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Active-site geometry of proteinase K

Crystallographic study of its complex with a dipeptide chloromethyl ketone
inhibitor
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Proteinase K (EC 3.4.21.14) from the fungus Tritirachium album Limber is the most active known serine
endopeptidase. The sequence of its 275-residue long polypeptide chain and its three-dimensional folding
show a high degree of homology with the bacterial subtilisin proteases. Using difference Fourier methods,
the binding mode of the synthetic carbobenzoxy-Ala-Ala-chloromethyl ketone inhibitor to the active site
of proteinase K was determined. In several cycles of restrained least-squares, the enzyme-inhibitor complex
was refined to a current R=22% for 9400 X-ray diffraction data between 2.2 and 5.0 A resolution. The in-
hibitor is attached 1o proteinase K by two covalent bonds: one between the methylene carbon of the inhib-
itor and Ne2 of the catalytic His 68, the other between the ketone carbon atom of the inhibitor and Oy
of the catalytic Ser 221. In addition, two hydrogen bouds donated by the peptide NH of Ser 221 and by
the side chain NH, of Asn 160 hold the hemiketal G~ in the oxyanion hole. The peptide inhibitor is further
hydrogen bonded to the proteinase polypeptide chain in a three-stranded antiparaliel pleated sheet.
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I. INTRODUCTION

Because of their importance in biological sys-
tems, proteases of the frypsin and subtilisin families
have been extensively studied {1~7]. Although the
overall 3-dimensional structures of the enzymes of
these two families are very different, the functional
groups in the catalytic site, His, Ser, Asp, are iden-~
tical and are nearly in the same geometrical ar-
rangement. These findings suggest that the trypsin
and subtilisin families have evolved indepedently
and converged upon the same, or at least a very
closely related catalytic mechanism [8] which has
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been the subject of controversial views in the past
decade [1—4]. In order to obtain more insight into
the evolutionary and functional aspects of the
subtilisin-type enzymes of the prokaryotic {sub-
tilisin) and eukarvotic (proteinase K) varieties, the
3-dimensional structure of proteinase XK has been
determined by X-ray diffraction analysis [9] and is
being refined at high resolution using synchrotron
radiation [10] (refinement at 1.8 A resolution is in
progress).

Here we report the crystallographic study of a
complex of proteinase K with the covalently bound
synthetic inhibitor, Z-Ala-Ala-chloromethyl ke-
tone, where Z denotes carbobenzoxy. Because the
covalent and hydrogen-bonding mode of this in-
hibitor to the active site of proteinase K closely
resembies that of substrates in their transition
state, information is obtained on the stereo-
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chemistry and specificity of polypeptide substrate
binding.

2. MATERIALS AND METHODS

The dipeptide inhibitor Z-Ala-Ala-chloromethyl
ketone was synthesized in Stuttgart as described in
[11]. Proteinase K was purchased from Merck,
Darmstadt, and further purified by gel filtration
according to [12]. Crystals of suitable size (~1 mm
diameter) were grown by microdialysis of a 10%
protein solution in water against SOmM Tris,
10 mM CaCl;, 1 M NaNO; and 0.02% NaNj; ad-
justed to pH 6.5 [9]. Space group and cell con-
stants are given in table 1.

Proteinase K is active in the crystalline state.
Using this advantage, the enzyme-inhibitor com-
plex was prepared by soaking the crystals in inhibi-
tor solution for 8 days. Since the inhibitor is in-
soluble in water, a 33 mM solution was prepared in
100% methanol and diluted to 8 mM by addition
of crystallization buffer and methanol, so that the
final concentration of methanol was 50%. After
this treatment, the inhibitor-soaked crystals of
proteinase K were no longer active towards the
substrate succinyl-Ala-Ala-p-nitroanilide, in con-
trast to the crystals of the native enzyme.

On precession photographs, the binding of the
inhibitor was indicated by slight changes in intensi-
ties when compared with photographs of crystals
of the native enzyme. The unit cell constants were
the same (within 0.5%) for both crystals. Using an
Arndt-Wonacott camera (Nonius, Delft) mounted
on an X-ray generator with rotating anode
(Marconi-Elliott), X-ray intensity data were re-
corded on films to a resolution of 2.2A. The
photographs were digitized with an Optronics
drum scanner and processed by means of the
Mosco film evaluation system [13] (see table 1).

Difference electron density maps were calculated
at 2.5 A resolution using the coefficients (Fi — Fn)
and (2Fi— Fn), where Fi and Fn represent the
structure factors of proteinase K-inhibitor complex
and native proteinase K, respectively. Phases were
derived from structure factor calculations based on
the crystal structure of proteinase K (fig.1) pres-
ently refined by restrained-parameter least-squares
methods (PROLSQ [14]) to an R factor of 24% at
2.2 A resolution [10]. (R =X ||F,| — |Fe||/X |Fo|
where F, and F, are the observed and calculated
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Table 1

Some details of X-ray data collection for the proteinase
K-inhibitor complex

Space group
Cell constants
X-ray source

Radiation

Collimation
Detector
Film cassettes

Crystal to film dis-
tance
Crystal mounting
Maximum resolution
Total rotation
for a data set

for each exposure

Number of films per
data set

Time for each ex-
posure

Total number of ob-
served reflections

Number of unique re-
flections

Number of unique re-
flections above the
30 level in the range
2.2-5.0A used in
the refinement

Overall merging R(I)
factor

P432,2

a=b=68.1)A, c=108.7() A
Elliott GX20 rotating anode
operated at 40kV, 70mA (2.8
kW), focal size 0.2 X 2 mm?
CuKa/graphite monochroma-
tor/1.54182 A

0.6 mm &

film, Kodak DEF 2

flat plate, maximum radius
60 mm

70 mm
along c-axis as rotation axis
2.2A

S0° (45° is required for te-
tragonal space group; this
gives 4 equivalent observa-
tions for each unique term)
20

75 (25 three-film packs)
4000 s/degree; 2.2 h (10 oscil-
lations)

41796

11705

9400

7.9%

structure factors, respectively). The interpretation
of the electron density map and the fitting of the
inhibitor (fig.2) were carried out on an interactive
color graphics display (Evans & Sutherland) using
the program FRODO [15]. The proteinase K-in-
hibitor model was refined using the same methods
[14] as for the native enzyme. After 23 cycles of
refinement the R factor was reduced from 0.301
(5.0-2.5 A resolution) to 0.224 (5.0~2.2 A resolu-
tion). The root-mean-square (rms) deviations from
expected stereochemical parameters are 0.025 A
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Fig.1. Stereo diagram showing the a-carbon chain of proteinase K viewed along the central helix. Residues of the active
site are labelled Asp 38, His 68, Ser 221, and some other residues are indicated by numbers.

Fig.2. Stereo view showing electron density differences at 2.5 A resolution between the proteinase K-inhibitor complex
and native proteinase K. Superimposed is the skeleton structure of the inhibitor, carbobenzoxy-Ala-Ala-chloromethyl
ketone, with chlorine replaced by Ne2 of His 68.

for the 2013 covalent bond distances; 0.058 A for
the 2732 inter-bond angle distances; 0.018 A for
the 351 planar groups of the complex; and 5.1° for
the 258 peptide bond torsion angles. No water
molecules have been included in the refinement
process.

3. RESULTS AND DISCUSSION

3.1. Location of inhibitor in the active site of
proteinase K
The (Fi - Fn) difference electron density map

displays a well-defined continuous chain of posi-
tive electron density running from the catalytic site
near His 68 nearly parallel to the proteinase K
polypeptide backbone chain from Ser 131 to
Gly 133 (fig.3). The (2Fi — Fn) map shows density
corresponding to His 68 and Ser 221 and confirms
the interpretation of a covalent bond between the
methylene carbon atom of the inhibitor and Ne2 of
His 68, requiring a slight rotation of the histidine
ring about the Co—Cg and C#—Cy bonds (fig.2).
The bond between Oy of catalytic Ser 221 and the
ketone carbonyl carbon atom of the inhibitor is

107



Volume 197, number 1,2

FEBS LETTERS

March 1986

’/. Ser221
G / \‘\ e

X‘ AsniGO _ {J
.'/ mt zzz

\,,.

/0

.\,

Y

Fig.3. The active-site region of proteinase K with the inhibitor carbobenzoxy-Ala-Ala-chloromethyl ketone covalently

bound to Ne2 of His 68 and to Oy of Ser 221. The inhibitor is shown by solid lines, hydrogen bonds being indicated

by dashed lines. P;, P,, P; denote substrate (inhibitor) sites given in fig.4. The Py site is shown shadowed to illustrate

that the Py amino acid side chain can be of any size to be accommodated in the active site; hence the non-specific nature
of proteinase K.

clearly indicated by positive density. This bond re-
quires the carbonyl carbon atom to be in the
hemiketal form with tetrahedral configuration,
which is also in agreement with the electron den-
sity. The hemiketal form is stabilized by two hy-
drogen bonds between the oxyanion and the side
chain NH; of Asn 160 and the peptide NH of
Ser 221, which are placed in near-ideal tetrahedral
pasitions in the oxyanion hole. In addition to these
interactions involving the reactive chloromethyl
ketone group, there are several hydrogen bonds
between the peptide groups of the inhibitor and of
proteinase K. These are part of an antiparallel,
3-stranded f-pleated sheet with the central strand
formed by the Z-Ala-Ala moiety and the 2 other
strands by proteinase K segments Ser131 to
Gly 133, and Gly 99 (see figs 3,4).
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The overall geometry of the structure of protein-
ase K is unchanged upon binding of the Z-Ala-Ala-
chloromethyl ketone inhibitor. There are, however,
some minor residual peaks and holes in the vicinity
of the inhibitor which suggest that the enzyme
active site has suffered some slight local adjust-
ments (fig.2).

If the binding geometries of oligapeptide chloro-
methyl ketone inhibitors in the active sites of pro-
teinase K and of subtilisin {5,16,17] are compared,
it is found that there are clear and well-defined
similarities. Subtilisin has a chymotrypsin-like
specificity because it preferentially attacks peptide
bonds following hydrophobic or aromatic resi-
dues. The recognition of these side chains occurs in
the 51 specificity crevice which is lined by hydro-
phobic residues and therefore will repel charged or
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Fig.4. A schematic representation of the binding of the carbobenzoxy-Ala-Ala-chloromethyl ketone inhibitor to the ac-

tive site of proteinase K. Atoms belonging to the inhibitor are given in italics, hydrogen bonds being indicated by dashed

lines. Si, Sz, S; are the binding positions of the substrate on the enzyme and P, P2, P; the corresponding sites on the

substrate (and product). Z symbolizes the carbobenzoxy protecting group. The arrows on the left margin give the direc-
tions of the strands of the triple antiparallel pleated sheet formed by proteinase K and the inhibitor.

hydrophilic amino acid side chains in the P1 posi-
tion of the substrate. In proteinase K the S1 crevice
is also of hydrophobic character, and it is very
wide so that there are virtually no steric limitations
to the size of the amino acid side chains in P1 posi-
tion. This suggests that proteinase K is unspecific,
as verified in the cleavage paitern of proteinase K
towards the B chain of insulin [18].

3.2. Structures of proteinase K and of subtilisin
are closely related: the free cysteine

Amino acid sequence data indicate that there is
about 35% sequence homology between proteinase
K and the subtilisins [19]. Therefore, the fungal,
eukaryotic proteinase K is evolutionarily related to
the bacterial, prokaryotic subtilisins of type BPN,
Novo, Carlsberg and DY. As expected, the closest
similarities in sequence are observed in the region
around the active-site residues Asp 38, His 68 and
Ser221, and in the substrate-binding subsites
131-133. A least-squares superposition of struc-

turally equivalent a-carbon atoms of subtilisin
BPN and proteinase K gives an rms deviation of
1.1 A. If only 27 atoms of the amino acids involved
in the catalytic mechanism are considered, the rms
deviation reduces to 0.6 A.

This high homology in 3-dimensional structure
suggests that proteinase K and the subtilisins be-
long to the same family of enzymes. There is, how-
ever, a distinct difference in the amount and posi-
tion of cysteine residues. Proteinase K contains 5
cysteines of which 4 are involved in disulfide
bridges and the remaining Cys 72 is free. The two
other known proteinases of the subtilisin family,
thermitase [20] an thermomycolin [21], each con-
tain one cysteine in a homologous position whereas
the subtilisins lack this amino acid. It is striking
that the free Cys 72 in proteinase K is located in the
immediate vicinity of the active site and could in-
fluence the substrate cleavage. This view is sup-
ported by the finding that proteinase K is inacti-
vated by the addition of the S-H reagent HgCl,
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(K.-D. Jany, unpublished). In the crystal structure
analysis of proteinase K, HgCl, was used for the
preparation of a heavy atom derivative by the
soaking method [9]. The obtained crystals showed
the presence of a minor occupied Hg site near
His 68 and too far away from Cys72 to be co-
valently bound. It appears from these results and
from inspection of the 3-dimensional structure
model of proteinase K that the Cys 72 S-H group
is hidden behind the imidazole of His 68 and there-
fore not accessible for reaction with HgCl,. The in-
activation of proteinase K by HgCl; in solution
could indicate that the S-H group is more exposed
due to conformational flexibility compared with
the crystalline state and therefore reactive towards
HgCl;, or that HgCl> is, in fact, bound to the
active-site His 68. Further studies are in progress to
clarify this point.

As already suggested on the basis of the amino
acid sequence analysis [20], it appears that the sub-
tilisin-type proteases thermitase and thermomyco-
lin, with one cysteine in the same position as Cys 72
in proteinase K, represent a subgroup of this family
of enzymes. The subgroup character is indicated
by the higher conformational stability of these en-
zymes and by the as yet unproven but feasible
involvement of the free Cys 72 S-H group in the
catalytic mechanism.
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