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Abstract

In this work, we studied the behaviours of urease in the presence of L-ascorbic acid (AA) and dehydroascorbic acid
(DHA) in different conditions. The inactivations of urease were carried out in an unbuffered and buffered system. We
show that in the unbuffered system AA inactivated urease in a biphasic manner by denaturation brought about by
AA-lowered pH. Further, we show that in the buffered system neither AA nor DHA themselves are inhibitors of urease.
The inhibitory action of AA and DHA was revealed in the presence of Fe** ions and most importantly, unlike reported
in the literature, it was found to be primarily mediated by H,0.,. The resulting inhibition by DHA-Fe*" consisted of
enzyme thiol oxidation and its effectiveness grew with increasing pH. The results may shed light on the roles of AA in
therapies applied in ureolytic bacteria infections, notably those with Helicobacter pylori.
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Introduction

Ureases are enzymes that catalyze the hydrolysis of urea,
ammonia, and carbonic acid being the final products
of the reaction'. The consequential characteristics of
their action are the product ammonia and the resulting
increase in pH. The enzymes are widely distributed in
nature among plants, fungi, and bacteria, some of the lat-
ter having profound medical implications. These result
from infections of the gastrointestinal and urinary tracts
where bacterial ureases serve as a virulence factor, giving
rise to peptic ulcer disease, gastric cancer and hepatic
coma in the former, and to kidney stone formation, cath-
eter encrustation and pyelonephritis in the latter. The
primary ureolytic bacterium infecting the intestinal tract
is Helicobacter pylori, whereas bacteria infecting the uri-
nary tracts are chiefly Proteus mirabilis and Ureaplasma
urealyticum. The pathological conditions provoked by
the bacteria are presently cured with antibiotics, but an-
other strategy to combat the bacteria that have recently
emerged is to incapacitate urease with use of inhibitors®

Although with different protein structures, ureases
share most of general, kinetic and inhibitory features.
A salient feature common to all ureases is the presence
of nickel(IT) ions in the active site, essential for catalytic

activity. Another important feature is the presence of
multiple cysteinyl residues in the enzymes bearing thiol
groups®. These are susceptible to a variety of reactions®?,
which canresult in enzyme inhibition. Most importantly,
the contention that ureases have a conserved active site
and consequently the same mechanism of catalysis, al-
lows the generalization of the results over all ureases
independent of their origin.

Ureases are inhibited by a number of compounds’,
including thiols®, hydroxamic acids®, amides and esters
of phosphoric acid’, phosphinic and thiophosphinic
acids', boric and boronic acids'**?, phosphate', heavy
metal ions?, bismuth compounds® and quinones’. Due
to their toxicity, however, only few of the compounds
classify as therapeutic agents under physiological con-
ditions. In this context, compounds of natural origin
may be of invaluable service, and one such compound
contemplated as having such potential is L-ascorbic acid
(AA) (vitamin C). The knowledge of AA inhibition of
urease is of importance for clarifying the roles the acid
plays in ureolytic bacteria infections and in the bacteria
eradication, especially in Helicobacter pylori infection
of the stomach, where vitamin C has been shown to be
intricately implicated.
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Helicobacter pylori, a gram-negative bacterium,
typically colonizes the mucosal lining of the stomach'>"".
Urease that the bacterium synthesizes in large quantities
(10-15% protein) is central to its survival in the hostile
acidic conditions, which is on account of the pH raised
by the ammonia resulting from urea hydrolysis. The con-
comitant damage it incurs to the host tissue gives rise to
chronic active gastritis, peptic ulcer disease and gastric
cancer. The roles and implications of AA in the infection
have been reported to include the following. In healthy
individuals the concentration of the acid in gastric juice
is in the range 50-400 uM, whereas with Helicobacter py-
loriinfection it drastically falls below 50 uM, frequently to
undetectable levels, which is due to the impairement of
the intragastric secretion'®. Consequent to this decrease,
the protective effect of vitamin C that consists of scav-
enging reactive oxygen and nitrogen species produced in
very high quantities during Helicobacter pylori infection,
is diminished, and this is believed to be responsible for
the observed increase in gastric cancer risk'. To coun-
teract this risk, a high intake of dietery vitamin C is highly
recommendable®*. Furthermore, it was demonstrated
that high doses of vitamin C afforded to reduce coloni-
zation of the bacterium in the gastric mucosa* or even
to eradicate the bacterium®. AA was also shown in vitro
to inhibit Helicobacter pylori growth® and urease activ-
ity*, the latter hypothetically by reducing Ni** ions in
the enzyme active site*. Noteworthily, it has now been
estimated that at least half the world’s population are
infected with Helicobacter pylori. Even though in most
individuals the infection is asymptomatic, ~10-20% of
the infected will utlimately develop peptic ulcer disease
and 1%, gastric cancer; hence the importance of urease
inhibition studies.

Chemical properties of AA

AA, the formula of which is C.H,O, (Scheme 1), is a sugar
acid with redox properties. As an acid it shows strength
comparable with the lower monocarboxylic acids, its pK,
for dissociation of the first hydrogen ion being 4.1 and
for the second, 11.8%. As a redox agent by contrast, AA
exhibits a dual nature®”?. First, it is best known for be-
ing an antioxidant with powerful reducing properties. In
vivo the properties are exploited at the cellular level for
scavenging reactive oxygen species (ROS), including su-
peroxide O,", hydroxyl «OH and hydrogen peroxide H,O,,
thereby providing protection to biomolecules against

HO 1) HO o
HO 0 HO 0
—2e,—H*

HO OH o} 6}

Ascorbic acid Dehydroascorbic acid

+ Hzo

oxidative damage. During the process (Scheme 1), AA is
initially oxidized to ascorbyl radical and further to its first
chemically stable oxidized form, dehydroascorbic acid
(DHA). This can be reduced back to AA or be irreversibly
hydrolyzed to 2,3-diketogulonic acid, which then is con-
verted primarily to oxalic and threonic acids among other
numerous five or less carbon species®. Second, AA also
has prooxidant properties, which are revealed when the
acid is oxidized in reactions catalyzed by transition metal
ions, notably cupric and ferric?”*%°. Itis because the met-
al ion-catalyzed oxidation promotes the generation of
ROS, paradoxically the same AA is known to destroy. The
model currently adopted for the process assumes that on
its oxidation AA reduces the metal ions Me™ — Me®™+,
which is accompanied by the generation of H,0,. Further,
the reduced metal ions react with H,0O, driving the for-
mation of hydroxyl radicals «OH via the Fenton reaction:
Me®-V*+ H,0,— Me™ + OH™ + «OH*?!, The resulting ROS
bring about inactivation of biomolecules by oxidation.

Urease activity and AA

Intriguingly, there is no consensus of opinion whether
at all, and if yes, how AA interacts with ureases. In the
early works the acid was reported to be a strong urease
inhibitor (IC_=5.7 pM) with the action prevented by
cysteine®. Later it was suggested that the inhibition was
due to a reaction of DHA with the enzyme thiol groups®.
DHA, however, was later proved not to be an inhibitor,
and instead it was proposed that the inhibition was pro-
voked by the presence of traces of Cu?* ions, which when
reduced by AA, formed an inhibitory product Cu,0*. In
refs. 32-33, the buffers applied were not specified. A sub-
sequent study performed in 0.7 M phosphate buffer pH
6.8%, showed that neither ascorbic (up to 1.1 mM), nor
dehydroascorbic or 2,3-diketogulonic acid themselves
were urease inhibitors, but that ascorbic and 2,3-dike-
togulonic acid inhibited the enzyme in the presence of
Cu?* (15.6 uM). The inhibition by AA was ascribed to the
reduction of Cu?** — Cu*, and the involvement of Cu* in
the inhibition could not be ruled out. Both cysteine and
glutathione protected the enzyme. In contrast to these
findings, in a more recent study of Helicobacter pylori
urease by electron microscopy and electrophoresis*, AA
was found to completely inhibit the enzyme at a concen-
tration of 2.8mM within 30min, and the authors sug-
gested a DHA-mediated mechanism. In another recent
work, where a *C-NMR screening for urease inhibitors
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Scheme 1. Oxidation of L-ascorbic acid
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was presented®, the inhibition of urease by AA in 70 mM
phosphate buffer pH 6.5 was determined to be noncom-
petitive with K=16.7mM (IC_=16.7mM). The reduc-
tion of Ni* ions at urease active site by AA or a covalent
modification of the protein by DHA were hypothesized as
mechanisms of this inhibition.

In view of these conflicting data, the aim of this work
was to present an overview of behaviours of urease in
the presence AA in different conditions to resolve the
question of AA inactivation of the enzyme. Given the
properties of AA, the inactivation was studied in an un-
buffered and buffered system. In the unbuffered system
the inactivation was compared with that by acetate buf-
fer of low pH. In the buffered system on the other hand,
the inactivation was studied at pH 7.2 in the absence and
presence of Fe* ions, and was further extended into the
inactivation study by DHA, also in the absence and pres-
ence of Fe* ions, the latter at different pHs. Being a much
weaker inhibitor of urease®, Fe* ions were chosen as a
catalyst in place of commonly applied Cu** ions to avoid
their interference with the activity of urease. The urease
inactivation results were correlated with UV-vis spectral
kinetic data recorded for AA and DHA conversion.

Materials and methods

Materials

Urease (from jack beans, type III, nominal activity
45 units/mg solid), urea (for Molecular Biology), D,L-
dithiothreitol (DTT), catalase (from bovine liver, activity
1340 units/mg solid), superoxide dismutase (SOD) (from
bovine erythrocytes, activity 3780 units/mg solid), AA and
DHA were from Sigma. Phosphate buffers 200mM with
pHs 6.2, 6.7, 7.2, 7.8, and 8.2 were prepared by adjusting
pH of phosphoric acid with a NaOH solution. Ultrapure,
deionized water obtained from a Simplicity 185 Millipore
water purification system (resistivity 18.2 MQ cm) was
used throughout. The measurements were performed at
ambient temperature (23+1°C) in a lab protected from
the sunlight. pH of the solutions was measured with a
pH-meter CX-731, Elmetron, Poland, and UV-vis spectra
were recorded with a Shimadzu UV-2100 spectrometer.
For the spectra the solutions had AA and DHA prepared
at concentrations 0.05mM and 0.71 mM, respectively. Of
note, AA and DHA solutions were always prepared fresh
immediately prior to the measurements.

Standard urease activity assay

The standard urease assay mixture contained 100 mM
urea in 20mM phosphate buffer pH 7.2, 1mM EDTA,
its volume being 20 mL. The reactions were initiated by
the addition of small aliquots of the enzyme-containing
(0.16 mg) solution. The assay was run for 5min and the
enzyme activity was determined by measuring the con-
centration of the ammonia released. For that samples
were withdrawn from the reaction mixtures and the
ammonia was determined by the colorimetric phenol-
hypochlorite method*.

© 2011 Informa UK, Ltd.
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Urease inactivations and residual activity
measurements

Urease was dissolved in a given solution at a concen-
tration of 0.8mg/mL. Equal volumes of the solutions
of urease and of an inactivating agent were mixed. The
mixtures were incubated with occasional stirring. During
the incubations, at time intervals 0.4mL aliquots were
transferred into the standard assay mixtures for enzyme
residual activity (RA) determinations. The residual ac-
tivities were normalized to the measured activity of the
control sample stored at the same conditions, and the re-
ported values are the means of atleast three independent
experiments. All the inactivation measurements were
done under aerobic conditions.

For the inactivation of urease by AA and DHA in a
buffered system, 200mM phosphate buffer was cho-
sen as the one capable of providing buffering to the
chosen concentration of AA and DHA (10 mM). For the
inactivations in the presence of Fe*" ions, a submaximal
noninhibitory concentration of 10 uM Fe** was applied
(ICSO,Fe3+:50 ”M)37‘

Inactivation by AA in an unbuffered system

Urease solution was prepared in 20 mM phosphate buffer,
pH 7.2, 1mM EDTA, and AA in water. The concentration
of AAin the incubation mixtures varied between 34.2 and
45.0mM. By contrast, for the inactivations by low pHs in
acetate buffer, urease was prepared in water with 1 mM
EDTA. The enzyme was incubated with 20mM acetate
buffer, 1 mM EDTA, of pHs between 4.18 and 4.34.

Inactivation by AA in a buffered system in the absence

and presence of Fe3* ions

For the inactivation study in the absence of Fe*"ions, ure-
ase and AA solutions were prepared in 200 mM phosphate
buffer, pH 7.2, 1 mM EDTA, the incubating concentration
of AA being 10 mM. By contrast, for the inactivation study
in the presence of Fe** ions, EDTA was omitted, and Fe®*
ions were added upon mixing the urease and AA solu-
tions, to form an incubating concentration of 10 pM.

Inactivation by DHA in a buffered system in the
absence and presence of Fe** ions

The same protocol as presented above for AA was used for
the inactivation study of urease by 10 mM DHA at pH 7.2
in the absence of Fe** ions. The inactivation study in the
presence of Fe*" ions on the other hand, was performed
at pHs 6.2, 6.7, 7.2, 7.8, and 8.2. For this study urease
and DHA solutions were prepared in 200 mM phosphate
buffer of respective pHs without EDTA. The incubating
concentration of DHA was always 10 mM. Fe*" ions were
added upon mixing urease and DHA, to have an incubat-
ing concentration of 10 uM.

Urease protection

In the urease protection experiments, in the final incu-
bation mixture of urease with protectors and inactiva-
tors, the concentration of urease was always 0.4 mg/ mL
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(like in the inactivation experiments). Following the
pre-incubation with a protector, an inactivator was added
and the mixtures were further incubated for the time that
was required to obtain a submaximal inactivation ob-
served in the absence of a protector, corresponding to a
RA of about 5-10%.

For the protection studies with DTT, urease was pre-
incubated for 10 min with excess DTT (5mM), followed
by mixing with an inactivator. Upon incubation of the
mixture the urease activity was assayed.

For the protection experiments with catalase and SOD,
few crystals of the enzymes were added to the initial ure-
ase solutions, followed by the addition of an inactivator.
The mixtures were incubated and urease had its activity
determined.

Reactivation of the inactivated urease
Reactivation was carried out with DTT. For that urease
was incubated with an inactivator for different time in-
tervals, after which the incubation mixtures were further
incubated with excess DTT (2 mM). The activity recovery
of the enzyme was measured over time.

Results and discussion

Inactivation of urease by AA in an unbuffered system
The unbuffered conditions were established where ure-
ase, initially dissolved in dilute phosphate buffer pH 7.2,
was exposed to the action of different concentrations
of AA. The results are shown in Figure 1A in the form of
semi-logarithmic plots of RA versus time of enzyme incu-
bation. They demonstrate that the loss of urease activity
followed time- and concentration-dependent inactiva-
tion.

To account for this loss of activity, it was reasonable
to assume that the principal factor behind it was not AA
itself but the acidic conditions created by the acid. Com-
pared to other acids studied as urease inhibitors, such
as acetohydroxamic (pK,=8.7) and boric (pK,,=9.24)
that are weak acids and could be investigated in dilute
buffers®'>!, AA is a relatively strong acid (pK,, =4.1)*

A Ascorbic acid
4 -
=
c 34.2 mM, pH 3.66
2 —
] 38.0 mM, pH 3.61
42.0 mM, pH 3.56
0 45.0 mM, pH 3.52
T T T 1
0 40 80
Time, min

easily lowering the pH. Indeed, the pH measured in the
studied solutions had the acidic values between 3.52 and
3.66 (indicated in Figure 1A), that are the values lower
than ~4.5 below which urease is known to irreversibly
lose activity®. To ascertain this observation we repeated
the AA inactivation measurements in urease solutions
prepared at different initial pH from the range 6.2-8.2.
The inactivation always occurred at the same low pHs,
requiring in each case slightly lower or higher amounts
of AA relative to pH 7.2, to reach the inactivating values.

Further, to check if the AA-generated inactivation
of urease was purely pH-dependent, we performed the
inactivation of urease by low pHs in 20 mM acetate buf-
fer. The inactivation time courses are shown in Figure 1B.
They are similar to those of the AA-induced inactivation,
but intriguingly, the same amount of inactivation as in
AA was brought about here by higher pHs from the range
4.18-4.34.

The semi-logarithmic plots in Figure 1 demonstrate
that in both cases the inactivation consisted of two phas-
es, an initial fast phase followed by a slow phase, consis-
tent with a bi-exponential function of time*:

RA =(100—a)-e ! 4 q.e fon! (1)

where the contributions of the slow phases a to the over-
all process were estimated to be 63% in the AA-system
and slightly higher, 76%, in the acetate buffer.

In addition to the kinetic studies, we also observed
that both in the AA and acetate buffer inactivation, the
presence of DTT neither protected urease nor restored its
activity after inactivation, thereby excluding the involve-
ment of enzyme thiol groups in the process. This test was
done because, due to different reactivities of the groups,
thiol targeted inactivation of urease often shows as bi-
phasic*4!,

Similar to our results, a bi-phasic inactivation by
pH 4.5 and 4.8 was observed for pigeonpea urease in
50mM Tris-acetate buffer at 37°C*2. The contributions
of both phases, however, were found ~50% and, unlike
in the present study, the inactivation was ascribed to the
modification of enzyme thiol groups. In another work,

B Acetate buffer

In RA

pH 4.34

pH 4.31

pH 4.18 XpH 4.23
0 . , . |

0 40 80
Time, min

Figure 1. Time courses of urease inactivation (semilogarithmic plots of residual activity (RA) versus incubation time) by: (A) AA in
unbuffered system, and (B) acetate buffer. The RA values are reported as percent of the control activity.
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where the role of EDTA in promoting the inactivation
at low pH was examined, which incidentally is an effect
that we did not observe at zero and 1 mM EDTA, a mono-
exponential inactivation by pH 3.5-4 was suggested for
jack bean urease in 0.1 M acetate buffer at 0°C*.

From the observations collected it follows that in the
unbuffered system AA inactivated urease in a manner
similar to that of acetate buffer, primarily by denaturation
of the enzyme by low pH. This pH, however, was found
lower in the AA solutions than in the acetate buffer. A
similar effect was reported for Helicobacter pylori ure-
ase*, where the HCI unbuffered system inactivated the
enzyme at lower pHs than citrate buffer. Figure 2 presents
the dose-response curves for 20 min incubation observed
in both studied systems, with the pH, corresponding
to 50% reduction in enzyme activity, being 3.8 for AA
and 4.4 for acetate buffer. Given different compositions
of the inactivating solutions it might be viewed that at
least in part responsible for this difference was the ionic
strength of the solutions. This for the AA solutions was
calculated to be around twice that for the acetate buf-
fer, for instance for 45mM AA, I=0.016 M, whereas for
the acetate buffer with pH 4.18, I=0.007 M. Importantly,
higher ionic strengths are known for being conducive to
the refolding of proteins under acidic conditions. Among
various proteins®, this effect was also reported for jack
bean urease*® where the presence of salts was found to
induce the formation of the refolded urease intermediate
with the stability nearly equal to that of the native protein
against denaturation. It may therefore be partly for this
reason that the AA solutions required lower pHs than
the acetate buffer to inactivate urease to the same extent.
There may also be other reasons, which, however, cannot
be resolved with the present results.

Given the observations that to counteract the acid-
ity of AA, comparatively concentrated buffers are
required, e.g. 200mM phosphate for 10mM AA, the
inactivation of urease observed in some previous

80 —

Acetate buffer

Figure 2. Dose-response curves for 20 min incubation observed
in: (A) AA unbuffered solutions, and (B) acetate buffer.

© 2011 Informa UK, Ltd.
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reports, most likely was denaturation rather than the
true inhibition by AA**%.

Inactivation of urease by AA in a buffered system in
the absence and presence of Fe3* ions

Having established that in the unbuffered systems AA
inactivates urease by denaturation consequent on the
lowering of pH, to further examine if AA itself is a urease
inhibitor, we chose the conditions that could assure the
buffering to the AA-urease mixtures over prolonged incu-
bation times. Such conditions were provided by 200 mM
phosphate buffer. This buffer will be further used in all
experiments with AA and DHA.

The results of the inactivation study of urease by
10mM AA in the buffered system pH 7.2, 1mM EDTA,
are presented in Figure 3. AA appeared to be a very weak
urease inhibitor, whose slow inhibitory action developed
not sooner than after K10 h of incubation, the half-life of
inactivation, ., being 90 h. The results are strongly sug-
gestive that it is not AA itself that provokes the inactiva-
tion, but a product of its conversion, and that the product
is also a weak inhibitor. To see if this is DHA, an immedi-
ate product of AA oxidation, we recorded the inactivation
time course of urease by DHA in the same conditions
(Figure 3). The time course shows an onset of inactiva-
tion at 3h incubation, and a half-life of 56 h, proving that
to inactivate urease DHA must also undergo conversion.
Importantly, the inactivations by AA and DHA performed
in the presence of catalase showed that in these very long
processes catalase afforded some protection of urease
activity from the loss. This observation is consequential
in that it supports the participation of H,0, in the process
that, although non-metallic conditions were assured by
using ultra-pure deionized water and EDTA, could be
generated in the mixtures by the presence of some trace
transition metal ions.

The observed kinetics of urease inactivation was
correlated with the kinetics of AA and DHA conversion

100

Time, h

Figure 3. Time courses of urease inactivation (residual activity
(RA) versus incubation time) by 10mM AA and DHA in buffered
system (200mM phosphate buffer pH 7.2) in the absence and
presence of 10 pM Fe®* ions. The RA values are reported as percent
of the control activity.
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recorded in UV-vis spectra between 500 and 200nm.
AA is known to show a well defined absorption band at
265nm at neutral pHs, corresponding to ascorbate?4",
whereas DHA has little absorbance above 220nm*"*.
The absorbance change at 265 nm is, therefore, often em-
ployed to monitor the oxidation of AA and the reduction
of DHA. The latter, however, may be disturbed, which
is on account of the enigmatic properties and functions
of DHA, much less known than those of AA*%"%, The
chemical activity of DHA and related products that form
from DHA are still not well defined, and effectively, it is
never clear what exact species are present in experiments
where DHA has been added. It was reported that in such
cases the numerous products included AA produced in
significant amount by reduction of DHA, and also other
acids resulting from 2,3-diketogulonic acid, in addition
to oxalic and threonic acids, also lyxonic and xylonic
acids produced by decarboxylation, and importantly, L-
erythroascorbic acid, a product of a spontaneous conver-
sion of DHA". An important feature of L-erythroascorbic
acid is that like AA it absorbs light at 265nm. Thus the
presence of the above products may significantly inter-
fere with DHA-related experiments, which is especially
true if the studies depend on changes in absorbance at
265nm and in pH. This may account for the disturbances
seen in this study for instance in Figure 4B where the
absorbance at 265nm recorded for DHA conversion in
200 mM phosphate buffer pH 7.2 did not level off at zero
after 40h, and also in Figure 7B where a decrease in pH
recorded for DHA conversion in the presence of Fe** in
20mM phosphate buffer, although slower, was bigger in
value at pH below 7 than above 7.

The representative UV spectra of AA and DHA record-
ed during their conversions in 200 mM phosphate buffer
pH 7.2, are presented in Figure 4, and the correspond-
ing kinetic curves of the change in absorbance at 265nm
over time, in the insets. Figure 4A shows that AA disap-

A g
So08
&
Ascorbic acid g 0.4
200+ qessssssssssstenteny
< o0 10 20
0.8 — 0.h Time, h
8 7 0.5h
c
@
o)
%]
Q
< ]
2h
0.0 T T T 7 T i
240 280 320 360

Wavelength, nm

peared from the solution by auto-oxidation during 5h,
which corresponds to the first initial time interval with
no impact on urease. In the same conditions DHA also
underwent degradation (Figure 4B). The 265nm band
first rose during 4h, corresponding to the subsequent
time interval with no impact on urease, to later decrease,
and it was within this time that the inactivation of urease
began (Figure 3). It may therefore be suggested that to in-
activate urease, it takes AA overall as much time as need-
ed for its oxidation to DHA and for DHA to be converted
to further products, altogether ~10h. The correlations
prove that neither AA nor DHA are the direct inactivators
of urease and that the slow inactivation of the enzyme is
provoked by a common product generated in the course
of AA oxidation downstream of DHA, possibly ROS, H,O,
included.

To check this possibility we performed the same in-
activations in the presence of Fe** ions. A concentration
of 10 uM Fe** was chosen as submaximal noninhibitory
for urease*. As can be seen from Figure 3, the addition
of Fe** considerably speeded up the reactions, the half-
lives of the inactivations being now 18h and 2h for AA-
Fe** and DHA-Fe* systems, respectively. In a separate
experiment we also observed that the activity of urease
was protected by catalase practically entirely (98 %) from
the inactivation by AA-Fe* and in 82% by DHA-Fe*, this
being strongly supportive of the involvement of ROS in
the process, notably H,0,*?*%. To clarify the mechanism
of these inactivations we further examined the quickest
system, urease-DHA-Fe®".

Inactivation of urease by DHA in the presence of Fe3*
ions

The inactivation of urease in 200mM phosphate buf-
fer by 10mM DHA in the presence of 10 pM Fe*" was
studied at five pHs from the range 6.2-8.2. The results
are shown in Figure 5A, where RA of urease is plotted

£
€12
o)
©
N
Dehydroascorbic acid g 0.6
2
[
2
e 00 T T 1
Q
< o0 20 40
1.2 h Time, h

Absorbance

Wavelength, nm

Figure 4. Representative UV-vis spectra of: (A) AA, and (B) DHA during their conversions in 200 mM phosphate buffer pH 7.2, 1 mM EDTA.
The insets present kinetic curves of the change in absorbance at 265 nm over time.
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against incubation time. The inactivation rate appeared
to be pH-dependent, the higher was the pH the faster
was the process. All the inactivation curves are sigmoidal
in shape. The presence of an initial lag phase before the
inflection point in the curves implies a built-up of an in-
hibitory species with the true inactivation of the enzyme
occurring after the inflection point. When presented in
semi-logarithmic plots, In RA versus time (Figure 5B), the
time courses show that after the inflection point the inac-
tivations obeyed a mono-exponential decay, from which
the rate constants k, were obtained. The rate constants
progressively 1ncreased at increasing pH values, as pre-
sented Figure 6.

To check if this correlates with the rate of the decom-
position of DHA, we monitored the DHA-Fe** systems
at 265nm. The results are presented in Figure 7A. They
reveal that DHA in the presence of Fe** decomposed at
a rate that increased with increasing pH and that the ap-
preciable decomposition was seen at pH higher than 7.
Ateach pH the 265 nm absorbance initially rose to further
be reduced, hence indicating the formation of AA which
subsequently underwent decomposition. Independently
we measured the pH of the DHA-Fe* systems over time
in 20mM phosphate buffer selected to allow the pH to be
changed in the systems. As shown in Figure 7B, the pH of
all the solutions decreased over time consistent with the
formation of acidic compounds. The decomposition was
favored by higher pH values and the systems again could
be grouped into those fast- and slow-decomposing above
and below pH 7, respectively.

To further explore the mechanism of urease inactiva-
tion by DHA-Fe** we performed the following experi-
ments: (i) protection of urease with catalase and SOD,
(ii) protection of urease with DTT, and (iii) reactivation of
the inhibited urease with DTT.

i. The protection with catalase, a H,0,-decomposing
enzyme, and SOD, an enzyme that catalyzes the
breakdown of superoxide radical anions, was done
to asses if these were ROS produced from the degra-
dation of DHA in the presence of Fe** that brought
about the inactivation of urease. The results are

Time, min

In RA

ii.

ii

—-
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presented in Figure 8. It turned out that whereas
SOD was hardly effective in preventing the inactiva-
tion (3-7% protection), catalase prevented the inac-
tivation of urease by about 71-84 % in the solutions
of pH between 8.2 and 6.2. Catalase and SOD alone
had no effect on urease. The experiments thus sug-
gest that for the inactivation of urease observed in
the DHA-Fe*" system, responsible are ROS, chiefly
H,0,, the oxygen radicals playing a negligible role.
Importantly, the inhibitory potency of H,O, toward
urease was evidenced previously*'. The inactivation
by H,0, in phosphate buffer pH 7.8 was found to
be time- and concentration-dependent following a
first-order kinetics with the inactivation rate constant
equal to k£ =0.114min"". Consequently, the results of
catalase and H,0, experiments are supportive of the
hypothesis that oxidation is the mechanism of urease
inactivation. The oxidation is brought about mainly
by the DHA-Fe**-generated H,0,, which accounts for
a specific behaviour of AA and DHA in the inhibition
of urease in the presence of Fe* ions disparate from
that in the absence of the metal ions.

The DTT protection experiments that consisted of
the pre-incubation of urease with excess DTT prior to
the addition of DHA and Fe®**, showed that DTT at a
concentration of 5mM afforded complete protection
of urease. The action of DTT in the pre-incubation
mixture apparently consisted of its covalent binding
to urease thiol groups thereby protecting them from
the interactions with the inactivator. This is an impor-
tant observation in that it points to the thiol groups
as those exclusively involved in the inactivation of
the enzyme. The action of DTT could also be that of
arresting the inactivating system through reducing
DHA to AA and Fe** to Fe?*.

.The reactivation of urease inhibited by DHA-Fe*,
with excess DTT, is presented in Figure 9. The ad-
dition of 2mM DTT at different times during the
incubation of urease with DHA-Fe*, was found to
reactivate ~50% of the lost activity in each case. This
may mean that as a result of urease interactions with

4%,)

000

pH 8.2

0 200
Time, min

400

Figure 5. Urease inactivation by 10 mM DHA in the presence of 10 pM Fe®* in 200 mM phosphate buffer at pHs in the range 6.2-8.2; (A) time
courses RA versus time, and (B) semi-logarithmic plots of RA versus time. The RA values are reported as percent of the control activity.
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DHA-Fe*, thiol groups in urease were oxidized in
two different ways, 50% of them could be reactivated
with DTT, the remaining part being modified in a way
that could not be reversed by the reaction with DTT.
Given the fact that thiol (-SH) groups undergo oxida-
tion that first leads to sulfenic acid (-SOH) that can be

0.06 —

0.04

Kops, 1/min

0.02

0.00 . , . , .
6.0 7.0 8.0

pH

Figure 6. Effect of pH on rate constant of urease inactivation by
10mM DHA in the presence of 10 uM Fe** ions.
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reduced back to -SH by DTT, and further to sulfinic
(-SO,H) and sulfonic acid (-SO,H) whose oxidation
cannot be reversed by DTT?, it seems reasonable to
suppose that in the inactivation by DHA-Fe** 50% of
urease thiol groups were oxidized to sulfenic acid
and another 50%, to sulfinic and sulfonic acids.

Taken together, the results of the above experiments
imply that the inactivation of urease in the DHA-Fe*
system consisted of generation of ROS, notably H,0, that
oxidized the enzyme thiol groups. Apparently, half of the
groups were oxidized to sulfenic acid and the remaining
half, most likely, to further thiol oxidation states. The gen-
eration of H,0, was favored by pH values above 7.

Concluding remarks

Previous studies on the effects of AA on urease yielded
conflicting results ranging from strongly inhibitory*
through moderately inhibitory*** to entirely nonin-
hibitory®*. The discrepancies may be due to the choice
of experimental conditions in which the inhibition was
studied, including different unbuffered or bufferred sys-
tems, and the presence or absence of metal ions, such
as Cu* that are known for their interference both with

0 400 800 1200 1600
Time, min

Figure 7. Kinetic curves of DHA decomposition in the presence of Fe** ions at different pHs in the range 6.2-8.2: (A) change in absorbance

at 265nm (27°C), and (B) change in pH in 20 mM phosphate buffer.
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Figure 8. Protection of urease by catalase (grey) and SOD (black)
against inactivation by DHA-Fe®*.
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Figure 9. Reactivation of (DHA-Fe*)-inhibited urease by DTT
(pH 8.2).
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AA and urease. As a result, different mechanisms of AA
interactions with urease were hypothesized, including
DHA-modification of the protein**3¢, AA-reduction of
Ni?* ions in the urease active site®>*¢, some reactions re-
sulting from the reduction of Cu* by AA%, and finally the
reactions of Cu** and Cu* with urease®**.

In this work, we showed that in the unbuffered system
AA inactivated urease by denaturation brought about by
AA-lowered pH. Further we showed that in the buffered
system neither AA nor DHA inhibited urease. Their in-
hibitory action, weak by AA and stronger by DHA, was re-
vealed in the presence of Fe* ions and most importantly,
unlike previously reported in the literature, it was found
to be primarily mediated by H,O,. Thiol groups of urease
appeared to be the target of this inhibition, as observed
in some previous reports®***, but the reaction involved
was determined to be the oxidation. Its effectiveness in
the DHA-Fe* -urease system was found to grow with in-
creasing pH.

The results collected in this work clarify the behav-
iours of urease in the presence of AA. If they may be of
practical value under physiological conditions in ther-
apeutic suppression of ureolytic bacteria apparently
requires further considerations. For instance, in the
conditions of the Helicobacter pylori-infected stomach,
low pH-inactivation of urease by denaturation may be
limited by the fact that the pH adjacent to the bacteria
in the stomach is maintained close to neutrality. The
prooxidant activity of AA- and DHA systems, by con-
trast, to be effective requires the presence of free metal
ions (Cu*, Fe**). These, however, in the human body
primarily occur bound to proteins. Iron for instance,
is essential in the human body and its overall concen-
tration is comparatively high, but it is almost entirely
complexed with proteins, such as ferritin, transferrin
or hemoglobin, hence practically unavailable for the
catalysis of ROS generation. Ascorbate can, however,
under certain conditions release iron from some of
these complexes by reduction. Then under the condi-
tion of iron availability, the locally increased pH, such
as the one around Helicobacter pylori in the stomach,
would facilitate the inactivation of urease. The exact
biological implications of these findings and consid-
erations, however, for urease-producing bacteria and
their possible eradication remain to be established.
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