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An ice nucleation active gene of Erwinia ananas

Sequence similarity to those of Pseudomonas species and regions required for ice
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The 1ce nucleation active gene, maA, of Erwima ananas IN-10 has been sequenced This gene encodes a protemn composed of 1322 amino acid

residues The maA protein contains a 1120-residue segment consisting of 70 repeats of closely related 16 amino acid motifs (R-domain), which

1s flanked by N- and C-terminal sequences (N- and C-domains, respectively) Its primary structure 1s similar to, but not 1dentical with, those of

Pseudomonas imaW and maZ gene products By truncating the maA gene to various extents, it was found that deletion of the C-domain resulted

n complete loss of the ice nucleation activity, whereas removal of the N-domain led to a moderate decrease 1n the activity Complete loss of the

activity was also observed when the N-domain plus a large part of the R-domain were deleted It 1s suggested that the C-domain 1s required for
the assembly of inaA protein to form a functional ice nucleus

Ice nucleation gene, Erwinia ananas, inaA, Repetition sequence, naZ

1. INTRODUCTION

Some bacterial strains belonging to the genera of
Pseudomonas [1], Xanthomonas [2] and Erwinia [3]
act as strong ice nuclei and promote freezing of super-
cooled water. The structural genes responsible for the
ice nucleation active (ina) phenotype have been isolated
from Pseudomonas syringae and P. fluorescence
(called inaW and inaZ, respectively) and characterized
[4,5]. However, ina genes from the other genera have
not yet been examined in detail. We have recently suc-
ceeded in cloning an ina gene, termed inaA, from
Erwinia ananas IN-10 [6], which causes frost injury to
tea plants and other crops in Japan [7]. Here we report
the complete nucleotide sequence of the inaA gene and
compare the deduced primary structure of inaA protein
with those of i1naW and inaZ gene products. The results
of an attempt to identify the regions of naA protein re-
quired for the ice nucleation activity are also reported.

2. MATERIALS AND METHODS

E ananas IN-10 1solated from the gemmisphere of tea plants in the
field of the Shizuoka Agricultural Experiment Station, Japan [7] was
a kind gift It was cultuered with a Pseudomonas F medium [6] at
22°C for 2 days. Escherichia coli MM294 was used as a host for
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plasmid pUC18 derivatives Total DNA was extracted from grown
cells and partially digested with Sau3Al The DNA fragments obtain-
ed were 1nserted into a AEMBL3 phage vector to construct a genomic
DNA hbrary Isolation of inaA of E. ananas IN-10 was conducted as
described previously [6] A plasmid carrying maeA gene, pINA6S13,
was used for DNA sequencing analysis and truncation experiments
pPINAG6S13 was digested with appropriate restriction enzymes and
subcloned nto the multicloning site of the plasmd vector, pUC18
pINAG6S13 was also treated with exonuclease III from both ends of
the 1nsert, digested with mung bean nuclease, and circularized with
T4 DNA lhgase by self-hgation reaction The nucleotide sequence was
determined for both strands of inaA gene by modified dideoxy chain
termination method [8]

Ice nucleation activity was measured by gradually cooling to — 5°C
a 2-ml portion of an aqueous suspension of appropnately diluted
E ananas cells or E coli cells carrying pINA6S13 or 1ts truncates
Five independent measurements were carried out, and ice nucleation
activity was represented as the cell number necessary to make the
bulk water freeze in all probability Ice nucleation activity of
E ananas IN-10 used as a control was observed at 10? cells in 2 ml
water under these conditions of measurement

3. RESULTS AND DISCUSSION

The complete nucleotide sequence of the inaA gene
contains an open reading frame coding for 1322 amino
acid residues (M;=131093) (fig.1). The open reading
frame 1s preceded by putative — 35 and — 10 sequences
for transcription initiation and a ribosome-binding
(SD) sequence for translation initiation (fig.1). The
deduced primary structure of inaA protein has a long
segment spanning Ala'®? through Ile'?®!, in which
closely related 16 amino acid motifs are repeated 70
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1 ATGAAAGAAGACAAGGTTTTAATATTACGTACCTGTGCTAATAATATGGCCGATCACGGTGGAATCATCTOGCCGCTAAGCGGT ATCGTAGAGTGTAAATACTGGANGCCGGTTAAAGGCTTTGAGANCGGACT ANTCTGG
AT AT L AT A T oM T O T A T TAGA G T A TACT SO GECGTTT RN JOCTTTGAGAACTTATTMCORICTMTCTSE oy 7]
B oA AT O CA T AT O ACaCT AT O C A O cORT g CaCT AN OO O AT OATTOTATCRCTATTGAACTEATOGCTGGA TTAAKTTTCCCGTACTAAGITICTTCACETTGOAACGLAMMACAGT
56 s b LS L RAD RYVAEVAADECTI ATET CFPRAE q w [y
301 GO OAAT T AT ToCAC AT GaC O AT AT IO T O ACOaAAATOCAGGCCOaCCTGUAGGOCTEATgTCACTTCAGAGACAAACOCAGGCANTCCATCOTTOCCTOTACAGATOATATTEATACGACCATOGAATCA
Mer T LR AR Y ¢CT ENGAGEPGGPDVYTSTE 8L DI D ATIES 15
451 GGCAGTACGCAGCCGACACAAACGATTGAAATC
G 8 T QP T QT T EN 101
84 GCAACCTATGGCAGTACGCTCAGCGGCACGCATCAGAGTCAGETGATT  GCCGGATATGGCAGTACTGAGACGGCGGGTGATAGCAGCACATTAATT T
AT Y6 8 TL S ETHGSGLT AEYEESTETARGCD & THLM 108
140
580 GCCGGTTATGGTAGCACCGGTACAGCGGGATCAGACAGCACATTAGTC  GCGGGCTACGGTAGTACCCAMCCCAGOTGAAGAGAGCAGCCAGATG  GCGGGTTA CGCAGCACICAGACOROCATGAMOGCAGCGATETCACE
A6 Y68 TGETAGSDSTLY A6Y¥TGsTQTrTAGEESS SN AGCTGSTeT N T8 sSDL T
724 GCCGGTTACGGCAGTACCGGCACGGCGGGCGCCGACAGCTCCETAATC  GCCGGTTACGGCAGTACCCAGACGGCGGOCGAAGACAACTCGCTGACA
AGYGCSTGCTAGADBSSLT KAEYESET T AGCEDNTS TS m
124
820 GCCGGTTACGGCAGTACCCAGACCGCGGOCGAAGACAGCTCGCTGACA  GOCGGTTACGGCHGTACCCAGACCOCGCAGAAGIGCAGCGATCTTACG
AGYGSTQATAGED S SLT AGYESTETAGEGSBLT 306
916 GCCGGTTATGGCAGTACCGGCACGGCGGGTCCCGACAGTTCATTAATC  GCOGGCTACGOCAGCACCCAGACGGCCGGGGAAGAMGCACCCAGACA  GCCQGTTATGOCAGCACCCAGACCGCOCAGAAGGGCAGCGACCTTACG
SOCEETATEECYETICCGECYOGRCGETRCCEACRITICATTMTC  JCOGACTACECAIcorghopeogeciogamyrciocgaaich  JCCRITEATRACAGCACCEAGACCRCTEAGHAGIICATCRATTTACC 1ka
1060 GCCGGTTACGGCAGTACCGGTACGGCOGGTGACGACAGCTCCCTGATC  GCCGGTTACGGCAGTACCCAGACOGCGGGCGAAGACAGCTCOCTEACA  GCCOGTTACGOCAGTACCCAGACCGCOCAGANGGGCAGCGATCTCACT
KGYGs8TGCTAGDDSSLT A6YGEsSTETAGEDSSLT KTEYECETreraidrnes it m
1204 GCAGGTTATGGCAGTACCGGCACGTCGGOTGCCGACAGTTCATTANTT  GCGGGCTACGGCAGCACCCAGACGGCCGUGGAAGAGAGCACCCAGACA  GCCGGTTATGGCAGCACCCAGACCGOGCAGANGGGCAGCGACCTTACG
ACYGESTGTSGADSSLIT AGCYGCSTGTAGEESTGT AGTGSTOTAGKGSDLT 44
1348 GCCGGTTACGGCAGTACCGGTACGACOGGTGACGACAGETCCCT GATC
AGYGS T GTAGDD S ST 185
GCCGGTTACGGCAGTACCCAGACCGCGCAGAAGGGCAGCGATETTACG
AGTGCSTATAGKGSD LT M
1444 GCCGGTTATGGCAGTACCTCTACGGCAGGCTATGAMGTTCATTGATC  GCGGGCTATGGCAGTACCCAGACAGCGGGTTACGGTAGCACGCTGACA  GCGGGTTACGGCAGTACGCAGACCGCOCAGAACGAMGCGATETCATE
A6 Y GS8STSTAGYESSLT AGYTGSTATAGYGSTLT AGVTGSTATAGNESDLT s
1588 ACCGGCTATGOCAGTACGICTACCGCCGGGGCARTAGTTCCETGATC  GCAGGCTATGGCAGCACGCAGACAGCCAGCTACAACAGTGTGCTAACG  GCAGGCTACGGCAGTACCE AGGC CACT
TEYE 8T 8T AGANSESSLT AG6TGESTITATYINSVLIT 16y esTeraRecsdL T sm
1732 GCCGUGTACGGCAGCACCGGCACGGCAGGCTCGGACAGCTCARTCATT
L G6YGSTGT AGCSDS S T1 593
1780 GCAGOTTACGACAGCACCTCACCOCCIACACORACAGTICCETATT | GCAGOCTATOOCAGCACORAGACCACCGUTTACKACATTATTCTGACG  GCCQGTTATGOCAGCACCEAGACIACOEAGEACGACATCEATETCACT
S - S e - R A R Sl e A -l e A R & 41
1924 GCAGATTATGOCAGTACCICMCCRCCGOTSCOGACAGCTCCETGATT | GOGGOCTATGOCAGCACTCAGACCRCCOOTTACAACACTATIETGACG  GCCOUTTATOOCACACOCAGACOGCGLAOTAGIICAGEGATETCAC
A6 Y68 TSTAGADSSLI AGYESTETAGYNSILT AGYGSTATAGEGSTDLT 89
2068 GCAGGTTATGOCAGTACCTCAACCGCOGGTECCAACACCTCOCTGATT | GOGGGCTACGACAGCACCEAGACCICCAGCTATEACAGTAGCETGACG | GOOGOTACGGCACTACUCAGACOACCAGANCAGATTACTEACS
ARG Y a8 T 8T AGADSSLT AGYGSTOTASYHSS SLT Y 68T e CEQS VLT 7137
2212 ACCGOCTACGGCAGCACCTCAACCGCCGOTGCCGACAGCTCTETGATT  GCAGGCTACGGCAGCACGCAGACA ATANCAGTATICTONCG  GCCGTTACGOCAGC ccconooc AGGAGCOCAGCOATETaACC
T A it i S S o Sy A L e e R R R Y R e o ¥ 1
2356 ACGGGCTAC CCTCAACCGCCGGTGCCGACAGCTCTCTGATT  GCAGOCTACGGCAGCACGCAGACAGCGOOTTATCACAGTATTCTGACG  GCCGGTTACGGCAGCACCCAGACGGCOCAGGAGOGCAGCGATCTGACC
4O0QaCTACGECAGCACCTCAYCCRECHGTACCOACAGCTCTETGATT  QOAGUCHACEICAOCHCTGAaROAZCOYTINTRICASTTTET AN JEBT PRSI E™ ™ aas
2500 ACGGGCTACGGCAGCACCTCAACCOCCOGTGCCGACAGCTCTCTGATC  GCGGGCTATGGCAGTACGCAGACAGCGGGTTACAACAGCATTCTGACG  GCCGGTTACGGCAGCACCCAGACGGCGCAGGAGAATAGOGATCTGACC
ey e s T sT AGADSSLT AGYGESTITAGYNSITLT AG6YGSTG&TAGENSTBLT. a8
2644 ACGGGCTACGGCAGCACCTCGACGGCAGGCTACGACAGCTCGCTARTC  GCGGGCTACGGCAGCACGCAGACCGCCGGTTATCACAGTATTCTGACG  GCCGGTTACGGCAGCACCCAGACCOCCAGGACGCGCAGCGATCTGACC
S s Y S s T A e TGS T T AGYRSILT AGYGSTAQTARTRSDLT 929
2788 ACCGGCTACGGCAGTACCTCGACCGCAGGCCCCGACAGTTCCCTGATC  GCGGGCTACGOCAGCACGCAGACCGCCGGTTACAACAGTATTCTGACG  GCCGGTTACGGCAGCACCCAGACGGOGCAOGAGAATAGCGATCTGACG
ST P S s Ll AT GESTETAGYNSILT A6YG6STQIGCGENSDLT.
2932 ACCGGCTACGGCAGTACTTCTACGGCAGGTTATGAGAGTTCACTGATC  GCAGGCTACGGCAGTACCCAGACCGCCAGTTTTAAMAGTACGCTGATG GCchrrAccccAcrfcocmAcmccmAGMcaaAmoc'nGAcr
Y Y B ST N Y6 S T AT A S E IS TLN AGYAdSSETAREGSSTLT 102
3076 GCCGGATACGGCAGTACCTCAATGGCCGGTTATGACAGCTCATTGATT  GCCGGTTACGGTAGTACCCAGACGGCGGGTTATCAMGTACGCTGACA  GCCGGTTACGGCAGCACGCAAACGGCCGAGCACAGTAGTACGCTAACG
N Ao T AT A A T T e A T T R TSI T e P MR i 8™ 1oma
3220 GCAGGTTACGGCAGTACTGCAACGGCGGGCICCGACAGCTCCCTGATS
A E ST AT NG A D s s Ll 1089
3268 GCAGGCTACGRCAGTTCOCTGACCAGEGGTATICGCAGCTICETGACS  GCGOGTIATOOCAGTACGTTOKTCAGCRGACTTCOCAGCGTACTCACE  GCCQTTACKGAAGCAGCETGATTTCOGCAGACOCAGTAGECTGACG
Y GessLTSE1RSFLT Y 6§ L s T ¢ 1137
3412 GCGGUATATIGCAGTMTCAGATCGCAGCEACCGAACCTCOTTGATT | GCTGGCECOAMAOCACCEAGATCACOROCHACEICAGCATICTOATT  GCO0GARAGGCAGOTCACARACOOOGGTIATCOCATCACTTGATE
AEN S NGl A S H RS S LI ES T 61T ESHLIT KAGIGSSITAGCYRSTL 1185
ACA AMA ATCGCAGCARGETTCTG Gc:«cccucucaccrncrcmcacrmncocmc crmcc
85 LT ATA T AT o T
GCGGGCATCAACAGCATTCTCACCGOCGGATGCCGTAGCAAGCTGATA  GGAAGCAATOGTTCAACCCTGACCGCCGOGGAAAACTCAGTTCTGATT
3700 GCAGGCARTGACTGCATCETCATGOCGIGAGACCGAAGCHAGETGACG  CCGRRCATCRACAGCATTITCACCRCCRONTICRETRTRA O™ ARMTETRMCCT o R ML 1am N

TTTCGCTCTO0GATGOARACOCACACTAATGTGGTCGCTARAACCGGARAGGGOGGAAT AGAAGCGGATATGCCTT ACCAGATGGATGAGGACAAT AATATCGTGAATAAACCCGAAGAATANTCOCCATAACAGAGGGARTGTTCG
A DN QNDEDRNNTIVYNTEKTPTETE?» 1322 1C

aa“FRCVDGKRYTNVVAITGIGGI!

3994 CGGGAGGTT TAAACAGCGCGCAGACCAGGCT TAAAAAAGCAGAGAAGCGTGTTCTT
AAMAGGCCCATTGCI'GA ‘CTGCAAAAAGACCTGATGACTCAGGGACGCCAGACT!
ﬁ g 4 %MAAGEOCCCGGCHGT CATTGA

ATTTATCTGTCCCTGAACA "GAACGGCCTGTTGTGGTCCAGGCCOGCCAGGCCAACAATGCCAGG
%TCCGGAGT ‘CCTGGCCATCGT CCA%CC’I CGCAGGGGAATTTCGCCGCCAGCGCTTCGTTGATATCAA
AAGCATAGCCCTGATCCACTTCAGGACAGCCCGGGAAGACTTGCACGTAGCGCATCATTCATTGGCGTGT

CCTGAATGCCGAAATTAGGCGAGCTC

Fig 1 Nucleotide sequence of naA gene and predicted amino acid sequence for inaA product Both the nucleotide and amino acid sequences

are numbered from the imtiation codon The —35 and — 10 promoter sequences and a putative SD sequence are underlined As a 16-residue

periodicity 1s present 70 times from residue 162 to residue 1281, the graphic layout is chosen to emphasize it The mutants obtained by truncation
from NH;- or COOH terminal in fig 3 are indicated by arrows in the sequence

times. This repetitive segment, termed R-domain, is
flanked by a 161-residue N-terminal sequence (N-
domain) and a 4l-residue C-terminal sequence
(C-domain). From their sequence similarities, the 16
amino acid motifs in the R-domain can be classified
into 3 groups, which are separately shown in the left-
hand, muddle and right-hand columns 1n fig.1. The oc-
currence of a closely similar R-domain and the
classification of the 16 amino actd motifs into 3 groups
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have also been reported for maW and inaZ proteins
[4,5]. The R-domain of inaA protein is, however, dif-
ferent from those of inaW and tnaZ proteins 1n several
respects. Thus, in the R-domain of inaA protein the
motifs are repeated 70 times, whereas only 62 and 60
repeats are found in inaW and inaZ proteins, respec-
tively. As shown in fig.2, the consensus sequences of
the 3 groups of 16 amino acid motifs are also slightly
different among the 3 proteins. Both the N- and C-
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Fig 2 Amino acid sequence homology of maA gene product with imeW and mmaZ gene products Identical ammno acids in the sequences are boxed
In R-domain 3, only typical amino acid repeat motifs are represented Gaps are mtroduced to maximize the sequence homology

domains of mmaA protemn exhibit fairly high sequence
similarities to the corresponding domains of inaW and
inaZ proteins, but there are definite differences among
the 3 protemns (fig.2). Particularly, the C-domain of
inaA protein significantly shorter than those of magW
and maZ proteins. The high sequence similarities
among ingA, inaW and naZ proteins suggest that these
3 genes have been derived from a common ancestor.
The sequence data, however, also suggest that the ingA
gene of E. agnanas is distantly related to the other two
genes of Pseudomonas species.

Since these 3 ina proteins, though different from one
another, all consist of the N-, R- and C-domains, all the
3 domains seem to be important for the ice nucleation
activity. To test this possibility, we constructed various-
ly truncated mutants of the ingA gene, as schematically
illustrated in fig.3. (The precise site of cleavage 1s
shown in fig.1.) The truncated genomic DNAs, mserted
into an appropriate expression vector, were introduced
into E. coli, and the ice nucleation activities of cells
harboring these mutants were examined. As can be seen
m fig.3, the activity of a mutant in which the N-domain

Activity

{Number of celis}
1322

tacd i
PINAES1S R 103 7]
218
PINAA14D _lac;.___{ 1322 o7
pINAA 124 _.._‘_‘f‘.?_z_._..z{‘ = 107 N-terminal
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383 1
PINAATZS —ez [ B
483 1322
pINAA142 ...,........._.‘_3_.5__.%'__{ ) — 108
PINAL132 ke P " ST
PINA213D ——eez P 0
INASMA33 : B ez 40
P B =
C-terminal
E 1290, truncation
jacZ g
pINAL4T Y _______@.m l.__..._...._:c_ >10° |

Fig.3 Truncation mutanis of the meA gene and their ice nucleation activity. The direction of transcription from the locZ’ promoter 1s shown
by arrows Numbers show the positions of ammno acids m maA product A plasmmd indicated by dashed line 1s out of frame Columns are as
follows B, meA gene promoter, &, NHy-termmal domain; O, repeat domamn, W, COOH-termmnal domain Ice nucleation activity was

represented by the number of cells necessary to make the bulk water (2 ml) freeze at - 5°C
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Fig 4 Temperature dependency of ice nucleation activity of E.colt

carrying pINA6S13 The E col: cells were mcubated for 48 h at 22,

30 and 37°C SDS-PAGE pictures of the cells carrying p6S13(S) or

those carrying plUC18(C) are inserted Arrows show 130 kDa protein
as a ingA gene product

had been deleted (pINAA140) was lower than that of
the wild-type by 4 orders of magnitude. Further
removal of the R-domam sequence from the N-terminal
caused a further decrease in the activity (pINAA 142},
and the activity was completely lost when the N-domain
plus a large part of the R-domain were deleted
(PINAA 138). An interesting finding was that deletion
of a short (32-residue) C-terminal sequence resulted in
complete loss of the activity, even though both the N-
and R-domain were intact 1n this mutant (pINAA431).
These results indicate that the C-domain is essential for
the 1ce nucleation activity, although the other two do-
mains are also more or less involved in the activity. The
indispensability of the C-domain may be explained by
assumung 1ts mnvolvement in self-assembly of maA pro-
tein or in conjugation of the ma protein with other kind
of molecules. It has been shown that imgW and maZ
protemns do not exist as monomers but as polymers or
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conjugates with other molecules that are precipitable by
centrifugation at 100000 x g as observed for E. ananas
cells [9] and recombinant E. coli cells {10]. Moreover,
the ice nucleation activity of E.arnanas has been
reported to be temperature-sensitive [11]. In this study,
we could confirm the temperature-sensitivity of the ice
nucleation activity of E. coli cells carrying the mmaA
gene (fig.4), even though the synthesis of ingA protein
was not temperature-dependent (fig.4, inset). These
observations suggest that functional ice nuclei can be
formed by self-assembly of ingA protein or its conjuga-
tion with other molecules that exist universally in
bacterial cells, and that this temperature-sensitive pro-
cess depends on the C-domain of the protein as in the
case of self-assembly process of collagen molecules
[12].
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