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Abstract

We previously reported the activation profiles of the

human kallikrein-related peptidases (KLKs) as deter-

mined from a KLK pro-peptide fusion-protein system.

That report described the activity profiles of 12 of the 15

mature KLKs versus the 15 different pro-KLK sequences.

The missing profiles in the prior report, involving KLK9,

10, and 15, are now described. Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis, mass spectrometry,

and N-terminal sequence analyses show that KLK9 and

10 exhibit low hydrolytic activities towards all of the 15

pro-KLK sequences, while KLK15 exhibits significant

activity towards both Arg- and Lys-containing KLK pro-

sequences. The ability of KLK15 to activate pro-KLK8,

12, and 14 is confirmed using recombinant pro-KLK pro-

teins, and shown to be significant for activation of pro-

KLK8 and 14, but not 12. These additional data for KLK9,

10, and 15 now permit a completed KLK activome pro-

file, using a KLK pro-peptide fusion-protein system, to

be described. The results suggest that KLK15, once acti-

vated, can potentially feed back into additional pro-KLK

activation pathways. Conversely, KLK9 and 10, once

activated, are unlikely to participate in further pro-KLK

activation pathways, although similar to KLK1 they may

activate other bioactive peptides.

Keywords: activation cascade; activome; kallikrein;

kallikrein-related peptidases (KLKs); protease.

The 15 KLK (Lundwall et al., 2006) members (KLK1–15),

comprising the ‘classic’ (KLK1–3) and ‘neo’ KLKs

(KLK4–15), represent the largest cluster of S1 (or chy-

motrypsin-homologous) serine proteases within the

human genome (Yousef and Diamandis, 2001). Consid-

erable interest has been generated in the KLKs due to

their potential use as disease biomarkers; particularly in

relation to prostate (Stamey et al., 1987; Luderer et al.,

1995; Catalona et al., 1997; Darson et al., 1999; Recker

et al., 2000; Fuessel et al., 2003) and other types of can-

cer (Clements, 1989; Diamandis et al., 2000; Diamandis

and Yousef, 2001; Clements et al., 2004; Pampalakis and

Sotiropoulou, 2007; Ramsay et al., 2008; Singh et al.,

2008). KLKs have been shown to participate in the reg-

ulation of skin desquamation (Lundstrom and Egelrud,

1991; Brattsand and Egelrud, 1999; Brattsand et al.,

2005), inflammatory demyelination (Blaber et al., 2004;

Scarisbrick et al., 2006), neurodegeneration (Scarisbrick

et al., 2008), and semen liquefaction (Kumar et al., 1997;

Vaisanen et al., 1999; Malm et al., 2000; Michael et al.,

2006). These activities highlight the emerging importance

of KLKs in the diagnosis and treatment of serious human

diseases.

KLKs are secreted as inactive pro-forms, and a key

regulatory step is their extracellular activation via prote-

olytic removal of an amino-terminal pro-peptide. Known

regulatory cascades of other protease families suggests

that the KLK family might similarly interact in activation

cascades that regulate their function (Lovgren et al.,

1997; Takayama et al., 1997; Sotiropoulou et al., 2003;

Brattsand et al., 2005; Michael et al., 2006). For example,

Lovgren and coworkers showed that KLK2 is able to

cleave the pro-form of KLK3 to yield mature active KLK3

(Lovgren et al., 1997) which promotes semen liquefac-

tion. A more extensive activation cascade involving KLKs

5, 7, and 14 has been elucidated in skin desquamation

(Lundstrom and Egelrud, 1991; Yousef et al., 2003; Cau-

bet et al., 2004; Brattsand et al., 2005; Michael et al.,

2005). Recent studies have expanded considerably the

number of relevant KLK pair-wise activation relationships

predicted from the hydrolytic profiling of pro-KLK pep-

tide-fusion proteins (Yoon et al., 2007) or soluble pro-KLK

peptides (Emami and Diamandis, 2008). Such studies in

combination with knowledge of tissue-specific expres-

sion of the KLKs permits hypotheses to be developed

and tested regarding physiologically relevant KLK acti-

vation cascades (Yoon et al., 2007; Emami and Diaman-

dis, 2008).

We previously reported the activation profiles of the

human kallikrein-related peptidases (KLKs) as deter-

mined from a KLK pro-peptide fusion-protein system

(Yoon et al., 2007). That report described the activity pro-
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Table 1 Percent hydrolysis of pro-KLK(1–15) fusion proteins

for 100:1 molar ratio incubation with mature KLK9, 10, and 15

at pH 6.0/7.4 for 1 h and 24 h at 378C.

P1 KLK9 KLK10 KLK15

1 h 24 h 1 h 24 h 1 h 24 h

pro-KLK1 Arg – – – 0/5 1/9 34/62

pro-KLK2 Arg – 5/13 – 1/9 1/11 34/72

pro-KLK3 Arg – 4/8 – 8/3 0/8 32/77

pro-KLK4 Gln – – – – – –

pro-KLK5 Arg – – – – 0/4 16/47

pro-KLK6 Lys – – – – – –

pro-KLK7 Lys – – – 3/14 3/10 39/77

pro-KLK8 Lys – – – 2/11 3/16 43/86

pro-KLK9 Arg – –/14 – 0/7 3/10 27/64

pro-KLK10 Arg – – – 0/6 0/0 3/24

pro-KLK11 Arg – –/20 – – 0/4 18/71

pro-KLK12 Lys – – – – – 1/12

pro-KLK13 Lys – –/21 – – 0/2 10/30

pro-KLK14 Lys – – – 0/7 0/5 14/54

pro-KLK15 Lys – – – 2/10 6/16 46/91

Mature KLK10 and KLK15 proteins were expressed from an

Escherichia coli host, refolded and purified as previously

described (Debela et al., 2006). Mature KLK9 was expressed as

recombinant protein from HEK293 human embryonic kidney epi-

thelial cells as the expression host, as previously described for

pro-KLK6 (Yoon et al., 2008). The pro-KLK9 was activated to

mature KLK9 by incubation with enterokinase, as described pre-

viously for activation of pro-KLK6 (Blaber et al., 2007). Assay

conditions utilized 40 mM of pro-KLK fusion proteins as previ-

ously described (Yoon et al., 2007).

Figure 1 Gel electrophoretic analysis of pro-KLK1–15 fusion

protein cleavage.

Coomassie Brilliant Blue-stained 16.5% Tricine sodium dodecyl

sulfate-polyacrylamide gel after separation of the products of a

100:1 molar ratio incubation of pro-KLK1–15 fusion proteins

(abbreviated as ‘Pro K’; final concentration of 40 mM) with KLK15

for 24 h at pH 7.4.

files of 12 of the 15 mature KLKs versus the 15 different

pro-KLK sequences; the missing profiles in the prior

report, involving KLK9, 10, and 15, are now presented.

These additional data for KLK9, 10, and 15 permit a com-

pleted KLK activome profile, characterized using a KLK

pro-peptide fusion-protein system, to be described.

Under the conditions evaluated (100:1 molar ratio pro-

KLK fusion protein:mature KLK, pH 6.0 or 7.4, and for

either 1 or 24 h incubations at 378C) KLK9 and KLK10

exhibited minimal specificity towards hydrolysis of the 15

pro-KLK fusion proteins; however, KLK15 exhibited the

ability to hydrolyze several pro-KLK sequences (Figure 1).

A summary of the hydrolysis densitometry data for KLK9,

10, and 15 hydrolyses of the 15 different pro-KLK fusion

proteins is given in Table 1 and a complete listing of

hydrolysis, mass spectrometry, and N-terminal sequenc-

ing data are provided as supplementary data.

The hydrolysis results for pro-KLK fusion proteins indi-

cate that after 24 h incubation at pH 7.4 with KLK15,

greater than 50% hydrolysis was achieved against pro-

KLK1-3, 7–9, 11, and 14–15; a significant sub-set of the

pro-KLKs. No hydrolysis was observed for pro-KLK4 and

6 fusion proteins, and hydrolysis of pro-KLK12 resulted

in only 12% hydrolysis under these conditions (Table 1).

Based upon an available set of expressed and purified

recombinant pro-KLK proteins, the ability of KLK15 to

activate pro-KLK8, pro-KLK12, and pro-KLK14 was eval-

uated; the ability of KLK10 to activate pro-KLK14 was

also evaluated. A summary of these activation assays is

shown in Figure 2. The results confirm that KLK15 is

capable of activating pro-KLK8, pro-KLK12, and pro-

KLK14, and with a relative ranking of activation efficiency

being pro-KLK14)pro-KLK8)pro-KLK12. Weak activa-

tion of pro-KLK12 by KLK15 was predicted from hydrol-

ysis of the pro-KLK fusion protein data, and with the

actual pro-KLK12 protein evidence of activation by

KLK15 required extended (24 h) incubation (Figure 2).

Although the pro-KLK8 fusion protein was hydrolyzed by

KLK15 with greater apparent efficiency than the pro-

KLK14 fusion protein, this activity is reversed in the

hydrolysis of the actual pro-KLK proteins (Figure 2). This

result suggests the potential for an exosite interaction

between KLK15 and pro-KLK14 that is not present in the

pro-KLK fusion protein. The results also indicate that

KLK10 exhibits minimally detectable hydrolytic activity

versus pro-KLK14.

Combining the results presented here with data from

our prior study allows a completed ‘activome’ description

of relative hydrolysis rates for the KLK family (Figure 3).

This now completed view groups KLK9 and KLK10 with

KLK1, in that these KLKs once activated, appear unlikely

to feed back into any further KLK activation cascade. As

with KLK1, which hydrolyzes the bioactive kinins, KLK9

and 10 may recognize separate bioactive peptide sub-

strates distinct from any pro-KLK family member. In this

regard, KLK9 contains an atypical Gly residue at position

189 (Yousef and Diamandis, 2000), located in the base

of the substrate S1 pocket. This residue is characteris-

tically Asp in proteases with trypsin-like specificity,

including most of the KLKs, and provides an electrostatic

selectivity for the basic residues Arg or Lys in the sub-

strate P1 position (present in the majority of KLK pro-

sequences). Thus, Gly189 is likely responsible for the

inability of KLK9 to hydrolyze the pro-KLK sequences;

the specificity of KLK9 remains undetermined, but does

not include the KLK pro-sequences.

KLK10 is unique among the KLK family in that it con-

tains a Ser residue at position 193, which is present as

a characteristically conserved Gly residue in serine pro-

teases (Liu et al., 1996). The main chain amide of Gly193

participates in stabilization of the oxyanion intermediate
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Figure 2 Activation assay results.

Raw data for the activation assay of pro-KLK8 (4.0 mM, 1 h; left panel) with KLK15, pro-KLK12 (2.7 mM, 24 h; center panel) with

KLK15 and pro-KLK14 (4.0 mM, 1 h; right panel) with KLK10 and KLK15 are given. Assay of pro-KLK12 at 2.7 mM was due to solubility

concerns. Measured KLK activity has been normalized to account for enzyme and substrate controls as previously described (Yoon

et al., 2007, 2008).

Figure 3 A completed KLK activome.

Summary of pro-KLK fusion protein hydrolysis wpH 7.4 for 1 h at 378C; represented in gray scale (whites0%, blacks100% hydrolysis)x

by KLK9, 10, and 15 and combined with previous results for similar hydrolyses by the remaining 15 KLKs (Yoon et al., 2007) yielding

a completed KLK ‘activome’ analysis.

in the hydrolytic reaction of peptide substrates. Schmidt

and coworkers studied the catalytic effects of a Glu

mutation at position 193 in coagulation factor XI, identi-

fied from a genetically inherited deficiency in factor XI

activity (Schmidt et al., 2004). Their results showed that

substitution of Gly193 by Glu reduced kcat by several

orders of magnitude, and likely distorted the critical ster-

eochemistry of the oxyanion binding pocket. Ser193 in

KLK10 may similarly distort the oxyanion binding pocket,

resulting in significant reduction in overall catalytic activ-

ity. Thus, KLK10 may therefore be an essentially inactive

protease, or may have an as-yet unidentified substrate.

KLK15 is unique among the KLKs in having a Glu res-

idue at position 189 in the base of the substrate S1 pock-

et (Yousef et al., 2001). Evnin and coworkers have

reported that Arg/Lys selectivity in trypsin can be shifted

35-fold in favor of Lys by an Asp™Glu mutation at posi-

tion 189 (Evnin et al., 1990). KLK15 exhibits the highest

efficiency of hydrolysis against its own pro-peptide

sequence (and is therefore predicted to be subject to

autocatalytic activation), followed by KLK8 and KLK7

(Table 1). These KLK pro-peptides all contain a Lys in the

P1 position, and the results indicate that the Glu at posi-

tion 189 influences the Arg/Lys preference in favor of

recognition of Lys, as predicted by the results of Evnin

and coworkers (although KLK15 retains the capability of

activating Arg-containing pro-KLK sequences). Thus,

KLK15 is hypothesized to participate in activation cas-

cades involving other members of the KLK family, partic-

ularly those with Lys-containing pro-peptides, with the

notable exception of pro-KLK6, and weak activation

potential against pro-KLK12. The ‘P’ and ‘P-prime’ resi-

due positions of the pro-KLKs play a key role in their

recognition and hydrolysis and are uniquely different. In

this regard, pro-KLK6 is distinct in containing a His res-

idue in the P39 position; similarly, pro-KLK12 contains a

unique sequence in the P4-P2 positions. The stereo-

chemical complementarities of these positions in the
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corresponding KLK15 ‘S’ and ‘S-prime’ sites appear

energetically unfavorable for recognition and hydrolysis.

KLK15 is robustly expressed in the thyroid, but is also

detectable in the prostate, salivary glands, adrenal

glands, colon, testis, and kidney (Yousef et al., 2001).

Other members of the KLK family expressed in thyroid

include KLK2–5, 7, 11–14 (Yousef and Diamandis, 2001);

of these, pro-KLK7 and pro-KLK12–15 contain a Lys at

the activation P1 position, and (with the exception of

KLK12) are hydrolyzed most efficiently by KLK15 (Table

1). The presence of KLK4, 5, and 12 in thyroid provide

pathways to activate pro-KLK15 (in addition to the auto-

lytic activation potential of KLK15). Thus, activating cas-

cades involving these members of the KLK family

appears likely in thyroid, as well as other tissues, includ-

ing prostate.
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