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Heterologous Expression of Type | Antifreeze Peptide GS-5 in
Baker’'s Yeast Increases Freeze Tolerance and Provides
Enhanced Gas Production in Frozen Dough
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The demand for frozen-dough products has increased notably in the baking industry. Nowadays, no
appropriate industrial baker's yeast with optimal gassing capacity in frozen dough is, however,
available, and it is unlikely that classical breeding programs could provide significant improvements
of this trait. Antifreeze proteins, found in diverse organisms, display the ability to inhibit the growth of
ice, allowing them to survive at temperatures below 0 °C. In this study a recombinant antifreeze
peptide GS-5 was expressed from the polar fish grubby sculpin (Myoxocephalus aenaeus) in laboratory
and industrial baker’'s yeast strains of Saccharomyces cerevisiae. Production of the recombinant
protein increased freezing tolerance in both strains tested. Furthermore, expression of the GS-5
encoding gene enhanced notably the gassing rate and total gas production in frozen and frozen
sweet doughs. These effects are unlikely to be due to reduced osmotic damage during freezing/
thawing, because recombinant cells showed growth behavior similar to that of the parent under
hypermosmotic stress conditions.

KEYWORDS: Baker's yeast; Saccharomyces cerevisiae ;type | antifreeze proteins; GS-5; frozen dough;
freezing/thawing stress

INTRODUCTION baker’s yeast with these desired properties is available, and it
is unlikely that classical breeding programs could provide
OIsignificant improvements of these characteristics. Indeed, our
éimited understanding of the physiological and genetic deter-
minants of freezing tolerance suggests that they are under the
econtrol of multiple genes and complex regulatory mechanisms

The ability of yeast to cope with and respond to freezing
temperatures is a key point in the breadmaking process, an
improvement of yeast freeze tolerance has become a major focu
of attention during recent years (for a review, seelefThis
interest has increased due to the enormous expansion of th
frozen-dough market. Presently, the so-called frozen-dough ) ] ] -
technology makes up 10% of the sales of baked products in I this scenario, the ability to transform baker’s yeast by
Europe and 2530% worldwide, and it is expected that there fécombinant DNA technology has opened the possibilities to
will be a growing demand in the future. manipulate just a single gene or path\(vay without altering other

Freezing is often a lethal stress for yeast cells, as it causeskeY Or valuable genes for technological purposessf5,The
denaturalization of macromolecules, rupture of cell membranes, transfer of heterologous genes3accharomyces cerisiaehas
and osmotic shrinkage with loss of water and tur@r During also meant that there is now the possno_lllty of using baker’s
frozen storage, ice crystal growth further deteriorates the plasmay&ast as a cell factory. This has allowed in the past decade the
membrane and impairs activity in different cellular systems. development of industrial strains with unsuspected properties,
Finally, during the thawing process, cells can suffer oxidative 91Ving & new generation of baker's yeas).(
stress (3). As a consequence, the gassing power of yeast cells It has been reported that antifreeze proteins (AFPs) play a
is reduced, increasing proofing time and lowering bread volume. major role in the freeze avoidance or freeze tolerance response

To overcome these problems, it is common for bakers to Of a wide range of organisms including bacteria, fungi, arthro-
increase yeast dosages in these products b§0% above  Pods, plants, and fish (for reviews, see réfs9). The AFPs
normal. However, this practice increases process cost and affectérom polar fish species have been the most extensively
negatively the taste and texture. Consequently, the developmengharacterized and are grouped into four classes on the basis of
of yeast strains with better gassing power in frozen dough hastheir amino acid composition. Type | is the smallest and
a great economic interest. Nowadays, no appropriate industrialSimplest, the structure of which corresponds with an amphipathic

alanine-richa-helix chain (10). Several representatives of this
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Table 1. Oligonucleotides Used in This Study

primer sequence 5' to 3' comments

a-1 AACGAaTtcAAGAATGAGATTTCC PCR, forward MFa.1 (EcoRl site underlined)
o-2 ATGCCAAGCTTCAGCCTC PCR, reverse MFa.1 (Hindlll site underlined)
PGK-1 ACGAAGTTGTCAAGAGCTCTGCTGC PCR, forward tPGK1

PGK-2 ATCCTTgTCGACAGCTTTAACGAACGC PCR, reverse tPGK1 (Sall site underlined)
ACT-1 CCTACATTCTTCCTTATCGGATCC PCR, forward pACT1 (BamHlI site underlined)
ACT-2 CCAGAATCCATTGTgAATTCAG PCR, reverse pACT1 (EcoRl site underlined)
GSC-1 CTGAAGCTTTGGACGCA PCR, forward GS-5 (Hindlll site underlined)
GSC-2 ACATCGATTATGGCTTC PCR, reverse GS-5 (Clal site underlined)

GSL-1 CTGAAGCTTTGGACGCACCTGCTATAGCCGCAGCAAAAACAGCCGCAGATGCATTAGCTGCTGCCAA PCR, forward GS-5 synthesis; first extension
(HindIll site underlined)

GSL-2 ACATCGATTATGGCTTCGCCGCGGCTGCAGCAGCATCAGCAGCAGTCTTTTTGGCAGCAG PCR, reverse GS-5 synthesis; first extension
(Clal site underlined)

composed mainly of alanine residues. These proteins fold with weight)/mL (ODs0 = 1 equals 0.35 mg of cell dry weight/mL). Fifteen
pairs of polar amino acid residues, known as ice-binding motifs milliliters of the yeast mixture was poured into a 250-mL screw-capped
(11), spaced at regular intervals along the polar face of the helix. graduated bottle and placed in a 30 water bath. After 15 min, 15
These polar residues form hydrogen bonds with ice due to a™L of 30 °C liquid dough (LD) was added, which results in a
lattice-matching mechanisri2), and the protein inhibits water concentration of yeast similar to that used in traditional bread dough

- : . (~2%, flour basis), and the production of €0y the yeast cells was
ﬂﬁ]%?':rt]fg onto these surfaces of the ice crystal due to Stencmeasured. The LD model system was prepared as previously reported

(19). Yeast cells were also grown in SD [0.17% yeast nitrogen base
The activity of AFPs has attracted the attention of food without amino acids (DIFCO) plus 0.5% ammonium sulfate and 2%
biotechnologists interested in engineering freeze hardiness.glucose] supplemented with the appropriate concentrations of essential
Antifreeze proteins may inhibit recrystallization during freezing, nutrients (20) or YPD (1% yeast extract, 2% peptone, 2% glucose).
frozen storage, and thawing, thus preserving food texture andCells were grown routinely in 500-mL Erlenmeyer flasks at’80on
minimizing loss of essential nutrients (13). AFPs are naturally an orbital shaker (250 rpm).
present in many foods consumed as part of the human diet, and Phenotype experiments were made by adjusting exponential cultures
there is no evidence of adverse health effet#.(In the case  © ODsoo = 0.3 and spotting serial dilutions onto SD agar plates
of fish AFPs, the intake of which is estimated as substantial in containing NaCl (0.7 M) or KCI (1.4 M). Plates were incubated at 30

most northerly regions, it is also reasonable to infer a lack of 0" 26 days. For freeze folerance assays, cells (15 mg of dry
.. weight/mL) were inoculated in LD, and the suspension was divided in
allergenicity (14).

. . . 1-mL portions and transferred directly €20 °C. After different times,
AFPs can be introduced into food products either by gajiquots were thawed at 3T for 30 min, and the percent of viable
exogenous addition or by gene transfer. In the latter case, thecells was measured by counting the number of colonies on YPD plates.

apparent simplicity of structure of the type | AFPs makes them  Escherichia coliDH10B host strain was grown in LurisBertani
particularly attractive, because it allows a relatively easy genetic (LB) medium (0.5% yeast extract, 1% peptone, 0.5% NaCl) supple-
manipulation. However, their small siz#( 3000—5000) and mented with ampicillin (50 mg/L). Antibiotics and auxotrophic require-
lack of globular tertiary structure have apparently rendered this ments were filter-sterilized and added to autoclaved medium.

class of protein susceptible to degradation when expressed in DNA Manipulations and Plasmids. Plasmid YEpGS5 YRA3),

heterologous host systems such Bscherichia coli, yeast, which contains the GS-5 expression cassette, was constructed as
Drosophila, and plants (10,5, 16). follows: fragments containing sequences of the yeast pheromone

. a-factor (MFal) prepro region<13 to 273),PGK1terminator, bek1

nge vye report hovy heterologous eXpreSSIF)n of a type |, (1064 to 1544), anACT1promoter, Rcr1 (—497 to 11) were obtained
alanine-rich AFP 17), isolated from the polar f_'Sh known as by standard PCR using specific synthetic oligonucleotideble 1).
grubby sculpin Klyoxocephalus aenae)sprovides a new  The amplified Rer; fragment was digested witBamHI andEcoR|
alternative to face loss of viability of baker’s yeast cells upon and cloned into the pBlueScriptll SK vector (Stratagen, La Jolla, CA),
freezing and frozen storage. GS-5 production through the obtaining the plasmid pBSaRr. Then, the amplified prepra-factor
secretory pathway using the prepmemating factor sequence  sequence was cloned into the pGEM-T Easy Vector (Promega, Madison,
of S. cereisiaealso enabled increased gas production in a frozen WI), treated withEcoRI andHindlll, and inserted into the pBSxEr
liquid dough model system. plasmid, resulting in plasmid pBSsEta.

The GS-5 coding DNA fragment was synthesized by PCR using
the first two specific 60-bp oligonucleotides, GSL-1 and GSL-2,
designed to overlap in 10 b éble 1). After a first cycle of primer

Yeast Strains and Culture Media. The industrial baker's yeast  extension, amplification of GS-5 DNA was continued using primers
HS13 Ura (Lesaffre International, Lille, France) and the laboratory GSC-1 and GSC-2 (Table 1). The amplified fragment was subcloned
W303-1A (MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 canl- into the pGEM-T Easy Vector (Promega), obtaining the plasmid pGEM-
100 GAL mal SUCRwild-type strain (8) were used throughout this ~ GS5. This was digested withindlll and Clal, and the released GS-5
study. Yeast biomass was prepared by cultivating cells (7.6 units of fragment was inserted into the pBRdro plasmid, obtaining the
ODsoo) 0n molasses [5.0 g of beet molasses (49% sucrose), 0.5 g of plasmid pBS-ReraGS5. This was treated witBlal andSall and used
ammonium phosphate, 26.0 g of agar, andug0of biotin per liter; to accommodate thep&ki fragment previously digested with the same
adjusted to a final pH of 5.0) plates (140-mm diameter) for 20 h at 30 set of enzymes, obtaining the plasmid pB&GS5Teck. Finally,
°C. Then yeast cells were recovered by washing the plate surface withthe GS-5 expression cassette was accommodated into the vector
2 x 10 mL of distilled water, and the yeast suspension was poured YEplac195 (21) by digestion witBamHI andSall.
into a tube. After centrifugation, the yeast cake was washed twice with ~ Yeast cells were transformed according to the method oRgef
distilled water (4°C), resuspended in saline solution containing 27 g/L and transformants were selected by auxotrophic complementation in
of NaCl, and vortexed, and the @fa of the resulting suspension was  SD plates.E. coli was transformed by electroporation following the
measured. The final yeast concentration was adjusted to 30 mg (dry manufacturer’s instructions (Eppendorf).

MATERIALS AND METHODS
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Figure 2. Viability during freezing and frozen storage of transformants of
S. cerevisiae strains expressing the AFP GS-5. Yeast strains HS13 and
W303-1A were transformed with plasmid YEpGS5 (@) or YEplac195 (O)
and analyzed for freeze tolerance. The graph represents the log of colony-
forming units (CFU) of S. cerevisiae per milliliter after different periods of
frozen storage. Unfrozen samples were used as control (0 days). Cells
were grown, shifted to =20 °C, thawed, and plated onto YPD solid medium
as described under Materials and Methods. Values represent the means
of at least three independent experiments. The error associated with the
points was calculated by using the formula (1.96 x SD)/v/n, where n is
the number of measurements.

URA3

Figure 1. Partial DNA sequence of the insert contained in plasmid
YEpGS5 and construction of the GS-5 expression cassette. The DNA
sequence of the yeast prepro a-factor, fused in-frame upstream of the
GS-5 sequence, and adjacent nucleotides are shown. The deduced amino
acid sequence of the recombinant protein and mature GS-5 (bold) is shown
below. Unique restriction sites are shown in bold and underlined. The
start and stop codon are marked by x. Strategy to construct plasmid
YEpGS5 is detailed under Materials and Methods. Oligonucleotides used
for PCR amplifications are shown in Table 1. P acr1, ACT1 promoter; prepro
o-factor, signal sequence and leader region of the yeast prepro c-mating
factor (MFa.l gene); Teek1, PGK1 terminator; ori, replication origin in E.

coli, MCS, multicloning site; ori 2 m, replication origin in S. cerevisiae; single replacement at residue 1 from methionine to leucine.
lacz, a reporter gene; URA3 and ampR, selectable markers, used in S. Nucleotides at the 5'-ends for the restriction sktsdlll and
cerevisiae and E. coli, respectively. Plasmid and fragment sizes are not Clal were also included to allow its later manipulation. After

o scale. an extension phase of the assembled oligonucleotides, the

. . . . complete fragment was amplified by PCR and ligated into an
Gas Production MeasurementsYeast biomass was inoculated in : . .
LD and incubated at 30C with low shaking (80 rpm), and the amount approprlate_vector, anq th_e n_ucle(_)tlde sequence of the insert
of CO; evolved was recorded in a homemade fermentometer (Chittick WasS determined to confirm its identity. A schematic representa-
apparatus) by measuring the displacement of a manometric solutiontion of the strategy of synthesis and cloning of the AFP is shown
placed in a graduated buret3). The manometric solution contained in Figure 1.
10% CaCj and 0.5% CuGlat pH <5. CQ, production was recorded To obtain the expression of the recombinant peptide, the GS-5
at 20-min intervals for 180 min. Values are expressed as milliliters of sequence was placed under the control oSheereisiae ACT1
CO, per milligram of yeast cells and were normalized to the initial dry promoter, a strong constitutive promoter widely used for the
weight of the yeast sam_ple tes_,ted. We assume that yeast growth ovelroduction of heterologous proteins in baker's ye2s, £6).
the course of the experiment is almost identical for all of the strains o expression cassette also comprised the terminator of the
tested. PGK1 gene and the signal sequence and leader region of the
RESULTS AND DISCUSSION yeast preprax-mating factor MFol gen_e), which was fused
in-frame upstream of the GS-5 sequerfegre 1). The prepro
Construction of a Yeast Expression Vector Containing the a-factor sequence is an efficient secretion vehicle for heterolo-
GS-5 Coding SequenceThe mature form of grubby sculpin  gous proteins, as it is processed through the secretory pathway
GS-5 type | AFP contains only 33 amino acids, making it and digested by specific proteases, releasing thus the biologically
practical to synthesize the gene de novo as a 99 nucleotide DNAactive protein 27). The final constructigure 1) generated in
fragment. The strategy relied on commercial synthesis of two the shuttle vector YEplac195 (21) was used to transform the
10-bp overlapping oligonucleotides, which contain the GS-5 laboratory W303-1A and the industrial HS13 strain. Trans-
sequence adjusted to ti&e cerevisiagreferred codon usage formants were selected by auxotrophic complementation, and
(24). In addition, the oligonucleotides were designed to remove the functionality of the AFP-producing strains was analyzed.
the ATG of the wild-type GS-5 encoding sequence by the  Production of the Recombinant AFP GS-5 Increases
change of Ato T and to add a stop codon. This change allows Freeze Tolerance in YeastTransformants of each strain under
the in-frame expression of the GS-5 sequence and introduces assay were selected for testing the ability of recombinant GS-5



Freeze Tolerance and Gas Production in Frozen Dough J. Agric. Food Chem., Vol. 53, No. 26, 2005 9969

1,2 tolerance in yeast, but the magnitude of this response appears
to correlate with the basal sensitivity of the yeast strain assayed.

We also tested if the increase of freeze tolerance observed
0,9 1 by expression of the AFP GS-5 in the industrial strain determines
an enhanced C{production in frozen dough. Again, cells were
inoculated in the LD model system, and their gassing power
0.6 1 was tested after freezing a20 °C and frozen storagd-jgure
3). CO, production by HS13 cells was reduced markedly after
freezing for 3 h and thawing (see point markédnOFigure 3).
0,3 w4 T T T T This loss was similar in both of the transformants teste80)%

00 10 20 30 40 with respect to unfrozen samples, suggesting that the recom-

Time (days) binant AFP does not impart osmoprotection. Effects on leaven-

ing activity of yeast cells upon freezing and thawing have been
mainly attributed to desiccation and electrolyte release, giving
to hyperosmotic stres28). On the contrary, expression of the
antifreeze peptide GS-5 enhanced gas production capacity during
frozen storage. Indeed, after 40 days-&0 °C the production
of CO, in samples inoculated with cells of the YEpGS5
transformant was 30% higher than that found in control
(YEplac195) samples-{gure 3). Nevertheless, these differences
were less pronounced than those seen in the viable cells assay
(Figure 2). Thus, it seems that a number of cells unable to form
colonies on YPD plates are still metabolically active, at least

to enhance freeze tolerance in yeast. Cells were inoculated in dn €ms of CQ production.

flour-free liquid dough model system (LD) and shifted+&0 Production of the AFP GS-5 Does Not Confer Osmotic

°C, and at different times, samples were thawed and the numberStress Resistance in YeastStudies by Meijer et al. (29)

of viable cells was determined by their colony-forming ability. reported that expression of fish AFPs B. coli has an

We chose the LD system because it mimics the main nutrient ©smoprotective function. This property has been attributed to
composition of bread dough and permits the easy collection of an interaction between antifreeze peptides and membrane lipids,
isolated yeast cells and testing of functional properties (19). In Which would reduce membrane permeability and inhibit leakage
all cases, yeast cells transformed with the empty plasmid from cells 80). However, the C@production data reported in
YEplac195 were used as control. As can be sdégufe 2), this study (Figure 3) did not appear to support a functional
the two strains analyzed differed in their susceptibility to role of the AFP GS-5 in osmoprotection. To clarify this point,
freezing and frozen storage. Cells of the industrial HS13 strain We tested if expression of the recombinant antifreeze peptide
showed a rapid and strong loss of viability, even after only 1 could also confer improved osmotolerance in baker’s yeast cells.
day at—20°C. On the Contrary' at least 50% of the |ab0rat0ry The ablllty of yeast to withstand ianeaSing osmotic pressures
wild-type strain cells survived 13 days at this temperature. The is @ key point in the breadmaking process, and improvement of
degree of freeze tolerance acquired by overexpression of GS-5yeast osmotolerance has become a main isEué\é shown in
was also dependent on the strain tested. Although productionFigure 4, production of the AFP by yeast host cells of the
of the AFP in the laboratory strain resulted in a certain protection W303-1A strain produced no significant growth improvement
against freeze damage, this effect was significantly larger in on media containing high concentrations of NaCl or KCI. No
transformants of the HS13 straifigure 2). As an example, effects were found on the growth of transformants of the
the number of viable cells in YEpGS5 transformants of the HS13 industrial HS13 strain.

strain was 32-fold higher than in the wild type after 13 days at  In conclusion, the expression of AFPs in baker's yeast appears
—20°C. Thus, the expression of the AFP GS-5 increases freezeto be a promising strategy to increase cell viability in frozen

ml CO,/mg yeast dw

Figure 3. Effect of freezing and frozen storage on CO, production by
HS13 baker's yeast cells producing the AFP GS-5. Liquid dough (LD)
samples were inoculated with cells of the YEplac195 (O) or YEpGS5
(@) transformants, shifted to =20 °C, and stored at the same temperature
for 3 h (0") or up to 40 days. After each storage stage, the CO, production
level was tested in a homemade fermentometer. Unfrozen samples were
used as control (0 days). Values are given as means of three independent
experiments. The error associated with the points was <5% of the value
of the point. dw, dry weight.

HS13 W303-1A

Control NacCl
%io
i) e

Figure 4. Heterologous expression of the AFP GS-5 does not alter growth of yeast cells under hyperosmotic conditions. Cells of the W303-1A and HS13
strains were transformed with plasmid YEpGS5 (GS-5) or YEplac195 (wt) and assayed for growth in the presence of 0.7 M NaCl or 1.4 M KCI. Cultures
were grown in SD at 30 °C until early-exponential phase and adjusted to ODggy = 0.3. Serial dilutions (1-10-3) of the adjusted cultures were spotted
(3 uL) onto SD plates containing the indicated solutes and incubated at 30 °C for 2—6 days, respectively.
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dough. However, it seems unlikely that this approach could be (16) Duncker, B. P.; Chen, C. P.; Davies, P. L.; Walker, V. K.

successful to provide osmoprotection. At the present stage, Antifreeze protein does not confer cold tolerance to transgenic
production of a native form of the antifreeze peptide GS-5 from Drosophila melanogastelCryobiology1995,32, 521—-527.
the polar fish grubby sculpin allowed a modest but significant (17) Chakrabartty, A.; Hew, C.-L.; Shears, M.; Fletcher, G. Primary
improvement in fermentative performance. Further increases in structures of the alanine-rich antifreeze polypeptides from grubby
freeze tolerance would be, however, required to ensure satis- sculpin,Myoxocephalus aenaeuSan. J. Z0ol.1988,66, 403~
factory leavening of frozen dough at the conventional yeast 408.
doses employed in unfrozen products. Directed evolution by (18) Thomas, B. J.; Rothstein, R. Elevated recombination rates in
random mutation based on the GS-5 AFP could be thus an transcriptionally active DNACell 1989, 56, 619—630.
attractive technique to provide additional freeze protection. (19) Panadero, J.; Randez-Gil, F.; Prieto, J. A. Validation of a flour-
Experiments in this line are currently in progress. free model dough system for throughput studies of baker’s yeast.

Appl. Environ. Microbiol.2005,71, 1142—1147.
ACKNOWLEDGMENT (20) Sherman, F.; Fink, G. R.; Hicks, J. B. Appendix ANtethods

in Yeast Geneti¢gsSherman, F., Fink, G. R., Hicks, J. B., Eds.;
We thank A. Blasco for technical assistance and the research Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY,
team of Lesaffre International for providing yeast strains. 1986; pp 163—168.

(21) Gietz, R. D.; Sugino, A. New yeasEscherichia colishuttle

LITERATURE CITED vectors constructed witin »ivo mutagenized yeast genes lacking

) ) ) o six-base pair restriction enzymeSenel1988,74, 527—-534.
(1) Randez-Gil, F.; Aguilera, J.; Codon, A.; Rincon, A. M. Estruch,  (22) Ito, H.; Jukuda, K.; Murata, K.; Kimura, A. Transformation of

F.; Prieto, J. A. Baker's yeast: challenges and future prospects. intact yeast cells treated with alkali catiods Bacteriol 1983,
In Functional Genetics of Industrial Yeastde Winde, J. H., 153. 163—168

Ed.; Springer-Verlag: Heidelberg, Germany, 2003; pp-97.
(2) Wolfe, J.; Bryant, G. Freezing, drying, and/or vitrification of
membrane-solute-water systen@yobiology 1999, 39, 103—

(23) American Association of Cereal Chemists. Residual carbon
dioxide in baking powder. IAACC Approved Methods, 10th

129. ed.; Grami, B., Ed.; AACC: St. Paul, MN, 2000; Method 12-
(3) Hermes-Lima, M.; Storey, K. B. Antioxidant defences in the 10.
tolerance of freezing and anoxia by garter snakes. J. Physiol (24) Wada, K.; Wada, Y.; Doi, H.; Ishibashi, F.; Gojobori, T.;
1993,265, 646—652. lkemura, T. Codon usage tabulated from the GenBank genetic
(4) Kandror, O.; Bretschneider, N.; Kreydin, E.; Cavalieri, D.; sequence datadNucleic Acids Resl991,19, 1981—-1986.
Goldberg, A. L. Yeast adapt to near-freezing temperatures by (25) Randez-Gil, F.; Prieto, J. A.; Murcia, A.; Sanz, P. Construction
STRE/Msn2,4-dependent induction of trehalose synthesis and of industrial baker’s yeast strains that secrspergillus oryzae
certain molecular Chaperondﬂol. Cell 2004,13, 771-781. a_amy|ase and their use in bread makidgCerea| Sc|_’|_9957
(5) Randez-Gil, F.; Sanz, P.; Prieto, J. A. Engineering baker's 21, 185—193.
yeast: room for improvemenilrends Biotechnol1999, 17, (26) Monfort, A.; Blasco, A.; Prieto, J. A.; Sanz, P. Construction of

237—-244.

(6) Dequin, S. The potential of genetic engineering for improving ; - . . i
brewing, wine-making and baking yeaswppl. Microbiol. and their use in bread making. Cereal Sci1997,26, 195
Biotechnol.2001,56, 577—588. 199 - o _

(7) Graether, S. P.; Sykes, B. D. Cold survival in freeze-intolerant ~ (27) Julius, D.; Brake, A.; Blair, L.; Kunisawa, R.; Thorner, J.

baker’s yeast strains that secrete different xylanolytic enzymes

insects: the structure and functionbhelical antifreeze proteins. Isolation of the putative structural gene for the lysine-arginine-
Eur. J. Biochem2004,271, 3285—3296. cleaving endopeptidase required for processing of yeast prepro-
(8) Harding, M. M.; Anderberg, P. |.; Haymet, A. D. ‘Antifreeze’ o-factor. Cell 1984,37, 1075—1089.
glycoproteins from polar fistEur. J. Biochem2003,270, 1381 (28) Myers, D. K.; Attfield, P. V. Intracellular concentration of
1392. exogenous glycerol irsaccharomyces cerevisiggovides for
(9) Atici, O.; Nalbantoglu, B. Antifreeze proteins in higher plants. improved leavening of frozen sweet dougRF®od Microbiol.
Phytochemistry2003,64, 1187—1196. 1999,16, 45-51.

(10) Solomon, R. G.; Appels, R. Stable, high-level expression of a (29)
type | antifreeze protein ikscherichia coliProtein Expression
Purif. 1999,16, 53-62.

(11) Sicheri, F.; Yang, D. S. Ice-binding structure and mechanism of
an antifreeze protein from winter floundeédature 1995, 375,

Meijer, P. J.; Holmberg, N.; Grundstrom, G.; Bulow, L. Directed
evolution of a type | antifreeze protein expresse&satherichia
coli with sodium chloride as selective pressure and its effect on
antifreeze toleranceé’rotein Eng.1996,9, 1051—1054.

427—431. (30) Tomczak, M. M.; Hincha, D. K.; Estrada, S. D.; Wolkers, W.

(12) Devries, A. L.; Lin, Y. Structure of a peptide antifreeze and F.; Crowe, L. M.; Feeney, R. E.; Tablin, F.; Crowe, J. H. A
mechanism of adsorption to icBiochim. Biophys. Actd977, mechanism for stabilization of membranes at low temperatures
495, 388—392. by an antifreeze proteirBiophys. J.2002,82, 874—881.

(13) Griffith, M.; Ewart, K. V. Antifreeze proteins and their potential
use in frozen foodsBiotechnol. Adv1995,13, 375—402.

(14) Crevel, R. W.; Fedyk, J. K.; Spurgeon, M. J. Antifreeze Received for review June 30, 2005. Revised manuscript received
proteins: characteristics, occurrence and human expdsooel. October 11, 2005. Accepted October 25, 2005. This research was
Chem. Toxicol2002,40, 899—903. supported by the Comisio Interministerial de Ciencia y Tecnologia

(15) Driedonks, R. A.; Toschka, H. Y.; van Almkerk, J. W.; Schaffers, project (PACTI, CO01999AX173) from the Ministry of Science and

I. M.; Verbakel, J. M. Expression and secretion of antifreeze Technology of Spain. J.P. is supported by an F.P.I. fellowship.
peptides in the yeaSaccharomyces cerisiae. Yeas1995 11,

849—864. JF0515577




