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ABSTRACT The antarctic fish Notothenia coriiceps ne-
glecta synthesizes eight antifreeze glycopeptides (AFGP 1-8; M,
2600-34,000) to avoid freezing in its ice-laden freezing habitat.
We report here the sequence of one of its AFGP genes. The
structural gene contains 46 tandemly repeated segments, each
encoding one AFGP peptide plus a 3-amino acid spacer. Most
of the repeats (44/46) code for peptides of AFGP 8; the
remaining 2 code for peptides of AFGP 7. At least 2 of the 3
amino acids in the spacers could act as substrate for chymo-
trypsin-like proteases. The nucleotide sequence between the
translation initiation codon (ATG) and the first AFGP-coding
segment is G+T-rich and encodes a presumptive 37-residue
signal peptide of unusual sequence. Primer extension ‘estab-
lishes the transcription start site at nucleotide 43 upstream
from ATG. CAAT and TATA boxes begin at nucleotides 53 and
49, respectively, upstream from the transcription start site.
The polyadenylylation signal, AATAAA, is located ~240 nu-
cleotides downstream from the termination codon. A mRNA
(=3 kilobases) was found that matches the size of this AFGP
gene. Thus, this AFGP gene encodes a secreted, high-copy-
number polyprotein that is processed posttranslationally to
produce active AFGPs.

To survive the freezing temperatures of the ice-laden polar
and north temperate oceans, many fish inhabiting these
waters synthesize biological antifreezes (AFs), which lower
the freezing point of their body fluids below that of the
ambient seawater (1, 2). These AFs, either peptides (AFP) or
glycopeptides (AFGP), are synthesized by the liver and
secreted into the blood from which they become distributed
to almost the entire extracellular space (3, 4).

There are three classes of AFPs: the alanine-rich a-helical
AFPs from winter flounder (5, 6), alaskan plaice (A.L.D.,
unpublished data), and short-horn sculpin (7); the cysteine-
rich B-structured AFP from sea raven (8); and the eelpout
AFPs, which have no biased amino acid composition or
defined secondary structure (9-11). The AFGPs are found in
the antarctic nototheniid fish commonly known as antarctic
cods (1, 12), and several northern true cods (13-15) in at least
eight molecular sizes (M, 2600-34,000), composed of various
numbers of repeats of the basic glycotripeptide unit, Ala-
Ala-Thr, with the disaccharide, galactose-N-acetylgalac-
tosamine attached to the threonine residues (16-18). Minor
variations in structures are found in the smaller forms (AFGP
6, 7, and 8), in that proline and arginine replace one or more
of the alanine and threonine residues, respectively (13, 19,
20).

A striking feature of AFs is their marked molecular heter-
ogeneity. Each fish synthesizes multiple AF components,

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

9265

which are either compositionally nearly identical but size
variant, as in the case of AFGPs, or compositionally variant
(=20%) but similar in size, as in the case of AFPs. The AFPs
of several northern fishes have been shown to be encoded by
multigene families of various numbers of members (30 to 150)
that are closely linked, mostly in direct repeats (21-25).

The genomic organization of AFGP genes has not been
characterized to date. The heterogeneity of the AFGPs
implies that they may be encoded by a multigene family as
well. However, since all the AFGPs are composed of the
same basic glycotripeptide unit, it is also possible that they
are the products of posttranslational cleavage of a large
precursor. To distinguish between these two possibilities, we
have characterized a genomic subclone that contains the gene
for AFGP 8 from the antarctic cod, Notothenia coriiceps
neglecta.

MATERIALS AND METHODS

Library Construction and Screening. N. coriiceps neglecta
genomic library was constructed with testes DNA from a
single fish in the A vector Charon 35 (26). The DNA was
partially digested with Mbo 1 and 15- to 20-kilobase (kb)
fragments obtained from sucrose gradient size fractionation
were ligated to BamHI sites of the A vector (27). Recombinant
phage DNA was packaged in vitro (Packagene; Promega),
and the library was amplified. The library was screened for
AF genes (28) with an end-labeled oligonucleotide probe,
5'-GCIGCIACIGCIGCIACIGCIGCIA-3’, constructed ac-
cording to the amino acid sequence AATAATAAT.

DNA Sequence Analysis. Positive genomic clones were
characterized by Southern hybridization (29), and appropri-
ate restriction fragments were subcloned into either pTZ19U
or pTZ19R (gifts from Byron Kemper, University of Illinois,
Urbana). Nested sets of unidirectional deletions in the inserts
were generated by the exonuclease III digestion method (30).
Double-stranded DNA templates generated from these con-
structs were sequenced by the dideoxynucleotide chain-
termination procedure (31) using modified T4 DNA polymer-
ase (Sequenase; United States Biochemical).

Purification and Analysis of RNA. RNA was isolated from
fish liver by homogenization in the presence of guanidinium
isothiocyanate followed by centrifugation of the homogenate
in CsCl solution (32). Poly(A)* RNA was isolated by oli-
go(dT)-cellulose affinity chromatography (33). For Northern
analysis, 50 ug of poly(A)* RNA was electrophoresed on
agarose gels with formaldehyde (32) and then blotted onto
Hybond-N membranes (Amersham) and probed with a Pst 1

Abbreviations: AF, antifreeze; AFP, AF peptide; AFGP, AF gly-
copeptide; ORF, open reading frame.

¥The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M55000).
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FiG. 1. Restriction map and DNA sequencing strategy for a genomic clone containing an AFGP gene. Arrows indicate direction and extent
of sequencing. H, Hindlll; P, Pst I; R, EcoRI; S, Sal 1. The location of the AFGP gene is indicated by the stippled box.

-620 AAAAATGTAT TTTGACTTCT GAATAATTTA ATTGTTATAT GTGTAGACAT ATAAATCATT TGTCAAAACA GGGCTACATT TGATTAAATT ATAAAAAATA
-520 TGTGGTCAAA TGAAGAGCXG TTTGGGAGCC GAAAGAGCCG GCTCTTCGTG GTGAGCCGAG CCAAATGATC CAGCTCACTA AAAAGAGACG GAATTCCCAT CACGACACAC AACTGCTGAC TCGGCGCAGC

-390 ACCGG(;AATE TAACTGCTGG GAGAAAAACT GACTAATCAG ATGTAAACGT TAATCTTTGA TAATATTTAG TCTCCTCCTT TTTCGTCAAC TAAAGTAGAG AGAAATTCTG TCAAAGTTCT TATTTAGTAA

-260 ACTACATTTT CGTTTCATCA CTTTTCGTCA ACGATATTGC ATGTTGATTT CGTTACAGTT ATTGTTTACT GACGTCGGTG CCGTCAGGTC ATCGTCTCGT @TAMCATS_W_TEETTCTCGR

~130 ACATATTTTG TCATAGTTTT AGTCGACGCA ATTAACACTA TAATACACAC ATTCACAAAG ATACACACAC AAACAGTAAA CAGTACATAG AAAACATACT GTAGTGTAAG ATATTAAATA CTAAATTTGA
m— e———
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1 ATG TTT GTG GTT GAG GAT AAC AAA TGT ATC TCT TTC TCT GTIG TGT GTG TGT GTIG TGT GTG TGT GTG TGT GTG TCT GTG TGT GTG TGT GAA ACA GCT GTA ACA GCT GCA
() - - - . - - - -

37 P A A T A A T A A T P A T A A L N F A A T A A T P A T P A T P A L 1 F A
109 CCA GCT GCA ACA GCT GCA ACA GCT GCA ACA CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACA CCT GCA ACA CCG GCA ACA CCT GCA TTG ATT TTT GCT

73 A T A A T A A T P A T A A L N F A A T A A T P A T A A T P A L I F A A A
217 GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACG CCT GCA TTG ATT TIT GCT GCA GCA

109 A A T A A T P A T A A L N F A A T A A T P A T A A T P A L 1 F A A T A A
325 GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACA CCT GCA ACA GCG GCA ACA CCT GCA TTG ATT TTT GCT GCA ACA GCT GCA

145 T A A T P A T P A F H F A A T A A T P A T A A T P A L I F A A T A A T A
433 ACG GCG GCA ACC CCT GCA ACA CCT GCA TTT CAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACA CCT GCA TTG ATT TTT GCT GCA ACA GCT GCA ACG GCG

181 A T P A T P A F | F A A T A A T P A T A A T P A L I F A A T A A T A A T
541 GCA ACC CCT GCA ACA CCT GCA TTT CAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACC CCT GCA TTG ATT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC

217 P A T A A L N F A A T A A T P A T A A T P A L 1 F A A T A A T A A T P A
649 CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACA CCT GCA TTG ATT TTT GCT GCA ACA GCT GCA ACA GCG GCA ACC CCT GCA

253 T A A L N F A A T A A T A A T P A T A A C N F A A T A A T P A T A A T P
757 ACA GCT GCA TTG AAT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TGT AAT TTT GCT GCA ACA GCG GCA ACA CCT GCA ACA GCG GCA ACA CCT

289 A L I F A A T A A T A A T P A T A A C N F A A T A A T P A T A A T P A L
865 GCA TTG ATT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TGT AAT TTT GCT GCA ACA GCG GCA ACA CCT GCA ACA GCG GCA ACA CCT GCA TTG

325 I F A A T A A T A A T P A T A A L N F A A T A A T P A T A A T P A L I F
973 ATT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACG CCT GCA TTG ATT TTT

361 A A T A A T A A T P A T A A L N F A A T A A T P A T A A T P A L I F A A
1081 GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACG CCT GCA TTG ATT TTT GCT GCG

397 T A A T A A by P A by A A L N F A A T A A T A A T P A T P A F N F A A by A
1189 ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA CCT GCA TTT AAT TTT GCT GCA ACA GCG

433 A T P A T A A T P A L 1 F A A T A A T A A by P A T A A L N F A A T A A by
1297 GCA ACC CCT GCA ACA GCT GCA ACA CCT GCA TTG ATT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACA

469 P A T A A by P A L I F A A T A A T A A T A A T A A L H F A A T A A T A A
1405 CCT GCA ACA GCT GCA ACA CCT GCA TTG ATT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG CAT TTT GCT GCA ACA GCT GCA ACG GCG GCA

505 T P A T A A L N F A A T A A T P A T A A by P A L 1 F A A T A A by A A T P
1513 ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACA CCT GCA TTG ATT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT

541 A T A A F N F A A by A A T A A T P A T A A L N F A A by A A T P A T A A by
1621 GCA ACA GCT GCA TTC AAT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACG

577 P A L I F A A T A A T A A T P A T A A L N F A A T A A T P A T A A by P A
1729 CCT GCA TTG ATT TTT GCT GCG ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACA CCT GCA

613 L I F A A T A A T A A T P A by P A F B F A A T A A T P A T A A by P A L 1
1837 TTG ATT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA CCT GCA TTT CAT TTT GCT GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACA CCT GCA TTG ATT

649 F A A T A A T A A by P A T A A L N F A A T A A T A A T P A T A A L N F A
1945 TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT

685 A T A A T P A T A A T P A L I F A A T A A T A A T P A T A A L N F A A T
2053 GCA ACA GCG GCA ACC CCT GCA ACA GCT GCA ACG CCT GCA TTG ATT TTT GCT GCG ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTG AAT TTT GCT GCA ACA

721 A A T P A T A A T P A L I F A A T A A T A A T P A T A A F N F A A T A A
2161 GCG GCA ACA CCT GCA ACA GCG GCA ACG CCT GCA TTG ATT TTT GCT GCG ACA GCT GCA ACG GCG GCA ACC CCT GCA ACA GCT GCA TTT AAT TTT GCT GCA ACA GCT GCA

757 T A A T P A by A A T P A L I F A A T A A T A A T P A T P A T P A L 1 F A
2269 ACG GCG GCA ACC CCT GCA ACA GCT GCA ACA CCT GCA TTG ATT TTT GCT GCC ACA GCT GCA ACA GCG GCA ACC CCT GCA ACA CCT GCA ACA CCT GCA TTG ATT TTT GCT

793 A T A A T A A T P A T P A L N F A A T A A by A A T T A A R G ter
2377 GCC ACA GCT GCA ACA GCG GCA ACC CCT GCA ACA CCT GCA TTG AAT TTT GCT GCC ACA GCT GCA ACA GCG GCA ACA ACA GCA GCA AGA GGT TGAATCTGGCAGCCCTCTGGTGT

24 90 GTGACGGAGA GGTGACGGCC TGGTGTCATG GGGTCAGGGA TATGCCGAGC TTTTCTACCC CCACTCCTGG TTTGAAGAGG TCCTGGCAGC CAATCCCGAA AGAAAATACC AGTTTATTTT CTTCACTTCT
2620 CCCACGTTTC ACAGCCCTGT TTTATTTTTC TGTCTTTCTC TGGTGCCAAT CAAGACTCTT AACACACATG TGCCAGAATG TTGAAAACTA AATAAAATAA CTTGCTATTC ACTTATCTGT CTATAATGTG

2750 AAAACATACA CCAATCACTT ATACGCTCAA GTATGTGTTA GGTCACAGGT TTATGTATTT GATTTAATAC CATTTAAGAC AGTTTGATGG TGCTCTATCG CTTTATATAC AGTAGAGCAG GGTTCCCAAA
2880 GTGTGAGGGG CCCCGTCCTG GGGGCGCCAG AGAGCTTCAA GGGATGAGCC GCCAAAAAGA GGAAGAAGAG AAACAGTGAA ATGTAGCTAG TTAACTTCAG CTAAATGTAT GCGAGCTGGA AAATATGGAT
3010 AGATTTTTAG TGAAGTTACC TAAAGCGAGA GAGGAGACAG AGTCTGTCAG AAAACGGATG AAGTGTGGGA CCGGTCTGAT GAACTCGTGT GTTATCTGGA AGGAGGGTAC TAGATAATGA CGTATGAGAC
3140 CATGTAAACT CCGGGGTCAT ATTGAGACGC CCCACCATGT TTGGTGACTA AGCCACAGGA GTTTTTTGAC CGGAAGCTAA AGGAATTGCA GTCACAGAAA AATGTATTGA CACATTTAGC ACTGTGAATA
3270 CAAAGGCAAC CGAAGCATCA TACCGAGAGG CGTTACGGAT AGCTAAGGCA GGTAAACTTC ACAACATTGG TGAAACGTTA CTCCTCCCTG CTGCTAAAGA CATCTCCGTC GAACCTATTC ATCTCCGAGT
3400 GGCAACGTAT GAGGAAGCTC GACGTATGCT AGCAGTAACT CACACATGGT TGAACGTACT CCTCCTGCTG CTAGCATCTC GTCGAACCTA TTCATCTCCG AGTGCAAACG TATGAGGAAG CTGCCATCCT
3530 TAACCTCAAC ATGTTTAAAA CATAAAGATA AAGAGGTTTA AAAAAGCTAT TGTTTAATGT TTTAAGGAGG TGACGCTCAG CCAATGAAAA AAGAGAAAGG TAGCGAAAAC AGAGCATGAA ATGTTICTCTT
3660 ACTGGACCTC TTTGAAATGC AATTGAATAC CCTGCATTAT AGCAACAACA ACAACAATAA TAATAATAAT AATAATAATA ATAGCAATAA TAATTGGGAG GAGGGGCACG GCTGTGATTA TGTTCTCTGA
3790 GGGGAGGCTC ACCTTCCCAC ACTTTGGGAA CCCTGCAG

F1G. 2. Nucleotide sequence of an AFGP gene and amino acid sequence of the encoded protein. The cap site of the transcript is denoted
by a solid circle. The CAAT and TATA boxes as well as the polyadenylylation signal, AATAAA, are underlined. The apparent start of the mature
AFGP 8 polyprotein is marked by a solid square. The synthetic oligonucleotides (complementary to the sense strand) used in the primer-extension
experiments are marked by dashed lines.
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restriction fragment of the AFGP gene labeled with 3*P by the
random-primer method (34). The membrane was hybridized
at 65°C and subsequently washed twice in 1x SSC/1% SDS
and once in 0.1x SSC/0.1% SDS at 65°C (1x SSC = 0.15M
NaCl/0.015 M sodium citrate).

The 5' terminus of the AFGP mRNA was mapped by
primer extension (35). DNA oligonucleotide primers were
end-labeled, and each primer (1 pmol, 10° cpm) was then
hybridized to 50 ug of total RNA and extended with AMV
reverse transcriptase (Life Sciences, Saint Petersburg, FL).
The length of the extension product in bases was determined
by coelectrophoresis next to an independent sequence reac-
tion, which gives a reference ladder of known sequence.

RESULTS

From an initial screen of 3.6 X 10° plaques of the N. coriiceps
neglecta genomic library, three positive clones were ob-
tained. All three clones exhibit the same restriction map and
therefore are most likely identical clones. One of the clones
was analyzed by Southern analysis using the oligonucleotide
probe, and the restriction map is shown in Fig. 1. The two Pst
I fragments, =5.4 and =3.3 kb, were recovered and sub-
cloned into pTZ19. The sequencing strategy for the AFGP
gene is shown in Fig. 1.

A contiguous sequence of 4381 nucleotides containing the
AFGP gene sequence along with the deduced amino acids is
shown in Fig. 2. It contains an open reading frame (ORF),
starting with the methionine codon at nucleotides 1-3, with
822 codons up to an opal termination codon TGA (nucleo-
tides 2467-2469). Also shown are 620 and 1358 nucleotides of
the 5’ and 3’ untranslated sequences, respectively. The
putative regulatory elements, TATAAT and CAAT, are
located at —92 to —87 and —102 to —99, respectively, and the
polyadenylylation signal sequence AATAAA is at nucleo-
tides 2710-2716.

Starting at nucleotide 112, 46 direct repeats are tandemly
arranged until the termination codon is reached. The first 43
repeats are 51 nucleotides long, the next 2 are 60 nucleotides,
and the last one is 42 nucleotides. A comparison of the
deduced amino acid sequence with the published peptide
sequence of several AFGPs (16, 19, 20) shows that each of
these repeats encodes the peptide backbone of an AFGP,
plus 3 additional amino acids located at the C terminus
(absent in the last repeat). The 51- and 42-nucleotide repeats
(44 total) encode the smallest AFGP—i.e., AFGP 8. The two
60-nucleotide repeats (nucleotides 22542313 and 2314-2373)
encode two copies of AFGP 7, which is 3 residues longer than
AFGP 8.

There are eight distinct AFGP forms coded in this gene—
six of AFGP 8, and two of AFGP 7 (Fig. 3). The majority of
AFGP 8 peptides (20/44; 45.5%) have a single proline at
position 10, 17 (38.6%) have 2 prolines at positions 7 and 13,
and 4 (9.1%) have 2 prolines at positions 10 and 13. Two other
unique AFGP 8 appear once (2.3%) in this gene sequence.
One (nucleotides 163-213) has 3 prolines at positions 7, 10,
and 13, and the other (nucleotides 316-366) has a single
proline at position 10, but the threonine at position 3 is
replaced by an alanine. Both of these single copy forms are
the result of point mutations in the DNA sequence. A third
single copy form is encoded by the 42-nucleotide segment
immediately before the termination codon; it has no proline
but an arginine and a glycine at positions 13 and 14, respec-
tively, and its fourth tripeptide unit (Ala-Ala-Thr) is turned
around and has become Thr-Ala-Ala.

There are a total of six different sets of the 3-residue
segment (spacer) separating each AFGP (Fig. 3). The major-
ity of these are either Leu-Asn-Phe (LNF) or Leu-Ile-Phe
(LIF). In all cases but two, the first amino acid is either

Proc. Natl. Acad. Sci. USA 87 (1990) 9267

No. of Copies
10
AATAATAATPATAA LNF 20
LHF
FNF
CNF
7 13
AATAATPATAATPA LIF 17
10 13
AATAATAATPATPA FHF 4
FNF
7 10 13
AATAATPATPATPA LIF 1
10
AAAAATAATPATAA LNF 1
10 121314
AATAATAATTAARG 1

10 16
AATAATAATPATAATPA LIF 1
10 13 16
AATAATAATPATPATPA LIF 1

FiG.3. The different AFGPs and their copy number in the AFGP
8 polyprotein. The 3-amino acid segments flanking the mature AFGP
are italicized. The numbers above various amino acids indicate their
positions in the AFGP.

leucine or phenylalanine, while the third amino acid is always
phenylalanine.

Peptide sequencing of AFGP 8 (mixture) isolated from N.
coriiceps neglecta serum (data not shown) shows proline
present at positions 7, 10, and 13, while the 3 residues
flanking the C terminus deduced from the gene sequence are
absent.

Between the presumptive initiation codon and the start of
the AFGP 8 structural gene, there are 111 nucleotides en-
coding 37 amino acids, which include a long stretch of
alternating valine and cysteine residues (15 total). The loca-
tion of this region corresponds to the coding region of the
signal peptide. However, the sequence is G+T-rich and
therefore potentially Z-DNA forming, which has not been
observed in known signal sequences. To determine whether
this region is actually a part of the message, primer exten-
sions were performed with total RNA using 3 different
oligonucleotides, oligo-1, -2, and -3, complementary to nu-
cleotides 74-91, —153 to —158, and —392 to —373, respec-
tively, of the sense strand of the AFGP gene (Fig. 2, dash
line). Only oligo-1 produced an extension product (Fig. 4),
and it is 134 nucleotides long. This confirms that the pre-
sumptive signal sequence region is indeed a part of the mature
mRNA and identifies the T at nucleotide —43 upstream of the
initiation codon to be the transcription start site.

Northern analysis using the 3.3-kb Pst I fragment of the
AFGP clone (contains 85% of the AFGP structural gene) as
a probe reveals the presence of several different sized mes-
sages (Fig. 5). A strongly hybridizing band of =~3.0 kb is
present that corresponds to the expected size for the message
produced by this gene (2.8 kb from cap site to polyadenyl-
ylation signal sequence). Because AFGPs all contain the
tripeptide repeat Ala-Ala-Thr, other hybridizing bands pre-
sumably represent the mRNAs for other AFGPs that cross-
hybridize with the probe due to high sequence homology.

DISCUSSION

We have characterized a genomic subclone from the antarctic
fish N. coriiceps neglecta, which contains a gene that en-
codes 44 copies of AFGP 8 and 2 copies of AFGP 7 plus a
potential signal peptide. Also obtained from this genomic
clone are 620 nucleotides upstream and 1358 nucleotides
downstream from the ORF.
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FiG. 4. Mapping of 5’ ends of AFGP 8 transcripts by primer
extension. Lanes: 1, 3, and 5, extensions of oligo-1, -2, and -3,
respectively, as primer with N. coriiceps neglecta RNA; 2, 4, and 6,
control lanes of the same primers extended without RNA. The
extension product of oligo-1 is marked with an arrow. The sequence
ladder is from an independent sequencing reaction.

The ATG at the beginning of the ORF is very likely the true
initiation codon based on the following evidence. First, there
are stop codons in all three reading frames within the 620
nucleotides upstream of this ATG. Second, the 111 nucleo-
tides inclusive of this ATG encode 37 amino acids, over half
of them hydrophobic, which ¢ould constitute a signal peptide.
Third, primer extension identified the T at nucleotide —43
upstream of this ATG as the transcription start site. Finally,
the proximal sequence upstream from this transcription start
site contains the putative TATA and CAAT boxes (start at 49
and 59 nucleotides, respectively, upstream from the tran-
scription start site).

Beginning from the transcription start site, and ending at
the polyadenylylation signal sequence plus a poly(A) tail, a
mRNA =3 kb long can be predicted. Northern analysis
showed a strongly hybridizing band matching this size. This
3-kb message, along with multiple copies of the mature
peptide and 3-residue spacer, indicates that the product of
this AFGP 8 gene (so called because it encodes mostly AFGP
8) is a monofunctional polyprotein.

A number of polyproteins have been reported, the majority
of which are polyfunctional mammalian neuroendocrine pep-
tide precursors (for review, see ref. 36). Polyproteins can be
grouped into three classes based on the peptides they gen-
erate (36). The AFGP 8 polyprotein carries repetitions of

Proc. Natl. Acad. Sci. USA 87 (1990)

FiG. 5. Northern blot hybridization analysis of poly(A)* with
[a->2P]ATP-labeled 3.3-kb Pst I restriction fragment, which contains
85% of the AFGP 8 structural gene. The RNA molecular size
standards are shown on the left. The 3-kb mRNA corresponding to
the AFGP 8 polyprotein gene is marked with an arrow.

specific and near-identical peptide and spacer sequences.
These characteristics place it in the same class as the am-
phibian preprocaerulein (37), and the yeast prepro-a-mating
factor (38), which carry two and five identical repeats,
respectively. There are two unique features in the AFGP 8
polyprotein. First, the polyproteins identified to date are of
low peptide copy number, up to 8 (36). The AFGP 8 poly-
protein contains 46 copies, the highest peptide copy number
known so far. Second, most of the bioactive peptide domains
in the known polyproteins are flanked by pairs of basic amino
acids (Lys-Arg, Lys-Lys, or Arg-Arg), suggesting that tryp-
sin-like proteases are involved in the cleavage reaction (36).
Of the 45 3-residue spacers in the AFGP 8 polyprotein, 43 are
Leu/Phe-Xaa-Phe, and 2 are Cys-Asn-Phe, suggesting that a
chymotrypsin-like protease is the cleavage enzyme. Presum-
ably, a carboxypeptidase-like protease can remove the re-
maining single (Leu or Phe) or two (Cys-Asn) residues to
produce the mature AFGP peptides.

The significance of the 2 copies of AFGP 7 in the midst of
AFGP 8 is unclear. AFGP 7 is the second most abundant
AFGP, next to AFGP 8, in the serum of all antarctic noto-
theniids studied (39). This implies that if these 2 copies of
AFGP 7 represent the only AFGP 7 genes present in the fish
genome, there must be some special differential processin"g
mechanism that can dramatically increase the amount of their
protein products. It is more likely that other AFGP polypro-
tein genes are present that code predominantly for AFGP 7.
In any event, the presence of the AFGP 8 polyprotein gene
shows that the low molecular weight forms of AFGP in fish
serum are not the result of posttranslational cleavage of high
molecular weight AFGPs.

In another antarctic nototheniid, Pagothenia borchgre-
vinki, serum AFGP 8 consists of a mixture of three compo-
nents in a ratio of 7:2:1 (proline at 7 and 13/proline at 10 and
13/proline at 13) (20). The ratio of the three major AFGP 8
components coded in the N. coriiceps neglecta AFGP 8
polyprotein gene, and the placement of proline in one of
them, are quite different (proline at 7 and 13, 38.6%/proline
at 10 and 13, 9.1%/proline at 10, 45.5%). This may mean that
different antarctic nototheniids possess AFGP 8 polyprotein
genes with peptide domains that differ in composition and
ratio. It is unknown whether the serum ratio of AFGP 8
components in P. borchgrevinki reflects the products of a
single or several AFGP 8 genes. In N. coriiceps neglecta,
partial sequencing of clones obtained from a subsequent
library screening showed that there is at least one other
AFGP 8 gene (data not shown).
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The AFGP 8 polyprotein gene consists of multiple direct
repeats of highly homologous nucleotide sequences, indicat-
ing that it may be the result of genetic duplications of one of
the sequence repeats. The obvious advantages of having
genes in a polyprotein form are (i) increase of peptide copy
number per gene and (ii) economy of cellular energetics such
as high efficiency of the transcription and translation ma-
chinery in terms of final product output. The increase in
number of copies can be escalated if a family of genes
encodes these proteins, creating an enormously high ‘‘gene
dosage.’’ Since only AFGPs 7 and 8 are present in the AFGP
8 gene, other genes must be present in the fish genome to
encode the remaining molecular weight forms. This suggests
that AFGPs are encoded by a multigene family. Both North-
ern (Fig. 5) and genomic Southern (data not shown) analyses
support the presence of multiple genes. A very high gene
dosage may be an important factor in providing the constant
high levels of the AFGPs (35 mg/ml) in the serum of antarctic
nototheniids to allow survival in their perennially freezing
habitats.

The AFPs from the northern fishes are also encoded by
multigene families (21-25), but the organization and structure
of the AFP genes are different. First, the AFP genes in each
family are closely linked, some irregularly spaced (23, 25),
some tandemly arrayed in direct repeats (22) or in reverse
repeats (24), but none of them encodes a polyprotein. There
is a single copy of AFP per gene, and therefore the gene
dosage (known AFP multigene families have 30-150 member
genes) is likely to be lower than that of AFGPs in antarctic
fishes (the AFGP 8 polyprotein gene alone is equivalent to 46
single-copy genes). If gene dosage is related to serum level of
AFs, which has been suggested to be the case of northern
flounders (23) and eelpouts (25), it may be the reason why
peak AFP levels (10-25 mg/ml) in northern fishes (40-42) are
lower than AFGP levels (35 mg/ml) in antarctic fishes.
Second, some AFP genes contain introns (24, 25), while the
AFGP 8 gene contains no intron. And third, there have been
no reports of potential Z-DNA-forming sequence in any AFP
genes. It would be interesting to compare the genetic struc-
ture and organization of the antarctic AFGP genes with those
of northern cods, which also synthesize AFGPs, and between
the antarctic and northern eelpouts, which synthesize AFPs
of substantial homology. The results may shed light on the
phylogenetic relationships between the genes of each type of
AF.

Lastly, the potential signal sequence of the AFGP 8
polyprotein gene is very peculiar. Primer-extension experi-
ments established it to be a portion of the transcript. How-
ever, the three basic building blocks characteristic of a
secretory signal peptide (43) are not obvious. Neither does it
obey the (—3, —1) rule (44), which predicts the signal peptide
cleavage site. In addition, the long segment of alternating
valine and cysteine, and the alternating G and T in the DNA
sequence of this segment, which can potentially form
Z-DNA, have not been observed in known signal sequences.
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