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ABSTRACT: v-Glutamyl carboxylase catalyzes the modification of specific glutamyl residuescer-
boxyglutamyl (Gla) residues in precursor proteins that possess the apprgpcataoxylation recognition

signal within the propeptide region. We describe the immunopurification and first biochemical
characterization of an invertebrate high molecular weight Gla-containing protein with homologues in
mammals. The protein, named GlaCrisp, was isolated from the venom of the marine cor@osnasl
marmoreusGlaCrisp gave intense signals in Western blot experiments employing the Gla-specific antibody
M3B, and the presence of Gla was chemically confirmed by amino acid analysis after alkaline hydrolysis.
Characterization of a full-length cDNA clone encoding GlaCrisp deduced a precursor containing an
N-terminal signal peptide but, unlike other Gla-containing proteins, no apparent propeptide. The predicted
mature protein of 265 amino acid residues showed considerable sequence similarity to the widely distributed
cysteine-rich secretory protein family and closest similarity (65% identity) to the recently described
substrate-specific protease Tex31. In addition, two cDNA clones encoding the precursors of two isoforms
of GlaCrisp were identified. The predicted precursor isoforms differed at three amino acid positfns (

9, and 25). Analysis by Edman degradation and nanoelectrospray ionization mass spectrometry, before
and after methyl esterfication, identified a Gla residue at amino acid position 9 in GlaCrisp. This is the
first example of a Gla-containing protein without an obvigusarboxylation recognition site. The results
define a new class of Gla proteins and support the notionjthegirboxylation of glutamyl residues is
phylogenetically older than blood coagulation and the vertebrate lineage.

A unique feature of the vitamin K-dependent proteins is proteins. These proteins carry a carboxylation recognition
the presence aof-carboxyglutamyl (Gld)residues. They are  site (~-CRS) in an N-terminal cleavable propeptide that not
formed by posttranslational carboxylation of glutamyl (Glu) only mediates binding of the substrate to the enzyme but
residues in a reaction that is catalyzed by fhglutamyl also activates the enzymg, ). Historically, Gla was first
carboxylase, an integral endoplasmatic reticulum (ER) discovered and characterized in the N-terminal so-called Gla
membrane proteiri(-4). In the presence of the reduced form domain of certain mammalian proteins involved in the
of vitamin K and molecular oxygen, the enzyme abstracts a hemostatic process. The modification enables these proteins
proton with subsequent incorporation of carbon dioxide at to bind C&", which promotes binding to phospholipid
the y-carbon of specific glutamyl residues in appropriate surfaces. Various mammalian Gla-containing proteins have
since been discovered, implicating a role of Gla in bone
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mammaliany-CRS, and a consensus sequence oflbeus 40 A 035
carboxylase binding site has been difficult to identify. 3 L03
Moreover, a C-terminal “postpeptide” was recently demon- o ® 025
strated to contain the recognition signal for carboxylation £E > o2
in two novel conotoxins X7). A functional vitamin K- E % L0415 &
-~ 15

dependent carboxylase has also been demonstrad$o- 8 o4 '
phila melanogasteralthough a substrate has yet to be oo h j 005
identified (18). N 2 i

The cone snail venom is typically loaded with at least 100 0 100 200 300 400 500 600 700 800

. . . . Effluent volume, (ml)
different phar_macologlcally active components of varying 028
molecular weights (1, 19). Most are small peptides<@0 02/B 02lC 3
amino acids) specifically targeted to receptors and ion o5 01'5
channels to paralyze the prey by antagonizing neurotrans- ' '
mission. To date many Gla-containing conotoxins have been | o1
described and characterized from the venoms of various cone % i 0,05
s_nails_QO—Z?)._ Even though the importance_ of Gla for the o m % ® % e
biological activity of some of these peptides has been Effiuent volume, (mi) Effiuent volume, (ml)
demonstrated, the function of the posttranslational modifica- Ficure 1: Purification of 30 kDa CRISP-like proteins from the
tion in the cone snails is not well established. venom ofC. marmoreus(A) An extract prepared from the venom

Alth h . in th of C. marmoreuswas chromatographed on a Sephadex G-50
though larger protein components are present in the Conegyperfine gel filtration column. The Gla content (---) of every third

snail venoms, only a few have been biochemically character-collected fraction was determined after alkaline hydrolysis. The
ized and none have been reported to contain &8-82). vertical arrow indicates one column volume. (B) The fractions (pool
Recently, a 30 kDa calcium-dependent substrate-specificl: Shown by horizontal bar 1 in (A)) containing the 30 kDa GlaCrisp

: P : protein and its two isoforms were subjected to immunoaffinity
protease, Tex31, was identified in the venonCohus textile chromatography on a column of monoclonal antibody M3B-coupled

(33)._The protease Was_reported tobea member of the \_Nide|Yresin. The column was eluted employing 300 mM NaCl. (C) The
distributed pathogenesis-related (PR) protein superfamily andNaCl-eluted fraction (shown by horizontal bar 2 in (B)) was further
most closely related to the cysteine-rich secretory protein purified on a Superdex 75 gel filtration column. The peak marked
(CRISP) family of mammalian proteins34, 35). The with horizontal bar 3 contained the purified 30 kDa CRISP protein
mammalian CRISPs have been found in secretions of S0forms including GlaCrisp.

exocrine glands, first of all in male reproductive tracts and .

saliva, and in human granulocytes and plasB6 87). The buffer (pH 7.5) and eluted with a flow rate of 10.3 mL/h
function of these proteins is not well defined at present, but (Figure 1A) @4). The Gla content of every third collected
various functions related to sperragg fusion and the innate frachqn was (;k_etermmgd after alkal_lne hydroly;as. Under
immune system have been suggest4 88, 39). reducing conditions an immunoreactive polypeptide band of

The broad distribution of thg-glutamyl carboxylase gene ~40 kDa (migrating at-30 kDa under nonreducing condi-

suggests critical function(s) for Gla that has been retaineds\c/’nst) W%SI ?bservgd ”1 the s||ze_-frat?]t|08?ted mi_tenal by
throughout phylogeny. Isolation of novel Gla-containing estern biot experiments eémploying the la-Specilic mouse

; ; ; ; v lonal antibody M3B (pool 1, denoted by horizontal
proteins from invertebrate species with homologues in monoclonz : e
vertebrates should provide insight into these functions. bazjl In FlgL(ere 19)' Thg Z’ISB qnt|bodny;1ath)leen pu.:c'.f'ed
Recently, we developed mouse monoclonal antibodies thatant_bprgparzea as describe p:e\élciuﬂ?)( L eb da-si?em N f
permit the sensitive identification of Gla in complex biologi- antibady (2.3 mg) was coupled to 2 mL (bed volume) o

cal protein extracts40). In the present study, we used one Sulfolink coupling gel (Pierce Chemical Co., Rockford, IL)
of these antibodies to detect and purify’ a novel Gla- according to the manufacturer’s instructions. The M3B-

o : ; : led resin was used to prepare an immunoaffinity column
containing protein belonging to the PR superfamily from the coup o . X :
venom of Conus marmoreusA full-length cDNA clone that was equilibrated with loading buffer (20 mM T+BICl,

encoding the protein, here referred to as GlaCrisp, predictedSIg mM NliCI' 10 r(;ll\/: EDJA’ |O|_'| 7,[‘:3] Tlhe(;)_OOIid frfnateri_al

a sequence with closest similarity to the substrate-specific(S IgutrZIP ) ;val\ilvvla ytzeﬁ 3238”185 f oaLlnbg li er uTlng
protease Tex31. Unlike all previously reported Gla proteins, pectralor ( cuto , Spectrum Laboralories, inc.,
GlaCrisp contains a single Gla residue in a context without California) and loaded onto the immunoaffinity column "’!t a
propeptide. These results indicate that vitamin K-dependentﬂOW rate of 3 mL/h. AfterAqe decreased to near the baseline

ion i i the column was eluted at 10 mL/h with 20 mM T+isICI
y-carboxylation is phylogenetically older than blood coagu- -
lation and tissue mineralization. They also raise the pos- 500 MM NaCl, 10 mM EDTA, pH 7.4. The eluted material

s - : : horizontal bar 2, Figure 1B) was concentrated using a
sibility that Gla residue(s), with yet unknown function(s), ( . . . ; . .
remain to be identified in proteins, perhaps also in humans.V'VaS‘pln centrifugal filter (MW cutoff 5000, Vivascience,

Hannover, Germany) and applied to a Superdex 75 10/300GL
EXPERIMENTAL PROCEDURES column (10 mmx 300 mm, Amersham Biosciences AB,
Uppsala, Sweden) equilibrated with 50 mM FridClI, 150

Purification of GlaCrisp and Its Two Isoforms from the mM NaCl, pH 8.0 (Figure 1C). A flow rate of 0.02 mL/min
Venom of C. marmoreu€rude venom fronC. marmoreus  was employed, and 140L fractions were collected while
snails obtained from Vietham was extracted and size- Axgowas monitored. The purity of the isolated 30 kDa protein
fractionated on a Sephadex G-50 Superfine column (25 mmin the major peak (denoted by horizontal bar 3 in Figure
x 920 mm) equilibrated with 0.2 M ammonium acetate 1C) was>95% as assessed by SBBAGE analysis of the
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reduced and denaturated material. A total of 30 nmol of spectrometry analysis the generated peptides were micropu-
purified protein was obtained from five venom ducts. M3B rified and concentrated on ZipTdg (Millipore) columns and
gave a strong response against the purified protein undereluted with aqueous 50% (v/v) methanol containing 1% (v/
Western blot conditions. v) formic acid. The tryptic digest was separated by reversed-
Partial Purification of Tex31 from the Venom of C. textile. phase HPLC on a Genesis C4 columnu@, 4.5 mm x
Crude C. textile venom was extracted according to the 100 mm, Grace Vydac) in 0.1% (v/v) trifluoroacetic acid
protocol described by Milne et al38). The extract was  and developed with an acetonitrile gradient. The Gla content
separated by reversed-phase HPLC on a Genesis C4 columif the collected fractions was determined after alkaline
(4 um, 10 mmx 250 mm, Grace Vydac, California) using hydrolysis. The material in the Gla-containing fraction
an acetonitrile gradient in 0.1% TFA (v/v). Fractions (eluting at 44% acetonitrile) was subjected to mass spec-
interacting with M3B in Western blot analysis were pooled trometry analysis and Edman degradation before and after
and applied to a HiTrap Q-HP column (1 mL, Amersham methyl esterfication with methanolic HCI.
Pharmacia Biotech AB, Uppsala, Sweden) eluted with a Enzymatic in Gel Digestion$n gel enzymatic digestion
linear 0-1 M NaCl gradient in 50 mM TrisHCI, pH 8.0. of Tex31 was performed following a protocol slightly
M3B-immunoreactive fractions eluting at350 mM NacCl modified from that of Shevchenko et ali4). Briefly, the
were pooled and concentrated by ultrafiltration (as describedexcised gel pieces were rinsed twice with 50% acetonitrile
above) and loaded onto a Superdex 75 10/300GL column at(v/v) and shrunk in 100% acetonitrile, followed by reduction
a flow rate of 0.02 mL/min in 50 mM TrisHCI, 150 mM of the cysteines with 10 mM DTT/0.1 M NHICO; and
NaCl, pH 8.0. The patrtially purified protein binding to M3B  subsequent S-carbamidomethylation of free cysteines with
was identified as Tex31 by enzymatic in gel digestion 55 mM iodoacetamide in 0.1 M NfHCOs. For enzymatic
followed by mass spectrometry (see below). digestion of the reduced and alkylated protein the sample
SDS-PAGE and Western Blot AnalysBrotein samples  was dissolved in 50 mM NHHCO; buffer (pH 7.9) and
were reduced, alkylated, and separated in 12% (w/v)-SDS digested with trypsin followed by Asp-N (substrate to
polyacrylamide gels and silver stained using the silver enzyme ratio of 20:1). The reaction mixture was incubated
staining kit PlusOne (Amersham Biosciences AB). For onice for 45 min followed by 37C for 18 h and terminated
Western blot analysis proteins were electrotransferred to by freezing at—20 °C. For mass spectrometry analysis the
Immobilon-P transfer membrane (Millipore, Bedford, MA) peptides generated were micropurified and concentrated on
using wet electrophoretic transfer. The membranes wereZipTipcis columns as described above.
treated as described previously, and Gla proteins were Mass Spectrometrilanoelectrospray ionization (nanoESI)
visualized using the Gla-specific monoclonal antibody M3B experiments were carried out on an APl QSTAR Pulsar-i
followed by alkaline-phosphatase-conjugated rabbit anti- quadrapole/time-of-flight mass spectrometer (Applied Bio-
mouse IgG (DAKO A/S, Glostrup, Denmarkl@). systems/MDS Sciex, Toronto, Canada) equipped with a
Amino Acid Sequence and Composition Analyseés. nanoESI source (MDS Protana, Odense, Denmark). The
terminal sequences were determined on an ABI Procise 494samples were sprayed from a silver-coated glass capillary
automatic sequencer (Foster City, CA) according to the supplied from New Objective, Woburn, MA. Spectra were
protocol from the manufacturer. To allow the identification obtained in positive ion mode with an ion spray voltage of
of the Gla residue in the sequence, samples were sequence800-1000 V. The acquisition and the deconvolution were
after methyl esterfication with methanolic HGA1). The performed on an AnalystQS Windows PC data system.
amino acid composition was determined on a Beckman 3000Bioanalyst version 1.0 software (Applied Biosystems/MDS
amino acid analyzer after acid hydrolysis, except for Gla, Sciex) was used to analyze the mass spectra. Parent ions
which was measured after alkaline hydrolysi®,(43). (identified in a time-of-flight MS survey scan) for MS/MS
Reduction and Alkylation of Disulfide Bondr reduction analysis were selected in Q1, and product ions were
and alkylation of cysteine residues with iodoacetic acid (BDH generated in Q2 using\as the collision gas and collision
Chemicals Ltd., Poole, England), the protein sample was energies of 1436 eV.
dissolved in 2 mL ©6 M guanidine hydrochloride in 1 M cDNA Cloning and Sequencinghe cDNA sequences of
Tris—HCI buffer, 10 mM EDTA, pH 8.6. Dithiothreitol ~ GlaCrisp and its two isoforms were determined by poly-
(DTT) was added to 20 mM followed by incubation at 37 merase chain reaction (PCR) amplification followed by
°C for 2 h, after which iodoacetic acid was added to a final subcloning and sequence analysis by standard techniques.
concentration of 50 mM. After incubation at room temper- Oligonucleotide PCR primers were designed on the basis of
ature for 30 minS-mercaptoethanol was added to a final the reported cDNA sequence of Tex333). The primer
concentration of 1% to quench the reaction. The protein sequences weré-BCG ATC TTC CGT CGG ACA GTG-
sample was then dialyzed against 20% (v/v) acetic acid and3' (KHmex-13), 3-GCT TGA AGT CTG TCA GGA C-3
lyophilized. (KHmex-14), and 5GCC ACA AAT CAA CAG AGA C-3
Endoproteinase Digestions and Separation of Peptiges. (KHmex-15). The primers were used in PCR reactions using
endoproteinase digestions the reduced and alkylated proteira 4 ZAPIlI custom phage library o€. marmoreusrenom
sample was dissolved in 100 mM NMHCO; buffer (pH 7.9) duct cDNA (Stratagene, La Jolla, CA) as the template. The
and digested with either trypsin (sequencing grade modified, conditions for PCR were 9%C for 8 min, followed by 35
Promega, Madison, WI) or trypsin followed by Asp-N cycles of 94°C for 1 min, 46°C for 1 min, and 72C for
(sequencing grade, Roche Diagnostics GmbH, Penzberg,l min. After the completion of 35 cycles, the reaction was
Germany). Digestions were performed in substrate to enzymemaintained at 72C for 10 min. The PCR products were
ratios of 20:1. The reaction mixtures were incubated at 37 purified and TA-cloned into the pGEM-T vector (Promega),
°C for 18 h and terminated by freezing-a20 °C. For mass and the resulting plasmid DNA was sequenced using the
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primers M13 forward, 5GTT TTC CCA GTC ACG AC- 2 2
3, M13 reversed, 5CAG GAA ACA GCT ATG AC-3, S . S .
KHmex-4, 3-TAC TTT GTC TGT AAC TAT TAC AA A £ s B 3 S
G-3, KHmex-10, 5-CTT TTC CTG GCA GTC AGC TCC- E £ E £
3, KHmex-11, 5TGC GAG TGC CAG TGT CCT AG-3 —_— —
and KHmex-12, 5TGG CAT TAT CCG TCA GGC AC- LR LN R
3. The oligonucleotides were synthesized by DNA Technol- 148— 148—| g -~
ogy A/S, Aarhus, Denmark. 60—

Amino Acid Sequence AlignmeRbr sequence compari- 22— s
sons, the multiple sequence alignment program CLUSTAL —
W was employed using the default settings (http://ww- 22—
w.ch.embnet.org/software/ClustalW.html). - 17— [T

kDa I o e g kDa .

Synthetic Substrate Synthesis and Proteolytic uKgti . _ _
Assay.The peptide substrate for the protease activity assayFlGURE 2: Gel electrophoresis and Western blot analysis of the

. . purification steps of GlaCrisp and Tex31. Lanes32 show
AKLNKRWADUKQSG* (A, acetylation; Abu, 2-aminobu- purification steps of GlaCrisp fro@. marmoreusand lane 6 shows

tyric acid; *, amidation) was synthesized with Dpfd=moc- the purification step of Tex31 fror8. textile (A) Protein samples
amino acids (Perseptive Biosystems, Framingham, MA) on from purification steps of GlaCrisp (Figure 1) and Tex31 were

a Milligen 9050 Plus peptide synthesizer (PerkinElmer Life reduced, alkylated, and resolved by 12% SIFRGE and silver
Sciences, Boston, MA). The peptide was deprotected andstamed. Under reducing conditions GlaCrisp and Tex31 migrated

. . with an apparent molecular weight 6f40 kDa (migrating at 30
cleaved from the resin by treatment with 95% anhydrous ypa ynder nonreducing conditions). (B) The Gla-specific mono-

trifluoroacetic acid containing relevant scavengers. The clonal antibody M3B was used to detect the Gla-containing
peptide was then applied to a Kromasil C8 preparative components in the Western blot experiments. Key: lane 1,
reversed-phase HPLC column i, 21.2 mmx 250 mm) molecular weight marker; lane 2, crude. marmoreusvenom

; P ; ; o extract; lane 3, pool 1 from the Sephadex G50 Superfine gel
and eluted with an acetonitiile gradient in 0.1% (v/v) filtration column (Figure 1A); lane 4, NaCl-eluted fraction from

trifluoroacetic acid. The major peak corresponding to the {he M3B immunoaffinity column (Figure 1B); lane 5, purified
peptide fraction was confirmed by mass spectrometry. The GlaCrisp and isoforms from the Superdex 75 gel filtration column
synthetic peptide substrate was used in protease activity(Figure 1C); lane 6, partially purified Tex31 from the Superdex 75
assays performed in accordance with those of Teg®L (  9¢l filtration column.

A typical reaction mixture was made up of 10M peptide , ) ,
substrate, 1.5M Superdex 75-purifie. marmoreugrotein ~ OPtained by nanoESI mass spectrometry of internal tryptic
in 100uL of 100 mM bis-Tris propane, and 10 mM Cagl peptltje fragments (denoted in Figure 3) indicated a novel
pH 8.0. The reactions were incubated ®h at 37°C, and ~ Protein that is a homologue of the recently described
the potential cleavage products were monitored by C18 substrate-sp_emflc protease '_I'_ex31 |sola'ged fr@mtextl_le
reversed-phase HPLC (@n, 2.1 mmx 100 mm, Amersham (33). .The amino a_C|d composition determmgd after agd and
Biosciences AB) using an acetonitrile gradient in 0.1% (v/ @lkaline hydrolysis revealed that the purified protein con-

v) trifluoracetic acid and nanoESI mass spectrometry. tained 0.4 mol of Gla/mol of protein (three separate
measurements). As will be discussed below the protein was
RESULTS a mixture of three isoforms, one carrying a Gla residue.

Amino Acid Sequence Prediction of GlaCrisp and Its Two

Identification and Purification of a 30 kDa Gla Protein. Isoforms from Cloned cDNAsThe entire amino acid
To search for a high molecular weight Gla component in sequence of the three precursor isoforms of the purified
the venom ofC. marmoreusa crude venom duct extract Tex31 homologue was predicted by sequencing isolated
was size-fractionated on a Sephadex G-50 Superfine gelcDNA clones obtained from &. marmoreusDNA venom
filtration column and the effluent was pooled on the basis duct library (Figure 3). The deduced sequences consist of a
of Gla content (Figure 1A). Early-eluting high molecular putative signal peptide sequence of 22 residues (amino acids
weight polypeptides were screened for Gla components by —24 to —3) and a canonical dibasic signal for proteolytic
Western blot analysis employing the Gla-specific mouse cleavage (amino acids2 to —1), followed by a 265-residue-
monoclonal antibody M3B. Under reducing conditions an |ong mature translation product_ No apparent propeptide
immunoreactive polypeptide with an apparent molecular sequence was observed between the signal sequence and the
mass oh-40 kDa (migrating at-30 kDa under nonreducing  mature protein. The predicted precursor sequences are
conditions) was detected in pool 1 (Figures 1A and 2). The identical except for three differences at amino acid positions
immunoreactive protein was purified by affinity chromatog- —g (Ala/Ala?Val®), 9 (Asp/Asp?/GIu?), and 25 (MeYVal?/
raphy using a column of M3B-coupled resin followed by Val®) due to variations in the cDNA sequences at nucleotides
gel filtration on a Superdex 75 column (Figure 1B,C). The 57 (C12/T3), 100 (T*%G3), and 146 (A/G29), respectively
purified protein, which was more than 95% homogeneous (Figure 3). (The superscripts refer to the three isoforms;
as judged by SDSpolyacrylamide gel electrophoresis, gave isoform 3 is also referred to as GlaCrisp.) On the basis of
an intense signal in Western blot experiments under reducingthe isolated cDNA clones, the predicted mature protein
conditions using M3B (Figure 2). sequences contain either 14 (isoforms 1 and 2) or 15

The native 30 kDa protein gave a single N-terminal (GlaCrisp) Glu residues that could be posttranslationally
sequence (His-Ala-Xxx-Asp-Ser-Lys-Tyr-Ser-Asp-Val-Thr- carboxylated to Gla. The N-terminal amino acid sequence
Pro-Thr-His-Thr) by automated Edman degradation. The obtained by Edman degradation of the purified Tex31
N-terminal amino acid sequence together with sequence tagdhhomologue corresponds to the sequences of isoforms 1
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KHmex-13
ACGATCTTCCGTCGGACAGTGG 1

TTTGACACGTGCAACATGTTGTCCACGATGCAGACTGTTGGAGCAATACTGATGTTGTCC 46

M L S T M 0 T V G A I L M L S -10_
-24
T G
ATTGTCTTTGCTGCGGEGACAALAGAGACACGCGTGTGACTCCAAATATTCTGATGTGACT 106
I VvV F AA G T|K R|H.A.C.D. .S K. Y S . D V.T 11
A’ +1 D
EJ {E")

KHmex-12 G
CCTACACACACCATGTGCCTGACCGGATAATGCCAACGCTATGGCCGTGACTCTGACCCAA 166
P._T H . .T M C L T D N A N & M1 A VvV T L T @ 31

v2
v]

GAGGTCAAGGTCCAGATAGTCAGGATGCACAATGTGATTCGCGCCACCGTCAATGATGCT 226
E v XK v Q I vV R M H N V I R A T V N D A 51

GCCAACATGATGAAAATGGAGTGGGACGACAGACTGGCAGCAGTGGCACAGAAGTGGGCG 286
A N M M KM E W DD RL A A V A Q K W A 71

ATGCAGTGTATACTGGGTCACGATGGCTTCGCCAACCATGCCGAGCCAGATCTCCCGGGC 346
M Q ¢ I L G H D G F A N HAUEUPDUL P G 91

TATGTGGGGCAAAATGTCGGCTGGAGCAACTACCATATGACTTTTCCCGATGTGGTCGAT 406
Y v G Q N VvV G W S N Y H M T F P D V V D 111

CTGTGGGCCGCAGAGATAGAGGACTATGAGTATGGCGTGTGGAACGACAATACTGGGCAT 466
L W A A E I E D Y E Y G V W NDN T G H 131

TATATACAGCAAATTTACGCAGAAGCATCTCGCATAGGCTGTGGTCAATCTGCATGTGGT 526
Yy I Q¢ ¢ I ¥ A E A 8 R I G C G @ 8 A C @G 151
FHmex -4
GAGGACAGGTACTTTGTTTGTAACTATTACAAGAGCACTATGGGCAATACGCCCTATGCG 586
E D R ¥ F V. C N ¥ ¥ K 8 T M G N T P Y A 171

CAGGGCTCTCGATGTGGCCAGTGTCCTAACTCGTGCTGGGAAGAACTCTGTGACTGTACG 646
Q G S R C G Q C P N S CWETETLTCTUDTCGCT 191
KHmex-11
AGTGGCCCCGATGCCTGTTGCARCGGCGGATCATTGAACATCGACACCTGCCAGTGCCAG 706
S 6 P DA CCNUGU G S UL NTIODTTCETCOQ 211
KHmex-10
TGTCCTAGATTATGGAGTEEGECTEGACTGCCAGCARAAGCAATGCCCCGACCACGACTAC 766
Cc P R L W S GG A D C Q E K Q C P D H D ¥ 231

GAGGATATGTGTGACTATCCAGATGTGGTCAACAATCCTGAGTACTGGTGCCAGTTCAGC 826
E D M C D Y P DV V N NUPE VY W C Q F S 251

AACATTAGGTCTGACTGCCCCATCCGGTGTGGAGACTGCCCTTAGCCCCAGCTAAACAAG 886
N I R 8§ D C¢C P I R C G D C P * 265
KHmex-14
GGGAGACTACCGGCAGCGGTCCTGACAGACTTCARGCCTTCTTTTACCCTACGTCGAATC 946
CACCCTGAAGACGTCACCTCTGCTGCTTGAATGACCGCACTGGCCGCCTACACTTGTAAC 1006
GCTAACGTCTTTTTTCTTGTCTTGTCTTTTTCCCCCCTCCAAATCTGAAGTAAATARAACA 1066
KHmex-15
AGACCGCATGTCTA---GTCTCTGTTGATTTGTGGC 1080

Ficure 3: cDNA sequences encoding the precursors of GlaCrisp and its two isoforms. The deduced amino acid sequence is shown in
single letter code below the nucleotide sequence. The Glu residue in GlaCrisp that is posttranslationally carboxylated to Gla is shown in
parentheses. The putative signal peptide predicted by PSORT analysis is underlined (from amino acid pdaititms-3), and the

putative dibasic proteolytic cleavage site (amino acid positie@so —1) is boxed. Nucleotide (in italics) and amino acid numbers are

shown to the right. The polyadenylation signal is doubly underlined. Superscript numbers 1, 2, and 3 refer to isoforms 1, 2, 3 (here also
named GlaCrisp), respectively. The amino acid sequences determined by (underlined by a hatched line) Edman degradation or (underlined
by a jagged line) mass spectrometry used to identify the protein as a homologueftéheile protein Tex31 are marked. The positions

for the oligonucleotide primers used to determine the cDNA sequences are shaded.

and 2, having an Asp residue at position 9. However, the ture of three isoforms.

identification of a potential Gla residue at position 9 in A BLAST analysis of the SwissProt database showed that
GlaCrisp needs methyl esterfication of the protein prior GlaCrisp and its two isoforms are closely related to members
to sequence analysis. Thus, the determined cDNA sequencesf the CRISP family and most closely resemble Tex31
support the notion that the purified protein is a mix- (amino acid sequence identity 65%). Like the earlier reported



A Novel CRISP Protein Containing-Carboxyglutamic Acid Biochemistry, Vol. 45, No. 42, 2006.2833

CRISP proteins, th€. marmoreugproteins possess an SCP ion spectrum obtained for the selected trapped iom/at
(sperm-coating protein) domain and a characteristic cysteine-1074.83 revealed y ions according to the proposed C-terminal
rich C-terminal region. sequence of the methyl-esterfied tryptic peptide (amino acids
7—34) derived from GlaCrisp (Figure 4B).

To confirm the presence of a Gla residue at position 9 in
T . ) . ; GlaCrisp, the methyl-esterfied tryptic peptide mixture (resi-
protein, it was digested with trypsin after reduction and dues 734 of the three protein isoforms) was subjected to

S-carboxymethylation of cysteine residues. The resulting . .
tryptic peptide fragments were separated by reversed-phaseE dman degradation. According to the proposed sequences,

HPLC using a linear acetonitrile gradient in 0.1% trifluo- a combination of Asp and Gla residues was obtained at

roacetic acid. The collected fractions were analyzed for the p(()jsmondg n tge .maturel pr_otelfrtls (F'glﬁﬁ 3). "}. agfeemfr;}
content of Gla after alkaline hydrolysis, and the material in Edman degradation analysis after methy| esterfication of the

the single-Gla-containing fraction, eluting a#4% aceto- intact purified 30 kDa protein revealed two N-terminal

nitrile, was subjected to nanoESI mass spectrometry analysis,.S equences having a mixture of Asp and Gla residues at

Three dominating components were identified in a mass position 9 (His-Ala-Xox-Asp-Ser-Lys-Tyr-Ser-Asp/Gla-Val-
. ; . Thr-Pro-Thr-His-Thr).
spectrum with monoisotopic molecular masses of 3111.42

Da (calculated from the-8 ion atm/z 1038.12 and the# d_The_ Glafrehsidge ianIaCrishp |Wa3 furthe_r vgrri]fied b_y
ion atm/z 778.87), 3079.48 Da (calculated from thé &n igestion of the S-carboxymethylated protein with trypsin

atm/z 1027.48 and the4 ion atm/z 770.88), and 3137.50  [ollowed by Asp-N and subsequent analysis of the derived
Da (calculated from the-8 ion atmvz 1046.79 and the 4 peptide fragments with nano-ESI mass spectrometry. The

: : internal peptide fragment with an apparent monoisotopic
ion atm/z 785.41) (Figure 4A and Table 1). The observed n .
masses most likely correspond to the tryptic peptides molecular mass of 1583.68 Da (calculated from #ion

: ; : : : : t m/z 792.84) covering residues—219 of GlaCrisp was
covering amino acids-734 in the three predicted isoforms, &' ) :
assuming that GlaCrisp contains a carboxylated Glu residueSUb]eCted to MS{MS fra_gmenta'qon (Figure 5A,B, and Table
(Gla) at position 9. The-8 and 4+ ion peaks atwz 1046.79 .1)' The y and b ion SEres optalned for the _selected trapped
and 785.41 were accompanied by losses of 44 Da (corre—'on atm/z 792.84 readily confirmed the peptide sequence to

; ; be Tyr-Ser-Gla-Val-Thr-Pro-Thr-His-Thr-Met-Cys-Leu-Thr.
sponding to the mass of GI) which further suggested the _ -
presence of a Gla residue in the tryptic peptide derived from Them/zregion from 230 to 630 has been expanded in Figure

GlaCrisp. The monoisotopic mass of the decarboxylated oB to show the b2b5 i_ons from Whiqh the N-termina_l
peptide was determined from the mass spectrum to bepeptlde sequence, including the Gla residue, was determined.
3093.49 Da. A number of ion signals corresponding to These results clearly demonstrate the presence of a Gla

oxidized species were probably produced during sample "€Sidue at position 9 in the GlaCrisp isoform.
preparation. Negatve Results of Proteolytic Acity Assays of GlaC-

To verify the primary structure of the internal tryptic risp. Proteolytic propeptide cleavage activity was recently
peptides Covering amino acids—34, each of the tr|p|y demonstrated for th€. textile Tex31 prOtEin. To examine
charged ions atm/z 1038.12 (isoform 1),m/z 1027.48 the potential proteolytic activity of GlaCrisp and its isoforms,
(isoform 2), andm/z 1046.79 (GlaCrisp) were selected for @ peptide substrate was synthesized based upon the proposed
MS/MS fragmentation (Figure 4B). The spectra obtained Tex31 propeptide substrate KLNKRWAbuKQSG¥). The
revealed y ions (yty10) according to the C-terminal part substrate was incubated with the purified protein isoforms
of the proposed sequences. The masses of the y10 iondn the presence of 10 mM CaCland the possible cleavage
confirmed the presence of a Met residue at position 25 in Products were assessed by reversed-phase chromatography

isoform 1 and a Val residue at the corresponding positions @1d nanoESI mass spectrometry (data not shown). No
in isoform 2 and GlaCrisp. proteolytic activity was detected. However, it is possible that

the C. textile and theC. marmoreushomologues possess
different substrate sequence specificities.

Identification of a Single Gla Residue in GlaCrispo
identify the Gla residue in the purified 30 ka marmoreus

NanoESI mass spectrometry after methyl esterfication of
the tryptic peptide mixture (residues—34 of the three
isoforms) showed a 70 Da increase in the monoisotopic mass ldentification of Gla in the Substrate-Specific Protease
for the peptides derived from isoform 1 (mass calculated as Tex31. Under reducing conditions Tex31 that had been
3181.52 Da from the-8 ion atnVz 1061.49 and the+# ion partially purified from a venom extract . textileinteracted
at m/z 796.39) and isoform 2 (mass calculated as 3149.54 strongly in Western blot experiments with the Gla-specific
Da from the 3+ ion atm/z 1050.83 and the# ion atnvz antibody M3B (Figure 2). These results suggested that the
788.40) (Figure 4C and Table 1). This is consistent with GlaCrisp homologue also is a Gla-containing protein. Amino
methyl esterfication of the Asp residues at positions 9 and acid sequence alignment of the two homologues revealed
20, the S-carboxymethylated Cys residue at position 17, thethat Tex31 carries a Glu residue at position 9 corresponding
Glu residue at position 32, and the C-terminal carboxyl to the Gla residue in GlaCrisp. To verify a Gla residue at
group. A mass increase of 84 Da was observed for thethis position in Tex31, the protein was subjected to in gel
peptide derived from GlaCrisp (mass calculated as 3221.56digestion with trypsin followed by Asp-N, and the derived
Da from the 3+ ion atm/z 1074.83 and the# ion atnvz peptides were analyzed by mass spectrometry. MS/MS
806.41), corresponding to the introduction of six methyl fragmentation of the selected trapped ionnalz 822.35
groups including two on the presumed Gla residue at positiongenerated b and y ions in agreement with the peptide
9. The ion peaks atvVz 1055.51 andnw/z 791.90 most likely sequence Tyr-Tyr-Gla-Leu-Thr-Pro-Ala-His-Thr-Met-Cys-
correspond to the decarboxylated--3 and 4+-charged Leu-Thr covering residues—721 of Tex31 (Figures 5C and
species, respectively, derived from GlaCrisp. The fragment 6). Thus, the conservation of Gla in GlaCrisp and Tex31
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FIGURE 4: Mass spectrometric analysis of the internal tryptic peptide fragments covering amino-a8#lef7GlaCrisp and its two isoforms.

Italic numbers 1, 2, and 3 refer to the three CRISP-like protein isoforms from which the peptides were derived after trypsin digestion. Mass
spectra were acquired in the positive ion mode. lon peaks labeled with an asterisk represent oxidized products. (A) The nanoESI-MS
spectrum of the S-carboxymethylated internal tryptic peptide fragments (amino a€3d3 i shown. The monoisotopic molecular masses

of the tryptic peptides were determined from the mass spectrum to be 3111.42 Da (isoform 1; fromitimeaBnm/z 1038.12 and the4

ion at 778.87), 3079.48 Da (isoform 2; from the-3on atm/z 1027.48 and the# ion at 770.88), and 3137.50 Da (isoform 3; from the

3+ ion atnVz 1046.79 and the#4 ion at 785.41). The ions at/z 1046.79 (3+) and 785.41 (4) are accompanied by losses of 44 Da
(corresponding to the mass of gQwhich is consistent with the presence of a Gla residue in the peptide. (B) The nanoESI-MS/MS spectra

of the triply charged parent ions atz 1038.12, 1027.48, and 1046.79 (acquired before methyl esterfication) amd H274.83 (acquired

after methyl esterfication) are shown. The amino acid residues that differ between GlaCrisp and its isoforms are boxed. The y ions according
to the C-terminal part of the proposed sequences-WD) of the tryptic peptides are labeled. (C) The nanoESI-MS spectrum of the
S-carboxymethylated internal tryptic peptide fragments (amino acidlYy after methyl esterfication is shown. After methyl esterfication

a 70 Da increase (corresponding to the methylation of all five carboxyl groups including the one at the C-terminus) in the monoisotopic
molecular masses was observed for the peptide fragments derived from isoforms 1 and 2, whereas an 84 Da increase (corresponding to the
methylation of all six carboxyl groups including the two at the Gla residue and the one at the C-terminus) was observed for the peptide
derived from isoform 3 (GlaCrisp).
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Table 1: Observed and Calculated Monoisotopic Masses of Peptide Fragments Derived from Endoproteinase DigestiGnsnafrthereus
30 kDa CRISP Protein Isoforms

residué sequence enzyrhe MW gpsd MW caicd

7—34 YSDVTPTHTMCLTDNANAMAVTLTQEVK trypsin 3111.42 3111.42
734 YSDVTPTHTMCLTDNANAVAVTLTQEVK trypsin 3079.48 3079.45
734 YSyVTPTHTMCLTDNANAVAVTLTQEVK trypsin 3137.50 3137.45
—-CO; YSEVTPTHTMCLTDNANAVAVTLTQEVK 3093.49 3093.45
7—34 YSDVTPTHTMCLTDNANAMAVTLTQEVK trypsin® 3181.52 3181.50
734 YSDVTPTHTMCLTDNANAVAVTLTQEVK trypsin© 3149.54 3149.53
734 YSyVTPTHTMCLTDNANAVAVTLTQEVK trypsin® 3221.56 3221.54
—CO, YSEVTPTHTMCLTDNANAVAVTLTQEVK 3163.54 3163.53
7-812 YS trypsin+ Asp-N ND 268.11

91912 DVTPTHTMCLT trypsin+ Asp-N 1275.50 1275.55
7-19 YSyVTPTHTMCLT trypsin+ Asp-N 1583.68 1583.65
—CO, YSEVTPTHTMCLT trypsin+ Asp-N 1539.71 1539.66

aThe superscript numbers 1, 2, and 3, indicate isoform 1, isoform 2, and isoform 3 (GlaCrisp), respetiilielyroteins were reduced with
DTT and alkylated with iodoacetic acid prior to endoproteinase digestiBaptide fragments were methyl-esterfied prior to nanoESI-MS analysis.

might indicate a functional role of this unusual amino acid sequence within the mature region of GlaCrisp plays a critical
in these proteins, and it is possible that also other PR proteinsrole for recognition in the carboxylation reaction will require
contain this modification. further investigation.

GlaCrisp is to our knowledge the first Gla-containing high
molecular weight protein reported to contain a single Gla
DISCUSSION residue. With the exception of BGP (containing 3 Gla

This work identified a novel invertebrate 30 kDa Gla residues) and MGP (containing-% Gla residues depending
protein with homologues in species from mammals to insects 0n the species), all known vertebrate Gla proteins contain
and plants. The protein, here referred to as GlaCrisp, was9—13 Gla residues within a structurally conserved Gla
purified from the venom of the mollusc-hunting cone snail domain of~45 amino acids3). In these proteins the Gla
C. marmoreuscDNA cloning of GlaCrisp deduced a primary residues bind Cd, which generates a structural transition
translation product with a signal peptide sequence of 22 thatis crucial for the biological function of the proteir.(
amino acids immediately followed by a dibasic proteolytic Similarly, the C&*-binding properties and the three-
cleavage site and a mature protein sequence of 265 aminglimensional structure of some of the Gla-contain@wnus
acids. Thus, unlike all previously identified Gla proteins, the peptides suggest a specific structural role for Ga54).
predicted precursor polypeptide contained no apparentBinding of C&" to the Gla residues in conantokin-G
propeptide sequence. In the case of the conotoxin precursorgcontaining 5 Gla residues) introduceshelicity to the
that are substrates for ti@onuscarboxylase, the propeptide  peptide, which is important for binding of the peptide to
N-terminal to the mature toxin region to be modified has NMDA receptors. In Glacontryphan-M, the first Gla peptide
been shown to contain the-CRS that is required for isolated fromC. marmoreusthe two Gla residues provide
carboxylation 15, 16). Similarly, y-carboxylation of the  the peptide with C&-binding properties that are crucial for
mammalian Gla proteins requires &CRS within the the interaction of the conotoxin with L-type &achannels
propeptide sequence, N-terminal to the Glu residues to be(26). In GlaCrisp it is conceivable that the single Gla residue
converted to Gla3, 5, 45-48). In one case, MGP, the in conjunction with the carboxyl group of an Asp residue
propeptide-like sequence containing th€RS is part of the  (for instance, Asp 4 and Asp 20) can participate if'Ca
mature form of the protein4Q). There are sequence binding. Given that the/-glutamyl carboxylase activity is
similarities among the propeptides of all known mammalian phylogenetically older than blood coagulation and tissue
Gla proteins, and &-CRS motif has been defined by the mineralization, Gla most likely plays a more critical role in
sequence Z-F-Z-X-X-X-X-A (where X is any amino acid, biology than has so far been discoverd@<14, 18, 55).
and Z is lle, Val, or Leu) 3). However, the propeptides of ~ GlaCrisp with its single Gla residue may be a particularly
the conotoxin precursors bear no sequence similarity to thefavorable protein for investigating functions of this post-
mammalian carboxylase binding sites. Recently, a C-terminal translational modification, other than €abinding.
postpeptide was demonstrated to contain th€RS for The predicted product of the GlaCrisp full-length cDNA
carboxylation of two novel conotoxind 7). On the basis of  clearly is a member of the widely distributed CRISP family
the post- and propeptide sequences from all known Gla- found in a variety of mammalian tissues and venoms of
containing conotoxins, a possible consensus sequence wabzards and snakes (Figure @6, 57). The CRISP proteins
suggested including two basic residues and one hydrophobicare modular, each containing two potentially functional
residue, K/R-X-X-J-X-X-X-X-K/R (where X is any amino  domains, an N-terminal SCP domain and a C-terminal
acid and J is a hydrophobic residue). Attempts in this work cysteine-rich domain (CRD), that are connected by a hinge
to identify a recognition element within the mature region region. The N-terminal region is a homologue to members
of GlaCrisp on the basis of the defined carboxylase recogni- of the pathogenesis-related protein superfamily 1 (PR-1) and
tion site in either the mammalian Gla proteins or @enus the insect venom antigen 5 proteins (VA5) that are involved
conotoxins failed. Presumably GlaCrisp and the previously in plant-stress responses and venom allergens, respectively
identified Gla-containing proteins/peptides have a separate(35, 58). The precise biological functions of the CRISP
mechanism for substrate recognition. Identification of which family proteins are not well defined at present. Among these
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Ficure 5: Positive ion nanoESI-MS/MS analysis of the doubly charged peptide¥zaf92.84 and 822.35 derived from digestions of

GlaCrisp and Tex31, respectively, with trypsin and Asp{d) The b and y ions according to the proposed sequence of the

S-carboxymethylated internal peptide that covers amino actd®of GlaCrisp are labeled. (B) The/z region from 230 to 630 has been

expanded to show the b2, b3, b4, and b5 ions from which the N-terminal sequence of the peptide of GlaCrisp, including the Gla residue,
could be determined. (C) Some of the b and y ions of the S-carbamidomethylated internal peptide fragment containing Gla of Tex31 are
labeled. The presence of Gla in the peptides of GlaCrisp and Tex31 is notable in the spectra via decarboxylation of the peptides and product

ion fragments, resulting in a loss of 44 Da.
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Ficure 6: Amino acid sequence alignment of GlaCrisp with PR-
1-type proteins. Sequences were aligned using Clustal W. Amino
acid residues that are identical in at least four of the proteins are
marked in light gray. The positions of amino acids that were

suggested as potential active site residues are indicated in dark gray.
Asterisks indicate conserved amino acid residues. The Glu residues
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cannot be predicted. We also showed that a partially purified
sample of Tex31 contains a Gla residue at the position
corresponding to Gla 9 in GlaCrisp. Interestingly, the
protease activity of Tex31 was reported to depend off Ca
(33). Whether the Gla residue is involved in Tainding
and is crucial for the biological function of the protein
remains to be established.

The major implication of this work is the identification
and purification of a novel Gla-containing protein that may
provide insight into a new class of Gla-containing proteins
with homologues broadly distributed in animal phyla.
Moreover, the absence of an apparent propeptide sequence
suggests a separate recognition mechanisny{fcarboxy-
lation in the novel Gla protein.
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