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Abstract 

The structural heterogeneity of the major antifreeze peptides (AFPs) from the antarctic eel pout, Lycodichthys dearborni (formerly 
classified as Rhigophila dearborni) was characterized. Three major AFPs designated as RD1, RD2 and RD3, and five minor ones were 
isolated from the fish plasma. RD1 and RD2 are both 64 residues in length, about 7 kDa, and thus similar in size to all characterized type 
III AFPs, while RD3 is twio ~. as large, about 14 kDa, and represents the first example of a disparately large size variant within the same 
fish for the three known types of antifreeze peptides. RD3 was found to be 134 residues in length, arranged as a 64-residue N-terminal 
half and a 61-residue C-term:inal half of similar sequence to each other and to the 7 kDa type III AFPs, linked by a 9-residue connector of 
unmatched sequence. RD3 has slightly lower antifreeze activity than its 7 kDa counterparts, with a melting-freezing point difference of 
about 0.81°C at 10 mg/ml versus 0.95°C and 0.90°C for RD1 and RD2, respectively. RD1 and RD2 are 94% identical in sequence to 
each other. They are 98% ~tnd 94%, respectively identical to N-terminal half of RD3, and 85% and 77%, respectively, identical to 
C-terminal half of RD3. By sequence comparison, a previously characterized AFP from this fish [1] was identified to be RD2. 

Keywords: Antarctic eel pout; Type III antifreeze peptide; Peptide heterogeneity; Large size variant; Amino acid sequence; Structure-function relationship; 
(L. dearborni) 

1. Introduction 

Many polar and cold-water marine fishes synthesize 
protein antifreeze molecules which circulate in their blood 
and body fluids to avoid fi~eezing in their ice-laden habitats 
[2-4]. Antifreeze proteins act through an adsorptlon-inhibi- 
tion mechanism: they adsorb to ice crystals that inadver- 
tently enter the fish and inhibit ice growth to a temperature 
several tenths below that of the freezing point of seawater, 
enabling the fish body fluids to remain in the liquid state 
[3,5,6]. There are four known types of antifreeze proteins 

one antifreeze glycopeptide (AFGP) and three different 
antifreeze peptides (AFP). AFGPs are found in the Antarc- 

The sequence data in this paper have been submitted to the SWISS- 
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tic cods (notothenioids) and a number of unrelated north- 
ern true cods. Within each fish, they exist as a family of 
discretely sized polymers composed of the glycotripeptide 
unit, (Ala-Ala-Thr-)n, with the disaccharide galactose N- 
acetylgalactosamine attached to threonines, and n = 4 to 
55, or a molecular mass range of 2600-34 000 Da [2,4,7]. 
The three types of antifreeze peptides (AFPs) differ from 
each other in composition and structure, and in contrast to 
the AFGPs, the AFPs within each type are similar in size. 
The alanine-rich, a-helical type I AFPs synthesized by 
several flounders, sculpins and Alaskan plaice are about 
4000-4500 Da [4,8-11]. The cysteine-rich, fl-structured 
type II AFP from sea raven [12] is about 14000 Da, and 
about 16500 and 17500 Da, respectively, for those from 
herring and smelt [13]. Type III AFPs from Atlantic ocean 
pout and wolffish [14,15], and Arctic and Antarctic eel 
pouts [1,16] have unbiased amino-acid composition, and 
are all 63-66 residues in length or a mass of about 
6500-7000 Da. 
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In our previous characterizations of type III AFPs from 
Antarctic eel pouts, the single AFP from Rhigophila dear- 
borni (reclassified as Lycodicthys dearborni) that was 
characterized was purified from the major fraction of five 
AFP-containing fractions obtained from anion-exchange 
column chromatography of fish plasma; the other four 
were not analyzed [1]. To include all the AFPs in the 
characterization of AFP structural heterogeneity in this 
fish, in this study, we first separated the AFPs from the 
large plasma proteins by size-fractionation column chro- 
matography, followed by RP-HPLC (reverse-phase high- 
pressure liquid chromatography) to resolve the individual 
AFPs. Three major AFPs and at least five minor ones were 
identified, representing the full complement of AFPs in 
this fish. Two of the major AFPs are about 7 kDa in size 
based on gel mobilities, similar to all characterized type III 
AFPs, but the third one is twice as large, about 14 kDa. 
Such a disparately large AFP variant has not been ob- 
served within a single fish species for any of the three 
types of AFP. To ascertain the structure of this unusually 
large variant in order to gain an understanding of what 
functional implications there may be with respect to the 
large size, and also of the structure-function of type III 
AFPs in general, we have determined the primary structure 
of all the three major AFPs in this fish. 

2. Materials and methods 

2.1. Specimens and blood collection 

Specimens of L. dearborni were caught from the bot- 
tom of McMurdo Sound, Antarctica, at depths of 500-700 
meters with baited fish traps during austral summers (Oc- 
tober-January). Blood was collected from the caudal blood 
vessels of anaesthetized fish, pooled and centrifuged. The 
plasma was removed and stored at -70°C until analyzed. 

2.2. Peptide purification 

Antifreeze proteins were purified from fish plasma by 
Sephadex G75 gel filtration column chromatography fol- 
lowed by RP-HPLC as previously described [2]. Briefly, 
10-12 ml of plasma was applied to a Sephadex G75 
column (2.7 cm i.d. X 150 era) per run and the proteins 
were eluted with 50 mM NH4HCO 3. Protein elution was 
monitored by absorbance at 230 nM, and fractions within 
each protein absorption peak were pooled and lyophilized 
to remove the volatile buffer. The lyophilized protein was 
assayed for antifreeze activity using the melting-freezing 
point difference method of DeVries [17]. Antifreeze activ- 
ity was found in two separate peaks, peaks II and III (see 
Section 3). About 0.1 to 0.5 nag of the protein from each of 
the two peaks was analyzed by RP-HPLC with an analyti- 
cal Ultrasphere (Altex) C18 column (4.6 X 250 mm), using 

a linear gradient of 0-90% acetonitrile (ACN) with 0.1 M 
triethylamine phosphate (TEAP) (pH 2.2) over 60 min. 
Protein were found to elute between 30-60% ACN. Larger 
quantities of proteins, about 5-6 mg per run, were then 
applied to a preparative Ultrasphere C18 column (10 X 250 
mm) and resolved with a gradient of 30-60% ACN/0.1 M 
TEAP over 60 min. The corresponding protein peaks from 
separate runs were pooled and dialyzed in Spectrapor 3 
(Spectrum Medical Industries) against distilled water. The 
dialyzed protein was then lyophilized and weighed, and its 
antifreeze activity reconfirmed. 

2.3. Polyacrylamide gel electrophoresis 

RP-HPLC purified antifreeze peptides, about 30 /zg 
each, were electrophoresed on a 15-20% SDS-polyacryl- 
amide gradient gel and stained with a quick stain protocol 
with Coomassie brilliant blue G-250 (Bio-Rad). Approxi- 
mate molecular mass was estimated from gel mobility of 
the AFPs. 

2.4. Proteinase digestion 

Trypsin (Sigma) digestion was done in 50 mM ammo- 
nium bicarbonate (pH 8.0) with an enzyme:substrate ratio 
of 1:50 (W:W) at 37°C for 4 h. Staphylococcus aureus 
(V8) proteinase (Pierce) digestion was done in 50 mM 
ammonium acetate (pH 8.0) with an enzyme:substrate ratio 
of 1:30 at 37°C for 24 h. Tryptic and V8 proteinase 
fragments were resolved on RP-HPLC using a linear gradi- 
ent of 0-100% and 0-80% ACN/0.1% TFA (trifluoro- 
acetic acid), respectively. 

2.5. Molecular mass determination by mass spectrometry 

Accurate molecular masses of native antifreeze peptides 
and peptide fragments were determined by fast atom bom- 
bardment mass spectrometry (FAB/MS) on a ZAB-SE 
spectrometer (VG Analytical, UK), or by electrospray 
ionization mass spectrometry (ESI/MS) on a Quattro 
spectrometer (VG Analytical, UK) at the Mass Spectrome- 
try Laboratory, School of Chemical Sciences, University 
of Illinois. 

2.6. Amino-acid analysis and peptide sequencing 

Amino-acid analysis was carried out by pre-column 
PITC (phenylisothiocyanate) derivatization of acid hydro- 
lysate of peptides followed by RP-HPLC resolution of 
PTC (phenylthiocarbamyl) amino acids, using the Waters 
PicoTag system. Automated N-terminal sequencing were 
carried out with the Applied Biosystem 470 A gas phase 
sequencer or a 477 A pulsed-liquid phase sequencer. 
Amino-acid analysis and automated sequencing were per- 
formed at the University of Illinois Bioteclmology Center. 
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3. Results 

3.1. Purification 

Fig. 1 shows the separation of the antifreeze proteins 
from the other plasma proteins using a G75 Sephadex 
sizing column. Peaks II and III were found to contain 
antifreeze activity, and their yields were about 12-14 mg 
and 24-29 mg, respectively, per 10 ml plasma. Reverse- 
phase HPLC of 0.25 mg of peak II and 0.5 mg of peak III 
proteins further resolved them into three major AFP vari- 
ants designated as RD1, RD2, and RD3 (Fig. 2A). RD3 
was from G75 peak II (Fig. 2B), and RD1 and RD2 from 
G75 peak IlL There are two minor AFPs that eluted fight 
before RD1, and one after RD2; the small single peak that 
eluted at 31 min. (or about 40% ACN) did not have 
antifreeze activity (Fig. 2A). Fig. 2B is the elution profile 
of a large amount (5 mg) of peak II material on preparative 
RP-HPLC. Besides a major peak corresponding to RD3 in 
Fig. 2A, at least two other variants indicated by the 
incompletely resolved peak on both the ascending and 
descending limbs were revealed (Fig. 2B). The material 
from the ascending, central and descending portion of this 
composite RD3 peak was collected separately, and the 
protein from the central portion which represents the major 
RD3 AFP was used for the characterizations in this study. 

The AFP RD2 co-eluted with the AFP designated as 
RD previously charactem,ed by Schrag et al. [1] when the 
two were co-chromatographed (unpublished results), and 
automated sequencing of RD2 confirmed that the two are 
indeed the same AFP (see Section 3.6). At 20 mg/ml  
(approximates physiolog~ical concentration of AFPs in 
blood) in 0.1% TFA, the antifreeze activity, i.e. melting- 
freezing (mf-fp) point difference for RD1, RD2, and RD3 
is 1.23°C, 1.19°C, and 0.94°C, respectively. At this con- 
centration, RD3 was close to but not completely soluble 
which might have contributed to its lower activity. Activity 
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Fig. 2. RP-HPLC profile of antifreeze proteins in peaks II and III from 
the Sephadex G-75 column. (A) shows all the major AFPs-RD1, RD2, 
and RD3, and 3 minor variants of RD1 and RD2 indicated by arrow 
heads. (B) shows a large amount of peak II proteins resolved on prepara- 
tive RP-HPLC. The composite peak contains 3 components - -  the major 
RD3 in the central portion, and one variant each on the ascending and 
descending slope indicated by arrow head. 

was assayed again at 10 mg/ml  at which RD3 was 
completely soluble. The activity at 10 mg/ml  is 0.95°C for 
RD1, 0.90°C for RD2, and 0.81°C for RD3. There was 
some variability in the activity when the measurement was 
repeated for the same sample, but RD3 consistently has 
slightly lower activity. The buffer, 0.1% TFA was used to 
facilitate dissolving the peptides, but makes no contribu- 
tion to the mp-fp difference. 

3.2. SDS-polyacrylamide gel electrophoresis 

Fig. 3 shows the approximate size of the HPLC-purified 
AFPs on SDS-PAGE. RD1 and RD2 are both about 7 kDa 
while RD3 is twice as big, about 14 kDa. All three AFPs 
were apparently purified to homogeneity as each appeared 
as a single band. 
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3.3. Molecular mass and sequencing of tryptic and V8 
proteinase fragments of RD3 

To elucidate the structure of the large AFP, i.e. the 14 
kDa RD3, overlapping peptide fragments were generated 
by trypsin and Staphylococcus aureus (V8) proteinase 
digestions for sequence and mass analyses. 

Trypsin digestions of RD3 consistently yielded 10 dis- 
tinct fragments, T1-T10, which resolved completely on 
RP-HPLC except for T6 and T7 which co-eluted in a 
single peak with a 'shoulder' on the descending slope and 
were thus collected as one sample (Fig. 4A). V8 proteinase 
digestions on the other hand yielded a less consistent 
HPLC profile, probably due to resistance of RD3 to diges- 
tion by the enzyme. Several of the V8 proteinase diges- 
tions yielded 10 peaks on RP-HPLC, V1-V10 (Fig, 4B). 
Peaks V2 and V3 were collected as one sample because of 
the closeness of the their elution times. Subsequent se- 
quence analysis also showed carry-over of peak V4 mate- 
rial into its close neighbor peak V5. 

A single molecular ion by FAB/MS was obtained for 
each of the 10 tryptic fragments as shown in their respec- 
tive spectrum (Fig. 5). T6 and T7 which were unresolvable 
on RP-HPLC appeared as two separate molecular ions 
within the same spectrum. Single molecular ions were 
obtained for V8 proteinase fragments V1, V2, V3, V5, V6, 
V8 and V9. Fragments V2 and V3 applied as a single 
sample produced 2 separate molecular ions, at mass num- 
ber 704.4 (V3) and 1042.5 (V2), in the same spectrum 
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Fig. 3. SDS-polyacrylamide gel eleetrophoresis of HPLC-purified AFPs 
on a 15-20% gradient gel. Lane 1, Bio-Rad low molecule weight 
standards; lane 2, RD3; lane 3, RD1; lane 4, RD2; and lane 5, insulin 
standard. 
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Fig. 4. RP-HPLC separation of peptide fragments of RD3, after digestion 
with trypsin and Staphylococcus aureus (V8) proteinase. (A) Elution 
profile of tryptic fragments, T1-T10 on a linear gradient of 0-80% 
acetonitrile/0.1% TFA. (B) Elution profile of V8 proteinase fragments, 
V1-V10 on a 0-100% linear gradient. 

(Fig. 6). A third molecular ion appeared at 1027.6, but did 
not agree with the mass calculated from the sequence of 
any of the V8 proteinase fragments when the sequences 
were subsequently obtained. Its possible origin is discussed 
in the Section 4. FAB/MS of V4 did not produce a 
recognizable molecular ion probably because of insuffi- 
cient material. FAB/MS mass spectrum was not obtained 
for V10 because there was only sufficient material for 
peptide sequencing. 

Automated sequencing produced complete sequences 
for T2-T8 and T10, and partial sequence for T9. T6 and 
T7 which were applied as a single sample produced two 
distinct peptide sequences, distinguishable by the PTH- 
amino acid yields in the successive cycles of Edman 
degradation. The residues of T1 were determined by 
amino-acid composition which showed 3 residues, Asx, 
Glx and Tyr in a 1:1:1 ratio (Table 1). 

Complete sequences for V2, V3, V5, V6, V8, and V9, 
and partial sequence for V10 were obtained. The combined 
sample of V2 and V3 produced two distinct sequences 
distinguishable by PTH-amino-acid yields. Sequencing of 
V5 produced one major sequence of 11 residues, and two 
similar minor ones of 6 residues each. These two minor 
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sequences were most l ikdy  from two co-eluted fragments 

in peak V4 carried over into peak V5 due to the close 
proximity of their elution times (Fig. 4B). They were thus 

designated as V4* - 1 mad V4 * - 2. The residues in V1 
were determined by amino-acid composition which showed 
6 residues, Asx, Glx, Tyr, Met, Val, Lys in a ratio of 1 to 
each other (Table 1). Fragrnent V7 appeared to be partially 

digested material based on amino-acid analysis and thus 
was not further characterized. 

3.4. Construction o f  the complete RD3 sequence 

The sequences of native RD3 and peptide fragments as 
well as their alignments are shown in Table 2. N-terminal 

sequencing of native RD3 (N) produced 64 residues which 
were unambiguously assigned except residues number 54 
and 55 due to sequencer problems during those two cycles. 
Alignment of the sequences of the peptide fragments V10, 

T10, T8, V5, V4* - 1, VS, T6 with the first 64 residues of 
the native peptide not only confirmed the sequence, but 
allowed assignment of re,ddues 54 and 55 as Thr and Leu. 

V4* - 1  was one of the two minor sequences that ap- 
peared in the sequencing of V5 due to carry-over of peak 
V4 material into peak VS. The position of V4* - 1 se- 
quence, residues 37-42,  was corroborated by the overlap- 
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Fig. 6. FAB/MS mass spectra showing the molecular ions (M-H + ) of 
V8 proteinase fragments, VI-V3, V5, V6, V8 and V9. The mass 
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Fig. 5. FAB/MS mass spectra showing the molecular ions (M. H + ) of 
the tryptie fragments T1-T10 of RD3. The mass numbers are: T1,425.0; 
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equals the mass number of M.H + minus 1, the mass of the proton. 

ping sequence of T8 and of the native peptide. The 6 

residues of V1 appeared in positions 59-64 ,  and their 
order, -Met-Val-Lys-Asn-Tyr-Glu-, was established ac- 
cording to the partial native RD3 sequence and the over- 
lapping upstream T6 and downstream T3 sequences. 

The first 3 of the 12-residue T3 fragment overlapped 
residues 62 -64  of the native peptide sequence, extending it 
to residue 73. The overlap of V9 with T3, T9 and T2, 

Table 1 
Amino-acid composition analyses of peptide fragments T1 and V1 

Amino acid T1 (mol%) No." Vl (mol%) No. a 

Asx 33.9 L4 19.1 1.2 
Glx 31.6 1.3 16.7 1.0 
Ser 0.6 - 0.0 - 
Gly 1.8 - 1.5 - 
Arg 2.3 - 0.0 - 
Thr 0.0 - 0.0 - 
Ala 0.0 - 1.8 - 
Pro 2.3 - 0.8 - 
Tyr 23.3 1 16.0 1 
Val 3.0 - 13.1 0.8 
Met 0.0 - 10.6 0.7 
Cys 0.0 - 0.0 - 
Ile 0.2 - 0.6 - 

I.,cu 0.3 - 0 . 7  - 

P h e  0 . 0  - 0 , 0  - 

L y s  0.5 - 17.4 1.1 

a Number of residues estimated by normalizing to mol% of Tyr. 
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RD3 14330.0 

A. A 

14202.0 

A: 14330.62+ 1.38 
B: 14461.99 + 3.14 
C: 14640.47 ::1:6.38 
D: 14813.45:t:2.51 

144~2.0 

14,200 14,300 14,400 'I 4,500 14,600 14,700 14,800 14,900 

B. 
RD2 6933.8 

RD1 6906.0 

6760 6820 68e0 6900 6940 6980 7020 

Fig. 7. (A) ESI/MS mass spectrum of native RD3 showing 1 major 
peptide A, and 3 minor ones, B, C and D. The actual masses and error 
margin for each are indicated. (B) ESI/MS mass spectrum of native 
RD1, mass 6906.0 Da, and of RD2, mass 6933.8 Da. 

followed by the staggered overlaps between T2, V2, T4, 
V4* - 2  (the other 6-re,;idue fragment that co-eluted in 
peak V4), T5, V6, T7 and V3 established the sequence to 
residue 131. 

T1 was readily assigned as the C-terminal tryptic frag- 
ment, since it was the only tryptic fragment without a 
lysine or arginine. Its 3 residues, Asx, Glx, Tyr (Table 1) 
were assigned the order, -Asn-Tyr-Glu, since it is the 
conserved C-terminal seq,ence of all characterized Antarc- 
tic eel pout AFPs [1,2]. The 6 residues of V1 which 
appeared as residues 59-,54, reappeared in the same order 
as residues 129-134, with its first 3 residues overlapping 

with the last three of T7, and its second 3 residues with T1 
confirming the order of the 3 residues in T1. V1 is thus the 
C-terminal fragment of RD3 from V8 proteinase digestion. 
The RP-HPLC peak V1 (Fig. 4B) in fact then contained 
two identical sequence fragments originating from two 
different locations in the native AFP. 

The FAB/MS mass of peptide fragments and the calcu- 
lated mass based on sequence are also given in Table 2. 
The two values agreed for all peptide fragments whether 
their complete sequence was obtained from automated 
sequencing or deduced from corroborating overlapping 
sequences, confirming the accuracy of these sequences. 

The ten tryptic fragments, in the order of T10, T8, T6, 
T3, T9, T2, T4, T5, T7 and T1, accounted for the entire 
RD3 peptide except for the first 2 residues at the N- 
terminus, which due to its small size, probably eluted 
during the isocratic equilibration before the acetonitrile 
gradient started. Its absence however is inconsequential 
because the N-terminal sequence was very clear from 
those of the native peptide and fragment V10. 

The calculated mass of the reconstructed RD3 sequence 
is 14480 Da, but the mass of native RD3 obtained by 
ESI /MS is 14330 Da (14 430.62 + 1.38 Da) (Table 2, Fig. 
7A), thus the two differ by 150 Da (see Section 4 for mass 
discrepancy). The mass spectrum of RD3 also showed 
minor molecular ions at 14202.0, 14462.0, 14642.0 and 
14 811.0, indicating presence of minor RD3 variants in the 
sample. 

It should be pointed out that V8 proteinase digestion in 
this study caused non-specific cleavage at the C-terminal 
side of two Gly, residues 42 and 112. Such non-specific 
cleavage by V8 proteinase is not uncommon, and has been 
reported elsewhere [18]. 

3.5. Sequence of RD1 and RD2 

The complete sequences for the 7000 Da AFPs, RD1 
and RD2 were obtained by automated N-terminal sequenc- 
ing of the native peptides. The calculated mass of RD1 is 
6906.0 Da and 6934.4 Da for RD2 which agreed precisely 
with their respective ESI /MS mass, 6906.4 Da and 6933.5 
Da (Fig. 7B). The accuracy Of the two sequences was thus 
confirmed and no further analyses were carded out. The 
sequences of RD1, RD2, and RD3 are shown in Fig. 8. 

1 64 
7 kDa RDI: NKASWANQL]PINTALTLIMMKAEVVTPMGIPAE~IP~VGgOWRAVPLGTTLMPOMVICNYE 

7 kDa RD2: NKASWANQL%PINTALTLIW4KAEVVTPMGIPAEDIPRHGI4~/NRAVPLGTTLMPOMVKNYE 

1 (connector) 74 134 
14 kDa RD3: NKASWANQL%P[NTALTLI_MMICAE_VVT_P~q_GIPAEE|PNLVGM(iVNRAV~_LGTTLMPOMVKNYE - OGTTSPGLI( - SWANQLIPINTALTL_VMMKAEEV_SPKG|PSEEISKLVGMQVNRAV~_LDQTLMPDMVKNYE 

1 . _ 63 
7 kOa AS2: TI(SWANQLIPINTALTLVMMKAEEVSPICG|PAEE|PRLVGNQVNRAVYLDETLMPOMVICNYE 

Fig. 8. Protein sequence of the tl~'ee major AFPs of L. dearborni, RD1, RD2 and RD3, and sequence comparisons. The 4 different residues between RD1 
and RD2 are double-underlined at corresponding positions in the two AFPS. RD3 is composed of two similar halves, residues 1-64 and residues 74-134, 
joined by a 9-amino-acid conn¢~or (residues 65-73) as indicated. The 10 different residues between the two halves are underlined at corresponding 
positions. The fn-st half differs from RD1 and RD2 by 1 and 4 residues respectively, and the second half differs from AB2 [2] by 4 residues. The dissimilar 
residues are indicated by a dot. 
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3.6. Sequence comparisons 

RD1 and RD2 are both 64 residues in length and differ 
by only 4 residues, all of which are conservative substitu- 
tions (Fig. 8). Sequence analysis of RD3 shows that the 
N-terminal half (residues 4 to 64) is largely repeated in the 
C-terminal half (residues 74 to 134), differing by only 10 
residues. A 9-residue segment, residues 65-73, with no 
matching sequence in the peptide, connects the two halves 
(Fig. 8). The amino half of RD3 is very similar to RD1 
and RD2, differing by only 1 and 4 amino acids, respec- 
tively. By contrast, the carboxyl half differs from RD1 and 
RD2 by 9 and 14 amino acids respectively, but closely 
resembles AB2, the minor AFP from a sympatric eel pout 
[16], differing by only 4 amino acids. 

4. Discussion 

Antifreeze peptide heterogeneity in the Antarctic eel 
pout, Lycodichthys dearborni (formerly Rhigophila dear- 
borni), is exhibited in the presence of 3 major AFPs, RD1, 
RD2 and RD3, and at least 5 of minor variants. We have 
determined the complete protein sequence of the three 
major AFPs. RD1 and RD2 are 94% identical in sequence, 
and like all previously characterized type III AFPs are 
about 7 kDa in size. Sequence comparisons showed that 
the AFP 'RD' reported previously by Schrag et al. [1] is in 
fact RD2. By contrast, RD3 is 134 amino acids in length, 
and the calculated mass is 14471 Da, and thus RD3 is 
twice as large. This is the first example of a disparately 
large AFP from a single fish species for any of the 3 
known types of AFPs. Additionally, RD3 is not a minor 
AFP in L. dearborni. The proteins in peaks II and III from 
Sephadex G75 chromatography of fish plasma proved to 
be almost exclusively antifreeze proteins. The protein yield 
(per 10 ml plasma) of peak II which contained solely RD3 
was about 12-14 mg, and that of peak III which contained 
RD1 and RD2 were about 24-29 mg. Thus RD3 consti- 
tutes close to one-third by weight of all the AFPs in the 
blood, and RD1 and RD2 the remaining two-thirds. 

The protein sequence of RD3 contains an interesting 
architecture of two similar 7 kDa type III AFP sequences 
linked in tandem. The 64-residue amino half (residues 
1-64) and the 61-residue carboxyl half (residues 74-134) 
are joined head-to-tail by a 9-residue connecting sequence. 
The amino half closely resembles RD1 and RD2, with a 
sequence identity of 98% and 94% respectively. Greater 
sequence heterogeneity is observed between the amino half 
and the carboxyl half of RD3 (84% identity), as well as 
between the carboxyl half of RD3 and RD1 and RD2 (85% 
and 77% identity respectively). Interestingly, the carboxyl 
half of RD 3 closely resembles AB2, the minor 7 kDa AFP 
from a sympatric Antarctic eel pout, Pachycara brachy- 
cephalum (formerly Austrolycicthys brachycephalus) [16], 
with a difference of only 4 residues, or 94% sequence 
identity (Fig. 8). The 9-residue connector between the two 

halves of RD3, -DGTTSPGLK-, has no matching sequence 
in any of the characterized type III AFPs. 

There is a discrepancy of 150 Da between the mass of 
RD3 calculated from its reconstructed complete sequence 
(14 480 Da) and that obtained from electrospray ionization 
mass spectrometry (14 330.0 Da). ESI /MS is a very accu- 
rate method of mass determination, and the mass of the 
major molecular ion in the mass spectrum of RD3 is 
14330.62_ 1.38 Da (Fig. 7A), and should be accurate 
within the error margin indicated. One possible explana- 
tion for the mass discrepancy is that the RD3 preparation 
used for peptide fragment characterizations was not fully 
homogeneous for the major RD3 AFP, but contained some 
percentage of other RD3 variants which could not be 
completely separated from the major one. As seen in Fig. 
2B, RP-HPLC revealed at least two other RD3 variants 
indicated by the incompletely resolved peak on both the 
ascending and descending slope of the composite RD3 
peak. The closeness in elution times precluded complete 
separation of material from these peak components during 
manual collection of eluting proteins. Accordingly, the 
ESI /MS mass spectrum of RD3 showed minor molecular 
ions at both lower and higher mass numbers (Fig. 7A), 
presumably those of minor RD3 variants. Thus the possi- 
bility exists that one or more of the peptide fragments in 
the reconstructed RD3 complete sequence came from a 
minor RD3 variant. However, this is unlikely, since the 
minor variant and thus its peptide fragments would be 
much less abundant than those of the major RD3 to appear 
as substantial peaks on the tryptic and V8 proteinase 
RP-HPLC profiles to warrant selection for characteriza- 
tion, unless a particular fragment from the minor variant is 
similar enough to the corresponding one from the major 
RD3 that they co-eluted on RP-HPLC. An indication of the 
latter possibility is the molecular ion at mass number 
1027.6 in the FAB/MS mass spectrum of V2 (Fig. 6), but 
had no matching calculated sequence mass. The molecular 
ion at 1042.5 in the same spectrum was chosen to be that 
of V2, because it agreed with the calculated mass of V2 
from the sequence of the fragment. The signal intensity of 
a FAB/MS molecular ion does not depend on the abun- 
dance of the peptide fragment, but the PTC-amino-acid 
yields in protein sequencing does. Thus it is almost certain 
that the peptide fragment sequences obtained were of those 
originating from the most abundant AFP, the major RD3. 
In support of this, if a fragment does come from a minor 
variant and contains residues that would account for the 
mass discrepancy, these residues would differ from the 
ones at corresponding positions in the upstream and down- 
stream overlapping sequences. This situation did not occur, 
and additionally FAB/MS masses of the peptide frag- 
ments agreed precisely with the calculated masses from 
fragment sequences verifying the accuracy of these se- 
quences. In any event, though the precise cause of the 
small discrepancy between ESI /MS mass and calculated 
mass of RD3 cannot be fully explained at this time, the 
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distinctive structural architecture of RD3, i.e., two 7 kDa 
AFPs of similar amino-acid sequence linked in tandem by 
a short connector of unmatched sequence, is very dear. 

It is not obvious what functional advantage there may 
be for the fish to have a large peptide as a major AFP 
since purified RD3 in solution appeared to be no more 
effective in freezing point depression on a weight basis (10 
mg/ml),  than the other major AFPs, RD1 and RD2 half its 
size. Studies have shown that all of the antifreeze peptides 
and glycopeptides with a molecular weight above 3300 Da 
depress the freezing point non-colligatively to the same 
extent on a weight basis, but on a molar basis, the larger- 
sized antifreezes are more effective [19,20]. Since RD3 is 
twice as large as RD1 and RD2 but comparable in activity 
on a weight basis, numerically it would have twice the 
activity of the latter two on a molar basis. It is almost 
certain that the two hah,es of RD3 both have antifreeze 
activity because of the high degree of sequence identity of 
each half to known functional AFPs. RD1 and RD2 which 
are near identical to the amino half, and AB2 which is 
near-identical to the carboxyl half all produce a non-col- 
ligative freezing point depression of about I°C (this study, 
[16]). However, the collective antifreeze activity of all the 
AFPs in the blood of L. dearborni remains at about 1.1°C 
[7], comparable to that of the sympatric eel pout P. 
brachychepahlum which synthesizes only 7 kDa AFPs 
[16]. Perhaps when serum abundance is taken into consid- 
eration, the weighted contribution o fRD3 does not aug- 
ment the overall freezing protection to a level higher than 
that generally observed in Antarctic fishes. 

All antifreeze-bearing fish synthesize not just one but a 
number of structurally related antifreeze molecules. The 
protein heterogeneity of antifreezes is a manifestation of 
many distinct antifreeze protein genes in the fish. A multi- 
gene family has been described for the type I AFPs from 
the flounders [21,22], type III AFPs from the atlantic ocean 
pout [14] and wolffish [15], and for the AFGPs from the 
antarctic cod [23]. AFPs of  L. dearborni are no exception. 
Southern blot analysis of  L. dearborni genomic DNA 
showed many positive hybridization bands, indicating that 
its AFPs are encoded by a multigene family as well 
(unpublished results). It is possible that RD3 was a struc- 
tural variant that evolved during amplification of antifreeze 
genes and was maintained in the genome, since the contri- 
bution of this large AFP ~Lo freezing avoidance is no worse 
or no better than its 7 kDa counterparts. An interesting and 
obvious question that fol!lows is whether there are distinct 
genes that separately encode the 14 kDa RD3 and the 7 
kDa RD1 and RD2, or are they the products of the same 
genes capable of giving rise to both size variants by 
post-transcriptional processing. We have investigated the 
genomic basis for the RD AFP heterogeneity and our 
results indicated that the:re are distinct genes for the two 
size variants (unpublished results). 

All protein antifreezes achieve non-colligative freezing 
point depression by binding to ice, and inhibiting ice 

growth likely through the Kelvin effect [5]. The fwst 
antifreezes that were characterized, the AFGPs and type I 
AFPs, were elongated molecules [24] with repetitive se- 
quences [2,8]. The affinity of these antifreezes for ice was 
thus ascribed to a matching of the repeat spacings of polar 
residues or side chains along the elongated antifreeze 
molecule and the periodicity of water molecules in the ice 
lattice, allowing hydrogen bonding and thus adsorption to 
occur [6,8]. Type I AFP of winter flounder has been 
confirmed to be a single helix by X-ray crystallography 
[25], and NMR (nuclear magnetic resonance) evidence 
indicated a lefi-handed helical configuration similar to the 
polyproline II helix for the small AFGP 8 [26]. Recent 
ice-crystallographic studies by Knight et al. which showed 
adsorption of the type I AFP [27] and the small AFGPs 7 
and 8 [28] to specific crystallographic planes in hexagonal 
ice with the antifreeze molecules aligned along a specific 
direction lend support to the structural matching theory of 
antifreeze adsorption. For these helical antifreezes, the 
alignment direction can be deduced because the geometric 
constraints imposed by the axial asymmetry of the 
molecules on how they would be accommodated on a 
growth step on their adsorption plane produced a specific 
pattern of adsorption regions amenable to crystallographic 
analyses. Knowing the alignment direction, the polar 
residues or side chains that match the periodicity along 
that direction, and thus likely involved in ice-binding, were 
identified [27,28]. 

Unlike the AFGPs and type I AFPs, the 7 kDa type III 
AFPs are non-helical, lack repetitive sequences, and are 
globular in tertiary structure, and how these AFPs bind to 
ice remains an unanswered question. Two-dimensional 
NMR studies of the solution structure of a recombinant 
AFP from Atlantic ocean pout revealed it to be a small 
globular protein within which there are three sheets of 
anti-parallel t-strands [29]. Our preliminary adsorption 
crystallographic studies of the 7 kDa antarctic eel pout 
AFPs (AB1, RD1 and RD2) indicated adsorption to the 
prism planes (Knight and DeVries, unpublished data), but 
the alignment direction of the molecules could not be 
readily deduced because the pattern of adsorption regions 
was non-specific, consistent with a globular or lack of 
axial asymmetry in these molecules. 

By contrast, the 14 kDa type III AFP, RD3, is likely to 
have axial asymmetry, with two globular moieties linked 
by a short sequence segment (the 9-residue connector) 
indicated to be a random chain by protein secondary 
structure predictions [30], which may allow its molecular 
alignment on its adsorption plane to be deduced. As dis- 
cussed above, both halves of RD3 are likely active an- 
tifreezes, and thus both would be expected to bind to ice, 
independent of each other but likely in a similar way 
because of the similarity in sequence. Studies on the ice 
crystallography of adsorption of this newly discovered 14 
kDa type III AFP variant may help advance the under- 
standing of how type III AFPs bind to ice in general. 
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