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Abstract
Human kallikrein-related peptidases (KLKs) are (chymo)trypsin-like serine proteinases that are expressed in a
variety of tissues such as prostate, ovary, breast, testis,
brain, and skin. Although their physiological functions
have been only partly elucidated, many of the KLKs
appear to be useful prognostic cancer markers, showing
distinct correlations between their expression levels and
different stages of cancer. Recent advances in the purification of ‘new type’ recombinant KLKs allowed solution
of the crystal structures of KLK4, KLK5, KLK6, and KLK7.
Along with these data, enzyme kinetic studies and
extended substrate specificity profiling have led to an
understanding of the non-prime-side substrate preferences of KLK4, 5, 6, and 7. The shape and polarity of
the specificity pockets S1–S4 explain well their substrate
preferences. KLK4, 5, and 6 exhibit trypsin-like specificity, with a strong preference for Arg at the P1 position of
substrates. In contrast, KLK7 displays a unique chymotrypsin-like specificity for Tyr, which is also preferred at
P2. All four KLKs show little specificity for P3 residues
and have a tendency to accept hydrophobic residues at
P4. Interestingly, for KLK4, 5, and 7 extended charged
surface regions were observed that most likely serve as
exosites for physiological substrates.
Keywords: 99 loop; activation domain; inhibitors;
substrate recognition.

Introduction: the KLK superfamily
Kallikrein-related peptidases, formerly named human tissue kallikreins (hKs), belong to a subgroup of the chymotrypsin-like serine proteinase family S1A of clan PA(S)
(Yousef and Diamandis, 2001; Barrett et al., 2003; Clements et al., 2004). The 15 human KLK genes are located
on chromosome 19q13.4 and constitute the largest contiguous serine protease cluster in the human genome
(Yousef et al., 1999). These genes, generally composed
of five coding exons and in some cases one or two 59
non-coding exons, encode the classical tissue kallikrein
KLK1 and the classical kallikrein-related peptidases
KLK2 (glandular kallikrein) and KLK3 (prostate-specific
antigen, PSA), as well as the 12 so-called new tissue
kallikrein-related peptidases, KLK4–15, named in chronological order of their discovery (Brattsand and Egelrud,
1999; Yousef et al., 1999; Diamandis et al., 2000; Harvey
et al., 2000; Yousef et al., 2000). All KLK genes encode
single-chain pre-pro-proteinases containing a chymotrypsin- or trypsin-like catalytic domain of 224–237 residues (see Table 1 for details of KLK4–7) with an amino
acid sequence identity of approximately 40% among the
new members of the family (Clements et al., 2001; Yousef
and Diamandis, 2002). According to phylogenetic analyses, KLK1 and its close homologs KLK2 and KLK3 form
a clade of their own, KLK4, 5, and 7 belong to another
subgroup, whereas KLK6 shares more similarities with
KLK13 and KLK14 (Yousef and Diamandis, 2003; Clements et al., 2004). The 15 KLKs are secreted as inactive
zymogens and are extracellularly activated by removal of
their propeptides. The majority of these kallikrein-related
peptidases prefer, like trypsin, basic P1 residues, whereas only a few members cleave similar to chymotrypsin or
with a mixed chymo/trypsin-like P1 specificity (Debela
et al., 2006b).

(Patho)physiological expression of kallikreinrelated peptidases
The KLK proteinases are (co-)expressed within a wide
range of tissues, such as the central nervous system,
prostate, ovary, breast, testis, and skin (Shaw and Diamandis, 2007). According to this wide expression, KLK
proteinases are involved, either directly or via participation in proteolytic cascades, in an array of physiological
processes such as skin desquamation, neuronal plasticity, semen liquefaction, and tooth development (Simmer
et al., 1998; Clements et al., 2001; Paliouras and Diamandis, 2006; Pampalakis and Sotiropoulou, 2007).
Notably, KLK proteinase expression, which in many cases is under the control of steroid hormones, changes dramatically in a variety of malignant diseases (i.e., up- or
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Table 1 General characteristics of KLK4, 5, 6, and 7.
KLK4

KLK5

KLK6

KLK7

Other names

Prostase
EM serine proteinase 1
Kallikrein-like protein 1
Serine protease 17

HSC tryptic enzyme
Kallikrein-like protein 2

HSC chymotryptic enzyme
Serine protease 6

Protein length (aa)
Disulfide bonds (n)
N-Glycosylation sites
Signal peptide length (aa)
Pro-peptide length (aa)
Activation cleavage site
Specificity

254
6
1
26
4
SCSQ-IING
Trypsin-like

293
6
4
30
37
SSSR-IING
Trypsin-like

Protease M
Neurosin
Zyme
Serine protease 9
Serine protease 18
244
6
1
16
5
EQNK-LVHG
Trypsin-like

253
6
1
22
7
QGDK-IIDG
Chymotrypsin-like

EM, enamel matrix; HSC, human stratum corneum.

downregulated, depending on the type of cancer and
KLK), with ovarian, breast, and prostate cancer being the
most prominent examples (Borgono and Diamandis,
2004).
Like several other KLKs, KLK4, 5, 6, 7 are not or only
moderately expressed in the normal ovary (Shaw and
Diamandis, 2007), but are overexpressed in ovarian carcinoma tissues at the mRNA and/or protein level (Obiezu
and Diamandis, 2005; Paliouras and Diamandis, 2007).
High KLK4 and KLK5 mRNA levels are indicators of poor
prognosis for ovarian cancer (Kim et al., 2001; Obiezu et
al., 2001). Likewise, elevated KLK7 mRNA expression in
tumor tissue is associated with poorer prognosis for
ovarian cancer patients, especially for those with lower
grade disease and those who have been optimally debulked (Kyriakopoulou et al., 2003). Ovarian cancer patients
also express KLK6 protein in their tumor tissues, high
levels of which are associated with shorter disease-free
and overall survival (Hoffman et al., 2002). An in vivo
tumor model demonstrated that simultaneous overexpression of KLK4, 5, 6, and 7 increases the malignant
phenotype of ovarian cancer cells (Prezas et al., 2006).
Thus, these enzymes may well be involved in ovarian
tumor establishment, growth and/or spread, and should
be considered as promising therapeutic targets.
In contrast to their general overexpression in ovarian
cancer, KLK genes and proteins seem to be often downregulated in breast, prostate, and testicular tumors. Strikingly, whereas high KLK7 mRNA levels are significantly
correlated with poorer prognosis of ovarian cancer
patients (Kyriakopoulou et al., 2003), we observed that
high KLK7 mRNA expression is strongly associated with
good prognosis in breast cancer patients, indicating a
different role of KLK7 in these two tumor types.
Aberrant KLK expression in tumor tissue may be due
to DNA methylation, as recently reported for KLK6 in
breast cancer (Pampalakis and Sotiropoulou, 2006).
Moreover, a significant number of KLK splice variants
have been identified, either resulting in premature stop of
translation or the production of truncated non-functional
proteinases. Several reports hint at a clinical significance
for some of these novel KLK variants (Obiezu and
Diamandis, 2000; Dong et al., 2003; Yousef et al., 2004;
Kurlender et al., 2005; Tan et al., 2006). Apart from malignancies, KLKs are also involved in: (i) abnormal tooth
development that is caused by the well-documented

human autosomal recessive hypomaturation amelogenesis imperfecta, resulting from a KLK4 gene deletion
(Hart et al., 2004); (ii) neurodegenerative disorders, e.g.,
KLK6 has been implicated in demyelinization processes
(Blaber et al., 2004); and (iii) skin diseases, such as
Netherton syndrome, for which unregulated KLK activity
has been implicated in abnormal stratum corneum barrier
function. Netherton syndrome has been genetically
linked to a defect in the SPINK5 gene, which encodes an
inhibitor of KLK5 and 7, lymphoepithelial Kazal-typerelated serine protease inhibitor (LEKTI) (Chavanas et al.,
2000; Descargues et al., 2005).

Activation of kallikrein-related peptidases
Mature KLKs have a typical serine protease catalytic
domain and lack other distinct domains such as growth
factor-like or kringle domains found, for example, in serine proteases involved in clotting/fibrinoloysis. Since their
biological function is likely to rely on their proteolytic
activity only, major efforts have recently been made to
elucidate pathways leading to KLK activation from precursor (zymogen) forms. All KLKs are synthesized as
inactive pre-pro-enzymes and are translocated as inactive zymogens into the endoplasmic reticulum upon
removal of the signal peptide. After secretion into the
extracellular space, the pro-KLKs are activated by proteolytic release of a propeptide from the N-terminus, typically 4–9 aa in length. The exception is KLK5, which
possesses an unusually long propeptide of 37 aa (Table
1). Because the KLK activation cleavage site bears a P1Arg or a Lys residue, with the exception of Gln in proKLK4, KLK activation is likely to involve proteinases
endowed with trypsin-like specificity. Since many KLK
proteinases themselves have trypsin-like substrate specificity (Table 2), it has been proposed that KLKs are
capable of activating themselves, each other, and coexpressed chymotrypsin-like KLKs, thereby producing an
activity amplification cascade analogous to that
observed for digestive enzymes, blood coagulation and
the complement system, respectively (Bode et al., 1997;
Gros et al., 2008). Such amplification of activity may generate the active enzymes to produce desquamation in the
skin or semen liquefaction in the prostate (Pampalakis
and Sotiropoulou, 2007).
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Table 2 Selected potential natural substrates of KLK4, 5, 6, or
7 with a determined cleavage site.
Natural substrate
KLK4
Pro-urokinase
Pro-meprin b
Pro-KLK3
Pro-KLK11
Prostatic acid phosphatase
Urokinase receptor

Enamelin

Amelogenin

KLK5
Pro-uPA
Plasminogen
Pro-meprin a
Pro-meprin b
Kininogen

Pro-KLK2
Pro-KLK3

Pro-KLK5
Pro-KLK6
Pro-KLK7
Pro-KLK11
Pro-KLK12
Pro-KLK14
Protease-activated receptor 2
Cathelicidin

Fibrinogen (a-chain)
Fibrinogen (b-chain)
Vitronectin
IGFBP-1
IGFBP-2
IGFBP-3
IGFBP-4
IGFBP-5

KLK6
Pro-urokinase
Pro-KLK6
Pro-KLK11

Table 2 (Continued)
Natural substrate

Cleavage site

References

LFEK-KVYL
FEKK-VYLS
TEAS-VVAP
SKGR-SLIG*
SQKR-PSQR
PSQR-HATA
DHAR-HGFL
FLPR-HRDT
PRHR-DTGI
SIGR-FFGG
GGDR-GAPK
APKR-GSGK
HPAR-TAHY
LPQK-SHGR
SHGR-TQDE
HFFK-NIVT
VTPR-TPPP
GKGR-GLSL
SLSR-FSWG
YGGR-ASDY
SEVK-MDAE
AEFR-HDSG
HHQK-LVFF

18
18
18
13,
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
17,
17,
17,

GKEF-KRIV
GDFF-RKSK
LGDF-FRKS
IKDF-LRNL
NQHL-CGSH
EALY-LVCG
RGFF-YTPK
GFFY-TPKT

16
16
16
16
20
20
20
20

Cleavage site

References

Plasminogen

PRFK-IIGG*
AQIR-NSII*
ILSR-IVGG*
GETR-IIGK*
VYIR-STDV
AVTY-SRSR
TYSR-SRYL
VQYR-SG
VPHR-IPPG
FFGY-HGFG
FGYH-GFGG
SEEM-FEQD
PNPR-GNDT
LTPL-KWYQ
TPLK-WYQN
LKWY-QNMI
NMIR-HPYT
WLHH-QIIP
PQSH-ALQP
PLPA-QQPF
FSMQ-SLLP

1, 2
3
1
4, 5
1
2
2
2
6
6
6
6
6
7
7
7
7
7
7
7
7

Protease-activated receptor 2
Myelin basic protein

Amyloid precursor protein

KLK7
Cathelicidin
PRFK-IIGG*
LFEK-KVYL
TNPR-KLYD
QKSR-NGLR
AQIR-NSII*
IQLR-IASF
GCPR-DIPT
RSSR-IGEI
IQSR-IVGG*
LRPR-SLQC
ILSR-IVGG*
LKNR-FLRP
TGGK-STCS
SSSR-IING*
EQNK-LVHG*
QGDK-IIDG*
GETR-IIGK*
ATPK-IFNG*
DENK-IIGG*
SKGR-SLIG*
KRFA-LLGD*
DFRR-KSKE
DFLR-NLVP
EFKR-IVQR
IVQR-IKDF
LVPR-TES
SSER-GSAG
GTRR-EYHT
FSAR-GHRP
ATQK-KVER
CKGR-CTEG
DGSK-ALHV
EQHR-QMGK
DSQR-YKVD
LSPR-GVHI
SQSR-THED
KHTR-ISEL
MVPR-AVYL

5
8
8
9
9
8
8
8
10
10
10
10
10
11
12
11
4, 5
4
12
13, 14, 15
16
16
16
16
16
16
8
8
8
8
8
10
10
10
10
10
10
10

PRFK-IIGG*
LRQR-ESSQ
GETR-IIGK*

5
12, 17, 18
4

Insulin B-chain

14

19
19
19

*Activation of the target protein. IGFBP: insulin-like growth factor-binding protein. References: (1) Takayama et al., 2001;
(2) Beaufort et al., 2006; (3) Becker-Pauly et al., 2007; (4) Yoon
et al., 2007; (5) our unpublished results; (6) Yamakoshi et al.,
2006; (7) Hart et al., 2004; (8) Michael et al., 2005; (9) BeckerPauly et al., personal communication; (10) Michael et al., 2006;
(11) Brattsand et al., 2005; (12) Blaber et al., 2007; (13) Oikonomopoulou et al., 2006a; (14) Oikonomopoulou et al., 2006b;
(15) Stefansson et al., 2008; (16) Yamasaki et al., 2006; (17) Magklara et al., 2003; (18) Bayés et al., 2004; (19) Angelo et al., 2006;
(20) Skytt et al., 1995.

Accordingly, MMP-20 might activate KLK4 (Simmer
and Hu, 2002) and it has been shown that KLK4 is capable of processing the zymogens of several KLKs, including KLK3, and 11, into their active counterparts
(Takayama et al., 2001; Yoon et al., 2007; our unpublished results), although in vivo, or at least ex vivo, demonstrations are still lacking. Evidence also indicates that
(pro-)KLK5 is capable of auto-activation and that this
enzyme could then activate pro-KLK2, 3, 6, 7, 11, 12 and
14 (Brattsand et al., 2005; Michael et al., 2006; Blaber et
al., 2007; Yoon et al., 2007; our unpublished results).
KLK4 and 5 may therefore be considered general
activators of pro-KLKs. KLK6, whose pro-fragment is
removed by treatment with KLK5, activates mainly proKLK11 (Yoon et al., 2007). To date it has not been clearly
demonstrated that KLK7, a chymotrypsin-like protease,
activates pro-forms of other KLKs, although it has the
capacity to cleave the propeptides of KLK2 and 3,
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despite an Arg in P1 position (Yoon et al., 2007). Interestingly, KLKs also exhibit internal peptide bonds that are
sensitive to trypsin-like protease cleavage, which results
in inactivation. Therefore, in some cases activation is only
a transitional step that is rapidly followed by autoproteolytic inactivation of the KLK enzyme, as in the case of
KLK6 via cleavage of the internal Arg76-Glu77 peptide
bond (Magklara et al., 2003; Bayés et al., 2004; Blaber
et al., 2007). Such autoproteolytic cleavage, which is not
generally observed after activation of other serine proteases, may be an important feature for regulation of the
activity of various KLKs, along with their known sensitivity to an array of natural protease inhibitors, including
a2-macroglobulin, serpins and/or LEKTI, and salts, e.g.,
Zn2q and Cu2q ions.

Structural and functional comparison of
KLK4, 5, 6, and 7
In addition to the classical kallikreins, KLK1 (1SPJ; Laxmikanthan et al., 2005) and KLK3 (2CZH; Menez et al.,
2008), crystal structure coordinates of mature new type
human kallikrein-related peptidases are available for
recombinant KLK4 (2BDG; Debela et al., 2006a), KLK5
(2PSX; Debela et al., 2007a), KLK6 (1LO6; Bernett et al.,
2002), and KLK7 (2QXH; Debela et al., 2007b). All four
kallikrein-related peptidases are shaped like an oblate
ellipsoid with diameters of approximately 35 and 50 Å.
Similar to other trypsin-like serine proteinases, the chain
folds into two adjacent six-stranded b-barrels that are
tightly interconnected by three trans-domain segments.

The typical structure includes one 310-helix between residues 55 and 59 and two a-helices in segments 164–172
and 234–244. KLK4 also contains a short 310-helix
between residues 74 and 77 in the 75 (70–80) loop
(Debela et al., 2006a). The catalytic triad of Ser195,
His57, and Asp102 is located along the junction of both
barrels, and the active-site cleft with the substrate recognition subsites S4–S39 runs perpendicular to this junction (Figure 1A). Consistent with most other trypsin-like
protease structures is the presence of an internal salt
bridge between the a-ammonium group of Ile/Leu16 and
the side-chain carboxylate of Asp194. Formation of this
buried salt bridge is the basis for zymogen activation, as
its presence confers rigidity to the overall structure of the
protease and maintains the S1 pocket in the correct conformation to bind substrates and to stabilize transitionstate intermediates through the oxyanion hole, which
consists of the backbone amides of Ser195 and Gly193
(Bode et al., 1978; Huber and Bode, 1978) (Figure 1). The
two major specificity-determining residues Asp(Asn)189
and the adjacent Ser(Ala)190 are located at the bottom
of the S1 pocket (Figure 1B).
Further common characteristics are the presence of
cis-Pro219 (a residue that is deleted in human trypsin,
thrombin, and tryptases), Pro225, which prevents sodium
binding in the 222 loop, as observed in coagulation
factors (Di Cera et al., 1997), and six disulfide bridges
(Cys22-Cys157,
Cys42-Cys58,
Cys128-Cys232,
Cys136-Cys201, Cys168-Cys182 and Cys191-Cys220).
Noteworthy is the sequence variation in the 37 loop of
KLK5 that is one residue longer than those of KLK4, 6,
and 7. The 70–80 loop of KLK4 and KLK5 contains the

Figure 1 Superposition of the kallikrein-related peptidase KLK4, 5, 6, and 7 tertiary structures in standard orientation.
(A) Overall structures depicted as coils for all secondary structural elements in stereo. KLK4 is displayed in green, KLK5 in orange,
KLK6 in magenta, and KLK7 in yellow. Important loops are labeled according to their middle residues. The catalytic triad residues
Ser195, His57, Asp102, and the N-terminal residue 16 are shown as stick models. (B) Close-up view of the active sites in the same
orientation as in (A), with additional stick models for residues 99, 189, and 190.
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inserted residue 74A with respect to the chymotrypsinogen numbering, whereas KLK7 exhibits a two-residue
deletion. The 99 loop of all four KLKs is exactly the same
length as in chymotrypsinogen and lacks the so-called
kallikrein-loop, an 11-residue insertion in the 99 loop
present in the classical kallikreins KLK1–3 (Clements et
al., 2001). Furthermore, the 148 loops of KLK4 and KLK6
have a two-residue deletion compared to those of KLK5,
KLK7, and chymotrypsinogen. With the exception of a
single-residue deletion after residue 186, the sequence
numbering of these four KLKs does not differ any further.
Using KLK4 as the reference structure (Figure 1) superimposition of the other KLKs resulted in root mean
square (rms) deviations of 0.83 Å for KLK5 (54.5% identical residues), 0.88 Å for KLK6 (43.8%), and 1.04 Å for
KLK7 (50.7%).
The extended substrate specificity has been investigated for KLK4 (Matsumura et al., 2005; Debela et al.,
2006b; Borgoño et al., 2007), KLK5 (Michael et al., 2005;
Debela et al., 2006b; Borgoño et al., 2007), KLK6 and
KLK7 (Debela et al., 2006b). Owing to the more open,
hydrophobic character of the S4 subsite (Schechter and
Berger, 1967), all investigated human KLKs are rather
non-specific for P4 residues, with a slight preference for
hydrophobic residues. The S3 subsite also shows little
specificity, as the P3 side chains mostly extend to the
bulk solvent (Debela et al., 2006b). Therefore, only the S1
and S2 subsite of KLK4, 5, 6, and 7 are discussed here
in detail. In addition, the primed subsites S19, S29 or even
further have not been characterized systematically for the
KLKs. Based on crystal structures and comparison of
cleavage sites within biological proteins, this portion of
the extended substrate binding site might favor small to
medium-sized polar or hydrophobic residues.

Arg, as well as in the sequence Val-Gln-Tyr-Arg-x-SerGly (Beaufort et al., 2006). Therefore, it is assumed that
KLK4 might be a physiological regulator of these cancerassociated enzymes.
Overall, these functions are in good agreement with the
structural characteristics of the KLK4 active site. In the
crystal structure of KLK4, a p-amino benzamidine (PABA)
inhibitor molecule is bound in the large and deep S1
pocket. Owing to the presence of an amidino group, the
binding of PABA most closely resembles the interaction
of the S1 subsite with a P1-Arg (Figure 2A). In the crystal
structure, the positively charged amidino group forms a
salt bridge to the negatively charged Asp189 carboxylate
at the very bottom of the S1 pocket (two O-two N hydrogen bonds), and a hydrogen bond to the adjacent polar
Ser190 Og, which most likely supports the accommodation of P1-Lys side chains (Debela et al., 2006a). Additional hydrogen bonds of the PABA amidino group were
observed with a buried water molecule and with the
backbone carbonyl of Lys217. The S2 subsite of KLK4
is a uniquely notched S2 groove, well shaped to accept
medium-sized hydrophobic and polar P2-side chains
(Figure 2A). It is largely constituted by the side chains of
His57, Leu99, and Phe215, but is more deeply carved
than in KLK5, 6, and 7 (Figure 1B). Moreover, it has more
negative potential, because the Asp102 side chain is only
partially shielded from the bulk solvent (Figure 2A). The
hydrophobic S4 cleft of KLK4 is also better defined than
those of KLK5, 6, and 7 by the Phe215 phenyl side chain
and by the bordering Leu175 and Leu99, and can
accommodate medium-sized to large hydrophobic P4
side chains.

KLK5
KLK4
KLK4 (hK4) has a clear preference for P1-Arg over Lys
side chains in its S1 specificity pocket, which also tolerates Gly, Gln, and Asn, according to two positional
scanning studies (Matsumura et al., 2005; Debela et al.,
2006b) and a kinetic study using tripeptidyl-p-nitro-anilides (pNA) with P1-Arg and P1-Lys (Takayama et al.,
2001). Furthermore, KLK4 prefers as P2 residue the
medium-sized polar Gln over the more hydrophobic Val,
Leu, Thr, and Pro, whereas large aromatic and basic side
chains are not accepted (Debela et al., 2006b). Among
the four kallikrein-related peptidases being discussed,
KLK4 is the only one that has marked specificity for
medium-sized to large hydrophobic P4 residues. The catalytic efficiency of KLK4 for the hydrolysis of Z-FVR-pNA
was exceptionally high, demonstrating a kcat/Km value of
1.75=106 M-1 s-1 (Debela et al., 2006a).
Some efficient in vitro substrates of KLK4 (Table 2)
have cleavage sites that correspond to the profiling
results (Wright et al., 2003; Yamakoshi et al., 2006; Becker-Pauly et al., 2007), such as the proform of KLK3 with
the Ile-Leu-Ser-Arg-x-Ile-Val activation site. KLK4 also
activates the urokinase-type plasminogen activator (uPA)
by cleaving after Pro-Arg-Phe-Lys (Takayama et al., 2001)
and cleaves the uPA receptor (uPAR) after Thr-Tyr-Ser-

Among the kallikrein-related peptidases investigated,
KLK5 (hK5) or human stratum corneum trypsin-like
enzyme (Brattsand and Egelrud, 1999) exhibits the
strongest preference for P1-Arg over Lys and the complete exclusion of chymotrypsin-specific substrates with
a Phe or Tyr side chain in P1 position (Michael et al.,
2005; Debela et al., 2006b). Since KLK5 activates proKLK7 (Gln-Gly-Asp-Lys-x-Ile-Ile) at a low rate (Caubet et
al., 2004), Lys is accepted by the S1 pocket to some
extent. In a comparative study using fluorogenic tripeptidyl substrates, a preference for Ala and Lys at P2 was
identified; however, the best substrates were the
7-amino-4-methyl coumarins (AMC) of Boc-Phe-Ser-Arg
and Boc-Val-Pro-Arg, which had kcat/Km values around
15=103 M-1 s-1 (Michael et al., 2005). Relative to KLK4,
model peptide pNA substrates were hydrolyzed with
much less efficiency by KLK5, e.g., Bz-Pro-Phe-Arg-pNA
exhibited kcat/Km of 6.60=103 M-1 s-1 (Schechter et al.,
2005). A recent profiling study demonstrated that small
or polar residues are preferred in P2, such as Ser, Ala,
Thr, and Asn (Debela et al., 2006b). However, KLK5 activates itself more efficiently at the cleavage site Ser-SerSer-Arg-x-Ile-Ile than KLK7 or KLK14, which, together
with KLK8 and KLK6, may interact in a proteolytic cascade of the stratum corneum, serving in skin desquamation (Brattsand et al., 2005; Pampalakis and
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been found to be good substrates of KLK5 (Caubet et
al., 2004). As also shown for KLK6 and KLK14 (but not
for KLK7 and KLK8), KLK5 is able to induce signaling
events via proteinase-activated receptor-2 (PAR2; Oikonomopoulou et al., 2006a,b; Stefansson et al., 2008), a
seven-transmembrane G protein-coupled receptor present on the membrane of many cell types, including keratinocytes (Table 2).
The leupeptin inhibitor (Ac-Leu-Leu-Arg-HCsO) bound
in the KLK5 crystal structure resembles a tripeptide
occupying the unprimed subsite region, with the N-terminal methyl group of the acetyl located in the S4 subsite
(Debela et al., 2007a). As in an ideal substrate (Figure
2B), the P1-Arg side chain reaches the bottom of the
deep S1 pocket and forms a stabilizing salt bridge
between its positively charged guanidyl group and the
carboxylate group of Asp189. In addition, hydrogen
bonds are formed to the Ser190 Og, to a buried water
molecule, and to the carbonyl group of Asp217. However, the strong preference of KLK5 for P1-Arg over Lys
cannot directly be explained by its structural components. The S2 subsite of KLK5 is a wedge-shaped pocket mainly formed by the side chains of His99 and His57
(Figures 1B, 2B). It is not as deep as the S2 subsite of
KLK4 and is more polar in character. The accommodation of a medium-sized hydrophobic side chain such as
the P2 Leu of leupeptin requires some rotation of His99.

KLK6

Figure 2 Stereo representation of the unprimed substratebinding site region of KLK4, 5, 6, and 7 in standard orientation.
(A) Active-site cleft of KLK4 in electrostatic surface representation with the modeled substrate Thr-Tyr-Ser-Arg-x-Ser-Arg
depicted as a stick model. (B) Active site of KLK5 in electrostatic
surface representation with the modeled substrate Gly-Met-SerArg-x-Ile-Ile shown as a stick model. (C) Active-site cleft of
KLK6 in electrostatic surface representation with the modeled
substrate Val-Ala-Arg-Arg-x-Ala-Ala displayed as a stick model.
(D) Active site of KLK7 in electrostatic surface representation
with the modeled substrate Glu-Ala-Leu-Tyr-x-Leu-Val depicted
as a stick model.

Sotiropoulou, 2007) and immune defense (Yamasaki et
al., 2006). Optimal substrate sequences for KLK5 were
derived from the N-terminal propeptide of KLK3 Ile-LeuSer-Arg-x-Ile-Val (Michael et al., 2006), which is in accordance with the scanning library results (Debela et al.,
2006b), in which an unusual preference for Gly in P4 was
observed. Although their cleavage sites have not been
characterized in detail, several protein components of
corneodesmosomes, adhesion structures that connect
corneocytes in the outermost layers of human skin, have

KLK6, like KLK4, displays a marked preference for P1Arg over Lys (Debela et al., 2006b). However, both proteases differ in that Ala and Met are slightly more
preferred KLK6 P1 residues than Lys, suggesting that the
S1 subsite has some chymotrypsin-like specificity (Debela et al., 2006b). The high specificity of KLK6 for P1-Arg
is in accordance with the efficient turnover of fluorescent
Xaa-Xaa-Arg-AMC substrates in enzyme assays (Yamaguchi, 2004). Interestingly, the S2 subsite of KLK6 is the
most selective among the KLKs tested in a positional
scanning study, and exhibited an unusually strong specificity for Arg and Lys at the P2 position of substrates
(Debela et al., 2006b). The catalytic efficiency of KLK6
for the hydrolysis of model peptide substrates appears
to be in the same low range as that of KLK5, as observed
for the fluorogenic substrate Tos-Gly-Pro-ARG-AMC,
with kcat/Km of 4.40=103 M-1 s-1. Potential natural substrates of KLK6, such as the human ionotropic glutamate
receptors (iGluR) and the myelin basic protein (MBP),
were the basis for the synthesis of good in vitro substrates with the motifs Ala-Phe-Arg-x-Phe-Ser or
His-Pro-Ala-Arg-x-Thr-Ala (Angelo et al., 2006) (Table 2).
As in the KLK4 crystal structure, a benzamidine molecule was bound in the S1 site of KLK6, mimicking a P1Arg (Bernett et al., 2002). The depth and size of the KLK6
S1 pocket (Figure 2C) resemble those of KLK4 (Debela
et al., 2006a), KLK5 (Debela et al., 2007a), and bovine
trypsin (Bode and Schwager, 1975). The negatively
charged Asp189 side chain at the bottom of the pocket
explains the specificity for basic P1 residues, whereas
the Ser190 side chain supports the acceptance of Lys
side chains. The architecture of the S2 pocket of KLK6
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is similar to the wedge-shaped pocket of KLK5, being
formed by imidazole groups of His99 and His57 (Figure
1B) with a significant negative electrostatic potential that
is mostly generated by Asp102. However, the S2 pocket
of KLK6 is more carved out than in KLK5 (Figure 2B,C)
and is more open than in KLK4 (Figure 2A), and could
adapt to larger substrates by a corresponding side chain
rotation, as observed for the equivalent Tyr99 side chain
of porcine kallikrein 1 (pK1) complexed with BPTI (Chen
and Bode, 1983). Thus, the P2-Arg and P2-Lys preference of KLK6 is mainly explained by the favorable steric
situation in combination with the negative potential of
Asp102.

tion of the His99 imidazole side chain (Figure 1B), which
may also contribute to the capacity for the adaptation to
P2 side chains of various size. Nevertheless, the S2
pocket exhibits some specificity for medium-sized polar
and hydrophobic residues, such as Tyr, Leu, Met, and
Thr.

Conclusions
We have compared three kallikrein-related peptidases
with tryptic specificity (KLK4, 5, and 6) and one with
modified chymotryptic specificity (KLK7) based on their
substrate preferences, kinetic data, and crystal structures

KLK7
According to specificity profiling, the most preferred P1
residue of KLK7 is Tyr, followed by Ala and Met, whereas
Phe, Arg, and Lys are ranked quite low (Debela et al.,
2006b). Interestingly, Tyr is favored at S2 over the medium-sized hydrophobic residues Leu, Thr, Met, and Phe.
In agreement with these findings, KLK7 cleaves the insulin B-chain after Asn-Gln-His-Leu, Glu-Ala-Leu-Tyr, GlyPhe-Phe-Tyr, and Arg-Gly-Phe-Phe (Skytt et al., 1995;
Egelrud, 2004) (Table 2). A slow turnover of substrates
with Phe in the P1 position has been reported, e.g., SucAla-Val-Pro-Phe-pNA, a substrate usually hydrolyzed
with high efficiency (kcat/Km)105 M-1 s-1) by chymotrypsinlike proteases (Powers et al., 1985), demonstrated a very
low kcat/Km of 16.0 M-1 s-1 (Schechter et al., 2005). Similar
to KLK5, KLK7 degrades proteins of corneodesmosomes, which are most likely physiological substrates of
KLKs expressed in the stratum corneum of skin (Caubet
et al., 2004). KLK7 also degrades human lipid-processing
enzymes, such as b-glucocerebrosidase and acidic
sphingomyelinase, which produce ceramide-type lipids
deposited in the stratum corneum (Hachem et al., 2005).
Recently, two crystal structures of KLK7 have been
solved with either of two covalently bound chloromethyl
ketone (CMK) inhibitors, Ala-Ala-Phe-CMK and Suc-AlaAla-Pro-Phe-CMK, bound within the active site (Debela
et al., 2007b). Overall, the S1 pocket of KLK7 is larger
and more hydrophobic than those of the tryptic KLK4, 5,
and 6 (Figure 2D). The hydrophobicity of the S1 pocket
is enhanced by the presence of Ala190 instead of
Ser190, and at the bottom of the pocket, Asn189, a polar
residue, replaces Asp189, a negatively charged residue
(Figure 1B). Consistent with specificity, Asn189 instead
of Asp189 would reduce the affinity of KLK7 for basic P1
side chains and allow binding of non-polar residues. The
size and shape of the S1 pocket is well suited to accommodate residues with medium and large side chains,
explaining the modified chymotryptic specificity. Tyr may
be favored over Phe at P1 because of the potential of
the carboxyamide group of Asn189 to hydrogen bond to
a buried hydroxyl group (Figure 2D). Owing to the conformational restrictions of the relatively narrow S1 pocket, the formation of a stabilizing hydrogen bond between
the P1-Tyr-OH and the carboxamide of Asn189 has to be
mediated by a water molecule (Debela et al., 2007b). The
S2 subsite is less separated from the S4 subsite than in
KLK4–6 and less limited in size owing to a different posi-

Figure 3 Molecular surface representation with electrostatic
potentials for KLK4–7 focusing on the putative exosites for substrate recognition.
In the panels on the left, KLK molecules are displayed in standard orientation as in Figure 1, while they are rotated by 308 in
the panels on the right. (A) KLK4 exhibits a negatively charged
patch close to the primed side region. (B) KLK5 possesses a
large positively charged region between the primed side and its
C-terminus. (C) KLK6 has an even charge distribution in this
region. (D) KLK7 possesses a positively charged region similar
to KLK5.
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with bound inhibitor molecules. Since these KLKs belong
to the subgroup of new tissue kallikreins that lack the 11residue insert in the 99 loop, their unprimed substrate
recognition region is relatively similar. Whereas the specificity in S4 for hydrophobic residues follows the order
KLK4)KLK5)KLK6)KLK7 (non-specific), the S3 subsite
is non-specific in general. The S2 pocket of KLK6 is the
most specific, with a strong preference for basic side
chains, whereas KLK5 prefers more polar P2 side chains,
KLK4 rejects charged and large residues, and KLK7
favors medium-sized polar and hydrophobic residues.
Seemingly, the major determinant of specificity for
KLK4–7 is the S1 pocket. Among the three tryptic KLKs,
the following order for specificity is observed:
KLK5)KLK4)KLK6. The latter displays an increased
chymotryptic component in its substrate preference.
Finally, KLK7 possesses a unique modified chymotryptic
specificity, with an unusual preference for Tyr.
Further determinants of substrate recognition and
specificity for physiological polypeptide substrates may
be found in the novel exosites of KLK4, 5, and 7, which
have no counterpart in KLK6 (Figure 3). Adjacent to the
primed subsites of KLK4 extends a negatively charged
region around the 37 loop and the 75 loop with the center
Glu84 (Debela et al., 2006a). Remarkably, this exosite
coincides with the positively charged anion-binding exosite I of thrombin, which is involved in various substrate
and inhibitor interactions (Bode et al., 1989) (Figure 3A).
Both KLK5 (Debela et al., 2007a) and KLK7 (Debela et
al., 2007b) exhibit similar positively charged exosites that
extend even further to the C-terminal helix (Figure 3B,D).
Usually, such exosites enhance the efficiency of cleavage, which otherwise can be very low for small test substrates, as observed for KLK7 (Schechter et al., 2005;
Debela et al., 2007b), or allow for the turnover of nonoptimal cleavage sequences in physiological substrates.
However, the identification of endogenous KLK substrates by structural and specificity profiling data should
be supported by considering interaction with potential
exosites and cofactors, in particular bivalent cations.
Zinc inhibition in the low mM concentration range was
observed for several kallikrein-related peptidases, among
them KLK4 (Debela et al., 2006a), KLK5 (Michael et al.,
2006), and KLK7 (Debela et al., 2007b). In addition, metal-binding sites that are responsible for the inhibitory
Zn2q effect have been identified in the crystal structures
(Debela et al., 2006a, 2007a,b). However, the corresponding physiological role of Zn2q and its influence on
substrate recognition and turnover require further studies. Certainly, for the development of highly specific
drugs such as active site inhibitors, a detailed understanding of the mode of action of theses serine proteinase is required that is based not only on their
three-dimensional structures and knowledge of their
extended substrate specificity beyond the scissile bond
residues, but also on the fine-tuned regulation of their
activity under physiological conditions.

Acknowledgments
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