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The Morphological Transition of Helicobacter pylori Cells from Spiral
to Coccoid Is Preceded by a Substantial Modification of the Cell Wall

KATYSSULLA COSTA,"** GEROLD BACHER,* GUNTER ALLMAIER,* MARIA GLORIA D}OMINGUEZ-BELLO,5
LARS ENGSTRAND,*? PER FALK,*” MIGUEL A. b PEDRO,'* anxp FRANCISCO GARCIA-peEL PORTILLO'

Centro de Biologia Molecular “Severo Ochoa”, CSIC-UAM, Facultad de Ciencias, Universidad Autéonoma de Madrid,
28049 Madrid, Spain'; Institute for Analytical Chemistry, University of Vienna, A-1090 Vienna, Austria®; Laboratorio
de Fisiologia Gastrointestinal, Centro de Biofisica y Bioquimica, IVIC, Caracas 1020, Venezuela’; and Swedish
Institute for Infectious Disease Control, SE-17182 Solna,* Department of Medical Epidemiology,
Karolinska Institute, SE-17177 Stockholm,® Department of Medicine, Karolinska Institute,

SE-17176 Stockholm,® and Department of Molecular Biology,

ASTRA Hiissle AB, SE-43183 Molndal,” Sweden

Received 13 January 1999/Accepted 14 April 1999

The peptidoglycan (murein) of Helicobacter pylori has been investigated by high-performance liquid chro-
matography and mass spectrometric techniques. Murein from H. pylori corresponded to the Aly chemotype,
but the muropeptide elution patterns were substantially different from the one for Escherichia coli in that the
former produced high proportions of muropeptides with a pentapeptide side chain (about 60 mol%), with Gly
residues as the C-terminal amino acid (5 to 10 mol%), and with (1—6)anhydro-N-acetylmuramic acid (13 to
18 mol%). H. pylori murein also lacks murein-bound lipoprotein, trimeric muropeptides, and (L-D) cross-linked
muropeptides. Cessation of growth and transition to coccoid shape triggered an increase in N-acetylglucosami-
nyl-N-acetylmuramyl-L-Ala-p-Glu (approximately 20 mol%), apparently at the expense of monomeric mu-
ropeptides with tri- and tetrapeptide side chains. Muropeptides with (1—6)anhydro-muramic acid and with

Gly were also more abundant in resting cells.

Helicobacter pylori colonizes the human stomach and estab-
lishes a chronic infection associated with an inflammatory re-
sponse of the gastric epithelium. A subpopulation of infected
individuals develop peptic ulcer disease (3, 10, 28). In addition,
H. pylori has been recognized as a risk factor for gastric ade-
nocarcinoma (12, 34). There appears to be no substantial res-
ervoir of H. pylori aside from the human stomach (6).

H. pylori cells growing actively in vitro are curved rods which,
after prolonged incubation, evolve into metabolically active but
nonculturable coccoid cells (2, 4, 33). In the stomach mostly
spiral-shaped bacteria are found, but coccoid cells have been
observed in the more severely damaged regions of the gastric
mucosa (8, 21). The recent isolation of H. pylori from the feces
of adults and children implicates a fecal-oral transmission (13).
The coccoid cells may be a persistent form in which H. pylori
can exist in the environment (6). If the coccoid form could
replicate after ingestion by humans, as recently shown for a
murine animal model, they could be instrumental for H. pylori
infection (1, 7, 47). Under the electron microscope coccoid
cells appear as U-shaped bacilli with both ends joined by a
membranous structure (2, 8). The morphological transition is
the result of a global physiological change involving drastic
modifications in metabolic activity (2, 9, 31, 32, 44).

Paradoxically, the involvement of the cell wall, the primary
bacterial morphogenetic element (20), in this transition has not
been studied in detail. Structural modifications of the cell wall
could play a role in H. pylori pathogenesis, in particular if cell
wall fragments were released. Liberation of peptidoglycan
(murein) fragments may trigger inflammatory and arthropathic
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processes (17, 22, 24, 41, 45, 48, 49). Furthermore, murein
fragments are capable of highly specific interactions with par-
ticular host cell types, as exemplified by Bordetella pertussis
tracheal cytotoxin [N-acetylglucosaminyl-(1—6)-anhydro-N-
acetylmuramyl-L-Ala-D-Glu—(y)-meso-diaminopimelyl-D-Ala]
(16, 25, 26), which leads to destruction of infected ciliated
tracheal cells in whooping cough (18, 19). An identical toxin,
released by Neisseria gonorrhoeae, promotes ciliated-cell-spe-
cific damage in the fallopian tube mucosa (29, 30).

Gram-negative bacteria are presumed to have structurally
homogeneous cell walls (43). However, application of high-
resolution techniques demonstrated numerous variations of
the common basic structure (11, 38). The structural variations
could be in part responsible for the specific biological activities
of cell wall fragments from different bacteria. Therefore, a
detailed investigation of the structural evolution of the H.
pylori cell wall throughout the morphological transition from
spiral to coccoid has been undertaken.

MATERIALS AND METHODS

Bacterial strains and growth conditions. For studies of spiral-shaped bacteria
H. pylori NCTC 11637 was grown overnight in brucella broth (Difco, Detroit,
Mich.) supplemented with 0.8 p.g of amphotericin B ml™!, 5 pg of trimethoprim
ml~ !, and 10% fetal bovine serum at 37°C in an atmosphere of 10% CO,
obtained with CampyPak Plus envelopes (Becton Dickinson Microbiology Sys-
tems). To obtain coccoid bacteria, cultures were left for 15 days under the same
conditions. The identity of H. pylori was confirmed by characteristic urease and
catalase activities. Purity of cultures and bacterial morphology were routinely
confirmed by optical microscopy of Gram-stained samples. Escherichia coli
MC6RP1 (37) was grown in Luria-Bertani medium at 37°C (23).

Murein preparation, HPLC analysis, and purification of muropeptides. Bac-
terial cultures were slowly dropped onto an equal volume of a boiling solution of
8% sodium dodecyl sulfate under strong magnetic stirring and further processed
for high-performance liquid chromatography (HPLC) analysis as described pre-
viously (40). Muramidase (Cellosyl; Hoechst, Frankfurt am Main, Germany)-
digested samples were analyzed by HPLC according to the method of Glauner
(14) on a Hypersil ODS18 reverse-phase column (250 mm by 4 mm; 3-pm
particle size; Teknochroma, Barcelona, Spain). Muropeptides were detected by
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monitoring the A,y and, when required, collected individually at the UV detec-
tor outlet. Purified muropeptides were vacuum dried, resuspended in MilliQ
water (Millipore), and desalted by HPLC as described previously (40).

Amino acid analysis. Samples for amino acid analysis were subjected to acid
hydrolysis in 6 N HCI for 12 h at 105°C, vacuum dried, resuspended in an
appropriate volume of MilliQ water, and further processed for ortho-phthaldi-
aldehyde pre-column derivatization and HPLC analysis as described previously
(40).

Galactosylation of purified sacculi. Sacculi (100 to 200 pg) were sedimented
(at 100,000 X g for 10 min) in a TL-100 ultracentrifuge with a TL-100.3 rotor
(Beckman Instruments Inc., Palo Alto, Calif.), resuspended in an equal volume
of 20 mM MnCl,-100 mM morpholinepropanesulfonic acid (MOPS), pH 7.4,
and subjected to galactosylation of the terminal N-acetylglucosamine residues
with UDP-galactose and cow milk galactosyl transferase (Sigma, St. Louis, Mo.)
(40). Galactosylated sacculi were further processed for muramidase digestion
and HPLC analysis as described above.

MALDI-MS. Positive- and negative-ion MALDI mass spectrometry (MALDI-
MS) analyses were performed in the linear mode on a Kompact MALDI IV
time-of-flight instrument (Shimadzu Kratos Analytical, Manchester, United
Kingdom) equipped with a delayed-extraction device and a nitrogen laser. Mass
spectra were obtained by signal averaging of 50 consecutive laser shots. The
thin-layer sample preparation technique was applied by using a saturated matrix
solution of a-cyano-4-hydroxycinnamic acid in acetone. Matrix solution (0.5 )
was deposited into a target well and followed by crystallization under atmo-
spheric pressure at room temperature. Each lyophilized peptidoglycan fraction
was redisolved in 10 pl of water and diluted (1:10) if required. Sample solution
(0.5 pl) was deposited onto the crystallized matrix layer. After unforced solvent
evaporation took place, the dried samples were washed on the MALDI target
wells with 2 pl of cold water to remove low-mass, water-soluble impurities.

RESULTS

HPLC analysis of H. pylori murein. Murein samples (200 to
300 pg) from spiral H. pylori cells, 15 day-old coccoid H. pylori
cells, and E. coli MC6RP1 cells were muramidase-digested,
and the solubilized fractions were further processed for amino
acid and muropeptide HPLC analyses. The results indicated
that H. pylori and E. coli mureins are made up of the same
amino acids; meso-diaminopimelic acid (mDAP), Glu, and
Ala. More than 99% of the total mDAP in the samples was
recovered in the soluble fractions, indicating an essentially
complete solubilization of murein. The HPLC muropeptide
elution profiles for H. pylori and E. coli murein samples were
very distinct (Fig. 1), indicating substantial differences in mu-
ropeptide composition. Several of the major H. pylori mu-
ropeptides were not present in significant amounts in E. coli
(peaks 3,5, 7,9, and 10 to 15 in Fig. 1), whereas in H. pylori no
peaks were detectable at the positions corresponding to the E.
coli lipoprotein-bound, (Lb)-mDap-mDap cross-linked, and
trimeric major muropeptides (peaks B, C, and F, respectively,
in Fig. 1) (27).

No qualitative differences were observed between the elu-
tion profiles for spiral- and coccoid-cell mureins. However,
important quantitative variations were evident, in particular in
a group of three peaks with retention times corresponding to
the monomeric muropeptides N-acetylglucosaminyl-N-acetyl-
muramyl-L-Ala-D-Glu—('y)-mDap-p-Ala, N-acetylglucosami-
nyl-N-acetylmuramyl-1-Ala—D-Glu—(y)-mDap-b-Ala—Gly, and
N-acetylglucosaminyl-N-acetylmuramyl-L-Ala-D-Glu of E. coli
(peaks 2, 3, and 4 in Fig. 1) (27).

Identification of individual muropeptides from spiral and
coccoid cells by MALDI-MS. The substantial differences ob-
served in muropeptide elution patterns made a direct identi-
fication of H. pylori muropeptides imperative. This was per-
formed by positive- and negative-ion MALDI-MS of the
individual muropeptides purified from murein of both spiral
and coccoid cells, as in previous instances (36, 39). The sodi-
ated molecules of the major murein monomers and dimers
could be detected as dominating ions in the positive-ion, linear,
delayed-extraction mode (Fig. 2A). More complex sodium ad-
duct ions—[M+2Na-H|", [M+3Na-2H]", [M+4Na-3H]|",
and [M+5Na-4H]"—were formed due to incomplete desalt-
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FIG. 1. HPLC elution patterns of murein samples purified from spiral and
coccoid H. pylori cells. Muropeptide mixtures were analyzed as described in the
text, and the A, of the eluent was monitored. A murein sample from E. coli was
analyzed under identical conditions for comparative purposes. Numbers in H.
pylori panels identify corresponding peaks in both spiral and coccoid cell samples.
Muropeptides shown in the E. coli panel correspond to the basic structure
N-acetylglucosaminyl-N-acetylmuramyl-L-Ala—D-Glu—(y)-mDap-R,R,, where
R, and R, are substituents at the L-carboxy and p-amino groups of mDap,
respectively. R; and R, for the muropeptides shown are as follows: A, R; =
—D-Ala, R, = —H; B, R; = —Lys-Arg, R, = —H (Braun’s lipoprotein anchor-
ing muropeptide); C, R; = N-acetylglucosaminyl-N-acetylmuramyl-L-Ala-p-
Glu-(p-Ala)mDap<, R, = —H; D, R; = N-acetylglucosaminyl-N-acetylmu-
ramyl-L-Ala-D-Glu-mDap-p-Ala<—, R, = —H; E, R; = N-acetylglucosaminyl-
N-acetylmuramyl-L-Ala-p-Glu-(D-Ala)mDap-p-Ala<—, R, = —H; F, R, =
N-acetylglucosaminyl-N-acetylmuramyl-L- Ala-b-Glu—(p- Ala)mDap-p- Ala <,
R, = N-acetylglucosaminyl-N-acetylmuramyl-L-Ala-p-Glu-mDap-p-Ala—.

ing. Sensitivity was significantly higher in the negative-ion
mode than in the positive-ion mode. The negative-ion mass
spectra exhibited ions of the type [M-H]|  as the most abun-
dant peaks (Fig. 2B), although ions of the type [M+nNa-
(n+1)H] (n = 1 to 4) were detected, too. Furthermore, in
both ion modes the loss of a neutral water molecule (18 mass
units) and an acetyl group from the base peak was detected
with a significant abundance (Fig. 2). To deduce the putative
muropeptide structures, experimental relative molecular mass
values were compared to values calculated for murein frag-
ments made up of the amino acids detected in the murein and
the amino sugars N-acetylglucosamine and N-acetylmuramic
acid or its (1—6)anhydro derivative, found in the glycan
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FIG. 2. Molecular ion region of the positive- and negative-ion MALDI mass
spectrum of fraction 7 from murein of spiral H. pylori cells. (A) The positive-ion
mass spectrum exhibited complex adduct ions at m/z 1945.0 (calculated m/z,
1945.9), 1966.9, 1989.0, 2011.1, and 2033.0, corresponding to [M+Na]*,
[M+2Na-H]", [M+3Na-2H]*, [M+4Na-3H] ", and [M+5Na-4H] " ions, respec-
tively. (B) In the negative-ion mass spectrum, a similar complex adduct ion
pattern ([M+Na-2H]~, [M+2Na-3H] ", [M+3Na-4H] ", and [M+4Na-5H]")
was observed, but with the deprotonated molecule [M-H]~ (found m/z, 1921.0;
calculated, m/z 1921.9) as the base peak.

strand-terminating muropeptides (anhydro-muropeptides) (15,
27, 38, 40).

More than 80% of the total material in H. pylori chromato-
grams was identified by MALDI-MS. The results confirmed
the same basic structure for H. pylori and E. coli mureins
(chemotype Aly), with N-acetylglucosaminyl-N-acetylmu-
ramyl-L-Ala-D-Glu-(y)-mDap-p-Ala-p-Ala as the basic mono-
meric subunit (Table 1) (43). Components eluting at equal
retention times upon HPLC separation corresponded to iden-
tical muropeptides in H. pylori and E. coli. The more promi-
nent peaks in H. pylori murein corresponded to muropeptides
with a pentapeptide side chain terminated with either p-Ala (5,
9,10, and 15 in Fig. 1 and Table 1) or Gly (3 and 7 in Fig. 1 and
Table 1). Muropeptides with (1—6)anhydro-muramic acid res-
idues were also among the dominant peaks (10 to 15 in Fig. 1).

Evolution of muropeptide composition throughout the spi-
ral-coccoid morphological transition of H. pylori. Murein pu-
rified from H. pylori cultures of increasing age was subjected to
HPLC analysis, and the relative abundance of muropeptides
for each sample was calculated according to the method of
Glauner et al. (15). Cell morphology in each culture was
checked by optical microscopy. After the second day of incu-
bation coccoid cells started to accumulate, and by the fourth
day no spiral cells could be observed. The muropeptide com-
position for each sample is shown in Table 1.

J. BACTERIOL.

The prevalence, in both spiral and coccoid cells, of mu-
ropeptides with a pentapeptide side chain was remarkable.
More than 50% of total muropeptides retained the canonical
D-Ala-D-Ala dipeptide, and an additional 5 to 10% had p-Ala—
Gly as the terminal dipeptide. The proportion of Gly-contain-
ing muropeptides doubled rapidly when cells went into the
stationary phase of growth, while the proportion of p-Ala-
terminated ones decreased moderately (Table 1).

Anhydro-muropeptides were exceptionally abundant (13 to
18 mol%) and hyper-cross-linked (about 90% cross-linkage) in
H. pylori murein. The abundance of muropeptides with anhy-
dro-muramic acid and pentapeptide side chains led to the
accumulation of two muropeptides (anhydro-disaccharide pen-
tapeptide and the cross-linked dimer disaccharide tetrapep-
tide-disaccharide pentapeptide with one anhydro-muramic
acid residue [peaks 10 and 15 in Fig. 1]) which, to our knowl-
edge, had not been detected in other bacteria. Shape transition
had a notable influence on the proportion of anhydro-mu-
ropeptides, which increased sharply by about 30% (from 14 to
18 mol%) once active growth stopped (Table 1).

Cross-linkage was similar in spiral and coccoid cells (around
30%), although it was slightly lower in actively growing than in
resting cells (Table 1). Cross-linked anhydro-muropeptides ac-
counted for about one-half of the total cross-linkage, and their
contribution was apparently independent of the morphological
transition.

Galactosylation of H. pylori sacculi. Incubation of sacculi
with milk galactosyl transferase and UDP-galactose under ap-
propriate conditions results in the specific galactosylation of
the N-acetylglucosamine residues at the terminus of glycan
strands (40, 42), allowing the identification of N-acetylglu-
cosaminyl terminal muropeptides. A sample of purified sacculi
from 15-day-old coccoid cells was divided into two identical
aliquots. One aliquot was subjected to galactosylation, while
the second was spared as a reference. After galactosylation
both aliquots were muramidase digested and analyzed by
HPLC. The proportion of galactosylated muropeptides was
estimated from the reduction in peak size. Dimeric anhydro-
muropeptides were the most susceptible to galactosylation.
After the reaction, 45% of the anhydro-dimers were galacto-
sylated, whereas only 27% of nonanhydro-dimers and 3% of
monomers were modified. Therefore, about one-half of the
cross-linked anhydro-muropeptides contain a glycan strand-
terminating N-acetylglucosamine residue.

DISCUSSION

High-resolution analysis confirmed that H. pylori murein was
of the Aly chemotype (43) but had a unique muropeptide
composition. Compared to other gram-negative bacteria,
cross-linkage of H. pylori murein was similar in extension but
simpler, as it was exclusively mediated by (DD)-D-Ala—mDAP
cross-linked dimers. The elevated proportion of glycan chain-
terminating anhydro-muropeptides implied a short mean
length for glycan strands (5 to 7 disaccharide units). Therefore,
very short (1 to 3 disaccharides) strands must be abundant. The
very high cross-linkage of anhydro-muropeptides (80 to 88%)
and murein galactosylation results suggested the presence of
unit-length cross-linked muropeptides in sizable amounts
and/or an extensive head-to-tail cross-linking of short strands.
Unit-length cross-linked muropeptides cannot interconnect
adjacent peptidoglycan strands and therefore cannot contrib-
ute to the strength of the sacculus. On the contrary, a number
of very short strands cross-linked head to tail could eventually
connect distant, long strands and therefore become an integral
part of the stress-bearing structure (Fig. 3). The abundance of
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TABLE 1. Analysis of murein purified from H. pylori cells at different stages of the spiral-coccoid morphological transition

Relative abundance of muropeptide (mol%)” in
indicated cells at time

Relative molecular mass for [M-
H]™ molecular ions (Da)”

Muropeptide(s)? Proposed structure® Measured in: Spiral® Coccoid®
Calculated - -
(avg) Scpelﬁ:l szﬁz 4 syo1om 2 days 4 days 7days 15 days
1 NAG-NAM-Ala-Glu-mDap 869.85 870.3 869.7 8 2 2 2 2 2
2 NAG-NAM-Ala-Glu-mDap-Ala 940.93 941.4 9412 13 6 7 5 5 5
3 NAG-NAM-Ala-Glu-mDap-Ala-Gly 997.98 998.4 998.7 5 7 9 9 9 8
4 NAG-NAM-Ala-Glu 697.67 697.5 697.8 3 13 15 19 18 17
5 NAG-NAM-Ala-Glu-mDap-Ala-Ala 1,012.01  1,012.6 1,012.0 41 37 30 32 33 36
6 NAG-NAM-Ala-Glu-mDap-Ala 1,794.79  1,795.6 ND 2 2 2 1 1 1
NAG-NAM-Ala-Glu-mDap
7 NAG-NAM-Ala-Glu-mDap-Ala 1,921.91  1,921.0 1,922.0 1 2 2 2 2 1
NAG-NAM-Ala-Glu-mDap-Ala-Gly
8 NAG-NAM-Ala-Glu-mDap-Ala 1,864.80  1,865.4 1,864.1 5 5 5 5 4 5
NAG-NAM-Ala-Glu-mDap-Ala
9 NAG-NAM-Ala-Glu-mDap-Ala 1,935.94  1,935.6 1,936.9 8 9 9 7 7 7
NAG-NAM-Ala-Glu-mDap-Ala-Ala
10 NAG-(an)NAM-Ala-Glu-mDap-Ala-Ala 991.98 994.0 ND 3 2 2 1 2 1
11" NAG-[(an)NAM]-Ala-Glu-mDap-Ala 1,773.76  1,775.0 ND 1 1 1 1 1 1
NAG-[NAM]-Ala-Glu-mDap
128 NAG-[NAM]-Ala-Glu-mDap-Ala 1,773.76  1,776.9 ND 1 1 1 1 1 1
NAG-[(an)NAM]-Ala-Glu-mDap
13" NAG-[(an)NAM]-Ala-Glu-mDap-Ala 1,844.83  1,845.2 1,846.3 3 4 5 5 5 5
NAG-[NAM]-Ala-Glu-mDap-Ala
144 NAG-[NAM]-Ala-Glu-mDap-Ala 1,844.83  1,845.4 1,848.2 2 2 3 3 3 3
) NAG-[(an)NAM]-Ala-Glu-mDap-Ala
15 NAG—[(an)NAM]—Ala—Glu—mD@la 1,91591 19174 1916.2 4 7 7 7 7 7
NAG-[NAM]-Ala-Glu-mDap-Ala-Ala
Monomers 73 67 65 68 69 69
Dimers 27 33 35 32 31 31
Anhydro 14 17 19 18 19 18
Dipeptide 3 13 15 19 18 17
D-Ala-D-Ala 56 55 48 47 49 51
D-Ala-Gly 6 9 11 11 11 9

¢ Relative molecular mass values for NaBH,-reduced muropeptides purified from spiral- and coccoid-cell murein. Measurements of the relative molecular mass for
the sodiated molecular ions [M+Na]" (not shown) confirmed the results presented in the table. Spiral cells were taken from a 5-h-old culture; coccoid cells were taken
from a 15-day-old culture.

b Calculated as described by Glauner et al. (20).

¢ More than 95% of the cells had the indicated morphology.

4 Numbers correspond with peaks in Fig. 1. In the lower part of the table, muropeptides are grouped according to structural similarity. Monomers, monomeric
muropeptides (1 to 5 and 10); dimers, cross-linked muropeptides (6 to 9 plus 11 to 15); anhydro, muropeptides with (1—6)anhydro-muramic acid (10 to 15); dipeptide,
muropeptides with dipeptide side chain (4); p-Ala-p—Ala, muropeptides with a pentapeptidic side chain terminated in p-Ala-p-Ala (5, 9, 10, and 15); p-Ala-Gly,
muropeptides with a pentapeptidic side chain terminated in p-Ala-Gly (3 and 7).

¢ Muropeptides best fitting the relative molecular masses measured by MALDI-MS. Abbreviations: NAG, N-acetylglucosamine; NAM, N-acetylmuramic acid;
(an)NAM, (1—6)anhydro-N-acetylmuramic acid.

/Culture in the exponential phase of growth.

& Culture in the early (4 h) stationary phase of growth.

" Muropeptides 11 and 12 and muropeptides 13 and 14 are position isomers for the (1—6)anhydro-N-acetylmuramic acid residue relative to the peptide bridge. The
alternative positions for (an)NAM and NAM residues are shown in brackets.

‘ Presumably an unresolved mixture of two position isomers as for muropeptides 11 and 12 and muropeptides 13 and 14. The alternative positions for (an)NAM and
NAM residues are shown in brackets.

muropeptides with D-Ala- and Gly-terminated pentapeptide
side chains could be due to the absence of LD- and DD-car-
boxypeptidases, as reported for Caulobacter crescentus (27).
Misincorporation of Gly instead of p-Ala by p-Ala-D-Ala li-
gases has been postulated as the origin of Gly-containing mu-
ropeptides in E. coli (15). Sacculi from H. pylori were appar-
ently devoid of covalently bound lipoproteins, which play an
important role, anchoring the outer membrane to the sacculus
in other gram-negative bacteria (5). Muropeptide analysis

therefore indicated that H. pylori has a relatively simple murein
compared to those of other gram-negative bacteria.

Analysis of murein from cells undergoing morphological
transition revealed substantial variation in muropeptide pro-
portions. The accumulation of dipeptide monomers and a con-
comitant reduction in tri- and tetrapeptide monomers consti-
tuted the most dramatic modification (Table 1). The results
suggest that activation of a (y)-glutamyl-diaminopimelate en-
dopeptidase leads to massive conversion of tri- and tetrapep-
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FIG. 3. Alternative models accounting for the high proportion in cross-linked anhydro-muropeptides susceptible to galactosylation. (A) Single anhydro-disaccharide
units are cross-linked to nearby long glycan strands. Muropeptides with this configuration do not contribute to the physical strength of the sacculus. (B) Short strands
(two disaccharide units) are head-to-tail cross-linked to each other, connecting longer strands. In this configuration very short chains could effectively contribute to the
strength of the sacculus. Muramidase digestion would release equal amounts of galactosylated, anhydro-cross-linked dimers in both instances. The models shown in

both panels could coexist.

tide monomers into dipeptide monomers, as previously ob-
served in sporulating Bacillus sphaericus (46). Thus, the
accumulation of disaccharide-dipeptides appears to be a result
of convergent evolution between the distantly related bacteria
H. pylori and B. sphaericus in the genesis of resistant forms, i.e.,
coccoid cells and endospores, respectively. The proportions of
anhydro-muropeptides and Gly-terminated muropeptides also
increased significantly in coccoid cells with respect to spiral
ones, as did cross-linkage to a lesser extent.

The changes observed above speak of an important modifi-
cation of the sacculus associated with the morphological tran-
sition. Nevertheless, time course analysis showed that varia-
tions in cross-linkage and anhydro-muropeptides were more
likely linked to the transition in the state of growth, as shown
for E. coli (35), than to the transition in morphology. In both
cases the values after 4 h in the stationary phase remained
essentially constant for up to 15 days. In contrast, the plateau
value for accumulation of dipeptide monomers was only
reached when most cells (>95%) were coccoid, indicating a

connection with the change in shape. Muropeptide composi-
tion was essentially stable from the time coccoid cells became
predominant (day 4) and remained so for at least 11 more days.
In summary, H. pylori murein has a unique muropeptide
composition and undergoes substantial modifications, requir-
ing the activation of specific enzymes, when cells stop active
growth and become committed to morphological transition.
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