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ABSTRACT

iceA1 in Helicobacter pylori is a homolog of nlalliR,
which encodes the CATG-specific restriction endo-
nuclease Nilalll in Neisseria lactamica. Analysis of
iceA1 sequences from 49 H.pylori strains shows
that a full-length Nialll-like ORF is present in 10
strains, including CH4, but in other strains, includ-
ing strain 60190, the ORFs are truncated due to a
variety of mutations. Our goal was to determine
whether iceA1 can encode a Nialll-like endo-
nuclease. Overexpression in Escherichia coli of
iceA1 from CH4, but not from 60190, yielded Nialll-
like activity, indicating that the full-length iceA1 is a
functional endonuclease gene. Repair of the iceA1
frameshift mutation in strain 60190 and its expres-
sion in E.coli yielded functional Nlalll-like activity.
We conclude that iceA7 in CH4 is a functional
restriction endonuclease gene, while iceA7 in 60190
is not, due to a frameshift mutation, but that its
repair restores its restriction endonuclease activity.

INTRODUCTION

Helicobacter pylori is a gram-negative bacterium that
colonizes the stomach of more than half of the world’s
population, and their presence increases the risk of developing
peptic ulcers and gastric adenocarcinomas (1-7). In Western
populations, H.pylori strains of particular genotypes (such as
cagA*,vacA slml) are more virulent than other strains (8—11).
Recently, two unrelated genes, designated iceAl and iceA2,
have been identified, which are present at the same genomic
locus among various H.pylori strains (12). iceAl expression is
up-regulated by contact with epithelial cells (12) and in some
(12,13), but not all, populations (14) the iceAl genotype is
associated with peptic ulcers. However, it is not known
whether the gene is functional and whether or how the iceAl
product is involved in H.pylori colonization of the human
stomach.

DDBJ/EMBL/GenBank accession no. AF459446

DNA analysis indicates that iceAl, but not iceA2, has
strong homology to nlallIR (15), which encodes a CATG-
specific endonuclease in Neisseria lactamica. A nlallIM-like
methylase gene, hpyIM (16), is located immediately down-
stream of either iceAl or iceA2. Therefore, the iceAl-hpyIM
gene locus is a homolog of the CATG-specific type II
restriction—modification system in N.lactamica (15,17). Our
previous studies indicate that hpyIM is well conserved and
encodes a CATG-specific DNA methylase in H.pylori (16),
and that promoters for ipyIM expression vary between iceAl
and iceA2 strains (18). Whether or not iceAl encodes a
functional endonuclease gene remains to be determined.

Studies on H.pylori strains from different geographic
origins demonstrated that most iceAl genes, including those
in strains 60190 (12) and 26695 (19), have frameshifts or
nonsense mutations leading to early termination in their
nlallIR-like ORF (14,20), whereas iceAl from a few strains,
like CH4, have an intact nlallIR-like ORF. To determine
whether iceAl encodes a Nlalll-like endonuclease and
whether the polymorphisms in iceAl affect the function of
its product, in this study we examined the function of iceAl
from H.pylori strains CH4 and 60190, which represent full-
length and truncated forms of iceAl, respectively.

MATERIALS AND METHODS
Nucleotide sequence accession number

The sequence of iceAl from H.pylori strain CH4 has been
submitted to GenBank with the accession no. AF459446.

Strains, plasmids, growth conditions and reagents

Helicobacter pylori strains, Escherichia coli strains and
plasmids used in this study are listed in Table 1, and growth
conditions of E.coli and H.pylori strains were as described
(16). Restriction enzymes, digestion buffers and substrate
DNAs were from New England Biolabs (Beverly, MA) and
columns for protein purification were from Biosepra
(Marlborough, MA). Oligonucleotides used in this study
(Table 1) were synthesized using a Milligen 7500 DNA
synthesizer at the Vanderbilt University Cancer Center DNA
Core Facility.
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Table 1. Strains, plasmids and oligonucleotides used in this study

Name

Relevant genotype or sequence (5'—3")

Reference or
orientation

Escherichia coli

ER2169 merBC, ADE3, pLysS, pSYX20-NlallIM, CmR, KanR (15)
Helicobacter pylori
60190 iceAl, cagA*, vacA sla ml 9,10,12)
CH4 iceAl, cagA*, vacA sla m2 (9,10,12)
Plasmids
pSYX22 pET11-derived vector, AmpR (15)
pQXCH4 CH4 iceAl in pSYX22 This study
PQX60A 60190 iceAl starting from ATG site, in pSYX22 This study
pQX60T 60190 iceAl starting from TTG site, in pSYX22 This study
pQX60R The repaired iceAl of 60190 in pSYX22 This study
Primers
IceA60A-F CACACATATGTGTGGTGTGCGTGGCAACTC Forward
IceA60T-F TAGCCATATGGCTAAAGAATTTAATTTGGAG Forward
IceACH4-R GTTGGATCCGTCGACGTAGTTCATTGCAACCG Reverse
IceA-F GTTGGATCCTTAAGGAGGTTTAACATATGAGTAAAAGTAAAAAG Forward
IceA-R GTTGGATCCGTCGACGTAGTTCATTGCAACC Reverse
Fix-F GGTCTGCAGCTAGGTAATGGGGGGAGTTGGTGCAGG Forward
Fix-R TAGCTGCAGTCCTTGGTATTTTCC Reverse

DNA techniques

Preparation of plasmid and chromosomal DNA, digestion of
DNA with restriction endonucleases, automated DNA
sequencing and PCR were performed as described (16).
Computer analysis of DNA and amino acid sequences was
performed with the GCG program (21).

Construction of plasmids

Plasmids pQXCH4, pQX60T and pQX60A (Table 1), which
carry a full-length nlallIR-like ORF from strain CH4, the
longest ORF (starting from the TTG site) in strain 60190 iceAl
and an OREF starting from the downstream ATG site in 60190
iceAl, respectively, were constructed as follows. DNA
fragments containing the strain CH4 iceAl ORF were
amplified through PCR using IceA-F (with a 5" Ndel site)
and IceACH4-R (with a 5" Sall site) as primers and
chromosomal DNA from strain CH4 as template. DNA
fragments containing the two 60190 iceAl ORFs starting
from the TTG or ATG sites were created by PCR using
Ice A60T-F (with a 5" Ndel site) or IceA60A-F (with a 5" Ndel
site), respectively, with iceA-R (with a 5" Sall site) as primer
pairs and 60190 chromosomal DNA as template. After
digestion of the DNA fragments with Ndel and Sall, the
PCR products were ligated with Ndel/Sall-digested and
dephosphorylated vector pSYX22 in the presence of T4
DNA ligase to create pQXCH4, pQX60T and pQX60A. Each
ligation mixture was transformed into E.coli strain ER2169
carrying a Nlalll methylase gene (nlallIM) in pSYX20-
NIallIM to protect the E.coli host DNA from cleavage (15)
and transformants were selected on LB plates containing
ampicillin and kanamycin. Plasmid DNA was prepared from
the transformants and the constructs were confirmed by DNA
sequencing.

Repair of the frameshift in 60190 iceA1 and construction
of pQX60R

A site-directed mutagenesis method was used to repair a point
deletion mutation in H.pylori strain 60190 iceAl. Two pairs of
PCR primers, iceA-F (with a 5" Ndel site) and fix-R (with a 5’

Pstl site) and fix-F (with a 5” PstI site and an extra G residue in
the region corresponding to the site of the frameshift site in
iceAl) and ice A-R (with a 5" Sall site) were designed (Table 1)
to correct the frameshift of iceAl located between the
upstream (ATG) and the second (TTG) putative start codons.
With primer pair iceA-F and fix-R and chromosomal DNA of
H.pylori 60190 as template, a 140 bp PCR product was
amplified, representing the 5’-most 105 bp region of iceAl,
beginning at the first ATG site. With fix-F and iceA-R as
primers and the same DNA as template, a 616 bp PCR product
was produced, representing the remainder of iceAl, from bp
106 to the end of the gene, including the frameshift site where
a point deletion mutation was present. Since primer fix-F has
an extra G residue inserted at a position equivalent to bp 123
of 60190 iceA I (Table 1), the iceAl frameshift was repaired in
the 616 bp PCR product. After digestion of the 140 bp PCR
product with Ndel and Pstl, and the 616 bp PCR product with
Sall and Pstl, the two PCR products were ligated with the
Ndel/Sall-digested vector pSYX22 to create pQX60R. The
ligation mixture was transformed into E.coli strain ER2169
carrying pSYX20-NlallIM (15) and transformants were
selected on LB plates containing ampicillin and kanamycin.
Plasmid DNA was prepared and sequenced to confirm that the
point deletion mutation of iceAl had been corrected.

Expression in E.coli of iceAl from CH4 and from 60190

In pQXCH4, pQX60A, pQX60T and pQX60R, each iceAl
gene was inserted downstream of a ribosomal binding site,
under the control of the T7 promoter (22). In E.coli strains
such as ER2169, the T7 RNA polymerase gene is under the
control of the lac operon. Thus, gene expression was inducible
with IPTG in these E.coli strains. To express iceAl, E.coli
strain ER2169/pSYX?20-NIallIM carrying one of the plasmids
was grown in LB medium with ampicillin, kanamycin and
IPTG at 37°C overnight. Escherichia coli ER2169/pSYX20-
NIallIM without an iceAl-containing plasmid was grown
under the same conditions as a control. To detect expression of
the iceAl product, the cells from E.coli ER2169/pSYX20-
NIallIM with or without each of the iceA I plasmids were lysed



by boiling at 100°C. The lysates were resolved by SDS-PAGE
(4% stacking gels and 8% separating gels) and gels were
stained with Coomassie brillliant blue (23).

Endonuclease activity assay

To determine whether the iceAl products encode Nlalll-like
endonucleases, the cultured cells were disrupted by sonica-
tion, followed by centrifugation, as described (24). The
supernatant underwent serial dilutions in NEB buffer 4 and
was then used to digest A DNA, and the products were
resolved on agarose gels. To further purify the iceAl product,
the remainder of the crude extract was applied to a Heparin
Hyper D column, which was washed and eluted, as described
(24). The eluted fractions from this column were assayed for
endonuclease activity and the active fractions were used in
parallel with Nlalll to digest pBR322, pUC19 and ¢X174
substrate DNA to determine whether the iceAl protein has
Nlalll-like endonuclease activity.

RESULTS

Comparison of the DNA sequences of nlallIR from
N.lactamica and iceAl from H.pylori strains 60190 and
CH4

DNA analysis demonstrates that iceAl from H.pylori has
~60% similarity to nlalllR, which has a 690 bp ORF and
encodes a 230 amino acid protein product, the restriction
endonuclease Nlalll (15). However, the homology at the
amino acid level is limited in most of the 49 iceAl genes
studied (14,20; GenBank accession nos AF239991-AF239994
and AF001537-AF001539), because of frameshifts and early
terminations in the nlallIR-like ORF. Thus far, a full-length
nlallIR-like ORF has only been observed in 10 (PO31, AUS,
AU18, CH4, F38, F72, F43, India227, Alaska209 and
Alaska218) of 49 iceAl strains studied, and similarity between
their deduced IceAl proteins and Nlalll was 52-57% (14,20).
To determine whether iceAl encodes a restriction endo-
nuclease, we chose strains CH4 and 60190 for functional
analysis. iceAl from strain CH4 has a full-length nlallIR-like
684 bp ORF, encoding a 228 amino acid product, very similar
to that of nlallIR, whereas the nlallIR-like ORF in strain
60190 is not complete and the longest ORF is only 534 bp,
encoding a 178 amino acid product. Alignment of sequences
with nlallIR (Fig. 1) reveals several mutations in the predicted
iceAl coding region, including a 9 bp in-frame deletion that is
present in both CH4 iceAl and 60190 iceAl, and a single
nucleotide G deletion in the run of six G residues present in
CH4, which results in a frameshift in the 60190 iceAl coding
region. This frameshift results in the ORF terminating at a
TAG beginning at position 193 of 60190 iceAl, and leads to a
64 amino acid ORF representing the N-terminus of a putative
restriction endonuclease. The longest predicted coding region
from the 60190 iceAl starts from a TTG site that is 150 bp
downstream of the nlallIR-equivalent start site ATG, to form a
534 bp ORF. This would encode a 178 amino acid product
corresponding to the C-terminus of a putative restriction
endonuclease. An ORF starting from an ATG at position 304,
an iceAl translational start site that is conserved in various
strains (20), is present within both CH4 and 60190 iceAl.
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Expression of the CH4 and 60190 iceAl products in
E.coli

To determine whether iceAl encodes a functional Nlalll-like
endonuclease, we sought to express the potential nlallIR-like
ORFs in E.coli. The 684 bp (full-length) nlallIR-like ORF in
iceAl from strain CH4 was amplified from CH4 chromosomal
DNA and cloned into the vector pSYX22 to create pQXCH4.
The longest coding region of 534 bp for iceA! in strain 60190
starts from a TTG site that is 150 bp downstream of the
equivalent ATG start site in nlallIR (Fig. 1). This DNA
fragment was amplified and cloned into pSYX22 to create
pQX60T. A downstream 381 bp nlallIR-like ORF in iceAl
from strain 60190 starting from the ATG site at bp 304 (Fig. 1)
was also cloned into pSYX22 to create pQX60A. The
resulting constructs, pQXCH4, pQX60T and pQX60A, were
then transformed into E.coli strain ER2169, which carries a
functional nlallIM gene in pSYX20-NlallIM (15). After IPTG
induction, E.coli produced iceAl protein products of the
expected sizes (data not shown).

To determine whether the cloned iceAl products had
restriction endonuclease activity, serial dilutions of crude cell
extracts from cultured E.coli ER2169/pSYX20-NIallIM, with
or without pQXCH4, pQX60T or pQX60A, were used to
digest A DNA. As expected, the crude extract from E.coli
ER2169/pSYX20-NlallIM failed to digest A DNA (Fig. 2A).
A fraction of the DNA in these lanes did not migrate from the
loading wells, which may be explained by the presence of
large amounts of DNA-binding proteins in the crude extract.
When the crude extract from E.coli ER2169/pSYX20-NlallIM
with pQXCH4 was used for digestion, the substrate DNA was
digested into smaller DNA fragments (Fig. 2A). The lane
loaded with the smallest volume (0.1 pl) had more small DNA
fragments than the other lanes, which may be due to less
interference by DNA-binding proteins. In contrast, crude
extracts from E.coli with pQX60T or pQX60A failed to digest
the A DNA into smaller fragments. In total, these results
indicate that endonuclease activities were present in the crude
cell extract of E.coli ER2169/pQXCH4, but not in the control
cells or cells with pQX60T or pQX60A.

To investigate whether the endonuclease activities are
Nlalll-like, the endonuclease from the crude cell extract of
E.coli ER2169 with pQXCH4 was purified using a Heparin
Hyper D column. The eluted fractions that contained the
endonuclease activities were used to digest substrate
(pBR322, pUC19 and ¢X174) DNAs in parallel with Nlalll.
The digestion pattern of DNA by the pQXCH4 iceAl product
is identical to that by Nlalll (Fig. 2B), which indicates that
CH4 iceAl encodes a Nlalll-like endonuclease.

Fixing the frameshift in 60190 iceAl and examining the
endonuclease activity of the repaired iceAl product

For H.pylori strain 60190, a protein beginning at the TTG site
(Fig. 3) would not include a 50 amino acid region that is
equivalent to the N-terminal region of Nlalll, which could
explain why no endonuclease activity was detected when the
iceAl protein from strain 60190 was examined. To test
whether the frameshift caused by the missing G residue at
position 123 was the main problem, it was repaired by
inserting an extra G residue into the poly(G) tract and the
repaired iceAl was inserted into the vector pSYX22, to create
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1 60
nlaIIIR ATGAAAATCA CAAAAACAGA ACTATTTTTA AGATTAGCCA AACCAAATGA ACAAGGTATT
60190iceAl ATG.GT.AA. GT....A... .T....... G GA.C.C..AC ....TG..A. .A.T..GG.G
CH4iceAl ATG.GT.AA. GT....A... .T........ GA.C.T..GC ....T...A. .A.C..A..G

61 120
nlaIIIR TCCCGTTGGG TTAAGACAAG TGAATTTGCC GGGGAATATA AAGATTTGAA ATTAGGTAAT
60190iceAl AGT....... .A.GCGTT.C A...... TTA ........ CC ...GA..AC. GC........
CH4iceAl AGT....... .A.GCG.T.T A....... TA ..AA..... C ...GA..AC. GC........

121 180
nlaIIIR GGGGGAAGCT GGTGTCGGAA AGATTCTCCA TTAGCGAGAG ATTATATTGT TGAATTCGAT
60190iceAl ..-..G..T. ....CA.... TAGC..AG.T TTG..T.A.. .A.T..A.T. G..G..T...
CH4iceAl ..... G..T. ..... A. TA.C..AT.T TTG..T.A.. .A.T..AAT. A..... T...

181 240
nlalIIIR AAGGGCCTTA CTTCCGGCAA TTCTATAGAT GCAATCCGCC TTAATGGCTT TAATCAAGAA
60190iceAl ....... AA. ..CTAG.A.. ...... ... AG...A...T .G....... A ....ACC...
CH4iceAl A..G.AA. ..C.A..A.. ...... . AG...A...T .G....... A ....ACTAG.

241 300
nlaIIIR AAGCATTTTA AACAATATAT CCGAAAAGAT ATCAAAGACG CGCTTAAAAC AAGAAATTGT
60190iceAl TGTGT..... .C...AG... .T.TC....C ..T...A..C ACTA...GCA .CA.TG...C
CH41iceAl TGTGT..... .C...AG... ...TC....C ..T...A.TT ACTA..GCCA .CA.TG....

301 360
nlaIIIR GTGATGTTGG GGGTTAATGG AAAATCTGAA AATACCAAGA TTGAAATCGA TCATAAAGAC
60190iceAl .C.ATG.GT. .T..GCG... C..C...... ..C.. TC.A. .A...G.G.. ...
CH4iceAl .C.ATG.GC. .T.CAC.... C..C...... ..CG.TC.A. .A..... A, i,

361 420
nlaIIIR GGTAGGAAAA ACAATCATCG TGTCAGTGAC ATTAAAACGC AAAAATTAGA AGATTTCCAA
60190iceAl ..CC.C..GG .TG..TCAA. A..TTC...T TTA..C..A. .G.CT..T.. T..... T..G
CH4iceAl ..CC.T..GG .TG..TTAA. A..TTC...T TCA..C..A. .G.CT..T.. T..... T..G

421 480
nlaIIIR CCGCTTTGCA AAGCAGCCAA TGATGTCAAA CGCCAAATCT GCAAAACCTG TAAAGAGACG
60190iceAl G.TT.A.... ....TTGT.. C...AAG... ..... G..T. .T....AA.. C..... A.GT
CH4iceAl G.TT.A.... ....TTGT.. C..CAAG... .C...G..T. .T....AG.. C..... A.GT

481 540
nlaIIIR AACAAGCGGT GGAGCGCTAA AAATATTTCG GGCAATCCCT ATGCGTTTTA TATGGGCGAT
60190iceAl GG.T.TA.A. TTGA...A.C ...A..... T eooeee TAT. ..T.T..C.. .GA...G..G
CH4iceAl GG.T.TA.A. TTGAT..A.C ...A...C.T ...... TAT. ..T.T..C.. .GA...G..G

541 600
nlaIIlR GAAAATTATT CCGAAGAATT AGGCTGTGTC GGATGTTATC AATACGATCC CGTCGAATAT
60190iceAl .CTG.A...G AT=-------- =..T...... «Cuiiiean ....T..C.. .A.AC....C
CH4iceAl .CTG.A...G AT-=====~-- =..T..... G ..T....... ....T..C.. .A.AC....C

601 660
nlaIIIR CGAAAGTCCA GTGTTAAGAG AATTGCTGCC GAAGCGGCCA AATATACATC GGACTACATT
60190iceAl A.G..AA.TT ..AA.G.T.. G..ATACAAT ....G.TATC ..A.AGGC.A T.GTG.TGGG
CH4iceAl A....AA.TT ..AA.G.C.. G..ATACAAT ....G.TATC ..A.AGGT.A T.GTG.GGGG

661
nlaIIIR TTTAAGAAAT TATATGAAGA AGATAACGGA TGA

60190iceAl .A.C.A.TTG G...CC.TC. .A.A.CTACT .T.TAG

CH4iceAl

.A.C.A.TTG G...CC.TC. .A.G.CTACT .T.TAG

Figure 1. Alignment of the nucleotide sequences of N.lactamica nlallIR (GenBank accession no. U59398) and the iceAl regions from H.pylori strains 60190
and CH4. Deletion and insertion mutations in the iceAl regions, relative to the full-length nlalllR, are shaded. Dots indicate identical nucleotides. Dashes
indicate gaps in the nucleotide sequence. Potential translation start and stop sites are shown in bold.

pQX60R. In the repaired iceAl, in addition to the G insertion,
a T—C and an A—G point mutation were also introduced in
the repaired region, to create a PstI recognition site (Fig. 3B).
These substitutions are silent, since both TTA and CTG
encode leucine as amino acid 36 of the repaired protein. The
repaired iceAl is a 684 bp ORF, encoding a 228 amino acid
protein product, with 60% identity with Nlalll. To express the
repaired iceAl in E.coli, pPQX60R was then transformed into
E.coli strain ER2169 carrying pSYX20-NlallIM. After induc-
tion by IPTG, a 26 kDa protein was produced, as expected
(Fig. 4).

To determine whether the repaired iceAl product has
endonuclease activity, serial dilutions of crude cell extracts
from cultured E.coli strain ER2169/pSY X20-NIallIM, with or

without pQX60R, were used to digest A DNA. As expected,
the crude extract from E.coli ER2169/pSYX20-NIlallIM failed
to digest L DNA (Fig. 5A). However, the migration of A DNA
was shifted to a lower position in the lanes with 3 and 1 ul of
the crude extract, because of the presence of large amounts of
DNA-binding proteins in the crude extract. When the crude
extract from E.coli ER2169/pSYX20-NlallIM with pQX60R
was used for digestion, the substrate DNA was digested into
smaller DNA fragments (Fig. 5A). Overall, these results
indicate that restriction endonuclease activities were present in
the crude cell extract of E.coli ER2169/pQX60R, but not in the
control cells.

To investigate whether the activities are Nlalll-like, the
restriction endonuclease from the crude cell extract of E.coli
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Figure 2. Endonuclease assay of the products of the iceAl genes in CH4
and 60190. (A) Assay of crude extracts from E.coli strain ER2169/pSY X20-
NlallIM (1) and ER2169 carrying pQX60A (2), pQX60T (3) and pQXCH4
(4). Crude extracts (0.1-3 pul) were used to digest 1 pg bacteriophage A
DNA and the digested DNA was electrophoresed on a 1% agarose gel.
Arrows indicate the position of undigested A DNA in the gels. (B) Assay of
the purified CH4 iceAl endonuclease. Parallel digestion of pUC19, pBR322
and ¢X174 DNA was performed with both the Nlalll and the CH4 iceAl
endonucleases. The DNA standards are labled L.

ER2169 with pQX60R was purified using a Heparin Hyper D
column. The eluted fractions that contained the endonuclease
activities were used to digest substrate (pBR322, pUC19 and
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0X174) DNAs in parallel with Nlalll. The digestion pattern of
DNA by the repaired iceAl product is identical to that
by Nialll (Fig. 5B), which indicates that iceAl from strain
60190, after repair of the frameshift, encodes a Nlalll-like
endonuclease.

DISCUSSION

This study demonstrates that the full-length iceAl from strain
CH4 encodes a functional restriction endonuclease, which is
consistent with our recent observation that Nlalll-like
endonuclease activity is present in the cells of this strain
(24). Although iceAl from 60190 has strong homology to
nlalllR in N.lactamica, the predicted iceAl ORF is much
smaller than that in nlallIR, because of a frameshift mutation
(Fig. 1). Thus, not surprisingly, the iceAI ORF from strain
60190 expressed in E.coli lacked Nlalll-like activity, which is
also consistent with the absence of Nialll-like activity in cells
of strain 60190 (24). However, after restoring a full-length
(nlalllR-like) ORF in iceAl from strain 60190 by repairing the
frameshift, the ‘repaired’ iceAl encodes an Nlalll-like
endonuclease in E.coli. These results explain why there was
no Nlalll-like activity in this H.pylori strain (24), even though
iceAl is transcribed (25). Compared to the repaired iceAl
product, the protein transcribed from the predicted start codon
(TTG) in iceAl lacks a 50 amino acid N-terminal region
(Fig. 3). The lack of endonuclease activity in the native
product of iceAI from strain 60190 indicates that the 50 amino
acid N-terminal region is required for Nlalll-like function.
One question is whether this type of mutation may be
repaired within H.pylori populations to produce a functional
Nlalll-like endonuclease. In iceAl from strains like 60190,

TAG

iceAl -

hpyIM

A ATG TTG ATG
8B - :
-84 1 151 305
1/1

687 695

60/20

ATG AGT AAA AGT AAA AAA GAA TTA TTT TTG GAA CTC GCA CAA CCT GAT AAA AAT GGG GTG

M S K S K K E L F
61/21

E L A Q P D K N G v
120/40

AGT CGT TGG GTA AGC GTT ACA GAA TTT TTA GGA AAA TAC CAA GGA TTA CAG CTA GGT AAT

S R w v S v T E F

G K Y Q G L Q L G N

GG- GGG AGT TGG TGC AGG AAT AGC TCA GCT TTG———P
G G v A L

G A G I Q
G S W ¢ R N S s

Frameshift

iceAl
L

B 103 GGA TTA CAG CTA GGT AAT GG = GGG AGT TGG 133

l After repair of the frameshift

103 GGA CTG CAG CTA GGT AAT GGG GGG AGT TGG 134

Pst1

Figure 3. A frameshift is present in H.pylori 60190 iceAl when compared to Nlalll. (A) Schematic representation of the iceAI-hpyIM region from H.pylori
60190. The locations of three potential translation start sites (ATG, TTG and ATG) and a potential stop site (TAG) in iceAl are indicated. The DNA sequence
and its deduced N-terminal Nlalll-like protein sequence from the first (ATG) to the second translation start site (TTG) in the iceAl region with the frameshift
site also are presented. The ATG and TTG sites are shown in bold. The boxed region indicated by an arrow shows the frameshift site. (B) The 60190 iceAl
sequences near the site of the frameshift, before and after the repair, are presented. The new Pst site created and the polyguanosine tract are underlined.

Residues changed by the repair process are shown in bold.
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repaired iceAd ] TG . 4
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Figure 4. Expression of iceAl in E.coli strain ER2169 after repair of its
frameshift. 10% SDS-PAGE with Coomassie blue staining of lysates from
E.coli strain ER2169 without (WT) or with pQX60R. +, induction with
IPTG; —, no induction. The 26 kDa arrow indicates the protein product of
the repaired iceAl. Migration (in kDa) of each protein standard is indicated
on the left.

only a single nucleotide correction (inserting a G residue) is
needed to restore the full-length nlallIR-like ORF. The
frequency of single transition or transversion mutations in
the ribosomal RNA region of H.pylori has been measured in
strain 60190 by monitoring the frequency of spectinomycin
resistance (26-28) and found to be 7.8 X 107 (Q.Xu and
M.J.Blaser, unpublished data). If the frequency of spontaneous
mutation in the iceA ! region is similar to that in the ribosomal
RNA region, the frequency of frameshift repair in 60190 iceAl
would be <7.8 X 107, assuming that production of point
insertion mutations is more difficult than transition or
transversion mutations (29,30). However, the frameshift in
iceAl from strain 60190 occurs in a polyguanosine tract (six G
residues in strain CH4, five in 60190), suggesting that slipped
strand mispairing could occur in this region during DNA
replication (31,32). Thus, the addition of one guanosine
residue could occur at a much higher frequency than the
background mutation rate (33-36).

It can be beneficial to bacterial populations to contain genes
that undergo phase variation, allowing them to be ready for
environmental changes. Examples of such contigency genes in
H.pylori have been found in Lewis antigen expression (37,38),
which exhibits phase variation at a 0.2-0.5% rate in vitro (39).
Analysis of the whole genomic sequences (19,40,41) has
revealed the presence of 10 potential phase-variable
restriction—modification genes, not including iceAl, in
H.pylori. These genes carry either homopolymeric tracts or
dinucleotide repeats with their length varying from 5 to 15
(40,41). Within different H.pylori populations, changes in the
lengths of specific homopolymeric tracts have been found in
some of the putative phase-variable restriction—modification
genes (40). Contigency restriction—modification genes have
also been identified in other bacteria (42-44), including
Haemophilus  influenzae, Neisseria meningitidis and
Mycoplasma pulmonis. A recent study demonstrated that a
contingency restriction—modification system in M.pulmonis
was turned on after the bacteria contacted the lower respira-
tory tract in infected rats (45), suggesting that contingency
restriction—modification genes may play important roles in
host-bacteria interactions. If iceAl in strain 60190 functions

A (1)  ER2169 (2) ER2169/pQX60R
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Figure 5. Endonuclease assay of the product of the repaired iceAl.
(A) Assay of crude extracts from E.coli strain ER2169 (1) and ER2169
carrying pQX60R (2). Crude extracts (0.1-3 pl) were used to digest 1 pg
bacteriophage A DNA. The digested DNA was electrophoresed on a 1%
agarose gel. Arrows indicate the position of undigested A DNA in the gels.
(B) Assay of the purified product of repaired iceAl from strain 60190.
Parallel digestion of pUC19, pBR322 and ¢X174 DNA was performed with
both Nlalll and the repaired iceAl product. The DNA standards are
labeled L.

as a contingency gene, H.pylori could adapt to environmental
changes, such as contacting epithelial cells in the stomach, or
to phage infection, by encoding a Nlalll-like restriction
endonuclease. However, whether iceAl is actually a con-
tigency gene remains to be determined.

Another question is how often iceA! mutations in various
strains are located in similar homopolymeric regions. Analysis
of iceAl sequences from 36 H.pylori strains (which are among
the 49 strains referred to previously) (Table 2) showed that a
total of 14 strains (including 60190) carry iceAl genes with
frameshift mutations in homopolymeric tracts, compared to
CH4 iceAl. Among these homopolymeric tracts, 12 are in the
same poly(G) tract of five or seven residues, =1 nt at bp 123
(Table 2), and two in the poly(A) tract of eight residues near
the beginning of the iceAl ORF, —1 nt at bp 19 (Table 2). A +1
or —1 nt frameshift in these tracts would repair the frameshift
mutations. However, additional mutations are also present in
most of these other strains (Table 2), which makes repair very
difficult.

Among the 36 strains analyzed, only seven (including CH4)
carry a full-length nlalllR-like ORF (Table 2). In the
remaining strains, the iceAl region has various mutations,
including insertions, deletions and nonsense mutations. Only
10 (including 60190) have mutations at a single location in
iceAl when compared to nlallIR (Table 2), whereas others
have mutations at multiple locations, making them more
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Table 2. Summary of the frameshift or nonsense mutations in the nlallIR-equivalent coding region of iceAl

from 36 H.pylori strains

Gene name Description of mutation GenBank accession no.
or reference

CHd4iceAl Full-length AF459446
60190iceAl -1 nt (bp 123)2 U43917
26695iceAl G—A (bp 70) AE000626
J166iceAl —1 nt (bp 58); +1 nt (bp 446) (12,20)
India227iceAl Full-length AF239991
India34AiceAl —1 nt (bp 53) AF239992
Indial8AiceAl -94 nt (bp 296) AF239993
Indiad4AiceAl C—T (bp 292); —94 nt (bp 296) AF239994
Alaska209iceAl  Full-length AF001537
Alaska214iceAl  +1 nt (bp 460) AF001538
Alaska218iceAl  Full-length AF001539
F13iceAl -5 nt (bp 188); C—-T (bp 278) AF157527
Fl15iceAl -5 nt (bp 188); C—>T (bp 278) AF157528
Fl6iceAl —1 nt (bp 19); =5 nt (bp 187); =7 nt (bp 288); C—T (bp 399) AF157529
F36iceAl G—T (bp 103) AF157530
F37iceAl -1 nt (bp 168) AF157531
F38iceAl Full-length AF157532
F43iceAl Full-length AF157534
F70iceAl —1 nt (bp 123)3; -5 nt (bp 187); =7 nt (bp 288); C—T (bp 253)  AF157533
F72iceAl Full-length AF157535
F73iceAl —1 nt (bp 123)% -5 nt (bp 187); -7 nt (bp 288) AF157536
F79iceAl —1 nt (bp 19)%; =5 nt (bp 187); =7 nt (bp 288); C—T (bp 399) AF157537
F82iceAl —1 nt (bp 123)*; -5 nt (bp 187); —7 nt (bp 288) AF157538
F83iceAl —1 nt (bp 123)% -5 nt (bp 187); -7 nt (bp 288) AF157539
F84iceAl —1 nt (bp 123)3; -5 nt (bp 187); —7 nt (bp 288); C—A (bp 399) AF157540
OK104iceAl —1 nt (bp 123)% -5 nt (bp 187); =5 nt (bp 547) AF157541
OK106iceAl —1 nt (bp 123)% =5 nt (bp 187); -7 nt (bp 288) AF157542
OK107iceAl A—T (bp 10); +1 nt (bp 448); +1 nt (bp 479); =5 nt (bp 564) AF157543
OKl1l1liceAl —1 nt (bp 58); +1 nt (bp 438) AF157544
OK115iceAl +1 nt (bp 123) AF157545
OK129iceAl —1 nt (bp 140) AF157546
OK99iceAl —1 nt (bp 123)% -5 nt (bp 187); -7 nt (bp 288) AF157547
OK102iceAl —1 nt (bp 123)3; -5 nt (bp 187); =7 nt (bp 288) AF157548
OK108iceAl —1 nt (bp 584)%; —1 nt (bp 673) AF157549
OK113iceAl C—T (bp 289) AF157550
OK134iceAl —1 nt (bp 123)3; -5 nt (bp 187); =7 nt (bp 288) AF157551

—, frameshift deletion; +, frameshift insertion; —, transition or transversion which causes nonsense mutation.
The location of each mutation is represented as its position in each iceAl gene, which is indicated in
parentheses, and the predicated coding region of all the iceAl genes analyzed start from the nlalllR-

equivalent ATG start site.
2The mutation is in a homopolymeric tract.

difficult to repair. For example, corrections of both a deletion
and an insertion mutation are needed to restore the full-length
nlallIR-like ORF in strain J166. Biochemical approaches
failed to detect Nlalll-like activity in strain J166 (24),
although the iceA region is transcribed (25). Thus, it appears
that there are no special mechanisms, such as ribosomal
frameshifting, that could permit translation to bypass these
mutations. Furthermore, unless there is a special mechanism
that would greatly increase the rate of mutation repair in non-
homopolymeric tracts, it seems unlikely that the iceAl gene
serves as an ordinary contingency gene, analogous to the
fucosyltransferase genes controlling synthesis of the Lewis
antigens (37-39).

Since H.pylori is naturally competent for the uptake of
chromosomal DNA and plasmid DNA, when more than one
iceAl strain is present in the gastric mucosa, horizontal
exchange may occur. In such an exchange, an alternative way
for H.pylori to repair iceAl mutations and restore Nlalll-like
activity is to acquire DNA from strains with the entire gene or
complementary regions by gene conversion. However,

restriction—modification systems are highly diversified
among various H.pylori strains (24,46—49) and form barriers
for transformation of DNA fragments between strains (50),
which would limit the frequency of such repair.

Overall, we have shown that iceAl of CH4 is a functional
Nlalll-like endonuclease gene and the iceAl gene of 60190
can be repaired to code a functional restriction enzyme. In a
majority of H.pylori strains, iceAl appears to be a degenerate
gene that was once part of an restriction-modification system.
However, expression of truncated iceAl, such as that from
strain J166, is up-regulated by contact with epithelial cells
(12). It remains to be determined whether iceAl plays a role
other than encoding a Nlalll-like endonuclease or not.
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