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Resolution'

Kensaku Hamada,*? Yasuo Hata,! Yoshio Katsuya,' Hajime Hiramatsu,* Takaji Fujiwara,*
and Yukiteru Katsube!

*Faculty of Science, Shimane University, Matsue, Shimane 690; tInstitute for Chemical Research, Kyoto University,
Uj, Kyoto 611; 3Hyogo Prefectural Institute of Industrial Technology, Kobe, Hyogo 654; and Snstitute for Protein
Research, Osaka University, Suita, Osaka 565

Received for publication, October 30, 1995

The crystal structure of Serratia protease from Serratia sp. E-15 was solved by the single
isomorphous replacement method supplemented with anomalous scattering effects from
both the Zn atom in the native crystal and the Sm atom in the derivative crystal, and refined
at 2.0 A resolution to a crystallographic R-factor of 0.194. The enzyme consists of N-termi-
nal catalytic and C-terminal g-sandwich domains, as observed in alkaline protease from
Pgseudomonas aeruginosa IFO3080. The catalytic domain with a five-stranded antiparallel
B-sheet and five a-helices shares a basically common folding topology with those of other
zinc metalloendoproteases. The catalytic zinc ion at the bottom of the active site cleft is
ligated by His176, His180, His186, Tyr216, and a water molecule in a distorted trigonal-
bipyramidal manner. The C-terminal domain is a g-strand-rich domain containing
eighteen B-strands and a short g-helix, and has seven Ca** ions bound to calcium binding
loops. An unusual g-sheet coil motif is observed in this domain, where the g-strands and
calcium binding loops are alternately incorporated into an elliptical right-handed spiral so
as to form a two-layer untwisted S-sandwich structure. The Ca?* ions in the C-terminal
domain seem to be very important for the folding and stability of the g-sheet coil structure.
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E-15.

Serratia protease, first isolated from culture medium of
Serratia sp. E-15, is an extracellular metalloproteinase
containing one catalytic zinc ion per molecule (1, 2). The
substrate specificity of the enzyme is rather broad, compar-
ed with that of thermolysin [EC 3.4.24.4] from Bacillus
thermoproteolyticus. Serratia protease is known to enhance
the vascular permeability by activating the tissue Hageman
factor XII and the subsequent bradykinin-generating cas-
cade, and to degrade various human plasma proteins (3).
The enzyme was also reported to be directly absorbed
through the bowel wall and to be temporarily inhibited by
a plasma a;-macroglobulin (4).

The enzyme, with a molecular weight of about 50,600,
comprises a polypeptide chain of 470 residues and one
catalytic zinc ion. The amino acid sequence of the protein
has been deduced from the DNA sequence of its structural
gene (5). It is known that the protein binds several calcium
ions. These calcium ions are not essential for the catalytic
activity of the enzyme, but are required for protecting the
protein from autolysis. Some of these calcium ions seem to
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be strongly bound to the protein and are not removed by
treatment with chelating agents such as EDTA. Serratia
protease has the zinc binding consensus sequence HEXX-
HXXGXXH, where X is an arbitrary amino acid. In this
sequence, the three histidines are zinc ligands, and the
glutamic acid is believed to be the catalytic base. The
consensus sequence has been found in several sequentially
unrelated zinc-dependent enzyme families, including the
astacin, snake venom proteinase, and matrixin families.
These families belong to the metzincin metalloprotease
superfamily (6), and are distinguished from the thermo-
lysin family with the zinc binding consensus sequence
HEXXH. Furthermore, an interesting feature in the amino
acid sequence is that Serratia protease contains several
repeats of the consensus sequence GGXGXD, which is
believed to be a calcium binding motif, between residues
333 and 374. Serratia protease is the archetypical enzyme
in the serralysin family of zinc-proteases, and shares
significant homology in amino acid sequence with alkaline
protease from another Gram-negative bacterium, Pseudo-
monas aeruginosa (7). For secretion of Serratia protease,
an N-terminal signal sequence is not required, as is also the
case for secretion of hemolysin A from Escherichia coli,
which has a repeat of the same consensus sequence. This
suggests that both enzymes may be secreted in a similar
manner. Small-angle X-ray scattering (SAXS) studies on
the structure of Serratia protease in solution allowed us to
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show that its molecular shape is an elongated ellipsoid of
approximately 110X 40X 40 A with the zinc ion located in
a large cleft, and that the size of the cleft is strictly
controlled to attain optimal activity (8).

Recently, structural studies on serralysin zinc-proteases
have been carried out by X-ray diffraction methods. A
comparison between the liganded and unliganded struc-
tures of Pseudomonas aeruginosa alkaline protease has
revealed some significant conformational changes around
the active site on ligand binding (9, 10). The structures of
Serratia protease from Serratia marcescens and its com-
plex with an inhibitor have also been studied by crystallo-
graphic methods (11, 12). Detailed structural studies of
Serratia protease from Serratia sp. E-15, the archetypical
zinc-protease of the serralysins, are essential not only for
defining the structure of the serralysin zinc-protease fam-
ily, but also for elucidating structure- function relationships
of serralysins. In order to gain better insight into the
structural characteristics for specificity and mechanism of
the serralysin family, we have undertaken structural
investigations of the Serratia protease. We published the
first report on the crystal structure of Serratia protease
from Serratia sp. E-15 in 1993 (13). In the present paper,
we report the crystal structure of the Serratia protease at
2.0 A resolution, and discuss the implications of the struc-
tural details for the catalytic activity and a novel £-sheet
coil motif.

EXPERIMENTAL

Crystallization and Data Collection—The Serratia prote-
ase from Serratia sp. E-15 was isolated and purified as
described previously (I, 2). Crystals were prepared by
dialyzing a 20 mg/ml enzyme solution containing 2% (w/v)
polyethyleneglycol 8000 against 27% saturated ammonium
sulfate (14). The crystals have orthorhombic space group
P2,2,2, with cell dimensions of a=109.18, 5=150.89, and
¢=42.64 A. The density of the crystals was determined to
be 1.23 g/cm? by a linear density gradient flotation method,
and this was used to calculate the presence of one molecule
in the asymmetric unit and the solvent content of 67%. The
only useful heavy-atom derivative (Sm-derivative) was
prepared by soaking the native crystals in 30% saturated
ammonium sulfate solution containing 20 mM Sm(NO,),
for 5 days.

X-ray diffraction data for the native enzyme were col-
lected at the synchrotron radiation X-ray beamline BL6A,
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in the Photon Factory, National Laboratory for High
Energy Physics, Tsukuba, using a screenless Weissenberg
camera loaded with imaging plates (15). Two X-ray
wavelengths (1) of 1.000 and 1.283 A were used for the
data collection. The wavelength of 1.283 A, which is shorter
than that corresponding to the K absorption edge of zinc
(1 =1.2834 A), was precisely adjusted by measuring the
X-ray fluorescence from the crystals of Serratia protease to
enhance anomalous dispersion effects from zinc in the
native crystal. For X-ray exposure at each wavelength, two
sets of data were collected from two crystals rotated around
the a* and c* axes, respectively. In all the cases, the
crystals were aligned to allow simultaneous recording of as
many Bijvoet pair reflections as possible. The crystals were
kept at 12°C during the data collection; the oscillation
range, the overlap of adjacent images and the ratio of
crystal rotation to detector movement were 5.0°, 0.6°, and
1.0°’/mm, respectively. Data were processed using the
program WEIS (16). Diffraction data for the Sm-deriva-
tive were collected under two different conditions: on the
Weissenberg camera with synchrotron radiation (1 =1.283
A) at the Photon Factory and on a Rigaku R-AXIS IIC with
Cu Ko radiation (1 =1.5418 A). Two sets of native data
collected at the wavelength of 1.000 A were scaled and
merged together. Two native data sets collected at the
wavelength of 1.283 A were independently used for X-ray
analysis. The data sets from Sm-derivative crystals were
also independently used without merging. The data collec-
tion statistics are given in Table I.

Structure Determination and Refinement—The structure
was solved by the conventional heavy-atom isomorphous
replacement method supplemented with anomalous scat-
tering techniques. The native data sets collected at the
wavelength of 1.000 A were merged into the single “native”
data set after scaling together, while the native data sets
collected at the wavelength of 1.283 A were treated as
different “Zn-derivative” data sets. The site of the zincion
was identified from an anomalous difference Patterson map
at 4.0 A resolution using the Zn-derivative data set col-
lected in the c*-axis setting at the wavelength of 1.283 A,
and was subsequently refined against intensity differences
of Bijvoet pairs in the data set using the software package
PHASES (17). Two major sites of Sm ion were obtained
from a difference Patterson map at 3.0 A resolution and
then refined using PHASES. Besides, two minor sites were
obtained from a difference Fourier map. The parameters of
the four Sm sites were then refined to convergence. Initial

TABLE 1. Statistics for data collection.
Crystals
Native Native Native Sm(NO,), Sm(NO,), Sm(NO,);

Resolution (A) 1.8 3.0 2.3 3.0 2.3 2.4
X-ray source SR SR SR SR SR CuKa
Wavelength (A) 1.000 1.283 1.283 1.283 1.283 1.542
No. of crystals 2 1 1 1 1 1
Rotation axis a*, ¢’ a* ¢’ a* c* a*
Observations 151,619 57,140 41,041 56,296 43,202 65,766
Unique reflections 54,062 14,412 14,691 14,328 15,350 15,350
Bijvoet pairs 10,855 10,890 11,246 11,261 12,742
Completeness (%) 81.4 97.0 68.9 96.5 556.0 80.1

(A) (1.8) (3.0) (3.0) (3.0) (3.0) (2.4)
Roerge® (%) 5.80 5.58 3.59 6.42 6.22 8.74

®Rucrge (%) =100 S KID—I}/31;; <I) is the average of I; over all observed symmetry equivalents.
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TABLE I. Statistics for structure refinement.

Parameters Target o r.m.s. deviation
Bond distances (A)
Bond length 0.020 0.012
Angle-related distance 0.040 0.038
Interolanar distance 0.050 0.040
Planar groups (A) 0.020 0.010
Chiral volume (A) 0.150 0.148
Nonbonded contacts (A)
Single torsion 0.500 0.180
Multiple torsion 0.500 0.199
Possible hydrogen bond 0.500 0.185
Torsion angles (°)
Planar 3.0 1.8
Staggered 15.0 16.7
Orthonormal 20.0 28.9
Thermal factors (A?)
Main-chain bond 1.000 0.687
Main-chain angle 1.500 1.116
Side-chain bond 1.000 0.800
Side-chain angle 1.500 1.327

phases were calculated at 3.0 A resolution by the isomor-
phous replacement method supplemented with anomalous
dispersion effects from the zinc for each of two Zn-deriva-
tive data sets collected by a*-axis setting and c*-axis
setting, respectively, and from the samarium for each of
the Sm-derivative data sets, using the program PHASIT in
the program package PHASES. The phases were used to
calculate an initial electron density map at 3.0 A resolution,
and then improved considerably by four rounds of sixteen
cycles of solvent-flattening procedures (18). In the solvent-
flattening, the solvent content was set to 0.45, 0.45, 0.50,
and 0.55 for the respective rounds, which were lower than
the experimentally estimated value of 0.67. The sphere
radius for the density summation was set to 9.0 A at 3.0 A
resolution. The phase extension was gradually carried out
from 3.0 to 2.5 A resolution in four steps of the solvent-
flattening procedures: to 2.8, 2.7, 2.6, and 2.5 A resolu-
tions. The resulting electron density map was interpreted
with TURBO-FRODO (19) working on a Silicon Graphics
IRIS Indigo-Elan computer. An initial molecular model was
built manually and then refined with the program X-PLOR
(20) up to an R-factor of 0.281 for data between 8.0 and 2.5
A resolutions. The model was rebuilt manually based on
both 2F,—F. and F,— F, omit maps calculated with the
coordinates from X-PLOR. The improved model was
refined with the program GPRLSA, which was based upon
PROLSQ (21), in the program package PHASES. In the
course of refinement, the resolution was gradually im-
proved up to 2.0 A resolution. At this resolution, we found
out that the model with the amino acid sequence FRQRL,
which was assigned to the residues 334 to 338 from the
DNA sequence, did not fit well into the corresponding
electron density map; the sequence in this region was
replaced by the sequence G***SGNDV3?*® go that the amino
acid sequence was well fitted to the electron density map.
The model of the molecule modified in amino acid sequence
was further refined by the program GPRLSA. A difference
Fourier map calculated with the refined model showed
seven prominent density peaks which were significantly
higher than the others. Each of the seven peaks bound to the
protein via ligands including a vicinal Asp in the octahedral
coordination geometry often observed in Ca-binding pro-
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teins whose tertiary structures are known. Since the
Serratia protease was expected to bind several Ca?* ions,
these peaks were assigned as Ca’** ions. In the difference
Fourier map, 217 other significant peaks were reasonably
taken as water molecules. After a total of 95 cycles of the
refinement, the crystallographic R-factor for the current
model, which consists of residues 4 to 471, one zinc ion,
seven calcium ions, and 217 water molecules, was 0.184 for
38,044 reflections with F > 3¢(F') in the resolution range of
8.0 t0 2.0 A. The refinement parameters are given in Table
II. The atomic coordinates of the model have been deposit-
ed in the Brookhaven protein data bank (ID code: 1SRP).

RESULTS AND DISCUSSION

Overall Structure of Serratia Protease—The Serratia
protease from Serratia sp. E-15 is an elongated ellipsoidal
molecule with the size of approximately 90X 35x30 A
(Fig. 1), which is somewhat smaller than that of the
hydrated molecule estimated by small-angle X-ray scatter-
ing studies (8). Figure 2 shows a schematic diagram of the
secondary structure arrangement, whose elements were
assigned on the basis of the criteria described by Kabsch
and Sander (22). The molecule consists of two domains and
an extended N-terminal tail. The N-terminal proteolytic
domain having a kidney-like shape comprises residues 20 to
251 and the catalytic zinc ion. The C-terminal domain
having a novel B-sheet structure comprises residues 252 to
471. In addition, the N-terminal tail of residues 4 to 19,
including an «-helix A, is in contact with the C-terminal
domain. The N-terminal three residues which were invis-
ible on the final electron density map are omitted from the
model. There is a groove, between the N-terminal and
C-terminal domains, which contains several water mole-
cules. The two domains are linked by two hydrogen bonds
between the main chains of Asp225 and Lys315, and
between the side chains of Asp98 and Arg269. The Serratia
protease shares 55% sequence identity with the alkaline
protease from Pseudomonas aeruginosa IFO3080 consist-
ing of 470 amino acid residues with the catalytic zinc ion.
The overall structures of both enzymes are similar to each
other (10).

N-Terminal Proteolytic Domain—The N-terminal pro-
teolytic domain can be subdivided into two parts: the N-
terminal region from residues 20 to 183 and the C-terminal
region from residues 184 to 251, which are separated by the
deep active site cleft. The N-terminal region consists
mainly of a five-stranded mixed S-sheet, 2-1-3-5-4, and
four a-helices, B to E. The £-sheet has a parallel arrange-
ment in strands 2, 1, 3, and 5, and an antiparallel arrange-
ment in strand 4. Of three long «-helices, B, C, and E,
a-helix B, the first «-helix in the N-terminal region of this
domain, is located near the surface of the C-terminal
region, while «-helices C and E run approximately parallel
to B-strands 2 and 4, respectively. The «-helix E is the
“active-site a-helix” which anchors two of the zinc ligands,
His176 and His180, and the catalytic base residue, Glul177,
in the zinc-binding consensus sequence motif HEXXHXX-
GXXH, which is characteristically found in the metzincin
superfamily (6). The short «-helix D following the 8-sheet
leads to the active-site a-helix E. The C-terminal region of
this domain consists of an irregular structure with two
short 3,,-helices, some turns and «-helix F. The loop region
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of Asp189 to Thr198 at the entrance to the active site cleft
has a high temperature factor on average and seems to be
relatively flexible, as in the equivalent region of the P.
aeruginosa alkaline protease. The loop in the Serratia
protease seems to protrude further from the molecular
surface than that in the alkaline protease. As a conse-
quence, the entrance to the active site in the Serratia
protease is wider than that in the alkaline protease.

The N-terminal domain of the Serratia protease is
topologically similar to those of an astacin (23, 24), a
snake-venom metalloproteinase (25) and collagenases ( 26-
30), which belong to zinc-dependent metalloprotease fam-
ilies different from that of the Serratia protease, respec-
tively. However, the homology of amino acid sequence
between these families is relatively weak. The Serratia
protease shares less than 30% sequence identity with the
others. A structural comparison shows that the N-terminal
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region of this domain in the Serratia protease is more
similar to that of the astacin than that of the thermolysin.
Significant structural differences between the N-terminal
regions of the Serratia protease and the astacin are found in

C-terminal domain

N-terminal domain

Fig. 2. Topology diagrams of the Serratia protease with the
catalytic zinc ion site and seven calcium binding sites: N-termi-
nal proteolytic domain, consisting of a five-stranded 2-sheet
and five g-helices with the additional N-terminal ¢-helix, and
C-terminal domain, consisting of eighteen g-strands and an q-
helix. «-Helices are depicted as cylinders, #-strands as arrows, the
zinc ion as a large filled circle, and calcium ions as small filled circles.

Fig. 1. The molecular structure
of Serratia protease. (a) A ribbon
diagram showing the positions of the
secondary structure elements drawn
with MOLSCRIPT (37). g-Strands
are depicted as arrows, the zinc ion is
shown by a large black ball, and
calcium ions by small ones. The N-
terminal proteolytic domain contain-
ing the zinc ion is shown to the lower
right, while the C-terminal domain
adopting the B-sheet coil structure
with Ca" ions is shown to the upper
left. (b) A stereoview of the C, plotis
shown in the same direction as (a).
Positions of a-carbon atoms are
shown by white balls.
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two loops which are positioned between strands 3 and 4, and
between strands 4 and 5. These loops in the Serratia
protease are somewhat longer than those in the astacin, and
serve to narrow the entrance to the active site. An addi-
tional difference between the structures lies inthe N-termi-
nal extension of 50 residues in the Serratia protease,
compared with the astacin. These residues form the N-
terminal «-helices A and B which are located on the
molecular surface of the irregular C-terminal region of the
N-terminal domain. However, the five-stranded £-sheet
and two helices, C and E, in the N-terminal region of this
domain in the Serratia protease are also topologically
conserved in both the astacin (23, 24) and the thermolysin
(31, 32). Thus, the folding topology of the five-stranded
f-sheet and two a-helices may be common to different
families of zinc-dependent metalloendoproteases.

Active Site—The active site zinc ion, located at the
bottom of the active site cleft, is ligated in a distorted
trigonal-bipyramidal geometry by five zinc ligands. The
zinc is strongly coordinated by the N, atoms of His176,
His180, and Hig186 on the zinc-binding consensus sequence
HEXXHXXGXXH and by a water molecule which makes a
hydrogen bond with the side-chain carboxylate of Glul77
(Fig. 3). The N, atoms of Higs176 and His186 and the water
molecule are arranged at the vertices of a distorted triangu-
lar plane with the central zinc ion displaced by 0.37 A from
this plane towards an axial ligand, His180. The fifth zinc
ligand is the hydroxyl oxygen atom of Tyr216, in the C-
terminal region of the N-terminal domain, which occupies
the other axial coordination position. The distance between
the zinc and hydroxyl oxygen is 3.09 A, which is significant-
ly longer than expected. Consequently, the coordinate bond
becomes weak. The hydroxyl oxygen atom of Tyr216 is
quite close to the ligand water molecule, with a distance of
2.90 A. The zinc ligation system in the Serratia protease is
similar to those of the P. aeruginosa alkaline protease and
the astacin, but is quite different from those of the thermo-
lysin, the elastase from P. aeruginosa (33) and the neutral
protease from Bacillus cereus (34), which belong to the
thermolysin family. In the thermolysin family, the active-
site zinc ion i8 coordinated in a distorted tetrahedral
geometry by two histidine residues from the consensus
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sequence HEXXH on the active-site a-helix, a glutamyl
residue that is positioned 20 residues downstream from the
second histidine residue, and a water molecule. Two car-
boxyl oxygen atoms of the glutamyl residue in the sequence
motif HEXXH make hydrogen bonds with the ligand water
molecule, and the glutamyl residue has been thought to
function as the active base in the enzymatic reaction (35,
36). This is indeed the case with Glul77 in the zinc-binding
consensus sequence of the Serratia protease.

C-Terminal B-Sheet Coil Domain—The C-terminal
noncatalytic domain consists of 220 residues which form
eighteen S-strands and one «-helix (Figs. 2 and 4). This
domain is subdivided into two regions: the amino-proximal
region of residues 252 to 404 which consists of fourteen
pf-strands, 6 to 19, and the carboxy-terminal region of the
remaining 67 residues which contains an «-helix G and a
three-stranded antiparallel S-sheet, 20-21-22, and an
additional short g8-strand 23.

In the amino-proximal region, 8-strands, each of which is
formed by only three amino acid residues, are incorporated
into an elliptical coil winding in a right-handed spiral where
two layers of parallel §-sheets are formed in an untwisted
B-sandwich manner. This new structural motif can be
called a “8-sheet coil.” In the g-sheet coil of the Serratia
protease, one fS-sheet layer comprises six parallel 8-
strands, and the other layer comprises seven parallel and
one antiparallel g-strands. The adjacent g-strands in the
[-sheet coil are separated by 4 to 20 residues along the
sequence, with the most frequent length of six residues.
The amino-proximal region of the C-terminal domain can
be further divided into three small regions: an irregular
f-sheet coil region of strands 6 to 11, a very regular S8-sheet
coil region of strands 12 to 17, and a somewhat irregular
f-sheet coil region of strands 18 to 19. The structure of the
B-sheet coil in the Serratia protease is bent between the
first irregular g8-sheet coil region and the regular S-sheet
coil region. The inner core of the first irregular 8-sheet coil
region is mainly filled with aromatic and hydrophobic
side-chains. In the regular 8-sheet coil region, 8-strands 12
to 17 alternating with loops are regularly coiled in a right-
handed spiral to form an elliptical cylinder whose ellipse
has dimensions of 7.2-9.0 A between the sandwiched 8-

Fig. 3. A stereoview of the zinc
binding site in the Serratia pro-
tease. The zinc ion is shown as a white
ball, and external water molecules as
black balls. The residues, His176,
His180, His186, and Tyr216, and a
water molecule are coordinated to the
zinc ion as shown by solid lines. The
residue Glu177 makes a hydrogen bond
with the ligand water. Broken lines
represent hydrogen bonds.
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sheets and of 22.0 A along the long axis (Fig. 5).

In the g-sheet coil region, there is a tandem repeat of the
consensus amino acid sequence motif UUUGGXGXD,
where U is predominantly a bulky hydrophobic residue and
X is an arbitrary residue. The first three residues UUU of
this motif form a short S8-strand structure incorporated into

Fig. 4. A schematic diagram of the C-terminal domain of the
Serratia protease. 8-Strands are shown as arrows. The C-terminal
domain is subdivided into two regions: an N-terminal region having
a novel S-sheet coil structure motif, which consists of fourteen 8-
strands, 6 to 19, and a C-terminal region comprising 67 residues
which consists of an a-helix, three-stranded antiparallel £-sheet,
20-21-22, and a short 8-strand 23. The £-sheet coil structure motif
consists of two layers of parallel S-sheets with an antiparallel 8-
strand 10. Furthermore, the N-terminal region of the C-terminal
domain is divided into three parts. The middle part of the N-terminal
region, which is formed by the tandem repeat of the consensus
sequence UUUGGXGXD, has a quite regular 8-sheet coil structure
including strands 13 to 17. The N-terminal part including strands 6 to
12 and the C-terminal part including strands 18 to 19 have irregular
£-sheet coil structures.
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a parallel 8-sheet of the 8-sheet coil region, where U1, U2,
and U3 are preferably valine, leucine and a hydrophobic
residue with a bulky side-chain, respectively (Fig. 6). The
side chains of U2 residues, ideally leucines, are projected
into the interior of the B-sheet coil and stacked with one
another like a zipper, while those of Ul and U3 are
projected to the exterior of the 8-sheet coil. The last six
residues GGXGXD of the consensus sequence motif form a
short turn for Ca®* binding. X6 and X8 are positioned at the
corners of the turn, and the former residue is preferably a
small hydrophobic residue, glycine or alanine. The side
chain of D9 projects into the inner core of the 8-sheet coil
to become a calcium ligand in a unique manner, as described
below.

The folding of the C-terminal domain in the Serratia
protease is similar to that of the alkaline protease from P.
aeruginosa, except for a few distinct differences. The
Serratia protease adopts mainly an irregular structure with
a short 3,,-helix between strands 6 and 7, while the alkaline
protease has two F-strands in this region. Besides, the
a-helix G following the S-sheet coil region in the Serratia
protease is replaced by a 8-strand, in the alkaline protease,
which is somewhat shifted towards the position correspond-
ing to B-strand 20 in the Serratia protease. These differ-
ences lie in the beginning of the £-sheet coil region and the
C-terminal region following the 8-sheet coil, which are on
the surface of the molecule, and have no influence on the
overall conformation of the C-terminal domain in both
enzymes. Thus, the two-layer S-sheet sandwich including
the B-sheet coil motif observed in the C-terminal domain of
the Serratia protease is expected to be a unique folding
conserved in the serralysin family of zinc-endoproteases.

Ca** Binding Sites— Serratia protease has several bound
calcium ions which are not essential for its catalytic func-
tion, but are required for protection from autolysis. At the
final stage of structure refinement, we found from a
difference Fourier map that at least seven calcium ions,
Cal-Ca7, were bound to the enzyme, as shown in Fig. 6. Of

Fig. 5. A stereoview of the regu-
lar g8-sheet coil structure formed
by residues 330 to 403 in the C-
terminal domain. The structure is
shown in the direction viewed down
along the spiral axis. Calcium ion
sites are shown as small balls.
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N-terminal side
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ELWGGAGKDIFV ca7’ H,0 DKID atoms are shown in parentheses. 8-Strand regions are
pig © (@ (©D1iy i (002 1Y indicated by underlines with sheet number.

these Ca®* ions, two Ca?* ions, Cal and CaZ2, are located in
the irregular 3-sheet coil region, and the other five Ca?*
ions, Ca3 to Ca7, are located in the regular S-sheet coil
region. Four of the seven Ca** ions, Cal, Ca3, Ca4, and Ca5,
are deeply buried between neighboring Ca?*-binding loops
in the B-sheet coil and shielded from the solvent. These
Ca** ions are bound only to atoms from the protein. Three
of these four Ca** ions, Ca3 to Cab, are each coordinated by
six ligands in an octahedral geometry, as is often observed
in Ca**-binding proteins, while the other Ca** ion, Cal, is
coordinated by seven ligands including two carboxyl oxy-
gens of Asp285. These findings are in good agreement with
the fact that these Ca?* ions can not be removed from the
protein by EDTA treatment. In contrast to these Ca** ions,
the other three Ca®* ions, Ca2, Ca6, and Ca7, are easily
removed from the protein by EDTA treatment, and/or
substituted for Sm3* ions during soaking of the crystal in
Sm®* ion-containing solution, because they are exposed to
the solvent. These Ca** ions have water molecules as their
ligands. CaZ2 is located at the same position as the Sm?* site
1, one of the major Sm?* sites in the Sm-derivative crystal.
It is coordinated in an octahedral geometry by six ligands
including two water molecules. Ca6 has one water molecule
as a ligand and is also coordinated by six ligands in an
octahedral geometry. The putative Ca?* ion, Ca7, is as-
signed to a density peak with about 40% of the electron
density of a typical calcium ion site on the difference
Fourier map, because this site corresponds to another Sm3*
site in the Sm-derivative crystal and is located 2.5 to 3.0 A
away from Gly370, Gly372, and Asp374, which are included
in the UUUGGXGXD motif, as also observed in other Ca?*
binding sites. Ca7 is coordinated in an octahedral geometry
by five ligands including one water molecule. This Ca?* ion
may be liganded by two water molecules, one of which is
missing in the electron density maps. The distribution of
the Ca?* binding sites in the C-terminal domain of the
Serratia protease is quite similar to that of alkaline
protease from P. aeruginosa. The Serratia protease has
seven Ca®* binding sites, while the alkaline protease has
eight Ca®* binding sites. All the sites in the Serratia
protease are in the amino-terminal region of the C-terminal

domain, and are common with seven of the eight sites in the
alkaline protease.

The functional role of the S-sheet coil adopted by the
repeat of the Ca?* binding sequence UUUGGXGXD in the
Serratia protease is not clear yet, but may be related to the
translocation system for secretion of proteins, because the
repeat of the consensus sequence UUUGGXGXD is also
observed in other proteins secreted from Gram-negative
bacteria which do not utilize any N-terminal signal peptide
for that purpose (9).

We are grateful to Takeda Chemical Industry Ltd. for the kind gift of
the Serratia protease. We thank Drs. Noriyoshi Sakabe, Atsushi
Nakagawa and Nobuhisa Watanabe, Photon Factory, National Labo-
ratory of High Energy Physics, Tsukuba, Japan, for their kind help in
data collection using the Weissenberg camera and synchrotron
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