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Adenosine 5'-Triphosphate Synthesis Induced by Urea
Hydrolysis in Ureaplasma urealyticum
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Although considerable attention has been devoted to the urea-hydrolyzing
activity of Ureaplasma urealyticum, there is as yet no firmly established function
for this enzyme. Present results support the idea that its activity generates a
chemical gradient across the membrane which drives adenosine 5'-triphosphate
synthesis through a chemiosmotic type of mechanism.

The parasitic mycoplasmas are characterized
by a truncate electron transport chain lacking
quinones and cytochromes (5), which rules out
oxidative phosphorylation as a major ATP-gen-
erating system in these organisms. The only
proven ways so far for ATP generation in my-
coplasmas are those based on substrate-level
phosphorylation. In fermentative mycoplasmas,
ATP is formed during glycolysis (8), whereas in
nonfermentative mycoplasmas, the arginine di-
hydrolase pathway has been proposed as the
major source of ATP (7). The possibility that
ATP may be generated in some mycoplasmas,
such as the ureaplasmas, through the formation
of an ion gradient coupled to urea hydrolysis has
recently been suggested (3). This hypothesis
stems from the localization of urease and ATP-
ase in the cytoplasm and membrane, respec-
tively, of ureaplasmas (3, 6). At physiological
pH, urea is uncharged and presumably per-
meates the cell membrane freely. When hydro-
lyzed inside the cell, it yields C02 and ammonia,
which, at physiological pH, accepts a proton,
becoming the ammonium ion (NH4+). It is sup-
posed (3) that charged ammonium ions diffuse
very slowly across the membrane, producing an
ion gradient and a membrane potential which
drives ATP formation through membrane-
bound ATPase. We have subjected this hypoth-
esis to experimental control by testing whether
urease activity in ureaplasmas is actually cou-
pled to ATP formation.
The strain of Ureaplasma urealyticum stud-

ied was P 108. The organisms were grown, har-
vested as previously reported (6), washed twice
with 0.1 M sodium phosphate (pH 6.0), and
suspended in a small volume of the same buffer.
Protein was determined by the method ofLowry
et al. (2). ATP was measured by use of firefly
extract by the procedure ofCole et al. (1). Urease
activity was assayed by the disappearance of
[I4C]urea (60 mCi/mmol; Radiochemical Centre,
Amersham, England) from the reaction mixture

(6) and was not inhibited by N,N'-dicyclohexyl-
carbodiimide (DCCD), carbonyl cyanide-m-
chlorophenyl hydrazone (CCCP), valinomycin,
nigericin, triphenylmethylphosphonium ion, or
acetic acid. Washed Ureaplasma cells had no
detectable intracellular ATP.
As shown in Fig. 1, the addition of urea to

resting- Ureaplasma cells resulted in its hydrol-
ysis and in a rapid increase in the intracellular
level of ATP, followed by a somewhat slower
decline. The ATP peak level was attained after
60 s, and within 3 to 4 min, ATP concentration
returned to the starting level, whereas urease
activity still proceeded at a maxial rate. ATP
formation requires the concomitant activity of
both cytoplasmic urease and membrane-bound
ATPase. Thus, in cells exposed to either DCCD,
a specific inhibitor of ATPase, or acetohydrox-
amic acid, a specific inhibitor of urease, urea-
induced ATP formation was almost completely
suppressed (Fig. 2A and B).
According to the chemiosmotic hypothesis (4),

the synthesis of ATP occurs only when there is
a concomitant movement of protons into the
cells via ATPase. Therefore, ATP synthesis is
expected to be blocked or reduced by conditions
that provide alternate routes for proton entry.
In agreement with this prediction, it was found
that the treatment of Ureaplasma cells with
CCCP, which renders membranes highly perme-
able to protons, resulted in a consistent reduc-
tion of urea-induced ATP formation (Fig. 20).

Since the proton motive force consists of an
electrical component (A4) and a chemical com-
ponent (ApH), both of which can energize ATP
synthesis, we investigated the role of each in
urea-induced ATP formation by ureaplasmas.
The electrical component can be studied with
valinomycin, which mediates the electrogenic
movement of K+. In the presence of this sub-
stance, a countercurrent of potassium ions neu-
tralizes the membrane potential without inter-
fering with the pH gradient. Thus, if urea-in-
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FIG. 1. Effect ofurea hydrolysis on ATP synthesis

by U. urealyticum. Cells were washed, suspended in
0.1 M sodium phosphate (pH 6.0) at a final concen-
tration of 5()o pg of protein mhl, and incubated at
370C. After samples were removed for measurement
of zero-time ATP kvels, urea (83.3mM final concen-
tration) was added. At the indicated times, samples
were removed for the determination ofATP concen-
trations (0), urea hydrolysis (0), and extracellular
pH (Q).

duced ATP formation depends on a membrane
potential produced by NH4' diffusion across the
membrane, the addition of valinomycin in the
presence ofa large amount ofexternal K+ should
maintain the membrane potential of Urea-
plasma cells at a low value, thereby blocking or
reducing ATP synthesis. That is not the case,
since urea-induced ATP fonnation by Urea-
plasma cells exposed to 20 juM valinomycin in
the presence of 100 mM external K+ attained
the same levels as in control (unexposed) celLs.
The same results were obtained by exposing
Ureaplasma cells to 10 mM triphenylmethyl-
phosphonium ion, a lipid-soluble cation whose
uptake occurs in response to a AA' (data not
shown).

In contrast, severe reduction in ATP synthesis
was observed when urea-hydrolyzing celLs were
incubated at higher pH, a condition which is
expected to reduce the chemical potential differ-
ence across the membrane generated by ammo-
nia production inside the cell. By raising the
external pH from 6.0 to 7.5, ATP synthesis was
almost completely suppressed in spite of a slight
initial enhancement in urease activity (Fig. 3A).
This result indicates that urea-induced ATP
synthesis is very sensitive to the ratio of internal
to extemal hydrogen ion concentration and that
its optimum is attained when the external pH is
rather acidic. By asuming that ATP synthesis
is driven by a ApH, it should be expected that a
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FIG. 2. Effect of an ATPase inhibitor (DCCD), a
urease inhibitor (acetohydroxamic acid), or a proton-
conducting ionophore (CCCP) on urea-induced ATP
synthesis by U. urealyticum. Ureaplasma cells (500
pg ofprotein ml-) were suspended in 0.1 M sodium
phosphate (pH 6.0) and incubated at 37°C. After
samples were removed for measurement of zero-time
ATP levels, DCCD (0.1 mM final concentration) (A),
acetohydroxamic acid (50 mM final concentration)
(B), or CCCP (0.66 mM final concentration) (C) were
added. DCCD-treated cells were kept at room tem-
perature for 30 min before testing. Reaction was
started by addition ofurea (83.3mM final concentra-
tion). At the indicated times, samples were removed
for determination ofATP concentrations. DCCD and
CCCP were added from solutions containing, respec-
tively, ethanol and dimethyl sulfoxide so that the
final concentration ofboth solvents was 0.1%. Control
cells were treated in the same way, except that a
corresponding volume of ethanol or dimethyl sulfox-
ide was used. Symbols: 0, control cells; 0, treated
cells.
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FIG. 3. Influence of ApH on urea-induced ATP
synthesis by U. urealyticum. (A) Effect ofexternalpH.
Cells (500(jg ofprotein ml-) were suspended in 0.1 M
sodium phosphate at pH 6.0 (0) or pH 7.5 (0). (B)
Effect of acetic acid. Cells (500 pg of protein mil)
were suspended in 0.1 M sodium phosphate (pH 6.0)
with (0) or without (0) 200 mM acetic acid (final
concentration). (C) Effect of nigericin. Ureaplasma
cells were washed twice in 250 mM KCI containing
25 jAM valinomycin (final concentration) and su8-
pended in 0.1 M sodium phosphate (pH 6.0) and 20
mM acetohydroxamic acid and supplemented with
(0) or without (0) 20 nigericin (final concentra-
tion). Valinomycin and nigericin were both in ethanol
solution. The mixtures were incubated at 37°C, and
the reaction was started by addition ofurea (83.3mM
final concentration).

weak acid which crosses the membrane in the
uncharged form and accumulates in response to
the pH (inside alkaline) will lower the chemical
gradient and reduce ATP synthesis. Evidence
supporting this statement comes from the find-
ing that ureaplasmas exposed to 200 mM acetic

acid underwent a 50% reduction in ATP synthe-
sis (Fig. 3B). Additional evidence for linking
ATP synthesis to ApH was obtained by the use
of nigericin, which mediates electrically neutral
K+/H+ antiport. As shown in Fig. 3C, Urea-
plasma cells preloaded with K+ and incubated
with acetohydroxamic acid showed a significant
reduction in ATP synthesis when exposed to 20
tuM nigericin. Due to the high content of am-
monia generated inside the cells after urea hy-
drolysis (about 0.08 mmol/mg of protein per
min), reduction of urease activity by acetohy-
droxamic acid was required for observing niger-
icin effects.
Taken together, these results suggest that the

chemical potential is the major driving force for
ATP synthesis in urea-hydrolyzing Ureaplasma
cells. It can be hypothesized that after urea
hydrolysis, the intracellular pH increases
sharply, creating a chemical potential difference
across the membrane which enables the entry of
protons via membrane-bound ATPase. This
would also give an explanation for the finding
that urea-hydrolyzing cells show only a transient
increase in ATP levels. The rapid diffusion of
ammonia outside the cell, by raising the extemal
pH (Fig. 1), would reduce the chemical gradient
and lower the proton motive force. This, in turn,
would depress ATP levels since these are deter-
mined by the balance between synthetic and
degradative reactions.
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