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the blood clotting mechanism . Hirudo medicinalis se-
Ghilantens are a family of cysteine-rich inhibitors of cretes a 65 amino acid inhibitor of thrombin termed

the clotting enzyme, factor Xa, that are produced in hirudin (1–4). Analysis of the crystal structure of the
the salivary glands of the South American leech thrombin–hirudin complex has yielded structural in-
Haementeria ghilianii. In this study, a gene, designed formation which has been valuable in the design of
from the amino acid sequence of a specific ghilanten small, organic inhibitors of thrombin (5). Recent clini-
isoform, was assembled from eight double-stranded cal trials (Gusto II and TIM1-9)2 indicate that thrombin
oligonucleotide fragments. A yeast expression plas- inhibition leads to bleeding complications in patients.
mid, pPIC9HG-2, was constructed by making an in- Thus, selective inhibitors to other enzymes of the hemo-
frame fusion of the ghilanten-coding sequences with static mechanism are being sought as alternative ap-
the region encoding the pre-pro a-mating factor signal proaches in the treatment of vascular-related diseases.
sequence for secretion. The expression of ghilanten in In that regard, Factor Xa (FXa) may be a preferred
pPIC9HG-2 was under the control of the methanol-in- target for the treatment of thrombotic disorders (6–ducible, alcohol oxidase (AOX1) promoter. Pichia pas- 8), restenosis following angioplasty (9), and the blood-toris yeast strains KM 71 and SMD 1168 were trans-

borne dissemination of cancer (10–12). FXa is the keyformed with linearized pPIC9HG-2 to target integra-
enzyme regulating thrombin production. Its catalytiction of the plasmid to the chromosomal 5*-AOX1 locus
activity is enhanced by membrane-associated Factorvia homologous recombination. Both strains yielded
Va in the prothrombinase complex (13).His/ transformants that secreted a potent anticoagu-

Recently, we described a five-step purification of anlant activity into the medium. Product yield was im-
anticoagulant-antimetastatic protein, ghilanten, fromproved by using buffered media (pH 6.0) supplemented
salivary gland extracts of the South American leechwith either casamino acids or a mixture of yeast ex-
Haementeria ghilianii (10). Elucidation of its completetract and peptone. The protease-deficient strain, SMD
amino acid sequence showed 119 residues arranged in1168, secreted about a twofold higher level of r-ghilan-

ten than KM 71. Significant clonal variation in the ex- a twofold internal repeated homology with each of its
pression of r-ghilanten was found among the His/ two domains stabilized by five intramolecular disulfide
transformants. A high producing clone was selected bonds. We showed that the amino-terminal domain
for production at the 2-liter shake flask and 10-liter blocks the active site of FXa (10) and the carboxyl-
bioreactor scales. r-Ghilanten was recovered from the terminus has a heparin-binding region which possibly
fermentation broths in a single step by heparin Sepha- mediates interactions with heparan sulfate proteogly-
rose affinity chromatography. Protein sequence analy- cans on the arterial wall (14). In addition, we also re-
sis of the amino terminus showed that the correct pro- ported the 3-dimensional structure of human DES (1–
cessing to yield mature ghilanten varied with the fer- 45) FXa at 2.2 Å resolution (15). The purpose of the
mentation conditions. q 1995 Academic Press, Inc. current study was to express ghilanten in sufficient

quantities to allow its structural elucidation. Unlike
the cysteine-rich cerabratulus toxins (16), which can

Leeches produce in their saliva a variety of highly be expressed in Escherichia coli, the expression of ghi-
potent and selective inhibitors to specific enzymes of lanten in this bacteria results in an improperly folded

1 To whom correspondence should be addressed. Fax: (513) 948-
7345. 2 SCRIP No. 1916, p. 25, April 22, 1994.

8131046-5928/95 $12.00
Copyright q 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.

/ m3971f0550 11-24-95 10:23:03 pepal AP-PEP



BRANKAMP ET AL.814

and insoluble product. The present report describes the on a binary Waters/Millipore (Milford, MA) system con-
sisting of two Model 510 pumps, a Model 710B WISP,gene synthesis of a specific ghilanten isoform and its

expression in the methylotropic yeast Pichia pastoris. an automated gradient controller, a Model 440 fixed
wavelength detector, and a Vydac (Hesperia, CA) 0.46
1 25 cm, 5 mm, C-18 reverse phase column. ElutionMATERIALS AND METHODS
was performed using a linear gradient from 93% of 50

Automated Protein and DNA Sequence Analysis mM triethylamine acetate, pH 6.95, to 25% acetonitrile
in 50 min at a flow rate of 0.5 ml/min. Purity of theRecombinant ghilanten was purified for sequence
oligonucleotides was assessed by the chromatographicanalysis on a 2.1 1 30-mm C-8 column (Aquapore RP-
data and quantified by uv spectrophotometric measure-300) using a protein/peptide Model 130A Separation
ments.System (Perkin–Elmer/Applied Biosystems Inc. (PE/

Oligonucleotides, with the exception of the two corre-ABI), Foster City, CA). Proteins were loaded onto the
sponding to the EcoRI and HindIII termini, were phos-column equilibrated in 0.1% trifluoroacetic acid (TFA)
phorylated with T4 polynucleotide kinase and equimo-in H2O (buffer A) and were then eluted with a linear
lar amounts of the complementary oligonucleotidesgradient to 70% CH3CN in 0.085% TFA (buffer B) over
were annealed. The annealed DNA fragments were li-150 min at a flow rate of 100 ml/min. Fractions con-
gated using T4 DNA ligase and the ligation producttaining ghilanten were resubjected to microbore re-
corresponding to the expected synthetic gene size (0.36verse-phase HPLC using a linear gradient to 24%
kb) was purified by preparative PAGE. The purifiedbuffer B over 15 min and then to 35% buffer B over 75
synthetic gene was cloned into the EcoRI and HindIIImin at a flow rate of 75 ml/min. Amino-terminal protein
sites of pUC19 and the resulting plasmid is referred tosequence was determined on a model 470A protein-
as pUCHG-1.peptide microsequencer (PE/ABI) with reagents, in-

structions, and standard programs supplied by the
Construction of pPIC9HG-2 Expression Vector formanufacturer. The phenylthiohydantoin-derivatized

P. pastorisamino acids were identified at each cycle by a model
120 PTH analyzer (PE/ABI) directly on-line with the The ghilanten coding sequence was excised from
470A. Sequence data were captured on a model 6000 pUCHG-1 as a HindIII–Eco RI fragment, blunt ended
Nelson analytical data system (Nelson Laboratories, using Klenow fragment of E. coli DNA polymerase and
Inc., Cupertino, CA). DNA sequence analysis of the ligated into the SnaBI site of the P. pastoris secretion
gene was performed on a PE/ABI Model 373 automated vector pPIC9 (18) for an in-frame fusion with the DNA
DNA sequencer. Sequencing reactions on template sequence encoding the a-mating factor pre-pro secre-
DNA (1 mg) were performed with the Prism (PE/ABI) tion signal sequence of Sacchromyeces cerevisiae. Two
kit according to the procedures specified by the manu- constructs with the correct orientation were sequenced
facturer. Sequence information was analyzed using the and one, designated as pPIC9HG-2 had the expected
Inherit Data System (PE/ABI). sequence. The sequence of the fusion junction, includ-

ing the KEX2 and diaminopeptidase (DAP) cleavage
sites, as well as the start site of the mature ghilantenDesign, Synthesis, and Assembly of a Synthetic
coding region are shown in Table 1.Ghilanten Gene

The DNASTAR (DNASTAR Inc., Madison, WI) pro-
Construction of P. pastoris Ghilanten Expressiongram was used to design a synthetic gene from the

Strainsamino acid sequence of ghilanten isoform P5 (14) based
on the mammalian preferred codons. The synthetic P. pastoris strains KM 71(his4,aox1:ARG4) (19) and

SMD 1168 (his4, pep4) (M. A. Gleeson, personal com-gene with EcoRI and HindIII restriction enzyme sites
at the 5* and 3* termini, respectively, was assembled munication) were transformed with SacI-linearized

pPIC9HG-2 using the spheroplast procedure (20). Thisusing 16 46-mer oligonucleotides (Fig. 1).
Oligonucleotides for gene construction and sequenc- method results in the stable integration of one or multi-

ple copies of the linear DNA at the chromosomal alcoholing were synthesized on a PE/ABI Model 391 PCR-
Mate or 394 DNA/RNA Synthesizer using standard b- oxidase (AOX1) locus (18,21,22). pPIC9 linearized with

SacI was used in the transformation as a vector control.cyanoethyl phosphoramidite chemistries as described
by the manufacturer. After manual or automated cleav- The His/ transformants were grown in BMGY medium

and induced to secrete ghilanten in shake flask/tubeage of the oligonucleotides from the support, the oligos
were deprotected by ammonialysis at 557C for 12–15 h. cultures in four different induction medias (BMMY,

BMMC, AMMY, and AMMC). All medias are describedPurification was performed either by OPC (Oligo Puri-
fication Cartridges, PE/ABI) using the manufacturers in Appendix I. Serial dilutions of the pool of His/ SMD

1168 transformants were plated to obtain individualprotocols or by high performance liquid chromatogra-
phy (HPLC). HPLC of the DNA probes was performed colonies. Ninety-six colonies were selected, grown in
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TABLE 1

Amino Terminal Sequence Analysis of Recombinant Ghilanten Produced under Different Fermentation Conditions

2 liter shake flask:
(BMMC medium) 04Y N S M E G P F G P . . .

10 liter bioreactor: 85% 1E G P F G P G (C)a E E A G . . .
(Fermentor media) 15% 35V Y (C)a S H G F Q R S R Y G

Predicted sequence from the open reading frame
(Expected cleavage sites for the KEX2 and DAP like proteases are also indicated)

Ghilanten start site
v

. . .5* GTA TCT CTC GAG AAA AGA GAG GCT GAA GCT TAC AAT TCA ATG GAG
V S L E K R E A E A 04Y N S M E

Ú Ú Ú Ú
KEX2 DAP DAP Mature sequence

a Parentheses indicates a position in the sequence cycle in which the PTH amino acid was not identified and the residue inside the
parenthesis indicates the amino acid predicted from the nucleotide sequence at that position. The percentage values indicate the approximate
proportion of the particular sequence present in the mixture.

15 ml BMGY medium in 50-ml shake tubes, and then (BioResources Inc., Irving, TX). After a 5-min incuba-
tion, clot times were determined with the addition ofinduced in 2 ml of BMMC. Culture supernatants were

then evaluated for anticoagulant activity using the pro- thromboplastin reagent (Baxter Healthcare Corp.,
Miami, FL).thrombin clotting time assay described below.

Fermentation Mass Spectrometry Analysis
Five liters of BSM containing 10% glucose were steri- Samples containing recombinant ghilanten were as-

lized in a 10-liter Bioflo IV fermentor (New Brunswick sayed on a Kratos Kompact III (Shimadzu Scientific
Scientific, Edison, NJ) and allowed to cool to the set Instruments, Inc. Columbia, MD) matrix assisted laser
temperature of 317C. The medium was adjusted to pH desorption time of flight mass spectrometer (MALDI-
6.0 with 50% NH4OH and then 40 ml of biotin stock TOF MS). Molecular mass analysis was performed on
solution and 40 ml of PTM1 were added. The innoculum 1- to 2-ml aliquots of the crude or purified proteins and
consisted of a yeast clone grown to an O.D. of 2–10 at cocrystallized with 1–2 ml of 45 mM sinapinic acid (3,5-
600 nm in a 2-liter shake flask containing 1 liter of dimethoxy-4-hydroxycinnamic acid in a 2:3 v/v mixture
MD. The fermentation was started with this innoculum of acetonitrile and 0.1% TFA).
and continued for 20 h. At this point, 250 ml each of
10% yeast extract and 20% peptone solutions were

RESULTSadded to the medium and the fermentation was contin-
ued for an additional 20 h. Addition of yeast extract Gene Design and Expression of Recombinant
and peptone stimulated the cell growth and the cells Ghilanten
grew to a density of 25 g dry cell weight per liter. Next, Based on the amino acid sequence (14) we designeda fed-batch phase on methanol was initiated to induce a synthetic gene (Fig. 1) which was then assembledthe cells. The feed consisted of 980 ml of 100% MeOH, and cloned into pUC19. This plasmid was digested with10 ml of PTM1, and 10 ml of biotin stock solution which EcoRI/HindIII, blunt ended, and cloned into the SnaBIwere filter-sterilized. The infusion was delivered at 0.2 site of the yeast shuttle vector pPIC9 to yield the ghi-ml/min by a Waters Model 510 HPLC pump over 3 days lanten expression plasmid pPIC9HG-2 (Fig. 2). Thisand the culture medium was sampled at 24-, 48-, and plasmid, with the expected cloning junction sequence,72-h intervals for ghilanten activity. was selected from two independent E. coli clones.

pPIC9HG-2 was linearized with SacI at the unique
Measurement of Clot Times site in the 5*-AOX1 region. The linearized DNA bearing

the HIS4 gene as the selectable marker was then intro-Prothrombin times were measured spectrophotomet-
rically using an Electra 800 automatic coagulation duced by homologous recombination into the 5*-AOX1

chromosomal locus of P. pastoris strains KM 71 andtimer (Medical Laboratory Automation Inc., Pleas-
antville, NY), using the standard programs and re- SMD 1168. Transformants were selected based on the

His/ phenotype. Several hundred His/ colonies wereagents recommended by the manufacturer. Briefly,
various amounts of media (5–25 ml), containing r-ghi- pooled and an aliquot was used to test for ghilanten

expression. As shown in Table 2, both the KM 71 andlanten, were added to 100 ml of citrated sheep plasma
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TABLE 2

Effect of Strain and Media Conditions
on Ghilanten Secretion

Prothrombin time in seconds

Strain KM71 Strain SMD1168

Media Transformed Control Transformed Control

BMMY 53.5 23.8 97.5 33.2
BMMC 25.0 17.5 61.7 20.5
AMMY 33.5 21.8 54.2 36.0
AMMC 23.5 17.2 32.1 20.9

Note. Media (20 ml) collected after 48 h of induction were assayed.
The A600 of the culture was approximately 60.0 units.

than in BMMC, whereas, with the SMD1168 strain,
both BMMY and BMMC produced comparable

FIG. 1. The synthetic ghilanten gene was designed based on the amounts of ghilanten. The BMMY media components
amino acid sequence of ghilanten isoform P5 and assembled from 16 interfered with visualization of the product by SDS–
single-stranded oligonucleotides. The 5* and 3* termini of the syn- PAGE. Therefore, BMMC was chosen for further study.
thetic gene correspond to EcoRI and HindIII restriction ends to facili-

Both SDS–PAGE and MALDI-TOF mass spectraltate directional cloning into plasmid pUC-19. The GenBank Acces-
analyses confirmed the presence of ghilanten in BMMCsion No. is U20787.
broth from the induced SMD1168 cells transformed
with the ghilanten expression plasmid pPIC9HG2.SMD 1168 His/ pools yielded anticoagulant activity

relative to the corresponding pPIC9 transformed con-
Purification and Analysis of Recombinant Ghilantentrols. The protease-deficient strain SMD 1168 yielded

approximately a twofold higher level of ghilanten activ- The purification of recombinant ghilanten from
ity as compared to KM 71. With the SMD1168 strain, BMMC media (SMD 1168) by heparin Sepharose chro-
induction with BMMY or BMMC produced more ghi- matography is shown in Fig. 3. The peak anticoagulant
lanten than did AMMY or AMMC. Anticoagulant activ- activity eluted at 0.75 M NaCl as determined by conduc-
ity with KM71 strain was consistently higher in BMMY tivity measurements. The inset shows the SDS–PAGE

of the ghilanten-containing fractions. The electropho-
retic mobilities of recombinant (Fig. 3, inset) and native
ghilanten (data not shown) are similar and run near
the lysozyme standard (see Fig. 3 legend). The purified
protein from the 2-liter shake flask fermentation had
the unique amino-terminal sequence 04Tyr-Asn-Ser-
Met-1Glu-Gly-Pro-Phe-Gly-Pro-Gly showing the correct
processing of the a-mating factor pre-pro leader se-
quence as well as the Glu-Ala-Glu-Ala spacer predicted
from the open reading frame (Table 1). The additional
four residues of the amino terminus predict a mass of
13,775 amu vs. 13,601 amu observed by MALDI-TOF
MS (Fig. 4). The additional residues had no detectable
effect on either the anticoagulant activity or heparin-
binding properties. Based on the processing pattern,
we conclude that both the KEX2-like protease activity
and the DAP activity are present in the protease-defi-
cient strain.

Fermentation
FIG. 2. After confirming the DNA sequence in pUC-19, the gene We analyzed 96 individual colonies in order to isolatewas excised by a double restriction digest (EcoRI/HindIII), blunt

a high-producing ghilanten clone of SMD 1168. Asended with Klenow, and cloned into the SnaBI site of plasmid pPIC9
to yield the expression vector pPIC9HG-2. shown in Fig. 5, a high degree of clonal variation in r-
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FIG. 3. Purification of recombinant ghilanten by heparin Sepharose chromatography. Protein elution was monitored at 220 nm. Elution
involved a 15-min wash with 10 mM Hepes, pH 7.4, followed by a linear gradient of NaCl to 1 M, in 10 mM Hepes, pH 7.4, over 60 min,
with a flow rate of 1 ml/min; 1-ml fractions were collected. Inhibitor activity was assayed as the increase in sheep plasma prothrombin
time using 20 ml of the fractions. Inset: SDS–polyacrylamide gel analysis of heparin Sepharose fractions. Lanes a and b represent the
equivalent of 100 ml of fractions 60 and 61 (concentrated by TCA precipitation); lanes c and d represent 15 ml of fractions 60 and 61; lanes
e and f represent 15 ml of the His/ pool and 288 h post methanol induction; lane g, protein molecular weight markers: (from top to bottom)
phosphorylase b (97,400), serum albumin (66,200), ovalbumin (45,000), carbonic anhydrase (31,000), trypsin inhibitor (21,500), lysozyme
(14,400), aprotinin (6,500).

FIG. 4. Matrix-assisted time of flight mass spectral (MALDI-TOF MS) analysis of recombinant ghilanten.
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properties of the inhibitor (14). Based on the protein
sequence information, we designed a synthetic gene for
expression in the methylotropic yeast, P. pastoris.

The synthetic gene was cloned into the expression
vector designated pPIC9HG-2. The plasmid was then
introduced into two different strains of P. pastoris by
homologous recombination with the 5*-AOX1 promoter
locus of the endogenous alcohol oxidase gene to obtain
stable transformants. Upon induction, secretion and
proper folding of the cysteine-rich inhibitor occurred.
A higher level of secretion was seen with the SMD1168
(Pep4 protease deficient) as compared to the KM71
(Pep4 protease normal). It is presumable that the
higher level of secretion with SMD1168 is due to re-
duced proteolysis of the product. However, we cannot
unequivocally draw this conclusion, because the strains
also differ in their growth rates on methanol (KM71
has a methanol-slow phenotype, whereas SMD1168

FIG. 5. Clonal variation of ghilanten expression in the SMD1168 grows normally on methanol). Purification of ghilanten
strain of P. pastoris. from leech salivary gland extracts is a five-step process

(10). Methanol induction of the SMD 1168 strain in
defined BMMC media allowed a one-step purification
by heparin Sepharose chromatography. At the shakeghilanten expression was observed in shake tube stud-
tube and 2-liter shake flask scales in BMMC, the a-ies. Several clones gave significantly higher levels of
mating factor pre-pro signal sequence was efficientlyproduct than the His/ pool. One of these, clone 72, was
processed yielding an active product with four addi-grown in a 2-liter shake flask culture in BMGY medium
tional amino terminal residues. At the 10-liter bioreac-and then induced in BMMC. As shown in Fig. 6, maxi-
tor scale, with growth and induction in fermentationmum activity occurred within 64 h postinduction, and
medium, approximately 85% of the product repre-SDS–PAGE analysis indicated r-ghilanten comprised
sented the mature form lacking these four extraneousthe major protein present in the broth (data not

shown). The amount secreted into the medium was es-
timated to be approximately 10 mg/liter, with the cell
density being approximately 260 g/liter wet weight. A
pilot 10-liter bioreactor fermentation with clone 72 was
performed in which cells were grown and induced in
fermentor medium supplemented with yeast extract
and peptone. Maximum expression occurred at 48 h
postinduction. Amino terminal amino acid sequence of
r-ghilanten purified from the bioreactor run showed
/1Glu-Gly-Pro-Phe . . . , indicating the complete pro-
cessing to the mature form (Table 1).

DISCUSSION

The salivary glands of H. ghilianii are known to se-
crete powerful anticoagulants including a fibrinogeno-
lytic enzyme termed hementin (25–28). Earlier, we re-
ported the isolation of a family of FXa inhibitors from
the salivary glands of the leech, H. ghilianii, and
termed them ghilantens (10). We determined the pri-
mary sequence of the most potent isoform. The protein
has 119 amino acids with two internal repeated homol-
ogies. These domains are compactly folded into two
Kunitz protease inhibitor-type structures (residues 1–
54 and 55–108), which are stabilized by five intramo- FIG. 6. The His/ pool and clone 72 were induced to secrete r-ghilan-
lecular disulfide bonds. Residues 93–119 are rich in ten in BMMC medium. Clot inhibitor activity was measured as a

function of time after BMMC induction.basic amino acids and account for the heparin-binding
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residues (Table 1). Approximately 15% of the material Potassium hydroxide, KOH 4.0 g
was cleaved at 34Arg-35Val, i.e., the inhibitor reactive
site (14), indicating specific cleavage by an endogenous Biotin stock solution: 20 mg of d-biotin (Sigma
serine protease. Efficient liberation of the amino termi- Chem., St. Louis, MO) dissolved in 100 ml of water
nal Glu at position 1 of the sequence indicates a lack and filter sterilized.
of the pyroglutamase activity in the processing path- MD: (per liter)20 g glucose, 2 ml of biotin stock solution,
way of r-ghilanten in SMD1168. In leech salivary 13.2 g of yeast nitrogen base without amino acids,
glands, this activity cyclizes and blocks the amino ter- but with ammonium sulfate (Difco)
minus of native ghilanten. A significant clonal varia-
tion in the expression of ghilanten was observed and ACKNOWLEDGMENTS
we do not know the molecular basis for this variation.
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