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Helicobacter pylori Extracts Exhibit Nicotinamide Adenine Dinucleotide-derived
Adenylation but Not Moeno(adenosine 5'-diphosphate-ribosyl)ation of DNA Ligase
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The issue of toxins produced by Helicobacter pylori (H. pylori) urgently requires clarification given
that the bacterium causes gastric epithelial cell damage which may lead to precancerous and cancerous
changes. During an investigation of the possibility of mono(adenesine 5'-diphosphate (ADP)-ribosyl)-
ation by H. pylori products, as observed for other bacterial toxins, we found that radioactivity of
[adenylate-**P]nicotinamide adenine dinucleotide (NAD) is incorporated into an H. pylori protein of
80 kDa after incubation with crude bacterial extract. In contrast, [carbonyl-*C]NAD did not show
any radioactivity incorporation. Unexpectedly, treatment of the modified protein with 0.1 N HCI, but
not 0.1 N NaOH, released the AMP moiety. Such chemical properties are characteristic of bacterial
DNA ligase-AMP complexes. We found that an antibody raised against Escherichia coli DNA ligase
[EC 6.5.1.2] immunoprecipitated the modified 80 kDa protein. Our results indicate that incorporation
of radioactivity derived from NAD into the 80 kDa protein was due to adenylation, but not mono-
(ADP-ribosyl)ation, of the DNA ligase of H. pylori.
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Helicobacter pylori (H. pylori) is now recognized as a
factor responsible for development of gastric and duode-
nal ulcers, chronic gastritis, atrophic gastritis, intestinal
metaplasia and gastric cancer."® There are various
strains of H. pylori, differing greatly in their virulence.
Two genes are known to be involved in the production of
toxins; one is vacd, coding for a protein which causes
vacuolar degeneration in gastric epithelial cells,” while
the other is picB/cagE, which is associated with induc-
tion of interleukin 8 in gastric epithelial cells, and is 50%
homologous with the gene for the protein of Bordetella
pertussis (B. pertussis), transporting its toxin.>® Many
bacterial toxins including B. pertussis toxin” and diphthe-
ria toxin,*® have been shown to modify host cellular
proteins by mono(adenosine 5'-diphosphate (ADP)-
ribosyl)ation. In the course of experiments to clarify
whether mono(ADP-ribosyl)ation reaction is involved
in the pathogenesis of H. pylori, as with other bacteria,
we found that radioactivity of [adenylate-**P]nicotin-
amide adenine dinucleotide {NAD), but not [carbonyl-
H¥CINAD, is incorporated into an 80 kDa protein (p80)
in H. pylori crude extracts. The acid-labile but alkali-
resistant property of this modification is consistent with

¢ To whom correspondence and reprint requests should be
addressed.

that of the bacterial DNA. ligase-AMP complex."” Im-
munoreactivity of the modified p80 with an antibody
against Escherichia coli (E. coli) DNA ligase indicates
that the NAD-derived modification involves adenylation
of DNA ligase in H. pylori, rather than mono(ADP-
ribosyl)ation. Given the importance of epithelial cell
damage caused by H. pylori infection, leading to chronic
gastritis, precancerous and cancerous changes,” this
finding could be of great significance.

We first prepared extracts of six strains (8570, 8687,
MT, 12205, NO and HI} of H. pylori, isolated from
Japanese patients, and examined the incorporation of
radioactivity from NAD. The bacteria were grown on
agar plates (Nikken Biomedical Lab., Kyoto) containing
109% bovine bloed in a microaerobic atmosphere at 37°C.
Liquid culture was done in brucella broth (Difco Lab.,
Detroit, MI) containing 9% horse serum (Gibco BRL,
Gaithersburg, MD). After centrifugation, H. pylori cell
pellets were suspended in a buffer containing 50 mM
Tris-HCl (pH 7.5), 1 mM EDTA, 10 pg/ml leupeptin
and 1 mM phenylmethylsulfonyl fluoride and sonicated
in ice-water, then centrifuged at 100,000g for 20 min at
2°C. Supernatants were used for the incorporation of
NAD radioactivity according to the mono(ADP-
ribosyl}ation assay of B. pertussis toxin.'"” Briefly, reac-
tions were carried out for 30 min at 37°C in a total
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Fig. 1. Incorporation of NAD-derived radioactivity into a protein in H. pylori crude extracts. A, H. pylori crude extracts (50
g protein) from six clinical isolates were subjected to reaction with [adenylate-*P]NAD and analyzed by 109% SDS-PAGE.
Lane 1: without extract, lanes 2-7: with extracts from six H. pplori sirains (2: 8570, 3: 8687, 4: MT, 5: 12205, 6: NO, 7: HI). B,
[adenine-*C]NAD and [carbonyl-*C]NAD were each used for the reaction with an extract (50 ug protein aliquots) from
strain MT.
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Fig. 2. Enzymological and chemical sensitivity of the [adenylate-P]NAD-derived moiety of H. pylori p80. A, After incuba-
tion of H. pylori extract (strain MT) with [adenylate-"P]NAD, the reaction mixture was treated either with thermolysin or
nuclease P] and then subjected to SDS-PAGE (1: no addition, 2: 12 pg of thermolysin, 3: no addition, 4: 2.5 ug of nuclease P
1). B, After the reaction with the strain MT extract and fractionation on SDS-PAGE, protcins were transferred ioc PVDF
membranes and the membranes at the position of p80 were cut out. They were subjected to various chemical and enzymological
treatments in 20 ¢l reaction mixtures at 25°C [lane 1] or 37°C [lanes 2-10] for 1 h; lane 1,2: 0.1 N HC, 3: 0.1 N NaOH, 4: 0.1
M NH:NH,, 5: 0.1 M NaCl, 6: 0.1% trifluoroacetic acid, 7: methanol, & 1 M NaCl, ¢: 1 M NH,OH, 10: 10 mM HgCl, 11:
0.08 units of snake venom phosphodiesterase I. Following the treatments, portions of the reaction mixtures were spotted onto
PEl-cellulose and developed with buffer (0.1 M LiCl, 3 M acetic acid, 3 M urea). TLC was performed with reference
compounds, 5-AMP and ADP-ribose, in each lane. The position of phosphoribosyl AMP (PR-AMP) was determined by
digestion of poly{ ADP-ribose) with snake venom phosphodiesterase I.
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volume of 100 #] containing 50 mM Tris-HCI (pH 7.5),
20 mM thymidine, 5 mM DTT, 1 £M [adenylate-**P]-
NAD (800 Ci/mmol, New England Nuclear, Montreal,
Canada) and 50 pg protein of H. pylori crude extract.

[Adenine-““C]NAD or [catbonyl-“C]NAD was used in-

stead of [adenylate-**P]NAD in some experiments as
described. After adding 300 ¢l of 0.2% sodium dodecyl-
sulfate (SDS) to stop the reaction and removal of unin-
corporated NAD by filtration through Centrisalt C4
(Sartorius, Germany), the supernatants were subjected
to 5209 gradient SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE). Dried gels were then analyzed with an
image analyzer, BAS2000 (Fuji Film, Tokyo). As shown
in Fig. 1A, strong incorporation of [adenylate-*P]NAD
radioactivity was detected with all the extracts of six
different strains at approximately 80 kDa. Incorporation
of radioactivity was similarly observed at 80 kDa with
[adenine-"*C]NAD (220 mCi/mmol, Amersham, Bucks.,
UK), but not with [carbonyl-"*C]NAD (30-62 mCi/
mmol) (Fig. 1B), suggesting that the NAD-derived mod-
ification of the 80 kDa substance involves the adenylate
portion of NAD rather than the carbonyl residue of
nicotinamide in NAD. As shown in Fig. 2A, the radioac-
tive band proved to be sensitive to protease and thermo-
lysin, but not nuclease P1, indicating that the 80 kDDa
substance is a protein, not a nucleic acid.

To examine further whether the incorporation of
radioactivity from NAD was the result of mono(ADP-
ribosyl)ation, the chemical and enzymologic stability of
the product was analyzed. After reaction of [adenylate-
2PINAD with crude extract from strain MT, proteins
were blotted onto polyvinilidene difluoride (PVDF)
membranes (Millipore, Tokyo) and the portions bearing
. the 80 kDa protein were cut out and subjected to various
treatments as shown in Fig. 2B. The compounds released
from p80 afier these treatments were analyzed by poly-
ethyleneimine (PEI) thin-layer chromatography (TLC).
As 0.1 M or 1 M NaCl and methanol did not elute any
radioactivity (lanes 5, 7 and 8), the possibility of non-
covalent binding was ruled out. The [adenylate-**P]-
NAD-derived radioactive modification was quite sensi-
tive to acidic treatment (0.1 N HCl or 0.1% triflucro-
acetic acid, lanes 1, 2 and 6), but resistant to alkaline
treatment (0.1 N NaOH, lane 3). This property pre-
cluded the possibility of mono(ADP-ribosyl)ation on
arginine residues,'? although the modification on p80 of
H. pylori is sensitive to neutral hydroxylamine and snake
venom phosphodiesterase I, as is the case for mono-
(ADP-ribosyl)ation of arginine,. When the membrane
was treated with 3.3 g of purified recombinant ADP-
ribosylarginine glycohydrolase,'” no radioactivity was
released (data not shown). The observed acid-sensitive
and alkali-resistant properties of the modification are
characteristic of DNA ligase-adenylate intermediates.'®

DNA Ligase-adenylate Complex in I, pylori
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Fig. 3. Immunoprecipitation (IP) of modified p80 from an
H. pylori exiract by antibodies against E. coli DNA ligase.
After the reaction using strain MT extract (50 g of protein)
and [adenylate-"P]NAD, immunoprecipitation was carried
out with either 5 ¢l of antiserum against E. coli DNA ligase
or 5 z1 of non-immune serum (lane 1: before immunoprecipita-
tion, lane 2: immunoprecipitation with non-immune serum,
lanes 3, 4: immunoprecipitation with antiserum against E. colf
DNA ligase raised in a Balb/c mouse (lane 3) or a C3H
mouse (lane 4)}.

The size of the modified protein, 80 kDa, is comparable
to that of E. coli DNA ligase. Bacterial DNA ligase is
well known to incorporate AMP moieties, resulting in an
adenylated form."™ When we carried out an NAD-incor-
poration experiment using purified recombinant E. coli
DNA ligase, distinct incorporation of radioactivity from
[adenylate-*P]NAD was observed at 80 kDa, as in the
case of H, pylori extracts (data not shown).

-To confirm that the modified protein was an H. pylori
DNA ligase-adenylate complex, we raised polyclonal
antibodies in mice against purified recombinant E. coli
DNA ligase (Takara, Kyoto). After incubation of
[adenylate-P]NAD and strain MT extract, immunopre-
cipitation analysis was carried out with polyclonal serum
against purified E. coli DNA ligase or normal mouse
serum as a control. Fig. 3 shows the results of SDS-
PAGE of the immunoprecipitated proteins. The radio-
labeled 80 kDa protein was specifically immunoprecipi-
tated by antiserum against DNA ligase.
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Taking all these results into consideration, we con-
clude that the modified 80 kDa protein in H. pylori
extracts is a DNA ligase-adenylate intermediate, not a
mono{ ADP-ribosyl)ation product. Recently Miyake et
al. reported similar incorporation of [adenylate-*P]-
NAD into a similarly sized H. pylori protein.'® The sensi-
tivity of the modification to hydroxylamine and phospho-
diesterase I treatment corresponds well with their results.
However, the acid-labile and alkali-resistant feature of
the medification of p80 shown here is in complete dis-
agreement with their observation of alkali-lability point-
ing to arginine-specific mono(ADP-ribosyl )ation.

It has been shown that the linkage between lysine
residues in DNA ligase and AMP is due to formation of
acid-labile phosphoramidate bonds.'* ' As shown in Fig.
2A, snake venom phosphodiesterase I could release AMP
from the modified p80 of H. pylori. When E. coli DNA
ligase-adenylate was treated with phosphodiesterase I,
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AMP release was similarly detected. However, it is not
clear yet whether the phosphoramidate linkage is sensi-
tive to phosphodiesterase I or whether some other un-
known mechanisms may be involved. Further character-
ization of the modification of p80 is in progress.
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