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Abstract Peptide assimilation by Helicobacter pylori was
investigated using L-phenylalanyl-3-thia-phenylalanine (PSP)
as a detector peptide; the release of thiophenol upon enzymatic
hydrolysis of PSP was spectrophotometrically detected with
the aid of 5,5-dithiobis[2-nitrobenzoic acid] (DTNB). By adding
PSP to whole-cell suspension, thiophenol was produced
progressively, resembling that found in Esherichia coli or
Staphylococcus aureus. Interestingly, the rate of thiophenol
production by H. pylori in particular was markedly reduced when
cells were pretreated with trypsin, indicating surface exhibition
of peptidase. According to the competitive spectrophotometry
using alanyl-peptides, H. pylori did not appear to assimilate
PSP through the peptide transport system. No discernible PSP
assimilation could be ascertained in H. pylori cells, unless
provided with some additives necessary for peptidase activity,
such as Ni*" or Mg™ and an appropriate concentration of
potassium or ammonium salts. These observations strongly
suggest that, regardless of a presumptive peptide transport
system, peptide assimilation of H. plori appears to be highly
dependent upon milieu conditions, due to unique peptidase
exhibition on the cell surface.
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Microorganisms can directly assimilate small peptides via
di- or oligopeptide permeases [6]. Since their specificities
of the peptide side-chain composition are relatively low,
transport of normally impermeant compounds may greatly
be facilitated if they are incorporated into peptides [7, 15].
In fact, many examples of both natural and synthetic
peptide prodrugs elaborating this indication have been
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reported |5, 14, 22]. However, chemotherapeutic effectiveness
of peptide prodrugs is thought to depend on the extent of
their competition with nutrient peptides [24]. Elucidating
the properties of peptide assimilation by individual pathogens
is, therefore, necessary before developing peptide prodrugs.

H. pylori persistently colonizes human gastric mucosa
and is considered to be a major risk factor causing various
gastric diseases such as gastritis, peptic ulcer, and stomach
cancer [3, 16, 18]. This bacterium is unique, in that most of
the energy required for cellular metabolism are not provided
from glycolysis, but rather exclusively from the unusual
Kreb’s cycle using amino acids as the major fuel [17, 23].
Nonetheless, many of the amino acids can not be provided
by H. pylori itself [21], indicating an absolute dependence
of nitrogen source from the host. Considering the probable
impact of endothelial homeostasis of amino acids for tissue
health, the rate of amino acid deprivation by H. pylori may
be critical for destining the life-span of the host cells. More
importantly, the resultant net production of ammonia [2]
would be contributory to maintain ammonium clouds
surrounding this bacterium, it has been considered as a
unique bacterial property in relation to pathogenesis [1, 11,
13]. Meanwhile, the recent analysis of the complete genomic
sequence strongly suggests that H. pylori may possess a
peptide transport system [4]. Unexpectedly, however, H.
pvlori has been shown to be insensitive to peptide prodrugs
(our observation). We, therefore, were interested in how
this bacterium assimilates small peptides.

Dealing with intact H. pylori cells in vitro is not easy, because
of the high vulnerability of the cell envelope systems [10].
Accordingly, a chromogenic mimicry of diphenylalanine
[8] was employed, which made the assay possible using
intact H. pylori cells without disruption [19]. In practice,
peptide assimilation is determined by measuring the
amount of thiophenol in the medium; at neutral pH
conditions, thiophenol cannot be transported, but is readily
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extruded from bacterial cells [9]. For comparison, E. coli
and S. aureus were also examined.

H. pylori ATCC 49503 was inoculated onto a brain heart
infusion medium containing 5% virus-free horse serum
(pH 6.8) and incubated for up to 2 days, as described
previously [12]. To avoid any microbial contamination, an
antibiotic mixture (1.5 mg vancomycin, 3.5 mg colistin,
and 6 mg nystatin per liter) was supplemented to the
medium. E£. coli and S. aureus strains were aerobically
grown overnight at 37°C using the Luria medium (1% bacto
peptone, 0.5% yeast extract, and 1% NaCl; pH 7.0) [25].

As mentioned previously, bacterial peptide transport systems
lack side chain specificity. Accordingly, we anticipated
that PSP [8] would exert anti-H. pylori effect if H. pylori
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Fig. 1. Determination of thiophenol production from PSP.

(A) PSP-assimilating capacity of bacterial intact cells. Fresh cells were
washed twice with saline solution, and then suspended to a turbidity of 0.2
O.D. at 660 nm in 50 mM HEPES-KOH or PBS, pH 7.4, for /. pylori and
control strains, respectively. To the whole-cell-suspension (0.98 mi) placed
in a 1-cm light-path cuvette was added 10 ul of 10 mM DTNB. Reaction
was initiated by the addition of 10 pul of 5mM PSP, and monitored
spectrophotometrically using UV2101PC (Shimazu, Japan). Symbols used:
®, H pylori; ¥, E. coli; B, S. aureus. (B). Thiophenol production from
PSP by intact cells and extracellular peptidase. Total peptidases washed
out from cells were reacted with PSP for 20 min and compared with
the data of (A). Abbreviation; HEPES, N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonate.

possesses a relevant transport system. Our preliminary.
data, however, have shown that this bacterium would be
resistant to PSP. This finding posed the question of whether
peptide transport system is indeed present in this organism.
To elucidate this, we determined directly the PSP uptake
by intact bacterial cells. By incubating whole cells of H.
pylori with PSP in the presence of DTNB, it was found
that thiophenol was produced progressively, having a short
time-lag period at the beginning. Such phenomena were
also observed in E. coli or S. aureus (Fig. 1A). The initial
low rate of thiophenol production was likely due to the fact
that the suspended system needs a certain period of time
to achieve saturation kinetics. As presented in Fig. 1B,
peptidase pools between the intact cells and washed-out
fractions were compared: Substantial amounts of peptidases
were present at cell surfaces of all strains, indicating that
peptides may be assimilated in part as hydrolyzates during
bacterial growth. To elucidate whether PSP is taken up by
a carrier-mediated transport system, the peptidase-removed
bacterial cells were treated with 1% chloroform; by this
treatment, polar molecules in general are freely diffused across
the cell membrane. As predicted, chloroform treatment of
bacterial cells did not affect their ability of PSP assimilation,
implicative of PSP’s mediated transport. Trypsin treatment
also did not affect PSP assimilation by E. coli or S. aureus
cells, but a marked reduction of the PSP-assimilating capacity
was seen in H. pylori cells (Fig. 2). This phenomenon
infers that, unlike the above control strains, a large trypsin-
sensitive pool may uniquely reside on H. pylori’s cell surface,
perhaps being responsible for peptide hydrolysis. Dipeptides
have been shown to selectively inhibit PSP transport through

05

0.D. at 412 nm

0.0 r T v T v v
0 5 10 15 20 25 30 35

Time (min)

Fig. 2. Effect of organic and enzymatic pretreatment of H.
pylori cells on PSP assimilation.

H. pylori cell-suspensions (A, =0.2; 50 mM HEPES-KOH, pH 7.4)
containing trypsin (1 mg/ml) or chloroform (1.5% in final conc.) were
incubated for 30 min at 37°C, and then centrifuged (9,000 xg for 10 min).
The resulting cell pellets were carefully washed using a hand homogenizer
before assay. Symbols used: @, H. pylori control; ¥ H. pylori treated with
trypsin; B, H. pylori treated with chloroform.



Table 1. Inhibitory effect of alanyl-peptides on bacterial PSP
assimilation.
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Table 2. Comparison of medium compositions for bacterial PSP
assimilation.

Percent inhibition for PSP assimilation

"Relative extent of PSP assimilation

Compositions - -
Ala (Ala), (Ala), (Ala), H. pylori E. coli S. aureus
H. pylori 17 18 47 20 HEPES-KOH 0.33 ND ND
E. coli NI 69 18 ND HEPES-KOH+Ni™* 1.00 ND ND
S. aureus NI 63 48 ND PBS 0.23 0.98 0.94
Bacterial celi-suspensions containing 0.05 mM PSP, 0.1 mM DTNB, and PBS+Ni* 0.52 0.22 0.59
50 mM of optimum buffers (pH 7.4) for individual strains (detailed buffer PBS+Mg™ 0.38 1.00 1.00
compositions are listed in Table 2 and Fig. 3) were incubated with or HEPES-Tris 0.06 0.43 0.91
without 0.1 mM each of competitor for 10 min at 37°C; in H. Pylori assay HEPES-Tris+Ni** 0.63 0.35 0.74
system, 0.1 mM NiCl, was added. NI, not irthibitory; ND, not determined. HEPES-Tris+Mg2* ND 039 ND

bacterial dipeptide transport systems [20]. This, in turn,
reflects that the specificities recognizing peptide length are
much narrower than that of cellular peptidase [8]. To show
the probable effect of surface peptidase on H. pylori’s peptide
transport, a comparative experiment was undertaken by
employing the competitive spectrophotometry [9] with
alanyl-peptides. As predicted, di-alanine selectively inhibited
PSP assimilation of both E. coli and S. aureus, but not that
of H. pylori (Table 1). The discrepancy in H. pylori is
interpreted to be due to nonspecific inhibition and signifies
that H. pylori does not fully adopt a peptide transport system
for assimilating such small peptides as PSP, but permits
perpetual action of peptidase on the surface to a great
extent. It was also found that H. pylori cells continuously
released corresponding peptidase, harvestable simply by cell
resuspension and centrifugation (9,000 xg, 10 min). During
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Fig. 3. Factors affecting thiophenol production from PSP by H.
pylori cells and cell-free extract.

Detailed conditions for thiophenol production from PSP were described
under the legend in Fig. 1. Cellular peptidase was isolated from whole cells
by sonic treatment and ultracentrifugation (see Ref. 25 for conditions).
Cells and cell-free extract were suspended or dissolved in 50 mM HEPES-
Tris, pH 7.4, and then reacted with PSP in the presence or absence of
0.1 mM NiCl, and/or 50 mM salts. Symbols used: Cell-free extract - @,
none; ¥, NiCl,; B, NiCl, plus NaCl; 4, NiCl, plus KCl. Intact cells - O,
none; v, NiCl,; (7, NiCl, ptus NaCl; <, NiCl, plus KCI.

*Data values are presented as the ratio of the degree of thiophenol
production relative to those observed at an optimum condition. Turbidity of
bacterial cell-suspensions; A, = 0.2. All buffers were 50 mM at pH 7.4.
Ni**, 0.1 mM; Mg™, 10 mM; PBS, phosphate buffer containing 0.7% NaCl.

or after enzyme harvest, the intracellular peptidase pool was
found to be almost constant (data not shown). Although
our understanding of what is beneficial to this bacterium
is beyond the present scope, versatile expression or
externalization of this peptidase may be conceivable in this
bacterium. Interestingly, both whole cells and cell-free extract
appeared to be identical for their requirements for PSP
hydrolysis and/or assimilation (Fig. 3). In fact, intact H.
pylori cells did not appear to assimilate PSP, unless the
peptidase was artificially activated; having the characteristic
of an apoenzyme, it was virtually inactive without extra
provision of heavy metals such as NiCl,, along with

~appropriate concentrations of K, but not Na'. All of these

requirements for peptidase action did not show any positive
effect on PSP assimilation by the other strains (Table 2). It
was remarkable that ammonium ions also served the same
effect as K, suggesting a somewhat differential environment
of H. pylori habitats in particular. These findings suggest
that the extent of peptide assimilation by H. pylori would
strongly depend on its surrounding circumstances, due to
robust peptidase across the cell wall.

In the course of this study on possible use of peptide
prodrugs against H. pylori, we found that this pathogen was
relatively insensitive to those prodrugs. In order to elucidate
the mechanism of the bacterial resistance, we studied the
characteristics of peptide assimilation using a chromogenic
dipeptide mimicry, PSP. As a result, PSP hydrolysis was
found to occur to a large extent before transport, due to
substantial surface coverage by peptidase. Some portion of
this enzyme pool could be removed by trypsin treatment,
suggesting its distinct association with the cell wall. During
a consecutive cropping of the enzyme by cell washing,
both surface and intracellular peptidase were found to be
constantly maintained. Such unique cellular distribution of
peptidase may be responsible for the bacterium to resist
peptide prodrugs in general. In addition, because of the
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presence of enzyme throughout the cellular compartments,
H. pylori should not be able to assimilate small peptides
unless peptidase is activated. Its nature of an apoenzyme
character should also be mentioned, raising the question of
its physiological role for this pathogen. Apart from this
uncertain point, it is apparent that a single ubiquitous
peptidase contributes to peptide assimilation by H. pylori,
regardless of its conceivable possession of a peptide
transport system, and the activity determines the rate of
peptide assimilation by this organism.
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