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Purification and Characterization of Ice Nucleating Proteins
from Ice Nucleation-Active Bacteria

Ki Chung Kim*, Ung Lee, Dong Up Song and Baik Ho Cho
Department of Agricultural Biology, Chonnam National University, Kwangju 500-757, Korea

ABSTRACT : Ice nucleation-active (INA) proteins having high ice nucleation activities were
isolated and purified from the outer-membrane of Pseudomonas syringae 8401, P. flu-
orescens 8701 and Erwinia herbicola 8701. The bacterial cells were ground only with glass
beads without using any detergents such as Triton X-100. The cell extracts were centrifuged
with sucrose density gradient, followed by gel filtration, DEAE-ion exchange column chro-
matography, polyacrylamide gel electrophoresis in a non-denaturing buffer system and elec-
troelution from the SDS-PAGE gel plates. Three INA proteins of 155 kD, 75 kD and 50 kD
were identified both from P. syringae and P. fluorescens, and two proteins of 75 kD and 50
KD were identified from E. herbicola. The small INA proteins of 75 kD and 50 kD were first
reported in the present study. All of these proteins, regardless of their molecular sizes and
bacterial origins, had very high ice nucleation-activities of — 5.5 to — 7.5°C, indicating that
these proteins have the highest activities in comparison to those previously reported by oth-
ers. From these results we could suggest that even the relatively small protein of 50 kD may
persist high ice nucleation activity. The activities of the purified INA proteins were inac-
tivated by trypsin, heat higher than 37°C, Hg2+, or SDS. In contrast, the activity increased
by 1°C by adding phosphatidylinositol. The pH range for optimal activity was 6 to 8.

Key words : INA proteins, ice nucleation-active bacteria, Pseudomonas syringae, Pseu-
domonas fluorescens, Erwinia herbicola.
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Fig. 1. Gel filtration chromatography of the outer mem-
brane fractions of the cells of different ice-nucleation
bacterial species obtained after sucrose density gradient
centrifugation. Proteins were eluted at a flow rate of 0.5
mt - min™" at 4°C and measured at Ag, (0—O). Ice-
nucleation activity was indicated by freezing temperature
(.....).

Table 1. Ice-nucleation activities of the outer cell membrane fractions in 3 bacterial species, Pseudomonas syringae,

P. fluorescens and Erwinia herbicola

Fract Suspension Total protein (mg) Ice nucleation activity (°C)
raction

volume (ml) PS® PF* EH’ PS PF EH
Intact cell - - - - -32403 -28+02 —-25+02
Crude membrane 20 250 250 250 -4.1+£04 —4.0+0.2 -3.84+0.3
Outer membrane 30 132 125 145 -41%+03 —42+0.3 -4.04+0.3

* Ice-nucleation activity (°C) was measured by micropipette method.
® PS : Pseudomonas syringae 8401; PF : P. fluorescens 8701; EH : Erwinia herbicola 8701.
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Fig. 2. Ion exchange chromatography of the outer cell
membrane fraction of different bacterial species obtained
after gel filtration chromatography. Proteins were eluted
at a flow rate of 0.5 ml - min~' at 4°C and estimated at
Agyy (0—0). Ice-nucleation activity (@---®) was
presented by freezing temperature.
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Fig. 3. SDS-PAGE profiles of ice nucleation proteins of
Pseudomonas syringae 8401(A), P. fluorescens 8701(B)
and Erwinia herbicola 8701(C). Lane M : standard
markers; Lane 1 : outer membrane fractions after sucrose
density gradient centrifugation; Lane 2 : first-peak
fractions after gel filtration chromatography; Lane 3:
specific peak fractions after ion exchange
chromatography; Lane 4~6 : ice nucleation proteins after
electroelution.

Table 2. Ice-nucleation activity of the proteins purified
from outer cell membranes of ice nucleation-active (INA)
bacteria

INA bacteria Proteins INA activity®
P. syringae 8401 PS-1 (155kD) -6.4£0.1
PS-2 (75kD) -7.0+0.1
PS-3 (50kD) -6.8+0.1
P. fluorescens 8701 PF-1 (155kD) -6.7+0.1
PF-2 ( 75kD) —7.320.1
PF-3 (50kD) -6.2+0.1
E. herbicola 8701 EH-1 ( 75kD) -62+0.1
EH-2 ( 50kD) -5.5+0.1

*Ice nucleation-activity was estimated by micropipette
method.
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Table 3. Effect of trypsin on the activities of ice nucleation-active proteins from ice-nucleation bacteria, Pseudomonas

and Erwinia species

Freezing temperature (°C)

Ice nucleation INA

bacteria protein® 0 min 20 min 40 min
L M H* L M H L M H
P. syringae 8401 PS-1 -78 -73 -73 -100 -97 -93 -160< -16.0< —16.0<
PS-2 -84 -81 -80 108 -104 -103 -16.0< —16.0< —16.0<
PS-3 -73 -78 -80 -104 -105 -105 -16.0< —16.0< —16.0<
P. fluorescens 8701  PF-1 -79 -75 -75 -11.0 -102 -102 -16.0< -16.0< —16.0<
PF-2 -88 -80 -80 -11.0 -112 -113 -16.0< -16.0< —16.0<
PF-3 -80 -75 -75 -103 -104 -109 -16.0< —16.0< —16.0<
E. herbicola 8701 EH-1 -77 -74 -72 -102 -102 -100 -16.0< —16.0< -16.0<
EH-2 -78 -72 -73 -111 -102 -101 -16.0< —16.0< —16.0<

Trypsin

—16.0< —16.0< —16.0<

-16.0< —-16.0< ~-16.0< -16.0< —-16.0< —-16.0<

*PS-1 and PF-1 : 155 kD; PS-2, PF-2 and EH-1 : 75 kD; PS-3, PF-3 and EH-2 : 50 kD.
®The ice nucleation proteins were incubated at 27°C for 30 min with different concentrations of trypsin. The molar ra-
tios of trypsin are as follows : L, 1/200; M : 1/1000; H : 1/2000.
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Fig. 4. Effect of pH on the activity of ice nucleation-active (INA) protein. INA proteins were preincubated at the
indicated pHs for 1 hr prior to measuring the INA activities. PS-1 and PF-1 : 155 kD proteins; PS-2, PF-2 and EH-1: 75

kD proteins; PS-3, PF-3 and EH-2 : 50 kD proteins.
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Fig. 5. Effect of temperature on the activities of ice nucleation-active proteins. INA proteins were preincubated at the
indicated temperatures for 1 hr prior to measuring the INA activity. PS-1 and PF-1: 155 kD proteins; PS-2, PF-2 and

EH-1 : 75 kD proteins; PS-3, PF-3 and EH-2 : 50 kD proteins.
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Table 4. Effect of metal ions and some compounds on the activities of ice nucleation-active proteins from ice nu:

cleation bacteria

Freezing temperature (°C)

E. herbicola 8701

Compound P. syringae 8401 P. fluorescens 8701
PS-1° ps-2° PS-3° PF-1 PF-2 PF-3 EH-1 EH-2

Metal ions

HgCl, -145 ~16.0 -16.0 -16.0 -16.0 -16.0 -16.0 -16.0

MnCl, -6.8 -6.8 ~-69 -6.9 -17.0 -7.0 -6.5 -6.0

CaCl, -63 -6.3 - 6.4 -6.4 -6.2 —-6.0 -63 - 6.0

MgCl, -6.5 -6.8 -6.6 -6.4 -6.9 -6.4 -6.5 -59

FeCl, -71 -73 -74 -73 -7.8 -17.0 -7.0 -6.38

ZnSO, -71 -175 -72 -7.0 -73 -7.0 -172 -6.9

CuCl, -8.0 -79 -78 -8.1 -8.1 -84 -82 -8.0
Reducing agent

Mercaptoethanol =75 -75 -73 -74 -78 -78 -17.8 -7.0

DTT . -68 - 6.8 -6.8 -6.2 -74 -63 ~5.8 -59
Chelating agent

SDS -132 -132 -13.0 -14.0 -14.0 -14.2 -~ =132 -145

EDTA -74 -74 -71 -7.4 -7.4 -73 -72 -7.1
Quinolinol -82 -82 -8.0 -8.0 -8.0 ~ 8.0 -74 -72
None ~6.4 -6.4 -6.8 -6.7 -73 -6.2 -62 . -55

* Ice nucleation-active proteins : PS-1 and PF-1 :

155 kD; PS-2, PF-2 and EH-1 : 75 kD; PS-3, PF-3 and EH-2 : 50 kD.
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Fig. 6. Effect of phosphatidylinositol on the activities of ice nucleation-active proteins. The purified INA proteins were
preincubated at the indicated concentration for 1 hr prior to measuring the activities. PS-1 and PF-1: 55 kD proteins;
PS-2, PF-2 and EH-1 : 75 kD proteins; PS-3, PF-3 and EH-2 : 50 kD proteins. .

2 ol Eoigle DA FEZFA A ARSEl=
WA A el &3] YA e] Ho| &AH=TH A& A
ARgE 7] t}. SDS-PAGE geldll vield A= 34
24 diale ] bandr} obd, FF we} zbr]
Hxlgto] o2 79 band2 pelG=d|, P. syrin-
gaed| A= 371(155, 75 & 50 kD), E. herbicoladl| A=
155 kD2 A <)%t 270(75 2 55 kD)2] bandr} 7&H
HAcHFig. 3). o & 7 w2l o] WalgAde v —55

~=73°C(Table )24 AT AA9 =LA (-2~
=30yl & vAA) = 3R, A F7HR] 93dA 4
AEAZA] B8] o] il vl 2 wlslgkadq]
7o)t}

el oA e W WiE ve, 53] Ax
oluto 2By tiulzle] & gel filtration col-
umn chromatography 3] o] 4] Ab3gl #]51E viely
t}(Fig. 1). o] Kozloff S(12)0] 2430 AXH

L.

L



106 4]

AZA zle] 2o EAs= e A7 7HA] Bl
WAl B2, & mannose, glucosamine, 7] €} T}E sugar
¥ lipid 53] A5 a4l o8] kA3t WA
+ vebd 7S s AL 5 gla, = wEE
Ade] fale] el pxapA oA df3bria 7HA
& o, lipid 5] o]& Al o] HAUjF Fx4 FFldl
AR 7154, 28l Alxete 2 Ry izl &
£2], A s FA A proteolysis 5ol 23k A
o] F&A S48 S AR 5 Uk
21} trypsing X 8)-& -9 molar ratioel] Al o]
W84 Al vy 9alg@ago] A= 91 (Table
3), Hg" o]&o]u} SDS7} W&atA)-& A A
(Table 4y A 7Ee] - 2 v FFAFA Aaat
Lo] WA ¢S T Hog F2HuE v
A iAo 324 widAesl g e s 2hg
g 7FsAdel zch eyl Kozloff S(12)y2 s ghAd
o] —4°Cal 7133 HWeF=xdx= phosphatidyl-
inositol®] Aol E7] wFol —9°Ce] ward Y2
ul 3] 3A) © 2 1= phosphatidylinositol?] &2 v g
T ok stden, 1 o] K2 AHATA Foll WA
At #-714902] A8-© Z phosphatidylinositol-2 -8-3}
A& 7S AAR R, A Wz e
lipoglyco-protein complex®]el| & oz 7}x] Al Z=h)
E3E°] A2 complexd o]Frhi sttt o] A
ol % detergent= 52 lysozymeo|r} SDS 5 vl
Aol F8-g F 5 e owg HAAY 18 E
AR ¢kw whlAlg Helgk tlg phosphatidyl-
inositol®} &4 uRg-A]71 A3} (Fig. 6), phosphatidyl-
inositol kA& - 13.2°CEA] Wl A& o] EA3}A] &
ARk wAgy] iy ukgst A fol ulsEA-s
Hd 1°CHE A5A17] Zle g Hol oligomeric ice
proteins®] A Fgto) lipidi} F3 2L 0] )
Qg o] Boiste] YATHE P47 7P
o] £ Ao HolA|n], AATA Fof wihulA 4
) whiale) Re2 QI Eely E& sk uid
2] Wiy} g o] A3E /1A = ik A
7+l o}

AEete 2Ry Hejd WA oA P
syringae 84013} P. fluorescens 870104+ 242} 155
kD, 75 kD ¥ 50 kD £-x}2k2] 37] band, E. herbicola
87010 41%= 75 kD¢} S0 kD2] 27)] band®] whfa o]
7AZ= 91, Pseudomonas spp.ollA ZEF 155kD
band A& AE= R Askck(Fig. 3). ol Al
o] vyl - 6.2~-73CRA BF & Zfo]7} ¢
st} (Table 2). o] A WA T2 &(F) vzl U

EWEe3|x] A 124, A 135, 1996

A il S A7 o2 AR E o] AFHoR
= I3] iy, B s AES 87EHE
FEolch & ol A2 ofE EalEkS ke WA
o] EAA g o} whilAlx), ol @
jde] e, AANYE Fa Ad® FASAA
= WA @t zed AapEe] Mxe] A 9
g IR EAT ozl 59] N-terminal residues
AR AFEERE) o5t dd chaialg sPsA] o]
=}

vt B AL EAlske] & AolE AL 7o)
£ 9dPde A Rk APolth F b e
50 kD A oji} o] B} 3ul7} & 155 kD whaa e
W ag4o] Edskehe AclcHTable 2). o) Y4
Ae g & gl AR Duge] Hadsle
2o 50 kDol x, ol3le] @ He2 FH=] Qe 7
FAE AARRI A B 4 9lt)h ol fEAE wHE
Aol Folshs FAALZEA P. syringaed| A ina Z(4),
ina C(18), P. fluorescens<l| A ina W(1), E. herbicola®]
A] ina E(18) 5-°] cloning®| 34, o] & 34} ALE
Ql ThA Y] Z7)E 153, 150 2 180 kDEA] AFE 7}
o oS 58 AHFH0l Y= AL B 7] o
2olthd, 15,24). T} 2] ok HE T5KD
1} 50kDe] WA chulal e o] AfdA AS 9
21 Al gl Ao}

2 <

329 ¥l A|HF Peudomonas syringae 8401, Pseu-
domonas fluorescens 8701, Erwinia herbicola 87012}
Ax gute@ie] olyd wWAAE AR dx
sucrose density gradient centrifugation, Sephacryl gel
DEAE-cellulose
change chromatography, non-denaturing bufferZ o]-§
&l PAGE, electroelution, SDS-PAGEE &3] v] sl €A
hiA-g 752 AAE 4 19t P. syringaes} P.
fluorescensol| A= Z+z+ 3325 (155 kD, 75 kD, 50 kD)
o) Wl8atA] whlAo], E. herbicolad)| A& 155 kDE
A g 2775 kD, 50 kD)e] =l siatA] whufzlo] &}
1= gdet. 75 kD 50 kD2 =2 @@ e
o] Q78 ol Ag WA ALz, A wnd
w4 b (150 KD ol4huehs F4l 2He 7ol
o} ol WU bl @ugel Sledsie
o Ao Ane) ofatal el 50kDYE AN
o} o]l & Tl o fR ATy EHU = o
Al Bxjeke] =zl FAIGle] &% -5.5~-7.5C

filtration chromatography, ion ex-



KOREAN J. PLANT PATHOL.

A F& A= =2 WAL S 23 itk
ol A|F7A wrH ol Al Yol
t} ¥& Aojrh AAR kAo wlsAd-L trypsin
A2l ofsf A= R, pH 6~8 $ ol A= A3k
o5, pH sola}, pH 9ol Aol A= BAE AT
HELT gt 32 30°ColAde] = HA 84
o] Zadh= AFE Holh 37°ColAtell A= #Ao]
5] A=A FEol 2224 Hgel-2-3} SDS
o] 29ls &hAle] AFA=lg] o1} phosphatidylinositol 2]
21710l 2Jsiale o] ozt 27K~ 103k,

ZAle| &
o] AT AR el H] Aol o8] 5

A5 8-¢ HelEe, o7l A FA L P
o ZAFE Eihch

#oE8

1. Corotto, L. V., Wolber, P. K. and Warren, G. J.
1986. Ice nucleation activity of Pseudomonas flu-
orescens: mutagenesis complementation analysis, and
identification of a gene product. EMBO J. 5:231-
236.

2. Deininger, C. A., Mueller, G. M. and Wolber, P. K.
1988. Immunological characterization of ice nu-
cleation proteins from Pseudomonas syringae, Pseu-
domonas fluorescens, and Erwinia herbicola. J. Bac-
teriol. 170 : 669-675.

3. Govindarajan, A. G. and Lindow, S. E. 1988. Phos-
pholipid requirement for expression of ice nuclei.
Pseudomonas syringae and in vitro. J. Biol. Chem.
263 : 9333-9338.

4. Green, R. L. and Warren, G. J. 1985. Physical and
functional repetition in a bacterial ice nucleation
gene. Nature(London) 317 : 645-648.

5. Hames, B. D. 1981. An introduction to po-
lyacrylamide gel electrophoresis of proteins: a prac-

" tical approach. Hames, B. D. and Rickwood, D. eds.,
IRL press, Oxford, pp. 1-91.

6. Hjelmeland, L. M. 1993. Solubilization of native
membrane proteins. Methods in Enzymol. 182 : 253-
264.

7. Hancock, R. E. W. and Nikaido, H. 1978. Outer
membrane of gram negative bacteria XIX. Isolation
from Pseudomonas aeruginosa PAO and use in re-
constitution and definition of the permeability barrier.
J. Bacteriol. 136 : 381-390. ]

8. Kim, J. H, Park, S. H., Han, M. H. and Hahm, K. S.
1989. Purification and characterization of ice nu-

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

Vol. 12, No. 1, 1996 107

cleating protein from Pseudomonas syringae. Korean
Biochem. J. 22(1) : 73-77.

. Kim, Y. C, Kim, K. C. and Cho, B. H. 1989. Outer

membrane proteins involved in ice nucleation-ac-
tivity of Pseudomonas syringae. Korean J. Plant
Pathol. 5 : 54-59.

Kozloff, L. M., Schofield, M. A. and Lute, M., 1983.
Ice-nucleating activity of Pseudomonas syringae and
Erwinia herbicola. J. Bacteriol. 153 : 222-231.
Kozloff, L. M., Lute, M. and Westaway, D. 1984.
Phosphatidylinositol as component of the ice nu-
cleating site of Pseudomonas syringae and Erwinia
herbicola. Science 226 : 845-846.

Kozloff, L. M., Turner, M. A., Arellano, F. and Lute,
M. 1991. Phosphatidylinositol, a phospholipid of ice-
nucleating bacteria. J. Bacteriol. 173 : 2053-2060.
Laemmli, V. K. 1970. Cleavage of structure proteins
during the assembly of the head of bacteriophage T4.
Nature 227 : 680-685.

Lindow, S. E. 1983. The role of bacterial ice nu-
cleation in frost injury to plants. Ann. Rev. Phy-
topathol. 21 : 363-384.

Lindow, S. E., Lahue, E., Govindarajan, A. G., Pano-
poulos, N. J. and Gies, D. 1989. Localization of ice
nucleation activity and the ice C gene product in
Pseudomonas syringae and E. coli. Molecular Plant-
Microbe Interactions 2 : 262-272.

Makino, T. 1982. Micropipette method: A new tech-
nique for detecting ice nucleation activity of bacteria
and its application. Ann. Phytopath. Soc. Japan 48 :
452-457.

Matsushita, K., Adachi, O., Shinagawa, E. and
Ameyama, M. 1978. Isolation and characterization
of outer and inner membranes from Pseudomonas
aeruginosa and effect of EDTA on the membranes.
J. Biochem. 83 : 171-181.

. Orser, C. S., Staskawicz, B. I., Panopoulos, N. J,,

Dahlbeck, D. and Lindow, S. E. 1985. Cloning and
expression of bacterial ice nucleation genes in E. coli.
J. Bacteriol. 164 : 359-366.

Osborn, M. J. and Munson, R. 1989. Separation of
the inmer (cytoplasmic) and outer membranes of
gram-negative bacteria. Methods in Enzymol. 31 :
642-653.

Song, D. U, Kim, K. C. and Cho, B. H. 1993. Ice
nucleation-active proteins produced by Pseudomonas
syringae, Pseudomonas fluorescens and Erwinia her-
bicola. Korean J. Plant Pathol. 9 : 172-179.

Turner, M. A., Arellano, F. and Kozolff, L. M. 1990.
Three separate classes of bacterial ice nucleation
structures. J. Bacteriol. 2521-2926.

Turner, M. A., Arellano, F. and Kozolff, L. M. 1991.
Components of ice nucleation structures of bacteria.



108 E=EAEH A Al 129, Al 135, 1996

*J. Bacteriol. 6516-6527.

23. Watabe, S., Abe, G., Hirata, A., Emori, Y., Watan-
abe, M. and Arai, S. 1993. Large-scale production
and purification of an Erwinia ananas ice nucleation
protein and evaluation of its ice nucleation activity.
Biosci. Biotech. Biochem. 57 : 603-606.

24. Warren, G., Corotto, L. and Wolber, P. K. 1986.

25.

Conserved repeats in diverged ice nucleation struc-
tural genes from two species of Pseudomonas. Nu-
cleic Acids Res. 14 : 8947-8068.

Wolber, P. K., Deininger, C. A., Southworth, M. W.
and Warren, G. J. 1986. Identification and pu-
rification of a bacterial ice-nucleation protein. Proc.
Natl. Acad. Sci. 83 : 7256-7260.



