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ABSTRACT A 155-kDa proteinase inhibitor, pacifastin,
from plasma of the freshwater crayfish, Pacifastacus lenius-
culus, was found to be composed of two covalently linked
subunits. The two subunits are encoded by two different
mRNAs, which were cloned and sequenced. The heavy chain
of pacifastin (105 kDa) is related to transferrins, containing
three transferrin lobes, two of which seem to be active for
iron binding. The light chain of pacifastin (44 kDa) is the
inhibitory subunit, and has nine cysteine-rich inhibitory
domains that are homologous to each other and to low
molecular weight proteinase inhibitors isolated from the
grasshopper, Locusta migratoria. The nine light chain do-
mains and the Locusta inhibitors share a characteristic
cysteine array (Cys-Xaag_;,-Cys-Xaa,-Cys-Xaa-Cys-Xaag_g-
Cys-Xaay-Cys) distinct from any described proteinase in-
hibitor family, suggesting that they constitute a new family
of proteinase inhibitors. Pacifastin is the first known pro-
tein that has combined properties of a transferrin-like
molecule and a proteinase inhibitor.

Serine proteinase inhibitors are widely distributed among
living organisms and their major physiological function ap-
pears to be to prevent unwanted proteolysis (1-3). A growing
number of serine proteinase inhibitors has been described
from invertebrates and most of them fall into established
inhibitor families such as Kazal-type, Kunitz-type, serpins,
Ascaris inhibitors, or a-macroglobulins (4).

Previously we have identified and characterized a 155-kDa
proteinase inhibitor from the plasma of the crayfish Paci-
fastacus leniusculus (5). This protein was found to have an
inhibitory activity toward both trypsin and chymotrypsin and
is, among the proteinase inhibitors found in crayfish blood,
the most efficient inhibitor of the prophenoloxidase activat-
ing enzyme of the prophenoloxidase activating system (5, 6),
an important immune response cascade in arthropods and
many other invertebrates (7). Here we report the purifica-
tion, characterization, and cDNA cloning of this 155-kDa
proteinase inhibitor. This inhibitor is found to be composed
of two subunits, a 44-kDa peptide (the light chain) and a
105-kDa peptide (the heavy chain), which are covalently
linked. The heavy chain has sequence similarity to trans-
ferrins, but in contrast to other transferrins, which have two
lobes (8-10), the pacifastin heavy chain has a three-lobe
structure. The light chain contains nine homologous cys-
teine-rich domains with significant similarities to three pro-
teinase inhibitors from L. migratoria (11-14). This is the first
known protein that has been found to contain both a
transferrin chain and a proteinase inhibitor chain and we
have named it pacifastin.
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MATERIALS AND METHODS

Animals. Freshwater crayfish, Pacifastacus leniusculus, were
kept in aquaria in aerated tap water at 10°C. Only intermolt
males were used.

Purification of Pacifastin. Pacifastin was purified from
crayfish plasma using an established procedure (method 1)
described by Aspén et al. (6), and a modified method (method
2) described below. Crayfish blood was collected in an equal
volume of ice-cold 10 mM sodium cacodylate, 0.25 M sucrose,
100 mM CaCl,, pH 7.0, and centrifuged (800 X g for 10 min
at 10°C) to spin down the blood cells. The supernatant
(plasma) was dialyzed overnight against 10 mM Tris-HCI
buffer (pH 8.0), and centrifuged (5,000 X g for 5 min) to
remove precipitates. The supernatant was brought to 0.5 M
NaCl and applied to a phenyl-Sepharose column (0.8 cm X 15
cm) equilibrated with 10 mM TrissHCl buffer (pH 8.0),
containing 0.5 M NaCl. The column was washed with the same
buffer, and the bound proteins were eluted with 10 mM
Tris'HCl buffer (pH 8.0). Fractions with proteinase inhibitory
activity were pooled, dialyzed against 10 mM Tris:HCl buffer
(pH 8.0), overnight, adjusted to a NaCl concentration of 0.5 M,
and fractionated on a second phenyl-Sepharose column under
the same conditions. Inhibitor fractions from this column were
dialyzed against 10 mM Tris-HCl buffer, pH 8.0, and loaded on
a DEAE-cellulose column, equilibrated with the same buffer.
Bound proteins were eluted by a 0-0.5 M NaCl gradient in 10
mM Tris-buffer (pH 8.0). Fractions containing inhibitory
activity were pooled and dialyzed against 0.1 M ammonium
acetate and lyophilized.

Proteinase Inhibitor Counterstaining. Proteinase inhibitory
activities of intact and proteolytically fragmented pacifastin
were visualized after SDS/PAGE using a proteinase inhibitor
counterstaining method essentially as described (15, 16). After
SDS/PAGE of the samples under reducing and nonreducing
conditions, the gel was equilibrated with 0.1 M sodium phos-
phate buffer (pH 7.8) at 37°C for 15 min, incubated with 40
pg/ml a-chymotrypsin or trypsin (Sigma) for 30 min, and
finally developed for 1 h at room temperature in a freshly
prepared mixture of 10 ml of 2.5 mg/ml N-acetyl-DL-
phenyalanine-B-naphthyl ester in N,N-dimethylformamide
and 50 ml 1 mg/ml tetrazotized O-dianisidine in 50 mM
sodium phosphate (pH 7.8).

Preparation of a 30-kDa Pacifastin Fragment That Retains
Inhibitory Activity. Two mg of trypsin was immobilized on
0.5 g of CNBr-activated Sepharose 4B (Pharmacia) following
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the manufacturer’s instructions. These trypsin-Sepharose
beads were washed with 0.1 M Tris, pH 8.0, and suspended in
2 ml of the same buffer. Five or ten microliters of this
suspension was mixed with 100 ug pacifastin and incubated
overnight at 22°C. The mixture was centrifuged at 13,000 X g
and the supernatant was collected. Analysis by SDS/PAGE
was done for one-twentieth of the samples and the proteinase
inhibitor counterstaining method described above. Controls
with only pacifastin or only trypsin-Sepharose were incubated
and analyzed under identical conditions.

Protein Chemical Procedures. Five milligrams of pacifastin
was CNBr-treated, reduced, and S-carboxymethylated using
standard procedures (17). The CNBr fragments of pacifastin
were separated on a Superose 12 gel filtration column in 50%
HCOOH. Fragments <6 kDa were separated by SDS/PAGE
using a 20% Tris-tricine gel, and electroblotted onto Problott
membranes. After staining with Coomassie brilliant blue (17),
individual bands were subjected to N-terminal sequence anal-
ysis using an Applied Biosystems model 477A instrument
equipped with a model 120A phenylthiohydantoin-derivative
analyzer (18). Intact pacifastin was also sequenced after SDS/
PAGE and electroblotting.

CNBr fragments smaller than ~6 kDa were subjected to
reverse-phase HPLC on Nucleosil C4 and C18 columns and
aqueous trifluoroacetic acid based solvents using acetonitrile
or 2-propanol as organic modifiers (17). Pure fragments were
spotted onto polybrene-coated glass filters and subjected to
sequence analysis.

The 30-kDa pacifastin fragment with proteinase inhibitory
activity was resolved on a SDS/polyacrylamide gel under
reducing conditions and the peptide band was excised and
subjected to in-gel trypsin cleavage (19). The products were
fractionated by HPLC and the N-terminal amino acid se-
quences of three peptides were determined.

Iron Content Determination. Lyophilized pacifastin was
mounted on a carbon specimen holder (Agar Aids, Stansted,
U.K\) and coated with a conductive carbon layer. The sample
was observed in a Philip 525 scanning electron microscope.
X-ray microanalysis was carried out at an accelerating voltage
of 20 kV with a Link AN 10000 energy-disperse x-ray micro-
analysis system. Spectra were acquired for 100 sec. Quantita-
tive analysis was carried out using the LINK ZAF PB program.
The results were expressed in mmol of iron per kg dry weight
of pacifastin.

Protein Determination. The concentration of pacifastin was
measured with the Bradford method (20). The concentrations
of trypsin and chymotrypsin were calculated from absorption
values at 280 nm.

Antibodies. An antiserum was prepared by injecting purified
pacifastin intramuscularly into a rabbit. Specific, affinity-
purified anti-pacifastin antibodies were concentrated by pass-
ing the antiserum over a column of pacifastin-Sepharose
(pacifastin crosslinked to CNBr-Sepharose), and eluting the
bound antibodies.

Crayfish blood was withdrawn from crayfishes pre-injected
with 0.5 ml of a citrate-EDTA anticoagulant solution (21) into
syringes containing 1 ml of the same solution. The plasma was
separated from blood cells by centrifugation (1,000 X g, 5 min).
The pH of the plasma was adjusted to pH 8.0 by adding 2 M
Tris'HClI (pH 8.0). To verify the specificity of the antibodies,
0.2 ug pacifastin and 20 pg crayfish plasma proteins were run
on SDS/PAGE under reducing conditions and electrotrans-
ferred to a nitrocellulose membrane. Protein bands recognized
by the antibodies were detected by incubating the membrane
with the anti-pacifastin antibodies (diluted 1:2,500), followed
by peroxidase-conjugated sheep anti-rabbit IgG (United
States Biochemical), and staining for peroxidase activity.
Control samples were blotted onto nitrocellulose membrane
and the protein patterns were visualized by staining with 0.5%
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amidoblack in water containing 50% methanol and 10% acetic
acid.

Immunoscreening of cDNA Clones. CLIK immunoscreening
kit (CLONTECH) and anti-pacifastin antibodies were used to
screen a Agt 11 cDNA library from crayfish hepatopancreas
(22) in combination with secondary antibodies conjugated to
avidin and biotinylated peroxidase. One positive clone con-
taining a 0.8 kb insert was obtained. This insert was amplified
with a Agt 11 insert amplification kit, subcloned in a T-vector,
prepared according to Marchuk et al. (23), and sequenced
using the Sequenase 2.0 kit (United States Biochemical).

PCR Amplification by Using Degenerated Primers. Two
pairs of degenerate, nested primers were designed from the
underlined amino acid sequences in a CNBr fragment of
pacifastin, MAGYKFNLTQPKNPVRFCVHNEAE. The
primers ATG GCN GGN TAY AAR TT (F1) and G GCN
GGN TAY AARTTY AA (F2) in the forward direction were
derived from the sequence MAGYKFN, and the primers TCN
GCY TCR TTR TGN AC (R1) and TCR TTR TGN ACR
CAR AA (R2) in the reverse direction were derived from the
sequence FCVHNEAE. F1 and R1 were used to amplify
crayfish genomic DNA by PCR (30 cycles of 94°C for 30 sec,
58°C for 30 sec, and 72°C for 45 sec). This PCR (0.1 ul) was
reamplified under the same conditions using the F2 and R2
primers. A specific 63-bp product was subcloned into a T-
vector and sequenced.

c¢DNA Screening Using Gene Specific Primers and PCR.
Pacifastin gene-specific primers were selected from the se-
quence of the 63-bp pacifastin PCR fragment, the 0.8-kb
pacifastin cDNA fragment obtained by immunoscreening, and
subsequently isolated clones. These primers were used with a
pair of nested Agt 11-specific primers (GAC TCC TGG AGC
CCG and CCC GTC AGT ATC GGC GG) to obtain addi-
tional pacifastin sequences from the hepatopancreas cDNA
library by PCRs essentially as described by Gibbons et al. (24).
PCRs were performed for 30 cycles at 94°C for 1 min, 58°C for
2 min and 72°C for 2 min. Specifically amplified cDNA
fragments were subcloned into T-vectors and sequenced. The
reading frames of two independent cDNAs were established by
selecting new specific primers from recently obtained pacifas-
tin nucleotide sequences and repeating the PCR, cloning, and
sequencing of PCR products, as described above. To reduce
the risk of sequence errors due to the PCR amplification
procedure, we determined the sequence of at least two inde-
pendent PCR products. In case of sequence differences, a third
PCR was performed and the product sequenced. A majority
decision was made—i.e., the nucleotide present in two of the
three products was used.

Northern Analysis. Total RNAs were isolated from crayfish
hepatopancreas and hemocytes using the acid-guanidine
method (25). Polyadenylylated RNAs were prepared from
total RNAs using mRNA purification kit (Pharmacia) accord-
ing to the manufacturer’s instructions. Polyadenylylated RNA
(3 ng) were electrophoretically separated on 1% agarose gels
containing formaldehyde and blotted onto Hybond N mem-
branes (Amersham) using standard techniques. cDNA probes
were radioactively labeled by using the Megaprime labeling kit
(Amersham). Hybridization and washings were carried out at
65°C according to instructions of the manufacturer and the
nylon membrane was exposed to x-ray film for 5 days.

RESULTS

Purification, N-Terminal Sequences, and Inhibitory Activ-
ity of Pacifastin. By using method 1, described in Aspén et al.
(6) or method 2 (see Material and Methods), we purified a
plasma proteinase inhibitor that was present in similar
amounts, had the same molecular mass, inhibitory profile, and
electrophoretic behavior (Fig. 1, lanes A and B) and it was
recognized by the anti-pacifastin antibodies. We therefore
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FiG. 1. Samples of pacifastin (5 ug) were subjected to SDS/PAGE
under nonreducing (lanes A, C, and E) or reducing (lanes B and D)
conditions. The gels were Coomassie stained (lanes A and B) or
counterstained for chymotrypsin inhibitory activity (lanes C, D, and
E). The sample in lane E was preincubated with immobilized trypsin,
and a 30-kDa fragment with strong chymotrypsin inhibitory activity is
indicated by an arrow.

conclude that the same protein, pacifastin, was purified using
these two methods. The protein prepared according to method
1, had a major N-terminal sequence ASLNLPGRLXVAQ. In
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cycles 4, 5, and 7, low yields of E, Q, and D, respectively, were
also observed. In the protein prepared according to method 2,
a major N-terminal sequence ASLEQPD was present. This
indicated the presence of two distinct types of subunits (see
further below), which appear to become blocked to different
extents during the two purification methods. However, only
one single band of 155 kDa under reducing conditions (Fig. 1,
lane B) and 140 kDa under nonreducing conditions (Fig. 1,
lane A) was seen on SDS/PAGE.

Pacifastin was previously shown to have inhibitory activities
toward trypsin and chymotrypsin (5). These inhibitory activ-
ities were found to be retained after treatment with 1% SDS
for 5 min at 100°C in the absence of a reducing agent, followed
by SDS/PAGE (Fig. 1, lanes C and E). But treatment under
the same conditions in the presence of 100 mM dithiothreitol
rendered pacifastin completely inactive (Fig. 1, lane D). These
results show that the integrity of disulfide bridges is essential
for the inhibitory activity of pacifastin. After interaction with
trypsin, pacifastin degraded into smaller molecules. Some of
the fragments, ranging from 10 to 70 kDa, were shown to retain
inhibitory activity against chymotrypsin (Fig. 1, lane E). A
peptide of 30 kDa was one of the most abundant degradation
products with a strong inhibitory activity.

Cloning and Sequence Analysis of the Light and Heavy
Chains of Pacifastin. Sequence databases were searched using
the BLAST programs (26). From a crayfish hepatopancreas
cDNA library we obtained a clone of 0.8 kb by immunoscreen-
ing with anti-pacifastin antibodies. PCR was employed to
establish a ¢cDNA of 1,456 bp. This cDNA has an ORF

PTCEDNQCISRQNIWVKALSTQAKTVIEVLGLPQGTQFKTLREGHSPSRVIKM_A_Q_LK_LLL_3]5

RLCSLCIGEGENQCARSSDEPFYSYSGAFRC

1260

375
1440
435

495

LVQGGGDVAFVKHSTVPDNTDGSSSADWT 555

F1G. 2. c¢cDNA sequence and deduced amino acid sequence of crayfish pacifastin light chain (4) and heavy chain (B). Nucleotides and amino
acids are numbered to the right. The putative signal peptide sequences are in italic. Underlined sequences were determined by peptide sequencing.

Putative N-glycosylation sites are marked in bold.
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PLD1 PMD2 PLD3  PD4 PLDS PMD6 PMD7 PLD8 PLDY
- H H H —1___H H H 1 F

B
Cys-X(9-12)-Cys-X(2)-Cys-X-Cys-X(6-8)-Cys-X(4)-Cys
c

PLD 1 (20-48) CAPGS----RWK-NECNWCSCADHGLAL-CTLMGC
PLD 2 (61-89) CSEGS--~--RWKADDCNWCRCID-GSPS-CTKRLC
PLD 3 (107-137) CY-GDPDTNRWRI-ECNWCRCV-NGKGS-CTRKGC
PLD 4 (152-179) C-EGTP---TWT-KGCNTCSCV-NGSAQ-CTTEEC
PLD 5 (217-245) CVPGS----RWK-KDCNWCSCTETAIGM-CTLIGC
PLD 6 (257-284) CTDGS----KWK-DDCNWCTCN-NGSAS-CTEKLC
PLD 7 (298-326) CVPGS----RWK-DECNWCWCEANGAAP-CTRMGC
PLD 8 (339-366) CIDGS----RWKV-DCNWCTCN-NGSSA-CTEKLC
PLD 9 (373-400) CTEGE----SWR-QDCNMCSCST-GLRI-CSVKGC
LIM I CTPGQ----- VKQQDCNTCTCTPTGVWG-CTRKGC
LIM II CEPGK----TFK-DKCNTCRCGADGKSAACTLKAC
HI CTPGQ----T-KKQDCNTCTCTPTGIWG-CTRKAC

Fic. 3. Domain structure of the pacifastin light chain. (4) Sche-
matic diagram showing the positions of the nine PLDs. (B) The
common cysteine spacing pattern of the nine PLDs, and LICM I,
LICM II (11), HI (14). (C) Alignment of the nine PLDs, LICM I,
LICM 11, and HI. Conserved cysteines are in boldface. Underlined
residues indicate putative reactive site, P1-P’1 of the three locust
inhibitors (14). Gaps (—) are introduced to optimize the alignment.

encoding a protein of 420 amino acids and was named the
pacifastin light chain. The N-terminal sequence of pacifastin
prepared with method 2 is found in the deduced amino acid
sequence, showing that it contains a putative signal peptide of
15 amino acids, and a mature protein consisting of 405 amino
acids with a calculated molecular mass of 44 kDa (Fig. 24).
Three internal peptide sequences, obtained from the 30-kDa
fragment exhibiting inhibitory activity (Fig. 1, lane E), was
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present in the deduced sequence. The protein has nine cys-
teine-rich stretches that are homologous to each other, indi-
cating the presence of nine domains (Fig. 34). Pairwise
comparisons showed that the identities between the nine
pacifastin light chain domains (PLDs) fall in a range from 76%
to 34%. Each PLD has six cysteines arranged in a characteristic
spacing pattern (Cys-Xaag_1»-Cys-Xaa,-Cys-Xaa-Cys-Xaae_g-
Cys-Xaay-Cys) (Fig. 3B). The PLDs share significant sequence
similarities with the low molecular weight proteinase inhibitors
LICM I, LICM II (11, 12), and HI (14) isolated from the
grasshopper L. migratoria (Fig. 3C).

A large number of sequences from CNBr-peptides of paci-
fastin were not part of the pacifastin light chain. From the
sequence of one of these peptides (see Materials and Methods),
a 63-bp genomic DNA fragment was obtained by PCR with two
pairs of nested degenerate primers. This fragment was found
to contain the coding sequence of the pacifastin peptide
(AGYKFNLTQPKNPVRFCVHNE). Gene-specific primers
were synthesized according to this 63-bp fragment and the
PCR products subsequently obtained from the hepatopancreas
cDNA library by PCR. We established a cDNA of 3,029 bp,
with an ORF encoding a protein of 977 amino acids (Fig. 2B).
The protein was confirmed to be the second subunit of
pacifastin by the sequence of CNBr fragments of pacifastin and
the N-terminal sequence of pacifastin prepared with method
1. The deduced amino acid sequence consists of a putative
signal sequence of 22 amino acids and a mature protein of 955
amino acids with an estimated molecular mass of 105 kDa,
which was designated the heavy chain of pacifastin. The
protein sequence was found to consist of three pacifastin heavy

PHL 1 PHL 2 PHL3 pacifastin
T — heavy chain
MTI-N MT-C
] Manduca transferrin
B. . *
PHL 1 ASLNLPGRLCVAQD-~-VDCSLL- --SQVSGGVLACTHVRDRVDCMKQMRDHKADFGY FEAEDLNMAADSFGDKFETSLQIVTGKEV - -RSVYLLVHNASNLNIK- - -~ =~ ~- - SVCHP 102
BL 3 RVCALEEQMADCEAMADTVSELGQQFVCVSARDRLDCVRRLMRGQI DMTPLSGSLLKINPDLRVIAVARGPSYSTEEYR-~~-— YKAVMVVRRATVS-RIQDLRGKKACHT 783
BI-N MPTPEGSPHHEIYKVCVPEGALESCHRMSQ---ESDLHMTCVAARDRIECLDKIKHREADFAPVDPEDMYVAAKIPQQDFITIFKEIRTKEEPDEEFRYEAVCVIHKDLDITSTHGLQGLKSCHT
MIr-N AKSSYKLCVPAAYMKDCEQMLEVPTKSKVALECVPARDRVECLSFVQQRQADFVPVDPEDMYVASKIPNQDFVVFQEYRTDEEPDAPFRYEAVIVVHKDLPINNLDQLKGLRSCHT
ST-N EEQTYRMCVPQKYYEDCLNLLKDPSEAGIRM~-CVAGRDRIDCLDKINQRKADVLASEPEDMYVAYHTKNSDYKVISFIRTQEDKDAAFRYEGIILVKKNSNIHSLKELRGAKSCHT
- -
PL 1 GVNLNRYYPRAL------ VPPVTSTSDEFLPDIKSQMDTLSTSWSKACIPGSWSQDPSTDGQLKQDKPHLCEACLRKN-~-CDAQDPYAGS-GTIQC--LLDHAADAAFVSDVDFHKARLQNPEVE 216

BL 3 GYGRTTGWRIPLALLKRQGVIQPPCNPHQSTL-EHEIVAVATAFNRACVPGEWATSKSVDASLKQORY EAMCSLCKSGT~CDGNDDYAGYEGAL -CVGLTQONGGDVGFSKLNIVQQFFQVN-GAL 903
BI-N GVGRNVGYKIPITKLRHMGVLGP-LNNSDLTPRENELHALSHLFSEACLVGKWAPDPAQNQALKAKYPNLCALCEHPEICDYPDKYSGYDGALRC--LAEHGGQVAWTKVYYVKKHFGMAIGAG
MI-N GVNRNVGYKIPLTMLMKRAVF-PKMNDHSISPKENELKALSTFFAKSCIVGKWSPDPKTNSAWKSQYSHLCSMCEHPERCDY PDNY SGYEGALRC--LAHNNGEVAFTKVIFTRKFFGLPVGTT
SI-N GFGRNVGFKIPVTKLKNAHIL-KVSMDPELTATERELKALSEFFSESCLVGTYSPYPETDRLLKKKYPNLCALCEKPEQCNY PDKFSGYDGAIRC-~LDKGKGEVAFTKVQFIKKYF~~---GMV

.
PHL 1 KLSHF----- CRIGNGESYLLETERLGDENPCDWGKRPLPVLLS PTCEDNQCI SRONIWVKALSTQAKTVI EVLGLPQGTQFKTLREGMS 301
PHL 3 N-TSSYG------ LLCEDGHIVDIDSSNASDCFWAARPWDTYVT -HAEPVMPRFKDCFGH 955
BI-N EAVPTGQNPDDYAYLCPDATKKPI---TGKPCIWAARPWQGYMANHDLDNDIADLRAKISLADTIGEATENAD-WLSKVLDLNNKTIPIDNQGPYSPENY
MP-N  PASPSNENPEEFRYLCVDGSKAPI---TGKACSWAARPWQGLIG-BENDVLAKLAPLREKVKQLADSGENGDK PEWFTKVLGLSEKIHHVADNIPIKPIDY
SI-N  PGVTAEGDPSEFEYLCEDGSRRPL-~~NGPACSWAQRPWTGYIS-NVDAVSGDEKLHNLQHRLEKFFLHAENKEAASHLLINPNAVYHSKPPQAVDPKEY
c. - *
PHL 2 PSRVIKMAGYKFNLTQPKNPVRFCVHNEAEREKCQDLQMAARAYGTDAGVGVDCLLDPTESHCYPDIYFGNADI ISLDGGDVYQVTQDYGFERVLSEVYDMGAVSPTSSYYAVAVVRADSNITS 425
BI-C LNKANYTDVIERDTGAPHRPVRFCVTSDAELEKCRVLKRAAYSRDIRPA--FDCVREAGLHECLRTVRDDGADVITLDGGEVFVAQRQYNLKPIVAEQYGEH-~---GSLYYAVAVVRKDSTYQS
MPC  LNKANYTEVIERGHGAPELVVRLCVTSNVALSKCRAMSVFAFSRDIRPI--LDCVQENSEDACLKSVQDNGSDLASVDDMRVAAAAKKYNLHPVFHEVYGEL-~~~KTPNY-AVAVVKKGTAYNK

SI-C  LEKAGYKDVIER-DGSAIRKMKMCVQTDVEMQKCDTMRRAAYSREIRPE--IECVQEK--D-CILAVKDNKADMVAVPAQNYKEARDG -KLKPIVYESYGPN~-- -~ NVYVAVVDSALTKENLQ

* -
PHL 2 FSHLQGRKSCHTGIGKTAGWKLPLATLLQLGLIDPSHCNYVSAAAEFFSGGSCAPGAKHPSYNKQINYVDRLCSLCIGEGEN-----~- QCARSSDEPFYSYSGAFRCLVQGGGDVAFVKHSTV 542
BI-C  IEDLRGAKSCHTGYGRNAGWNVPLYTLLSKELISKNSCPYSSALSSYFSGGSCVPGAQLPENNPANQNPDSLCSICAGNLDAPNNDPAWKCSASNDESFFGYSGAFRCLASGEGQVAFVKHTTV
MPC IDDLRGKKSCHSSYSTFSGLHAPLFYLINKRAIQSDHCVKN--LGEFFSGGSCLPGVDKPENNPSGDDVSKLKK--~--=-==wommwn QCG- - ==~~~ SDSSAWKCLEEDRGDVAFV -~~~

ST-C  SMPIHYNGQDHRAEKAAAYLNKLRGINTCQTTPSSEKNIMIVNAQQLE == == == == = = - — o m o o o o o o e e e

PHL 2 PDNTDGSSSADWTVGLQSDRYKLLCPS---GGTAAISEFRSCNLAL -VPABEVVMSGRSSLDRLSQVRQVLLGVSEVFKGSSPGSKTFQLFGTYQGKSDFVFKDSAVGRLEALSDEHPRGREER 662
BrC PENTDGHNQAAWTAGLRSEDFELLCAD---GGRASINEYSRCHLAE-VPPHMVVTSNDKTDIQLNEIRHAILAAGDLY SRRPDL ---FKLFGDFGGTKDLLFKNSATGLL---SVE-~~-NGSP

Mr-c  ----e- SSADLS -HFDANQYELLCLNRDAGGRDVLSSFATCNVAM-APSRTWVA~AKDFLSDVSIAHTPLSLAQMLAT-RPDL -~ -FNIYGEFLKNNNVIFNNAA------ KGLA---TTEKL
ST-C  —=vermmmmmm e QYKNKQLLCSS - - -LDKKPVTEWQSCNLEANLPVGVF IRETMT PVEQETMKHLFVSLSDKFGS-KGKLPDVFTLFGQ-YKDNVHNVLFAD-~---- DAVE---FVTEL
PHL 2 KKEYFKKLGE-LHSCEV 678

BI-C LMQRYSEILEVIRACENQPTP
MrC DFEKFKTIHDVISSCGLA
ST-C  KNPNTNEQTYNGLKCDTNTIKKN

FiG. 4. Structure of the pacifastin heavy chain. (4) Schematic diagram showing the three PHLs in comparison with Manduca transferrin (8).
Filled boxes represent sequence similarity to the N-terminal lobe of transferrins and open boxes represent similarity to C-terminal lobe of
transferrins. (B) Alignment of PHL 1 and PHL 3 with N-terminal lobe of transferrins from B. discoidalis, BT-N (9), M. sexta, MT-N (8), and S.
peregrina, ST-N (10). (C) Alignment of PHL 2 with C-terminal lobe of transferrins from B. discoidalis (BT-C), M. sexta (MT-C), and S. peregrina
(ST-C). Conserved residues that are essential for iron-binding are in bold and indicated with an *. Conserved cysteines are in bold. Gaps (—) are
introduced to optimize the alignment.
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F1G. 5. N-terminal sequence of a 32-kDa CNBr-fragment of paci-
fastin. Two sequences were present in approximately equal amounts
(A). The sequences were identified as the N-terminals of one light
chain CNBr-fragment (B, residues 325-385) and one heavy chain
CNBr-fragment (C, residues 403-593), indicating a covalent link
between the two CNBr-fragments.

chain lobes (PHLs), with sequence similarity to each other
(Fig. 4 A and B), and to transferrins from different animals
(8-10). PHL 1 and PHL 3 have highest similarity to the
N-terminal lobe of transferrins and PHL 2 is most similar to the
transferrin C-terminal lobe (8-10) (Fig. 4 A and B). Crystal-
lographic studies of human lactoferrin and chicken transferrin
have indicated that five amino acid residues are necessary for
the iron binding in transferrins (27, 28). In PHL 2 and PHL 3,
four of these residues were conserved (D379, Y411, Y520,
H589 in PHL 2; Y758, R787, Y870, H941 in PHL 3), while in
PHL 1, only one (Y85) of these residues was conserved (Fig.
4B). This suggests that PHL 2 and PHL 3 may be active for
metal binding.

Determination of the Iron Content of Pacifastin. The iron
content of purified pacifastin was determined to be 8.8
mmol/kg protein, which represents a molar ratio of iron to
pacifastin of 1.35 to 1. This indicates at least one active iron
binding site in pacifastin. Correlating this result with the
sequence analysis, it is quite likely that PHL 2 and PHL 3 are
both active for iron binding, but their binding sites are not
saturated in the purified pacifastin.

Nature of the Crosslink Between the Heavy and Light
Chains. Boiling pacifastin with reducing agents does not
dissociate the subunits (Fig. 1, lane B), indicating a covalent
link other than disulfide bonds. The link appears not to contain
carbohydrates, as treatments with trifluoromethane sulfonic
acid, hyaluronidase, or dilute NaOH had no effect. The nature
of the bond could not be determined, but from the sequencing
of CNBr-fragments we obtained indications of its location.
After gel filtration of pacifastin CNBr-fragments on a Super-
ose 12 column, followed by SDS/PAGE and blotting to
polyvinylidene difluoride membranes, bands were cut out from
the membrane and sequenced. One major band, ~32 kDa, was
found to contain two amino acid sequences present in approx-
imately equal amounts (Fig. 5). The two sequences corre-
sponded to the N-terminals of one CNBr-fragment from the
light chain (residues 325-385, ~7 kDa) and one CNBr-
fragment from the heavy chain (residues 403-593, ~20 kDa).
Their appearance together with a size of ~32 kDa is best
explained by a covalent link between these two fragments.
Both CNBr-fragments contain putative N-glycosylation sites,
which can explain the slightly larger size than expected in
SDS/PAGE.

Expression of Pacifastin. The expression of the two chains
of pacifastin in hepatopancreas and hemocytes was studied by
Northern analysis (data not shown). A mRNA of 5.0 kb was
detected with the heavy chain specific probe. The light chain
probe detected two transcripts, with sizes of 2.2 and 4.5 kb. All
transcripts could be detected in RNA preparations from
hepatopancreas as well as hemocytes, even though the signals
obtained with the light chain probe were very weak in hemo-
cytes. This indicates that hepatopancreas and hemocytes can
synthesize both the heavy chain and light chain of pacifastin.
However, it is unclear whether the two transcripts detected by
the light chain specific probe are transcription products of the
same gene or if one of them represents another highly similar
gene product .

Proc. Natl. Acad. Sci. USA 94 (1997)

DISCUSSION

In this paper we report the cloning and characterization of a
novel 155-kDa proteinase inhibitor that we have named paci-
fastin. This protein is a heterodimeric protein, consisting of
one proteinase inhibitory light chain, and one heavy chain
related to transferrins. Peptide sequences obtained from the
155-kDa band covered a total of 8% of the light chain (34 of
405 amino acids), and 23% of the heavy chain (217 out of 955
amino acids), confirming the identity of the two cloned
sequences. The subunits are covalently linked, but not by
disulfide bonds (Fig. 1, lane B). The covalent association is not
due to any artifact during handling. We detected no free forms
of pacifastin light or heavy chains in crayfish plasma using
anti-pacifastin antibodies, and no low molecular mass protein-
ase inhibitory activity can be detected in SDS/PAGE with the
proteinase counterstaining method. Injecting a citrate-EDTA
anticoagulant into the crayfish prior to bleeding, to prevent the
degranulation and lysis of crayfish blood cells, and the subse-
quent transglutaminase-mediated clotting (29), did not have
any effect on the molecular properties of pacifastin, showing
that the transglutaminase activity associated with clotting is
not responsible for linking the pacifastin subunits together.
Treatments with trifluoromethane sulfonic acid, hyaluroni-
dase, and dilute NaOH (16) can break the carbohydrate chain
between the subunits of the inter-a-proteinase inhibitors, but
these reagents were unable to affect the linkage between the
two subunits of pacifastin. It appears therefore that the
covalent linkage in pacifastin is different from that in the
inter-a-trypsin inhibitors.

The only known family of heteropolymeric proteinase in-
hibitors are the mammalian inter-a-trypsin inhibitors (30, 31),
which are composed of Kunitz-type proteinase inhibitor sub-
units (bikunin) and one or two heavy subunits, linked together
by a carbohydrate chain. The heavy subunits have recently
been implicated to be related to proteins of the multicopper
oxidase family (32). The bikunin was also found to be present
in free form in human serum and urine (33).

The heavy chain of pacifastin has significant similarity to
transferrins from other animals (Fig. 4). Transferrins consist of
two distinct lobes, which correspond to the N-terminal half and
the C-terminal half of the protein. The term lobe is used
instead of domain, as the lobe may have domains within it.
Each lobe folds independently to form an iron-binding site (27,
28). It is widely accepted that two-lobe transferrins have arisen
from a single-lobe transferrin ancestor through gene duplica-
tion (34). This two-lobe structure applies to all members of the
transferrin family (35) with the exception of hemiferrin, in
which only a single iron-binding lobe is present (36). The
pacifastin heavy chain, however, is a novel member of the
transferrin family, which has a previously unseen three-lobe
structure. Two of the lobes, PHL 1 and 3, are similar to the
N-terminal lobe of transferrins, and PHL 2 is similar to the
C-terminal lobe. Four of five residues necessary for iron
binding were found to be conserved in PHL 2 and 3 (Fig. 4B)
and it is quite likely that both these lobes are capable of binding
iron. By measuring the iron content, it was shown that paci-
fastin has at least one, probably two, active iron binding site(s).
Thus pacifastin is not only structurally but also functionally
related to transferrins. The size of pacifastin is reminiscent of
a transferrin that has been purified from another crustacean,
the crab Cancer magister (37). This crab protein has a molec-
ular mass of 150 kDa and contains two iron-binding sites, but
it was not analyzed for proteinase inhibitor activity. It is likely
that this crab transferrin is a homologue of crayfish pacifastin,
although sequence data of this protein to confirm this proposal
is still lacking.

In the first lobe of the pacifastin heavy chain (PHL 1, Fig.
4B), only one of the five amino acid residues important for iron
binding was conserved, indicating that this lobe may not be
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able to form an iron-binding site. Two of the three cloned
insect transferrins also contain such an inactive lobe (8-10).
Saxiphilin (38), another transferrin-like protein purified and
cloned from bullfrog, Rana catesbeiana, was found to consist
of two lobes that have both lost their iron-binding activity and
have acquired affinity for saxitoxin, a neurotoxin produced by
various dinofagellates and cyanobacteria (39). It is not known
if the inactive lobes of invertebrate transferrins have evolved
to have other functions than iron-binding.

The light chain of pacifastin was found to contain nine
homologous domains (PLDs) that also are homologous to
three low molecular weight proteinase inhibitors (LICM I,
LICM II, and HI) that were isolated from the grasshopper L.
migratoria (11, 12, 14) (Fig. 3 4 and C). The PLDs also show
sequence similarity to proteins with cysteine-rich stretches,
like von Willebrand factor, a mammalian blood protein in-
volved in coagulation (40), proteins involved in development,
like the Jagged protein (41), and a cloned sequence of un-
known function from C. elegans (42). The sequence similarity
does not depend solely on the pattern of the cysteine residues,
but none of these proteins are known to be proteinase inhib-
itors. It is therefore difficult to say if the similarities are
coincidental or not. The two proteinase inhibitors LICM I and
LICM II are derived from a two-domain precursor encoded by
a single mRNA (13), indicating a posttranslational processing
into two single domain proteinase inhibitors. The pacifastin
light chain does not seem to be processed into single domain
peptides. Each PLD and LICM I/LICM II/HI contains six
cysteine residues with the same spacing pattern, Cys-Xaag_i-
Cys-Xaa,-Cys-Xaa-Cys-Xaag_s-Cys-Xaas-Cys (Fig. 3B). This
pattern is distinct from any other recognized proteinase in-
hibitor family (1-3), suggesting that these inhibitors constitute
a new family of proteinase inhibitors. Kellenberger et al. (14)
places the reactive site P1-P’1 of the three Locusta inhibitors
between the two last cysteines, close to the C-terminal end.
Variations in these P1-P’1 residues were shown to effect the
inhibitory specificity. The corresponding residues in the nine
aligned crayfish PLDs show variations (Fig. 3C), indicating
that the different domains could be specific inhibitors for
different proteinases. The inhibitory activity of pacifastin
toward chymotrypsin, trypsin, and also elastase (5), could
therefore reside in different domains. This family of proteinase
inhibitors is so far only found in arthropods. In addition,
crayfish pacifastin is a novel type of proteinase inhibitor in
which a transferrin subunit is linked to a proteinase inhibitory
subunit.
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