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hK7 or human stratum corneum chymotryptic enzyme belongs to
the human tissue kallikrein (hKs) serine proteinase family and is
strongly expressed in the upper layers of the epidermis. It partic-
ipates in skin desquamation but is also implicated in diverse skin
diseases and is a potential biomarker of ovarian cancer. We have
solved x-ray structures of recombinant active hK7 at medium and
atomic resolution in the presence of the inhibitors succinyl-Ala-
Ala-Pro-Phe-chloromethyl ketone and Ala-Ala-Phe-chloromethyl
ketone. The most distinguishing features of hK7 are the short
70-80 loop and the unique S1 pocket, which prefers P1 Tyr
residues, as shown by kinetic data. Similar to several other kal-
likreins, the enzyme activity is inhibited by Zn2*+ and Cu?* at low
micromolar concentrations. Biochemical analyses of the mutants
H99A and H41F confirm that only the metal-binding site at His%®
close to the catalytic triad accounts for the noncompetitive Zn2+
inhibition type. Additionally, hK7 exhibits large positively charged
surface patches, representing putative exosites for prime side
substrate recognition.

99 loop | desquamation | metal-binding proteinase | Netherlon syndrome

H uman tissue kallikrein 7 (hK?7), also called KLK7 or stratum
corneum chymotryptic enzyme, is a member of the new human
tissue kallikreins that lack the “kallikrein” insert of the 99 loop
present in hK1-hK3. It is highly expressed in the upper spinous and
granular layers of the epidermis (1) and was initially purified from
human stratum corneum, the outermost layer of skin (2), where it
plays a significant role in physiological and pathophysiological
processes of the skin (3). hK7 is biosynthesized as an inactive
precursor with a 22-aa signal peptide, followed by a 7-aa activation
peptide and a 226-aa catalytic domain. After cleavage of the signal
peptide, the proenzyme is activated in vivo by a still unknown
extracellular protease with tryptic specificity, whereas in vitro hKS
or stratum corneum trypsin-like serine protease is able to activate
pro-hK7 (4). The colocalization of hKS5 and hK7 in human skin
suggests a functional relationship (5, 6).

Because hK7 had been first identified in the skin, later studies
focused mainly on its (patho-)physiological function in the epider-
mis. It was uncovered that hK7 and hKS degrade intercellular
cohesive structures in the stratum corneum, the so-called cor-
neodesmosomes, a process that is required for shedding of cells at
the skin surface, a prerequisite for the continuous regeneration of
the skin (2-4, 7). Several protein components of the corneodes-
mosomes, such as desmoglein1, desmocollinl, and corneodesmosin,
are good in vitro substrates of both hK7 and hK5 (4).

However, an elevated expression of hK7 in the epidermis leads
to increased proteolytic activity, pathological desquamation, and
inflammation in severe skin diseases such as Netherton syndrome,
psoriasis, and atopic dermatitis (5, 7-10). Additionally, hK5 and
hK7 exhibit several proinflammatory effects, including the activa-
tion of certain cytokines, the attraction of leukocytes, and the
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induction of proinflammatory activation cascades such as the
kallikrein/kinin and complement systems (11).

Furthermore, hK7 may participate in multiple processes leading
to invasive and metastatic tumor growth, especially in ovarian
cancer. Whereas in healthy ovarian tissue, hK7 is produced at
moderate concentrations, high levels of hK7 mRNA or protein
were identified in ovarian cancers (11-15). The up to 15-fold hK7
overproduction correlates with ovarian cancer stage (16), and,
moreover, a high level of hK7 mRNA is associated with a reduced
overall survival of ovarian cancer patients (17). In line with these
observations, overexpression of the KLK4, 5, 6, and 7 genes in a
mouse tumor model increased the malignant phenotype of ovarian
cancer cells (18). Thus, hK7 may contribute to metastasis by
degrading extracellular matrix and adhesion molecules, enabling
the tumor cells to disseminate from the primary tumor.

hK?7 is one of the few human tissue kallikreins with well defined
physiological and pathophysiological functions, and the first exam-
ple of this family with chymotrypsin-like specificity to be crystal-
lized as recombinant protein that we have purified from insect cells
(hK7y) and from Escherichia coli (hK7g). The combined analysis of
the hK7 structure and its substrate preference, which we have
investigated in a specificity-profiling study (19), provides insights
into the molecular determinants of the unique enzyme specificity
and metal ion regulation.

Results and Discussion

Enzymatic Activity and Inhibition of hK7. Parameters of enzyme
kinetics for recombinant hK7g were determined with fluorogenic
substrates containing a single amino acid, to assess the distinct
specificity of the S1 pocket. Both substrates exhibited a slow
turnover at 25°C: for Phe-7-amino-4-methylcoumarin (Phe-AMC),
values of Ky, = 44.3 uM, ko = 0.000016 s71, and keo/Ki = 0.36
M~!s~!were obtained; and for Tyr-AMC, values of K, = 40.2 uM,
keat = 0.000033 s~ 1, and kea/Km = 0.82 M1 s~ were found. Thus,
hK7 cleaves substrates with Tyr at P1 significantly faster, mainly
because of an increased ke value. Even for the tetrapeptidic
substrate succinyl (Suc)-Ala-Val-Pro-Phe(AVPF)-pNA a kcat/Kpn Of
only 16.0 M~! s~! has been reported, indicating the requirement of
extended substrate recognition for more efficient catalysis (20).
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Fig. 1. Inhibition kinetics of hK7. (A) Inhibition curve of hK7 measured with
the fluorogenic substrate Suc-AAPF-AMC and zinc and copper concentrations
from 0.2 to 500 uM. The fractional activity is plotted against the logarithmic
values of the metal ion concentration. (B) The Lineweaver-Burk plot for
varying Suc-LLY-AMC concentrations and 0, 5, 10, and 15 uM Zn2* demon-
strates the noncompetitive inhibition type of hK7. (C) Activity of the hK7
mutants H41F (m) and H99A (open hexagons) against Suc-LLY-AMC with
varying Zn?* concentrations. The H99A mutation abolished the inhibitory
effect of Zn2* completely, whereas the H41F mutation caused no change with
respect to the wild type.

Zinc and copper ions have a strong inhibitory effect on the
hydrolytic activity of hK7, whereas calcium ions cause only a slight
enhancement of the activity. For Zn?", an inhibition constant Kj(app)
of 10 uM was obtained with the substrate Suc-Ala-Ala-Pro-
Phe(AAPF)-AMC, and, similarly, Cu?* inhibited the enzymatic
activity of hK7 at 0.6 uM (Fig. 14). We conclude that the
physiologically relevant Zn?>* ion plays a significant role in the
regulation of the hK7 activity. A measurement series for 0, 5, 10,
and 15 uM Zn?* with Suc-Leu-Leu-Tyr(LLY)-AMC showed in a
Lineweaver-Burk plot that the linear fits with increasing slopes
intercept approximately at one point on the x axis, corroborating a
noncompetitive inhibition for wild-type hK7 (Fig. 1B), similar to
hKS (21). Also, an Eadie—Hofstee plot of the same data confirmed
this inhibition type. To distinguish between two potential inhibition
sites, which were observed by crystallography, the activity of two
hK7 mutants was analyzed for its Zn?* dependence. Only H99A-
hK7 exhibited virtually no Zn?>* inhibition, whereas the H41F
mutant was inhibited as the wild type (Fig. 1C).

Overall Structure. Four hK7 crystal structures of identical polypep-

tide length containing two different peptidic inhibitors were solved.
The hK7; structure in complex with a covalently bound Suc-A APF-
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chloromethyl ketone (CMK) inhibitor was determined to 2.0 Aand
1.0 A resolution, respectlvely Also, a structure of this inhibitor
complex with copper ions was solved at 2.1 A In contrast, re-
folded hK7g cgntalns the covalently linked AAF-CMK and was
refined to 2.6 A (Table 1). These structures are rather similar, as
reflected by the 0.4 A rmsd of the Ca carbons, whereas significant
deviations of the main chain only occurred in the surface loops
between residues 36 and 38, and 70 and 80, according to the
chymotrypsinogen numbering for tissue kallikreins (22), indicating
an increased flexibility.

The hK7 molecule resembles an oblate ellipsoid with diameters
of 35 and 50 A (Fig. 24). As in other chymotrypsin-like serine
proteinases, the chain is folded into two six-stranded B-barrels and
interconnected by three transdomain segments. The structure
includes a 3jo-helix at segment Ala®-Lys>® and two regular a-
helices in segments Ser'**-Lys!7® and Phe?3*-Lys***. The catalytic
triad is located along the junction of both barrels, whereas the
active-site cleft with the substrate recognition subsites S4 to S3’ runs
perpendicular to this junction.

In mature hK7, the polypeptide chain starts with Ile!'®, which
forms via its a-ammonium group an internal salt bridge with the
side-chain carboxylate of Asp!®*. Formation of this salt bridge
induces a functional active site as it stabilizes the oxyanion hole and
a correctly shaped S1 pocket, which is accompanied by a rigidifi-
cation of the activation domain (23, 24) (Fig. 2). Active hK7
terminates with Arg?*® and exhibits the kallikrein-characteristic
cis-Pro?!? (22), as well as six intramolecular disulfide bridges.
Noteworthy is the 70—-80 loop of hK7 that is two residues shorter
and more compact than in most other serine proteinases. The
residues Ser and Ala at positions 70 and 80 preclude cation binding
(see Fig. 24 and B), whereas in pancreatic/coagulation proteinases
both are often replaced by Glu residues, coordinating a stabilizing
calcium ion (25).

Of particular interest are two large positively charged surface
patches of hK7, which are reminiscent of the functionally important
anion-binding exosites of thrombin (26) (Fig. 2C). The first of these
two putative exosites, a surface depression to the right of the
active-site cleft on the 70-80 loop (Fig. 2), consists of the basic
residues Arg’®, Arg’, Arg®?, and Arg!!3, whereas the second
exosite, extending along the C-terminal helix, comprises the basic
residues Arg?*®, His?®, Lys?*4, Lys*®, Lys?*, Lys>33, and His”!, with
the acidic Asp** interspersed. Both positively charged regions
nearly merge by several interjacent basic residues, such as Lys®,
Lys!'%7, Lys%’, Lys*, and Arg®, with only Glu®? providing a negative
charge. Possibly, this large novel exosite binds negatively charged
substrates or is bound to the cellular surface. Structural and
functional modifications of this exosite may arise from the potential
sugar linkage site 2NDT, which was not glycosylated in hK7;
expressed in insect cells.

Active-Site Cleft and Specificity. The residues of the catalytic triad,
Ser'”, His’’, Asp'?%, and the oxyanion hole, constituted by the
main-chain amide nitrogens of Gly'*? and Ser!®, are arranged in
the active-site cleft of hK7 as in chymotrypsin (Fig. 2B). The S1
specificity pocket (27), which is bordered by the conserved seg-
ments Ala'®-Ser!'?, Val?13-Cys??, and Pro?»-Tyr??, opens to the
left of Ser'® and is larger than the S1 pockets of kallikreins hK1 (28)
and hK4 (29) (Fig. 3 A and B). It resembles these kallikreins of
trypsin-like specificity with the bulged-out 217-220 loop, with the
Thr?!7 carbonyl directed toward the S1 pocket and the Phe?!8
carbonyl pointing away from it because of the following cis-Pro?'°.
However, the hK7 pocket differs from these kallikreins by the polar
Asn'® at its bottom replacing the charged Asp'®, and by the
Ser-replacing Ala'®, making the middle part of the pocket more
hydrophobic. The entrance to this pocket is framed by the hydro-
phobic Phe?!'8 and the polar Asn'®? side chains, respectively. Thus,
the S1 pocket with a polar bottom is wide but not as deep as that
of chymotrypsin and is well suited for the accommodation of
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Table 1. Data collection and refinement

Parameter hK7¢ hK7, hK7-CU hK7-HR
Space group P24, unit cell, A a = 66.603 a = 38.301 a = 45.60 a = 38.254
b =42.708 b = 56.978 b = 41.155 b = 56.953
c = 84.882 ¢ = 45.560 c=52.742 ¢ =45.533
a=7y=290°p=10853° a=1y=090°p=101.38° a=1y=090°p =92.53° a=7y=090°pB=101.37°
Resolution, A 20.0-2.5 20.0-1.0 20.0-2.0 10.0-1.0
Unique reflections 14,065 96,121 12,308 97,071
Average multiplicity 2.7 2.9 33 33
Rmerge: % 9.5 (33.3) 3.4 (31.6) 4.7 (26.3) 3.5 (28.0)
o 15.4 (4.2) 27.4 (3.2) 25.0 (2.0) 9.7 (2.4)
Completeness, % 91.6 (89.0) 93.9 (84.9) 91.2 (59.3) 94.0 (89.6)
Resolution refinement, A 20.0-2.6 20.0-2.0 20.0-2.1 10.0-1.0
Working set/Test set 11,955/642 11,740/624 10,539/568 92,134/4,932
Reryst/Rfrees % 26.6/29.2 18.0/23.3 21.7/25.1 13.1/15.9
Rmsd bond lengths, A 0.004 0.006 0.006 0.015
Rmsd bond angles, ° 1.221 1.511 1.394 0.336
Protein atoms [B factor, A?] 3,412 [26.1] 1,706 [13.4] 1,706 [38.4] 1,706 [13.8]
Inhibitor atoms 44 [23.7] 36 [20.5] 36 [46.5] 36 [13.7]
Solvent molecules/Cu2* ions 228 [25.7] 167 [25.6]/2 86 [44.4] [66.0] 225 [25.8]
PDB ID code 2QXG 2QXH 2QX]J 2QXI1

The statistic for hK7, includes two merged data sets for low and high resolution. Values in parentheses refer to the outermost shell of data collection, and

brackets indicate B factors.

medium-sized to large side chains with polar tips, such as that of Tyr
(Fig. 4). In contrast, unfavorable clashes would occur with Trp
residues at the bottom of the pocket, as indicated by a superposition
with the P1-Trp-containing bovine y-chymotrypsin structure (30),

A

Kallikrein loop

in agreement with the low turnover of hK7 for P1 Trp sub-
strates (19).

Both peptidic chloromethyl ketone inhibitors bind to the active-
site cleft of hK7 in a canonical manner (Figs. 24 and 3 4 and B),

C 16 37 loop 41 57 70-80 loop 80
hK7 IIDGAPCARGSHPWQVALLSGANQL.CGGVLVNERWVLTAA CKMNEYTVHL. GSDTLGD. RR. . AQRI KASKSFRHPGY
hK6 LVHGGPCDKTSHPYQAALY[TS. GHLLCGGVLI HPLWVLTAABCKKPNLQVFL. GKHNLRQ. RESSQEQSSVVRAVI HPDY
hK§ | | NGSDCDMHTQPWQAALLILRPNQLYCGAVLVHPQWLLTAABMCRKKVFRVRL. GHYSLSPVYESGQQMFQGVKSI PHPGY
hK1 | VGGWECEQHSQPWQAALYHF. STFQCGGI LVHRQWVLTAABICI SDNYQLWL. GRHNLFD. DENTA|QFVHVSESFPHPGF
bCTRA | VNGEEAVPGSWPWQVSLQDKTGFHFCGGSLI NENWVVTAABMCGVTTSDVVVAGEFDQGS.

SSEKIQKLKI AKVFKNSKY

96 99 Kallikrein loop 102 148 loop

hK7 LMLVKLNSQA. RLSSMVKKVRLPSRCE. . PPGTTCTVSGWGTTTSPDVTFPSDILMCVDVKL
hKé | MLLRLARPA. KLSELI QPLPLERDCS. . ANTTSCHI LGWGKT. . ADGDFPDT| QCAYI HL
hKS LMLI KLNRRI . RPTKDVRPI NVSSHCP. . SAGTKCLVSGWGTTKSPQVHFPKVILQCLNI SV
hK1 LMLLRLTEPADTI TDAVKVVELPTQEP. . EVGSTCLASGWGISI EPENFSFPDD|LQCVDLKI
bCTRA NS L T1 I TLLKLSTAA. SFSQTVSAVELPSASDDFAAGTTCVTTGWGLTRYTNANTPDRILQQASLPL

189 195 215 219
hK7 | SPQDETKVYKDLLENSMLCAGI PDSKKNACNGDBIGGPLYVCRG. ... TLQGLVSWGTFPCGQPNDPGVYTQVCKFTKWI NDTMKKHR
hK6 VSREECEHAYPGQlI TQNMLCAGDEKYGKDSCQGDEIGGPLVCGD. ... HLRGLVSWGNI|PCGSKEKPGVYTNVCRYTNWI QKTI QAK.
hK5 LSQKRCEDAYPRQI DDTMFCAGD. KAGRDSCQGDBIGGPVVCNG. ... SLQGLVSWGDYPICARPNRPGVYTNLCKFTKWI QETI QANS
hK1 LPNDECEKAHVQKVTDFMLCVGHLEGGKDTCVGDBIGGPLMCDG. ... VLQGVTSWGEGYVPICGTPNKPSVAVRVLSYVKWI EDTI AENS
bCTRA L SNTNCKKYWGTKI KDAMI CAGA. . SGVSSCMGDBIGGPLVECKKNGAWTLVGI VSWGSSTES. TSTPGVYARVTALVNWVQQTLAAN.

i A—— - I

Fig. 2. Tertiary and primary structure of hK7. (A) Overall structure of hK7¢ monomer with the AAF-CMK inhibitor in a stereo ribbon representation. Side chains of
the catalytic triad (His7, Asp'92, Ser'95), the specificity-determining Asn'8? in the S1 pocket, the oxyanion hole forming Gly'?3, and the double covalently bound inhibitor
are depicted as stick models. Important loops are labeled and highlighted in green. (B) Electrostatic surface representation for hK7,in a hypothetical complex with the
modeled peptide Glu-Ala-Leu-Tyr-Leu-Val, occupying the specificity sites S4 to S2'. (C) Sequence alignment of hK7 with the tissue kallikreins hK6, hK1, hK5, and bovine
chymotrypsin as a reference for numbering. Residues involved in metal binding are indicated by magenta background, whereas loops are surrounded by boxes.
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Fig. 3. Comparison of the hK7 active site at medium and atomic resolution. (A) Active site of hK7, with the Suc-AAPF-CMK inhibitor as stick model in stereo
at 2.0 A resolution with a 2F, — F. map contoured at 1.0¢. The inhibitor is covalently bound to the Ne of His5” and the Oy of Ser'% and corresponds to substrate
residues P4—P1. (B) The same view of the inhibitor at 1.0 A resolution represented as a ball-and-stick model with a 2F, — F. map contoured at 1.00 as transparent
surface and contoured at 3.50 as orange grid. Two alternative conformations with approximately equal occupancy are seen for the inhibitor AlaZside chain and
the carboxylate of the succinyl group. In the Trp2'> side chain, density for hydrogen atoms (white balls) is observed.

with their backbones juxtaposing segment Ser?“—Phe?'® in an
antiparallel manner, forming hydrogen bonds between P1-Phe N
and Ser?!* O, and between P3-Ala O/N and Gly?'¢ N/O, besides the
succinyl O and Phe*'® N. The electron densities corroborate
covalent bonds between Ser-195 Oy and the P1-Phe carbonyl
carbon as well as between His>’ Ne2 and the methylene groups of
both inhibitors. Both P1-Phe benzyl side chains extend partially into
the S1 pocket between the peptide groups of Trp?">~Gly?!¢ and
Ala'-Asn'%? and are in van der Waals distance with the Val?!3 side
chain and the Thr?!7 carbonyl oxygen. The cavity between the P1
phenyl ring, the Tyr??8 phenol group, the Val?!3 side chain, and the
Asn'® carboxamide group is occupied by three solvent molecules
(Fig. 4). Both P2 side chains of Pro and Ala fit into the small
hydrophobic niche bordered by the flat side of the His*” imidazolyl
ring as well as by the His” side chain. Both P3-Ala side chains
extend away from the enzyme surface, whereas longer side chains

could nestle to the side chains of Phe?!® and Asn!®?. Finally, the P4
side chain of the Suc-AAPF-CMK inhibitor points toward the
triangular hydrophobic S4 cleft, which is based on the Trp?!> indolyl
side chain and bordered by the His* imidazolyl and the Leu!'”
isobutyl side chains.

Details of the High-Resolution Structure. Although the 37 and 70-80
loops exhibit some disorder at 1.0 A resolution, as seen in alternate
atom positions both in the main chain (Leu”, A74A) and several
side chains, the relatively short kallikrein/99 loop seems to be quite
rigid. The a-ammonium group of Ile'¢ is tightly bound by the
carboxylate of Asp'** and the carbonyl O of Thr!43, whereas the
following residues are more flexible, in particular, the main-chain
atoms of Gly" and Ala?® adopt distinct alternative conformations.

The benzyl side chain and the proline ring of the Suc-AAPF-
CMK inhibitor are very well defined in the S1 and S2 pockets,

Fig. 4. Stick model of the modeled substrate Glu-Ala-Leu-Tyr-Leu-Val, the catalytic triad and the backbone of Gly'%3, Ser'9>, and Gly2'6 of hK7, in stereo, including
hydrogen bonds as dotted lines. The S1 pocket is depicted as transparent green surface according to volume calculations with VOIDOO (41). The specificity for P1 Tyr
is most likely conferred by Asn'8® via hydrogen bonds from the carboxamide side chain to an interconnecting water molecule and to the Tyr OH group, respectively.

Debela et al.

PNAS | October9,2007 | vol. 104 | no.41 | 16089

BIOCHEMISTRY



SINPAS

Fig. 5. The copper ions bound at His?® and His*! displayed as blue spheres surrounded by electron density of the anomalous Fourier map in red (contour 50)
in stereo. His>’ has the capacity for liganding Cu1 and Cu2 by a side chain rotation (His57*), requiring shifts of the ions, whereas the mutant H99A proves that

only the His® site is the structural basis for the Zn?* and Cu2* inhibition of hK7.

whereas two alternate conformations are observed for the main and
side chain of Ala in P3 position, as well as two conformations of the
succinyl carboxylate, which are rotated against each other by ~60°
(Fig. 3B). In the S1 pocket close to the carboxamide group of
Asn'®, a water molecule is fixed by the Ala'®® carbonyl O and by
the amide of Gly?*! in a position that allows for binding a hydroxyl
group of a P1 Tyr. Most aromatic side chains exhibit only one
rotational conformer as, e.g., Trp?'®, which forms the hydrophobic
floor of the S4 pocket and displays distinct electron density of the
hydrogen atoms (Fig. 3B).

The Structural Basis of Zinc and Copper lon Inhibition. Soaking with
Zn?* resulted in the destruction of hK7 inhibitor complex crystals,
but a corresponding experiment with Cu?" yielded crystals that
diffracted to 2.0 A resolution, although the cell constants changed
significantly (Table 1). In the 2F, — F, electron density map, two
peaks with strong density were identified and built in the model as
Cu?* ions. The first one (Cul) is coordinated by the Ne2 of His”
via a water molecule by the main-chain carbonyl of Thr?, and two
additional water molecules, whereas the second (Cu2) appears to be
only bound by the N&1 of His*! and a single water molecule. Both
sites displayed peaks in an anomalous Fourier map, as expected for
transition metal ions, but the one for Cul was much stronger (Fig.
5). Because Cu?>" and Zn?>" have nearly the same inhibitory effect
on the activity of hK7, a dual interaction with His*' and His” could
be hypothesized, possibly by participation of His*” in the binding of
the metal ions. However, the Zn?" inhibition curve (Fig. 14) and
the noncompetitive character of the inhibition suggest a single
inhibition site, which should be located to some extent apart from
the substrate-binding site. These requirements would be met by the
two metal sites described above. The mutational analysis (Fig. 1C)
confirmed that only the His* imidazole is the structural fundament
of the Zn?* inhibition. Nevertheless, the complete metal ion
inhibition mechanism has still to be explained. On a structural level,
the coordination of Zn?>* by His*?, His??, and His” in rat kallikrein
2 (31) represents the putative inhibited state of the proteinase, as
it is assumed for hK5 (21). Intriguingly, the mutation R96H is
sufficient for trypsin to be inhibited by Cu?>* and Zn>* in the low
micromolar range, and even more important, the metal ion is
liganded by His and His? that rotated out of the catalytic triad
(32). Based on these striking parallels, we propose that the His*” of
hK7 binds the inhibiting metal ions by a corresponding outward
rotation, thereby disrupting and inactivating the catalytic triad.

Conclusion

Apparently, hK7 resembles more hK1, hK4, and hK6 than, for
example, chymotrypsin, whereas its specificity can be classified as
modified chymotrypsin-like with a unique P1 and P2 preference for
Tyr (19). At S2, hK7 prefers Tyr over medium-sized hydrophobic
and polar residues. Also, the S1 pocket of hK7 is more specific for
Tyr than for Phe, Ala, or Met residues, which is mostly explained

16090 | www.pnas.org/cgi/doi/10.1073/pnas.0707811104

by the polar Asn'® at the bottom of the overall hydrophobic S1
pocket (Fig. 4).

The major Zn?* inhibition site of hK7 has been unambiguously
identified at His” by the comparison of the H99A and H41F
mutant inhibition kinetics. Despite the presence of only a second
potential His ligand for Zn?>* (Fig. 5), the inhibition constant equals
the one of hK5, which most likely binds the metal ion with the His®?,
His?, and His® side chains (21). Probably, the strength of the Zn?*
coordination by the His? N§1 is not much higher than the one by
the Thr% carbonyl via a water molecule. Nevertheless, for an
optimal binding by the His’” Ne2, a shift of the Zn?* with respect
to the observed Cu?* position is required. Because Zn?* levels in
the skin of mammals may nearly reach the millimolar range (33),
this metal ion could be an important regulator of the hK7 activity,
in addition to a recently described natural polypeptide inhibitor,
lymphoepithelial Kazal-type related inhibitor (LEKTTI). Intrigu-
ingly, hK7 has been found to colocalize with LEKTT in epidermal
cells during desquamation (20), which might be of high physiolog-
ical relevance (34).

Also, hK7 has been implicated in skin diseases and progression
of ovarian and other cancer types. Thus, a better understanding of
the hK7 enzymatic activity including the zinc inhibition based on
our high-resolution structure could lead to the synthesis of selective
small molecule inhibitors as antiinflammatory and potent antican-
cer therapeutics.

Materials and Methods

Purification of hK7. One form of recombinant hK7 was expressed in
a baculovirus-insect cell system as a fusion protein with the seg-
ments ubiquitin, an enterokinase (EK) cleavage site, and mature
hK?7, as reported previously (20). Active hK7; was generated by
removal of the ubiquitin tag with EK. Subsequently, hK7; was
purified by affinity chromatography on a phenylbutylamine—
Affi-Gel 10 resin followed by chromatography on heparin—
Sepharose. The second recombinant form, hK7g, was expressed in
E. coli as inclusion bodies, refolded from urea, activated by cleavage
of an artificial N terminus by EK, and purified as described
previously (19). Mutagenesis was performed with mutated primers
by PCR with Pfu Turbo (Stratagene, La Jolla, CA) and the original
plasmid as template, which was afterward digested by Dpnl (New
England Biolabs, Ipswich, MA). The hK7g mutant proteins H41F
and H99A were prepared according to protocol for the wild type.

Enzyme Kinetics. The hK7 activity was determined with the sub-
strates Phe-AMC, Tyr-AMC, and Suc-LLY-AMC (Bachem,
Bubendorf, Switzerland) ranging from 10 to 150 uM. Kinetic
parameters of hK7 were determined in 50 mM Hepes, pH 7.5/150
mM NaCl/0.005% Tween 20 at 25°C from the initial velocity of the
substrate cleavage at 221 nM concentration of hK7, whereas for the
measurement series concerning the inhibition type 50 nM hK7 was
used. The signal of the released AMC was fluorometrically re-
corded at excitation and emission wavelengths of 360 and 420 nm,
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respectively. The fraction of active hK7 was measured by active-site
titration with standardized bovine trypsin inhibitor as described
previously (29) and Suc-LLY-AMC (Bachem) as substrate. Kinetic
data were analyzed with Origin (OriginLab, Northampton, MA).
The inhibition curve was measured at 25°C for an hK7 concentra-
tion of 100 nM with 85 uM Suc-AAPF-AMC in 100 mM Tris-HCI,
pH 8.0/200 mM NaCl/9% DMSO with CuCl, and ZnCl, added in
the range from 0.2 to 200 and 500 uM, respectively (excitation at
370 nm and emission at 475 nm). For calculation of the inhibition
constant Kicpp) the following formula was used:

lOgKi(app)) +1 ) [1]

where FA denotes the fractional activity (V/V)) of the enzyme
obtained for the various metal ion (Me) concentrations.

FA = 1/(10(log[ Me], —

Crystallization, Data Collection, and Refinement. The two recombi-
nant hK7 species, complexed with the inhibitors AAF-CMK and
Suc-AAPF-CMK, yielded different crystal forms at 18°C by the
sitting-drop vapor diffusion method. Crystal form 1 grew in drops
of 1 ul of protein solution (7 mg/ml hK7g-A AF-CMK complex) and
1 pl of 100 mM [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)-
methane-HCI, pH 6.0/ 25% PEG 3350/2.5 M Li,SOs, equilibrated
against 500 pl of reservoir buffer. These crystals were mounted
under a nitrogen gas stream at 100 K and diffracted beyond 2.0 A
resolution at the synchrotron (beamline BW6; DESY, Hamburg,
Germany). They belong to the monoclinic space group P2; and
contain two monomers per asymmetric unit (see Table 1). The
crystals of the hK7;-Suc-AAPF-CMK complex were grown from
2.5 wl of protein solution and 1.5 ul of 100 mM sodium cacodylate,
pH 6.5/200 mM magnesium acetate/30% (vol/vol) 2-methyl-2,4-
pentanediol with 500 ul of reservoir buffer. The hK7;-Suc-A APF-
CMK crystals were transferred to crystallization buffer with 20%
glycerol and diffracted beyond 1.0 A resolution (BW6). Two
datasets for low- and high-resolution data were collected. These
crystals belonged to the space group P2; with one molecule per
asymmetric unit, but they changed their cell constants significantly
upon soaking with 10 mM CuSOy solution (Table 1).

These data were evaluated with MOSFLM (42) and scaled with
SCALA (www.ccp4.ac.uk/ccp4lmain.php) and DENZO/SCALE-
PACK (35), respectively. Molecular replacement searches were
performed with PHASER (36) by using the coordinates of hK6
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[Protein Data Bank (PDB) ID code 1LO6]. In the case of hK7g-
AAF-CMK, the best solution had a log-likelihood gain (LLG) of
+266 and Z values for the rotation function (RFZ) of 7.3 and of 15.4
for the translation function (TFZ), whereas the best solution for
hK7-AAPF-CMK reached a LLG of +147 with Z values of RFZ =
8.1 and TFZ = 7.1. For hK7;-Suc-AAPF-CMK-Cu using the
refined hK7;-Suc-AAPF-CMK model, PHASER found a solution
with a LLG of +1,617 and Z values of RFZ = 34.2 and TFZ = 34.1.

The correctness of the replacement solutions was validated by
inspecting the packing of symmetry-related molecules and with
composite omit maps calculated in CNS (43). Model building for
hK7g-AAF-CMK was performed with the program O and refine-
ment with CNS, resulting in final Rc,ys; and Ryree values of 26.6% and
29.2%, respectively, for a maximum resolution of 2.6 A (Table 1).
Several cycles of refinement in CNS and model building for
hK7;-Suc-AAPF-CMK with MAIN (44) and CNS, using standard
target values (37), resulted in final Reryse and Rpree Of 18.0% and
23.3% for data to 2.0 A (Table 1). The whole main chain of the hK7
catalytic domain is well defined by electron density, except for a few
side chains whose occupancy was set at zero. The copper-
containing hK7;-Suc-A APF-CMK-CU model was refined to Reryst
and Rpree Of 21.7% and 25.1%, respectively, at 2.1 A resolution.

For the high-resolution structure of hK7;-Suc-AAPF-CMK, the
refined 2.0 A model was used for rigid body and conjugate gradient
refinement with SHELX-97 (http://shelx.uni-ac.gwdg.de/) to 1.5 A.
Alternate conformations were built including multiple positions
of water molecules with XTALVIEW (www.sdsc.edu/CCMS/
Packages/XTALVIEW/xtalview.html) and COOT (38). Subse-
quently, anisotropic B factors and occupancies of alternate atom
positions were refined to 1.0 A resolution. In the final refinement
cycles, the riding hydrogen model was used, resulting in Reys; Of
13.1% and an Ryyee of 15.9%. All figures were created with PMOL
version 0.98 (39), whereas the potential phi map was calculated with
GRASP (40).
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