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ABSTRACT SPC2 and SPC3 are two members of a family
of subtilisin-related proteases which play essential roles in the
processing of prohormones into their mature forms in the
pancreatic B cell and many other neuroendocrine cells. To
investigate the phylogenetic origins and evolutionary func-
tions of SPC2 and SPC3 we have identified and cloned cDNAs
encoding these enzymes from amphioxus (Branchiostoma cali-
Jorniensis), a primitive chordate. The amino acid sequence of
preproSPC2 contains 689 aa and is 71% identical to human
SPC2. In contrast, amphioxus preproSPC3 consists of 774 aa
and exhibits 55% identity to human SPC3. These results
suggest that the primary structure of SPC2 has been more
highly conserved during evolution than that of SPC3. To
further investigate the function(s) of SPC2 and SPC3 in
amphioxus, we have determined the regional expression of
these genes by using a reverse transcriptase-linked poly-
merase chain reaction (RT-PCR) assay. Whole amphioxus was
dissected longitudinally into four equal-length segments and
RNA was extracted. Using RT-PCR to simultaneously amplify
SPC2 and SPC3 DNA fragments, we found that the cranial
region (section 1) expressed equal amounts of SPC2 and SPC3
mRNAs, whereas in the caudal region (section 4) the SPC2-
to-SPC3 ratio was 5:1. In the mid-body sections 2 and 3 the
SPC2-to-SPC3 ratio was 1:5. By RT-PCR we also determined
that amphioxus ILP, a homologue of mammalian insu-
lin/insulin-like growth factor, was expressed predominately
in section 3. These results suggest that the relative levels of
SPC2 and SPC3 mRNAs are specifically regulated in various
amphioxus tissues. Furthermore, the ubiquitous expression of
these mRNAs in the organism indicates that they are involved in
the processing of other precursor proteins in addition to proILP.

In eukaryotic cells, proteins destined for export or the plasma
membrane surface are often synthesized as larger precursor
forms which are proteolytically processed during subsequent
transport and maturation. The initial endoproteolytic cleavage
is performed by proprotein convertases which recently have
been identified as members of the subtilisin family of serine
endoproteases. These enzymes recognize a motif of paired or
multiple basic residues with a strong preference for arginine at
the P1 site (1-3). In yeast a single subtilisin-related proprotein
convertase, kexin, has been found (4). However, mammals
express at least six members of this family, including SPC1
(furin) (5), SPC2 (PC2) (6, 7), SPC3 (PC3/PC1) (8, 9), SPC4
(PACE4) (10), SPC5 (PC4) (11), and SPC6 (PC5/PC6) (12,
13). These enzymes are related by a similar catalytic core domain
but differ markedly in their carboxyl-terminal sequences.

We have investigated the structures of SPC2 and SPC3 and
the functional roles of these enzymes in the processing of
proinsulin to insulin. Studies have shown that both SPC2 and
SPC3 are expressed in islet B cells (as well as in other
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neuroendocrine cells) (6-9), and in vitro transfection assays
(12) have shown that these enzymes can cleave proinsulin
appropriately. Here we report the cDNA sequencest and
expression of SPC2 and SPC3 from the protochordate am-
phioxus. We have previously shown that amphioxus expresses
an insulin-like peptide (ILP) mRNA (13). The putative pre-
cursor, prolLP, is like proinsulin in that it contains a C-peptide
which is flanked by paired basic residues, but it is also similar
to the pro-insulin-like growth factors in that proILP also
contains a carboxyl-terminal E domain which is probably
removed during maturation. Our goals are to characterize the
proprotein convertases which are expressed in protochordates
and more specifically identify the convertases involved in
processing prolILP to its active form.

MATERIALS AND METHODS

Materials. Oligonucleotides were synthesized on an Applied
Biosystems model 380B DNA synthesizer. Radioisotopes were
purchased from Amersham. Plasmid pGEM4Z was obtained
from Promega.

RNA and Reverse Transcriptase-Linked Polymerase Chain
Reaction (RT-PCR) Assays. Live amphioxus (Branchiostoma
californiensis) were purchased from Pacific Bio-Marine
(Venice, CA). Total RNA was isolated by tissue homogenization
in guanidine thiocyanate and centrifugation through a 5.7 M CsCl
cushion as described (13). RNA was quantitated by absorbance at
260 nm (A6 = 1 at 40 pg/ml) and its integrity was verified by
UV fluorescence on denaturing (0.66 M formaldehyde) 1%
agarose gels stained with ethidium bromide at 1 pg/ml.

cDNA was synthesized with a Moloney murine leukemia
virus (M-MLV) reverse transcriptase kit purchased from
GIBCO/BRL. After 1-hr incubation at 37°C, the reverse
transcriptase was inactivated by heating to 100°C for 3 min and
an aliquot was removed for PCR. For the subtilisin-related
proprotein convertases, cDNA fragments which contained the
catalytic domain were amplified by using the following degen-
erate oligonucleotide primers: SQ-3 (sense), 5'-CAYGGN-
ACNCGNTGYGGC; SQ-4 (sense), 5'-CAYGGNACNAGRT-
GYGC; QS-1 (antisense), 5'-YTGCATRTCYCTCCANGT;
and QS-2 (antisense), 5'-YTGCATRTCNCGCCANGT, in
whichR=GorA,Y=CorT,and N =G, A, T, or C. PCR
was performed for 40 cycles each at 94°C for 1 min, 50°C for
1 min, and 72°C for 1 min.

For RT-PCR to simultaneously amplify amphioxus SPC2
(480-bp) and SPC3 (334-bp) cDNA fragments, the following
primers were used: SPC2-1 (sense), GGATGTTGGACCAAC-

Abbreviations: ILP, insulin-like peptide; RT-PCR, reverse tran-

scriptase-linked polymerase chain reaction; RACE, rapid amplifica-

tion of cDNA ends.

*Present address: Division of Neuroscience, Baylor College of Med-
icine, One Baylor Plaza, Houston, TX 75226.
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1The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. U22051 and U22052).
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FiG. 1. Amplification of subtilisin-related proprotein convertase
catalytic domains by PCR. Amphioxus cDNA reverse transcribed from
0.1 pg of poly(A)* RNA was subjected to 30 cycles of PCR using
oligonucleotide primers SQ-3/QS-1 (lane 1), SQ-4/QS-1 (lane 2),
SQ-3/QS-2 (lane 3), or SQ-4/QS-2 (lane 4). Primer sequences are
listed in Materials and Methods. The reaction products were analyzed
by electrophoresis in a 5% polyacrylamide gel and stained with
ethidium bromide. Molecular weight standards (labeled in terms of
bp) were ¢$X174 DNA digested with Hae III.

CGTTC; SPC2-2 (antisense), CAGTGCCAGCGCGAAAACC;
SPC3-1 (sense), TCCATCTTTGCCTGGGCGTC; and SPC3-2
(antisense), CGATCAGGTGCTGTACGTCTC. The template
contained 100 ng of amphioxus RNA reverse transcribed into
cDNA. PCR was performed for 30 cycles each at 94°C for 1 min,
56°C for 1 min, and 72°C for 1 min in 100 ul.

Isolation of poly(A)* RNA and Northern blot analysis were
performed essentially as described (14).

¢DNA Cloning. Cloned amphioxus SPC2 and SPC3 cDNAs
were obtained using the RACE technique as described by
Frohman et al. (15) and by screening a phage cDNA library
prepared from whole amphioxus RNA (13). Other standard
molecular biological techniques were as described by Sam-
brook et al. (16).

RESULTS AND DISCUSSION

To identify subtilisin-related proprotein convertase genes ex-
pressed in amphioxus we amplified whole amphioxus cDNA by
using degenerate oligonucleotide primer sets which corre-
sponded to highly conserved amino acid sequences in the
catalytic domain of these proteases. When primer set SQ-3/
QS-1 was used in PCR a 600-bp fragment was obtained, but no
bands of the expected size were observed with the other primer
combinations of SQ-3/QS-2, SQ-4/QS-1, or SQ-4/QS-2 (Fig.
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Table 1. Amino acid sequence identity between amphioxus and
human (prepro)SPC2 and -SPC3
% sequence identity
Amphioxus SPC2 Amphioxus SPC3

Domain vs. human SPC2 vs. human SPC3
Pre 24 16
Pro 37 52
Catalytic 84 74
P 75 59
C terminus 61 21
Whole protein 71 55

1). However, restriction enzyme analysis showed that the 600-bp
fragment was heterogeneous. For example, when the fragment
was digested with Bgl I multiple bands in the range of 120-480 bp
were observed (data not shown).

The heterogeneous nature of the 600-bp fragment was
confirmed by plasmid cloning into pPGEM4Z. From individual
clones we have obtained four distinct cDNA sequences, of
which the deduced amino acid sequence from one clone
showed the highest identity (80%) to human SPC2, while
another clone exhibited the greatest identity (78%) to human
SPC3. These sequences were expanded by using the rapid
amplification of cDNA ends (RACE) technique (15) and by
screening cDNA libraries (Fig. 2).

The complete coding sequences for amphioxus SPC2 and
SPC3 contain 689 and 774 aa, respectively, whereas there are
638 and 753 aa in the human (prepro)SPC2 and -SPC3
sequences (Figs. 3 and 4). As summarized in Table 1, the amino
acid sequence similarities were highest in the catalytic do-
mains. In addition, amphioxus SPC2 contained an Asp-for-Asn
substitution at position 317 (corresponding to residue 310 in
human SPC2), as is the case in all other known SPC2 homo-
logues (see below). In subtilisin the side chain of this Asn residue
has been demonstrated to stabilize the transition state during
catalysis (17). To form a similar hydrogen bond with the carbonyl
oxygen next to the scissle bond, however, the Asp side chain in
SPC2 would have to be protonated, and this is consistent with the
probability that SPC2 in all species is active only in an acidic
compartment such as the dense-core secretory granule.

A high percentage of identity for SPC2 and SPC3 is also
found in the P domain, which consists of 190-192 aa located
on the carboxyl side of the catalytic domain. Recently, trans-
fection experiments have shown that when successively trun-
cated forms of SPC1 (furin) were expressed, deletions within
the P domain were correlated with loss of catalytic activity
(18). Downstream from the P domain amphioxus SPC2 and

B>

PAPC-2-850

FiG. 2. Molecular cloning of
amphioxus SPC2 and SPC3 cDNAs.
The organization of amphioxus
SPC2 and SPC3 cDNAs is shown

Amphioxus SPC2
D174 H215 S391
A 4 h 4
Pre Pro Catalytic P-Domain
e B
PAPC-2-550 PAPC-2-650
L 1
! PAPC-2-1200 :
—
100bp
Amphioxus SPC3
D174 H215 $389
b 4 h 4
PAPC3-1800
B
PAPC3-600

; pAPC3-1100

schematically. Arrows indicate
clones obtained by the RACE tech-
nique (15); brackets indicate clones
isolated from a cDNA library.
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CAGCCACTGAATCCCTCT TG TCCATCTCTCGCTACGAACAGAGAAAAAAACCTCAGACCTGTTTAGAACGGCTTCTCCATCAAAACCAACCACAAGAGGG

M V KP VGWF L LR
TAAGAAARAAGCTGACTGTGGTCAACCCGAGGGTTGCTGAATTTCTTTTTTAAAACGAGTAGAGAGGATATGGTGAAGCCS! GATGGTTTCTCCTCC

VQYLLVLATILVWYGACNS'APPYTNDFAVQIRD
GGGTACAGTACCTCTTGGTTCTAGCCACCATATTGGTTTGGTACGGAGCGTGTAACTCCGCGCCTCCCTACACCAACGACTTCGCCGTGCAGATCAGGGA

GKPDTAETLTLARTEKTYGYTULNTLGA QIREU QRUDILYHTFRHR
CGGGAAACCCGACACTGCCGAGCTACTGGCGAGGAAATATGGCTACCTCAACCT TGGGCAGATACGAGAACAGAGAGACT TGTACCACTTCCGACACCGA

GVPHUVRGRASAAQQSRILENTDMRVYVRAAYVQQQGTFRTR
GGCGTGCCCCATGTCCGCGGCAGGGCCAGTGCGGTGTAGCAGAGCAGGC TGGAGAACGACATGCGGGTACGAGC TGCAGTACAA T

_R K RJG Y N EV N DNZYRGQTITDTINT DT PTLTFEFZPIKO QWYLLNTGQ
GTAGGAAACGCGGGTATAACGAAGTGAATGACAACTACCGTCAGATCGACATCAACGACCCGCTCTTCCCCAAACAGTGGTACCTGCTGAATACTGGCCA

o
ADGIKAGLDULNVLEA AWGMGYTGEGUVTTIATIMDTUDGUV
GGCAGATGGGAAAGCCGGACTGGACCTGAATGTACTGGAGGCCTGGGGGATGGGCTACACGGGAGAAGGTGTCACCATCGCCATTATGGACGATGGAGTT

DY L HPDLADNTYNADASTYTUDTFSSNEATFU®PYZPRYTTUDODW
GATTACCTGCACCCTGACTTGGCTGATAATTACAACGCAGACGCAAGT TACGACTTCAGCAGCAACGAGGCGTTCCCCTACCCCCGGTACACAGACGACT

Ll
¥ NS HGT®RU CAGEUVVGIKTINNGLT CGVYGVRYGARUVAG
GGTTCAACAGCCATGGTACCCGCTGTGCAGGAGAGGTGGTGGGTAAGATCAACAACGGTCTGTGCGGAGTGGGCGTCAGGTATGGCGTACGAGTGGCAGG

I RM LD QPVFMTUDTITIEA ARSSMGHIE KTPQETLIDTIYSATWG
AATCCGGATGTTGGACCAACCGTTCATGACTGACATCATAGAGGCCTCCTCCATGGGCCACAAGTCGCAGGAAATAGACATCTACAGCGCCACTTGGGGC

P TDDGRTUVDGPRETLTVQAMADGVNIZ KG GRS GGIEKTGS S IY
CCGACGGACGACGGCCGTACTGTGGACGGGCCGCGGGAGCTCACCGTGCAGGCAATGGCGGACGGTGTCAATAAGGGGCGTGGAGGAAAAGGTAGCATCT

o
vV WA SGDGGSQDDCNTCDGYA ASSMWTTISTINSATIND
ACGTGIGGGCATCCGGAGACGGCGGGAGTCAGGACGACTGTAACTGTGACGGATACGCCTCCTCGATGTGGACCATCTCCATCAACTCCGCCATCAATGA

GRTALYDES SO CSSTTLASTT FSNGIRNRHPEA AGVATT
CGGCCGCACCGCCCTGTACGACGAGTCCTGCTCCTCCACTCTCGCCTCCACCTTCAGTAACGGCCGGAACAGGCATCCGGAGGCCGGCGTGGCCACCACG
v

° .
D LYGNU CTULIKUHSGTSAAAPEA AAGVYV " ALALOQANTZPNTL
GACCTGTACGGGAACTGCACGCTGAAACACTCCGGCACCTCCGCCGCAGCTCCAGAAGCCGCCGGGGTTTTCGCGCTGGCACTGCAGGCCAATCCGAACC

T WRDMAQHLTV VLTS KU RNOQLYDUZPVHEU WRIRNGVGTLE
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TGACTTGGCGGGACATGCAGCACCTGACGGTCCTGACGTCCAAGCGGAACCAGCTGTACGACCCGGTGCACGAGTGGCGGCGGAACGGAGTGGGGCTGGA 1500

FNHLTFGTPFGVLDAGSMV VI KMAETDUWNTV?P?PEKRTFUHCTG 477
\TCTGTTCGGGTTCGGCGTGCTGGA

GTTCAACCA'

TGGACGCGGGCTCCATGGTGAAGATGGCCGAGGACTGGAACACTGTACCCAAACGGTTCCACTGCACAGGG 1600

T S M SDAKPTIUPVESGE KV VVYVKLTTHUDACESGAQEUNFUVRYTL 511
ACATCCATGTCTGACGCCAAGCCGATCCCAGTGGAGGGGAAAGTAGTGGTCAAGCTGACCACTGACGCGTGCGAGGGCCAGGAAAACTTIGTGCGCTATC 1700

L ———
EHVQAVVTILRSTIRRGDV VNTINMAS?PMGTA QSTIULTLS 544
TGTGCAGGCTGTGGTCAC

CCTGCGGTCGACGCGAAGAGGTGACGTCAACATCAACATGGCGTCACCGATGGGCACGCAGTCCATCCTGITGAG 1800
—
T LPNDU R SIULAOQRIEKGTFUDRWPTFMTTUHTWGETDTPRGDWUV 577

CACACTCCCCAATGACCGATCACTCCAGAGGAAGGGCTTCGACCGCTGGCCCTTCATGACCACTCACACCTGGGGGGAAGACCCTAGAGGAGACTGGGTG 1900

LEVGFQGDETPUQEGDTLTLEUWTTULRTULHGT'QSPPYTIDOQUV 611
TTGGAGGTTGGGTTCCAGGGAGACGAGCCACAGGAGGGCGACCT TCTGGAGTGGACACTGCGGCTGCACGGCACTCAGAGCCCCCCCTACATTGACCAAG 2000

GAAAAACG 2100

VDEWHTI KLGMETZ KXROQETLTDTLTEKTETETEKTZKTETEKTETEETEKR 644
GAAGAGAAGAAGGAAGAAAAGGAAGAAGAA

TTGTTGACGAATGGCACACCAAGCTGGGAATGGAGAAGAAACGCCAAGAACTCGACT TGAAA(

Q EKEZ KTEAETEZ KETTNWNETETETETETENGTPZ KT KGIE KEGGS S 677
GAAGGAGAAGACCGAAGCCGAGGAGAAGGAGACAACAAACGAAGAAGAAGAAGAAGAAAACGGACCAAAGAAGGGAAAGGAAGGTGGAAGTAGC 2200

W LS VEKPNYMIGTLX

689

TGGCTATCAGTGAAGCCAAACTATATGATTGGTCTGTAGAACGGACGTAACCCTGAAGCCACAAATGGTCACAAGATGATTTCTTTTTTITAGTTTAGCC 2300
CATAAAAGAGGAGGCTGATCAGCTGTATACATCTCTGGGTATCTAAAATACCCTGGTTGCATTGAGTCTCACTCTAACTTATCATGTTATAATATTCCGC 2400
\TCTGTGGAGTTCTGTGACGGTT.

CAGAGTATTGTATAAAAAAGATATATAATTGTACTTATTGTATCTTGGGTATGTGAAAGGAAGTTAGTTCA'

'AGCATCT 2500

ATATTGCGTTGTGGCAATGATTTGTGGAGTAGTCAAATTGTATTAGATCATAAACATACACACACACACACACACACACACACAACACAAACACTCATGA 2600
ATGCACACGTGTATTCACAATCAGAGCGAAAAGTGATTTTACACACGCACACACACGCACATATAGACACACACAAACTCAACGTGATAATTGGATAAGA 2700
TAAAGAAAAATGATATTTTTGTCGTGAGCTAAATACTGTACTAAAGATGAAGTACT TTGACACCAGGAACCCTATACTGTTTAGATGCGGCCGGCGAATT 2800

CAGCTTGGA

2809

Fic. 3. Nucleotide and deduced amino acid sequence of amphioxus SPC2 cDNA. Putative cleavage site for the signal peptide is assigned to residue
30 (arrow). The subtilisin-related catalytic domain is boxed and dots indicate residues involved in the catalytic mechanism. Arrowheads identify two
potential glycosylation sites, and two potential signals (RDG) for binding to extracellular matrix proteins are overlined. An arrow also identifies the end
of the P domain at residue 602. A carboxyl-terminal glutamic acid-rich sequence, also found in human and rodent SPC2, is underlined.

SPC3 contained carboxyl-terminal sequences which are not
highly conserved, although the carboxyl termini of both human
and amphioxus SPC2 contained a region enriched in Glu
residues which is predicted to form an amphipathic helix (1).
Overall, amphioxus SPC2 exhibited 71% identity to human SPC2,
whereas amphioxus SPC3 is 55% identical to human SPC3.
Very recently, SPC2 and SPC3 sequences have been re-
ported from a number of phylogenetically diverse species,
including frogs (19), fish (20), molluscs (21-23), and hydra
(24). Fig. 5 shows the amino acid identities in the catalytic and
P domains of SPC2 and SPC3 from these species compared to
the human homologues and plotted against the estimated time
of evolutionary divergence. The results clearly show that SPC2
has evolved more slowly than SPC3. It is not known whether

this relatively slow substitution rate observed for SPC2 has a
functional basis, but one possibility is that SPC2 may have a
more ordered structure and/or restricted catalytic specificity.

Northern blot analysis revealed a single 2.7-kb band for
amphioxus SPC3 mRNA, while two bands, a major band at 4.0
kb and a minor band at 7.0 kb, were observed for SPC2 mRNA
(Fig. 6). Preliminary 3'R ACE analysis indicate that the 7.0-kb
SPC2 mRNA is due to extended transcription of the 3’
untranslated region (data not shown).

Although the SPC2 and SPC3 mRNAs could be easily
detected on Northern blots, our attempts to perform in situ
hybridization on thin (10- to 20-um) saggital sections of whole
mounted amphioxus were unsuccessful due to a high back-
ground. As an alternative, we have determined if there were
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GAATTCGCGGCCGCCCCCCGT TGGCATCCATCCTATCCAGGGT TGCTCTCC TG TG TGGTCAGTCACG TCCTCCGTGTTGGACTCTTCGGCAGCTCCAAAG 100
TCATCTCTTAGCTCTGT TTATATCATCACAAAAGTGTATCACT TCTCGGGAAACCT TGGTTGGAGACCCACAACT TGCTGAAACCTCGGTCGGAGACACA 200
ACACGCTGAAACCTCGGTTGGAGACCCACATCTGGCTGCGGCGCGAATCGTGTTGAACAGT TACGAGAACSCCGGGCGACTTTTITTCTTCTCCATCTGG 300

MGRFYAWLVLAIVAFSSHGVRAEDGEDQPGHF 31

CGCGGAACATGGGACGTTT TTATGCCTGGCTGGTCCT TGCGAT TG TGGLG T TCTCC TCCCACGEGCGTGCGGAGGACGGAGAGGACTAACCCGGCCACTT 400

T NT WAV ETI Y GG P DURATDL
CACCAACACCTGGGCGGTGGAAA'

EDHYLFRHIKTUDVZPHRSURTR RGA

LALDUBHGYENLSGQ QIGNTL 64
TCTACGGAGGGCCCGACAGAGCTGACCTGTTAGCCCTAGACCATGGCTACGAGAACTTGGGACAGATAGGGAACCTG 500

4 Q HT X RULGDUDETZRTIA QW 98

GAGGATCACTACCTCTTCAGACACAAAGATGTGCCTCACCGGTCCCGCAGAGGGGCGCATCAGCACACCAAGCGGCTGGGGGACSATGAAAGGATACAAT 600

VAQQVGRARSKRIGPNGQQRRQSDDTRPMTFRDP 131

S I YTV S I S S ASQQGG s ?

G E Y KD Q K I S S TODULUHUHETCT
GGGGAGT!

GGGTGGCTCAGCAGGTTGGGCGAGCCCGGAGTAAAAGAGGACCCATGGGCCAGCAGCGCCGCCAATCAGACGACACCAGGCCCATGACCTTCCGTGACCC 700

Y WE KQWJYLHUDTRTS STNILZPIEKTLDTLUHV VTLTZPVWRIEKTSGTIT 164
TTACTGGGAAAAACAGTGGTATCTGCACGACACAAGAACTTCGACAAACCTGCCCAAGCTAGACCTGCACSTACT TCCGGTCTGGAGAAAAGGCATCACG 800

[ ]
G K G I VVAUVLDUDSGTIETZ KT DU H?PDTULVDNTYUDZPUDASTYHDTFND 198
GGAAAAGGTATCGTCGTGGCCGTGTTGGACGACGGGATCGAAAAGGACCATCCAGACCTCGTGGACAACTATGACCCCGATGCAAGCTATGACTTCAACG 900
v

[ ]
N DDDZPQPRYETETNTENIE KU HGT RT CA AGTETIA AMAANTNSE 231
ACAACGATGACGACCCGCAACCGAGATATGAGGAAACGAACGAAAACAAGCACGGGACGCGTTGTGCGGGGGAGATCGCCATGGCAGCCAACAACTCGGA| 1000

C GV GIAFNARTIGG GV VRMLDGV VUV TDA AVEA AS ST STIGTFN 264
GTGCGGCGTGGGGATAGCT TTTAATGCAAGAA TAGGAGGTGTGCGCATGC TGGACGGAGTGG TGACTGACSCCGTGGAGGCAAGCTCCATCGGGTTCAAC| 1100

I Q HVDIYSASWGEPNDUDGT XTVETGTPTETZ KTLA ARAATFEK G| 298
ATCCAGCACGTGGACATCTACAGCGCCTCGTGGGGACCCAACGACGACGGCAAGACCGTGGAGGGCCCCGAGAAGCTCGCTCGGECCGCTTTCGAGAAGG] 1200

o
VREG GRS GG GI KG G STIZFAWASGNGSGSNGDNTCDTCDGTYTS 331
GAGTTAGAGAGGGACGTGGAGGAAAGGGGTCCATC TT TGCCTGGGCGTCCGGCAACSGCGGCAGTAACGGGGACAACTGCGACTGTGACGGCTACACCAG] 1300

W Y GE KCASTULATA AY S S 364
CTCCATCTACACCGTGTCCATCAGCAGTGCGTCCTAGCAGGGCGGGTCGCCCTGGTACGGCGAGAAGTGCGCCTCCACGCTGGCCACCGCCTACAGCAGS| 1400

[ d
D S HTGTS AAAZPTULA AAG V 398
ACAAGGACCAGAAAATAAGCAGCACGGACCTGCATCACGAGTGTACGGACAGCCACACGGGAACATCAGCCGCGGCACCGCTGGCTGE 1500

A4 I
LL A L AL E ANUPNTUL|TWRDVQHULTIVWTSETYTUDZPTLSSNTP 431
TGCTGGCGCTGGCTCT! CCCGAACCTGACCTGGAGAGACGTACAGCACCTGATCGTGTGGACCTCCGAGTACGACSCTCTCTCCAGCAACCC 1600

CGTGGAAG 1700

G WF QNG AGLWVNSRTPFGYGLULNAEA AMUYVDMATLT WK 464
TGGCGCCGGCCTGTGGGTCAACTCCCGGTTCGGLT: TGGTGGACATGGCGCTGA(

ACGGCCTGCTGAACGCCGAGGCGA!

T VPEIZ KTI KT CEVRTIENTFO QPRUDTULGNSGETZ ETITI
GAAGACCAAGTGTGAAGTTAGGATTGAGAACTTCCAGCCGAGGGACT

ACTGTACCGGA

I ELETUDG 498
CGGAGAAGAGATCATCATAGAGCTGGAGACTGACG 1800

L c——
C RGQNUHVEATLEHUVQVIKTTTIUDYSRRGDILRTIUVILTS 531
GTTGCCGTGGCCAAAACCACGTGGAAGCTCTGGAGCACGTGCAGGTCAAAACGACGATCGACTACTCCCGCCGGGGGGACCTGAGGATAGTGCTTACGTC 1900

P S GTSTTIULLDTA RRAO QDI K S QMGTFQDWPFMSTUHNWG 564
ACCGTCAGGAACCAGCACCACCCTCCTGGACACCCGCCGTCAGGACAAGTCCCAGATGGGATTCCAGGACTGGCCCTTCATGTCCACTCACAACTGGGGA 2000

ExpQwarL'rIEDKsoaasuucvvxovvr.rx.asrvﬁ%
GAGAAGCCACAGGGCAAGTGGACACTCACCATAGAGGACAAGTCTGACCACGCGGAAAACAACGGTGTTGTGAAGGATGTCGTGCTGATTCTGCACGGAA 2100

EQPAYQSGGRUYYTDJYWNRUYVQGDRNVETLISAATZ KA AA-A 631
GCCGGCCTACCA TCGGCCGCT.

P
CCCCGGAACA(
P AP AADAAPARTGS SETETRTI

GTCCGGAGGGAGGGTGTACACTGACTACAACCGCGTGCAGGGCGACAGAAATGTGGAAATA!

AAAGCCGC 2200

P G S GPF GSAASVVITETE 664

CCCAGCCCCCGCTGCGGATGCCGCCCCCGCCCGGGGGTCAGAGGAACGGATCCCCGGCTCTGGTCCCTTCGGCTCTGCTGCGAGCGTGGTTATCGARGAG 2300

I PEKETETFLVNWOQDGMNPBRYTETHDTFENPVNSGEPTFTETP S 698
ATTCCTGAAAAAGAAACAGAGTTCTTGGTGAACTGGCAAGACGGAATGAATCGCTACGAGACTGACT TCAACCCCGTCAACTCAGGCCCGTTCGAGCCCT 2400

A DAGSDVYMDAETDTLTRTPWEA ATFI KYLOQRA QMEKSTZPSGAQ 731
CAGCTGATGCCGGATCAGACGTATACATGGATGCCGAAGACCTTCGTCCTTGGGAGGCTTTCAAGTACCTGCAACGGCARATGAAATCACCGAGCGGCCA 2500

R HP AHAYNIKPSSQYTIRDZPWVSQNALTDIEKEA ANTLVK 764
ACGTCATCCAGCGCATGCGTACAACAAGCCATCGTCACAGTACATCCGGGACCCGTGGGTATCCCAGAATGCCCTGGACAAAGAGGCGAACCTGGTGAAR 2600

Yy YL QLULGYTE S X

174

TACTACCTACAGCTGCTGGGCTACGAATCATGAAARAAAAACGTGGATGAAGARAATARAACGGAACACCAGAAACTGGAACGAAAAATAAACTGGTCTT 2700

AGATAATAAAAAAAAAAAAAAAAAA

2725

FiG. 4. Nucleotide and deduced amino acid sequence of amphioxus SPC3 cDNA. Putative cleavage site for the signal peptide is assigned to
residue 19 (arrow). The subtilisin-related catalytic domain is boxed and dots indicate residues involved in the catalytic mechanism. Arrowheads
identify two potential glycosylation sites and a potential signal (RDG) for binding to extracellular matrix proteins is overlined. An arrow also identifies

the end of the P domain at residue 598.

any regional differences in the expression of SPC2 and SPC3.
Whole amphioxus were sliced into equal-length sections and
total RNA was extracted from each section. To obtain the ratio
of SPC2 to SPC3 expression we performed multiplexed RT-
PCR in which SPC2 and SPC3 DNA fragments were simul-
taneously amplified from the same RNA template. In calibra-
tion assays it was established that under the RT-PCR condi-
tions, the amount of each DNA fragment obtained (as visualized
by ethidium bromide staining) was roughly proportional to the
amount of input RNA within the range of 20 to 2000 ng.

Fig. 7 shows the results of a representative experiment in
which 100-ng amounts of amphioxus RNA were subjected to
RT-PCR. With whole amphioxus RNA as template, equally
intense ethidium bromide-stained SPC2 and SPC3 DNA frag-

ments were obtained. This result indicated that whole am-
phioxus expressed approximately equal amounts of SPC2 and
SPC3 mRNA. However, there were clear regional differences
in the ratio of SPC2 to SPC3 expression. In the anterior
(cranial) segment the SPC2-to-SPC3 ratio was 1:1, whereas in
the posterior (caudal) segment the ratio was approximately 5:1
in favor of SPC2 (Fig. 7, lanes labeled 1 and 4). In contrast, the
mid-body segments exhibited a reversed SPC2-to-SPC3 ratio
of about 1:5. We also analyzed the expression of ILP mRNA
in these segments by Northern blot and RT-PCR, and both
analyses showed that ILP mRNA was predominately localized
to segment 3 (data not shown).

The strong conservation of primary sequence between
mammalian and amphioxus SPC2 and SPC3 strongly suggests
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FiG. 5. Evolutionary divergence of SPC2 and SPC3 sequences.
Identity of amino acid sequences in the catalytic and P domains of
SPC2 (0) and SPC3 (X) from various species compared with human
SPC2 and SPC3 is plotted against the estimated elapsed time (Mya,
millions of years) since the species diverged (25, 26). Species are as
follows: Mo, mouse (7, 8); Ra, rat (25); Xe, Xenopus (19); Af,
anglerfish SPC3 (20); Am, amphioxus; Ly, Lymnaea (21); Ap, Aplysia
(22, 23); and Hy, hydra SPC3-like (24).

that these enzymes are capable of cleaving the C-peptide
domain from proILP as they do in processing proinsulin.
However, it should be noted that we have not yet demonstrated
that these enzymes and ILP are coexpressed in the same cell.
Indeed, the broad regional distribution and variable ratio of
SPC2 to SPC3 expression suggest that these enzymes probably
act on additional substrates in amphioxus. Possible substrates
include other pancreatic and/or neuroendocrine hormone
precursors such as proglucagon, prosomatostatin, and pro-
opiomelanocortin, although none of these hormones has yet
been identified in amphioxus.

Whether SPC2 and SPC3 are necessary or sufficient to
process prolLP into a mature insulin-like peptide remains to
be determined. An approach to the solution is to characterize
the processing of proILP expressed in mammalian cells which
contain SPC2 and SPC3. In particular, it is possible that the
complete processing of prolLP, particularly in the carboxyl-
terminal extended sequence, will require an as-yet-
unidentified proprotein convertase capable of cleaving at
single basic residues. In our analyses of SPC DNA fragments
amplified by PCR, we have observed that amphioxus expresses
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FiG. 6. Northern blot analysis
of amphioxus SPC2 and SPC3
mRNAs. A 5-ug sample of am-
phioxus poly(A)* RNA was elec-
trophoresed in a 1% agarose/0.66
M formaldehyde gel, blotted onto

257 — nitrocellulose, and hybridized with
radiolabeled SPC2 cDNA (lane A)
or SPC3 cDNA (lane B). RNA

1.35 — molecular weight markers (kb)

were from BRL.
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FIG. 7. Regional expression of SPC2 and SPC3 in amphioxus
analyzed by RT-PCR. Whole amphioxus were sliced into four equal
segments, as shown above (approximately life size); total RNA was
isolated from each segment and subjected to RT-PCR amplification of
SPC2 (480 bp) and SPC3 (334 bp) cDNA fragments. The reaction
products were electrophoresed in a 1.5% agarose gel and stained with
ethidium bromide.

at least two other subtilisin-related proprotein convertases in
addition to SPC2 and SPC3.
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