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Abstract

Human kallikrein 1-related peptidases (KLKs) form a sub-
family of 15 extracellular (chymo)tryptic-like serine pro-
teases. KLKs 4, 5, 13 and 14 display altered expression/
activity in diverse pathological conditions, including can-
cer. However, their distinct (patho)physiological roles
remain largely uncharacterized. As a step toward distin-
guishing their proteolytic functions, we attempt to define
their primary and extended substrate specificities and
identify candidate biological targets. Heterologously
expressed KLKs 4, 5, 13 and 14 were screened against
fluorogenic 7-amino-4-carbamoylmethylcoumarin posi-
tional scanning-synthetic combinatorial libraries with
amino acid diversity at the P1–P4 positions. Our results
indicate that these KLKs share a P1 preference for Arg.
However, each KLK exhibited distinct P2–P4 specifici-
ties, attributable to structural variations in their surface
loops. The preferred P4–P1 substrate recognition motifs
based on optimal subsite occupancy were as follows: VI-
QSAV-QL-R for KLK4; YFWGPV-RK-NSFAM-R for KLK5;
VY-R-LFM-R for KLK13; and YW-KRSAM-HNSPA-R for
KLK14. Protein database queries using these motifs
yielded many extracellular targets, some of which rep-
resent plausible KLK substrates. For instance, cathelici-
din, urokinase-type plasminogen activator, laminin and
transmembrane protease serine 3 were retrieved as novel
putative substrates for KLK4, 5, 13 and 14, respectively.
Our findings may facilitate studies on the role of KLKs in
(patho)physiology and can be used in the development
of selective KLK inhibitors.

Keywords: combinatorial libraries; enzyme kinetics;
protease substrates; proteolytic enzyme; specificity
profiling.

Introduction

Proteolytic enzymes, encoded by 2% of all human
genes, play pivotal roles in the control of most physio-
logical processes, ranging from cell-cycle regulation and
tissue remodeling to inflammation (Barrett et al., 2004).
Alterations in protease expression, structure and/or activ-
ity drive and sustain a number of common pathological
conditions, including cancer, cardiovascular disease and
arthritis (Barrett et al., 2004). Consequently, the thera-
peutic targeting of many proteases is under intense
investigation (Southan, 2001). Serine proteases (SPs)
represent 30% of all proteases within the human degra-
dome, the second largest mechanistic class after metal-
loproteases (Puente et al., 2003). According to the
classification system of Rawlings et al. (2006), SPs are
categorized into 12 clans, each comprising numerous
families based on tertiary structure and amino acid
sequence similarity. The S1 family within clan PA(S) is the
most densely populated and includes the human kalli-
krein 1-related peptidases (KLKs) (Lundwall et al., 2006).

KLKs (EC 3.4.21) constitute a subgroup of 15 extra-
cellular (chymo)tryptic-like SPs encoded by the largest
contiguous cluster of protease genes in the genome on
chromosome 19q13.4 (Yousef et al., 2000b; Puente et al.,
2003; Borgono et al., 2004; Lundwall et al., 2006). Until
a decade ago, the KLK family was thought to comprise
the three ‘classical’ KLKs (i.e., KLK1, tissue/pancreatic/
renal/urinary kallikrein; KLK2, human glandular kallikrein
1/kallikrein 1-related peptidase 2; and KLK3, prostate-
specific antigen/PSA/kallikrein 1-related peptiase 3) and
has only recently been expanded to 15 members.
Although the roles of KLK1 in kinin generation (Bhoola et
al., 1992) and of KLK2 and KLK3 in fertilization via sem-
inal clot liquefaction (Lilja, 1985; Deperthes et al., 1996)
are well established, the biological significance of most
newly identified KLKs remains to be elucidated.

KLK4 (prostase/EMSP1/PRSS17/ ARM1/KLK-L1/kal-
likrein 1-related peptidase 4) (Nelson et al., 1999; Ste-
phenson et al., 1999; Yousef et al., 1999; Hu et al., 2000),
KLK5 (human stratum corneum tryptic enzyme/KLK-L2/
kallikrein 1-related peptidase 5) (Brattsand and Egelrud,
1999; Yousef and Diamandis, 1999), KLK13 (KLK-L4/kal-
likrein 1-related peptidase 13) (Yousef et al., 2000a) and
KLK14 (KLK-L6/kallikrein 1-related peptidase 14) (Hoop-
er et al., 2001; Yousef et al., 2001) are members of the
expanded KLK family and share 40–50% amino acid
similarity (Yousef and Diamandis, 2001). Similar to other
KLKs, they are predominantly expressed, and often co-
expressed, in the glandular epithelia of a wide range of
organs, including the prostate and breast, and are pre-
sumed to act in cascade pathways with other KLKs and
proteases (Borgono et al., 2004). Inferred from their
expression profiles and/or the known functions of rodent
orthologs, these KLKs likely participate in several normal
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physiological processes, including the maturation of den-
tal enamel (KLK4) (Hu et al., 2000), skin desquamation
(KLK5, KLK14) (Caubet et al., 2004; Stefansson et al.,
2006) and seminal plasma liquefaction (KLK4, KLK5)
(Takayama et al., 2001; Michael et al., 2006).

Dysregulated KLK4, 5, 13 and 14 expression and/or
activity is associated with multiple diseases, including
cancer (e.g., prostate, breast, ovarian, testicular, lung;
KLK4, 5, 13, 14) (Borgono and Diamandis, 2004), skin
conditions (e.g., psoriasis, atopic dermatitis, Netherton
and peeling-skin syndromes; KLK5, 13, 14) (Komatsu et
al., 2005; Descargues et al., 2006; Hachem et al., 2006;
Komatsu et al., 2006) and dental defects (e.g., amelo-
genesis imperfecta; KLK4) (Hart et al., 2004; Wright et
al., 2006). Functional studies also indicate that these
KLKs can digest substrates directly or indirectly impli-
cated in the development or progression of the above
disorders in vitro, including extracellular matrix (ECM)
molecules (Bernett et al., 2002; Magklara et al., 2003;
Kapadia et al., 2004a; Ghosh et al., 2004; Felber et al.,
2005; Obiezu et al., 2006), urokinase plasminogen acti-
vator (uPA) (Takayama et al., 2001), (corneo)desmosomal
adhesion molecules (Caubet et al., 2004) and proteinase-
activated receptors (PARs) (Oikonomopoulou et al.,
2006). In effect, these KLKs may represent potentially
useful biomarkers and drug targets.

Therefore, delineation of biological pathways involving
KLK4, 5, 13 and 14 action is of particular interest given
the preliminary findings implicating these KLKs in disease
pathology. Although these KLKs may possess common
functions based on their overlapping tissue expression,
cellular localization and in vitro substrate repertoire,
the association of particular KLKs with specific
(patho)physiological processes implies that they likely
exert unique proteolytic activities as well. Their distinctive
actions may be reflected in their substrate specificity
preferences, that is, their ability to discriminate among
substrates, which can be attributed to structural differ-
ences in surface loop topology that comprise the sub-
strate binding sites (Perona and Craik, 1995; Hedstrom,
2002). Although the S1 subsite is recognized as the pri-
mary determinant of substrate specificity in SPs, addi-
tional subsites (e.g., S4–S49) also contribute to substrate
discrimination (Hedstrom, 2002) wthe Schechter and Ber-
ger (1967) nomenclature is used to describe the inter-
action between protease subsites (Sn–S1;S19–Sn9) and
corresponding substrate residues (Pn–P1;P19–Pn9),
where P1–P19 denotes the scissile bondx. Based on the
presence of an acidic Asp residue at the S1 subsite at
position 189 (based on the chymotrypsinogen numbering
scheme; Hartley, 1964), this KLK subgroup is predicted
to cleave C-terminal to basic amino acids (Arg, Lys), con-
sistent with a trypsin-like specificity (Borgono et al.,
2004). Indeed, biochemical studies on recombinant KLK4
(Takayama et al., 2001; Matsumura et al., 2005; Debela
et al., 2006b; Obiezu et al., 2006), KLK5 (Brattsand et al.,
2005; Michael et al., 2005; Debela et al., 2006b), KLK13
(Sotiropoulou et al., 2003; Kapadia et al., 2004b) and
KLK14 (Brattsand et al., 2005; Felber et al., 2005) to
date, employing both conventional (e.g., fluorogenic/
chromogenic peptides) (Zimmerman et al., 1977) and
novel technologies (e.g., phage display substrates, posi-

tional-scanning synthetic combinatorial libraries, PS-
SCL) (Harris et al., 2000; Deperthes, 2002), have
confirmed their predicted trypsin-like activity and also
indicate a P1 preference for Arg over Lys. Uniquely,
KLK14 manifests a dual trypsin- and chymotrypsin-like
specificity, as it can accommodate both basic and aro-
matic residues at its S1 subsite (Felber et al., 2005).

However, with the exception of the recent study by
Debela et al. (2006b), definitions and comparisons of
extended KLK substrate specificities have not been
intensely investigated. Thus, the present study explores
the primary (P1) and extended (P2–P4) specificity profiles
of heterologously expressed recombinant KLK4, 5, 13
and 14 using PS-SCL technology in an attempt to further
distinguish the specificities of these closely related SPs
and to identify biologically relevant substrates.

Results

Substrate specificities of KLK4, KLK5, KLK13 and
KLK14

Primary (P1) subsite preferences Two-position fixed
PS-SCLs (P1/P2, P1/P3, P1/P4) were used to determine
the P1 specificity profiles of KLK4, 5, 13 and 14 (Figure
1A; Table 1). All KLKs displayed common and strong
selectivity for basic residues at the P1 position, with a
stringent preference for Arg, as predicted by the pres-
ence of Asp189 at their S1 subsites (Yousef and Diaman-
dis, 2001). P1-Lys-containing substrates were also
hydrolyzed by KLK4, KLK5 and KLK14, but at consid-
erably lower efficiencies.

These results are in general accordance with prior
studies on the primary substrate specificity of KLK4
(Takayama et al., 2001; Matsumura et al., 2005; Obiezu
et al., 2006; Debela et al., 2006b), KLK5 (Brattsand et al.,
2005; Michael et al., 2005; Debela et al., 2006b), KLK13
(Sotiropoulou et al., 2003; Kapadia et al., 2004b) and
KLK14 (Brattsand et al., 2005; Felber et al., 2005). How-
ever, for KLK4, subtle differences exist among the three
PS-SCL-generated P1 profiles reported to date (Matsu-
mura et al., 2005; Debela et al., 2006b). Although all three
studies demonstrate that KLK4 has an appreciable P1
preference for Arg and Lys, the work of Debela et al.
(2006b) indicates that KLK4 can also accommodate Gly,
Glu and Asn at its S1 subsite, whereas our findings sug-
gest that KLK4 may also tolerate Phe at P1. These
discrepancies may be attributed to the nature of the
recombinant KLK4 protein used in each study, a result of
the different expression systems we.g., Pichia pastoris,
Drosophila melanogaster S2 cells (Matsumura et al.,
2005) and Escherichia coli (Debela et al., 2006b)x and
distinct methods (e.g., refolding and/or enterokinase acti-
vation) used to obtain the enzymatically active enzyme.
Further studies are required to clarify these inconsisten-
cies. In addition, our P1 profile of KLK13 implies that Asn
and Ala are also tolerated at this position, which has not
been reported elsewhere (Sotiropoulou et al., 2003;
Kapadia et al., 2004b). Although we have previously
ascribed a dual trypsin- and chymotrypsin-like specificity
to KLK14 by phage display substrate technology (Felber
et al., 2005), we did not detect its chymotrypsin-like P1-
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Figure 1 Primary and extended substrate specificities of KLK4, 5, 13 and 14 as determined by PS-SCL screening.
(A) 2D array results illustrating KLK activity in the two-position fixed (P1–P4) ACC PS-SCL libraries. Each array shows the rate of
substrate cleavage win relative fluorescence units (RFU) over time per nanomol of KLK (RFU/s/nM)x, normalized on a scale of 0–1 and
represented by the relative degree of shading. The shade of each square indicates the rate of substrate cleavage, ranging from white
for no activity to black for highest activity. The relative cleavage rates were normalized within each library, with the highest rate
observed in that library represented in the grayscale box below each matrix (scale of 0–1, 0 being the lowest activity and 1 being
the highest activity observed across the libraries for a given enzyme). The x- and y-axes represent amino acid residues at the P1,
P2, P3 and P4 positions. The two positions in each substrate that are not held constant contain an equimolar mixture of 19 amino
acids (n represents norleucine, a synthetic amino acid structurally similar to Met; Met and Cys are excluded), for a total of 361
substrates/well. (B) Histograms depicting the extended N-terminal substrate specificities of KLKs determined by two-position fixed
libraries in which the P1 position is held constant as Arg. The identity of the amino acid residue in the fixed position is indicated on
the x-axis. The y-axis is reaction velocity in RFU/s.

Table 1 Summary of P4–P1 residues most preferred by KLKs.

KLK Amino acid position

P4 P3 P2 P1

KLK4 VI (aliphatic) QSAR (polar, aliphatic) QL (polar, aliphatic) R
KLK5 YFWGPV (aliphatic, aromatic) RK (basic) NSFAM (polar, aliphatic) R
KLK13 VY (aliphatic, aromatic) R (basic) LFM (aromatic, aliphatic) R
KLK14 YW (aromatic) RKSAM (basic, aliphatic) HNSPA (polar, small) R

Tyr preference by PS-SCL. This may suggest that resi-
dues C-terminal to the scissile bond (i.e., P19–P49), which
are not included in our PS-SCLs, may determine the chy-
motrypsin-like specificity of KLK14. The latter is true for
KLK1, which manifests a dual enzymatic activity similar
to KLK14, since its cleavage after P1-Met and P1-Phe

requires specific residues from P2 to P29 and Pro at P39

(Chagas et al., 1995).
The unique dual specificity of KLK14 may be due to

its distinct amino acid constituents within two surface
loops (loops G and H; Figure 2) comprising residues
185–188 and 221–225, which, in addition to residue 189,
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Figure 2 Multiple sequence alignment of KLK4, 5, 13 and 14 and bovine chymotrypsin.
The chymotrypsinogen numbering (Hartley, 1964) used throughout is shown on the bottom. Dashes represent gaps that bring the
sequences to better alignment. Fully conserved amino acids are highlighted in gray. The amino acids of the catalytic triad (H57, D102,
S195) are shown in white font on a black background. Residue 189 at the bottom of the S1 binding pocket is shown in italics.
Disulfide bond-forming cysteine residues are labeled SS1–SS6 above each residue. Surface loop regions are boxed and labeled
above.

are also known to bind to P1 residues (Cohen et al.,
1981) and contribute to P1 specificity (Hedstrom et al.,
1992). Examination of these loop regions reveals that
KLK14 contains residues that are not present in other
human KLKs at similar positions (Yousef and Diamandis,
2001), including the residues Gln and Tyr at positions 185
and 224, respectively, which may facilitate the binding
of P1-Tyr residues and confer its chymotryptic-like
specificity.

Extended (P2–P4) subsite preferences Compared
to the primary subsite, KLK subsite preferences on the
N-terminal side of the scissile bond are generally less
stringent (Figure 1B, Table 1). The P2–P4 specificity pro-
files for all KLKs described below were obtained using
P1-Arg fixed sublibraries.

P2 preferences In general, liberal substitutions were
tolerated at P2 for all KLKs studied. For instance, a vari-
ety of polar (Asn, Asp), aliphatic (Ala, Pro, Val, Leu, Ile)
and aromatic (Phe, Tyr, Trp) residues were accepted at
the S2 subsite to varying degrees. Among all the KLKs,
KLK5 and KLK14 displayed the most analogous P2
specificity profiles; P2 substituents that resulted in great-
er than 50% activity were generally Asn, Ala, Phe, Ser
and His, whereas those giving rise to 15% activity or less
were commonly Gln and Gly. KLK13 exerted a relatively
more stringent P2 specificity, with a P2 preference for
Leu and Phe (-50% activity) and, akin to KLK5, KLK14
did not favor Gln and Gly ()10% activity). In stark con-
trast to the intolerance for P2-Gln of the latter KLKs, Gln
was the most favored P2 residue for KLK4, followed by
Leu and Val, consistent with previous findings (Matsu-
mura et al., 2005; Debela et al., 2006b). Furthermore, with

the exception of KLK5, which can accept Lys at P2, all
KLKs demonstrate a common intolerance for the basic
amino acids Arg and Lys at their S2 subsites, although
considerable activity was displayed against P2-His-con-
taining substrates. Uniquely, KLK4 could not accommo-
date any charged P2 residue.

Variations in P2 specificity among KLK4, 5, 13 and 14
can be mainly attributed to the evolved diversity in a sur-
face loop denoted the ‘kallikrein loop’ that forms the S2
subsite (Katz et al., 1998; Kishi et al., 1999) (Figure 2).
The kallikrein loop, unique to the KLK family, is a 3–11-
aa insertion between the sixth and seventh b-sheets and
is only present in its entirety in the ‘classical’ KLKs,
KLK1–3 (Yousef and Diamandis, 2001). Among the KLKs
studied, KLK13 has the longest kallikrein loop consisting
of a 5-aa insertion (Figure 2) and was also found to exhib-
it the most stringent P2 preferences. Thus, the compar-
atively long kallikrein loop of KLK13 may be responsible
for restricting the size, shape and/or physicochemical
properties of its S2 subsite, as reported for other KLKs
(Katz et al., 1998; Kishi et al., 1999; Carvalho et al., 2002),
which is reflected in the narrower range of P2 residues
that it can accommodate. KLK4 demonstrated a unique
P2 preference for hydrophobic residues and intolerance
for charged residues, whereas the exact opposite was
observed for the remaining KLKs. The latter is likely a
function of the residue at position 99 within the kallikrein
loop (Figure 2). With the exception of KLK4, which har-
bors Leu at position 99, all other KLKs possess a His
residue (Figure 2). The latter could increase the polarity
of the S2 subsite and favor interactions with oppositely
charged P2 residues (i.e., Arg, Lys), as evidenced in this
study. However, Leu99 in KLK4 would increase the
hydrophobicity of S2 and favor hydrophobic but not
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Table 2 Steady-state kinetic parameters for KLK14 hydrolysis of single AMC substrates.

Substrate Km (mM) kcat (min-1) kcat/Km (mM-1 min-1) Activity (%)

Ac-YAAR-AMC 0.1242"0.007223 567.57 4569.81 100
Ac-YAAK-AMC 0.2558"0.005942 449.09 1755.63 38.4
Ac-WVHR-AMC 0.2260"0.01485 169.030 747.92 16.37
Ac-FIGR-AMC 0.2146"0.01185 53.770 250.557 5.48
Ac-DDKR-AMC NR – – –

NR, no reaction.

charged P2 residues, as observed. The significance of
residue 99 in determining P2 specificity has also been
shown for KLK1, which harbors a Tyr at position 99 that
mainly confers its specificity for P2-Phe (Chen and Bode,
1983; Deshpande and Burton, 1992).

P3 preferences Compared to their low P2 specifici-
ties, the KLKs exhibited relatively higher selectively for
substituents at P3. Among the KLKs, KLK13 displayed
the most stringent specificity at P3, followed by KLK14,
KLK5 and KLK4, which could tolerate a broader range of
amino acids at this position. KLK5, 13 and 14 all dem-
onstrated a strong preference for basic, positively
charged amino acids (Arg and/or Lys) at P3. KLK14 could
also hydrolyze P3-Ala- and Ser-containing substrates to
a similar extent. On the contrary, KLK4 did not favor
basic P3 residues, but instead preferred substrates with
aliphatic P3 residues, namely Ser, Gln, Ala, and Val. The
negatively charged residues Asp and Glu were generally
excluded from all S3 subsites, with the exception of P3-
Glu, which was moderately tolerated by KLK4 and KLK5
(-15% activity).

Our data on the P3 specificity of KLK4 and KLK5 are
in general agreement with prior reports (Matsumura et al.,
2005; Michael et al., 2005; Debela et al., 2006b; Obiezu
et al., 2006). For example, previous studies on KLK4 also
indicate a P3-preference for aliphatic residues (i.e., Gln,
Ser, Ala, Val) (Matsumura et al., 2005; Obiezu et al., 2006;
Debela et al., 2006b). However, in contrast to our work,
Debela et al. (2006b) found a lower specificity at P3 com-
pared with P2 for KLK4 and KLK5, whereas we report
the opposite trend. These discrepancies may be due to
differences in enzyme and/or PS-SCL preparation.

With respect to the crystal structure of KLK4, Debela
et al. (2006a) described a wide S3 pocket bordered by
Ala218 and Asn192 within loops G and H, respectively,
which are likely responsible for the relatively low P3 spec-
ificity observed. KLK5 and 14 harbor Gln at position 192,
but possess distinct residues at position 218 (Figure 2),
which may account for their partially overlapping yet dis-
tinct P3 preferences. KLK5 possesses an aromatic Tyr at
218, which may reflect its relatively broader specificity at
P3 and ability to interact with polar residues. Further-
more, KLK14 has an acidic Glu residue at 218, which
may account for its preference for basic P3 amino acids.
Interestingly, KLK13 possesses Glu at position 218 and
a Phe residue at 192 (Figure 2), which may explain its
ability to uniquely accommodate only basic (Arg, Lys,
His) and aromatic (Tyr, Phe) P3 substituents.

P4 preferences As for the S2 subsite, S4 also exhib-
ited low specificity among KLKs, yet general preferences

were evident. KLK5 was the least restrictive in its P4 pref-
erences, followed by KLK14, KLK4 and KLK13, which
tolerated fewer resides at this position. KLK4, 5, 13 and
14 efficiently digested ()50% activity) substrates con-
taining hydrophobic aliphatic and/or aromatic residues,
yet their activities were lowest (-10%) when S4 was
occupied by acidic, negatively charged amino acids.
KLK4 preferred aliphatic residues (e.g., Val, Ile), while
KLK14 favored aromatic amino acids (e.g., Tyr, Trp, Phe).

Analogous results for the P4 specificity profile of KLK4
and KLK5 were obtained by previous PS-SCL screening
studies (Matsumura et al., 2005; Debela et al., 2006b).
All data on the P4 specificity of KLK4 indicate that hydro-
phobic residues, particularly Val and Ile, are most favored
at this position (Matsumura et al., 2005; Debela et al.,
2006b). Our work and that of Debela et al. (2006b) dem-
onstrates that KLK5 prefers bulky (e.g., Tyr) and small
(e.g., Gly) P4 substituents. Furthermore, our study is the
first to report the P4 specificity profile of KLK13 and
KLK14.

Surface loop F, and in particular residue 175, repre-
sents an important determinant of P4 specificity (Figure
2). For instance, the S4 subsite of KLK4 comprises
Leu175, Leu99 and Phe215 and forms a hydrophobic
pocket that ideally accommodates aliphatic residues
such as Val and Ile (Debela et al., 2006a). KLK5 pos-
sesses Gln175 and exhibits a low tolerance for acidic
residues. KLK13 and KLK14 have polar residues at posi-
tion 175, namely Lys and Thr, respectively, which may
account for their more stringent P4 preferences.

Activity of KLK14 towards single AMC substrates

The PS-SCL specificity profiles of all KLKs indicate that,
apart from their S1 requirement for basic residues (i.e.,
Arg4Lys), the S2–S4 subsites may represent critical
determinants of specificity. To validate the PS-SCL
screening results, the dependence of KLK14 on extend-
ed interactions was determined by quantifying kinetic
parameters for several single tetrapeptide AMC sub-
strates (Table 2). The preference of KLK14 for Arg over
Lys at the P1 position was verified with the substrates
Ac-YAAR-AMC and Ac-YAAK-AMC, with the latter hydro-
lyzed with 2.5-fold lower catalytic efficiency than the for-
mer. The dependence of KLK14 specificity on P2–P4
residues was assessed using a series of suboptimal
P4–P2 substrates, Ac-WVHR-AMC, Ac-FIGR-AMC and
Ac-DDKR-AMC, which were designed based on the PS-
SCL screen using P1-Arg fixed libraries (Figure 1B). The
P2–P4 substituents of Ac-WVHR-AMC individually yield-
ed approximately 50% maximal activity in the PS-SCL
screen; those in Ac-FIGR-AMC resulted in approximately
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25% activity and the residues in Ac-DDKR-AMC yielded
no or minimal activity (Figure 1B). As expected, com-
parable results were obtained with the single AMC
substrates, that is, the activity of KLK14 against Ac-
WVHR-AMC, Ac-FIGR-AMC and Ac-DDKR-AMC was
16%, 5% and 0%, respectively.

Identification of putative KLK substrates

The unique combination of individual S1–S4 subsite pref-
erences of each KLK likely translates into distinctive in
vivo substrate repertoires and (patho)physiological func-
tions. The PS-SCL screening results imply that the most
effective KLK substrates may contain the P4–P1 residues
summarized in Table 1. A search of NCBI non-redundant
protein databases revealed a number of candidate KLK
substrates that contain the optimal P4–P1 recognition
motifs predicted by PS-SCL (Table 3). Among the sub-
strates identified, several have previously been shown to
be cleaved by KLKs in vitro. For example, KLK4 can
digest the a chain of fibrinogen (Obiezu et al., 2006) and
KLK5 cleaves fibronectin (Michael et al., 2005). Although
most of these putative substrates have yet to be exper-
imentally verified, many represent logical KLK targets
based on: (i) KLK specificity profiles; (ii) co-localization/
co-expression with KLKs in tissues/fluids; and/or (iii) their
relevance to (patho)physiological processes in which
KLK action is implicated. For instance, KLK4 is co-
expressed with cathelicidin in the epidermis (Yamasaki et
al., 2006) and may play a role in innate immunity by pro-
cessing the precursor form at a site known to generate
active antimicrobial peptides, a function that has recently
been ascribed to KLK5 and KLK7 (Yamasaki et al., 2006).
KLK4 is also found at high levels in seminal plasma
(Obiezu et al., 2005), where it may contribute to seminal
clot liquefaction, along with other KLKs (e.g., KLK3, 5)
(Malm et al., 2000; Michael et al., 2006), through diges-
tion of semenogelin-1. KLK13 may affect the activity of
a disintegrin and metalloproteinase with thrombospondin
motifs 3 (ADAMTS-3), which may in turn alter its ability
to process collagen II within the ECM of cartilage (Fer-
nandes et al., 2001). KLK14 represents an activator of
the transmembrane SP TMPRSS3, which is implicated in
ovarian (Sawasaki et al., 2004) and pancreatic (Iacobu-
zio-Donahue et al., 2003) cancers and in epithelial sodi-
um channel activation (Guipponi et al., 2002).

Discussion

In recent years, combinatorial approaches such as PS-
SCL screening have emerged as useful quantitative
methods not only to confirm and elucidate the specificity
of a number of proteases (e.g., trypsin, chymotrypsin,
thrombin, plasmin, tryptases, caspases, granzymes,
hepsin, prostasin, chymase) (Thornberry et al., 1997;
Backes et al., 2000; Harris et al., 2000, 2001; Raymond
et al., 2003; Shipway et al., 2004; Herter et al., 2005), but
also for the identification of novel substrates and the pro-
duction of selective inhibitors.

Using two-position fixed PS-SCLs with exhaustive
diversity at the P1–P4 positions, we were able to define
primary and extended substrate specificities of homolo-

gous extracellular SPs of the tissue kallikrein family (You-
sef and Diamandis, 2001; Borgono et al., 2004), namely
KLKs 4, 5, 13 and 14, and identify distinctive subsite
preferences (Table 1). All four KLKs display a common,
almost exclusive preference for basic P1 residues, pri-
marily Arg. However, each KLK exhibited a unique
extended (P4–P2) specificity. Indeed, such extended
interactions are known to critically influence the binding
and hydrolysis of substrates by SPs (Hedstrom, 2002). In
the case of KLK4, the majority of its extended N-terminal
specificity resides within its S2 and S4 subsites, whereas
liberal substitutions are tolerated at S3. For KLK5, P3
substituents primarily influence specificity, whereas for
KLK13 and KLK14, both P3 and P4 may be important
determinants of extended specificity. Notably, the optimal
subsite occupancy across S1–S4 for KLK4, 5, 13 and 14
is unique not only among KLKs, but also compared to
those of other SPs (Thornberry et al., 1997; Backes et
al., 2000; Harris et al., 2000, 2001; Raymond et al., 2003;
Shipway et al., 2004; Herter et al., 2005). As described
above, variations in substrate discrimination among
KLK4, 5, 13 and 14 can be attributed to the diversity in
surface loop structures that surround the substrate-bind-
ing site/active site and comprise the extended subsites.
Additional studies are needed to delineate the probable
contribution of residues C-terminal to the scissile bond
to KLK substrate specificity. Such residues are known to
be important for substrate discrimination in other KLKs
(e.g., S19–S39 for KLK1 and S29 for KLK3) (Chagas et al.,
1995; Coombs et al., 1998) and proteases (e.g., S49 for
prostasin) (Shipway et al., 2004).

Verification of PS-SCL specificity profiling for KLK14
was kinetically assessed using single AMC tetrapeptide
substrates. Moreover, our PS-SCL results are also con-
sistent with previous studies in which KLK specificity was
kinetically determined directly using AMC tripeptide sub-
strates and indirectly via serpin inhibitors. For instance,
KLK4 was able to hydrolyze VPR-AMC at a five-fold high-
er efficiency than GPR-AMC (Obiezu et al., 2006), indic-
ative of a preference for Val over Gly at P3, in agreement
with our data. With respect to KLK14, minimal catalytic
activity was observed against AMC substrates containing
basic P2 residues (i.e., Arg, Lys) and acidic P3–P4 resi-
dues (i.e., Asp), whereas the highest efficiencies were
observed for P2-Ala, which is also consistent with our
present data (Borgono et al., 2007). Inhibitory serpins
behave as irreversible suicide inhibitors and are cleaved
by their protease targets at a scissile bond (P1–P19) with-
in their exposed reactive site loops (Gettins, 2002). The
P4–P19 sequences for the serpins a2-antiplasmin (AP)
and antithrombin III (AT) are AMSR364xM and IAGR393xS,
respectively, where the arrow denotes the cleavage site.
Michael et al. (2005) have shown that the inhibitory reac-
tion between KLK5 and AP was 24-fold faster than that
with AT, which may be partially attributed to the highly
favored P2 substituent in AP (Met) vs. AT (Gly). The res-
idues present in the P3 and P4 positions in each serpin
are similarly favored by KLK5 according to our screening
results.

Since the consequence of KLK proteolytic action may
be largely determined by its extended substrate specific-
ity, knowledge of optimal KLK P4–P1 preferences may
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Table 3 Subset of putative KLK protein targets containing PS-SCL-based motifs.

KLK Putative substrate Motif Motif location Function
(GenBank accession no.)

P4 P3 P2 P1

KLK4 Cathelicidin antimicrobial I V Q R At a known proteolytic Microbial defense and innate immunity
peptide precursor cleavage site
(NP_004336)
Hepsin (NP_002142) V S L R Within catalytic domain Transmembrane serine protease

involved in blood coagulation and
prostate cancer progression

KLK13 (NP_056411) I Q L R Within catalytic domain Kallikrein serine protease
implicated in tumor metastasis

Semenogelin-1 V S Q R At a known proteolytic Gel-forming protein of seminal plasma
(NP_002998) cleavage site
Fibrinogen a chain I Q Q R Within C-terminal globular Plasma protein involved in
(P02671) domain coagulation; degradation fragments

regulate cell adhesion and spreading
and have vasoconstrictor, chemotactic
and mitogenic activities

KLK5 Urokinase-type G R S R Within catalytic domain Serine protease involved in conversion
plasminogen activator of plasminogen to plasmin; ECM
(NP_002649) degradation; tumor cell migration and

proliferation
Thyroglobulin G R F R Between second and third Precursor of thyroid hormones
(NP_003226) thyroglobulin type I repeat (T3 and T4)

domains
Fibronectin P R A R FN3 domain Plasma and ECM protein involved in
(NP_997647) cell adhesion and migration processes

including embryogenesis, wound
healing, blood coagulation, host defense
and metastasis

KLK13 ADAMTS-3 V R F R Between ADAM Metalloprotease domain cleaves the
(NP_055058) cysteine-rich domain and propeptides of type II collagen prior to

first thrombospondin fibril assembly within cartilage and skin
type 1 repeat domain

Neurotrypsin V R L R Between Sushi and first Serine protease implicated in neuronal
(NP_003610) SR domain plasticity, learning and memory
Laminin a5 chain V R L R LAMnt domain Component of the BL
(NP_005551)
Collagen a1 (VII) V R L R FN3 domain Component of the BL between the
chain (NP_000085) epidermal/dermal junction
Cadherin-16 V R L R CAD domain Adhesion molecule implicated in tumor
(NP_004053) suppression

KLK14 Matrilin-4 W A A R vWA domain Component of cartilage ECM
(NP_003824)
Collagen a2 (IV) Y A S R Canstatin region Component of the BL
(NP_001837)
Fibrinogen b chain Y R A R Before fibrinogen domain Plasma protein involved in coagulation;
(NP_005132) degradation fragments regulate cell

adhesion and spreading, and have
vasoconstrictor, chemotactic and
mitogenic activities

Transmembrane protease, Y S S R Activation site Transmembrane serine protease
serine 3 (NP_076927) associated with deafness and malignancy
Desmoglein 3 Y S A R Between CAD domains Calcium-binding desmosomal cadherin
(NP_001935) that mediates cell-cell adhesion within

the epidermis

ADAMTS-3, a disintegrin and metalloproteinase with thrombospondin motifs 3; BL, basal lamina; CAD, cadherin; ECM, extracellular
matrix; FN3, fibronectin type 3 domain; KLK, kallikrein 1-related peptidase; LAMnt, laminin N-terminal domain; SR, scavenger receptor
Cys-rich domain; vWA, von Willebrand factor type A domain.

allow the identification of novel KLK substrates. In fact,
a multitude of macromolecular targets containing the
preferred PS-SCL-based P4–P1 recognition motifs for
each KLK were retrieved from protein databases. The
subset of putative KLK substrates listed in Table 3 is par-
ticularly relevant, as these further support the notion that
KLKs contribute to tumor progression via digestion of

extracellular matrix components (e.g., collagens, lami-
nins, fibronectin; Borgono and Diamandis, 2004), tumor
growth regulation by regulating IGF activity (e.g., IGFBP-
6 degradation; Borgono and Diamandis, 2004), the gen-
eration of antimicrobial peptides in the skin (e.g.,
cathelicidin processing; Yamasaki et al., 2006), the lique-
faction of seminal clots (e.g., semenogelin degradation;
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Michael et al., 2006) and proteolytic cascade pathways
(e.g., possible regulation/activation of hepsin, neurotry-
psin, TMPRSS3; Borgono et al., 2004; Michael et al.,
2006). Interestingly, matrilin-4, a component of cartilage
ECM, was identified as a KLK14 substrate in the present
study and by phage display substrate (Felber et al.,
2005). Further studies are warranted to validate these
findings.

Indeed, PS-SCL technology has facilitated the discov-
ery of novel substrates for several proteases. Takeuchi et
al. (2000) utilized the collective results from two combi-
natorial peptide-based specificity profiling technologies,
PS-SCL and phage display substrate, to identify the pre-
ferred cleavage sequence and putative substrates (e.g.,
single chain uPA and proteinase-activated receptor-2) of
membrane-type SP 1. Using PS-SCL screening alone,
other groups have identified and verified albumin as a
novel chymase substrate (Raymond et al., 2003) and
hepatocyte growth factor as a target for hepsin (Herter
et al., 2005). PS-SCL has also guided the development
of efficient and specific inhibitors for several proteases,
including b-tryptases (Harris et al., 2001) and chymase
(Raymond et al., 2003).

In conclusion, our data provide novel information on
specificity differences among closely related members of
the KLK family and may guide future research into the
design of specific small-molecule KLK inhibitors, identi-
fication of biological KLK targets and the role of KLKs in
normal and pathological processes.

Materials and methods

Materials

Single fluorogenic tetrapeptides with the general structure
Ac-P4-P3-P2-P1-AMC (where Ac represents an acetyl group
and AMC denotes 7-amino-4-methylcoumarin), Ac-Tyr-Ala-
Ala-Arg-AMC (Ac-YAAR-AMC), Ac-Tyr-Ala-Ala-Lys-AMC (Ac-
YAAK-AMC), Ac-Trp-Val-His-Arg-AMC (Ac-WVHR-AMC), Ac-
Phe-Ile-Gly-Arg-AMC (Ac-FIGR-AMC), Ac-Asp-Asp-Lys-Arg-
AMC (Ac-DDKR-AMC), were synthesized by Enzyme Systems
Products, Inc. (Livermore, CA, USA), diluted to a final concen-
tration of 20 mM in dimethyl sulfoxide and stored at -208C. Pep-
tides showed)98% purity by HPLC analysis and their molecular
weights were confirmed by mass spectrometry. Recombinant
KLK4, KLK5, KLK13 and KLK14 were produced in-house using
the Easyselect� P. pastoris expression system (Invitrogen,
Carlsbad, CA, USA) as previously described in detail (Sotiro-
poulou et al., 2003; Felber et al., 2005; Michael et al., 2005;
Obiezu et al., 2006). Briefly, the sequences encoding pro-KLK5
and pro-KLK13 were cloned into the P. pastoris expression vec-
tor pPIC9 and transformed into yeast strain KM71. Although
both enzymes were cloned in zymogen form, enzymatically
active KLK5 and KLK13 were obtained after purification, indi-
cating that autoactivation had occurred. The sequences encod-
ing mature KLK4 and KLK14 were cloned into the P. pastoris
expression vector pPICZaA and transformed into yeast strains
KM71H and X-33, respectively. KLKs were purified to homoge-
neity ()95% purity on Coomassie Blue-stained polyacrylamide
gels) via a one- or two-step chromatographic procedure (KLK4,
anion exchange and benzamidine affinity chromatography;
KLK5, cation exchange and reversed-phase chromatography;
KLK13, hydrophobic interaction chromatography; KLK14, cation
exchange and soybean trypsin inhibitor affinity chromatography)

and their identities were confirmed by tandem mass spectro-
metry and N-terminal sequencing analyses.

PS-SCL screening

PS-SCLs were synthesized and screened as previously
described by Harris et al. (2000). PS-SCLs comprised three sep-
arate two-position fixed sublibraries in which the P1 position and
a second position (P2, P3 or P4) was held constant, while the
remaining positions consisted of an equimolar mixture of 19
amino acids (Cys was omitted and Nle was substituted for Met).
PS-SCLs were added to 384-well optical black plates (Nunc,
Rochester, NY, USA), with each well containing 361 individual
substrates at a concentration of approximately 0.25 mM/sub-
strate/well to a final volume of 30 ml in buffer. Each sublibrary
consisted of 361 substrates/well for a total of 130 321 individual
substrates. Hydrolysis of PS-SCL substrates was initiated by the
addition of KLK4, KLK5, KLK13 or KLK14 to each well at a final
concentration of 100 nM. Initial rates of KLK-mediated peptide
hydrolysis were monitored by measuring the release of free ACC
on a Molecular Devices Gemini EM instrument (Molecular
Devices, Sunnyvale, CA, USA), with excitation at 380 nm and
emission at 450 nm, at 378C for 30 min. Kinetic values are
reported as relative fluorescence units per second and normal-
ized across libraries for each individual enzyme.

Single-substrate kinetic assays

Based on the resultant PS-SCL-based KLK14 specificity profile,
the optimal peptide substrate (Ac-YAAR-AMC), as well as six
suboptimal substrates (Ac-YAAK-AMC, Ac-YKNR-AMC, Ac-
YKNK-AMC, Ac-WVHR-AMC, Ac-FIGR-AMC, Ac-DDKR-AMC),
was synthesized and hydrolyzed by KLK14. Individual peptides
at various final concentrations (0.004–2 mM) were incubated with
recombinant KLK14 (final concentration 12 nM) at a final volume
of 100 ml under optimal buffer conditions (100 mM Na2HPO4, pH
8, 0.01% Tween-20) in 96-well white polystyrene microtiter
plates. Reaction mixtures contained less than 5% (v/v) dimethyl
sulfoxide. The initial reaction rate of KLK14-mediated peptide
hydrolysis was monitored by measuring free AMC fluorescence
on the Wallac 1420 Victor2� fluorimeter (Perkin-Elmer, Wellesley,
MA, USA) with excitation and emission filters of 380 nm and
480 nm, respectively, at 1-min intervals for 20 min at 378C.
KLK14-free reactions were used as negative controls and the
background counts obtained were subtracted from each value.
A standard curve was constructed using known concentrations
of AMC to convert the rates of reaction from AMC fluorescence
counts/min to free AMC produced/min. The slope of the resul-
tant AMC standard curve was 19.2 AMC fluorescence counts/
nM free AMC. The steady-state (Michaelis-Menten) kinetic
constants (kcat/Km) were then calculated by non-linear regression
analysis using Enzyme Kinetics Module 1.1 (Sigma Plot, SSPS,
Chicago, IL, USA). All experiments were performed in triplicate
and repeated at least twice.

Database searches for potential KLK substrates

Tetrapeptide substrate motifs were designed for each KLK
based on the most preferred amino acid(s) (i.e., amino acids at
P1–P4 positions that yielded approximately )50% activity,
where % activity was determined by dividing the fluorescence
intensity of an individual amino acid at each position by the ami-
no acid that resulted in the highest fluorescence at each posi-
tion, for each KLK individually) at S1–S4 subsites as deduced
from PS-SCL profiles (Figure 2). The substrate motifs, written in
PROSITE syntax, were as follows: wVIx-wQSAVx-wQLx-R for KLK4;
wYFWGPVx-wRKx-wNSFAMx-R, for KLK5; X-wAPx-wHNMAx-R, for
KLK13; and wYWx-wKRSAMx-wHNSPAx-R, for KLK14. The non-
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redundant protein databases of the National Center for Biotech-
nology Information (http://www.ncbi.nlm.nih.gov/) were then
searched for matches to these motifs, using the Pattinprot algo-
rithm (http://npsa-pbil.ibcp.fr) at the Network Protein Sequence
Analysis web server, which scans protein databases for pat-
tern(s) (Combet et al., 2000). The matching proteins retrieved by
this process were filtered by selecting only physiologically rele-
vant macromolecular protein substrates for KLKs, namely, pro-
teins whose expression profiles and cellular localization (i.e.,
proteins targeted to the secretory pathway, including secreted
proteins and membrane proteins in which the substrate motif
was located in an extracellular region) coincided with those of
the KLKs. Proteins from non-human species, as well as human
proteins that were classified as intracellular, ‘hypothetical’ or had
an unknown function, were excluded from further analysis. The
remaining proteins were characterized in terms of structure,
function, expression and association with disease pathology
using several bioinformatic databases, including the Human
Protein Reference Database (http://www.hprd.org), SMART
(http://smart.embl-heidelberg.de), Entrez Gene (http://www.
ncbi.nih.gov/entrez), OMIM (http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?dbsOMIM) and the Gene Ontology (GO) database
(http://www.godatabase.org/cgi-bin/amigo/go.cgi).
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