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Thermal hysteresis (TH), a difference between the melting and
freezing points of a solution that is indicative of the presence of
large-molecular-mass antifreezes (e.g., antifreeze proteins), has
been described in animals, plants, bacteria, and fungi. Although all
previously described TH-producing biomolecules are proteins,
most thermal hysteresis factors (THFs) have not yet been structur-
ally characterized, and none have been characterized from a
freeze-tolerant animal. We isolated a highly active THF from the
freeze-tolerant beetle, Upis ceramboides, by means of ice affinity.
Amino acid chromatographic analysis, polyacrylamide gel electro-
phoresis, UV-Vis spectrophotometry, and NMR spectroscopy indi-
cated that the THF contained little or no protein, yet it produced
3.7 £ 0.3 °Cof TH at 5 mg/ml, comparable to that of the most active
insect antifreeze proteins. Compositional and structural analyses
indicated that this antifreeze contains a B-mannopyranosyl-(1—4)
B-xylopyranose backbone and a fatty acid component, although
the lipid may not be covalently linked to the saccharide. Consistent
with the proposed structure, treatment with endo-g-(1—4)xyla-
nase ablated TH activity. This xylomannan is the first TH-producing
antifreeze isolated from a freeze-tolerant animal and the first in a
new class of highly active THFs that contain little or no protein.

antifreeze protein | insect cold tolerance | glycolipid |
membrane associated antifreeze

Antifreeze proteins and glycoproteins (AF(G)Ps) were first
identified in the blood of Antarctic fishes, in which they
allow these fish to avoid freezing in ice-laden waters that are
colder than the colligative melting point of their bodily fluids (1).
AF(G)Ps adsorb to the surface of ice and prevent water from
joining the crystal lattice, thereby preventing freezing of a
solution in the presence of ice until a new, lower (hysteretic)
freezing point is reached (1, 2). Thermal hysteresis (TH),
defined as the difference between the colligative melting and
hysteretic freezing points, is diagnostic for the presence of
large-molecular-mass antifreezes such as AF(G)Ps.

Since their discovery, AF(G)Ps have been the subjects of
active research, ranging from structural biochemistry (1) to
ecological physiology (3) and applications in biotechnology (4).
This body of work has revealed the existence of five distinct
structural classes of fish AF(G)Ps (5) and has demonstrated
some unexpected functions of these proteins. In addition to
producing TH, all AF(G)Ps appear to prevent the recrystalli-
zation of ice (6), and certain fish AF(G)Ps may protect cell
membranes from low-temperature—induced injury (7, 8).

More recently, TH has been described in additional taxa,
representing four kingdoms of life (1, 2, 9-11). Structurally
distinct AF(G)Ps have been isolated and characterized from
plants, insects, collembola, fungi, and bacteria (6, 12-15), show-
ing that diverse proteins with TH activity have evolved in
distantly related cold-tolerant organisms. However, the majority
of the responsible thermal hysteresis factors (THFs) have not
been isolated or structurally characterized (i.e., chemical com-
position has not been determined). In insects, for instance, TH
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has been identified in more than 50 species (9), but antifreeze
protein (AFP) sequences have been published for only four of
these (4). Furthermore, TH has been observed in multiple
species of freeze-tolerant insects (9, 16, 17), namely, those able
to survive extracellular freezing; however, none of the respon-
sible THFs have been structurally characterized.

Although the structures of known THFs are extremely diverse
and appear to have evolved independently multiple times even
within closely related taxa (18), proteins were the only biomol-
ecules previously known to produce TH. The xylomannan
described herein is the only THF that has been isolated from a
freeze-tolerant animal and the only such molecule known to
contain little or no protein.

Results and Discussion

THF Isolated from U. ceramboides Is Highly Active and Contains Little
or No Protein. We investigated the THFs in adult darkling beetles,
U. ceramboides, from interior Alaska because they tolerate
freezing to —60 °C in midwinter (19) and were reported to
exhibit ~0.4 °C of TH in their hemolymph after cold acclimation
(9). We typically observed TH values <0.1 °C and often detected
only hexagonal ice crystal morphology in the hemolymph of
cold-adapted insects, indicating the presence of a low concen-
tration of THF and/or a low specific activity THF (6). The
sporadic presence of >0.5°C of TH in the hemolymph of U.
ceramboides is consistent with observations on other freeze-
tolerant arthropods (16, 20).

Toisolate the THF, we homogenized 40.3 g of cold-acclimated
U. ceramboides and solubilized molecules of increasing mem-
brane affinity in three successive extractions. THFs present in
each extract (R1, soluble fraction; R2, first membrane-
associated fraction; R3, second membrane-associated fraction)
were separated from other solutes by ice affinity (21). The
isolated THFs in the R1, R2, and R3 fractions weighed ~125 ug,
~100 ng, and ~60 pg, respectively, and exhibited ~3.7 = 0.3 °C
of TH at 5 mg/ml, a value comparable to that of the most active
insect antifreeze proteins (12).

THFs (2-5 ng) from each extraction was analyzed by PAGE.
The THFs migrated toward the anode on both native and
denaturing gels (Fig. 1) but could not be visualized with Coo-
massie, silver, or SYPRO Ruby protein stains (Fig. 1), even
though the detection limits of the three assays are 2 to 3 orders
of magnitude lower than the amount of THF applied to the gel
(22). These findings suggested that the isolated THF contained
little or no protein. One faint protein band (=80 kDa) was
detected in the R1 fraction (Fig. 1), but no corresponding band
was observed in R2, suggesting that an “ice-active” protein was
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Fig. 1. SDS/PAGE (12%) of R1 and R2 fractions. (A) Silver-stained gel. Lane
assignments: 1, ice-purified R1; 2, low-molecular-weight standards. (B) Silver
stained gel. Lane assignments: 1, low-molecular-weight standards; 2, ice
purified R2. (C) Gel stained with Sypro Ruby. Lane assignments: 1, low molec-
ular weight standards; 2, blank (loading dye only); 3, ice purified R1; 4, ice
purified R2. Ice-purified R1 and R2 were applied to two additional lanes (lanes
5 and 6, respectively), which were excised from the gel. Each lane was divided
into four segments and the THF was eluted in distilled water overnight. After
dialysis, the sample was concentrated and TH was measured. TH values (°C) are
shown for lanes 5 and 6 for each gel fragment.

present in the soluble fraction. Certain non-THF ice-active
molecules, such as ice nucleating proteins, are likely components
of the hemolymph of U. ceramboides (23) and may be isolated by
ice affinity (24). Furthermore, membrane filtration (30,000 MW
cut-off) concentrated the ~80 kDa R1 protein in the retentate,
whereas TH was observed only in the filtrate. Treatment of the
isolated THF with Pronase had no effect on TH activity, further
supporting the absence of a protein scaffold.

Ancillary spectrophotometric characterization of the THFs
also supports the absence of a significant protein component.
Maximal UV absorbance of the THF occurred below 200 nm
(Fig. 2); maximal absorbance is expected at 205-220 nm for
peptide bonds. In addition, there was no absorbance peak near
280 nm, suggesting the absence of aromatic amino acids. 'H
NMR spectra also lacked any major signals that supported the
presence of protein, as all major signals appeared to arise from
saccharide and lipid constituents (Fig. 3). Furthermore, 'H
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Fig.2. UV absorbance spectra of R1 and R2 fractions compared with that of
BSA. Squares, BSA at 0.12 mg/ml; circles, 1:100 dilution of R2; triangles, 1:100
dilution of R1.
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Fig. 3. A comparison of 600 MHz '"H NMR spectra of THFs isolated by ice
affinity from three successive extraction buffers. (A) Buffer R1, soluble frac-
tion. (B) Buffer R2, first membrane-associated fraction. (C) Buffer R3, second
membrane-associated fraction. Decreasing signal to noise indicates lower THF
concentrations.

NMR spectra lacked downfield resonances characteristic of
aromatic protons. Although a single, low-intensity signal at 8.65
ppm was observed in the R1 and R2 fractions (for R3, spectral
signal/noise was not sufficient to permit observation of this
signal). However, this singlet is not consistent with the presence
of aromatic amino acids, inasmuch as these give rise to multiple
aromatic proton signals. Amino acid chromatographic analysis
revealed that the ice-purified sample contained 2-3% amino
acid by mass, most likely contributed by contaminating proteins/
amino acids or a minor protein component in the THF.

THF Comprises a Xylopyranose—-Mannopyranose Core and Possibly a
Lipid Component. Qualitatively, '"H NMR spectra of the R1, R2,
and R3 fractions were nearly identical, each containing the same
major signals attributable to saccharide and fatty acid compo-
nents (Fig. 3) based on their characteristic chemical shifts.
Inspection of the 'H and 3C chemical shifts, "H-'H scalar
couplings (3/uz.13), signal multiplicities (Table 1), and relative
signal areas of the -CH,- and -CHj signals observed in the 'H
NMR spectrum of R1 (Fig. 4) indicate the presence of a
saturated fatty acid. 2D 'H-'H total correlation spectroscopy
(TOCSY) data showed that the putative fatty acid signals in R1
arise from a single spin system (Fig. 4). The 'H NMR spectrum
of R2 contained two additional broad signals, observed at 5.5 ppm
(-HC = CH-) and 2.2 ppm (-H>C-HC = CH-CH,-), suggesting the
presence of unsaturated fatty acid in this sample (25).

There were notable quantitative differences between the
spectra. "H NMR spectra of the membrane-extracted fractions,
R2 and R3, contained considerably more intense lipid signals
than did that of the soluble R1 fraction (Fig. 3), indicating a
greater fatty acid component in R2 and R3, which suggests that
the fatty acid component may anchor the THF to the cell
membrane. However, the mode of lipid linkage to the saccharide
has not been established, and it remains possible that the lipid
is not covalently linked to the saccharide constituent.

Methanolysis of R1 followed by tandem GC/MS analysis of
derivatized monosaccharides showed that the two predominant
monosaccharides in the R1 sample were mannose (Man) and
xylose (Xyl). These results are consistent with the characteristics
of the anomeric 'H signals observed in the 'H NMR spectrum
based on signal intensities and splittings (Fig. 3). The ~1.3:1
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Table 1. 3C and "H chemical shifts (ppm) and 'H-"H spin-couplings for lipid signals in R1
compared with those observed for a glycolipid isolated from Deinococcus radiodurans

Chemical shifts (ppm)

J-coupling
CH,CO CH,>CH,CO -CHzn -CHs (Hz)
Fatty acid-R1 342,13
513C — — 28.6 — 7.5+ 0.1
5'H 2.33 1.71 1.43-1.52 1.04
Multiplicity triplet multiplet multiplet multiplet
Fatty acidf 3JH2,H3
513C — — ~29 — 7.4
5'H 2.33 1.62 1.1-1.4 0.87-0.92
Multiplicity triplet multiplet multiplet Triplet X 3

*In 2H,0 at 40 °C, pH 7.5; accurate to = 0.01 ppm. Chemical shifts were referenced to the internal HOD signal

(4.800 ppm).
'Data taken from ref. 25.

Man:Xyl molar ratio determined by integration of the anomeric
proton signals was nearly identical to that determined by GC/MS
composition analysis. Data obtained from matrix-assisted laser-
desorption ionization (MALDI) mass spectrometry were con-
sistent with a xylomannan structure, given that oligomers that
varied by the mass of aldopentose and aldohexose monomers
were observed (Fig. 5). The observation that the predominant
hexose (Man) and pentose (Xyl) series share a common ion at
1618.23 m/z indicated that Man and Xyl comprise a core
repeating structure.

The average molecular weight of the THF has not yet been
established, but is bounded by the results of MALDI (1,000—
2,400 Da) and centrifugal filtration experiments (<30 kDa).
MALDI can substantially underestimate the molecular weight of
polysaccharides because oligosaccharides suppress the ioniza-
tion and desorption of larger saccharides (26). Thus, the MALDI
data may represent oligomers resulting from the degradation of
the THF during storage.

A (-clﬂz-)n

23 21 19 17 15 13

1.1 ppm

Fig. 4. Partial 800 MHz 'H NMR and TOCSY spectra of R1 showing correla-
tions among lipid signals. (4) 'H NMR spectrum showing lipid signals that
correspond to crosspeaks in (B). Numbers below the bracketed regions indi-
cate relative signal areas. (B) Cross-peaks (connected by dashed lines) in the
TOCSY spectrum indicate spin connectivities between CHz and different types
of -CH,-protons in the fatty acid constituent of the R1 THF.
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THF Contains a B-Mannopyranose-(1—4) B-Xylopyranose Backbone.
We assigned the saccharide '"H NMR signals for R1 using a
combination of double quantum filtered correlation spectros-
copy (DQF-COSY), TOCSY, heteronuclear single quantum
coherence (HSQC), and HSQC-TOCSY 2D NMR methods
(Fig. 6). 'H and '3C chemical shift assignments were consistent
with those reported previously for Man and Xyl aldopyranosides
when chemical shift patterns and signal multiplicities were taken
into account (Table 2). The 'H chemical shifts of H3 and H4 of
Man were nearly identical, however, leading to the possibility
that the 'H signal assignments, and '3C assignments derived from
HSQC, might be reversed. The implications of this uncertainty
are discussed below.

NMR analysis indicated that the Man and Xyl monosaccharide
constituents are in the pyranosyl ring form (see preceding para-
graph) and that both are predominantly in the B-configuration.
"H-'H spin-coupling constants involving the anomeric (H1) proton
were used to assign anomeric configuration. The value of 3/ 12
(7.8 Hz) in the xylopyranose (Xylp) constituent was virtually
identical to that reported in methyl B-D-xylopyranoside (27). The
anomeric configuration of the Xylp residues was also confirmed
with endo B-(1—4)xylosidase treatment, which reduced the TH
activity of a R1 sample from 0.6 =+ 0.1 °C (£SD) to zero within 1 h
of treatment at 22 °C.

In authentic methyl D-mannopyranosides, 3/ 1o for the «
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Fig.5. MALDI-TOF mass spectrum of R1. Red and blue brackets indicate ions
separated by either the mass of an aldohexose (180.06-18.01 [reducing end
H,0] = 162.05 Da) or aldopentose (150.05-18.01 [reducing end H,0] = 132.04
Da), respectively.
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Fig. 6. Partial 2D "H NMR spectra of R1 at 800 MHz. (A) Partial HSQC spectrum showing 'H-'3C correlations for the saccharide "H signals shown in (B). Black
contours correlate '3C and methylene (-CH,-) protons, and red contours correlate '3C to methine (-CH =) or methyl (-CH3) protons. Crosspeak assignments for
the Manp and Xylp constituents are shown as M1-M6’ and X1-X5’, respectively. (B) Partial 1D "H NMR spectrum showing saccharide signals observed for R1. (C)
Expansion of the anomeric signals observed in the HSQC spectrum. (D) Partial HSQC-TOCSY spectrum showing proton signals in (B) that correlate with the
anomeric signals observed in (C), allowing identification of most of the ring protons in Xylp, but only H2 in Manp because of the small 3Jy1 42 and 3Ju; 143 values

in Man residues.

and B anomers are 1.8 and 0.9 Hz, respectively (27). This
coupling in the R1 THF was obscured by line broadening (=3
Hz); when resolution enhancement was applied, the mannopy-
ranose (Manp) HI signal still appeared nearly symmetric and
unsplit, suggesting a 3/y; 2 coupling <1 Hz, indicative of a
B-configuration. To gain more information on the Manp ano-
meric configuration, we measured the one-bond J¢1 1 coupling,
which is very sensitive to anomeric configuration in Manp
structures (27). The observed value of ~160 Hz supported a
B-configuration (27); however, broad signals and relatively poor
signal/noise observed in the proton-coupled '3C NMR spectrum
led to uncertainty (= 10 Hz) in this measurement, allowing for
a slight possibility that the Manp ring is in the a-configuration.
(Merm for a-Manp is 171.0 Hz). Additional support for the
B-Manp configuration was obtained by noting that the chemical
shift difference between the H2 and H3 signals (0.32 ppm) in the
THF is much closer to the value observed in methyl B-D-
mannopyranoside (0.35 ppm), than in methyl a-D-mannopyr-
anoside (0.17 ppm) (26).

Carbon chemical shifts were used to establish the locations of

O-glycosidic linkages (28). For the f-Manp and B-Xylp constit-
uents, the C4 chemical shifts were displaced downfield by 7-10
ppm relative to unsubstituted methyl pyranosides (Table 2),
indicating that both saccharides are involved predominantly in
B-(1—4) linkages (Fig. 7). However, the saccharide sequence has
not been established and may not strictly alternate between
Manp and Xylp. For instance, there may be several tandem Manp
residues followed by a series of Xylp residues. In addition,
branching may also occur. The above-noted uncertainty in the
assignment of the Manp H3 and H4 signals allows for the small
possibility that Man may be involved in B-(1—3) linkages.
Interestingly, treatment of the THF with endo B-(1—4)manno-
sidase did not affect TH activity.

Although the physiological role of THFs in freeze-tolerance is
not well understood, THFs do appear to promote cold tolerance.
Recrystallization inhibition and/or TH activity are known to
increase in response to low temperature in freeze-tolerant
insects (16, 17), other arthropods (20) and plants (6). For the
centipede, Lithobius forficatus, experiments showed that THFs
(i.e., AFPs) significantly increased cell survivorship under freez-

Table 2. '3C and 'H chemical shifts (ppm) and 'H-"H and '3C-"H spin-couplings for saccharide signals in R1 and standard compounds

Chemical shifts (ppm)

Cc1 c2 c3 c4 (&) (€9 J-coupling
(H1) (H2) (H3) (H4) (H5,H5") (H6,H6’) (Hz)
Man: R1 100.2 (4.92) 70.1(4.30) 71.6(3.98) 76.6" (3.96) 75.1 (3.74) 60.6 (4.09, 3.93) Jer,m1 =160
Methyl a-p-manno- 101.9 (4.854) 71.2(4.024) 71.8(3.851) 68.0(3.739) 73.7 (3.70) 62.1 (3.991, 3.852) et m
pyranoside®s 171.0
Methyl B-b-manno- 101.3 (4.658) 70.6 (4.072) 73.3(3.721) 67.1(3.625) 76.6 (3.459) 61.4 (4.021, 3.825) Ucrm
pyranoside*:$ 159.5
Xyl: R1 101.7 (4.66) 72.8(3.48) 73.8(3.73) 76.6" (4.00) 63.0 (4.28, 3.55) 3Jha,m2
7.8
Methyl a-p-xylopyranoside*S 100.6 (4.868) 72.3 74.3 70.4 62.0 341,12
3.6
Methyl B-p-xylopyranoside*s 105.1 (4.415) 74.0 (3.345) 76.9(3.533) 70.4(3.713) 66.3 (4.064, 3.419) 31,12 7.8

*In 2H,0 at 40 °C, pH 7.5; accurate to +0.01 ppm. Chemical shifts were referenced to the internal HOD signal (4,800 ppm).
TCarbon resonances shifted 7-10 ppm downfield when compared with analogous carbons in the corresponding unsubstituted methyl glycoside, indicating

involvement in an O-glycosidic linkage.
*Data taken from ref. 35.
SData taken from ref. 27.
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Fig. 7. Proposed disaccharide core structure comprising the THF isolated
from U. ceramboides.

ing conditions (29), although the mechanism remains unclear.
THFs are potent inhibitors of recrystallization; thus, one po-
tential function is the prevention of damage associated with the
recrystallization of extracellular ice. The observation that THFs
were associated with the cell membrane in the centipede (29), as
also appears to be the case for THFs from U. ceramboides,
suggests that these molecules may prevent the spread of extra-
cellular ice into the cytosol (intracellular freezing is typically
thought to be lethal) and/or stabilize the plasma membrane at
low temperature.

This study shows that a (lipo)xylomannan isolated from U.
ceramboides is a highly active THF that is structurally distinct from
all known AFPs and antifreeze glycoprotein (AFGPs) reported to
date. In contrast to known AFGPs, which comprise 39% peptide by
mass (1), THFs isolated from U. ceramboides contain little to no
protein. In addition, the B-Manp-(1—4) B-Xylp backbone (Fig. 7)
is unrelated to the saccharide component of fish AFGPs, which con-
sists of B-D-galactosyl-(1—3)-a-N-acetyl-D-galactosamine disac-
charides (30). This xylomannan antifreeze may contribute to freeze
tolerance by preventing recrystallization of extracellular ice, pre-
venting intracellular freezing and/or stabilizing cellular membranes
at low temperature.

Materials and Methods

Acclimation. U. ceramboides were cold acclimated in darkness to the following
schedule: 0 °C, 3 weeks; —1 °C, 5 days; —2 °C, 5 days; —3 °C, 7 days; —4 °C, 10
days; —5 °C, 10 days; —6 °C, 5 days; —7 °C, 5 days; and —8 °C, 2 weeks.

THF Extraction and Isolation. THFs were extracted from beetle whole bodies
using a Bio-Rad ReadyPrep sequential extraction kit. The three buffer system
permits the solubilization of increasingly hydrophobic biomolecules associ-
ated with plasma membrane (31). Extraction 1 and both washes were retained
for ice affinity purification. Extractions 2 and 3 (tributyl phosphine omitted)
and the corresponding washes were dialyzed (3,500 MW cut-off) against
distilled water for 24 h. The osmolality of each sample was adjusted to ~200
mOsm with glycerol before ice affinity purification.

THFs selectively adsorb to ice and are incorporated into growing ice crystals,
whereas other solutes are excluded. Thus, successive rounds of freezing permit
the purification of THFs to homogeneity (21). The extractions and washes
were aliquotted into 50-ml centrifuge tubes and placed in an alcohol bath set
to —3.6 °C. Ice formation was initiated at the bottom of the tube with
Fisherbrand spray freeze. After freezing overnight, the bottom 2.5 mm of
each tube were excised with a razor blade and the unfrozen portion removed
by centrifuging the tube at 2,000 rpm for 1 minute at 4 °C. The frozen fraction
(>90%) was transferred to a new 50-ml centrifuge tube and thawed. The
osmolality was readjusted to ~200 mOsm with glycerol and the sample was
subjected to eight additional freeze—-thaw cycles. On the ninth and final cycle,
no glycerol was added to the sample, but the bath temperature was increased
to —1.3 °C to remove residual glycerol from the sample. After the final cycle,
the sample was dialyzed against distilled water for 48 h, lyophilized, and
reconstituted in 20-50 ul of MilliQ water.

Membrane Filtration. The R1 fraction was filtered through a Microcon Cen-
trifugal filter device (Millipore; 30,000 MW cut-off) at 5,000 g for ~20 min.
Before application of the sample to the filter cup, the filtration membrane was
rinsed twice with distilled water. After the initial filtration, the retentate was
rinsed twice, each time with 200 ul of distilled water. All filtrate fractions were
consolidated, lyophilized, and reconstituted before measurement of TH ac-
tivity and subsequent NMR analysis. The retentate was resuspended in 20 ul of

20214 | www.pnas.org/cgi/doi/10.1073/pnas.0909872106

distilled water to permit both the measurement of TH activity and analysis by
polyacrylamide gel electrophoresis.

Thermal Hysteresis Measurements. TH was measured using a Clifton Nanoliter
Osmometer (Clifton Technical Physics) (16).

NMR Spectroscopy. Lyophilized THF samples (R1 was filtered through 30,000
MWCO filter) were dissolved in 200 ul of 2H,0 containing ~20 mM sodium
phosphate buffer, pH 7.5, and placed into a 5-mm symmetrical Shigemi NMR
microtube susceptibility-matched to 2H,0. Initial 1D '"H NMR spectra were
obtained on a Varian UNITYPlus 600 MHz FT-NMR spectrometer. Data acqui-
sition parameters were as follows: 1,000 transients; 3 s recycle time; 313.15 K;
—4 to 12 ppm spectral window. A line broadening function (0.2 Hz) was
applied to free induction decays before Fourier transformation, yielding a
final digital resolution of 0.07 Hz/pt. Spectra were referenced internally to the
residual HOD signal (4.800 ppm).

Subsequent 1D and 2D spectra were obtained from the R1 sample (pre-
pared as described above) on a Bruker Avance 800 MHz NMR spectrometer
equipped with a 5-mm cryoprobe. The data acquisition parameters for 1D 'H
spectra were as follows: 80 transients; 3 s recycle time; 298.15 K or 313.15 K;
spectral width 9615 Hz; digital resolution, 0.29 Hz/pt.

All two-dimensional NMR spectra were acquired in a phase-sensitive mode
using the time proportional phase incrementation (32) for quadrature detec-
tion in the t1 dimension. TOCSY spectra were collected using isotropic mixing
of times of 31 and 80.5 ms at 298.15 K. DFQ-COSY spectra were also collected
at 298.15 K. The data size for these spectra were 2048 (t2) X 512 (t1). For all 2D
spectra, data processing was performed on Bruker Biospin software and
phase-shifted sine-squared window functions were applied before Fourier
transformation. For TOCSY and DFQ-COSY spectra, final matrix sizes were
2048 x 2048 real points with a final digital resolution of 4.7 Hz/pt in both F1
and F2. HSQC and HSQC-TOCSY spectra were collected at 313.15 K. Data size
for HSQC and HSQC-TOCSY spectra were 2048 (t2) X 256 (t1) and spectral
widths were 22 kHz in the '3C dimension and 9,600 Hz in the 'H dimension. For
the HSQC spectrum, the final matrix size was 2,048 X 1,024 real points with a
final digital resolution of 10.8 Hz/pt and 4.7 Hz/pt for F1 and F2, respectively.
For the HSQC-TOCSY spectrum, the final matrix size was 2048 X 512 real
points, with a final digital resolution of 43 Hz/pt and 4.7 Hz/pt for F1 and F2,
respectively.

BC{"H}INMR spectra were also obtained on the Bruker 800 MHz spectrom-
eter (200 MHz '3C). The data acquisition parameters were as follows: 32,000
transients; 3 s recycle time; 313.15 K; 48,076 Hz spectral window. A line
broadening function (3 Hz) was applied to free induction decays before
Fourier transformation, yielding a final digital resolution of 0.73 Hz/pt. Con-
ditions for obtaining the 'H-coupled '3C NMR spectrum were identical to those
described above, with the exceptions that broadband "H-decoupling was not
used during data acquisition and 56,000 transients were collected.

Amino Acid Chromatographic Analysis. A 20-ug quantity of isolated THF from
U. ceramboides and an ice-purified blank (Tris buffer subjected to ice-affinity
process) were sent to Texas A&M Protein Chemistry Laboratory for amino acid
analysis. Four different samples were run for this assay: the ice-purified THF
sample, the ice-purified blank, the assay blank, and human serum albumin as
a control. Two internal standards norvaline (for primary amino acids) and
sarcosine (for secondary amino acids) were added at the beginning of the
assay to all samples to control for errors due to sample loss, injection variations
and variability in preparing dilutions.

Each sample was mixed with the internal standards, divided into two
aliquots and dried in glass tubes in a vacuum concentrator before vapor phase
hydrolysis by 6N HCl at 150 °C for 1.5 h under an argon atmosphere. The
samples were subsequently reconstituted in 0.4 N borate buffer to bring the
pH to 10 for optimum derivitization and transferred to the AminoQuant
autosampler for automated derivatization and loading. Amino acid analysis
was performed using a HP AminoQuant Il system. The system consists of an HP
1090 liquid chromatograph with an Hewlett-Packard Chemstation equipped
with software that controls the LC and collects, analyzes and reports the data.

Sugar Composition Analysis. Sugar composition analysis was performed at the
Complex Carbohydrate Research Center at the University of Georgia by com-
bined gas chromatography/mass spectrometry (GC/MS) of the per-O-
trimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides pro-
duced from the sample by acidic methanolysis (33, 34). Methyl glycosides were
prepared from the isolated THF by methanolysis in 1 M HCl in methanol at
80 °C (18-22 h), followed by re-N-acetylation with pyridine and acetic anhy-
dride in methanol (for detection of amino sugars). A 20-ug quantity of inositol
were added to the sample as an internal standard. The samples were then
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per-O-trimethylsilylated by treatment with Tri-Sil (Pierce) at 80 °C (0.5 h).
GC/MS analysis of the TMS methyl glycosides was performed on an HP 6890 GC
interfaced to a 5975b MSD, using an Alltech EC-1 fused silica capillary column
(30 m X 0.25 mm ID).

Enzymatic Hydrolysis Reactions. For each of the following enzymatic treat-
ments, 1 pl of THF solution (1-4 mg/ml) was diluted 1:1 with Pronase stock
solution.

Pronase stock solution consisted of 2 mg/ml Pronase (a broad-spectrum
protease) in Tris buffer, pH 7.5, containing 10 mM CacCl,. The reaction mixture
was covered with mineral oil and incubated overnight at 37-40 °C. A 1:100
dilution of hemolymph from cold acclimatized Dendroides canadensis, an AFP-
producing beetle, was used as a positive control for the Pronase treatment.

B. Endo B-(1—4) xylanase stock solution consisted of 2 mg/ml xylanase in
50 mM sodium citrate buffer, pH 5.0. The reaction mixture was held at 22 °C
for 1 h.

C. Endo B-(1—4) mannanase stock solution consisted of 1:10 dilution of
ammonium sulfate enzyme suspension in 100 mM Mops, pH 7.0. Alternatively,
the stock solution was prepared by dialysing the enzyme suspension overnight

-

. DeVries AL, Komatsu SK, Feeney RE (1970) Chemical and physical properties of
freezing point-depressing glycoproteins from Antarctic fishes. J Biol Chem
245:2901-2908.

. DeVries AL (1986) Antifreeze glycopeptides and peptides: Interactions with ice and
water. Methods Enzymol 127:293-303.

. DeVries AL (2004) in Life in the Cold: Evolution, Mechanisms, Adaptation and
Application, eds Barnes B, Carey H (Twelfth International Hibernation Symposium,
Institute of Arctic Biology, Fairbanks), pp 307-315.

. Venketesh S, Dayananda C (2008) Properties, potentials, and prospects of antifreeze
proteins. Crit Rev Biotechnol 28:57-82.

. Davies PL, Sykes BD (1997) Antifreeze proteins. Curr Opin Struct Biol 7:828—-834.

. Griffith M, Yaish MW (2004) Antifreeze proteins in overwintering plants: A tale of two
activities. Trends Plants Sci 9:399-405.

. Tomczak MM, Crowe JH (2002) in Fish Antifreeze Proteins, eds Ewart K, Hew C (World
Scientific, New Jersey), pp 187-212.

. Hays LM, Feeney RE, Crowe LM, Crowe JH, Oliver AE (1996) Antifreeze glycoproteins
inhibit leakage from liposomes during thermotropic phase transitions. Proc Nat/ Acad
Sci USA 93:6835-6840.

. Duman JG, BennettV, Sformo T, Hochstrasser R, Barnes BM (2004) Antifreeze proteins
in Alaskan insects and spiders. J Insect Physiol 50:259-266.

10. Urrutia ME, Duman JG, Knight CA (1992) Plant thermal hysteresis proteins. Biochim

Biophys Acta 1121:199-206.

11. Duman JG, Olsen TM (1993) Thermal hysteresis activity in bacteria, fungi and primitive
plants. Cryobiology 30:322-328.

12. Duman JG (2001) Antifreeze and ice nucleator proteins in terrestrial arthropods. Annu
Rev Physiol 63:327-357.

13. Graham LA, Davies PL (2005) Glycine-rich antifreeze proteins from snow fleas. Science
310:461.

14. Hoshino T, et al. (2003) Antifreeze proteins from snow mold fungi. Can J Bot 81:1175-
1181.

15. Xu H, Griffith M, Patten CL, Glick BR (1998) Isolation and characterization of an
antifreeze protein with ice nucleation activity from the plant growth promoting
rhizobacterium Pseudomonas putida GR12-2. Can J Microbiol 44:64-73.

16. Walters KR, Jr., Sformo T, Barnes BM, Duman JG (2009) Freeze tolerance in an Arctic
Alaska stonefly. J Exp Biol 212:305-312.

17. Wharton DA, Pow B, Kristensen M, Ramlov H, Marshall CJ (2009) Ice-active proteins and
cryoprotectants from the New Zealand alpine cockroach Celatoblatta quinquemacu-
lata. J Insect Physiol 55:27-31.

18. Davies PL, Ewart KV, Fletcher GL (1993) Fish Biochemistry and Molecular Biology, vol

2, eds Mommsen T, Hochachka P (Elsevier, Amsterdam) pp 279-291.

N

w

N

o v

~

0o

[

Walters et al.

at 4 °Cagainst 100 mM Mops, pH 7.0. The reaction mixture was covered with
mineral oil and incubated overnight at 37 °C.

For the negative control in each of these treatments, the enzyme was
omitted from the enzyme buffer added to the THF sample. The TH of all
samples was measured immediately after addition of the enzyme and again
after incubation.

MALDI-TOF Mass Spectrometry. The R1 sample was analyzed on a Bruker
Autoflex Il MALDI-TOF/TOF mass spectrometer in the negative polarity/
reflector mode (detection range: 0-5,000 m/z with deflection up to 500 m/z).
A 1-ul quantity of diluted sample (=4 ug/ml) was added to 1 ul of saturated
2,5-dihydroxybenzoic acid in 50/50 (v/v) acetonitrile/water.
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