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Abstract: Antifreeze proteins protect several cold-blooded organisms from subzero environments by
preventing death from freezing. The Type | antifreeze protein (AFP) isoform from Pseudopleuronectes
americanus, named HPLC®6, is a 37-residue protein that is a single a-helix. Mutational analysis of the
protein showed that its alanine-rich face is important for binding to and inhibiting the growth of
macromolecular ice. Almost all structural studies of HPLC6 involve the use of chemically synthesized
protein as it requires a native N-terminal aspartate and an amidated C-terminus for full activity. Here,
we examine the role of C-terminal amide and C-terminal arginine side chain in the activity, structure,
and dynamics of nonamidated Arg®” HPLC6, nonamidated HPLC6 Ala®’, amidated HPLC6 Ala®’, and
fully native HPLC®6 using a recombinant bacterial system. The thermal hysteresis (TH) activities of the
nonamidated mutants are 35% lower compared with amidated proteins, but analysis of the NMR data
and circular dichroism spectra shows that they are all still a-helical. Relaxation data from the two
nonamidated mutants indicate that the C-terminal residues are considerably more flexible than the
rest of the protein because of the loss of the amide group, whereas the amidated Ala®” mutant has a
C-terminus that is as rigid as the wild-type protein and has high TH activity. We propose that an
increase in flexibility of the AFP causes it to lose activity because its dynamic nature prevents it from

binding strongly to the ice surface.
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Introduction

Cold-blooded organisms living in low-temperature
environments face death from ice growth, either
through mechanical damage or by dehydration
because of the lack of liquid water. Some organisms
produce large quantities of polyols to colligatively
depress the freezing point, where the depression
depends on the concentration of the molecules rather
than on their chemical nature. Over 50 years ago, it
was observed that the osmolarity of Arctic fish was
insufficient to explain their ability to avoid freezing in
—1.8°C sea water.! This noncolligative protective
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strategy was subsequently shown to involve the pro-
duction of antifreeze proteins (AFPs, also known as
thermal hysteresis (TH) proteins, ice-binding pro-
teins, or ice-structuring proteins). Discovered in fish,?
arthropods,® plants,* fungi,” and bacteria,® AFPs are
thought to function by what is known as the Kelvin
effect—the protein binds to the ice surface and forces
the ice to grow as a curved front, at which point fur-
ther ice growth becomes inhibited.”® The macro-
scopic, noncolligative nature of the freezing point
depression results in a difference between the freez-
ing and melting points of the solution. This difference
is known as TH and is typically used to quantitate the
ice-growth inhibition capabilities of an AFP.° In addi-
tion, ice grown in the presence of a fish AFP forms a
hexagonal bipyramid, compared with the round plate
morphology seen with water alone.'®

The Kelvin effect has been generally accepted as
the mechanism by which ice growth is inhibited.
How the AFP binds to the ice surface has been more
difficult to determine as there are no consistently
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conserved motifs in AFP protein sequences or struc-
tures. The known and predicted structural folds
include a single a-helical structure (Type I AFP),'!
lectin folds (Type II AFP),'?1% mixed irregular o-he-
lix and B-strand (Type III AFP),'*% g-helical bundle
(Type IV AFP),'® p-helical fold (some insect and
plant AFPs),'™1° and polyproline Type II fold (snow
flea AFP).2%2! The structures of Types II-IV AFPs
and the insect AFPs are reviewed in Refs. 22-25.

The Type I AFPs are found in two flounders,
several sculpins, and Liparis families and tend to be
short (~40 residues) or medium (~100-200 residues)
in length.'®?% The simplicity and relative abundance
of the HPLC6 isoform from winter flounder (Pseudo-
pleuronectes americanus) has made it a model sys-
tem for the study of all AFPs. The protein is only 37
residues long, of which 23 are Ala. The X-ray crys-
tallographic structure shows that nearly the entire
protein is a single a-helix, with only the C-terminal
Arg®” residue being a 3, helix.!’ Solution NMR
studies of HPLC6 in supercooled water?” and solid-
state NMR studies of the protein in ice*® have
shown that the protein maintains its o-helical sec-
ondary structure under conditions in which it would
bind or be bound to an ice surface.

Several residues have been proposed to be im-
portant in maintaining the helical structure of
HPLC6. The helix is stabilized by a salt bridge in
the middle and cap structures at the two termini.
The removal of the salt bridge between Asp'® and
Glu?? by mutating residue 22 to Ala lowers the o-
helical content and TH activity by 10%.2° In vivo, a
C-terminal amide is added to neutralize the C-termi-
nal negative dipole of the helix, and the Arg®’ side
chain has been proposed to form a hydrogen bond
with a backbone carbonyl atom.!! The N-terminal
residue, Asp!, forms a cap structure by hydrogen
bonding to several nearby backbone amide groups.
Both caps stabilize the unsatisfied backbone hydro-
gen bonds of the first and last four residues to pre-
vent the helix from unwinding and neutralize the
destabilizing helix dipoles.>°

Many mutations have been made to Type I AFP
HPLC6 to determine which residues are involved in
inhibiting ice growth (see, for example, Refs. 29
and 31-36). The methyl groups of the Ala-rich face
(Ala'” and Ala?!, and equivalent positions) and the
methyl groups of the four Thr residues (Thr?, Thr'?,
Thr?*, and Thr®®) were shown to be essential for full
TH activity. Removal of the central two Thr methyl
groups (by substitution with Ser)®3%37 or changing
Ala residues on the Ala'” face to Leu resulted in a
>50% loss in activity.®® In contrast, removal of the
Thr hydroxyl groups by mutation of the central two
Thr residues to Val resulted in a moderate loss of ac-
tivity (~15% loss).3%37 These results suggest that
van der Waals interactions between the methyl
groups of these residues and the ice surface keep the
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protein bound to ice. Why hydrogen bonds are not
involved and how van der Waals interactions pro-
mote ice binding are still unclear.

We examined the NMR structure of HPLC6
using a new expression system in bacteria that
makes a recombinant AFP that has been named
rHPLCG6. Three mutants were also created, one lack-
ing the C-terminal Arg®’ side chain (rHPLC6-Ala®’-
NHy), one lacking the C-terminal amide (rHPLCG6-
Arg®"), and one lacking both the C-terminal amide
and the Arg®” side chain (rfHPLC6-Ala®") to examine
their importance in maintaining helical stability and
full TH activity. Our experiments show that the loss
of the amide causes an increase in the flexibility of
the C-terminal region and a loss in TH activity, and
that the Arg®” side chain has a minimal role in
keeping the helix rigid so that it can interact effec-
tively with ice.

Results

Expression and purification of Type | AFP

and mutants

A number of Type I AFP expression systems have
been used, but none have produced fully native
HPLC6. To make rHPLC6, the recombinant protein
rHPLC6-Ala®” was amidated through the transami-
dase activity of carboxypeptidase-Y (CPD-Y).83% For
a description of the cloning and purification of
rHPLC6-Ala®’-NH,, rHPLC6-Arg®’, and rHPLC6-
Ala®" please see the Supporting Information. The C-
terminal peptidase activity of CPD-Y can remove the
terminal residue of a protein, and, when the reaction
is performed in an excess of an amino acid (such as
argininamide), perform the reverse reaction to
attach the amidated amino acid. The correctly ami-
dated-form rHPLC6 was separated from other prod-
ucts by reversed-phase HPLC. Despite the optimiza-
tion of incubation time, temperature, protein
concentration, and amidated amino acid concentra-
tion, the conversion rate was 25-30% for rHPLC6
and <4% for rHPLC6-Ala®"-NH,. No substrate could
be detected after the conversion reaction, but several
other uncharacterized products were formed. The
identity of the correct rHPLC6 product was shown
by mass spectrometry (3242 *+ 3 Da compared with
the predicted value of 3242 Da) and by the observa-
tion that the amidated product eluted from the C18
column with a retention time identical to that of
chemically synthesized Type I AFP.

Activity of Type | AFP and C-terminal mutants

To demonstrate that the recombinant Type I AFP
rHPLC6 behaved the same way as the synthetic
form, we examined its effect on ice crystal morphol-
ogy and measured its TH. An ice crystal grown in
the presence of synthetic AFP forms hexagonal
bipyramids?®; the identical morphology was seen for
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Figure 1. Activity of rHPLC6 and mutant constructs. (A) Ice crystal morphology of the four proteins in the thermal hysteretic
gap. The identity of the protein is indicated below each photograph. The scale bar is the equivalent of 25 um in length for all
photographs. (B) Thermal hysteresis measurements. The activities of the constructs were measured using a nanoliter
osmometer as described in the Material and Methods section. Synthetic HPLC6, open square; rHPLC6, open circle; rHPLC6-
Ala®"-NH,, open triangle; rHPLC6-Arg®’, solid circle; rHPLC6-Ala®’, solid triangle. The lines indicate the average trend for
each of the proteins. Synthetic HPLC6 and rHPLCS, solid line; rHPLC6-Ala®"-NH,, dotted and dashed line; rHPLC6-Arg®’,
dashed line; rtHPLC6-Ala®, dotted line. The error bars represent the standard deviation of three independent measurements.

an ice crystal grown in the presence of the recombi-
nant protein [Fig. 1(A)]. The TH measurements of
recombinant and synthetic AFPs are also essentially
identical [Fig. 1(B)]. All of these data (mass spec-
trometry, ice crystal morphology, and TH activity)
prove that rHPLC6 is completely indistinguishable
from HPLC6 produced by peptide synthesis.

The effects of the rHPLC6-Ala®’-NH,, rHPLC6-
Arg®”, and rHPLC6-Ala®” substitutions on the AFP
activity were also examined. As can be seen in Fig-
ure 1, there is no difference with respect to ice crys-
tal morphology, but the same is not true for the TH
measurements [Fig. 1(B)]. Both rHPLC6-Ala®" and
rHPLC6-Arg®” had very similar TH activities (~65%
activity compared with the wild-type protein), which
is close to the 70% activity reported by Tong et al.
for their recombinant HPLC6 isoform that also
lacked a C-terminal amide.*! At 3 mM protein con-
centration, there is an apparent difference in TH
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between rHPLC6-Arg®” and rHPLC6-Ala®” (14% less
activity for the Ala mutant). Higher concentrations
of the Ala®” form undergo nonspecific aggregation as
seen by increased linewidths in the N-HSQC spec-
tra (data not shown), such that the loss of activity
arises from aggregated protein not being able to in-
hibit ice growth. The rHPLC6-Ala37-NHy protein
had greater than wild-type activity at lower concen-
trations (~105%) and similar activities at higher
concentrations, which differs from the previously
reported 100% activity for this mutant.?°

Structural characterization

The structural effects of the C-terminal substitutions
were examined using CD spectroscopy and NMR to
determine why the nonamidated mutants had lost
their activity. Previous studies of Type I AFP have
shown that the loss of TH activity can correlate with
a loss of helicity.'®?° To see whether this is the case

Antifreeze Protein and Flexibility
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Figure 2. Global structure of rHPLC6 and mutants. The CD
spectra of the proteins, collected at 3°C. rHPLC6, open
circle; rHPLCB-Ala®"-NH,, open triangle; rHPLC6-Arg®’,
solid circle; rHPLC6-Ala®’, solid triangle.

here, the CD spectra of the four proteins at 3°C
were compared (Fig. 2). The molar elliptical minima
at 208 and 222 nm indicate that the wild-type pro-
tein rHPLCG6 is o-helical, as has been shown in pre-
vious CD studies and from the X-ray crystallo-
graphic structure.!®™ The spectra of the two
nonamidated mutants are identical to that of
rHPLCG6, showing that the alterations had no effect
on the overall conformation, and that the loss of ac-
tivity is not due to a loss of secondary structure.
Likewise, the CD spectrum of rHPLC6-Ala®"-NH, is
identical to all three other AFPs.

Residue-specific changes in structure were
examined by using '®N-labeled proteins and by col-
lecting ®N-HSQC spectra [Fig. 3(A)l. The majority
of the rHPLC6-Ala®"-NH,, rHPLC6-Arg,®” and
rHPLC6-Ala®” resonances are overlapped or nearly
overlapped with those of rHPLC6. To show which
regions may have been altered, a plot of the
weighted chemical shift change of the backbone am-
ide 'H and '®N atoms of the three mutant proteins
is shown in Figure 3(B). Residues 1-25 in the mu-
tant proteins have chemical shifts differences of
<0.05 ppm, demonstrating that this part of the pro-
tein is completely unaffected by the mutations. Resi-
dues 26 and 27 show larger changes (0.05-0.10
ppm), whereas residues 28-34 show smaller changes
(~0.05 ppm). The largest chemical shift change
occurs with residues 35 and 36 because of the loss of
the amide and/or mutation of Arg®’ to Ala3".

Effect of mutations on dynamics

Because the three C-terminal mutants did not have
any significant structural differences compared with
wild-type rHPLCS6, relaxation experiments (°N-R;,
15N-R,, and ®N-NOE) of all four proteins were per-
formed at 3°C to see whether an increase in dynam-
ics due to the loss of the C-terminal functional
groups would correlate with the changes in TH ac-
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tivity. In all four proteins, several residues are miss-
ing in the data because of resonance overlap (Ala’
and Ala'*) or a lack of assignments (N-terminal resi-
dues Asp!, Thr?, and Ser?). The C-terminal residue
of rHPLC6-Ala®’-NH, and rHPLC6 is missing
because of a lack of labeled alaninamide and argini-
namide. For the resonances that were assigned,
the relaxation measurement results are shown in
Figure 4. For the R, values of rHPLC6, the average
was 1.28 = 0.05 s'. For rHPLC6-Arg®’, rHPLC6-
Ala®"| and rHPLC6-Ala®"-NH,, the R; averages were
1.37 = 0.06, 1.33 = 0.05, and 1.3 + 0.1 s71, respec-
tively. The R; measurements are essentially the
same for all four proteins, and no region of the pro-
tein shows any large variation from this average
value [Fig. 4(A)]. For the wild-type protein, the
average Ry value was 12 + 2 s71, with only residues
34-36 showing a slight decrease [Fig. 4(B)]. Simi-
larly, the average R, value was 11 = 1 s~ ! for
rHPLC6-Ala®’-NH,, with residues 34 and 36 also
showing a slight decrease. For the nonamidated
mutant proteins, the average R, value over residues
1-30 was essentially the same as the wild-type pro-
tein, with rHPLC6-Arg3” being 13 = 1 s~ ! and
rHPLC6-Ala®” being 11.6 + 0.8 s~1. Over the same
region, the average NOE ratio for rHPLC6 was 0.8
+ 0.2 and for rHPLC6-Ala®"-NH, was 0.8 = 0.1,
with the ratio being 0.84 = 0.07 for rHPLC6-Arg®”
and 0.82 + 0.08 for rHPLC6-Ala®’ [Fig. 4(C)]. One
exception in this region is Asp5, which showed an
increased Ry value compared with other N-terminal
residues. Interestingly, residues located before and
after this residue (Ala® and Ala®) do not show this
increase, indicating that the N-terminal cap may
stabilize residues 1-4 and helical contacts stabilize
residue 6 onward, but residue 5 is not stabilized,
making it more flexible. Although only one residue
is affected, the increase in dynamics near the N-ter-
minus is somewhat similar to the “hinge” seen in the
shorthorn sculpin ss3 AFP structure.*? For the wild-
type protein rHPLC6 and rHPLC6-Ala®’-NH,, the
relatively constant R, R, and NOE values of resi-
dues 1-30 show that this part of the helix is quite
rigid. This also applies to the other two mutants,
but for residues 31 onward the four proteins display
differences in their relaxation data.

Decreasing R, values and decreasing NOE
ratios of all four proteins show that they have
increased flexibility for the C-terminal residues com-
pared with the rest of the protein. The Ry and NOE
data for rHPLC6 and rHPLC6-Ala®’-NH, indicate
that the C-terminal residues are only slightly more
flexible than the central and N-terminal residues. In
contrast, the Ry and NOE values for rHPLC6-Arg®’
and rHPLC6-Ala®” at the C-terminus changed sub-
stantially, which shows that residues 31-37 are flex-
ible compared with the rest of the protein. The
change in the dynamics of these two proteins is
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Figure 3. Local structure of rHPLCG, rHPLC6-Ala®”-NH,, rHPLC6-Arg®’, and rHPLC6-Ala®". (A) Overlapped '°N-HSQC
spectra of rHPLC6 and mutants at 3°C. The residues of all of the assigned peaks of the wild-type protein are labeled with the
residue number and single-letter amino acid code. Peaks of the mutant proteins that have shifted significantly [>0.05 ppm as
shown in (B)] are also labeled. rHPLCS, purple; rHPLC6-Ala®"-NH,, blue; rHPLC6-Arg®’, green; rHPLC6-Ala®’, orange. (B)
Chemical shift changes of the mutants compared with the wild-type protein. Weighted changes in backbone 'H and '°N
chemical shifts of rHPLC6-Ala®"-NH, (open triangles), rHPCL6-Arg®” (solid circles), and rHPLC6-Ala®” (solid triangles) are

plotted on a per residue basis.

somewhat different, with the Ala®’ form showing a
slightly larger increase in flexibility as assessed by
these relaxation parameters compared with Arg®”.
Because this is the most substantial difference
observed between the nonamidated mutants and the
amidated proteins, it likely represents the cause for
the loss of TH activity that was observed.
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Discussion

Wild-type protein expression and structure

Several systems have been developed to express
recombinant Type I AFP HPLC6 isoform in bacteria,
including an artificially longer variant of the HPLC6
of HPLC6 fused to

isoform,*® the pro-form

Antifreeze Protein and Flexibility
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Figure 4. Relaxation data of rHPLC6 and mutants. The (A)
R1, (B) R, and (C) "N-NOE data are plotted on a per
residue basis. Error bars represent the error in fitting the
relaxation decay curves as described in CCPNMR. rHPLCS,
open circle; rHPLCG-AIa37-NH2, open triangle; rHPLC6-
Arg®, solid circle; rHPLC6-Ala®, solid triangle.

galactosidase,** and the HPLC6 mature isoform.*! All
of these constructs, however, are not structurally
identical to the native isoform, and as such they are
cannot achieve the same level of TH activity or
change ice crystal morphology in the same way. Here,
we created a recombinant expression system for fully
native, isotopically labeled, HPLC6 isoform to deter-
mine what effect the C-terminal amide and Arg®’ side
chain have on the protein’s structure and function.

An earlier study using ®*Co relaxation experiments
suggested that the C-terminal Thr®® and Arg®” might
be more flexible than other parts of HPLC6, but the
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weak signal due to the use of natural abundance carbon
prevented a definitive statement from being made.?®
We show here that there is a moderate increase in the
flexibility at the C-terminus of Type I AFP HPLCG6,
demonstrating that a correctly positioned Thr®® methyl
group on the Ala-rich face is not critical for activity. A
study on the Thr®® to Ser mutant supports our proposal,
as the mutant was 90% active compared with TH meas-
urements made with wild-type protein.®”

Loss of amidation compared with loss of
arginine side chain
The data show that the loss of both the C-terminal am-
ide and side chain (rfHPLC6-Ala®") compared with the
loss of the C-terminal amide (rfHPLC6-Arg®”) did not
have a significantly additive effect on the activity, struc-
ture, or relaxation measurements. With respect to the
activity measurements, the difference between rHPLC6-
Arg®” and rHPLC6-Ala®" was the same at a concentra-
tion of 2 mM or less (65% compared with the wild-type
rHPLC6 at a concentration of 1 mM). The CD analysis
showed no significant change in helical content among
all three proteins, and the relaxation data showed that
residues 31-37 of the mutants are more flexible than
those in the wild-type protein, with rHPLC6-Ala®” being
somewhat more flexible than the Arg®” protein. Simi-
larly, the loss of the side chain but the retention of the
amide in rHPLC6-Ala®-NH, showed that the C-termi-
nal residues are slightly more rigid than those of the
wild-type protein, which may explain the incrementally
greater activity of the mutant.

The structure of the C-terminal cap from the
X-ray crystallographic study,!* shown in Figure 5,

C-terminal
amide

Figure 5. Cap structure of Type | AFP. The C-terminal
region of Type | AFP from the crystal structure (PDB 1WFB,
chain B) is shown in stick representation. Asp® of a nearby
symmetry mate is also shown. Intramolecular hydrogen
bonds of the Arg®” side chain and the amide group are
shown as light gray dotted lines, whereas intermolecular
hydrogen bonds are shown in dark gray. The figure was
drawn using Pymol (Version 1.2r1, Schrédinger, LLC).
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provides an explanation as to why amidation is more
important for structural stability than the side
chain. An inspection of Arg®” shows that the side
chain could form a hydrogen bond with the carbonyl
of Ala®3. However, the position of Arg®’ side chain in
the crystal is held in place by two hydrogen bonds to
the side chain Asp® of a nearby symmetry mate. In
comparison, the only crystal contacts of the amide
cap of Arg®” are with two water molecules, showing
that its position is not restrained in the crystal. The
C-terminal amide could therefore make a hydrogen
bond to the carbonyl of Ala®* or Thr®®. Thus, the am-
ide group is important in stabilizing these two resi-
dues, whereas the Arg®’ side chain probably has
only a moderate effect on C-terminal stabilization by
possibly weakly hydrogen bonding to a nearby car-
bonyl. The greater than wild-type TH of the
rHPLC6-Ala®’-NH, mutant indicates that any stabi-
lization by the arginine side chain is not critical for
its activity. The unimportance of the Arg side chain
is also supported by the study of Doig and Baldwin
using nonamidated, model o-helical peptides.*® In
that work, the substitution of the C-terminal residue
Arg with Ala only decreased the helicity by ~2%.
The difference in TH between the two nonami-
dated proteins (14%) at 3 mM is likely due to aggrega-
tion of rHPLC6-Ala®" at higher concentrations of the
protein, an observation also reported for other Type I
AFP mutants.?%*% One explanation for this self-associ-
ation is that the increased flexibility of rHPLC6-Ala®’
allows the Ala-rich regions to form optimal hydropho-
bic interactions, whereas the presence of Arg®’ causes
both steric blockage and charge repulsion, thus pre-
venting the proteins from binding to each other.

Effect of cap mutants on AFP activity
As a model AFP, HPLC6 has been extensively
mutated to elucidate its mechanism of ice growth in-
hibition.293173646 The effects of the mutations can
be broadly classified into those that (a) disrupt
favorable contacts between the protein and ice
because of the substitution of a residue to one with a
long side chain (e.g., Ala to Leu mutation),?® (b)
result in a loss of a favorable contact between the
protein and ice because of the deletion of a func-
tional group (e.g., Thr to Ser mutations),?%*%37 or (c)
disrupt the backbone structure of the protein (e.g.,
loss of the salt bridge).?®

In the cases involving the nonamidated
rHPLC6-Arg®” and rHPLC6-Ala®?, none of these pos-
sibilities are fully consistent with the experimental
observations made here. In neither mutant is a resi-
due introduced with a long side chain, eliminating
explanation a. The rHPLC6-Ala®” mutant does
involve the deletion of the Arg®” side chain, but our
results with rHPLC6-Ala®’-NH, and those of Wen
and Laursen® show that there is no loss in TH ac-
tivity or change in structure. Therefore, the Arg®’
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side chain is not important in the ice-binding inter-
action, and the terminal amide group is not likely to
be involved in ice binding. Otherwise, all other
atoms are present, making explanation b not an an-
swer. Lastly, the CD analysis suggests that explana-
tion ¢ is not likely, as the helical structure for the
protein has not been perturbed.

We propose that rHPCL6-Arg®” and rHPCL6-
Ala®" lose activity because of their increased flexibility
and not because of a loss of a functional group or a
change in secondary structure. The current model of
AFP/ice interactions is proposed to involve van der
Waals contacts between the protein and the ice sur-
face, which are rather weak in nature. The gain in flex-
ibility of rHPLC6-Arg®” and rHPLC6-Ala®” disrupts
this rigidity and would weaken these interactions.
Should this dynamics occur while the protein is bound
to ice, the movement of the C-terminal region away
from the ice surface would have to be very limited; oth-
erwise, the >10,000-fold molar excess of water over
AFP would allow the ice to grow rapidly.® This wrig-
gling may therefore represent the transient loss of a
small number of contacts between the protein and ice,
such that the protein is never fully dissociated from ice
but sufficiently enough to lower the TH barrier.

Rigidity has been suggested to be a common prop-
erty of AFPs,?* with the unusual structure of Tenebrio
molitor being an extreme example of this.*”*8 It has
been stated that rigidity is important for maintaining
a protein’s structure in supercooled water.*® The
hydrophobic effect is weaker at lower temperatures so
that the core of a globular AFP is less able to keep the
structure intact. It is possible that an additional role
of rigidity is to keep an AFP in intimate contact with
a rigid ice surface. It should be noted that the experi-
ments reported here were performed at 3°C, and it is
possible that the dynamics of HPLC6 could be differ-
ent when bound to an ice surface.

We have produced isotopically labeled Type I
AFP HPLC6 and three mutants to study the role of
the C-terminal cap in the protein’s structure and dy-
namics. Our results show that the loss of the C-ter-
minal amide increases the flexibility of several C-
terminal residues, which leads to a loss of thermal
hysteretic activity, and that the terminal arginine
residue is not important for helical stability or anti-
freeze activity. To perform the NMR experiments, we
created a bacterial recombinant expression system
that produces fully native and isotopically labeled
Type I AFP, which has not been previously possible.
This new system can be exploited to further under-
stand how AFPs are able to bind to ice.

Materials and Methods

Cloning, expression, and protein purification
The Type I AFP, HPLC6 gene was a generous gift
from Daniel Yang (McMaster University).* A

Antifreeze Protein and Flexibility



description of the material and methods used for the
cloning and preparation of the nonamidated protein
is included in the Supporting Information.

C-terminal amidation of rHPLC6-Ala®” and
rHPLC6-Arg®”

The transacylation reaction as outlined by Zhang
et al.?® was used to convert Ala®’ in rHPLC6-Ala®’
into amidated Arg3” (rfHPLCS). Briefly, 25 pL of a 40
mM stock of rHPLC6-Ala®” was mixed with 975 uL
of a nucleophile solution [1M argininamide-HCI
(Sigma Aldrich, St. Louis, MO) and 5 mM EDTA
(pH 8.5)]. The reaction was initiated by the addition
of 10 ug of carboxypeptidase Y (Sigma Aldrich, St.
Louis, MO). The solution was incubated for 3 h at
45°C before the mixture of products was separated
using reversed-phase HPLC with a C18 column.
Conversion of rHPLC6-Ala®” to rHPLC6 was con-
firmed using mass spectrometry (Biological Mass
Spectrometry Facility, University of Guelph). Frac-
tions containing rHPLC6 were lyophilized for stor-
age. The same procedure was used to produce
rHPLC6-Ala®’-NH,, except that 1M alaninamide-
HCI (Sigma Aldrich, St. Louis, MO) was used with
rHPLC6-Arg®” as the substrate.

Antifreeze protein activity measurement
Measurement of TH activity was carried out accord-
ing to the method of Chakrabartty and Hew® using
an Otago nanoliter osmometer (Otago Osmometers,
Dunedin, New Zealand). A ~20 nL drop of protein
solution in 10 mM ammonium bicarbonate was
inserted into a Cargille oil Type B droplet in the
cold-stage sample holder. The temperature was low-
ered to less than —20°C until the protein solution
froze. Next, the temperature was raised and lowered
until only a single crystal remained. The tempera-
ture was then slowly lowered (0.02°C decrements
over ~10 s) to see whether the ice crystal would
change from a constantly growing plate with poorly
defined edges into one with sharply defined bounda-
ries and arrested growth. Digital photographs of ice
crystals within the TH gap were taken using a
Canon G10 digital camera with automatic exposure
and focusing.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra of the four proteins
were collected using a Jasco-815 CD spectropolarim-
eter (Easton, MD). Protein samples were dissolved
in 10 mM ammonium bicarbonate at a concentration
of 0.22 mg/mL (rHPLC6-Ala®"-NH,), 0.25 mg/mL
(rHPLC6 and rHPLC6-Ala®’), or 0.5 mg/mL
(rHPLC6-Arg®’). A quartz cuvette with a 0.1-mm
path length (Hellma, Concord, ON, Canada) was
scanned from 250 to 190 nm. The spectra were aver-
aged over eight scans, and all experiments were per-
formed at 3°C.

Patel and Graether

NMR data collection and analysis

The lyophilized protein was resuspended in 600 uL of
NMR buffer [0.01% sodium azide, 0.1 mM 2,2'-di-
methyl-2-silapentane-5-sulfonate (DSS), and 10% D,O
(v/v)] at a concentration of 90 pM (rHPLC6-Ala®’-NH.,)
or 0.5 mM (all others), with the pH adjusted to 7.0 for
a series of NMR experiments.?® All experimental data
were collected on a Bruker Avance DRX600 spectrome-
ter equipped with a cryogenic triple-resonance probe
at a temperature of 3.0°C. 'H and '°N referencing was
performed relative to DSS as described.?! For the °N-
heteronuclear single-quantum coherence (HSQC)
experiments, 1024 (*HN) and 128 (*?N) complex data
points were acquired with a total of 32 (rHPLC6-Ala®’-
NHs) or 16 (all others) transients per #; increment
using spectral widths of 8370.5 (*HN) and 1338 (}°N)
Hz. For the *N-edited NOESY and '°N-edited TOCSY
experiments, 1024 (*HN), 20 (*°N), and 64 (*H) com-
plex data points were acquired with a total of 16 tran-
sients per ¢; increment using spectral widths of 9615.0
(*HN), 1338 (**N), and 9615.0 ('H) Hz. R, Ry, and
{*H}-°N-NOE relaxation data were collected using the
same protein sample described above at 3.0°C. For all
three experiments, 1024 (*HN) and 128 (*°N) complex
data points were acquired with a total of 16 transients
per ¢; increment using spectral widths of 8370.5 (*HN)
and 1338 (°N) Hz. For the R; experiments, relaxation
delays of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0
s were applied. For the R, experiments, relaxation
delays of 16.064, 32.128, 48.192, 64.256, 80.320,
112.450, 144.580, 176.700, 208.830, and 240.960 ms
were applied. The {*H}-'°N steady-state NOE values
represent the intensity ratio from the two HSQC spec-
tra with and without *H saturation applied before the
15N excitation pulse.

Spectra were processed using NMRPipe,®? and
chemical shift assignments were made using the
CCPNMR analysis software version 2.1.°® Chemical
shifts of rHPLC6 'H and '°N atoms were obtained
from previously published studies on the synthetic pro-
tein,2®%* and °N-TOCY and ’N-NOESY experiments
were used to assign resonances that underwent large
chemical shifts in the rHPLC6-Arg®” and rHPLC6-
Ala®” mutants. The R; and R, relaxation times were
analyzed by fitting the cross-peak intensity decay to a
two parameter, single exponential decay function I(¢) =
Ioe ™F12 where I, is the intensity at time ¢ = 0 and I(¢)
is the intensity after a delay time ¢ for the R, or Ry
experiment. The errors were estimated from the uncer-
tainty of the nonlinear fits.
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