrein 14 protein
(hK14) is found in various biological fluids and tissues,
including central nervous system and in endocrine-rela-
ted tissues, such as breast, prostate, thyroid and uterus
[13,14].

hK14 was identified by ELISA and immunohisto-
chemistry in breast, skin and prostatic tissues, as well
as seminal plasma and amniotic fluid [15]. Like several
other kallikreins, hK14 is up-regulated by steroid hor-
mones such as androgens [16] and estrogens [15].

hK14 was proposed as a potential new biomarker
for breast and ovarian cancers, since elevated serum
levels were found in 40 and 65% of patients with these
cancers, respectively [15]. Moreover, hK14 expression
correlates with poor prognosis in breast [17] and pros-
tate [18] cancers. These findings led us to hypothesize
that hK14 may play a role in cancer initiation and/or
progression, although its biological function is still
unknown.

Recently, we characterized the enzymatic activity of
human kallikrein 14 using phage display technology
[19] and identified trypsin and chymotrypsin-like activ-
ities with a preference for an arginine residue in posi-
tion P1. Despite this dual activity, hK14 exhibits high
specificity towards potential substrates, suggesting tar-
geted biological roles. Several candidate substrates
have been identified by bioinformatic analysis, among
which are proteins of the extracellular matrix.

One of the strategies to study the involvement of
proteases in biological processes includes development
of specific inhibitors. Recently, our group described
the preparation of specific antiproteases against human
kallikrein 2 [20]. A human serpin named alpha 1-anti-
chymotrypsin was used to change its specificity by
modifying five amino acids of its reactive center loop,
which is the region involved in inhibitor—protease
interaction and acts as substrate. The importance of
RCL cleaved sequence in protease specificity of serpins
is well described in the literature. However, proximal
regions of the cleaved site of the inhibitor are also
implicated in protease recognition and influence its
specificity.

Here, we report the development of hK14-specific
inhibitors by modifying the RCL region of two differ-
ent serpin scaffolds: o;-antichymotrypsin (ACT) and
ar-antitrypsin (AAT). Two serpins were selected in
order to define the importance of the scaffold in the
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development of new inhibitors. Phage display-selected
substrate pentapeptides specific for hK14 [19] were
used to replace the scissile bond region of the wild-type
serpins. These inhibitors were highly reactive towards
hK14 and displayed varying specificities for hK14 and
other enzymes, depending on the scaffold.

Results

Design and production of soluble recombinant
serpins

To develop inhibitors specific to hK 14, we substituted
five residues surrounding the scissile bond of rAATwt
and rACTwt with two substrate pentapeptides, previ-
ously selected by hK 14 using phage-display technology
[19]. Profiling of hK14 enzymatic activity demonstrated
that hK14 has trypsin and chymotrypsin-like activity.
We therefore decided to develop inhibitors with two
different substrate peptides, E8 and G9, specific for
trypsin and chymotrypsin-like activity, respectively.
The scissile bond of these substrates was aligned
according to the PI-P1’ positions of rAATwt and
rACTwt. The RCL regions of the serpin variants are
shown in Table 1.

The recombinant serpins were produced as soluble,
active proteins and were purified under native condi-
tions from cytoplasmic proteins in a one-step proce-
dure using nickel affinity chromatography. Analysis on
SDS/PAGE under reducing conditions revealed a sin-
gle band for each inhibitor, rAAT and rACT variants,
migrating at apparent sizes of 45-50 kDa, correspond-
ing to their molecular weight. All inhibitors were esti-
mated to be more than 95% pure by densitometric
analysis, with production yields above 1 mg-L™! of cul-
ture (data not shown).

Stoichiometry of inhibition, association constants
and complex stability

Determination of stoichiometry of inhibition (SI) was
performed under physiological conditions of pH and
ionic strength. The SI indicates the number of inhib-
itor molecules required to inhibit one molecule of
hK14. Figure 1 shows the determination of SI values
(x-intercept) for wild-type serpins and their variants
with hK14. We observed that titration curves were lin-
ear, even for SI values >>1, indicating that the reac-
tion reached completion. The calculated SI values of
the serpin variants ranged from ~ 1-1.5, except for
rAATgg which resulted in an SI of 7.4 (Table 2).
Whereas rACTwt did not react with hK14 under the
tested conditions, rAATwt was found to be an efficient
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Table 1. Comparison of amino acid sequence of the scissile bond region of the reactive serpin loop (RCL) of wild-type AAT, ACT and their
variants. Plain type residues are common to wild-type serpin; bold residues correspond to amino acids relocated in RCL of AAT and ACT
variants. The scissile bond cleaved by hK14 in substrate peptides is designated by | and putative cleavage sites in serpins are marked by

asterisks between P1 and P1’ residues.

Selected substrate

Serpin peptide® P6 P5 P4 P3 ) P1 P’ P2’ P3’ P4’ P5’
AATwr L E A | P M* S | P P E
AATEg LQRIAI L E A L Q R* A | P P E
AATge TVDYJA L E T v D v+ A | P P E
ACTwr v K | T L L S A L v E
ACTes LORJAI v K | L Q R* A I L v E
ACTgs TVDYJA v K T v D v+ A A L v E

#Substrate peptides selected by kallikrein hK14 using a phage-displayed random pentapeptide library [19].
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Fig. 1. Stoichiometry of inhibition (SI) of hK14 by rAAT, rACT and
their variants. hK14 (2 nm) was incubated with different concentra-
tions (0.5-100 nM) of rAATwt(A), AATgg (O), AATge (), rACTwt
(O), ACTgg (x) and ACTgg (*) at 37 °C for 4 h in reaction buffer.
Residual activities (velocity) of hK14 were obtained by adding
20 um of fluorescent substrate. Fractional velocity corresponds to
the ratio of the velocity of the inhibited enzyme (v) to the velocity
of the uninhibited control (vg). Sl values were determined using lin-
ear regression analysis to extrapolate the [llo/[Ely ratio (i.e. the
X intercept).

Table 2. Stoichiometry Inhibition (Sl) and second-order rate con-
stant (ky) values for the reaction of rAATwt, rACTwt and their vari-
ants with hK14. —, No detectable inhibitory activity.

Inhibitor Selected® Substrate

(M~s7) peptide S ks
AATWT IPM*SI 1.0 263 000
AATeg LQR?AI 7.4 -
AATgg TVDY?A 1.2 217 000
ACTwt TLL*SA - -
ACTgg LQR?AI 1.2 575 000
ACTgg TVDY?A 15 74 000

8Substrate peptide selected by Kkallikrein hK14 using a phage-
displayed random pentapeptide library [19] and used to modify the
rAATwt and rACTwt.
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inhibitor for hK14 with a SI of 1. Substitution of ACT
RCL region with hK14 substrate peptides generated
inhibitors with high reactivity toward the enzyme. The
modification of rAATwt did not increase its reactivity
for hK14 (Table 2).

Calculated SI values were consistent with the ratio
between cleaved and complexed forms of the serpins
after reaction with hK14, as demonstrated by
SDS/PAGE analysis (Fig. 2). Inhibitors were incuba-
ted with different concentrations of hK14 correspond-
ing to a ratio of inhibitor to protease below, equal and
above the SI value. SDS/PAGE analysis showed the
formation of covalent complexes with apparent
molecular masses consistent with expected values, i.e.
the sum of both enzyme and cleaved inhibitor molecu-
lar weights. With a [I]o/[E]y ratio of 0.6 (ACTgg) and
0.75 (ACTgo), degraded forms of the complex were
observed, likely generated by the uncomplexed, free
hK14. With this concentration of enzyme, the reaction
also produced a fraction of hydrolyzed inhibitor.

kDa 1 2 3 4 5 6 7 8

84 —

s + &
55_- T —— tlc
45 — I

Fig. 2. Complex formation between hK14 and recombinant inhibi-
tors. A constant amount of each ACT variant (1 pg) was incubated
for 4 h in reaction buffer without and with different amounts of
hK14. Lane 1-4 correspond to ACTgg alone, ACTgg/hK14 = 0.6, 1.2
and 2.4, lane 5-8 correspond to ACTgg alone, ACTgge/hK14 = 0.75,
1.5 and 3. Samples were heated at 90 °C for 10 min, resolved on
a 10% SDS gel under reducing conditions and then visualized by
Coomassie blue staining. The position of native inhibitor (I), cleaved
inhibitor (1°), complex (C) and cleaved complex (C°) are indicated by
arrows.
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Fig. 3. Stability of complexes between hK14 and recombinant inhib-
itors over 24 h. Residual activity was measured following complex
formation between hK14 and AATgg (O) ([llo/[E]l, = 14.8), AATgo
(A) (o/[Elg = 2.4), ACTes () (lllo/[Elp = 2.4) or ACTge (O
([llo/[Elg = 3) after 45 min, 4, 8 and 24 h of incubation at 37 °C.
Residual activity was normalized to incubated, uninhibited hK14.

Only the rAATgg variant with an SI value much
greater than 1 acted as a substrate for hK 14, resulting
mainly in accumulation of the cleaved form of the
inhibitor rather than formation of the irreversible com-
plex (data not shown). As expected, the presence of
intact inhibitor was observed when the ratio [I]o/[E]y
was above the SI.

ACT complexes were found to be stable for at least
24 h at 37 °C, unlike AAT complexes which degraded
after 45 min (rAATgg) and 8 h (rAATgo), resulting in
the reappearance of free hK14 and its enzymatic activ-
ity (Fig. 3).

Kinetic analysis of the inhibition of hK14 by recom-
binant serpins was performed under pseudo-first-order
conditions using an excess of inhibitor at various
molar ratios of hK14. The time-dependent inactivation
of the enzyme by the serpin was monitored continu-
ously, following the decrease in the rate of substrate
turnover. Progress curves for reactions with different
serpin concentrations were fitted to Equation 1
(Experimental procedures) to calculate values descri-
bing the rate constant (kus). Figure 4 shows the con-
centration dependence of ky,s of serpins on hKI14
inhibition. The association rate constants (k,) were
determined from the slope of ks values versus the
concentration of hK14 inhibitors. Independent of the
inhibitor scaffold (AAT or ACT), the recombinant ser-
pins modified with the E8 substrate showed superior
k, values than their G9 counterparts. Serpins modified
with the chymotrypsin-like substrate, rAATgy and
rACTgo, bound to hK14 with association constants of
217 000 and 74 000 M~ 's™!, respectively, while rACTgg
yielded higher association constant of 575 000 M~ '™
(Table 2).
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Fig. 4. Inhibition of hK14 by rAAT, rACT and their variants under
first order conditions. hK14 (2 nm) and Boc-Val-Pro-Arg-AMC sub-
strate (20 um) were added to different concentrations (0-80 nm) of
AATWt (*), AATgg (O), ACTgg (A) and ACTgg (x) for 45-min reac-
tions at 37 °C.

Inhibitory specificity of recombinant rAAT and
rACT variants

In order to define the inhibitory specificity of the
developed hK14 inhibitors, we investigated the
reaction of purified variants with a large panel of pro-
teases. First, proteases with broad specificities were
examined, including trypsin, chymotrypsin, plasma
kallikrein, human neutrophil elastase and thrombin.
Then, we assessed the specificity of hK14 inhibitors
towards enzymes belonging to the same protease fam-
ily, i.e. hK2, hK3, hK5, hK6, hK8 and hKI13
(Table 3). After a 30-min incubation of hK14 with an
excess of inhibitors ([IJo/[Elp of 50 : 1), no residual
activity could be detected with all modified serpins and
rAATwt. Under these conditions, rACTwt showed a
weak (17%) inhibition towards hK14. Serpins modified
with the E8 substrate showed moderate specificity,

Table 3. Inhibitory specificity of hK14 inhibitors. Inhibition percent-
age corresponding to 100 *[1—(velocity in presence of inhib-
itor/velocity of uninhibited control)]. Reaction of 30 min incubation
with an excess of inhibitor ([l1o/[E]p of 50 : 1).

Protease =~ AATwt AATgg AATgg ACTwt ACTgg ACTge
hK14 100 100 100 17 100 100
Trypsin 100 100 0 0 100 0
Chtr 100 19 100 100 14 100
PK 17 100 0 46 36 0
HNE 100 0 0 16 0 0
Thrombin 4 0 0 18 0 0
hK2 0 19 0 0 100 0
hK3 0 0 0 100 0 0
hK5 28 100 30 7 100 0
hK6 33 100 0 24 72 0
hK8 0 36 0 0 34 0
hK13 0 30 0 0 0 0
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since several other enzymes were inhibited by these
inhibitors. However, very high specificity was observed
with tAATgo and rACTgo, as none of the tested
enzymes was inhibited, except chymotrypsin and to a
lower extent hKS5.

Discussion

The human tissue kallikrein family is a group of serine
proteases that are expressed in diverse tissues and are
thought to be involved in many physiological processes
[21]. Coexpression and coordinated regulation of many
of these proteases led to the hypothesis that they parti-
cipate in enzymatic cascades. They could also be
involved in diverse pathological processes, including
ovarian and breast cancer progression, malignancies in
which human kallikrein 14 is overexpressed [15].
Recently, we used phage display technology to study
the substrate specificity of hK 14, allowing the isolation
of highly specific and sensitive substrate peptides. Fur-
thermore, several potential human target proteins,
which are involved in cancer biology, have been pro-
posed as hK14 substrates [19].

To investigate the potential biological roles and
therapeutic applications of hK14, new tools, such as
specific inhibitors, are needed. We used information
from the analysis of substrate peptide sequences
obtained by phage display to develop specific inhibi-
tors to hK14. Since hK14 has dual activity, trypsin
and chymotrypsin-like [19], we opted to examine the
serpins AAT and ACT. Their complementary protease
inhibitory profile provided attractive backbones for the
construction of novel hK14 inhibitors. It has been pre-
viously demonstrated that some kallikreins were recov-
ered in vivo as complexes with natural serpins, such as
PSA with ACT, AAT [22] and PCI [23], hK2 with PCI
[24,25] and ACT [26], hK1 with kallistatin [27], and
hK6 with ACT [28]. To date, no natural inhibitor of
hK14 has been identified. Our results indicate that
AAT and ACT could be two potential physiological
inhibitors of hK14, with AAT demonstrating very high
inhibition parameters. Like all members of the serpin
superfamily, AAT and ACT are characterized by a
dominant B-sheet A and a mobile reactive loop that
acts as a pseudo-substrate for the target proteases
[29,30]. Following the cleavage of the P1-P1’ bond
within the RCL, a covalent acyl-enzyme bond between
the inhibitor and the target enzyme is formed and the
protease is trapped within an irreversible complex by
insertion of the cleaved loop into the B-sheet A [31,32].
Thus, amino acids in this region of the RCL are clo-
sely related to the active site of the protease and affect
binding, cleavage and covalent bond formation.
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In this study, we used site-directed mutagenesis to
develop AAT and ACT variants in which specific
hK14 substrate peptides were introduced into the
RCL. It has been previously shown that replacement
of RCL residues can enhance the inhibitory properties
of a serpin, as well as transform the modified inhibitor
into a simple substrate for the target protease [33,34].
Several studies examined the effects of mutations
within the RCL; changing residues near the scissile
bond can lead to alterations of the stoichiometry of
inhibition and the association rate constant with differ-
ent target proteases [35-37].

In addition to the proven importance of P1, nearby
residues could also play an essential role. In the case
of AAT, even with the same P4-P4” residues, changes
in the RCL led to decrease of constant rates [38],
whereas substitutions at P4” and PS5’ residues of the
plasminogen activator inhibitor-1 (PAI-1) also resulted
in considerable changes in the constant rates [39]. We
therefore restricted the mutations to P4-P2” residues as
was previously done with hK2 inhibitor development
[20].

Recombinant serpins were fused to a His-tag to faci-
litate purification of the soluble protein from Escheri-
chia coli, avoiding any refolding protocol from
inclusion bodies. Despite the presence of this N-ter-
minal His-tag and the bacterial production system, the
purified recombinant serpins exhibited high reactivity
towards proteolytic enzymes. Indeed, the inhibition
parameters, SI and rate constant of inhibition (k,) of
wild-type recombinant serpins were similar to those
which are commercially available and have been puri-
fied from natural sources (data not shown).

Besides, modification of the RCL of the two newly
generated AAT variants, did not induce any major
kinetic effect (k, and SI) compared to the wild-type
serpin. However, ACT variants, clearly demonstrated a
higher inhibitory activity towards hK14 than the wild-
type serpin. Although rAATwt was more efficient than
rACTwt as an hKI14 inhibitor, there was no clear
advantage to use this backbone for hK14 inhibitor
construction since rACTgg showed a higher inhibition
rate than both recombinant AATs. Moreover, com-
plexes formed by AAT variants were less stable than
those formed by ACT.

The specific structural differences between these two
backbones that allow or disallow an efficient distortion
of the active site of hK14 are not defined but such
variation of complex breakdown rates has been previ-
ously reported regarding human neutrophil elastase
[34]. This stability time is, however, expected to be
long enough for a potential in vivo application of the
inhibitor, as protease-serpin complexes are usually
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cleared from tissues or plasma relatively rapidly [40—
42].

Independent of the serpin scaffold, the variants
obtained from modification with the G9 peptide dem-
onstrated less inhibitory efficiency than variants with
the E8 peptide. These results are in good agreement
with kinetic analysis data of peptide substrates, which
demonstrated that hK14 has a higher activity towards
substrates with an Arg residue in position P1, such as
peptide ES8 [19].

The amino acid sequences that comprise the recogni-
tion motif in serpin variants were chosen according to
the cleavage preference and the specificity of hK14 for
its substrates. As expected, AAT and ACT serpins
modified with the G9 sequence, which lacks an Arg
residue, did not exert any inhibitory activity against
proteases with trypsin-like specificity, in contrast to
variants with Arg at the P1 position, which display a
rather broad inhibitory spectrum towards other serine
proteases. This corresponds to our previous observa-
tion that peptide G9 is highly specific to hK14 [19].
The marked specificity of hK14 for the cleavage site
within the RCL might be important for a potential
in vivo or therapeutic application of such an inhibitor,
in order to avoid inactivation by other proteases,
either by complex formation or by degradation.

This is the first report describing the development of
highly specific inhibitors for hK14. Using two different
backbones, we developed four recombinant inhibitors,
two of which demonstrated high specificity. Prelimin-
ary studies on hK14 expression in various tumors sup-
port that this enzyme may be involved in cancer
progression. The recombinant inhibitors might be use-
ful in studies aiming to better understand the physiolo-
gical and pathological roles of this kallikrein and for
assessing their potential as therapeutic targets.

Experimental procedures

Materials

The following materials were obtained from commercial
sources: elastase, trypsin, chymotrypsin, thrombin and
plasma kallikrein (Calbiochem, Lucerne, Switzerland), T4
DNA ligase (Invitrogen, Basel, Switzerland), T4 polynucleo-
tide kinase (Qbiogene, Basel, Switzerland), Ni*" -nitrilotri-
acetic acid agarose beads (Qiagen, Basel, Switzerland),
restrictions enzymes (Roche, Mannheim, Germany; Amer-
sham Pharmacia, Piscataway, USA; Promega, Buchs,
Switzerland), anti-His antibody and alkaline phosphatase-
conjugated goat antimouse secondary antibody (Sigma,
Buchs, Switzerland). Fluorescent substrates Z-Phe-Arg-
AMC, Suc-Ala-Ala-Pro-Phe-AMC, Z-Gly-Gly-Arg-AMC
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and MeOSuc-Ala-Ala-Pro-Val-AMC were purchased from
Calbiochem (Lucerne, Switzerland), Boc-Val-Pro-Arg-AMC
from Bachem (Bubendorf, Switzerland), Abz-Thr-Phe-Arg-
Ser-Ala-Dap(Dnp)-NH, from Neosystem (Strasbourg,
France). Oligonucleotide synthesis was carried out by Invitro-
gen (Basel, Switzerland) and DNA sequencing by Synergene
Biotech GmbH (Schlieren, Switzerland). Human kallikreins
2, 5, 13 and 14 were produced in the Pichia pastoris expres-
sion system, as previously described [11,19,43]. Human kallik-
rein 6 was produced in 293 human embryonic kidney cells
and human kallikrein 8 with a baculovirus vector in HighFive
(Invitrogen, Burlington, Canada) insect cells [44,45]. hK6
and hK8 were activated with lysyl-carboxypeptidase [46].

Construction of expression vectors for
recombinant wild-type AAT (rAATwt), ACT
(rACTwt) and their variants

Human AAT cDNA (Invitrogen) was amplified by PCR
using the oligonucleotides 5-TATGGATCCGATGATCCC
CAGGGAGA-3" and 5-CGCGAAGCTTTTATTTTTGG
GTGGGA-3". The BamHI-Hindl1l fragment of the ampli-
fied AAT gene was cloned into the vector pQE9 (Qiagen)
resulting in plasmid pAAT, which contains the open read-
ing frame of mature AAT with an N-terminal Hise-tag.
Silent mutations producing KasI and Bsu36I restriction sites
were introduced in pAAT 24 bp upstream and 11 bp down-
stream of the P1 codon of the RCL domain, respectively.
The restriction sites were created using the oligonucleotides
5-ACTGAAGCTGCTGGCGCCGAGCTCTTAGAGGCC
ATA-3 for the Kasl site and 5-GTCTATCCCCCCTGAG
GTCAAGTTC-3" for the Bsu36l site following the Quik-
Change mutagenesis protocol supplied by Stratagene. Con-
struction of the plasmid expressing wild-type ACT was
described previously [1].

Recombinant (r) rAAT and rACT variants were produced
by replacement of the RCL region with corresponding DNA
fragments amplified from appropriate template oligonucleo-
tides: TAATEg, 5 -CCATGTTTCTAGAGGCTCTGCAGC
GTGCTATCCCGCCTGAGGTCAAGTT-3; rAATgy, 5-
CCATGTTTCTAGAGACCGTTGACTACGCTATCCCG
CCTGAGGTCAAGTT-3", rACTgs, 5-TACCGCGGTCA
AAATCCTGCAGCGTGCTATCCTGGTGGAGACGCG
TGA-3" and rACTgg, 5-TACCGCGGTCAAAACCGTTG
ACTACGCTGCTCTGGTGGAGACGCGTGA-3. Tem-
plates were amplified using primers corresponding to their
respective flanking regions, 5-GCTGGCGCCATGTTTCT
AGAG-3" and 5-TTGTTGAACTTGACCTCAGG-3" for
AAT variants and 5-GTACCGCGGTCAAA-3" and 5-TC
ACGCGTGTCCAC-3’ for ACT variants. Resulting PCR
fragments were cloned as Kasl/Bsu361 fragments into pAAT
and as Mlul/Sacll fragments into rACTwt constructs and
confirmed by DNA sequencing. Changes in the reactive site
loop between positions P4 and P2” are shown in Table 1.
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Expression and purification of recombinant
serpins

Recombinant serpins (wild type and variants) were pro-
duced in E. coli strain TG1. Cells were grown at 37 °C in
2x TY media (16 g tryptone, 10 g yeast extract, 5 g NaCl
per L) containing 100 pgmL™" ampicillin to ODggy = 0.5—
0.7. Isopropyl thio-B-D-galactoside (IPTG) was added to a
final concentration of 0.5 mM and 0.1 mm for production
of rACT proteins and rAAT proteins, respectively. The
recombinant serpins were expressed for an induction per-
iod of 16 h at 18 °C. Cells were harvested by centrifuga-
tion and resuspended in 0.1 volume of cold NaCl/P; 2X.
After 45 min of incubation with lysozyme (0.5 mgmL™")
on ice, total soluble cytoplasmic proteins were extracted
by four cycles of freeze/thaw and total DNA was degra-
ded with DNase I. Cell debris was removed by centrifuga-
tion (25 min, 17 500 g) and Ni*"-nitrilotriacetic acid
affinity agarose beads were added to the supernatant for
90 min at 4 °C to bind recombinant serpins. The resin
was washed three times with 50 mm Tris, pH 7.5, 150 mm
NaCl, 20 mM imidazole and bound proteins were eluted
with 50 mm Tris, pH 7.5, 150 mm NaCl, 150 mM imidaz-
ole. Eluted proteins were dialyzed against 50 mm Tris,
pH 7.5, 150 mm NaCl, 0.01% Triton X-100 for 16 h at
4 °C and protein purity was assessed by Coomassie blue-
stained SDS/PAGE. Protein concentrations were deter-
mined by the bicinchoninic acid method [47], using bovine
serum albumin as standard (Pierce Chemical Co., Rock-
ford, IL, USA).

Stoichiometry of inhibition (Sl)

SI values of rAAT, rACT, and their variants were deter-
mined by incubating hK14 with varying concentrations of
each inhibitor. After a 4 h incubation at 37 °C in reaction
buffer [50 mm Tris, pH 7.5, 150 mMm NaCl, 0.05% Triton
X-100, 0.01% bovine serum albumin (BSA)], the residual
hK14 activity was detected by addition of fluorescent sub-
strate Boc-Val-Pro-Arg-AMC. Fluorescence was measured
with excitation at 340 nm (£ 15) and emission at 485 nm
(£ 10) in black 96 well plates using an FL,800 fluorescence
microplate reader (Bio-Tek Instruments, Inc., USA). The
SI value corresponds to the abscissa intercept of the linear
regression analysis of fractional velocity (velocity of inhib-
ited enzyme reaction (v;)/velocity of uninhibited enzyme
reaction (vg)) versus the molar ratio of the inhibitor to
enzyme ([T]o/[E]o).

Kinetic analysis

The association rate constants for interactions of hK14
with different inhibitors were determined under pseudo-first
order conditions using the progress curve method [48].

Serpin variants as specific hK14 inhibitors

Under these conditions, a fixed amount of enzyme (2 nM)
was mixed with different concentrations of inhibitor (0—
80 nMm) and an excess of substrate (20 uMm). Reactions were
performed in reaction buffer (50 mm Tris pH 7.5, 150 mm
NacCl, 0,05% Triton X-100, 0.01% BSA) at 37 °C for
45min and the rate of product formation was measured
using the FL,800 fluorescence microplate reader. Inhibition
is considered to be irreversible over the course of the reac-
tion and the progression of enzyme activity is expressed as
product formation (P), beginning at a rate (v,) and is inhib-
ited over time (¢) at a first-order rate (k,ps), Where the rate
constant is only dependent on the inhibitor concentration.

pP= (Vz/kobs) X [1 - e(7k0b5t>] (1)

A kg,s was calculated for five different concentrations of
each inhibitor, by nonlinear regression of the data using
Equation 1. By plotting ks versus inhibitor concentration
[1], a second—order rate constant, k', equal to the slope of
the curve (K" = Akyps/All]), was determined. Due to the
competition between the inhibitor and the substrate, Equa-
tion 2 is used to correct the second order rate constant k’
by taking into account the substrate concentration [S] and
the K, of the enzyme for its substrate, giving the k,.

ka: (IJF[S]/Km) x K (2)

The K, of hK14 for the substrate MeOSuc-Val-Pro-Arg-
AMC was 8 um.

SDS/PAGE analysis of enzyme-inhibitor
complexes

A constant amount of each inhibitor (I pg) was incubated
for 4 h in reaction buffer (50 mMm Tris pH 7.5, 150 mm
NacCl, 0,05% Triton X-100) with varying amounts of hK14
leading to [I]o/[E]y ratios of 0.6, 1.2, 2.4 (ACTgg) and 0.75,
1.5 and 3 (ACTgo). Samples were heated at 90 °C for
10 min, resolved on a 10% SDS gel under reducing condi-
tions and visualized by Coomassie blue staining.

Inhibitory specificity of recombinant rAAT and
rACT variants

Two nanomoles of trypsin, chymotrypsin, plasma kallik-
rein, human neutrophil elastase and thrombin and 10 nm of
hK2, hK3, hKS5, hK6, hK8, hK13 and hK14 were incuba-
ted for 30 min at 37 °C with 100 nm and 500 nM of recom-
binant inhibitors, respectively. Residual activities were
detected by the addition of fluorescent substrates (Z-Phe-
Arg-AMC for trypsin and plasma kallikrein, Suc-Ala-Ala-
Pro-Phe-AMC for chymotrypsin, Z-Gly-Gly-Arg-AMC for
thrombin, MeOSuc-Ala-Ala-Pro-Val-AMC for human neu-
trophil elastase and Abz-Thr-Phe-Arg-Ser-Ala-Dap(Dnp)-
NH, for human kallikreins).
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Stability of the complex

hK14 (2 nm) was incubated with ACTgg ([I]o/[El, = 2.4)
and ACTgy ((IJo/[Elo = 3) for 45min, 4, 8§ and 24 h at
37 °C in reaction buffer (50 mm Tris, pH 7.5, 150 mm
NaCl, 0.05% Triton X-100, 0.01% BSA). The residual
activity was then detected by addition of 20 um of the
fluorescent substrate Boc-Val-Pro-Arg-AMC. It was calcu-
lated as a percentage of uninhibited hK14 activity incuba-
ted under the same conditions. Uninhibited hK14 activity
decreased to 98, 73, 67 and 30% after 45 min, 4, 8 and
24 h incubation at 37 °C, respectively.
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