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The evolutionary model escape from adaptive conflict (EAC) posits
that adaptive conflict between the old and an emerging new
function within a single gene could drive the fixation of gene
duplication, where each duplicate can freely optimize one of the
functions. Although EAC has been suggested as a common process
in functional evolution, definitive cases of neofunctionalization
under EAC are lacking, and the molecular mechanisms leading
to functional innovation are not well-understood. We report here
clear experimental evidence for EAC-driven evolution of type il
antifreeze protein gene from an old sialic acid synthase (SAS) gene
in an Antarctic zoarcid fish. We found that an SAS gene, having
both sialic acid synthase and rudimentary ice-binding activities,
became duplicated. In one duplicate, the N-terminal SAS domain
was deleted and replaced with a nascent signal peptide, removing
pleiotropic structural conflict between SAS and ice-binding func-
tions and allowing rapid optimization of the C-terminal domain to
become a secreted protein capable of noncolligative freezing-
point depression. This study reveals how minor functionalities in
an old gene can be transformed into a distinct survival protein
and provides insights into how gene duplicates facing presumed
identical selection and mutation pressures at birth could take di-
vergent evolutionary paths.
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G ene duplication is well-recognized as an important source of
new genes and functions (1), but the underlying evolutionary
mechanisms are far from clear (2-5). Most conceptual models
propose that mutational changes, whether neutral [mutation dur-
ing nonfunctionality (MDN) or duplication degeneration comple-
mentation (DDC) model] (3, 6, 7) or directional (adaptational
models) (3, 4), occur in the daughter duplicate after gene dupli-
cation, leading to subfunctionalization (partitioning of ancestral
functions and specialization in one of them) and in rare instances,
a new function (neofunctionalization). An alternate model, escape
from adaptive conflict (EAC), recognizes that an ancestor with an
emergent function besides its primary function could be subject to
selection and acquire adaptive changes before gene duplication,
but inadvertent pleiotropic conflicts between the two functions
constrain further improvements (6, 8). Gene duplication resolves
the conflict, allowing daughter duplicates to separately optimize
one of the functions (8-10). Resolution of adaptive conflicts cre-
ated by natural selection as an intrinsic driving force of gene du-
plication during sub- or neofunctionalization is elegantly logical
and may occur frequently, because it potentially applies whenever
the ancestor gene experiencing positive selection is a generalist
capable of more than one function. In fact, widespread observa-
tions of gene sharing and promiscuous function of many enzymes
have raised considerable interest in the EAC model (3, 11, 12).
However, thus far, only two studies provided evidence of gene
duplication under EAC (9, 10). The evolutionary partitioning of
the two functions of the Gall gene in yeasts (9) is a case of sub-
functionalization of preexisting gene functions between the
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daughter genes, whereas in the functional evolution of the dihy-
droflavonol reductase genes in the morning glory (10), the function
proposed to have evolved under EAC remained unidentified.
Thus, clear experimental evidence for creation of new function or
neofunctionalization under EAC is still missing.

Systems with traceable mutational processes after gene duplica-
tion, such as the evolutionarily recent novel fish antifreeze proteins,
provide promising avenues for furthering our understanding of the
various models governing genic and functional evolution. Anti-
freeze proteins (AFPs) in different polar marine teleost lineages
arose under strong selection from late Cenozoic sea-level glacia-
tion, which protects the fish from death from freezing (13). Several
fish AFPs evolved from ancestral genes of unrelated function, and
thus, they are clear prima facie cases of neofunctionalization and
implicitly embody adaptive conflict resolution as the underlying
process. Among these, type III AFPs (AFPIII) of various polar
zoarcoid fishes (eelpouts, ocean pouts, and wolffishes) are homol-
ogous with the small C-terminal domain of sialic acid synthase
(SAS) (14, 15). SAS is an old cytoplasmic enzyme present in
microbes (16) through vertebrates (17) that catalyzes intracellular
synthesis of sialic acids from N-acetylmannosamine or Man-NAc-6-
phosphate and phosphoenolpyruvate (16). In contrast, AFPIIIs are
secreted plasma proteins that bind to invading ice crystals and arrest
ice growth to prevent fish freezing (13). Enzymatic and antifreeze
functions within the same ancestral SAS molecule suggest that an
adaptive conflict could arise because of disparate substrate speci-
ficity and spatial distribution, and thus, SAS to AFPIII evolution
provides a salient system for investigating the role of EAC in gene
duplication and neofunctionalization.

Results and Discussion

We first determined how AFPIII evolved from SAS. We con-
structed a bacterial artificial chromosome (BAC) library for the
AFPIII-bearing Antarctic eelpout Lycodichthys dearborni and
isolated and sequenced the clones comprising the genomic SAS
and AFPIII loci. The SAS and AFPIII loci are spatially distinct
(Fig. 1). The SAS locus (Fig. 14) contains two SAS genes,
LdSAS-A and LdSAS-B, both with six exons. The two SAS genes
are separated by a chicken repeat (CR)-type retrotransposon
(LdCRI-3) and are flanked by the CLTA and NCKX2 genes,
respectively. This CLTA-SAS-NCKX2 microsynteny is conserved
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Genomic organization and chromosomal localization of SAS and AFPIII loci in the Antarctic eelpout L. dearborni. (A) SAS genomic locus organization
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is conserved between L. dearborni and other teleosts (G. aculeatus shown), except for the insertion of a chicken repeat-type retrotransposon (LdCR1-3)
between the two SAS genes in the L. dearborni locus. (B) AFPIIl locus of L. dearborni, ~400 kbp in size, occurs in the middle of the shared four-gene (gene
names as indicated) microsynteny with non-AFPIIl teleost (G. aculeatus shown). The locus comprises a 5’ pseudogene wAFPIll followed by >30 AFPIIl genes
predominantly arrayed in 8-kbp tandem repeats. The regions spanned by a brown line (including genes) in the L. dearborni SAS locus (LdCR7-3 and LdSAS-B)
and the AFPIII locus (5'-truncated LdCR7-3 and AFPIIl tandem repeats) share strong sequence homology. The relevant BAC sequences were deposited in
GenBank under accessions numbers GQ368892, GQ368893, and GQ368894. (C and D) FISH localized L. dearborni SAS (C) and AFPIIl (D) loci in separate
chromosome pairs, indicative of an interchromosomal translocation of the AFPIll progenitor gene.

in annotated fish genomes, as illustrated for Gasterosteus aculea-
tus (Fig. 14). L. dearbomi and G. aculeatus (both percomorphs)
have two SAS genes, whereas other teleost species that we examined
have one copy. The AFPIII locus spans ~400 kbp and contains an
estimated 30 or more AFPIII genes (Fig. 1B) that share 97-99%
nucleotide sequence identities. AFPIII genes have a two-exon
structure encoding a signal peptide (exonl) and the mature ice-
binding AFPIII (exon2). Except for the 5’ fringe copy WAFPIII,
they are arrayed in ~8-kbp tandem repeats with one gene per re-
peat (ref. 18 and this study) (Fig. 1B), indicative of gene family
expansion through in situ tandem duplications. The 5’ copy
YAFPIII (Fig. 1B), despite having a 214-nt frame-shift insertion,
bears greater sequence similarity to the SAS homologs (SAS
exono6) (Fig. S1) and is immediately preceded by a partial CR1-3
retrotransposon (LdACRI-3") similar in sequence to LACRI-3 in the
SAS locus; thus, we reasoned it to be the most deeply diverging
member of the AFPIII gene family. The AFPIII locus is flanked at
the two ends by the genes Glud1b and Synuclein and LIM domain
binding 3b and Melanopsin, respectively. This four-gene micro-
synteny (without CRI-3'" and AFPIII locus in its middle) is con-
served in other teleosts, as illustrated for G. aculeatus (Fig. 1B).
Chromosomal fluorescence in situ hybridization (FISH) localized
L. dearborni SAS and AFPIII loci to distinct metaphase chromo-
some pairs (Fig. 1 C and D). Collectively, these results strongly
suggest that a genomic region (estimated at ~12 kbp) containing
the LdSAS-B gene and its immediate neighbor sequences (in-
cluding LdCRI-3) was duplicated and translocated to a site be-
tween Synuclein and LIM domain binding 3b genes; from this, the
primordial AFPIII gene evolved, and the large AFPIII locus arose
from in situ gene family expansion under selection pressure from
polar sea-level glaciation.

Through comparative analyses of LdSAS-A, LdSAS-B, and
WAFPIII sequences, we deduced that LdSAS-B is the closest
relative of the AFPIII progenitor and the molecular events in the
LdSAS-B to AFPIIl transformation (Fig. 2). The six-exon
LdSAS-A and LdSAS-B genes share high nucleotide identities
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(~92% between exons and ~67% between introns) but have
differentiated in their 5’ flanking region (5'FR; ~594 nt) with no
sequence homology (Fig. 2, blue line and Fig. S24). WAFPIII
shares greater nucleotide identities with LdSAS-B (Fig. 2) than
with LdSAS-A (Fig. S2 B and C), including 74% identity to the
LdSAS-B 5'FR, which is nonhomologous between LdSAS-B and
LdSAS-A. Thus, AFPIII 5'FR, intronl (I1), exon2 (E2; ice-
binding mature AFPIII), and 3'FR were derived from the 5'FR,
15, E6 (SAS C-terminal domain), and 3'FR, respectively, of the
ancestral LdSAS-B (Fig. 2 and Fig. S2B). The emerging AFPIII
would require a signal peptide for extracellular export of the
mature protein. We discovered a precursor signal peptide coding
sequence appropriately located in the extant LdSAS-B, starting
from 54 nt upstream of the translation start site through the first
six codons of LdSAS-B E1 (Fig. 2 and Fig. S2B). An intragenic
deletion from the seventh codon of E1 through ES of LdSAS-B
and linkage of the new El, the old I5, and E6 would complete
the formation of the nascent two-exon AFPIII gene encoding the
secretory antifreeze protein.

We then examined for sequence and functional properties that
might have compelled the ancestral LdSAS-B duplication and
neofunctionalization of one duplicate into AFPIII, and we found
strong evidence that would fulfill the predictions of the EAC
model. EAC predicts that (i) the ancestor is bifunctional and
subject to selection before gene duplication, (if) adaptive conflict
between the ancestral and new function constrains improvement of
the selected function(s) before duplication, and (iii) adaptive
changes and functional improvement occur in the daughter genes
after duplication. To assess LdSAS-B bifunctionality (prediction i),
we cloned the SAS cDNAs from the liver and expressed the re-
combinant proteins in bacteria. We found that the recombinant
SAS-B indeed has incipient antifreeze activity (Fig. 3). A single
seed ice crystal in pure water (without antifreeze or other ice-active
compounds) grows as a discoid and continues to expand at 0 °C,
the equilibrium freezing point (fp) (Fig. 3 A4 and B). In contrast,
LdSAS-B at 2 mg/mL causes strong hexagonal faceting of the test
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Fig. 2. Molecular process of the evolution of AFPIIl from SAS-B. One daughter SAS-B duplicate (SAS-B”) underwent N-terminal domain deletion (seventh
codon of E1 through E5) and neofunctionalization into AFPIIl. Regions in SAS-B’ corresponding to the regions in the two-exon AFPIIl gene are indicated with
the same colors for the two genes, with nucleotide sequence identities given. The partly nonprotein coding signal peptide (SP) precursor sequence in SAS-B’
that was modified to become a coding sequence for the AFPIII signal peptide is shown at the bottom. LdSAS-A lacks the 5’ flanking sequence homology (blue
bar) with LdSAS-B and AFPIIl; thus, it is not the evolutionary progenitor to AFPIII.

ice crystal at the equilibrium fp, indicative of ice binding and growth
interference by the protein at or near the prism faces (Fig. 3C).
LAdSAS-B could also inhibit bulk ice growth at small cooling, pro-
ducing a nonequilibrium fp depression ranging from 0.004 °C (Fig.
3D) to 0.015 °C (Fig. 3E). When temperature was lowered below
nonequilibrium fp, ice grew rapidly as a hexagonal disk (Fig. 3F).
Purified AFPIII protein from L. dearborni at the same concentra-
tion also caused strong faceting of the seed ice crystal (as a hexag-
onal bipyramid) at the equilibrium fp (approximately —0.0005 °C)
(Fig. 3G), but in marked contrast to LdSAS-B, bulk growth of the
ice crystal was effectively arrested at large cooling (0.39 °C to 0.67 °

water LdSAS-B LAAFPIII
=T
> 1
c
- " o) 549
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Fig. 3. Ice-binding activity of the recombinant LdSAS-B compared with
native AFPIIl. Single ice-crystal growth behavior in (A and B) water, (C-F)
LdSAS-B (2 mg/mL), and (G and H) LdAFPIIl (2 mg/mL). The crystal mor-
phology of the test ice at the equilibrium fp of water (A) is discoid but
strongly faceted in LdSAS-B (C; hexagonal) and the eelpout antifreeze (G;
hexagonal bipyramid), indicating growth inhibition at the prism faces. The
ice crystal in water expands unrestricted at the equilibrium fp of water (B). In
contrast, ice expansion is inhibited by LdSASB at its equilibrium fp (C and D)
and at small coolings (~0.004 °C to 0.015 °C) below the equilibrium fp (E); at
the nonequilibrium fp, (F) ice expands quickly as a hexagonal disk. In com-
parison, the bona fide antifreeze protein LdAFPIIl is much more effective
in arresting ice-crystal growth to temperatures significantly (H, 0.39 °C
1, 0.67 °C; data from one of three replicates) below the equilibrium fp until
fast spicular growth occurs when the nonequilibrium fp is reached (J).
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C below the equilibrium fp) (Fig. 3 H and I). Only when the tem-
perature reached the nonequilibrium fp did the unrestricted burst
spicular growth characteristic of AFP solutions occur (Fig. 3/). The
fp depression activity was measured to be ~0.58 °C + 0.08 °C for
2 mg/mL LdAFPIII solution and 1.46 °C = 0.15 °C for 20 mg/mL
solution. This large noncolligative fp depression or thermal hys-
teresis is the unique property of a bona fide antifreeze protein. To
determine which structural domain in the LdSAS-B protein con-
tributed to the ice-binding activity, we chemically synthesized its
C-terminal domain (69-residue E6 peptide), which is homologous
to mature AFPIII, and tested for its ice-binding ability. We found
similar ice-binding activity as the full-length LdSAS-B protein, in-
dicating that the ice-binding activity is an intrinsic property of
the SAS C-terminal domain (Fig. S3). To verify that the LdSAS-
B-encoded protein possesses SAS enzymatic activity, we measured
the sialic acid synthetic function using the recombinant SAS pro-
teins. Indeed, recombinant SAS-B catalyzed in vitro sialic acid
synthesis at twofold greater activity (2.7 + 0.2 mU/mg) than
recombinant LdSAS-A (1.4 + 0.2 mU/mg) (Fig. S4B). Thus,
LdSAS-B clearly possesses two activities—the original SAS func-
tion and a minor ice-binding activity in its C-terminal domain.

To assess EAC prediction iii that daughter duplicates released
from adaptive conflict acquire adaptive changes that would im-
prove function, we used the branch model and modified branch-
site model A (19) to test for positive selection on the LdSAS-B
and LdAFPIII lineages and found its occurrence in both (Table 1
and Fig. S5). The input SAS tree includes various teleost SAS
coding sequences from GenBank and SAS-4 and SAS-B ortho-
logs from the sympatric Antarctic eelpout Pachycara brachyce-
phalum that we obtained in this study (Fig. S54). The foreground
branch (leading to the Antarctic eelpout SAS-B clade) has
a large nonsynonymous (dN)/synonymous (dS) substitution rate
ratio (branch-site dN/dS of w2 = 9.44) that is highly significant
[likelihood ratio tests (LRT) P < 0.01] (Table 1), whereas all SAS
lineages, including eelpout SAS-A genes, have < 1, (Fig. S54),
suggesting positive Darwinian selection occurring specifically in

PNAS | December 14,2010 | vol. 107 | no.50 | 21595

EVOLUTION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007883107/-/DCSupplemental/sfig03.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007883107/-/DCSupplemental/sfig04.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007883107/-/DCSupplemental/sfig05.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007883107/-/DCSupplemental/sfig05.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007883107/-/DCSupplemental/sfig05.pdf

L T

/

1\

=y

Table 1. The parameters and statistical significances of likelihood ratio tests in the branches of SAS-B and AFPIll

Foreground branch

Parameters (o1 = 1; 0 < ©0 < 1; w2 to be estimated)

2AInL (LRT; df = 1) Positive selected sites

SAS-B p0 = 0.76; w0 = 0.04; p1 = 0.08; p2 = 0.16; w2 = 9.44 27.3 (P = 0.0000) 135L,* 1711,7 228A,T 2515,T 260K, * 268E,*
286A," 327L,** 328C,™ 351K**

AFPIII p0 = 0.37; @0 = 0.19; p1 = 0.00; p2 = 0.63; w2 = infinity ~ 16.7 (P = 0.0000)  8N," 131,* 14N,* 16A," 201,* 22M", 28T,*
401, 44Q," 48A," 50P," 54T, 58D

*P > 0.99.

P> 0.95.

*Residues in the SAS-B gene in the C-terminal (exon6) domain.

p, Bayes Empirical Bayes (BEB) posterior probability; LTR, likelihood ratio tests; df, degree of freedom.

the Antarctic eelpout SAS-B genes. Ten residues in SAS-B,
mostly (seven) in the N-terminal domain, were identified to be
under positive selection (Table 1), suggesting adaptive evolution
of the SAS-B enzymatic function after the ancestral SAS-B gene
duplication. Likewise, for the tree of homologous AFPIII and
SAS E6 sequences (Fig. S5B), we detected a large o (branch site
o2 = infinite; LRT P < 0.01) in the zoarcoid AFPIII branch, with
a much greater percentage (P, = 63%) of residues under posi-
tive selection than in the eelpout SAS-B branch (P, = 16%)
(Table 1). This suggests that, after gene duplication and deletion
of the N-terminal domain coding sequence of the translocated
SAS-B daughter duplicate, adaptive amino acid changes in the
nascent AFPIII gene accelerated, rapidly improving the anti-
freeze function to the full-fledged thermal hysteresis illustrated
in Fig. 3. Nozawa et al. (20) recently questioned the statistical
basis of the branch-site model and claimed that it generates too
many false positives. However, the false-positive rate found by
those authors (20) was lower than the significance level (5%)
(21). The branch-site test has been successfully applied in many
studies, generating interesting biological hypotheses that have
been validated by experimentation (22-24). In this study, 7 of 10
amino acids in SAS-B and 8 of 12 in AFPIII detected under
positive selection (Table 1) showed hydrophobicity or charge
switches from the corresponding sites of their paralogs or the
precursor, implying biochemical property or activity changes.
Indeed, mutational analyses of AFPIII have shown these amino
acids, such as 113, N14, A16, Q44, and 61K, to be functionally
important for antifreeze activity (25, 26).

The foregoing results added to existing zoarcoid AFPIII
structural information, in turn, shed light on the selection and
adaptive conflict that might have transpired in the ancestral SAS-
B before gene duplication (EAC predictions i and ii). Of the six
conserved residues (Q9, T18, A16, T15, Q44, and N14) in Atlantic
ocean pout AFPIII identified through structural studies to con-
stitute a putative flat ice-binding surface (25, 27), two (T15 and
T18) are ancestral, preexisting in the C-terminal domain of both
SAS-A and SAS-B (T305 and T308, respectively) of L. dearborni
(Fig. S6) and other teleost SAS. These might have constituted an
accidental structural basis for rudimentary ice affinity in SAS.
Indeed, L. dearborni SAS-A and its E6 peptide also has incipient
ice-binding activity similar to LdSAS-B (Fig. S3). However, only in
SAS-B are adaptive residue changes detected (Table 1). One of
the three adaptive changes detected in the LASAS-B C-terminal
domain (Table 1, double dagger), K351 (as opposed to D351 in
LdSAS-A and other teleost SAS) corresponds to K61 in AFPIII.
K61 in AFPIII forms intramolecular hydrogen bonds with two
putative ice-binding residues (Q44 and N14) that are important in
stabilizing the flat ice-binding surface (25) or the global protein
fold (27), and both are essential for antifreeze activity. Thus, the
D351/K351 change in SAS-B might have resulted from positive
selection on the ancestral SAS-B before gene duplication for
improving the accidental ice affinity of its small C-terminal do-
main. To test whether further improvement of ice-binding activity
in the ancestral SAS-B would likely create conflict for its original
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SAS function, we substituted four residues (V299, G304, V3060,
and T334) in the LdASAS-B C-terminal domain with their homo-
logs (Q9, N14, A16, and Q44) in the AFPIII ice-binding surface to
mimic adaptive changes to form the AFPIII active site in the C
terminal. This mutant (LdSAS-Bm4) showed no detectable SAS
activity (Fig. S4B), supporting our hypothesis that residue change
to ice-binding capability in the C-terminal domain of the bi-
functional ancestor would create pleiotropic conflict. The conflict
can be explained by the structure of the SAS holoenzyme. SAS
monomer structure resembles an asymmetric dumbbell (16), and
the active enzyme consists of a dimer or tetramer through juxta-
position of the N-terminal domain of one monomer with the C-
terminal domain of another, forming the site for substrate (sugar)
binding (28) between the interacting surfaces of the swapped
domains of each monomer (Fig. S7). It is clear from these studies
and the inactive LdSAS-Bm4 in this study that structural co-
ordination between the C- and N-terminal domains of the SAS
neighbors is essential for SAS enzyme activity. In addition, for the
emerging AFPIII function, the bulky nonice-active N-
terminal domain of the ancestral SAS would very likely hinder the
small E6 domain in contacting ice crystals because of the pro-
pensity of the SAS monomers to form dimers. Furthermore, to test
the hypothesis that improvement of the SAS enzyme function in
LdSAS-B might conflict with the ice-binding activity of its C-
terminal domain, we measured the fp depression capability of re-
combinantly expressed LdSAS-A (Fig. S3), the outgroup of the
LdSAS-B and AFPIII genes (Fig. S5) and the putative ancestral
SAS state, to infer the original level of ice-binding activity in the
ancestral SAS-B before gene duplication. We found that the
noncolligative fp depression by LdASAS-A ranged from 0.004 °C
to 0.07 °C and that the noncolligative fp depression by LdSAS-B
has a lower maximum, between 0.004 °C and 0.015 °C (both at
2 mg/mL concentration, the maximum solubility of the recombi-
nant SAS proteins in aqueous buffer). The lower fp depression
capability observed of LdSAS-B compared with LdSAS-A is con-
sistent with improvement of SAS enzyme function in LdASAS-B
(2.7 £ 0.2 mU/mg vs. 1.4 + 0.2 mU/mg) (Fig. S4B) after the gene
duplication having an adverse effect on the ice-binding function,
supporting the presence of adaptive conflict within the ancestral
SAS-B. These conflicts were resolved through a duplication of the
ancestral SAS-B, whereby each daughter duplicate could freely
improve one of the functions. Additionally, conflict resolution was
likely quickened and made permanent by deleting the SAS N-
terminal domain coding region in the presumptive AFPIII dupli-
cate, eliminating potential dimer formation between the two
paralogs. Accelerated adaptive changes subsequently occurred in
the nascent AFPIII gene, indicated by nearly two-thirds of the
residues in AFPIII experiencing positive Darwinian selection
(Table 1); this resulted in rapid optimization to a full-activity AFP
capable of preventing freezing of the fish body fluids.

The genesis of the extracellular secretory signal in the pri-
mordial LdAFPIII gene by incorporating a piece of 5" UTR into
a functional protein coding sequence with some modifications
(Fig. 2) is an added evolutionary innovation. The capacity to
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code for a functional signal peptide (SP), in fact, existed in the
precursor sequence in LdSAS-B, because we found comparable
levels of AFPIII-exporting activity by the SP precursor-mature
AFPIII construct and the native pre-AFPIII cDNA (Fig. SS).
Thus, the evolution of Antarctic eelpout AFPIII has entailed
tapping into two inconspicuous functionalities in the same cyto-
plasmic ancestor and remarkably, transforming them into a quin-
tessential lifesaving antifreeze function. The partly nonprotein
coding origin of AFPIII signal peptide represents an example of
recruiting a hidden function by incorporating a translation start
site, and sheds light on how products of duplicated genes could be
targeted to different cellular localizations.

A remaining question is how the weakly ice-active ancestral SAS
protein could be initially beneficial for natural selection to act on.
Observations from our laboratory testing of SAS ice inhibition
offers an explanation. Ice growth in SAS solution could be inhibited
at temperatures slightly below its equilibrium fp when the seed ice
crystals were very small (~10 pm) and the cooling rate was very slow
(~0.0009 °C/min). These two conditions quite certainly apply in the
wild over evolutionary time. Sea surface ice formed before water
temperatures of the Antarctic Ocean reached freezing in its en-
tirety, and thus, ice crystals that could appear in the water column
were likely thermally unstable and therefore, small. The cooling
rate of the polar waters was very slow, an overall cooling of ~12°Cin
the past 50 Myr in the Antarctic deep water (29), compared with the
laboratory rate of ~0.0009 °C/min (473 °C/y). Thus, the incipient ice
activity of the ancestral SAS molecule or its detached C-terminal
peptide would be quite sufficient in inhibiting ice-crystal expansion
in the fish body fluids. By the time water temperatures chilled to the
equilibrium fp of the fish and fp depression became essential for
survival, one can assume that the ongoing process of natural se-
lection would have led to the refinement of the incipient ice-binding
activity to a full-fledged antifreeze protein.

To summarize, through tracing the processes in the SAS-B to
AFPIII evolution in the Antarctic eelpout, we provided strong and
comprehensive molecular and functional evidence for a clear ex-
ample of EAC-compelled duplication of a bifunctional ancestral
gene and additionally, acceleration of conflict resolution through
intragenic domain deletion in one duplicate and its neofunction-
alization into a protein of distinctive function. It also reveals that an
ancestral molecule (SAS) can be subject to a separate modality of
natural selection (advent of freezing marine conditions) for an ac-
cidental functional property (ice binding) concomitant with preex-
isting cellular selection on improving the ancestral function
(enzymatic). Thus, this study provides a fresh evolutionary per-
spective that gene duplicates, although bearing identical sequence
at birth, could be exposed to divergent mutational and selection
pressures that propel them on different evolutionary trajectories
(2). The evolutionary process of zoarcid AFPIII, in total or part,
likely typifies the evolution of other antifreeze proteins from func-
tionally unrelated ancestors. For example, the antifreeze glycopro-
tein (AFGP) gene in Antarctic notothenioid fishes evolved from
a duplicated trypsinogen-like protease (TLP) gene and entailed
intragenic deletion of most of the coding region for the protease in
the chimeric AFGP-TLP evolutionary intermediate (30,31). Type I
AFPs in sea raven, herring, and smelt are homologous with the
carbohydrate-binding domain of C-type (Ca*>*-dependent) lectins
(13, 32), and thus, EAC-driven gene duplication may apply to their
evolution. In principal, any protein gene with more than one func-
tion that may be at odds with each other because of incompatible
structural requirements or regulation of expression is candidate for
EAC-based gene duplication and subsequent optimization. We
envisage further interesting empirical investigations and evidence
for EAC as an important and common underlying mechanism in
generating genetic and functional novelty in time to come.

Deng et al.

Materials and Methods

BAC Library Construction, Screening, and Sequencing. L. dearborni was caught
with deep-water traps from McMurdo Sound, Antarctica. A BAC library
containing >120,000 clones with insert sizes ranging from 100 to 200 kbp
was constructed using the Copy Control pCC1BAC kit (Epicentre) following
published protocols with optimization (33). The library was screened for SAS
and AFPIII clones using respective cDNA probes; 8 SAS-positive and 48 AFPIII
-positive BAC clones were obtained. The positive clones were fingerprinted
using the SNaPshot Multiplex kit (Applied Biosystems). The labeled re-
striction fragments were resolved on an ABI 3730 sequencer, and the elution
profiles were collected using GeneMapper version3.5. The data were
cleaned of vector sequence using Genoprofiler (34) and assembled with FPC
version 8 software (35). A minimal tiling path of one and seven BAC clones
covered the SAS and AFPIIl locus, respectively. A shotgun library of 1.5- to 2-
kbp inserts was constructed for each BAC clone using a pUC18 vector for
sequencing. The relevant clones were sequenced at 7x coverage, with esti-
mated sequencing accuracies greater than 99.98% for all clones. Sequence
contigs of each BAC clone insert were assembled using the Phred/Phrap/
Consed package (36). Gene annotation was obtained by BLAST, and the
contigs were compared with the National Center for Biotechnology Infor-
mation (NCBI) database.

Chromosomal FISH of AFPIII and SAS Genes. The full-length digoxigenin-labeled
AFPIIl gene probe was hybridized to metaphase chromosomal preparations from
L. dearborni head kidney and spleen cells following previously published pro-
tocol (37). The same slide was stripped of the AFPIIl probe after visualization and
image capture, and an SAS gene probe containing exon2-5 was applied for
another round of hybridization under the same conditions (37).

Detection of Ice-Binding Activity of Recombinant SAS Proteins and Their
C-Terminal Domains. The full-length cDNAs for LdSAS-A and LdSAS-B were
directionally cloned into the EcoRI and Sall sites of pET28a+ (Novagen). The
two recombinant plasmids were transformed into Escherichia coli Rosetta
(DE3) for protein expression. The expressed proteins were purified by che-
lating a Sepharose Fast Flow gel column charged with Ni** and dialyzed.
Sixty-nine residues of the C-terminal domain encoded by exon6 of LdSAS-A
and LdSAS-B genes (homologous to mature AFPIIl) were chemically synthe-
sized and purified by HPLC. The ice-binding activity of the SAS proteins and
synthetic peptides was assessed using the Clifton nanoliter osmometer
cryoscope equipped with image capture (38). The activities of purified native
L. dearborni AFPIIl were also determined for comparison.

Selection Analysis of SAS and AFPIIl Genes. SAS- and AFPIll-translated amino
acid sequences from Antarctic eelpouts L. dearborni and P. brachycephalum
and other teleost species were aligned with ClustalW version 1.83 (39) with
default settings, and the results were converted to nucleotide sequence
alignments. Phylogenetic trees were constructed using three distinct algo-
rithms: neighbor joining (NJ) with 1,000 bootstrap replicates in MEGA ver-
sion 4 (40), maximum likelihood (ML) in PAUP version 4.0b10 (41), and
Bayesian inference (Bl) in MrBayes version 3.1.2 (42). The best substitution
model for ML and Bl was evaluated using Modeltest version 3.7 (43) and
MrModelTest version 2.2 (44), respectively. The best ML tree was determined
using heuristic search. PAML version 4 was used to test for positive selections
on interested branches and identify the codons under selection (45).

Test of Sialic Acid Synthetic Activity of Recombinant LdSAS-A, LdSAS-B, and
LdSAS-B Mutant. The recombinant LdSAS-A and LdSAS-B were prepared as
above. An LdSAS-B mutant (SAS-Bm4) with four amino acids substitutions
(V299Q, G304N, V306A, and T334Q) in the C-terminal domain was created
by chemical synthesis of the gene (Sangon). Together with the two pre-
existing threonine residues (T305 and T308), SAS-Bm4 contains all six amino
acids comprising the ice-binding surface of a functional AFPIIl, and thus,
this mutant mimics the evolutionary conversion of SAS-B C terminal to
AFPIIl in the active sites. SAS-Bm4 was directionally cloned into the same
sites in pET28a+ as the LdSAS genes, and the authenticity of all three ex-
pression clones was verified by sequencing. The expression and purification
followed the same protocol as LdSAS-A and LdSAS-B. Sialic acid synthetic
activity of each protein was assayed using a classic method previously de-
scribed (46).

Test of the Secretion Functionality of the Precursor Signal Peptide. The 5'se-
quence in LdSAS-B gene (signal peptide precursor) homologous to AFPIII
signal peptide coding sequence was spliced with exon2 of AFPIII and cloned
into the expression vector pCS2-flag4 vector with a built-in flag tag (termed
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SP precursor construct); the native pre-AFPIIl cDNA (pre-AFPIIl construct) and
the second exon without any leading sequence (non-SP construct) were
similarly constructed. These constructs and the vector were separately
transfected into HEK293T cells and cultured for 3 d; 12 pL culture medium
from each transfection were resolved on SDS/PAGE gel followed with
immunostaining of the blotted gel for the flag tag to detect recombinant
protein secretion (details in Fig. S8).
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