Protein Science (1994), 3:1760-1769. Cambridge University Press. Printed in the USA.
Copyright © 1994 The Protein Society

Structure-function relationship in the
globular type III antifreeze protein:
Identification of a cluster of surface
residues required for binding to ice

HEMAN CHAO,' FRANK D. SONNICHSEN,? CARL 1. DELUCA,'
BRIAN D. SYKES,? ano PETER L. DAVIES!
! Department of Biochemistry, Queen’s University, Kingston, Ontario K7L 3N6, Canada

2 Protein Engineering Network of Centres of Excellence and Department of Biochemistry,
University of Alberta, Edmonton, Alberta T6G 2S2, Canada

(RECEIVED July 14, 1994; AcCEPTED August 2, 1994)

Abstract

Antifreeze proteins (AFPs) depress the freezing point of aqueous solutions by binding to and inhibiting the growth
of ice. Whereas the ice-binding surface of some fish AFPs is suggested by their linear, repetitive, hydrogen bond-
ing motifs, the 66-amino-acid-long Type III AFP has a compact, globular fold without any obvious periodicity.
In the structure, 9 8-strands are paired to form 2 triple-stranded antiparallel sheets and 1 double-stranded anti-
parallel sheet, with the 2 triple sheets arranged as an orthogonal 8-sandwich (Sonnichsen FD, Sykes BD, Chao
H, Davies PL, 1993, Science 259:1154-1157). Based on its structure and an alignment of Type 11I AFP isoform
sequences, a cluster of conserved, polar, surface-accessible amino acids (N14, T18, Q44, and N46) was noted on
and around the triple-stranded sheet near the C-terminus. At 3 of these sites, mutations that switched amide and
hydroxyl groups caused a large decrease in antifreeze activity, but amide to carboxylic acid changes produced AFPs
that were fully active at pH 3 and pH 6. This is consistent with the observation that Type III AFP is optimally
active from pH 2 to pH 11. At a concentration of 1 mg/mL, Q44T, N14S, and T18N had 50%, 25%, and 10%
of the activity of wild-type antifreeze, respectively. The effects of the mutations were cumulative, such that the
double mutant N14S/Q44T had 10% of the wild-type activity and the triple mutant N14S/T18N/Q44T had no
activity. All mutants with reduced activity were shown to be correctly folded by NMR spectroscopy. Moreover,
a complete characterization of the triple mutant by 2-dimensional NMR spectroscopy indicated that the individ-
ual and combined mutations did not significantly alter the structure of these proteins. These results suggest that
the C-terminal 8-sheet of Type III AFP is primarily responsible for antifreeze activity, and they identify N14, T18,
and Q44 as key residues for the AFP-ice interaction.
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Some cold water marine fishes produce proteins or glycoproteins
that lower the freezing point of their blood without significantly
increasing its osmolarity (DeVries, 1983; Davies & Hew, 1990).
These antifreeze proteins or glycoproteins bind to and halt the
growth of seed ice crystals that form in solution at or below
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Abbreviations: AFGP, antifreeze glycoprotein; AFP, antifreeze pro-
tein; FPLC, fast protein liquid chromatography; H bond, hydrogen
bond; NOESY, nuclear Overhauser effect spectroscopy; QAE, quater-
nary aminoethyl/AFP isoform that binds QAE-Sephadex; TOCSY, total
correlation spectroscopy; 1D, one-dimensional; 2D, two-dimensional;
3D, three-dimensional.

the equilibrium freezing point (Raymond & DeVries, 1977). As
the solution is cooled further, there comes a point where ice crys-
tal growth is reinitiated. The difference in temperature between
this nonequilibrium freezing point and the melting temperature
is referred to as thermal hysteresis, the magnitude of which is
a function of AFP concentration. DeVries and Lin (1977) and
DeVries (1984) suggested that these antifreezes stop ice growth
by adsorbing to specific ice planes via hydrogen bonds. This hy-
pothesis remains central to all models proposed so far for anti-
freeze action.

At present, the best characterized fish antifreeze proteins are
the Type I AFPs. In winter flounder, these are small (M, 3,000-
4,000) alanine-rich, o-helical peptides that have regularly spaced
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threonines and asparagines (or aspartic acid) on 1 side of the he-
lix (Yang et al., 1988). Ice etching studies showed preferential
adsorption of these peptides to the hexagonal bipyramidal planes
{2021} with alignment in the {0112) direction (Knight et al.,
1991). A match was found between the distance of repeating po-
lar residues on the peptide (16.5 A) and the spacing of oxygen
atoms on the deduced ice plane (16.7 A). This provided an at-
tractive explanation for the mechanism of action based on the
fit of H-bonding groups. The importance of strategically placed
polar residues has been further supported by the study of Wen
and Laursen (1992a), who showed that rearrangement of regu-
larly spaced threonines and asparagines can result in loss of anti-
freeze activity.

AFGP is another long, linear, amphipathic molecule for
which a model has been developed for its H bonding to a spe-
cific ice plane (Knight et al., 1993). In this model, disaccharides
attached to tripeptide repeats form 2 H bonds to ice at regular
intervals along the lattice.

In contrast to these 2 types of antifreeze proteins that have
little or no tertiary structure, Type I11 AFP (M, 7,000) is a com-
pact, folded protein (Sénnichsen et al., 1993). It consists of 9
short 8-strands and several turns. The strands are paired to form
2 triple-stranded, antiparallel sheets arranged as an orthogonal
B-sandwich, and 1 double-stranded, antiparallel sheet (Chao
et al., 1993). Unlike Type I AFP and the AFGPs, its globular
fold and lack of obvious repetitive structure make it difficult to
predict a match to the ice lattice.

To delineate which area of the protein interacts with ice and
which amino acids play an important role in antifreeze activity,
we targeted polar residues for mutagenesis. The effect of the mu-
tations on protein activity was determined by thermal hysteresis
measurements, and the integrity of the fold of all the mutants
was confirmed by NMR spectroscopy. At positions where mu-
tations had an effect, exchange between hydroxyl and amide side
chains decreased antifreeze activity markedly, but the replace-
ment of an amide by its carboxylic acid was a neutral change.

1761

From our analysis of 12 different mutant AFPs involving 5 res-
idues, 3 functionally critical amino acids have been identified
on the C-terminal 8-sheet. Our results suggest there is a novel
arrangement of ice-binding residues, which differs from that
seen in Type I AFP or AFGP.

Results

Recombinant Type IIT AFP used for this study (rQAE m1.1) has
been previously characterized (Chao et al., 1993). The sequence
of this protein (Fig. 1) closely matches that of native QAE, 1
of at least 12 different isoforms isolated from serum of ocean
pout, Macrozoarces americanus. Differences are an initiating
methionine (Met 0) and a C-terminal sequence YAA (instead of
YPPA). The latter mutation was required to suppress a cis-trans
proline isomerization observed with the native QAE sequence.
This mutant was used for structure elucidation by NMR spec-
troscopy and was shown to be indistinguishable from native
QAE in its antifreeze activity (Sonnichsen et al., 1993). Thus,
for simplicity we will refer to this recombinant protein (rQAE
ml.1) as “wild type” throughout this paper. All mutations were
derived from this mutant sequence to allow for a direct compar-
ison of activity changes as well as the NMR spectroscopic char-
acterization of the mutant proteins.

Effects of pH on antifreeze activity

The influence of pH on the activity of Type I1I AFP was stud-
ied to see if different ionization states of charged side chains af-
fected the ability of AFP to bind to ice. For wild-type QAE,
antifreeze activity was unchanged from pH 2 to pH 11 (Fig. 2).
Even at the pH extremes of 1 and 13, the antifreeze activity was
only decreased by 20% and 27%, respectively. This is a remark-
ably broad pH optimum for a protein activity. It indicates that
the protein fold is stable over a wide pH range and agrees with
observations by NMR spectroscopy that between pH 4.8 and
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Fig. 1. List and alignment of mutagenic oligonucleotide sequences. The DNA sequence of each mutagenic oligonucleotide is
presented with the codons effecting amino acid changes underlined and the altered bases in bold. The amino acid sequence of
rQAE m1l.1 is shown for comparison with the initiating methionine labeled as residue 0. Amino acids that are invariant in Type

111 AFP isoforms (Davies & Hew, 1990) are shaded.
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Fig. 2. The effect of pH on thermal hysteresis activity of Type III AFP.
Thermal hysteresis activity of rQAE m1.1 (1.0 mg/mL) was measured
at pH values ranging from 1 to 13 at intervals of 1 or 2 pH units as out-
lined in the Materials and methods. Each data point represents the mean
of 3 determinations. Standard deviations are shown as vertical bars.

pH 8.0 no significant structural changes were detected (Sonnich-
sen et al., 1993).

Site-directed mutagenesis of residues
on the C-terminal 3-sheet

The globular structure of Type III AFPs is devoid of simple re-
petitive sequences, which has precluded a straightforward iden-
tification of interacting residues. Based on its 3D structure, we
previously noted 2 surfaces on the protein that have a prepon-
derance of hydrophilic residues and could, therefore, be candi-
dates for ice-binding sites (SOnnichsen et al., 1993). These
hydrophilic surfaces correspond most closely to the triple-stranded
B-sheets on opposite sides of the protein. Of these 2 possibilities,
the triple sheet including the C-terminal 3-strand was considered
to be the more likely ice-binding surface for the following rea-
sons. This sheet is arranged in a more planar fashion and has a
greater number of hydrophilic residues than the N-terminal 3-sheet.
Moreover, several of these residues are conserved in all known
Type III AFP primary sequences (Chao et al., 1993). The latter
is a powerful argument because the positioning of ice-binding res-
idues must be fairly precise, otherwise ice-binding motifs would
occur frequently in proteins. Therefore, we selected this face for
mutational analysis beginning with single amino acid replace-
ments. Because pH studies failed to identify a role for the ion-
ization state of residues in antifreeze action, we targeted the
conserved, neutral hydrophilic, surface-accessible amino acids of
the C-terminal 3-sheet for site-directed mutagenesis (Table 1;
Fig. 3; Kinemage 1). Other polar residues were chosen as replace-
ments at these sites in order not to compromise protein fold sta-
bility or other properties such as solubility.

Four completely conserved sites on or near the C-terminal §-
sheet, N14, T18, Q44, and N46, were targeted for mutagenesis.
Specific mutations at the first 3 sites led to greatly reduced ther-
mal hysteresis activities when compared to wild-type QAE. Of
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Table 1. Mutations of the C-terminal 3-sheet polar residues

Residue Surface accessibility? Mutation(s)
Nl14 0.63 D,Q.S
T18 0.28 N,S,T
S42 0.61 G

Q44 0.56 E,T

N46 0.13 S

2 Surface accessibility is the ratio between the calculated accessible
surface area of a side chain in the NMR structure of Type [11 AFP (Chao
et al., 1993) and the surface area of the side chain in random coil (Shrake
& Rupley, 1973).

the mutants tested, T18N on 3-strand 15-18 showed the great-
est loss of thermal hysteresis activity. At 1 mg/mL (0.14 mM),
T18N had only 10% of the wild-type activity (Fig. 4A). In con-
trast, the activity of mutant T18S was indistinguishable from
that of the wild type at all concentrations tested (Fig. 4A).

Replacement of N14 (immediately before 3-strand 15-18) with
serine resulted in a significant drop in antifreeze activity. At 1
mg/mL, N14S had only 25% the activity of wild-type QAE
(Fig. 4B). Lengthening the side chain by a methylene group in
N14Q produced an antifreeze that was intermediate in activity
(67%) between N14S and the wild type (Fig. 4B). N14D was con-
structed to probe the role of the amide group at this site. Rather
surprisingly, this mutant was fully active not only at pH 6.0, but
also at pH 3.0, where the carboxyl group should be mainly pro-
tonated (Table 2).

Evidence for the involvement of Q44 on §3-strand 43-46 in ice-
binding came from mutant Q44T, which at 1 mg/mL had less
than 50% of the activity of wild-type QAE (Fig. 4C). Mutant
Q44E was made to test the role of the amide group, without
changing the length of the side chain. As was observed for
N14D, Q44E was fully active at both pH 6 and pH 3 (Table 2).

N46 is another conserved polar residue located on B-strand
43-46 on the C-terminal 3-sheet of Type III AFP. Inspection of
the 3D structure showed that its polar side chain could lie near
a plane defined by the side chains of N14, T18, and Q44 (Fig. 3;
Kinemages 1, 2). Because the replacement of N14 by serine had
significant effects on antifreeze activity, N46S was expected to
be less active if the amide of N46 was an ice-binding group.
However, N46S was fully active, suggesting that its side chain
is not important for ice binding (Fig. 4D).

We also mutated S42, a nonconserved amino acid immediately
before 8-strand 43-46. Because glycine is present at this loca-
tion in most other isoforms, the role of this residue might be to
induce a turn in the peptide backbone. Nevertheless, because S42
is located close to the plane defined by the 3 critical residues N14,
T18, and Q44, and because it is an uncharged polar residue, it
was targeted for mutagenesis. Mutation to glycine was chosen
to remove the capacity to H-bond while preserving the turn. Not
too surprisingly, mutant S42G was fully active (Fig. 4D). It
showed that the hydroxyl group of S42 is not important for wild-
type QAE antifreeze action.

Double and triple mutants

The effect of combining mutations was cumulative. The dou-
ble mutant N14S/Q44T was less active than N14S or Q44T. At
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1 mg/mL (Fig. 4C), it only had 10% of the activity of wild-type
QAE compared to 25% for N14S and 47% for Q44T (Fig. 4B,C).
Removal of 3 putative ice-binding groups (mutant N14S/T18N/
Q44T) rendered the protein completely inactive (Fig. 4C).
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Fig. 4. Antifreeze activity of Type III AFP mutants. Thermal hyster-
esis values for Type III mutants and rQAE m1l.1 at various concen-
trations were compared. Assays were performed in 0.1 M NH,HCO;
(pH 7.9). Each data point represents the mean of 3 determinations. Stan-
dard deviations are shown as vertical bars. A: Activity curves for rQAE
ml.1 (0—0O), T18S (¥—¥), and TI8N (E—#). B: Activity curves for
rQAE ml.1 (O—0), N14Q (¥—¥), and N14S (l—#). C: Activity curves
for rQAE ml.l1 (O—0), Q44T (v—V¥), N14S/Q44T (m—H), and
N14S/T18N/Q44T (A—A). D: Activity curves for rQAE m1.1 (O—0),
S42G (¥—¥), and N46S (m—m).
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Fig. 3. Ribbon presentation of the globular
Type 111 AFP showing the disposition of se-
lected side chains on and around the C-terminal
B-sheet. The N- and C-terminal 3-sheets are
colored red and blue, respectively. Side
chains of selected residues are illustrated in
a stick presentation, labeled with residue type
and sequence number. The color code for the
various residues is S and T, yellow; Q and N,
purple; A, green.

Ala 16

Confirmation of the protein fold

NMR spectroscopic studies were performed to confirm the in-
tegrity of the fold of all mutant Type III AFPs. Clearly, a change
in tertiary structure could alter the mutant’s activity without the
possibility of determining the role of the mutated side chain in the
protein-ice interaction. The triple mutant (N14S/T18N/Q44T)
was chosen for complete characterization because establishing
the correctness of its fold would strongly suggest that all en-
compassed single and double mutants were also correctly folded.
2D "H-NMR spectra of the triple mutant, as illustrated by the
2D NOESY analysis (Fig. 5), are very similar to those of the wild
type (Chao et al., 1993). With a 8-sandwich fold consisting of
2 antiparallel triple-stranded sheets and 1 antiparallel double-
stranded sheet (Sonnichsen et al., 1993), d,, cross peaks be-
tween residues in neighboring strands were characteristic of the
folded protein. Figure 5 clearly indicates that the expected d,,,
cross peaks were present in the triple mutant with similar inten-
sity. The only differences between the spectra (apart from noise
and signal loss at 5.02 ppm due to decoupling of the water) were
the gain or loss of intraresidue connectivities stemming from the
mutated residues (T18, T44), and the overlap of V45-V60 and

Table 2. Effect of pH on the antifreeze activity
of N14D and Q44E

Sample

pH 3.0 pH 6.0
(1.0 mg/mL)? (°C)* (°C)°
rQAE ml.1 0.35 + 0.01 0.35 + 0.02
N14D 0.37 + 0.02 0.36 + 0.02
Q44E 0.36 + 0.02 0.37 + 0.03

#The thermal hysteresis activities of N14D, Q44E, and the rQAE
ml.1 standard at a concentration of 1 mg/mL were measured at pH 3.0
and pH 6.0 as described in the Materials and methods.

® Values in °C are the average of 3 determinations with standard de-
viations shown.
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Fig. 5. Comparison of portions of 2D 'H-1HH-NOESY NMR spectra containing characteristic d,,, cross peaks for wild-type
AFP (rQAE m1l.1) and the triple mutant protein (N14S/T18N/Q44T). Cross peaks between o CH protons, indicative of the all-
B-structure of the protein and of the cis-conformation of Pro 29, are labeled with the number of the residues involved sepa-
rated by a dash. Intraresidue cross peaks are labeled with the 1-letter amino acid code and sequence number, and sequential
connectivities involving Pro 6CH (d,s(;,i+1)) are connected by vertical dashed lines and are marked with the residue numbers

separated by a comma.

A16-T44 d,, cross peaks due to the shift of the A16 resonance
in the triple mutant.

Chemical shifts are structurally sensitive NMR parameters;
in particular, ® CH shifts are strongly protein structure-dependent
(Wishart et al., 1991). A complete comparison of « CH-chemical
shifts in the wild type and in the triple mutant (Fig. 6) revealed
that most residues were not affected by the mutations. Within
the accuracy of the chemical-shift data (+0.02 ppm), the shifts
were identical in the 2 proteins. Residues in close proximity to
the mutations, either in or adjacent to the C-terminal triple sheet
(13-20, 42-48, and 59-62), exhibited changes in «CH chemical-
shift values of less than 0.1 ppm. The largest change was observed
for A16 (0.11 ppm), which is surrounded by the 3 mutations.
Given the range of structurally induced chemical-shift changes
of «CH protons, these small changes establish that the muta-
tion of N14, T18, and Q44 did not affect the structure of Type
III AFP. As expected, larger deviations (>0.1 ppm) were ob-
served only for the mutated residues.

One-dimensional 'H-NMR spectra were acquired for all mu-
tants at 3 °C and with D,O as a solvent. These conditions have
been shown to facilitate the observation of amide protons in-
volved in the structurally characteristic H-bond network of wild-
type AFP, whereas non-H-bonded protons exchange rapidly
with the solvent and are therefore not observed (Chao et al.,
1993). Figure 7 shows the spectra of the previously assigned wild-
type QAE and all mutants of the C-terminal 3-sheet region that
had altered antifreeze activity. With the exception of the spec-
trum of the triple mutant (see below), all other spectra were quite
similar. Amide proton resonance location and intensity were
comparable for most residues, allowing their immediate assign-

ment by comparison with the spectrum of the wild type. For mu-
tants Q44T, and the triple mutant (as discussed above), these
assignments were also confirmed by 2D TOCSY spectra. The
observation of the same amide resonances under these condi-
tions in all spectra indicated the preservation of the H bonding
pattern within each protein and thus confirmed the integrity of
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Fig. 6. NMR chemical-shift differences for « CH protons in fully ac-
tive Type III (rfQAE m1.1) and the triple mutant (N14S/T18N/Q44T).
Open circles represent the chemical-shift differences between the 2 pro-
teins for each residue (6uan: — dwr)- For mutated residues (filled cir-
cles), the difference in secondary shifts for the «CH protons is also given
(8obs — Orc) using random coil values from Wishart et al. (1991).
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Fig. 7. Amide and aromatic region of 1D
'H-NMR spectra of Type 111 AFP mutants.
The spectra were acquired at 3 °C in D,0 at
pH 7.0. Under these conditions, only slowly ex-
changing amide protons are observable >3 h
after dissolving the proteins. Resolved reso-
nances in the fully active Type 1II AFP (rQAE
m1.1) are labeled with their sequence number.
Vertical, dashed lines are used to reference am-
ide resonance frequencies of rQAE m1.1 in the
spectra of the activity mutants N14S, T18N,
Q44T, N14S/T18N (double mutant), and
N14S/T18N/Q4T (triple mutant). Impurities
are marked (x).
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their fold. Only small chemical-shift changes were observed for
the amide resonance in these spectra and these were limited to
the mutated residues or their immediate neighbors in sequence
or space. The chemical-shift changes in the double and triple mu-
tants were mostly consistent with the sum of the individual mu-
tations. Judging by these data and by the 2D characterization
of the triple mutant, it can be deduced that none of the mutant
structures were significantly altered from that of the wild type.

The spectrum of the triple mutant (Fig. 7) differs in some as-
pects from that of the wild type. Several low-intensity doublets
were present in the aromatic region that were not seen in other
mutants. These additional Y63 resonances originated from 2
other isoforms of the protein present in this sample. Judged by
the significantly smaller resonance line width and the lack of
cross peaks of the minor forms in 2D NOESY spectra (Fig. 5),
they represent partially unfolded forms of the protein. This was
confirmed by a series of 1D spectra taken over 2 days (data not
shown), which showed a decrease of signal intensity for the res-
onances of the folding intermediates (7.33 and 6.97 ppm; 710
and 6.81 ppm) while at the same time the intensity of the Y63
side-chain resonances in the folded protein (6.72 and 6.89 ppm)
increased. This indicated that after protein purification, which
involved denaturing conditions, the mutant had not refolded

.2 7.0 6.8 ppm

completely before being subjected to NMR analysis. Because this
sample was refolded identically to all other AFP samples, the
observation indicated changes in the mutant’s folding kinetics,
which will be worthy of future investigation. Also, the intensity
of all amide resonances was significantly reduced compared with
all other mutants and the wild type. This was partly due to the
unfolded forms or folding intermediates present in this sample.
However, it also reflects increased exchange rates of these core
amides in the triple mutant. The amide exchange rates can be
correlated with the local flexibility or stability (Kim & Wood-
ward, 1993). However, the slowest exchange rates were still in
the order of days as in the wild-type protein and thus, the
changes in local protein flexibility are small. Taken together,
both aspects could have slightly altered antifreeze activity, how-
ever, they cannnot be responsible for the complete loss of ther-
mal hysteresis observed for the triple mutant.

Discussion
This study clearly identifies 3 residues in the C-terminal 8-sheet,

N14, T18, and Q44, as being primarily responsible for antifreeze
activity (see Kinemages 1, 2). Structural alterations at these res-
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idues, which are capable of H bonding with water molecules,
reduce the antifreeze activity and may do so by disrupting an
H bonding network that matches the ice lattice. The results sug-
gest that H bond formation is an important factor for protein-
ice adsorption, and that this interaction is very sensitive to the
exact geometry of the H bonding groups, which implies that the
AFP-~ice interface is fairly rigid.

Comparison of the mutations of residues
NI4, T18, and Q44

Relatively conservative mutations from one polar, H bond-
forming residue to another led to significant reductions in anti-
freeze activity of Type II1 AFP. The most detrimental mutation
was TI8N (10% active), followed by N14S (25%) and Q44T
(50%). In all 3 mutations, the side-chain geometry as well as the
nature of the polar group were altered. In mutant T18N, the
side-chain length and side-chain volume were both increased,
which could lead to steric disturbance of the protein-ice inter-
face in addition to the weakening or loss of H bond(s) at the mu-
tation site. A second explanation for the severity of this mutation
uses suggestions by Knight et al. (1993), who proposed that ice-
binding residues form part of the crystal lattice and thus can be
involved in more than 1 H bond per group. In this proposal, hy-
droxyl groups of the sugar moieties in AFGP, or of threonyl and
seryl residues in AFP, would be positioned at ice-crystal coor-
dinates usually occupied by water molecules. Ideally, this allows
for the formation of 3 H bonds in a tetrahedral coordination.
Such a convenient coordination arrangement is not available for
planar amide groups (Asn, Gln); consequently, modeling stud-
ies (Wen & Laursen, 1992b; Madura et al., 1994) indicate other
preferred positions for these side chains. These differences in
H bonding possibilities between the hydroxyl groups and am-
ide groups might help explain the large reductions in activity
shown by mutants N14S, T18N, and Q44T, where hydroxyl and
amide groups have been exchanged. In line with this reasoning,
Ser has a similar side-chain geometry to Thr and thus might oc-
cupy the same adsorption site. This is confirmed by the full ac-
tivity of mutant T18S. It is also worthy of note that the expected
additional flexibility of the Ser side chain seems not to have af-
fected the ice-protein interaction. N14Q, another mutant with
no change in the nature of the polar group, showed less than half
the activity loss of N14S (67% compared to 25%). Whereas
N14S introduces both a shortened side chain and a change in H
bonding group, N14Q might be a less severe mutant because
only the position of the polar group- or residue-specific ice-
adsorption site has changed.

The role of charged groups

The thermal hysteresis activity of wild-type QAE is remarkably
insensitive to the solution pH. Leaving aside the issue of the sta-
bility of the protein fold at different pH values, it is also of in-
terest to consider the role of charged groups (if any) in binding
to ice. For wild-type QAE, it is possible that charged groups are
not involved simply because there are none appropriately posi-
tioned to contribute to the ice-binding surface of the AFP.
Therefore, to explore the potential for charged groups to bind
to ice, and to see if there was a change in ice-binding with ion-
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ization state, 2 additional mutations of active residues were con-
structed (Q44E and N14D). Both mutants, in which amide
groups were replaced by carboxyl groups, exhibited full activ-
ity at pH 3 and at pH 6. This surprising result showed that the
2 functional groups are equivalent in ice-binding, and that the
strength of interaction is independent of the ionization state.
Thus, asparagine, aspartate, and aspartic acid are roughly equiv-
alent, as are glutamine, glutamate, and glutamic acid. Each set
of functional groups has similar geometry but different H bond
donor/acceptor properties overall, which were expected to cause
differences in antifreeze activity. One partial explanation for the
lack of pH sensitivity, as well as the unchanged activity for Q44E
and N14D, is that the primary role of both the carboxyl and the
amide groups is that of an H bond acceptor mediated through
the carbonyl-oxygen.

Extent of the H bonding network

According to current models for the mechanism of action of
macromolecular antifreezes (Wen & Laursen, 1992b; Knight
et al., 1993), AFP and AFGP bind via an H bonding network
to the ice surface in specific orientations and crystallographic
adsorption planes. Despite the intrinsic weakness of some H
bonds, it has been observed that AFPs with as few as 7or 8 H
bonding groups can hold an ice crystal without growth below
the threshold supercooling temperature for an extended period
of time (DeVries & Lin, 1977; Harrison et al., 1987). This has
been our experience with wild-type QAE. It argues for the bind-
ing of AFPs to the ice surface to be virtually irreversible because
ice is surrounded by 55 M H,O. If there was a significant off-
rate for the AFPs, then water would join the ice lattice very rap-
idly at the vacant surface sites leading to observable crystal
growth.

In this study, only 3 residues were identified to be involved
in H bonds with the ice surface. Two other polar residues on the
C-terminal 3-sheet were shown not to contribute to the H bond
network between protein and ice. The replacement of aspara-
gine by serine, which significantly reduced the AFP activity at
position 14, was without effect at position 46 (N46S). It is pos-
sible that the side chain of N46 is sterically removed from the
plane created by N14, T18, and Q44. Also, the side chain of S42
was shown by S42G not to be H bonded to the ice surface. This
might have been expected in light of the sequence comparison
of known Type IlI protein isoforms. From a structural view-
point, however, the serine hydroxyl group is positioned approx-
imately in the plane of the 3 active residues and is sterically
capable of interacting with the ice surface. Thus, the result sug-
gests a lack of a suitable H bond partner on the other side of
the interface, the ice surface.

One polar residue of the C-terminal 3-sheet not included in
this study was T15. Although this residue is located within the
framework of active residues, it is partially buried. All attempts
at producing protein mutated at this position have failed so far,
possibly due to folding problems. Thus, an interaction through
its hydroxyl group is sterically unlikely but cannot be excluded
at this time. Other additional protein-ice interactions could stem
from the participation of backbone atoms in the H bond net-
work. A16 and S42 backbone carbonyl oxygen atoms are par-
tially surface accessible and sterically near the proposed site of
interaction so that they might act as additional H bond accep-
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tors to strengthen the overall protein-ice binding. However,
these interactions are difficult to probe by mutagenesis.

Implications for current ice-binding models

Concerns about the number and strength of the bonds that hold
AFP or AFGP onto the ice surface are central to a discussion
of the mechanism of action of macromolecular antifreezes. As
mentioned earlier, Knight et al. (1993) have addressed this is-
sue by suggesting that some binding groups, such as -OH, can
occupy positions in the ice lattice and thereby increase their num-
ber of H-bonds. Wen and Laursen (1992b) proposed a modified
adsorption-inhibition mechanism. They argued that at low AFP
concentrations or during early time points in the freezing trial,
Type I AFPs bind reversibly to ice. This conclusion was based
on regression analyses of early growth rate data (Wen & Laur-
sen, 1992a). They suggested that AFP binding becomes irrevers-
ible only when AFPs form patches on the surface of ice through
hydrophobic interpeptide interactions. It is the cooperative in-
teraction between neighboring AFPs and the H-bonding be-
tween ice and protein that provide the total force needed to
prevent ice growth (Wen & Laursen, 1992b).

It is not clear that the action of Type III AFP can be ade-
quately explained by the latter model. In the ocean pout, there
are multiple AFP isoforms that are independently active (Li
et al., 1985). Although they probably all have the same globu-
lar fold (Chao et al., 1993), they are different enough in amino
acid sequence to make it unlikely that they could substitute for
each other in the cooperative binding network necessary to form
an AFP patch. However, if the patches are homogeneous, then
the presence of similar isoforms in high concentrations should
competitively inhibit patch formation.

Specific ice-adsorption planes have been determined for Type
I AFP and AFGP. Even after identification of the ice-binding
residues of Type 111 AFP, the issue of whether or not there are
discrete adsorption planes for this globular antifreeze remains
unresolved. The residues involved are not regularly spaced and
are of different character, so that an identification of possible
adsorption planes at the current resolution of the NMR struc-
ture is not feasible. Also, with the implied presence of addi-
tional, though as yet unidentified, interacting groups, it is
questionable whether all the groups are located in 1 plane. Given
the lack of repetitive character, the irregular backbone structure
of this AFP, and the demonstrated importance of structurally
diverse active groups, it is quite possible that the adsorption site
cannot be correlated with specific crystallographic planes. More-
over, with the significantly smaller dimensions (length) of the
interface (16 A versus 50 A for Type I AFP) only few, Jow-order
crystallographic planes are accessible to this protein.

Without the restriction of adsorption to a specific plane, one
could hypothesize that after initial, low-affinity attachment to
the ice surface (for which H-bonding residues T18, N14, and
Q44 are responsible), the ice continues to grow in the vicinity
of the protein and “anchors” it to the surface. That is to say,
the protein is partially included into the ice. Under these circum-
stances, additional polar residues near the C-terminal 3-sheet (at
the sides of the protein) could also interact with the interface,
as might some amide and carbonyl groups of the polypeptide
backbone. For this type of interaction, the globular fold of Type
IIT AFP might actually be advantageous. In particular, with a
diameter of approximately 20 A, even a partially buried protein
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would protrude well beyond the ice-water interface. Thus, the
chances of the protein being completely enclosed in the ice lat-
tice are negligible at sufficiently high protein concentrations.
This hypothesis is also compatible with the implied rigidity of
the ice- AFP interface and the proposed residue-specific adsorp-
tion sites. Additional mutations of polar or other residues in the
wider vicinity of the C-terminal 3-sheet might allow us to probe
the distance between these regions and the ice-water interface
and provide experimental evidence for further evaluation of
this hypothesis. These studies are currently underway in our
laboratory.

Materials and methods

Production and purification of recombinant AFP

Production of recombinant Type III AFP (rQAE m1.1) and its
mutants from a synthetic gene was done as previously described
(Chao et al., 1993) with the following modifications. The Tri-
ton X-100-washed inclusion body pellet from a 3-L culture was
resuspended in 8-10 mL of 8 M guanidine-HCl, 100 mM Tris-
HCI (pH 8.5) with gentle mixing at 20 °C for 1 h. It was then
added dropwise to 160 mL of ice-cold refolding buffer contain-
ing 50 mM K,HPQO, and 100 mM NaCl (pH 10.7). The sample
was left to stir gently on ice for an additional 30 min. This mix-
ture was dialyzed against 50 mM sodium acetate (pH 3.7) at
4 °C. After clarification by centrifugation, the supernatant was
applied to an S-Sepharose FPLC column (Pharmacia) and Type
I11 AFP was isolated as before (Chao et al., 1993).

Primer-directed mutagenesis

Mutants N14S, N14D, N14Q, T18S, T18N, S42G, Q44T, Q44E,
and N46S were made by primer-directed mutagenesis (Kunkel
et al., 1987) as described previously (Chao et al., 1993). The mu-
tagenic oligonucleotides used are listed in Figure 1. In addition
to the use of plasmid pTZ-19r (Mead et al., 1986) for the gen-
eration of single-stranded, uracil-containing template, a second
plasmid pT7-7(f) was also used. pT7-7(f) was made by the in-
corporation of an f1 origin of replication into the expression vec-
tor pT7-7 (Tabor, 1990) as previously described (DeLuca et al.,
1993). This allowed Kunkel’s method of mutagenesis to be done
directly on the expression vector.

Double and triple mutants

Mutant N14S/Q44T was made by splicing together DNA from
mutants N14S and Q44T. The Nde1/Eco RV fragment from mu-
tant plasmid N14S and the Eco RV/Eco RI fragment from mu-
tant plasmid Q44T were gel purified and ligated into Nde 1/Eco
Rl-cut pT7-7. Ligated products were transformed into Esche-
richia coli K38 cells. Mutants were identified by double-stranded
dideoxy sequencing. The triple mutant N14S/T18N/Q44T was
constructed by primer-directed mutagenesis on template gener-
ated from the double mutant N14S/Q44T.

Analysis of AFP mutants

Thermal hysteresis was used as a measure of antifreeze activ-
ity. Thermal hysteresis is defined as the difference between so-
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lution freezing and melting temperatures. All measurements
(except for the pH dependence study below) were madein 100 mM
NH,HCO; (pH 7.9) using a nanoliter osmometer (Clifton Tech-
nical Physics, Hartford, New York) as described by Chakra-
bartty et al. (1991).

pH dependence study

The antifreeze activity of rQAE ml.1 (1.0 mg/mL) was mea-
sured at pH values ranging from 1 to 13. For samples within the
pH 2-11 range, an aliquot of rQAE m1.1 (4 mg/mL) was added
to a pH-adjusted buffer mixture of 100 mM sodium citrate,
100 mM sodium phosphate, and 100 mM sodium borate. Af-
ter minor pH adjustment with either 1 N NaOH or 1 N HCI,
deionized water was added so that the final concentration of pro-
tein was 1.0 mg/mL and the final concentration of each of the
buffers was S0 mM. For pH 1, thermal hysteresis of rQAE m1.1
was measured in 100 mM HCI and 150 mM NacCl. For pH 13,
measurements were taken in 100 mM NaOH and 50 mM NacCl.

The antifreeze activity of N14D (1 mg/mL) and Q44E (1
mg/mL) was measured at pH 3 and at pH 6 in the same buffer
system used for rQAE ml.1.

NMR experiments

All experiments were carried out on 0.5-mL samples in a Var-
ian Unity 500 spectrometer at a 'H frequency of 500 MHz. One
to four mg of each AFP was dissolved in 100% D,O to yield
0.2-0.8 mM solutions. All spectra were acquired at 3 °C with
pH values adjusted to 7.0 (not corrected for deuterium isotope
effects). One-dimensional spectra were acquired using 24,000
data points, a spectral width of 7,500 Hz, 2,048 transients with
1.4-2.0-s presaturation delay, and a 90° pulse width of 10 us.
The data were processed with 0 filling to 64K points and with
exponential line broadening of 0.5-1.5 Hz. Two-dimensional ex-
periments for rQAE m1.1 and Q44T were acquired in the phase-
sensitive mode using the methods of States et al. (1982), using
300 ¢, increments, 32-64 scans per increment, and 2,048 data
points per scan with a spectral width of 7,500 Hz. DQF-COSY
spectra (Piantini et al., 1982; Rance et al., 1983), NOESY spectra
with mixing times of 100 ms (Jeener et al., 1979; Kumar et al.,
1980; Macura et al., 1981), and TOCSY spectra (Braunschweiler
& Ernst, 1983; Davis & Bax, 1985) were acquired, the latter using
isotropic mixing times of 60 ms and an MLEV-17 pulse sequence
(Davis & Bax, 1985) to produce a spin lock field of 7.3 kHz. The
2D data were processed on a SUN-IPC workstation using the
Varian VNMR software package. Routinely, the data were 0
filled to 4K x 4K data points and shifted sinebells were used for
resolution enhancement in both dimensions.
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