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Extensive investigations of bacterial ice nucleation by strains
of Pseudomonas, Erwinia and Xanthomonas have indicated
that highly homologous proteins, each encoded by a single
gene, are involved in the ice-nucleation active sites of either
intact bacterial cells and/or cell-free ice nucleators. The
application of these bacterial ice nucleators to the freezing of
some model food systems and real foods, such as selwon,
egg white protein and comnstarch gels, elevates nucleation
temperatures, reduces freezing times and improves the qual-
ity (e.g. the flavor and textural properties) of frozen foods;
this suggests that there may be profound potential for energy
savings and quality improvement in the food industry. The
use of bacterial ice nucleators is a unique application of bic-
technology, as it directly improves freezing processes. Further
research is needed to gain a better understanding of the basic
mechanisms, the practical applications and the safety of
this particular material in the commercial freezing of food
products.

Freezing is one of the best methods available in the food
industry for preserving food products with high quality.
Many factors affect the economic viability of the freez-
ing process and the quality of the food products.
Overall, the efficiency of this process and the resulting
food quality are affected by two important factors:
supercooling (the cooling of liquid below its freezing
point without freezing) and nucleation (the initiation of

Bacterial ice nucleation
and its potential
application in the

food industry

Jingkun Li and Tung-Ching Lee

agents such as suspended foreign particles, surface films
or walls of containers. The type of ice nucleation is de-
termined by the properties of the solutes and the freez-
ing rate, which consequently affect crystal size and
crystal structure within the food and, therefore, product
quality?.

Bacterial ice nucleation by strains of Pseudomonas,
Erwinia and Xanthomonas has been both acknowledged
and investigated since the early 1970s, and it has been
recognized as one of the major causes of frost injury in
plants’ Many smdles have comnbmed to the under-

g of i isms*, and the elimi-
nation of ice-nucleation injury in planls’ The unique
activity of ice nucleation at higher subzero temperatures
(in the range -2 to -5°C), however, makes these
nucroorgamsm very uscful in such processes as the

the crystallization of liquid water into solid ice)'. There
are potentially two types of ice nucleation. Homo-
geneous ice nucleation takes place only in extremely
purified water, where an ice nucleus is formed by the
random accumulation of water molecules. Hetero-

ice nucleation is predomil in the freezing of
real food systems, and occurs when water molecules
aggregate in a crystalline ar on

of 1 snow and the freezing of some

food products (Refs 6, 7 and J.M. Ryder, PhD thesis,

University of Rhode Island, Kingston, RI, USA, 1987),
where ice nucleation is a limiting step.

The aim of this article is to present bolh basic and up-

to-date k ledge of 1 ice ion, and to

discuss the application of this fascinati h to

the study of freezing foods as well as the potcnnally

Jingkun L anc Tung-Ching Lee (corresponding author) are at the Department
of Food Science, the Center for Advanced Food Technology and the Institute of
Marine and Coastal Sciences, Cook College, Rutgers University, New Brunswick,
NJ 08903, USA (fax: +1-908-932-6776; e-mail: tck caftivax. edu).

found impact it may have on energy savings and
quahty improvement in the food industry.

Ice-nucleation-active bacteria
Strams of I’seudnmrmas synngae were first observed

Trends in Food Science & Techrology August 1995 [Vol. 6]

to catalyze ice f p led water in 1974

©1995, Elsevier Science Ltd 0924 -2244/95/509.50
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(Ref. 8). Shortly afterwards, strains of Erwinia herbicola®,
Pseudomonas fluorescens', Erwinia ananas", Pseudo-

bacteria with the Ina* phenotype have similar primary
stmctures (Fig. 1)°. Each protein consists of three dis-

monas viridiflava®, Xanth

pv.
13 and Erwinia uredc 4 were also demon-

domain a unique N-terminal do-
maln (compnsmg ~15% of the total sequence), which is

strated to be i tive (INA) at P bi
tures in the range -2 to -5°C. All of lhese bacterial

strains are Gi g and p ic (no

proof of animal patt has been rep ). They is hy hilic and p

a unique C-terminal domain
(4%), whlch is nch in basic residues and is very hy-
dmphll:c, and a central repeating domain (81%), which

live on plant surfaces, especialty on the leaves, where
they act as strong } g ice nuclei in d
and the ice crystals thus formed grow and break the
plam ussues, causing frost i mjury !o the host plants. The
ion activity of b | cells may be influ-
enced by many factors, such as the ooncenu'auon of the
cells, growth ium, growth
cal state, mineral composition .md pH (Refs 14, 15
and JK. Li and T-C. Lee, unpublished data 1995).
Strains of P. syringae, E. herbicola, E. ananas,
X. campestris and/or their active fractions have been
tested in some model food systems and some real foods
to examine their effects on the freezing process. A

detaiad di of their will be given in
a later section.
Ice-nucleation genes and their products

In every strain investigated so far, bacterial ice nu-
cleation is determined by a single gene that codes the
Ina protein. To date, at least six DNA fragments impart-
ing the Ina* phenotype to Escherichic coli have been
sequenced and published (Table 1)'*%. The genes have
been mapped to a small region on the cl

ly rich in alanine, glycine, ser-
ine and tlm:onme, and which can be subdivided into
three regions. (The first two of these repeat with high fi-
delity of a period of 48-peptide units; each 48-peptide
unit can be further divided into three 16-peptide repeat
units of medium fidelity; again, each 16-peptide unit can
be further divided into two 8-peptide repeat units of low
fidelity, in which only two of the eight peptides are
strongly conserved. The third region of the repeating
domazin contains only an 8-peptide period of repetition.)

The secondary structure of the protein is not known;
various structural models have been proposed®-?, all of
which suggest that the ice-nucleation protein serves as a
template for orienting water into an ice crystal.

Components of INA sites
It is generally believed that the bacterial ice-nucleation
protein plays a central role in the ice-nucleation activity.
However, to date, none of the Ina proteins have been
successfully purified from their native producing bac-
terial strain. The overexpressed protein of the inaA gene
from E. ananas IN-10 was shown to be present in in-
cluslon bod:es in E. coli, and was purified to apparent
by ing it four times with 2%

DNA of the oa.tena, and range in size from 3.4 kb to
7Skb An imperfe peated DNA seqt corre-
p g to the repeated ptide AGYGSTLT is
found in all of the genes®. It was also found that the
level of ice-nucleating activity in the transformants
correlated with the level of protein expression’?. The

Triton X-100, in the form of an insoluble precipitate®.
Thls protein, with a molecular weight of 130kDa, was
d to have i 1 activity above

—5°C, even in the ab of b
such as sugars and lipids. The protein of the inaZ gene
from P. .vynngae $203 has also been identified and puri-

protein sequences inferred from the DNA seq) are
more strongly conserved than the DNA sequences
themselves.

The translation product of the inaZ gene from P.
syringae was predicted to contain 1200 amino acids and
have a molecular weight of ~120kDa, comprising
exactly 122 contiguous repeats of the consensus octa-
peptide’. The ice-nucleation proteins from the various

fied in E. coli?. This protein
is active only at -13.2° 'C, and has an apparent molecular
weight of 153kDa, which is 34kDa higher than the
molecular welght of ll9kDa predxcwd from the inaZ

gene based on the
effects of specnﬁc enzymes (eg. N- and O-glycanases,
a- and B: and B i or chemi-
cal pmbes (e.g. lectins, chelmmg compounds, borate

p ds and sulfhydryl reagents),
Table 1. ina genes that have been sequenced mdlcaled that the most effective
may be lipo-
Gene Strai . 3 glycoprotein complexes?®®. Phos-
i Size (b) Ret phatidylinositol was also identified
inaA Erwinia ananas IN-10 43 16 as i\ major Cﬂmpt::ent of “lli;e ice;
. . " nucleating site on the outer surface of
inal} Enwinia uredovora ¥\JiN-3 34 17 two bacteria, P. syringae and E.
inaW Pseudomonas i%.;orescens MS1650 75 18 herbicola, based on the effect of the
inaZ Pseudomonas syringae 5203 44 19 inhibition of plant lectins and phos-
)\ ific hydrolase on
iceE Erwinia herbicola M1 49 20 H 1 a;’m,“y of
inaX Xanthomonas campestris these two Ina* bacteria displayed
pv. translucens X565 53 21 phosphaudylmosnol synthase activity,
extracts from related Ina-
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Pseudomonas or Erwinia strains did

not®,
Erwinia herbicola was the first
bacterium to be shown to prod

Unique N-termin;
domain (15%)

Centraf repeating
domain (81%)

H

Unique C-ten

minal
domain (4%}

extracellular ice-nucleating matter,
which is proteinaceous and associ-
ated with membrane vesicles®.
Extracellular ice-nucleating matter
from E. ure:iavom KUIN-3 was puri-
fied to ity by ultra-
filtration, sucrose density-gradient
ultracentrifugation and gel filtration,
and comprised 10% lipid, 43% pro-
tein, 35% saccharide and 12% poiy-
amine®. Funher studies suggesled
that  poly (eg.

cadaverine and spermidine) were the
most important component of the
ice-nucleating material in this bac-
terium®. De-lipidation of partially
purified outer membranes of P.

AGYGSTLT

Jon

(48 amino acids)

Txa

{16 amino acids)

sz

(8 amino acids)

syringae, using various de-lipidating
agents such as phospholipase A,,
sodinm cholate and sodium dodecyl
sulfate (SDS), resulted in a signifi-
cant loss in the ice-nucleation activity
associated with the cell envelopes
of this and other INA bacteria®.

Fig.1

Therefore, the authors predicted that
a phosphohpld component is a
for the exp

A schematic representation of the primary structure of a typical bacterial ice-nucleation protein.

The protein structure consists of three distinguishable domains: a unique N-terminal domain, a unique
C-terminal domain and a central repeating domain. The central repeating domain has three levels of
periodicity as depicted below the entire sequence shown at the top of the figure: a primary repetitive
sequence consisting of an octapeptide, superimposed by 16-peptide repeats, and again by 48-peptide
repeats (that is, the 48-peptide repeats have higher fidelity than the 16-peptide repeats, which have

£ higher fidelity than the 8-peptide repeats). Amino acids are represented by one-letter codes; amino acids

ice-nucleation activity bmh in P. Aands (bold) are more conserved than the other amino acids in the sequences. (Adapted from Ref. 4)

syringae and in vitro.

We have found that the positional lysis of
INA sites was undermined by two factors: first, the sen-
sitivity and accuracy of the assay used to determine ice-
nucleation activity; and second, the purity of the INA
sites. Furthermore, we believe that the so-called ice nu-
cleus is a poorly defined concept; moreover, its activity
measurement and calculation is based on a method de-
rived for inorganic materials®. The suitability of this
method to the study of biogenic ice nucleation is still
sub]ect to venﬁcat.on In addition, the quantitative

Jeation activity and cell
number or material concentration, volume of water drops,
holding time of water drops at certain supercooling
tel ,mhaveyetmbeesmbhshed(!l(u
and T-C. Lee, abstract in 1995 Institute of Food Tech-

ists’ Annual Meeting Book of Ab . Conse-
quently, the exact chemical components of active ice-
nucleauon sites definitely need to be investigated ﬁmha

of the I INA is
pmsent.ly being carried out in our laboratory; INA ma-
terial is precipi from the of E. herbic

culture broth by adding ammomnm sulfale to 50%
saturation. The solubilized preci is d to gel

weight of only 65kDa or lower when im-
munologically detected with an anti-InaA antibody
following SDS-polyacrylamide gel electrophoresis (the
antibody was kindly provided by Prof. Arai®; JK. Li
and T-C. Lee, unpublished data 1995). The further study
and characterization of this protein and its mode of
action are presently under way.

Freeze-texturing with Ina* bacteria

Arai and Watanabe® studied the freeze texturing of
food materials using E. ananas cells. When the bacterial
cells were added to lsotmplc aqueous dlspets:ons of
hydrogels d of p
the bulk of the water was conven.ed mlo duecuonal ice
crystals at subzero temperatures not lower than ~5°C,
and resulted in the fc ion of
products; raw egg white, bovine blood. soybean curd,
milk curd, aqueous dispersions or slurries of soybean
protein isolate, agar hydrogel, cornstarch paste, and
hydrogels of glucomannan and calcium-bridged gluco-
mannan were textured successfully. The flake-like
texture of egg white pmducts prepared by the above-

ides

ﬁlmonusmgSephamseCl -2B (PhannacmBlotechlnc
Piscataway, NJ, USA). The INA fractior corresponding
to the void volume of the column has an apparent mol-
ecular weight of =1000kDa. However, the protein has a

Trends in Food Science & Technology August 1995 [Vol. 6]

process was significantly

d as pared with that of prod made in a

srmllar manner but textured \vxthom the use of Ina*
cells. This work demonstrated that the Ina* bacterial

cells inhibited supercooling of the bulk of the water in
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gels of food p

crystallization process to improve their textures. Thus,
the authors proposed a new process for the freeze tex-
turing of protein products such as soybean curd using E.
ananas cells as heterogeneous ice nuclei®.

Efficient freezing with Ina* bacteria and/or their
cts

Previous work in our laboratory has shown that P.
syringae cells are efficient ice nucleators when added to
foodstuffs, such as fish muscle and other proteins, and
sugar and oil solutions (J.M. Ryder, PhD thesis). Whole
fish muscle was divided into conlrol groups and groups
to which a dispersion of P. gae at a
of 107 colony-forming units per wl was applied. The
treated groups were sprayed with ~0.1 ml of the disper-
sion per g of fish muscle Freezing curves for the u-eated
and control were i As ill d in
Fig. 2, the fi point (the p at which
freezing occurs) for salmon muscle is around ~1°C (T,);

and
polysacchmdcs, and also that this cl-anged the ice-

diﬂ'amnce the int and
leati of the pl was reduced
by 3.4°C in this case. The total freezing time (defined as
the time elapsed from the instant the sample passed
through its freezing-point temperature to the instant it
reached the freezer temperature) for salmon muscle (e.g.
from —1°C at time ¢, to —5°C at time ;) was reduced by
33% compared with the sample treated with the bac-
terial cells (time ¢,) when frozen at —5°C (Fig. 2). The
application of Ina* P. syringae cells was also observed
to cause the whole fish to be frozen consistently at -5°C
within several hours, whereas up to 33% of the un-
treated fish did not freeze (J.M. Ryder, PhD thesis). In
other words, the d freezing of fish il
within a set time was clearly demonstrated in this case.
The degrees of supercooling were also significantly re-
duced when the bacterial cells were added to other
foods, such as sucrose solutions, concentrated fruit
juices, surimi samples, egg white, coconut oil, safflower
oil, milk and dairy products (JM. Ryder and
T C. Lee, abstract in 1988 Institute of Food

p ( p
atiained by the sample before freezing begins), how-
ever, are different for the treated and control ~amples,
that is -1.5°C (7)) and ~4.9°C (T, , respectively. This
means that the degree of sup g (the

Annuat Book of Ab
M.P Izquierdo, MSc thesis, Umverslty of Rhode Island,
Kingston, RI, USA, 1989). It was extremely interesting
to note that with some model food syslems, such as 35%
sucrose solution, ice and f at

Temperature (°C)

Time (h}

—6°C with the addition of P. syringae cells; however,
the control solution without the cells did not freeze
under the same conditions. The degrees of supercooling
of samples of egg white (1-9% solutions) were reduced
by ~4-5°C compared with the d The
reduction in total freezing time ranged from 12% to
33% as compared with the control samples. Some of the
typical effects are presented in Table 2. The reduction in
the degree of sup ing for the freezing of soyb
curd, comstarch, egg white, glucomannan, etc. with
E. ananas cells has also been observed by Arai and
Watanabe™®, The reduction of the degree of supercooling
by Ina* bacterial cells and/or their products nnphes that
there is great p ial for sk g times,
savings in refngeramm costs and efficient producuon
This means that the energy savings for frozen foods
involves at least two aspects: first, the savings made
during the freezing process as a result of the total freez-
ing time being shortened; second, the savings made
during the storage of frozen foods. For example, a
frozen food plant may be able to operate at -30°C rather
than at —40°C, because the use of Ina* cells and/or their
prodi will that the foods freeze at a rela-

Fig.2
Typical freezing curves of salmon muscle with (—) and without (- - -)

the addition of Ina* Pseudomonas syringae cells during storage at -5°C. While the

freezing point (T,) of salmon muscle was approximately -1°C, the nucleation
temperature of salmon muscle was raised from -4.9°C (T;) to -1.5°C (T,) by
the addition of P. syringae cells. The total freezing time (as defined in the text)

for the salmon muscle with and without P. syringae cells was (t,- £) and -1,
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respectively, and was thus shortened by almost 33% by the addition of

P. syringae cells (redrawn from ).M. Ryder, PhD thesis; see text for details).

tively higher temperature. If this plant operates at
5000kW, the difference of electrical loads between
these two temperatures will be (5000/1.69-5000/1.89 =
2958kW-2645kW) 313kW. If this plant is operated
24h per day, 260 days per year, and energy costs 10
cents per kW-h, the savings from the cost difference will
be ~$195 312 per year.

Collette and Lee investigated the freezing effects of
a crude membrane fraction from P. syringae (prepared
by pressurization of a cell suspension and sucrose
density-gradient ultracentrifugation) (R.D. Collette and

TFrends in Food Science & Technology August 1995 [Vol. 6]



T-C. Lee, unpublished data 1990), and
found that the total freezing time of
distilled water containing the crude
membrane fraction was reduced by

Table 2. The effects of Ina* Pseudomonas syringae celis and INA fractions from Erwinia herbicola on
the nucleation temperatures and the total freezing time of various foods*

57%, as compared with the untreated
water sample. However, the activity of
the crude membrane fraction was much
lower than that of intact bacterial ceils.
The sizes of the ice crystals in treated
and untreated ice cream were evaluated
by light and electron microscopy.
However, the evaluation of 1ce size
ion was i

of the limitations of the methodology
used. Zheng and Lee have found that
extracellular INA material from E
herbicola similarly el

temperatures (e.g. reduces the degree

Nucleation temperatures (°C)
With Ina® With INA Reduction in total
Food samples” Control cells fractions freezing time (%)
Sucrose, 10% (w/w) DNF -18 -26 12
Egg white, 9% (wiw) -5.1 -06 -38 19
Safflower oil, 20% (ww) -6.0 -08 -13 16
Salmon muscle -49 -15 ND 33

*Data from .M. Ryder, PhD thesis, M.P. lzquierdo, MSc thesis and Y. Zheng,
*Food samples were subjected to freezing at -6°C of in the case of salmon muscle at -5°C for the tests
‘Theredumonm(mlﬁeezmgmnewasbasedon&edﬂhmbmmmmlﬂnaﬁ,

of supercooling) and shortens the |which cted from the cellf £ herbicola cul

freezing time when used to assist the whlchm{asbasedontheaddnondceﬂs

freezing of similar model food systems gg‘;‘zﬂm

as those mentioned above (Y. Zheng ’

and T-C. Lee, abstract in 1990 Institute

of Food Technologists’ Annual Meeting Book of vacuum: d control samples™®. This aspect of

Abstracts).

Freee drying and freeze concentration
Erwinia ananas cells were applied to the freeze dry-
ing of food items such as soy sauce and soybean paste,
which are difficuit to freeze under normal conditions;
such high salt-containing food items are usually diluted
for effective freczing?’. The addition of Ina* cells made
it possible to shorten the freezing times of these foods
and to obtain powdered freeze-dried products with
greater efficiency. Contact of the cells with the con-
tainer materials was found to influence the nucleation
temperatures; thus, cells of E. ananas were entrapped in
calcium alginate to prepare an INA gel for freeze con-
ion®”. Both the position of ice ion and ice
growth in the product were arbitrary when the INA gel
was used. Before cooling a liquid material such as egg
white, the INA gel was placed at a desired position in
the liquid, and 1ce began forming at exactly this pos-
ition. F the ice g the INA gel
was separated easxly fmm the unfrozen mawrml with a
sieve until a desired solid content was obtained. By this
method, the concentrated raw egg white was found to
form a hard gel when heated and to gwe a fine foam

the work has been reviewed elsewhere”.

Future work

Previous investigations have shown that the use of
Ina* bacterial cells and/or their active fractions in food
products can elevate the initial freezing temperature;
this can result in less energy being utilized and an im-
provement in the quality of the frozen food products,
possibly owing to a shortening of the freezing time, an
increase in the freezing rate and the production of
smaller, less-damaging ice crystals?. We believe that the
use of these bacterial ice nucleators is a unique appli-
cation of biotechnology, as it directly improves the
freezing process (Table 3). Generally, further research is
needed o improve our understanding of the basic

the p lications and the safety of
using this type of material in the commercial freezing of
food products.

At present, the further understanding of bacterial ice
nucleation relies largely on the ability to produce pure
INA materials and the quantification of their activity,
which are still far from satisfactory. It is apparent that
additional research is still needed to define the bacterial
‘ice nucleus’ in terms of the relationship between

when whipped, and was th to

tionally produced d Anoth:r ry treat- N R R . j
ment of Ina* bac(cna was the apphcauon of high- Table 3. Application of Ina* bacteria and/or their products in food processing
pressure sterilization to the cells before they were used .

in the fre: process. of cells P ple foods Refs
that can be used for freeze concentration are E. ananas | prooze texturing Egg, gel, milk, soybean curd 36
IN-10 and X. campestris INXC-1 cells’. 'l‘he use of Ina* ) N . L

X ; may be preferred ﬁ-om a hygiene point of | Freezing Fish, surimi, egg, sugar, oil, juice, See text
view b itisa strain. Fresh starch, agar gel, ice cream

milk, lemon juice and stmwberry paste have also been | Freeze drying Soy sauce, soybean paste 7,37
successfully concentrated using this technique, and were | .o concentration Milk, egg, juice 7,38
found to have retained their flavor properties better than
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and The i

relationships between the activity and the variable
parameters that affect the measurement of acuvny
should be establish ‘beforethe h of b |

market sector. ln addmon, it may be more stralght—
forward to use b 1 ice nucl for pre-
treatment in the freeze-drying and freeze-concentralion

ice nucleation can be distinctl e s

Bacterial ice nucleators must be robust and environ-
mentally safe, as well as nontoxic, non-pathogenic and
palatable if they are to be used in the food industry. To
satisfy these i the ice must be
purified tc 2 b,,,hermcally simpler form, such as cell-

to bring about energy savings and product
quahty improvements. A critical benefit—cost analysis of
these processes should also be investigated.
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free preparaiins and/or Ilular INA p
whu:h may aiso be accepted more readily by food safety
This i the of pas

high levels of ice-nucleation protein in the bacteria; then
purification and concentraticn to an active form. It is
hoped that this will alleviate the safety concerns sur-
ding the application of b | ice nucl in
foods The nsolauon of edible food -grade lna' micro-
such as X. 7, and the
of their activity may be an alternate means of solving
this probl 1994, high-p terilized cells of
Ina* X. campestris INXC-1 were permitted for food use
by the Japanese Ministry of Health and Welfare. One
Japanese company, QP Co in Tokyo, has also produced
Y. rzmipestris INXC-1 for foed
i Watanabe, pers. commun.). Another
y\'JSSlbIE solutlon is to clone the ice-nucleation gene into
edible food-grade microorganisms, such as stmins of
Laruspuciilus and/or yeast, which could be used directly
in “(-3 ds.

Sensory evaluation is recognized as one of the mosi
reliable methods for estimating food quality; h A
this type of evaluauon has not yet been performed on

d with the i of Ina* cells

and/or theu' cell-free preparations because of the above-
ioned safety It is obvious that additional
work to demonstrate the energy savings and product
quaiity impi that may be achieved by the use
of the cell-free bacterial ice nucleators or functionally
equivalent preparations and/or edible food-grade Ina*
phenotype microorganisms in various model food
systens and real forde. hoth at the Jaboratory bench-top
scale and pilot scale, is essential before the final
commercialization of their profound application in the
food industry.

On

the freezi ly used
in the food industry, there i is an obvious trend towards
quicker freezing techniques such as those involving
fluidized beds and cryogenics to preserve high-quality
frozen foods?, The relatively high cost of such operations
has been the major obstacle to their widespread use. At
present, the trade-off between the rate of freezing and
the cost of freezing may be balanced by using a combi-
nauon of fruzmg processes such as cryogenic and

pplication of bacterial ice

to food | p in the pre-fi g regime

an additi pp h that could be used o
significantly i the cost-effecti of these

h the quality of frozen foods
and provide additional impetus for further growth of this

Reid, D.S. (1983; Food Technol. 37(4), 110-114
George, RM. (1993) Trends Food Sci. Technol. 4, 134138
Lindow, 5.E. (1983} Annu. Rev. Phytopathol. 21, 363-384
Wolber, PX. (1993) Adv. Microb. Physiol. 34, 203-237
Gurian-Sherman, D. and Lindow, S.E. (1993) FASEB J.
7,1338-1343
6 Masgaritis, A. and Bassi, A.S. {1991) Crit. Rev. Biotechnol. 11(3),
277-295
7 Watanabe, M. and Arai, 5. (1994) /. Food Eng. 22,
453-473
8 Maki, LR, Galyan, E., Chang-Chien, M. and Caldwell, D. (1974)
Appl. Microbiol. 28(3), 456-459
9 Lindow, S.E., Amy, D.C. and Upper, C. (1978) Phytopathology
68, 523-527
10 *aki, LR, and Willoughby, K.J. (1978} J. Appl. Meteorol. 17,
1049-1053
11 Makino, T. (1985) Plant Prot. 39, 14-17
12 Paulm,] P. and Luisetti, }. (1978) in Proceedings of the 4th

Ve N -

f Ce of Plant Pathological Bacteria Vol. Il,
pp. 725-731, Station de Pathologie Vegetale et Phytobacteriologie,
Angers, France

13 Kim, HK, Orser, CS., Lindows, S.E. and Sands, O.C. (1987) Plant Dis.
71,994-937

14 Nemecek-Marshall, M., Laduca, R. and Fall, R. (1993) J. Bacteriol.
175(13), 4062-4070

15 Pooley, L. and Brown, T. (1991} FEMS Microbiol. Lett. 77,
229-232

16 Abe, K., Watabe, S., Emori, Y., Watanabe, M. and Arai, S. (1989) FEBS
Lett. 258(2), 297-300

17 Michigami, Y., Watabe, S., Abe, K., Obata, H. and Arai, $. (1994)
Biosci, Biotechnol. Biochem. 58(4), 762-764

18 Corotto, L., Wolber, P. and Wood, G.R. (1986) EMBO J. 5(2),
231-236

19 Green, RL. and Warren, G. {1985) Nature 317, 645-648

20 Warren, G. and Corotto, L. (1989) Gene 5, 239-242

21 Zhao, ). and Orser, C.5. (1990) Mol. Gen. Genet. 223, 163-166

22 Southworth, M., Wolber, P. and Warren, G. (1988) J. Biol. Chem.
263(29), 15211-15216

23 Wolber, P. and Warren, G. (1989) Trends Biochem. Sci. 14,
179-182

24 Mizuno, H. (1989) Protein Struct. Funct. Genet. 5, 47-65

25 Kajava, A. and Lindow, S.E. (1993) J. Mol. Biol. 232, 703-717

26 Watabe, S., Abe, K., Hirata, A., Emori, Y., Watanabe, M. and Arai, S.
(1993) Biosci. Biotechnol. Biochem. 57(4), 603-606

27 Wolber, P., Deininger, C., Southworth, M., Vardekeickhove, ).,
Montagu, M.V. and Wood, G.R. {1986) Proc. Natl Acad. Sci. USA 83,
7256-7260

28 Tumer, MA, Avellano, F. and Kozloff, LM. (1991) ). Bacteriol.
173(20), 6515-6527

29  Kozloff, LM., Turner, M.A. and Arellano, F. (1991) /. Bacteriol.
173(20), 6528-6536

Trends in Food Science & Technology August 1995 [Vol. 6]



30  Kozloff, LM., Lute, M. and Westaway, D. (1984) Science 226(4676),
845-846

31 Phelps, P., Giddings, T.H., Prochoda, M. and Fall, R. (1986}
). Bacteriol. 167(2), 436-502

32 Kawahara, H., Mano, Y. and Obata, H. (1993) Biosci. Biotechnol.
Biochem. 57(9), 1429-1432

33 Kawahara, H., Hasyashi, Y., Hamada, R. and Obata, H. (1993} Biosci.
Biotechnol. Biochem. 57(9), 1424-1428

Review

The biological activity of a protein is a function of its three-
dimensional structure, as well as its interaction with other
molecules. This applies equally to foods containing proteins
whose functional properties (e.g. solubility, gelation, foaming
and emulsification) are dictated primarily by their structures.
High-resolution transmission electron microscopy (TEM) is an
appropriate tool for determining the structures of biological
macromolecules and their complexes, especially when they
cannot be studied by X-ray crystallography. Although TEM
and appropriate image analysis techniques have been used
primarily in molecular structural biology, we have recently
adopted this combination into the realm of food science. The
principles of TEM, including sample preparation and image
analysis techniques, as well as the potential benefits that
high-resolution TEM may bring to food protein chemists
working in the area of protein structure-function relationships
will be discussed in this article.

Germane to the optimal use of both existing and future
proteins in food commodmes isa better und di
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Visions in the mist:
The Zeitgeist of food
protein imaging by
electron microscopy
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protein structure. Recenl and continuing advanoes in
TEM-related technology (p il
and image analysis now render this approach capable
of determining protein structure to near atomic reso-
lution'-. This article reviews some of the new devel-

sample p

d with TEM, and their potential

3.

of the nature of the relati )b and to food science.
ﬁmcuon Critical to this understandmg is the accurate
ion of the three-dimensional (3D) structure of Eleclmn maglng of prolens

a protein; however, this is one of the most dxfﬁcult pes have an

tasks facing protein chemists. X-ray crystall is 1 i usually and often

uneqmvocally the most accurate means for structure exceeding 0.3nm. Yet, the determmauon of protein
g atomic (>0 3 nm) of structures to such resolution cannot usually be obtained

protein H ", many p ly using TEM. The limitations lie not with the instrumen-

food-related ones, do not form crystals of sullable size
and order for X-ray d:fframomctry, thus. TEM repre-
sents an h for d
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tation, but rather with the sample. Proteins exist in a
solvated form in their native state, often with water as
an integral part of their structure. The surface tension
forces of the receding water droplet often disrupt the
structure of the sample as it is dried in preparation for
TEM. Proteins consist primarily of light elements: car-
bon, ni i
of the electron beam (usually 80keV) disrupt the speci-
men while it is being imaged. Moreover, the contrast of
a protein molecule lying on a carbon support is very
poor. Heavy atom salts are then required to stain the
protein selectively to exhance its visualization, but this
limits the resolution®. Finally, electron images of a

oxygen and hydrogen. The high
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