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Antifreeze proteins similar to two different chitinases accumulate during cold acclimation in winter rye (Secale cereale). To
determine whether these cold-responsive chitinases require post-translational modification to bind to ice, cDNAs coding for
two different full-length chitinases were isolated from a cDNA library produced from cold-acclimated winter rye leaves.
CHT9 is a 1,193-bp clone that encodes a 31.7-kD class I chitinase and CHT46 is a 998-bp clone that codes for a 24.8-kD class
II chitinase. Chitinase-antifreeze proteins purified from the plant were similar in mass to the predicted mature products of
CHT9 and CHT46, thus indicating that there was little chemical modification of the amino acid sequences in planta. To
confirm these results, the mature sequences of CHT9 and CHT46 were expressed in Escherichia coli and the products of both
cDNAs modified the growth of ice. Transcripts of both genes accumulated late in cold acclimation in winter rye. Southern
analysis of winter rye genomic DNA indicated the presence of a small gene family homologous to CHT46. In hexaploid
wheat, CHT46 homologs mapped to the homeologous group 1 chromosomes and were expressed in response to cold and
drought. We conclude that two novel cold-responsive genes encoding chitinases with ice-binding activity may have arisen
in winter rye and other cereals through gene duplication.

Many overwintering plants survive the formation
of extracellular ice in their tissues. For example,
when winter rye (Secale cereale) plants are exposed to
subzero temperatures, ice initially forms in intercel-
lular spaces and xylem vessels of the leaves at tem-
peratures ranging from 22°C to 25°C (Pearce, 1988;
Pearce and Ashworth, 1992). It is the ability of a plant
to withstand this initial freezing process that distin-
guishes a freezing-tolerant from a freezing-sensitive
plant. As the temperature is lowered further, the
intercellular ice creates a vapor pressure differential
that results in the progressive loss of water from the
cell (Burke et al., 1983). The lowest survival temper-
ature of the plant is thought to be related to its
capacity to survive this freeze-induced dehydration
(Sakai and Larcher, 1987).

During cold acclimation, many freezing-tolerant
plants accumulate antifreeze proteins (AFPs; Griffith
et al., 1992; Urrutia et al., 1992; Duman and Olsen,
1993; Griffith and Ewart, 1995). AFPs inhibit the
growth and recrystallization of intercellular ice by
adsorbing onto the surface of ice crystals via van der
Waals interactions and/or hydrogen bonds (DeVries,
1986; Knight and Duman, 1986; Ewart et al., 1999). In
cold-hardened winter rye leaves, AFPs are present in
epidermal cell walls, in cell walls surrounding inter-
cellular spaces, and in the secondary cell walls of
xylem vessels of the leaves (Antikainen et al., 1996;
Pihakaski-Maunsbach et al., 1996). These are all sites
where ice can propagate into and throughout the
plant, and so the presence of AFPs may influence the
growth of ice in the apoplast.

Upon exposure to cold temperatures, winter rye
secretes six AFPs ranging in size from 15 to 35 kD into
the apoplast (Griffith et al., 1992; Hon et al., 1994,
1995). These AFPs are not unique proteins (Hon et al.,
1995), rather they are similar to pathogenesis-related
(PR) proteins that are normally secreted in response to
infection by pathogens as part of the mechanism for
disease resistance (Stinzi et al., 1993). Two of the rye
AFPs are glucanases, two are chitinases, and two are
thaumatin-like proteins (Hon et al., 1995). One 35-kD
protein that accumulates at cold temperature in the
apoplast of winter rye leaves was purified to homo-
geneity and shown to exhibit both endochitinase and
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antifreeze activities, thus proving that it is a dual
function enzyme (Hon et al., 1995). Cold-induced dis-
ease resistance and accumulation of PR proteins such
as chitinases, osmotin, and polygalacturonase inhibi-
tor protein have been observed in other plants, includ-
ing barley, potatoes, bermudagrass, and carrots (Tron-
smo et al., 1993; Zhu et al., 1993; Gatschet et al., 1996;
Ergon et al., 1998; Worrall et al., 1998; Meyer et al.,
1999), but with the exception of carrot polygalacturo-
nase inhibitor protein, it is not known whether these
PR proteins can also bind to ice. This distinction is an
important one because Hiilovaara-Teijo and cowork-
ers (1999) recently showed that winter rye plants in-
fected at warm temperature by snow mold, a patho-
gen of winter cereals, accumulate PR proteins,
including glucanases, chitinases, and thaumatin-like
proteins, in the apoplast of winter rye leaves. These PR
proteins induced by pathogens have no antifreeze ac-
tivity, whereas PR proteins that accumulate in the
apoplast of rye leaves in response to cold exhibit an-
tifreeze activity and antifungal enzymatic activities.

The goal of this project was to determine the origin
of antifreeze activity in the PR proteins that accumu-
late during cold acclimation in winter rye. We fo-
cused our study upon the two chitinase-AFPs (CHT-
AFPs) with molecular masses of 28 and 35 kD (Hon et
al., 1995). One way that these two winter rye CHT-
AFPs may have acquired antifreeze activity is
through the evolution of gene sequences encoding
variants of chitinases that have both ice-binding do-
mains and catalytic domains. Another possibility is
that the mature amino acid sequences of the chiti-
nases are chemically modified at cold temperatures
to allow the proteins to bind to ice. The ice-binding
domain alternatively may arise from a combination
of events in which the products of variant chitinase
genes are also chemically modified. Our specific ob-
jectives were to clone and characterize the genes
encoding CHT-AFPs from winter rye. After the iso-
lated cDNAs were sequenced to confirm that they
encoded two different cold-responsive chitinases,
they were expressed in heterologous hosts and as-
sayed for antifreeze activity to prove that the trans-
lation products bind to ice. To determine whether
further chemical modifications of the mature pro-
teins were involved in binding to ice, the masses of
the 35- and 28-kD CHT-AFPs purified from winter
rye were determined by mass spectrometry and com-
pared with the predicted translation products of the
cDNAs. Our results show that the cDNAs CHT9 and
CHT46 encode dual function ice-binding chitinases
that do not require further chemical modification for
their activities.

RESULTS

Strategy to Isolate Chitinase cDNAs from Winter Rye

Plant chitinases have been categorized into at least
four classes (Collinge et al., 1993; Beintema, 1994;

Graham and Sticklen, 1994; Meins et al., 1994). Class
I chitinases are composed of three domains: a Cys-
rich chitin-binding domain, a Pro-rich hinge region,
and a highly conserved catalytic domain. Class II
chitinases lack the hinge region and chitin-binding
domain, but their catalytic domain is nearly identical
to Class I chitinases. Class III lack the chitin-binding
domain and have little sequence identity to the Class
I catalytic domain. Class IV chitinases contain the
Cys-rich chitin-binding domain with little homology
to the Class I catalytic domain. All plant chitinases
have an N-terminal or C-terminal targeting sequence
that directs them first to the ER and then to either the
vacuole or the apoplast. In earlier experiments, the
35-kD rye CHT-AFP was shown to have endochiti-
nase activity and to bind to colloidal chitin (Hon et
al., 1995), so we expected it to be a Class I chitinase.
The 28-kD CHT-AFP was expected to be a Class II
chitinase because it did not bind to the chitin-affinity
column, yet it was immunodetected by the same
antiserum as the 35-kD CHT-AFP (Hon et al., 1995;
Antikainen et al., 1996). We reasoned that genes en-
coding both rye CHT-AFPs could be recovered using
the conserved catalytic domain as a probe and used
the cDNA HvCHT2a (GenBank accession no. X78671),
which encodes a basic class II barley chitinase, to
screen the cold-acclimated (CA) winter rye leaf
cDNA library. On northern blots performed under
high stringency conditions, pHvCHT2a hybridized
with transcripts of two different sizes isolated from
CA winter rye leaves (data not shown). These tran-
scripts were 1.25 and 1.00 kb, which corresponded to
the predicted transcript sizes for the 35- and 28-kD
rye CHT-AFPs, respectively.

Approximately 92,700 colonies from the l-Zap-
cDNA library made from poly(A)1 mRNA isolated
from CA winter rye leaves were screened with
pHvCHT2a. Forty-eight putative clones were identi-
fied, which were denoted recombinant plasmids
pCHT1 to pCHT48. Preliminary restriction mapping
revealed insert sizes ranging from 305 bp to 2,655 bp.
Analysis of the clones by G-tracking (Sanger et al.,
1977), by rehybridizing with pHvCHT2a at high strin-
gency, and by choosing clones with inserts greater
than 950 bp revealed two distinct groups of cDNAs
encoding chitinases that accounted for 23 of the pos-
itives. CHT9 (GenBank accession no. AF280437) and
CHT46 (GenBank accession no. AF280438) were se-
quenced completely because they were the longest
representative clones from the two groups.

Characterization of CHT9

The cDNA CHT9 was isolated from a group of four
positive clones and was 1,193 bp in length with a
poly(A)1 tail. The predicted open reading frame con-
tained 318 amino acids that began 48 bp downstream
from the 59 terminus of the insert and ended with the
stop codon 955 bp from the initiating Met codon (Fig.
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21). PSORT and SignalP analyses indicated with a
certainty of 82% that there was a signal sequence of
20 amino acids that targets the protein via a vesicular
pathway to the outside of the cell (Nielsen et al.,
1997). There were 190 bp of non-coding region at the
39 terminus. The predicted mature gene product of
CHT9 consisted of 301 amino acids with a molecular
mass of 31.7 kD and a pI of 6.96. The mature form of
CHT9 was identical to the known sequence of 32
amino acids at the N terminus of the native 35-kD
CHT-AFP (Hon et al., 1995).

Characterization of CHT46

Although there were 19 clones that could encode
the 28-kD CHT-AFP, we sequenced the longest
cDNA of this group completely in both directions
and found that CHT46 encoded a full-length chiti-
nase. CHT46 had a 998 bp insert with 78 bp upstream
from the first ATG that initiated the open reading
frame of 252 amino acids, followed by 163 bp of
39-untranslated region (Fig. 2). The predicted gene
product had a molecular mass of 26.8 kD and a pI of
8.25. PSORT and SignalP predicted that this protein

had a 21-amino acid signal peptide that directed
CHT46 to the outside of the cell through the vesicular
pathway with a certainty of 82%. The mature gene
product of CHT46 was predicted to consist of 231
amino acids with a mass of 24.9 kD and a pI of 7.78.

Sequence Comparison of CHT9 and CHT46 Does Not
Identify the Ice-Binding Domain

BLAST searches confirmed that we had isolated
cDNAs encoding a class I and a class II chitinase from
the CA winter rye library (Fig. 3), as we had pre-
dicted from the results of earlier experiments. The
CHT46 sequence was 85% identical at the nucleotide
level to pHvCHT2a, which encodes a barley class II
chitinase, and 96% identical at the amino acid level.
The predicted amino acid sequence of CHT9 exactly
matched the known N-terminal amino acid sequence
of the native 35-kD rye CHT-AFP (Hon et al., 1995)
and was most similar to a class I chitinase from
Chinese Spring wheat (Triticum aestivum; Liao et al.,
1994; GenBank accession no. X76041) with 96% and
92% identity at the nucleotide and amino acid levels,
respectively. Sequence comparisons between the ma-
ture forms of CHT9 and CHT46 revealed they shared

Figure 1. The nucleotide and deduced amino acid sequences of
CHT9. The nucleotide sequence (1,193 bp) is numbered relative to
the first nucleotide in the translational start codon ATG and the stop
codon is indicated by an asterisk. The predicted amino acid se-
quence is shown directly below the nucleotide sequence with the
predicted first amino acid of the mature protein shown in bold and
the signal sequence shown in italics. The region used for the gene-
specific probe (30-mer oligonucleotide) is underlined.

Figure 2. The nucleotide and deduced amino acid sequences of
CHT46. The nucleotide sequence (998 bp) is numbered relative to
the first nucleotide in the translational start codon ATG and the stop
codon is indicated by an asterisk. The predicted amino acid se-
quence is shown directly below the nucleotide sequence with the
predicted first amino acid of the mature protein shown in bold and
the signal sequence shown in italics. The region used for the gene-
specific probe (a fragment generated by XhoI digestion) is
underlined.
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57% identity at the nucleotide level and 49% identity
at the amino acid level.

If the antifreeze activity were associated with a
novel domain introduced into the rye CHT-AFPs, we
would expect to see an amino acid sequence that was
similar between CHT9 and CHT46, but not found in
other chitinases lacking antifreeze activity. Therefore,
we compared the rye chitinase sequences with a class
I tobacco chitinase sequence because we had previ-
ously demonstrated that this tobacco chitinase lacks
antifreeze activity (Hon et al., 1995). As shown in
Figure 3, there does not appear to be a specific domain
that is the same in CHT9 and CHT46 and different for
tobacco that could account for antifreeze activity. The
ice-binding domains of AFPs from fish have only been
identified by solving the three-dimensional structures
of the proteins and determining the surface features
that interact with ice. In native AFPs, the ice-binding
domain has been characterized as a flat area on the
surface of the proteins with polar residues spaced at
regular intervals to allow the formation of hydrogen
bonds with the ice crystal lattice (Sicheri and Yang,
1995; Sönnichsen et al., 1998). This three-dimensional

structure can be achieved by folding many different
primary amino acid sequences, so the lack of an ice-
binding domain in the primary sequences of the chiti-
nases was expected.

Post-Translational Modification of CHT-AFPs Does Not
Account for Antifreeze Activity

The 35-kD chitinase purified from apoplastic ex-
tracts of CA rye plants had a molecular mass of
31,693 6 7 D when examined by mass spectrometry
(Fig. 4). It was unfortunate that we obtained various
adducts of the protein that diminished the accuracy

Figure 3. Multiple sequence alignment of amino acid sequences for
chitinases from rye and other species. The predicted amino acid
sequences for CHT9 and CHT46 were aligned with the barley chiti-
nase HvCHT2a (T. Bryngelsson, personal communication, GenBank
accession no. X78671), a tobacco chitinase (Shinshi et al., 1990;
GenBank accession no. X16939), and a Chinese spring wheat chiti-
nase (Liao et al., 1994, GenBank accession no. X76041). Identical
amino acids are highlighted on a black background, similar amino
acids are shown on a gray background, and dashes indicate gaps.
Within the mature proteins, amino acids that differ between tobacco,
which lacks antifreeze activity, and both CHT9 and CHT46, which
exhibit antifreeze activity, are underlined.

Figure 4. Molecular masses of apoplastic CHT-AFPs purified from
CA winter rye leaves determined by mass spectrometry. The two rye
CHT-AFPs were purified by column chromatography and their iden-
tities were confirmed by SDS-PAGE, immunoblotting, and the pres-
ence of antifreeze activity. Samples containing 0.8 mg of protein
were examined by mass spectrometry. Raw data (m/z) were pro-
cessed with the MaxEnt algorithm of MassLynx 2.0 to yield spectra on
a true molecular mass scale. A, The molecular mass of the 35-kD
CHT-AFP was 31,693 6 7 D. B, The molecular mass of the 28-kD
CHT-AFP was 24,919 6 3 D.
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of the mass determination (Fig. 4A). The mass of the
purified protein was only 34 D larger than the trans-
lated sequence of the mature form of CHT9, which
had a predicted size of 31,659 D, assuming that all the
cysteines were oxidized. Class I chitinases were pre-
viously reported to be post-translationally modified
by hydroxylation of the prolines present in the hinge
region of the protein (Sticher et al., 1992, 1993). The
increased mass of the CHT-AFP purified from rye
leaves over the predicted translated sequence was
consistent with hydroxylation of two of the four Pro
residues found in the hinge region. The presence of
hydroxy-Pro in chitinases also causes the proteins to
migrate in SDS-PAGE as though they were several
kilodaltons larger than the corresponding unmodi-
fied proteins (Sticher et al., 1993), which would explain
why this CHT-AFP migrated as a larger polypeptide in
SDS-PAGE.

The molecular mass of the 28-kD chitinase purified
from CA winter rye leaves was determined by mass
spectrometry to be 24,919 6 3 D (Fig. 4B). The trans-
lation product of CHT46 had a predicted molecular
mass of 24,920 D, thus demonstrating that the
CHT46-AFP was not post-translationally modified
after removal of the signal sequence.

Expression of CHT9 and CHT46 Is Cold Responsive in
Winter Rye Leaves

Gene-specific probes for CHT9 and CHT46 were
designed from their respective 39-untranslated re-
gions (Figs. 1 and 2). The CHT9 probe hybridized to
a 1.25-kb transcript, whereas the probe for CHT46
hybridized to a 1.0-kb transcript (data not shown). As
shown in Figure 5A, CHT9 transcripts were not de-
tectable by the gene-specific probe in nonacclimated
(NA) leaf tissue and accumulated to a high level only
after 5 weeks of cold acclimation. CHT46 transcripts
were present at a low level in NA tissues and in-
creased dramatically in response to low temperature,
but only after 5 to 7 weeks of cold acclimation. When
rye plants were returned to 20°C to de-acclimate, the
transcripts for CHT9 and CHT46 were undetectable
after 30 h (Fig. 5B), thus indicating that transcription
of both genes is responsive to cold temperature.

CHT9 and CHT46 Expressed in Escherichia coli Exhibit
Antifreeze Activity

CHT9 was cloned into the bacterial expression vec-
tor pET12a, which contains the leader sequence of
outer membrane protein T (OmpT) to target the
CHT-AFPs to the periplasmic space. The leader se-
quence is necessary, but it is not sufficient for export
into the periplasm because translocation also de-
pends on the mature domain of the target protein.
When polypeptides from BL21(DE3) cells trans-
formed with pET12a/CHT9 were examined by SDS-
PAGE, a 35-kD polypeptide accumulated in the

periplasmic fraction after induction by isopropylthio-
b-d-galactoside (IPTG) (Fig. 6A). Although the
periplasmic fraction contained some of the CHT-
AFPs, the majority of the protein remained intracel-
lular (data not shown). Figure 6B shows that the
periplasmic fraction exhibited hexagonally shaped
ice crystals, thus indicating a low level of antifreeze
activity. After the extract was concentrated 1,000-
fold, a high level of antifreeze activity was observed
as the ice crystals grew into hexagonal bipyramids
with straight faces (data not shown). Parallel exper-
iments conducted with the vector-control culture in-
duced by IPTG showed no evidence of antifreeze
activity (data not shown).

CHT46 was cloned into an expression vector de-
signed to secrete the AFP with a His-tag from E. coli
cells. However, the protein was not secreted into the

Figure 5. Expression of CHT9 and CHT46 in winter rye during cold
acclimation and deacclimation. Total RNA was isolated from the
youngest leaf tissue of plants at each time point. The RNA (10 mg)
was denatured at 65°C for 15 min, separated in a formaldehyde 1.4%
(w/v) agarose gel, and stained with ethidium bromide. The 25S rRNA
of the ethidium-stained gel is shown above. The RNA was transferred
to a nylon membrane and hybridized with radiolabeled gene-specific
probes for CHT9 and CHT46. The sizes of the transcripts were
estimated using the RNA standard markers as indicated on the left. A,
Winter rye plants were grown under cold-acclimating conditions for
1, 3, 5, and 7 weeks. Neither chitinase gene was expressed imme-
diately in plants transferred to cold temperature. Instead, CHT9 was
detected as a 1.25-kb transcript and CHT46 was detected as a
1.00-kb transcript in leaves only after the plants had been cold
acclimated for at least 5 weeks. B, Plants that had been cold accli-
mated for 7 weeks were transferred back to 20°C for 6, 12, 30, and
48 h to deacclimate. The transcripts for CHT9 and CHT46 were not
detectable within 30 h of transferring the plants to 20°C, thus indi-
cating that expression of these genes is responsive to cold
temperature.
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medium, rather a polypeptide approximately 29 kD
in molecular mass accumulated in the soluble frac-
tion of whole cell lysates after induction by IPTG. The
purified protein had no antifreeze activity. After re-
moval of the OmpA targeting sequence and the His
tag by digestion with thrombin (Fig. 7A), the protein
(0.06 mg protein mL21) exhibited antifreeze activity
as shown by the formation of hexagonal ice crystals
(Fig. 7B). Antifreeze assays of the protein after fur-
ther concentration of the solution by ultrafiltration
(1.35 mg protein mL21) yielded hexagonal ice crys-
tals with clear evidence of c-axis growth (Fig. 7B). As
observed with CHT9, no antifreeze activity was ob-
served using the vector-control culture induced by
IPTG in parallel experiments (data not shown).

CHT46 Has Homologs in the Rye and Wheat Genomes

In Figure 8, the rye and wheat genomes were
examined using the full-length CHT46 cDNA as a
probe of a Southern blot under very stringent hy-
bridization and washing conditions. Both cultivars
of winter rye, Musketeer and Puma, exhibited three
strongly hybridizing fragments, indicating that
there is a small family of CHT46-related genes in the
rye genome. The Southern blot also revealed that the
Chinese Spring wheat genome contained at least six
fragments that strongly hybridized with the CHT46
probe (Fig. 8). Chinese Spring wheat is a hexaploid
wheat containing three genomes designated A, B, and
D, with seven chromosome pairs per genome
(AABBDD, 42 chromosomes; Kimber and Sears, 1987).
Therefore, the strongly hybridizing fragments may
represent multiple homologs of CHT46 per genome.

One advantage of examining the wheat genome is
that diteliocentric lines of Chinese Spring wheat are
available to map the CHT46 homologs to specific
arm(s) of each of the 21 chromosomes. In these wheat
lines, the presence of the long or short arm of the
chromosome is indicated by L or S, respectively.
With the use of the ditelocentric series, we mapped
all six fragments (48, 18, 16, 15.5, 14, and 13.2 kb) to
the long arms of the homeologous group 1 chromo-
somes of all three genomes (A, B, and D) of hexaploid

Figure 6. Expression of pET12a/CHT9-12 in E. coli BL21 cells and
antifreeze activity of CHT9. A, Lanes 1 through 4 show the accumu-
lation of the 35-kD CHT9 (arrowhead) in the periplasmic fraction of
cells where expression of pET12a/CHT9-12 was induced by IPTG
and the culture was incubated at 25°C for 0, 3, 24, and 48 h.
Periplasmic proteins (20 mg lane21) isolated from the cells at each
time point were solubilized and separated by SDS-PAGE on a 12%
(w/v) polyacrylamide gel stained with Coomassie Blue. The molec-
ular masses of Bio-Rad protein standards are shown on the left. B,
Antifreeze activity was assayed by observing the growth of ice crys-
tals in solutions of the periplasmic fraction isolated at each time
point. The crystals are shown with the basal plane (a-axes) parallel to
the plane of the page and the c-axis perpendicular to the page. The
total protein concentration in each solution was adjusted to 1.2 mg
mL21. The formation of hexagonally shaped ice crystals was ob-
served 24 h after induction of pET12a/CHT9-12 expression. This
increase in antifreeze activity was correlated with the accumulation
of a 35-kD protein in the periplasm.

Figure 7. Purification and antifreeze activity of CHT46 produced by
expressing OmpA/His6/CHT46 in E. coli JM105 cells. A, As shown in
the left lane, OmpA-His6-CHT46 (1.2 mg) was purified from cell
lysates, solubilized, and separated on a SDS-polyacrylamide gel
(12%, w/v) stained with Coomassie Blue. The right-hand lane shows
the presence of CHT46 after thrombin cleavage of OmpA-His6-
CHT46. The positions of Bio-Rad broad range prestained molecular
mass protein standards (center lane) are shown on the left. B, After
cleavage of the OmpA leader and His-tag, hexagonally shaped ice
crystals grew during freezing of CHT46 solutions containing 0.06 mg
of total soluble protein mL21 (ice crystal shown with c-axis perpen-
dicular to the plane of the page). C, After concentrating the solution
containing CHT46 to 1.35 mg of total soluble protein mL21, the ice
crystals grew to form hexagonally shaped columns (in the crystal
shown, the c-axis is parallel to the plane of the page). The increased
c-axis growth of the ice crystal indicates a greater amount of anti-
freeze activity.
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wheat (Fig. 8). Fragments of 18 and 14 kb were miss-
ing from the chromosome 1AS line, fragments of 48
and 16 kb were missing from the chromosome 1BS
line, and fragments of 15.5 and 13.2 kb were missing
from the chromosome 1DS line. Because the S lines
lack the long arms of the chromosomes, the missing
restriction fragments indicated that the CHT-AFP ho-
mologs were located on the long arms of group 1
chromosomes.

CHT46 Homologs in Winter Wheat Are Responsive to
Cold and Drought

We have previously shown by immunoblotting
that winter wheat accumulates at least six CHT-AFPs
during cold acclimation (Antikainen and Griffith,
1997; Chun et al., 1998). These may correspond to
homologs of both CHT9 and CHT46 in hexaploid
wheat. However, after probing northern blots of
wheat RNA with the CHT46 cDNA under high strin-
gency, we obtained an intense, broad signal that
likely represents the presence of several chitinase
transcripts corresponding only to CHT46 homologs
(Fig. 9).

Transcripts that hybridized with the cDNA for
CHT46 were detected at high levels in the leaves
(13-fold greater than NA leaves) and to a lesser extent
in crowns (6-fold greater than NA leaves), but not in
the roots of winter wheat plants that were cold accli-
mated for 36 d (Fig. 9). Expression was also examined
in the leaves of winter wheat plants subjected to a
variety of environmental stresses (Fig. 9). A low level
of constitutive expression of genes encoding chiti-
nases was apparent in the leaf RNA of NA, CA for
1 d, root, heat shock, salt, abscisic acid (ABA), low-
light, and high-light plants. When compared with
expression in NA plants, transcript levels in leaves
increased 5-fold 6 d after plants were transferred to
5°C and 13-fold 36 d after the transfer, thus indicat-
ing that transcripts accumulated as long as the wheat
plants were exposed to cold temperature. The signal
decreased dramatically after deacclimation at 20°C
for just 1 d. Transcripts that hybridized to CHT46
were also detected at a level 5-fold greater in the
leaves of winter wheat plants exposed to drought
than observed in well-watered NA plants (Fig. 9).

DISCUSSION

CHT9 and CHT46 Encode Cold-Responsive Chitinase-
AFPs in Winter Rye

A molecular approach was used to determine if the
rye CHT-AFPs are encoded by variants of chitinase
genes. Two chitinase clones CHT9 and CHT46 were
isolated from a cDNA library generated from

Figure 9. Developmental, environmental, and hormonal regulation
of expression of CHT46 homologs in winter wheat. Total RNA was
isolated from the winter wheat cv Frederick grown at 20°C for 7 d
(NA) at 5°C for 1, 6 and 36 d (CA1, CA6, and CA36, respectively),
and deacclimated at 20°C for 1 d (DA). To examine tissue specificity,
total RNA was isolated from CA36 plants divided into leaves, crowns,
and roots. In addition, RNA was isolated from plants subjected to
heat shock, salt stress, drought stress, low light (250 mmol photons
m22 s21), and high light (800 mmol photons m22 s21), as well as
plants treated with ABA. Northern blots were probed with pCHT46 at
high stringency. There was a low level of chitinase gene expression
in NA, CA1, root, heat shock, salt, ABA, low light, and high light
plants. Genes that hybridized to CHT46 were up-regulated by cold
(CA) and drought in leaves and crowns. The hybridization signal
produced by CA plants was significantly reduced after transferring
the plants back to 20°C to deacclimate (DA).

Figure 8. Estimation of gene copy number and mapping of CHT46
homologs in winter cereals. DNA (1.8 mg) from winter rye cultivars
Musketeer (MUSK) and Puma (PUMA), from the wheat cultivar Chi-
nese Spring (CS), and from the group 1 chromosome ditelocentric
series of Chinese Spring (1AS, 1AL, 1BS, 1BL, 1DS, and 1DL) were
digested with XbaI. The last wash after hybridization of the mem-
branes was in 0.23 SSC containing 0.1% (w/v) SDS at 68°C for 1 h.
Numbers at right indicate estimated lengths of the fragments in
kilobases.
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poly(A)1-mRNA purified from CA rye leaves (Figs. 1
and 2). Our experiments show that these two cDNAs
encode the two rye CHT-AFPs for the following rea-
sons. First of all, the cDNAs encode chitinases be-
cause they exhibit a high level of identity with genes
coding for chitinases from other plants (Fig. 3). Sec-
ond, the products of the two clones correspond in
molecular mass and/or N-terminal amino acid se-
quence to the two chitinases with antifreeze activity
that accumulate during cold acclimation in winter
rye leaves (Hon et al., 1995). Third, by using gene-
specific probes, we showed that transcripts of CHT9
and CHT46 are both present at higher levels in plants
grown at low temperature (Figs. 5 and 6). Fourth, the
products of the two cDNAs exhibit antifreeze activity
when they accumulate in E. coli. And last, the two
cDNAs encode proteins with signal sequences that
are predicted to target them for secretion via the
vesicular pathway. This result agrees with earlier
observations obtained by immunogold localization and
electron microscopy that glucanase-AFPs (Pihakaski-
Maunsbach et al., 1996) and CHT-AFPs (K. Pihakaski-
Maunsbach, personal communication) are secreted
from cells through a pathway that leads from the
endoplasmic reticulum to Golgi bodies and then to
the plasmalemma via vesicles. All these results lead
us to the conclusion that the CHT-AFPs are encoded
by variants of chitinase genes whose expression is
responsive to cold temperature and whose products
are targeted to the apoplast.

Are the AFPs also post-translationally modified
beyond processing of the signal sequence? AFPs from
Antarctic fish (DeVries, 1986), plants (Duman, 1994),
and bacteria (Xu et al., 1998) are known to be glyco-
sylated and the sugar residues are thought to interact
with ice. However, the difference of 34 D between the
molecular mass of the 35-kD class I CHT-AFP puri-
fied from CA rye leaves and the predicted size of the
translated sequence of CHT9 shows that this CHT-
AFP is not glycosylated. The Pro residues may be
hydroxylated, but we have previously shown that the
tobacco class I chitinase, which is also hydroxylated
(Sticher et al., 1992), does not have antifreeze activity
(Hon et al., 1995). Therefore, we concluded that hy-
droxylation alone does not confer the ability of the
protein to bind to ice. Moreover, we observed no
chemical modification of the mature form of 28-kD
CHT-AFP. At this point, our data indicate that ice-
binding activity originates from the specific primary
amino acid sequences of CHT46 and CHT9, but we
have yet to identify the specific ice-binding domain.

Genes Encoding Chitinase-AFPs May Be
Developmentally Expressed at Cold Temperature

Previous studies showed that the various AFPs
accumulate at different rates in winter rye (Hon et al.,
1995). Glucanase-AFPs accumulate first, followed by
thaumatin-like AFPs, and finally CHT-AFPs. As
shown in Figure 5, the steady-state transcript levels

of CHT9 and CHT46 increase only after winter rye
plants have been exposed to cold temperature for at
least 5 weeks, which may be due to increased tran-
scription and/or increased stability of the transcripts
at low temperature. The transcripts then accumulate
as long as the plants are held at cold temperature and
degrade rapidly when the plants are shifted to warm
temperature (Fig. 5). In contrast, the low temperature-
and drought-responsive element found in cold-
regulated genes isolated from Arabidopsis is activated
within hours of a shift to cold temperature (Stock-
inger et al., 1997; Liu et al., 1998; Shinwari et al., 1998;
Thomashow, 1999). At this time, we do not under-
stand why CHT46 transcript levels do not increase
immediately after the rye plants are transferred to the
cold in direct response to the shift in temperature. In
our experiments, seeds are germinated at 20°C/16°C
(day/night) and produce small plants within 7 d.
After the plants are transferred to 5°C/2°C (day/
night), their growth lags and new leaves completely
developed at cold temperature first appear after 3
weeks (Krol et al., 1984; Griffith and McIntyre, 1993).
Transcripts of CHT46, and the CHT-AFP itself (Hon
et al., 1995), accumulate only in these leaves devel-
oped at low temperature, and not in leaves devel-
oped at warm temperature and shifted to cold, which
indicates that a developmental process triggered by
cold temperature may be involved in their transcrip-
tional regulation. Chitinase genes are known to be
expressed developmentally in healthy plants, possi-
bly as a preemptive defense against pathogens or, in
some cases, in a physiological role (Graham and
Sticklen, 1994). We hypothesize that expression of
CHT9 and CHT46 may be related to a developmental
process that occurs at a later phase of cold acclima-
tion, possibly at a time when plants in the field are
more prone to be exposed to subzero temperatures
and/or low temperature pathogens for long periods.

In winter wheat the expression of genes that hy-
bridize to CHT46 is induced by cold and to a lesser
extent by drought, but not by ABA (Fig. 9). These
results are consistent with the findings in Arabidop-
sis that expression of many cold-regulated genes is
not responsive to ABA (Thomashow, 1999). In addi-
tion, transcripts of CHT46 homologs accumulated
more quickly in wheat than in rye, thus indicating
that the regulatory mechanism may differ between
cereals. In the future, isolation and analysis of the
genes encoding CHT9 and CHT46 will be essential in
elucidating their regulatory mechanism(s).

Chitinase-AFPs Belong to a Gene Family

Our Southern blots (Fig. 8) showed that the rye
genome contains at least three genes closely related
to CHT46. There is supporting evidence that at least
three class II chitinases exist in rye: the CHT46-AFP,
a seed-associated chitinase, and a pathogen-induced
chitinase. The class II chitinase purified from rye
seeds (Yamagami and Funatsu, 1993; PIR accession
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no. JN0884) is not identical in amino acid sequence to
the CHT46-AFP. A 28-kD chitinase accumulates in
the apoplast of rye leaves infected by pathogenic
snow molds, but this enzyme lacks antifreeze activity
(Hiilovaara-Teijo et al., 1999) and is, therefore, dis-
tinct from the CHT46-AFP. Thus it is possible that the
three rye chitinases are encoded by different genes.
Future studies are planned to isolate the genes of the
CHT46 homologs and to determine whether the seed
protein has antifreeze activity. The identification of
closely related chitinases that differ in antifreeze ac-
tivity would greatly aid in delineating regions im-
portant for binding to ice.

Chitinases homologous to CHT46 mapped to the
long arm of the homeologous group 1 chromosomes
of all three genomes (A, B, and D) of hexaploid wheat
(Fig. 8). These results substantiate a previous study of
the Chinese Spring-Cheyenne wheat chromosome
substitution lines that showed that Chinese Spring
wheat plants carrying the homeologous group 1 chro-
mosomes from Cheyenne winter wheat secrete greater
amounts of apoplastic protein and exhibit higher an-
tifreeze activity after cold acclimation than the paren-
tal line for Chinese Spring (Chun et al., 1998). Because
increased accumulation of apoplastic proteins and
greater antifreeze activity are highly correlated with
increased winter survival (Chun et al., 1998), either
the addition or enhanced expression of genes encod-
ing CHT-AFPs may improve the survival of overwin-
tering crops. Many traits such as the accumulation of
AFPs and dehydrins are regulated by genes located
on the homeologous group 5 chromosomes (Galiba et
al., 1995; Limin et al., 1997; Chun et al., 1998, 1999),
and so enhancement of the expression of cold-
responsive genes in cereals may involve manipula-
tion of transcription factor(s) located on wheat chro-
mosome 5 (Sarhan et al., 1997).

Chitinase-AFPs May Have Evolved by
Gene Duplication

Because of their dual activities, the winter rye AFPs
provide a rare and exciting opportunity to study the
adaptive interaction between an organism and its
environment and the molecular events involved in
the evolution of proteins as they acquire new func-
tions. One way that the two rye CHT-AFP genes
could have acquired antifreeze activity is through
gene duplication in which a copy of each chitinase
gene was modified to gain the additional function of
binding to ice while still retaining the original func-
tion of hydrolyzing chitin. The diverse number of
AFPs in nature, each with narrow distributions
among related organisms, has led to conclusion that
AFPs evolved recently and independently in organ-
isms that survive exposure to freezing temperatures
(Ewart et al., 1999). Some AFPs are truly novel pro-
teins, whereas others retain homology to proteins
with a different function. The AFPs isolated from
winter cereals are the only AFPs shown to retain their

original function (Hon et al., 1995; Hiilovaara-Teijo et
al., 1999). Because antifreeze activity in rye originates
with gene transcription without chemical modifica-
tion of the mature proteins, there must be one set of
cold-induced genes encoding PR proteins with anti-
freeze activity and a different set of pathogen-
induced genes that code for PR proteins lacking an-
tifreeze activity.

The modification of PR proteins for their roles as
AFPs requires at least three changes in the gene
sequence. One change would modify the surface of
the protein to create an ice-binding domain, a second
would target the proteins to the apoplast rather than
the vacuole, and a third would induce expression at
cold temperature. The modifications to the surface of
cold-responsive chitinases that confer the ability to
bind to ice may involve only minor changes in the
sequence of rye chitinases, as indicated by the high
level of sequence identity between cold-responsive
rye chitinases and chitinases from other plants (Fig.
3). To date, no consensus sequence for an ice-binding
domain has been identified. This will require further
crystal structure analyses of multiple AFPs because
the domain may only be evident in the native protein
and may be as short as 15 amino acids in an a-helical
configuration (Ewart et al., 1999). In the case of type
II AFPs from fish, which are similar to C-type lectins,
it was shown that conserved changes in only two
amino acids within the carbohydrate binding domain
were sufficient to eliminate ice-binding activity
(Ewart et al., 1998). In the case of winter rye, the
CHT-AFPs may have evolved from chitinases by
gene duplication followed by minor, possibly con-
served, changes in sequence to create the ice-binding
domain.

MATERIALS AND METHODS

Cold Acclimation of Winter Rye

Winter rye (Secale cereale cv Musketeer) plants were
grown at 20°C/16°Cday/night) in 15-cm pots of vermicu-
lite (VIL Vermiculite Inc., Toronto) with a 16-h daylength
and a photosynthetic photon flux density of 300 mmol m22

s21. NA and CA plants were grown for 1 week and wa-
tered as needed with modified Hoagland solution (Epstein,
1972) in which iron was supplied as FeCl3. NA plants were
grown under these conditions for an additional 2 weeks,
whereas the CA plants were transferred to 5°C/2°C with
an 8-h daylength for periods up to 8 weeks (Krol et al.,
1984; Griffith and McIntyre, 1993).

Purification of Chitinases and Mass Spectrometry

The rye 35-kD CHT-AFP was purified from apoplastic
extracts (25 mg of protein) obtained from CA rye leaves as
described previously by Hon et al. (1994) by chitin-affinity
column chromatography (Huynh et al., 1992; Hon et al.,
1995). The CA chitinase was eluted by 20 mm acetic acid,
pH 3.0, dialyzed against MilliQ water, concentrated using
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a Centricon-10 microconcentrator (Amicon, Beverly, MA)
and analyzed for purity by SDS-PAGE. Protein concentra-
tions were assayed using the Bradford (1976) technique, as
modified by Bio-Rad Laboratories (Mississauga, ON, Can-
ada), with bovine serum albumin as the standard. The
identity of the chitinase was confirmed by immunoblotting
with antiserum produced against the rye native CHT-AFP
(Antikainen et al., 1996). The purified chitinase was
assayed for antifreeze activity and analyzed by mass
spectrometry.

The 28-kD CHT-AFP was purified from apoplastic ex-
tracts of CA rye leaves by liquid chromatography. Apo-
plastic extracts were obtained by vacuum-infiltrating rye
leaves with buffer A containing 10 mm ammonium ace-
tate, pH 4.5, 2 mm EDTA, 0.1% (v/v) b-mercaptoethanol,
and 1.25% (w/v) insoluble polyvinylpyrrolidone, fol-
lowed by centrifugation at 1,200g for 30 min. The proteins
were precipitated with 80% (w/v) ammonium sulfate,
followed by centrifugation at 12,000g for 30 min. The
pellet was resuspended in buffer A, dialyzed against three
changes of 3 L of buffer A, and applied to a CM-Sepharose
column. Proteins were eluted by a 0 to 0.25 m NaCl
gradient in buffer A. Two distinct peaks were observed at
A280. Peak 2 corresponded to a purified 28-kD polypep-
tide by SDS-PAGE that exhibited antifreeze activity and
was immunodetected by antiserum produced against the
35-kD CHT-AFP (Antikainen et al., 1996). To remove
polyvinylpyrrolidone contamination for mass spectrome-
try, the 28-kD CHT-AFP was eluted from a Zorbax 300
SB-C18 reverse phase analytical column (4.6 mm 3 25 cm)
using a linear gradient of 5% to 95% acetonitrile (contain-
ing 0.1% [v/v] trifluoroacetic acid) with MilliQ water
containing 0.1% (v/v) trifluoroacetic acid as the second
solvent. The protein eluted at 49% acetonitrile.

Both CHT-AFPs (0.8 mg) were dialyzed against water,
concentrated, and analyzed by mass spectrometry using a
Quattro II triple-stage quadrupole mass spectrometer
equipped with an electrospray ionization source (Micro-
mass, UK). The raw data were deconvoluted using the
Maximum Entropy algorithm (Ferrige et al., 1992) pro-
vided by the manufacturer (Masslyn, version 2.0).

Assay of Antifreeze Activity

Antifreeze activity was assayed qualitatively by observ-
ing the morphology of ice crystals growing in solution
using a nanoliter osmometer (Clifton Technical Physics,
Hartford, NY) and a phase-contrast photomicroscope
(Olympus BHT, Carsen Medical and Scientific Co.,
Markham, ON, Canada). Ice crystals in water normally
grow along the a-axes to form a flat round disc. AFPs at low
concentration bind to the prism face of an ice crystal in
solution, thus inhibiting growth along the a-axes and form-
ing a hexagonally shaped crystal. Ice crystals grown at
higher concentrations of AFPs form hexagonal columns
and bipyramids as it becomes energetically favorable for
the crystal to grow along the c-axis (DeVries, 1986).

Identification, Cloning, and Characterization of
Chitinase cDNAs

The chitinase cDNAs CHT9 and CHT46 were isolated
from a l ZAP II library (Stratagene, La Jolla, CA) con-
structed from Poly(A)1 mRNA purified from the leaves of
8-week-old CA winter rye plants (PolyATtract mRNA iso-
lation system, Promega, Madison, WI). The library was
screened with a barley chitinase cDNA probe (pHvCHT2a,
915 bp) kindly provided by Dr. Tomas Bryngelsson (De-
partment of Plant Breeding Research, Swedish University
of Agricultural Sciences, Svalöv, Sweden). All putative
chitinase clones from the second screening were purified,
subcloned in the Bluescript SK2 plasmid (Stratagene), and
sequenced using the Pharmacia ALFexpress DNA se-
quencer and Fragment Analysis System (Hospital for Sick
Children Biotechnology Service Center, University of To-
ronto, Toronto). Sequence homologies were obtained using
BLAST (Altschul et al., 1990) and amino acid sequences of
the translated products were examined by ExPASy Pro-
teomics Tools (Wilkins et al., 1999). All other molecular
biology techniques were performed using the standard
procedures of Sambrook et al. (1989).

For northern blotting, gene-specific probes designed
from the 39-untranslated region of each clone were synthe-
sized by Bio/Can Custom oligonucleotides (Genosys, The
Woodlands, TX) and were labeled using the terminal trans-
ferase labeling reaction (Boehringer Manheim Canada, La-
val, Canada). The blots were washed for 10 min each at
room temperature in 63 SSC, 1% (w/v) SDS and 23 SSC,
0.5% (w/v) SDS and then washed for 1 h at 55°C in 13 SSC,
0.5% (w/v) SDS.

Expression of CHT9 in Escherichia coli

CHT9 was amplified by PCR with the synthetic oligonu-
cleotides 59-TTAAGGATCCGGAGCAGTGCGGCTCGCA-
GGC-39and 59-GGTTGGATCCTGCGAACGGCCTCTGGT-
TGTA-39and fused in-frame with the signal peptide of
pET12a. One clone named CHT9-12 was identified and
confirmed by sequencing (T7 DNA sequencing kit, Phar-
macia, Montreal, Canada). The expression of pET12a/
CHT9-12 was examined in E. coli BL21(DE3) cells. Ten
milliliters of an overnight culture harboring pET12a/
CHT9-12 was used to inoculate 1.2 L of 2 3 YT medium
(8 g L21 Bacto-tryptone, 5 g L21 Bacto-yeast extract, and 5
g L21 NaCl). The culture was grown to obtain an OD550 of
0.8 before the addition of IPTG and incubation continued at
25°C for another 5 h. The cells were harvested by centrif-
ugation and the periplasmic fraction was prepared accord-
ing to the Novagen pET system manual (Madison, WI).
Periplasmic proteins were concentrated by ultrafiltration
using a Centricon-10 (Amicon), analyzed by SDS-PAGE
(Laemmli, 1970), and assayed for antifreeze activity.

Expression of CHT46 in E. coli

CHT46 was amplified by PCR from the Bluescript con-
struct SKCHT46 with the synthetic oligonucleotides,
59-TCAGATCAGCATATGAGTGTGGGCTCCGTCATCA-39
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and 59-GGTTCTGCAGCAGTTAGCTAGCGAAGTTTC-G-39
as primers to generate NdeI and PstI sites at the ends of the
cDNA. The PCR-amplified fragment was subcloned into
the secretory expression vector OmpA/His6/CHT46/Par8,
whichwas constructed by inserting the His6 sequence from
pET16B and the gene encoding CHT46 into the Tac cassette of
Wong and Sutherland (1993). The OmpA/His6/CHT46/Par8
construct was transformed into E. coli JM105 cells and a single
colony was used to inoculate 2 L of 2 3 YT medium. The
culture was incubated at 37°C for 5 h to attain an OD550 of 0.8,
then induced by 1 mm IPTG, and incubated at 25°C to slow
protein synthesis to promote transport to the periplasm or
culture medium (Wong and Sutherland, 1993). Proteins
present in the medium and cells were collected at 0, 3, 24, 48,
and 72 h and examined by SDS-PAGE. His-tagged CHT46
was purified in the denatured form using a His-resin column
as recommended by Invitrogen (Carlsbad, CA). His-tagged
CHT46 was eluted at pH 4.0 in the presence of 8 m urea and
0.2 m b-mercaptoethanol (20 mL), allowed to refold slowly by
dropwise addition of 500 mL of water overnight, then con-
centrated 4-fold by Centriprep10 ultrafiltration (Amicon). No
antifreeze activity was observed, so the OmpA leader se-
quence as well as the His-tag sequence were removed by
incubating 1 mL of the protein solution (0.06 mg mL21) with
5 units of thrombin at room temperature for 2 h, as confirmed
by SDS-PAGE. The resulting solution was concentrated by
ultrafiltration (Centricon10, Amicon) to 1.35 mg mL21 and
assayed for antifreeze activity.

Southern Blotting and Chromosome Mapping

Southern blots were performed on genomic DNA iso-
lated from two cultivars of winter rye (cv Musketeer and cv
Puma) and from spring wheat (Triticum aestivum cv Chi-
nese Spring). The ditelocentric series of Chinese Spring
wheat obtained from the U.S. Department of Agriculture
E.R. Sears collection was used to map CHT46 homologs to
a specific chromosome. In the Chinese Spring ditelocentric
series, all chromosomes are present in each line, except that
one chromosome pair is represented by only the telocentric
chromosomes of one arm. Genomic DNA was extracted
from rye and wheat leaves as described by Rogers and
Bendich (1988) and quantified using the diphenylamine
colorimetric assay (Burton, 1968). DNA samples were di-
gested using XbaI, separated by electrophoresis, blotted,
and probed with pCHT46 (Limin et al., 1997). The last wash
for the filters after hybridization was in 0.23 SSC contain-
ing 0.1% (v/v) SDS at 68°C for 1 h.

Expression of CHT46 Homologs in Winter Wheat

Winter wheat (cv Fredrick) seeds were germinated in
water-saturated vermiculite for 7 d at 20°C with an irradi-
ance of 250 mmol photons m22 s21 and a daylength of 15 h,
then watered daily with a 20:20:20 (N:P:K) nutrient solu-
tion. These seedlings were the NA controls. For cold accli-
mation, seedlings were transferred to 5°C with a 12-h day-
length. For heat shock, seedlings were transferred to 40°C
for 3 h. Salt stress was imposed by incubating seedlings in

a nutrient solution containing 500 mm NaCl for 24 h.
Drought stress was created by lifting seedlings from the
vermiculite and holding them at 20°C without water for
20 h. Plants were treated with ABA (mixed isomers, Sigma,
St. Louis) by adding 1024 M ABA to the nutrient solution
and also by spraying the foliage with 1024 M ABA and
0.02% (v/v) Tween 20. For low light, NA plants were
grown for an additional 2 weeks under the control condi-
tions described above. For high light, seedlings were
grown under NA conditions for a total of 3 weeks, except
that the light level was 800 mmol photons m22 s21. mRNA
was isolated from winter wheat leaves, crowns, and roots
of seedlings as described in Limin et al. (1997). Northern
blots were probed with CHT46 and washed under high
stringency (0.23 SSC containing 0.1% [w/v] SDS at 68°C
for 1 h). Blots were quantified using ImageQuant version
5.0 (Molecular Dynamics, Sunnyvale, CA).
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