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Purification and crystallization of a novel
membrane-anchored protein: the Schistosoma

haematobium serpin

A unique serine-protease inhibitor (serpin) of the blood fluke S.
haematobium has been crystallized. It is an antitrypsin with an
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unusual residue (phenylalanine) at its reactive center. Unlike any
known member of this gene family, it is a membrane-anchored
protein on the surface of the parasite. The location of this serpin and
immunological response to the protein indicate that it may play a
important role in host-parasite interaction. The crystals belong to the
trigonal space group P3,21 or P3;21 with unit-cell parameters
a=b=647,c=186.7 A, o =90.0, B=90.0, y = 120.0°. There is one
molecule per asymmetric unit and the crystals diffracted to 2.2 A.

1. Introduction

Serine-protease inhibitors (serpins) are an
abundant family of proteins with diverse
function: most notably, the regulation of clot-
ting and clot stability, control of complement
activity and regulation of tissue development.
Underlining their medical importance, serpins
also regulate neutrophil function (Bucurenci et
al., 1992; Kilpatrick et al,, 1991; Kitagawa &
Takaku, 1982) and are pathogenicity factors for
pox viruses (Ray et al, 1992). Sequence
homology is diffuse among members of this
gene family, but the basic serpin structure is
well conserved (Whisstock et al., 1998) and
their general mechanism of action is known.
Serpins function by providing a substrate for
the target serine protease. The protease binds
and cleaves the inhibitor, but dissociation of
the enzyme-inhibitor complex is very slow,
being of the order of days. The reactive center
of the inhibitor (P1 amino acid) is the site
where the proteases cleave, and is located on
an exposed stressed loop. Upon cleavage of
this loop, the serpin undergoes a dramatic
conformational change that inserts the free
strand as the fourth member of a six-stranded
B-pleated sheet. As a consequence, the P1
amino acid of the serpin moves 70 A from its
original position (Ldoebermann et al, 1984;
Potempa et al, 1994; Wright & Scarsdale,
1995). The association between enzyme and
cleaved inhibitor is sufficiently stable to resist
boiling and SDS-PAGE under reducing
conditions. Only four serpins have been crys-
tallized in their uncleaved form and their
structures resolved: ovalbumin (Stein &
Lumsden, 1973), human antichymotrypsin
(Wei et al., 1994), antithrombin (Carrell et al.,
1994) and o;-antitrypsin (Elliott et al., 1996).
While the overall structures are similar, it
appears that human antichymotrypsin and

antithrombin must be fitted to the enzymatic
pocket, while «y-antitrypsin exists in a cano-
nical structure for interaction prior to protease
exposure. The diversity of conformational
states in the serpin family may reflect the
variation of interaction between serpins and
their cognate proteases. Many questions
remain, therefore, about structure—function
relationships for the family as a whole.
Serpins were among the first proteins whose
structure was solved by X-ray diffraction. A
survey of available serpin structures reveals
that the crystal structures of active serpins are
only available for human proteins, except for
one each from bovine and equine sources. This
hardly reflects their representation in nature,
since serpins have also been found in viruses,
insects and parasites. Among parasites, serpins
were first identified in schistosomes. Schisto-
somes are parasitic trematodes that are a major
source of human morbidity (World Health
Organization, 1986). Mature worm pairs live in
veins draining the urinary bladder or intestines.
They survive the host’s immune attack in part
by silencing the non-specific repair and defense
systems that depend on serine-protease acti-
vation, i.e. clotting (Foster et al., 1992; Tsang &
Damian, 1977), complement (McLaren &
Incani, 1982; Novato-Silva et al, 1980) and
neutrophil activation (Caufield et al, 1980).
Serpins have been identified from the three
major species of this parasite family, S.
haematobium, S. mansoni and S. japonicum
(Blanton et al., 1993; Ghendler et al., 1994), and
their sequences have been reported (Blanton et
al., 1993). Several aspects of the S. haemato-
bium serpin make its structure of particular
interest. The target protease of the recombi-
nant S. haematobium serpin is trypsin-like, a
protease that usually cleaves after Lys or Arg.
However, the P1 residue of S. haematobium
serpin is phenylalanine instead of a charged
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residue. The same observation for a human
antitrypsin serpin, kalistatin was reported by
Chao and his associates (Chai et al., 1993).
The S. haematobium serpin is also the only
known member of this gene family that is
anchored in a membrane. Lastly, until now,
all known serpin structures are of proteins
from humans, other mammals or chickens. A
serpin from a distant phylum may reveal
unanticipated conformations or confirm the
current models. This will be a valuable
addition to the accumulating knowledge
about functional mechanisms and evolution
within this gene family.

2. Characterization of S. haematobium
serpin and identification of its target
protease

The DNA sequence, surface localization,
characterization and expression of the S.
haematobium (SH) serpin (Genbank acces-
sion number M99562) has been described
previously (Blanton ef al., 1993). The size of
the deduced protein is 45.9 kDa, but the
recombinant protein was expressed with a
6 kDa N-terminal peptide derived from the
expression vector. GeneWorks (Intellige-
netics, Inc., 1991) alignment of the SH serpin
protein sequence indicated 21% identity
with human antithrombin and glial-derived
nexin. Serpins from the related schistosome
species S. mansoni (SM) and S. japonicum
(SJ) have been subsequently cloned and
sequenced (Genbank accession numbers
L27100 and U11023, respectively).

Both immunofluorescent microscopy
(Blanton et al., 1993) and cell fractionation
(Li et al., 1995) indicated that SH serpin was
almost entirely membrane associated.
Treatment of an adult worm lysate with
CaCO; and Triton X-114 indicate that the
serpin partitions with the micellar fraction
and is thus a membrane-associated protein
(manuscript in preparation). The target
specificity of the SH serpin has been iden-
tified by observing which of the three classes
of serine proteases produces an inhibitory
complex with the recombinant SH serpin.
The SH serpin only forms an inhibitory
complex when incubated with trypsin (Fig.
1). The likely target of a serpin of unknown
function can often be predicted on the basis
of the amino acid at its P1 site, ie. the
primary amino-acid sequence, since the
structural elements of serpins can be aligned
accurately from sequence data (Baumann et
al., 1991). The serpin P1 site is usually
located 14-15 residues downstream of the
strongly conserved hinge (Glu—-X-Gly-X-
Glu) motif and in most cases is followed by a

serine residue (Carrell & Boswell, 1986).
Trypsin-like proteases cleave after basic
amino acids (Lys or Arg), elastase-like
proteases cleave after amino acids bearing
uncharged non-aromatic side chains (Ala,
Val, Leu, Ile, Gly, Ser) and chymotrypsin-
like proteases cleave after aromatic residues
(Tyr, Phe, Trp). Thus, the SH serpins target
specificity is unexpected.

3. Expression, purification and
crystallization of SH serpin

SH serpin protein was expressed from the
polyhistidine-tag plasmid expression vector
pRSET (Invitrogen, San Diego, CA) and
was purified by Ni**-affinity column chro-
matography. The His tag is at the N-terminus
of the expressed protein and there is also a
short sequence consisting of 35 amino-acid
residues between the tag and the N-terminus
of the SH serpin. The purified protein
appeared to be 90-95% pure on Coomassie
blue stained gels. After staining, there was
one major band and a weaker band of
slightly lower molecular weight (not shown).
Mass spectroscopy showed that the major
band corresponded to a molecular weight of
522 kDa (data not shown), which corre-
sponded exactly to the calculated molecular
weight of the serpin, based on the primary
sequence including the histidine tag and two
dithiothreitol (DTT) molecules. Based on
our experience, DTT was required for the
storage of serpin at 277 K. A Western blot of
the serpin protein from a dissolved crystal
indicated that only the major band was
crystallized (Fig. 2). The lower molecular
weight band represents the serpin cleaved at
its C-terminus, since it reacts with an anti-
serpin polyclonal antibody as well as
monoclonal histidine-tag-specific antibody.
Further purification by ion-exchange chro-
matography (SP Sepharose Fast Flow;
Pharmacia, Uppsala, Sweden) removed this
minor band. It was possible to grow crystals
from the serpin protein obtained after
purification by Ni-affinity chromatography
alone which diffracted to 3.0 A using a
synchrotron radiation source. However,
most of these crystals were twinned, judging
from the split reflections produced. Further
purifying the serpin protein by a second ion-
exchange chromatographic step usually gave
much better single crystals which diffracted
to high resolution. This emphasises the
importance of protein purity for successful
crystallization. The concentration of recom-
binant protein used for crystallization was
9.0 mg ml™%. Crystals were grown using the
vapor-diffusion method in sitting drops at

295 K. The sitting drops contained 4.0 pl of
protein solution and an equal volume of
reservoir solution consisting of 50 mM
acetate buffer at pH 5.0, 5% PEG 6000, 1%
Triton X-100 and 3% dioxane. Hexagonal
crystals appeared after approximately 2d
(Fig. 3). The largest crystals reached 0.15 x
0.15 x 0.10 mm in size and stopped growing
after 4-5 d. Despite the small size of the
crystals, they diffracted to 2.2 A using the
synchrotron radiation source.

4. Crystal characterization and data
collection

Data collection was performed using the
beamline X4a of the National Synchrotron
Radiation Source (NSLS), Howard Hughes
Medical Institute at Brookhaven National
Laboratory. The size of the crystal was 0.15
x 0.15 x 0.10 mm and it was frozen at
100 K. The cryogenic solution was the same
as the reservoir solution with the addition of
15% ethylene glycol. An R-AXIS IV area
detector was used for data collection and
DENZO and SCALEPACK were used for
data processing (Otwinowski, 1993). The
space group of the crystals was P3,21 or
P3.21 witha = b = 64.7 and ¢ = 186.7 A. A
data set to 2.5 A was collected, and the Ry,
of the data was 4.4% with an overall
completeness of 77.2%." The completeness
of the highest shell (2.50-2.59 A) is 61.2%.
There was only one molecule per asym-
metric unit. In fact, the crystal diffracted
beyond 2.2 A but, owing to the unfavorable
orientation of the crystal in the mounting
loop, serious overlap occurred at higher
resolution reflections. Therefore, 2.5 A
resolution was the limit for this data collec-
tion.

5. Future direction

We have successfully purified and
crystallized the recombinant SH serpin and
have collected a data set to 2.5 A for the
resultant crystals. The crystals diffract well
and are candidates for high-resolution
crystallographic analysis. The molecular-
replacement technique is being attempted to
determine the SH serpin structure. As
backup, crystals of trimethyl lead acetate
derivative have been found. Multiple-wave-
length anomalous diffraction will be used for
the determination of the SH serpin if the
molecular-replacement method fails to give

" Ryym= 0 X Wy — I/ o0 Yo Ly where Iy, s
the ith observation of reflection /4 and ([}, is the
average intensity obtained from the same reflec-
tion observed i times.
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Figure 1

Western blot analysis of recombinant SH serpin—
protease complex formation. rSH serpin (25 pg) (lane
1) was incubated at a 5:1 molar ratio (IE) with
bovine trypsin (lane 2), elastase (lane 3) and
chymotrypsin (lane 4). After SDS-PAGE and
transfer to a nitrocellulose membrane, the blot was
incubated with rabbit anti-rSH serpin antibody and
binding indicated by horse-radish peroxidase conju-
gated protein A. Only incubation with trypsin
resulted in the appearance of a novel band of
68 kDa, corresponding to the predicted size of a
rSH serpin-trypsin complex. The lower immuno-
reactive bands represent degradation of the recom-
binant serpin or serpin—protease complex. This result
was reproduced in more than five consecutive
experiments.
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Figure 2

Western blot analysis of the purified SH serpin (lanes
1 and 3) and protein from a dissolved SH serpin
crystal (lanes 2 and 4). (a) Western blot analysis using
specific polyclonal rabbit antibodies. (b) Western blot
analysis using antibody against the 6-histidine tag
(Clontech, Palo Alto, CA).

a good solution. Three important questions
can be addressed by examining the structure
of the SH serpin. Firstly, does the structure
of the SH serpin’s stressed loop conform to
either of the two current models for
inhibitor-enzyme interaction? Since these

(b)

Figure 3

Photomicrographs of an SH serpin crystal. (a)
Hexagonal form of the crystal (0.15 x 0.15 x
0.10 mm). (b) Thickness of the crystal used for data
collection. Both are shown at the same magnification.

models are based on only three human
serpins, the structure of a serpin from a
distant phylum will either validate the
current models or reveal an unanticipated
structure in this region. Secondly, what are
the structural determinants of specificity for
this inhibitor given the fact that Phe is the P1
residue? Thirdly, how does membrane
association modify the SH serpin structure
relative to that of the other serpins? The
determination of the structure of this serpin
may help us to understand how the
schistosome is able to persist in the blood-
stream.
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