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I. Proton Current of Bacteria

Circulation of protons across the plasma membrane
plays a primary role in energy transduction of the
bacterial cell (Mitchell, 1966, 1979; Harold, 1982,
1986). The respiratory and photosynthetic electron
transport chain as well as the H*/ATPase and bac-
teriorodopsin mediate electrogenic transport of pro-
tons outwards, maintaining an electrochemical gra-
dient of protons, Agy+,* across the membrane. The
proton current loop is completed by many different
molecular devices that allow protons to return to
the cytoplasm while performing useful work at the
expense of the Agig+. These reactions include ox-
idative phosphorylation and photosynthetic phos-
phorylation, transhydrogenation of pyridine nucleo-
tides, motility and active transport.

Energy conversions coupled to the proton cur-
rent have been extensively reviewed (Harold, 1982,
1986; Mitchell, 1966, 1979). The present essay will
focus on another aspect of the proton gradient
which is not its obvious functions as a driving force.
This is the regulatory role played by the proton cur-
rent parameters in the prokaryotic cell.

The proton circulation parameters include the
Apig+ [Eq. (1)] and its components Ay and ApH.
The latter in the prokaryotic cell is the difference
between the cytoplasmic pH (pH;) and the pH of the
bacterial environment (pH,).
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* Abbreviations: Agjy+, proton electrochemical gradient,
Agy+ = Ay — 2.3 RT/F A pH R, gas constant; T, absolute tem-
perature, F, Faraday. Ay, electrical potential; A pH, pH; — pH,.
pH;, cytoplasmic pH; pH,, extracellular pH. CCCP, Carbonyl
cyanide m-chlorophenyl-hydrazone. FCCP, Carbonyl cyanide-p-
trifluoromethyoxyphenylhydrazone. EDTA, ethylenediaminete-
tra-acetic acid. DNP, dinitrophenol. hsps, heat shock proteins.

Ady+
F

RT
= Ay ~ 237 ApH )

(R, gas constant; T, absolute temperature; F, Fara-
day constant).

I1. Growth of Bacteria
without an Electrochemical Proton Gradient

Since the proton current is involved in so many
energy conversion processes, design of an experi-
ment that will allow differentiation between the en-
ergetic role of the proton current and additional in-
dependent roles is not simple. It is easy to dissipate
the proton gradient by short circuiting the proton
current with Hf-ionophores and study the effect of
this manipulation on any particular reaction. How-
ever, dissipation of the proton gradient will hamper
many energy transducing and dependent processes
required for cell viability, such as synthesis of ATP
and the active transport of ions and essential or-
ganic substrates. Therefore, an observed effect
caused by inhibition of the proton gradient on a par-
ticular reaction may be indirect and, therefore, mis-
leading.

Realizing this complication, Harold and Brunt
(1977) utilized Streptococcus faecalis for a very ele-
gant experiment to determine whether proton circu-
lation in bacteria is involved, beyond its energetic
role, in DNA replication, RNA and protein synthe-
sis, cell growth and cell division. Streptococcus
faecalis is an anaerobic fermentative organism that
glycolyticaly synthesizes ATP and normally main-
tains a circulation of protons across the membrane
by means of the HT/ATPase. The proton current
was short circuited by gramicidin and other H*
ionophores, and the effect on cell growth was stud-
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ied under different incubation conditions. It was
found that S. faecalis grew normally in the absence
of the proton current as long as the growth medium
was buffered at pH 7.5-8.2, contained 2 mm of each
amino acid, high K* (0.28—~1 M) and low Na™ (less
than 0.01 M) concentrations. These strict growth
requirements in the presence of gramicidin, which
compensate for the lack of the proton gradient, re-
flect the known roles of this gradient in the normal
cell: It is essential to drive synthesis of ATP, if it is
not supplied glycolyticaly or by other substrate
level phosphorylations; it is essential to drive up-
take of metabolites (Kaback, 1983), establish K*
and Na* gradients across the membrane and main-
tain intracellular pH homeostasis (Mitchell, 1966;
Harold & Papineau, 19724a,b; Padan, Zilberstein &
Rottenberg, 1976; Padan, Zilberstein & Schuldiner,
1981; Harold, 1982; Cobley & Cox, 1983; Krulwich
& Guffanti, 1983; Booth, 19853).

The growth of §. faecalis without a proton gra-
dient also shows that the proton electrochemical
gradient is dispensable for the biosynthesis and rep-
lication of this bacterial cell. Similarly, Kopecky,
Copeland and Lusk (1975) showed that Escherichia
coli “*killed”” by colicin K grow when supplied with
excess K* and Mg*. Also, E. coli cells can grow in
the presence of the protonophore, CCCP, when glu-
cose is used as an energy source, at pH 7.5
(Kinoshita, Unemoto & Kobayashi, 1984). It is sug-
gested that the conclusion reached with S. faecalis
might be generally applicable to all prokaryotes.

By contrast, there is mounting evidence that in
many different bacteria there are specific reactions
that are somehow modulated by the proton concen-
trations or by membrane potential, in a manner un-

-related to their energetic role. Unfortunately, how-
ever, Harold and Brunt-type experiment (Harold &
Brunt, 1977) have not been conducted in any of
these systems.

I1. Experimental System
to Study Regulatory Roles of Ays and ApH

The experimental system of E. coli frequently used
to test the regulatory roles of the proton current
consisted of washed resting cells harvested at the
logarithmic phase of growth and incubated in de-
fined buffers and salts solution under nongrowing
conditions. These cells were also often treated with
EDTA to render them sensitive to ionophores, al-
lowing the simultaneous manipulation and measure-
ment of ApH and Ay (Padan et al., 1976; Zilber-
stein, Schuldiner & Padan, 1979; Kashket, 1981,
1985). EDT A-treated and nontreated resting cells,
like growing E. coli cells, are viable, synthesize
macromolecules and maintain their intracellular pH

constant by modulation of ApH and Ay over a wide
range of extracellular pH (pH 6-8) (Padan et al.,
1976, 1981; Zilberstein et al., 1979; Kashket, 19853).
Their ApH, which is [.8 at pH 6, decreases progres-
sively with pH, so that it is zero at pH 7.8 and
becomes negative as the cytoplasm becomes acidic,
relative to the medium, at alkaline pH. Ay increases
in a compensatory fashion up to pH, 8. Therefore,
cells at acidic pH provide an experimental system
with different magnitudes of both Ay and ApH.
Cells at pH, 7.8 provide an experimental system
with only Ays. Above the later pH,,, Ay and negative
ApH exist across the membrane. Determination of
pH profiles of different processes were used to
study the requirements of a process for either Ay
and/or ApH.

Since EDTA-treated cells are sensitive to
ionophores, it is possible to differentially collapse
either ApH or Ay (Padan et al., 1976). Usually va-
linomycin (2 ug/mg cell protein) in the presence of
K* at 10-100 mm is used to dissipate Ay providing
cells with only ApH. Nigericin (2 ug/mg cell pro-
tein) is usually used to collapse ApH providing cells
with only Ay (Santos & Kaback, 1981). These cells
were used to find the dependence of a particular
process on these parameters of the proton current.
Utilizing EDTA-treated cells, it is also possible to
quantitate Ay and ApH (Kashket, 1985) and, there-
fore, to monitor the effect of any particular reaction
on Ay or ApH. Hyperpolarization as well as depo-
larization can thus be observed. Other neutrophilic
bacteria are very similar to E. coli with respect to
the proton current and its manipulation (Padan et
al., 1981).

Acidophilic and alkalophilic bacteria exhibit ex-
aggeration of the pattern of the proton current ob-
served in E. coli at acidic or alkaline pH, respec-
tively. Therefore, they can be manipulated in a
similar fashion with respect to ApH and Ay
(Guffanti et al., 1978; Delmer, Benziman & Padan,
1982).

It should be emphasized that the data indicating
aregulatory role of the proton current must be care-
fully analyzed. Nonenergetic involvement of the
proton circulation can be implied only from experi-
ments in which care is taken to verify that the ATP
level, pH; and viability of the cell are normally
maintained.

IV. Regulatory Role of Ays

A. REQUIREMENT FOR A{f FOR CELLULOSE
SYNTHESIS IN ACETOBACTER XYLINUM

Acetobacter xylinum is a gram negative bacterium
which synthesizes abundant quantities of cellulose
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at the cytoplasmic membrane that accumulates as
an extracellular pellicle. As such it provides a good
experimental system to study cellulose synthesis
and factors affecting it.

Stimulated by observations obtained with cot-
ton fibers (Carpita & Delmer, 1980), Delmer et al.
(1982) tested whether Ayy modulates cellulose bio-
synthesis in A. xylinum. They used EDTA/valino-
mycin treatment to render metabolizing cells freely
permeable to K*. The intracellular pH of this bacte-
rium is about 6. At an extracellular pH of 6, in the
presence of low K* (I mm), little or no ApH but
substantial Ay (75 mV) existed across the mem-
brane. Under these conditions cellulose synthesis
proceeded at high rates showing that ApH is not
required for this process. Dissipation of Ay accom-
panied by compensatory increase in ApH was
achieved by increasing K* concentration to 50-100
mM and decreasing the extracellular pH to 4.2. This
manipulation resulted in severe inhibition of cellu-
lose synthesis. The effect was reversed by restora-
tion of Ay when the cells were washed and incu-
bated at low K™.

Direct inhibition by the high extracellular K+,
which is unrelated to changes in the Ay seemed
unlikely, because cells incubated in high K* me-
dium in the absence of valinomycin show no inhibi-
tion and high K*, 100 mmM, in the presence of valino-
mycin did not inhibit in vitro cellulose synthesis.
Under the inhibitory conditions, lack of Ay may
affect intracellular concentration of different ions
which in turn may change the rate of cellulose syn-
thesis. Change of Na* concentration up to 100 mm
had no effect both in the presence or absence of
valinomycin. Mg?* was added at 5-10 mm to all
reaction mixtures. Leak of essential ions in the ab-
sence of Ay cannot be ruled out. However, under
the inhibitory conditions no substantial impairment
of energy metabolism occurred. The ApH was of
sufficient magnitude to sustain normal rate of active
glucose transport allowing normal CO; evolution in
this obligate aerobic organism. Intracellular pH was
maintained at pH 5.8-6 throughout the experiment,
which is in the range of the physiological pH; of
acidophiles (Padan et al., 1981). Taken together
these results suggest that for cellulose synthesis in
vivo there may be a requirement for Ay which is
independent of its energetic role. Recent experi-
ments support the conclusion since a soluble in vi-
tro system which synthesizes cellulose without Ays
has been purified from the cells (Aloni et al., 1983).

B. INVOLVEMENT OF A IN PENETRATION
oF DNA INTO THE BACTERIAL CELL

The penetration of DNA into bacteria via conjuga-
tion (Grinius & Berzinskiene, 1976), phage infection

(Labedan & Goldberg, 1979; Grinius, 1980;
Wagner, Ponta & Sweiger, 1980) and transforma-
tion (Grinius, 1980; Santos & Kaback, 1981) have
been shown to depend on the presence of Auy+
across the bacterial cytoplasmic membrane. As will
be summarized, below, in the case of phage infec-
tion and plasmid transformation, this requirement
appears to stem from a regulatory role played by Ay
in DNA penetration.

1. Involvement of Ay
in Ca*™* Induced Plasmid Transformation

Study of the involvement of Auy+ in plasmid trans-
formation was carried out in E. coli cells treated
with EDTA. The cells ‘‘sensitized’’ to ionophores
were transformed with plasmid under various con-
ditions (Santos & Kaback, 1981), then washed to
remove the ionophores and grown on solid medium
under plasmid-selective as well as under plasmid-
nonselective growth conditions. Transformation ef-
ficiency was calculated from the difference in the
number of colonies appearing under both condi-
tions. When transformation was studied as a func-
tion of ambient pH, the efficiency of the process
varied with pH in a manner similar to Ay and not to
ApH. Addition of valinomycin in the presence of
K* reduced Ay as previously shown (Padan et al.,
1976) and concomitantly decreased transformation
efficiency (Santos & Kaback, 1981). In the presence
of nigericin ApH was collapsed with hardly any ef-
fect on transformation.

Transformation efficiency but not viability of
the cells was affected by treatment with FCCP or
DNP which totally collapsed the Agig+ during trans-
formation. Therefore, it was concluded that the
membrane potential plays a critical role in Ca?*-
induced transformation which is not related to its
energetic role. Preliminary observations provided
tentative indication that Ay may be involved pri-
marily in binding of DNA to the cell surface rather
than in translocation through the membrane (Santos
& Kaback, 1981).

2. Involvement of Ay in Initial Steps
of Phage Infection

a. Phage Adsorption Induces Depolarization of the
Membrane. Adsorption of three different phages,
T4, T5 and BF23, induce transient depolarization of
AYr (Letellier & Labedan, 1985). They also induce
an immediate release of respiratory control of
starved E. coli cells (Kalasauskaite & Grinius, 1979;
Kalasauskaite et al., 1983; Letellier & Labedan,
1985). Both these phenomena were induced by T4
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ghosts devoid of DNA and internal proteins (Letel-
lier & Labedan, 1985). Since the effect was similar
in magnitude to proton ionophores, it was suggested
that phage adsorption induces an entry of protons
into the cytoplasm. The release of respiratory con-
trol and depoilarization was dependent on envelope-
bound Ca?* in the case of T4, but neither TS5 nor
BF23 required Ca?*. These results led to the sug-
gestion that phages which adsorb to lipopolysac-
charides (T4) have a calcium-dependent transmis-
sion of a signal for membrane depolarization and
phages which adsorb to outer membrane proteins
(TS or BF23) have a direct, calcium-independent
signal transmission (Letellier & Labedan, 1985).

Recently it has been shown that bacteriophage
Lambda binds to unilamellar liposomes bearing the
receptor protein, LamB derived from Shigella
(Roessner & Ihler, 1986). Transmembrane channels
are formed through which the DNA is injected into
the internal aqueous space of the liposomes and
permit the entry and escape of small molecules but
not of proteins. The channels are stable and persist
after DNA injection. In this artificial system it ap-
pears that adsorption channel formation and DNA
injection are coupled (Roessner & Ihler, 1986).

Numerous studies (Ponta et al., 1976; Wilson,
1982; Kewelch & Bakker, 1984) indicate that ions
and small molecules leak from the cells for a short
time following DNA entry. These results suggest
that the DNA molecules enter the bacterial cells
through transmembrane channels in the mem-
brane.

b. Ay is Required for T4 Phage Injection. The
injection of T4 DNA into E. coli cells was inhib-
ited by incubating the cells at low temperatures or
by addition of proton ionophores at 37°C, suggest-
ing that membrane energization is required for
DNA injection (Labedan & Goldberg, 1979). In or-
der to investigate the involvement of the proton cur-
rent in the injection process, EDTA-treated E. coli
cells were incubated in pH-buffered nutrient broth.
These cells allow normal adsorption, injection and
growth of the bacteriophage. There was no effect of
extracellular pH on the injection process between
pH, 6 and 8. Since over this pH, range ApH de-
creases from 1.8 at pH 6 to 0 at pH 7.8, it was
deduced that ApH is not required for the process.
Accordingly, nigericin had very little effect on the
process both at pH, 6 and 7.4. These results show
that the injection is also independent of pH; at the
range 6—7.4.

Addition of TPMP™ (1 mMm), a permeable cation,
colicin K (pH, 6-7) or valinomycin in the presence
of 40 mm K*, all of which collapse Ay, led to
marked inhibition of injection. When wunc~ cells
were used in the experiment, it was shown that the

level of ATP was not changed during valinomycin/
K" treatment. Taken together these results sug-
gested that Ay is required for injection. The injec-
tion process was also measured as a function of
different Ay values obtained at different concentra-
tions of CCCP or potassium in the presence of va-
linomycin (Labedan et al., 1980). A threshold of 60~
110 mV A4 was required for injection over the pH,
range of 6-8.

Irreversible adsorption, unplugging and initial
exposure of the DNA terminus occurred at 4 or at
37°C in the presence of Ay-collapsing conditions,
implying that these initial steps of phage infection
do not require Ayi. The injection process into the
cytoplasm was inhibited by the ionophores, in a
reversible fashion, meaning that the DNA was
stopped at the Ay-requiring step, without any dam-
age to it or to other phage or bacterial components.
Since the phage DNA in the ionophore-poisoned
complex was unavailable to DN Aase even after per-
meabilization of the cells, it was concluded that the
DNA is blocked after being channeled to the cyto-
plasmic membrane but before any strong interaction
occurs with the membrane (Labedan & Goldberg,
1979).

As mentioned above (IVB.2; Kalasauskaite et
al., 1983), it was shown that T4 phage infection re-
leased respiratory control of starved, infected cells;
therefore, it was suggested that Ay is required to
drive DNA transport. However, since it was shown
that the ‘‘uncoupling’’ effect of the phages can be
obtained with phage ghosts devoid of DNA, it was
concluded that the depolarization effect is unrelated
to phage injection (Letellier & Labedan, 1985). It,
therefore, appears that during injection of T4 DNA,
Ay has a regulatory role and is not a motive force of
injection (Labedan et al., 1980; Letellier & Labe-
dan, 1985).

V. The Proton Current across the Membrane is
Directly Involved in Regulation of Cytoplasmic pH

Bacteria live in aquatic habitats that differ markedly
in pH,, from pH 2 of acidic springs to pH 11.5 of
soda lakes. Bacteria can encounter temporal and
drastic fluctnations in their environmental pH,, that
can reach 2-3 pH units (Padan et al., 1981).

All bacteria adapt to their pH, conditions, by a
very efficient homeostatic mechanism that main-
tains a constant intracellular pH. A mechanism
based on the modulation of the ApH and Ays created
by the primary proton pumps of the cells, i.e., elec-
tron transport-linked pumps and/or H*/ATPase
(Padan et al., 1981; Cobley & Cox, 1983; Krulwich
& Guffanti, 1983; Booth, 1985) appears to be com-
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mon to many bacterial species. The ApH—basic in-
side at low and neutral pH,, (pH 2-7.8)—decreases
with increasing pH, so that the intracellular pH is
kept constant at around pH 6.5 in the acidophiles
(Cobley & Cox, 1983) and at pH 7.6 in the neu-
trophiles (Padan et al., 1981). The ApH of neu-
trophiles and alkalophiles even reverses orientation
and becomes negative (i.e., acidic inside) at alka-
line pH,, (above 7.8 for neutrophiles and above 8.5
for alkalophiles) (Padan et al., 1981). pH; of the al-
kalophiles is poised at 8.5 up to pH, of 11.5
(Krulwich & Guffanti, 1983).

The Ay increases with pH in a compensatory
fashion relative to the ApH, being 0 at pH,, 2 in the
acidophiles and increasing to about 60 mV at pH, of
5. In the neutrophiles it further increases to 120-160
mV at pH, 8 (Felle et al., 1980; Zilberstein et al.,
1979) which is also the maximal values of the alka-
lophiles (Padan et al., 1981).

Due to the specific modulation in its parame-
ters, the Agy+ is high in the acidophiles and in the
neutrophiles. In the latter case it is constant over a
pH, range of 6-8.5 (Zilberstein et al., 1984). Thus
pH homeostasis is achieved in these bacteria to-
gether with bioenergetic homeostasis. In the alka-
lophiles most of the Agy+ is sacrificed for pH ho-
meostasis; it becomes very small due to the acid
inside [i.e., ApH becomes negative—see Eq. (1)]
(Krulwich & Guffanti, 1983).

The mechanism of modulation of the primary
proton pumps is as yet unknown. In the acidic range
it appears that K* transport is involved (Bakker &
Mangerich, 1981; Tokuda, Nakamura & Unemoto,
Booth, 1985). In the basic range both a Nat/H* and
a K*/H™ antiporter have been implied (Padan et al.,
1981; Krulwich & Guffanti, 1983; Nakamura, To-
kuda & Unemoto, 1984; Booth, 1985).

In view of the variation of ApH with pH,,
which characterizes all known bacteria, it is not sur-
prising that, as yet, no regulatory role has been
claimed for the ApH other than its central role in pH
homeostasis. In contrast, regulatory effects have
been ascribed to pH, and pH;, both in pH homeo-
stasis as well as in other processes.

VI. pH as a Regulatory Signal in General and in
pH Homeostasis

The concentration of protons plays a fundamental
role in essential physicochemical reactions. Ac-
cordingly, most proteins and other biologically im-
portant molecules have a narrow pH range of opti-
mum activity and stability. In most cases the pH
optimum falls around neutrality even for molecules
isolated from organisms living in extreme pH envi-

ronments. It is not surprising, therefore, that intra-
cellular pH is maintained under tight control.

It should be emphasized that since pH is so
intensively involved in biochemical processes, the
existence of a correlation between a change in pH
and a particular process does not necessarily mean
that the pH is a regulator. Rather than triggering the
particular process, it may be an accompanying re-
lated or unrelated event. Realizing this limitation,
we will define what type of pH effects we will con-
sider below: specific reactions or set of reactions
that are very sensitive to pH and controlled by it in
Vivo.

There are very few reactions or set of reactions
that have been shown to be directly and specifically
controlled by pH. Probably the best characterized
ones are those reactions which themselves are in-
volved in the regulation of pH;. It has been shown
that the eukaryotic (Aronson, 1985; Grinstein et al.,
1985) and the prokaryotic (Bassilana, Damiano &
Leblanc, 1984a,b) Na*/H* antiporters, which have
been claimed to be part of the homeostasis mecha-
nism (see above) respond to changes in pH;. Inter-
estingly, both antiporters react in an opposite way,
as expected from their proposed roles: the eu-
karyotic one, which extrudes protons from the cell,
is inactive at neutral pH; and is activated at acid
ones; the prokaryotic one, which transports protons
into the cell is inactive at acid pH;. In a fermenta-
tive organism in which the H*-ATPase has been
claimed to be part of the regulatory system by ex-
truding protons, the enzyme is inactive above the
homeostatic value (Kobayashi, 1985).

Besides control at the level of the activity of the
protein, there have been some claims that synthesis
of various proteins is regulated by pH. As early as
1943 Gale studied the effect of growing cultures of
bacteria at different pH’s (Gale, 1943). He found
that in cultures grown at alkaline pH, the specific
activities of several amino acid deaminases and de-
hydrogenases were higher than in cultures main-
tained at neutrality. In cultures grown at low pH,
the most dramatic increases were observed in the
amino acid decarboxylase. Gale suggested that
these phenomena are part of the mechanism of ad-
aptation of E. coli to extreme pH’s: the resulting
amines and carboxylic acids formed tend to bring the
pH of the media to neutrality. Nothing is known
abont the mechanism of this pH effect; is it at the
level of enzyme activity and/or synthesis? Is the
trigger pH; and/or pH,?

In a recent study, Kobayashi, Suzuki and Un-
emoto (1986) demonstrated that the synthesis of the
H*-ATPase in S. faecalis is activated upon acidifi-
cation of the cytoplasm.

There are most probably other factors playing a
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part in pH homeostasis both at the acidic and basic
range (see V). It is not yet known whether they are
triggered by pH; and/or pH,.

VII. Regulatory Role of pH,

A. BACTERIA SENSE pH,

Bacteria such as E. coli and Salmonella sp sense the
pH, by chemoreceptors to protons (Kihara & Mac-
nab, 1981; Repaske & Adler, 1981). It is suggested
that the concentration of protons in the extracellu-
lar space and, as will be discussed below, in the
cytoplasm determine the extent of proton binding to
the sensory transducing protein (MCPI). The signal
is transduced, by an unknown mechanism, to the
motor flagellae, and the bacteria are propelled from
the unfavorable pH (Slonczewski et al., 1982).

B. AN ALKALINE SHIFT IN pH, INDUCES THE
HeAT SHOCK RESPONSE IN E. cOLI

The heat shock response is a transient response ac-
tivated upon a temperature upshift (Gottesman,
1984; Neidhardt, van Bogelen & Vaughn, 1984). In
E. coli a rise of temperature causes an increase in
the synthesis of at least 17 proteins. These heat
shock proteins (hsps) are under regulation of the
rpoH (htpr) gene product, a special sigma subunit of
RNA polymerase that enables transciption from
specific heat shock promoters (Grossman, Erikson
& Gross, 1984).

We have recently shown that an alkaline pHo
shift (from pH 7 to 8.8) induces the hsps in a manner
similar to heat induction with respect to both the
kinetics of synthesis and the dependence on the
rpoH gene (Taglicht et al., 1987). The increment
observed was sixfold for dnaK and groE, fourfold
for C62.5 and twofold for F84.1 and sigma70. Hsps
were not induced when pH; was raised by collapsing
the ApH nor when acid shift of pH, was conducted.
Upon alkaline shifts in pH, significant induction
was observed over a wide range of final pH, from 6~
8.8.

The mechanism by which extracellular pH trig-
gers induction of hsps is not known. Change in pH,
most probably leads to other changes in the cells;
for example, an alkaline pH, shift from pHy 6 to 8
causes hyperpolarization (Felle et al., 1980; Zilber-
stein et al., 1979, 1984). We found that heat shock
also induces hyperpolarization (unpublished results
and E.P. Bakker, personal communication). How-
ever, direct involvement of the change in Ay in the
hsps response has not yet been found. It is also still

unknown if the heat shock response is involved in
adaptation of bacteria to pH,.

VIII. Regulatory Role of pH;

The pH homeostatic mechanism of bacteria is very
efficient. Acidification (Kihara & Macnab, 1981) or
alkalinization (Zilberstein et al., 1984) of pH, of E.
coli perturbs pH; within seconds. Following either
type of change in pH, , pH; is restored to the original
steady-state value within minutes. Such fast re-
sponse and precision makes the H* concentration
of the cytoplasm an attractive candidate to serve as
a regulatory signal.

Since the pH; homeostatic mechanism is an effi-
cient and rapidly responding system, it is techni-
cally difficult to study the relationship between
change in pH; and different physiological parame-
ters of wild type bacteria. An experimental ap-
proach for this purpose is to induce changes in pH;
and trace their effect to cell processes. As men-
tioned above, transient failure of pH; homeostasis in
growing E. coli cells can be induced by pH, shifts
(Zilberstein et al., 1984), or upon addition of weak
acids or bases at a constant pH,, (Kihara & Macnab,
1981).

We have isolated a mutant that faiis to regulate
pH; and, therefore, does not grow at alkaline pH,
(higher than pH, 8.3), although it is fully viable at
this pH (Zilberstein et al., 1982). Upon shift back to
the permissive pH,, the mutant recovers and be-
haves like the wild type. Since at the nonpermissive
pH, the pH; of the mutant is equal to pH,, it pro-
vides a system to investigate the effect of alkaline
pH on different intracellular processes. Similar mu-
tants that possess impaired pH; homeostatic mecha-
nism at different pH, will be very helpul for investi-
gation of both the pattern of pH; regulation as well
as regulatory roles of pH; in the cell.

A. pH; As A TRANSDUCING SIGNAL
FOR CHEMOTAXIS

It has been suggested that pH; serves as a signal ion
for taxis in E. coli and Salmonella sp. (Kihara &
Macnab, 1981; Repaske & Adler, 1981; Slonc-
zewski et al., 1982). Lowering or raising pH;, by
addition of weak organic acids or bases, causes a
repellent or attractant response, respectively. Ac-
cordingly, changes in pH, caused transient changes
in pH;, suggesting that the stimulus of a change in
pH, is transduced to the rotor flagellae via a change
in pH;. pH; has even been suggested to be a con-
verging signal for other repellents and attractants.
Recently it has been shown that addition of ben-
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zoate (0.1 M) to E. coli increases the internal buffer
capacity so that fluctuations in pH; become unlikely
(Eisenbach, Margolin & Ravid, 1985). In spite of
this treatment, the chemotactic respone did occur
under such conditions. The resulting conclusion
that pH; is not involved in chemotactic signaling
was also supported by the observations that attrac-
tants or repellents other than weak acids had no
effect on pH;.

B. pH; AND SPORE GERMINATION

Using 3'P nuclear magnetic resonance, a pH; of 6
was measured in dormant spores of B. subtillis
(Barton et al., 1980). Utilizing methylamine distri-
bution, a value of 6.3—6.4 was measured for the
dormant spore core region of different Bacilli sp.
(Setlow & Setlow, 1980; Swerdlow, Setlow &
Setlow, 1981). Upon germination an increase of pH;
to pH 7.3-7.4 was measured. It has been suggested
that the low internal pH of the dormant spore con-
tributes to its metabolic dormancy and its resis-
tance. However, the pH; of B. megaterium dormant
spores was raised to 7.8 by incubating them with
(NH4)»SO4 or in the presence of K* and there was
no detectable effect on the spores ability to germi-
nate or on their dormancy or resistance (Swerdiow
et al., 1981). Although spores loaded with H*
showed decreased resistance properties, it is not
clear whether this is due to the lowered pH; and/or
loss of cations. It is possible that a fall in pH; within
developing spores during sporulation plays a role in
the acquisition of some spore properties such as
dormancy but that subsequently some other
changes become the primary mechanism for main-
taining dormancy. Alternatively, it is possible that
the fall in pH; may be only an effect of exhaustion of
ATP pool during sporulation rather than the cause
of this phenomenon.

C. INnDucTION OF SOS FUNCTIONS
BY ALKALINE pH;

Transient failure of pH; homeostasis can be caused
in E. coli by pH, shifts (Slonczewski et al., 1982;
Zilberstein et al., 1984). In a mutant that does not
regulate pH;, the change caused by a shift to an
alkaline pH, is permanent (Zilberstein et al., 1984).
Whether transitory or permanent, failure of pH ho-
meostasis was accompanied by cessation of cell di-
vision. In the wild type cells, growth resumes 5-10
min after the change in pH, and in the mutant only
upon shift back to the permissive pH,. In both
cases cell division resumed upon recovery of pH;
homeostasis.

Prolonged incubation of the mutant at the non-
permissive pH brought about cell filamentation.
Study of the mutant at the nonpermissive pH led to
the conclusion that cessation of cell division is not
due to a general nonspecific pH sensitivity of the
cytoplasm but rather to a specific pH-sensitive
function that is related to cell division (Zilberstein
et al., 1984).

Inhibition of cell division leading to filamenta-
tion is part of the pleiotropic effect of the SOS re-
sponse to DNA damage (Witkin, 1976; Little &
Mount, 1982; Walker, 1984). Therefore, the latter
syndrome was investigated upon pH; perturbation
of the mutant and the wild type.

SOS functions are coordinated by two regula-
tory eclements, the recA and lexA gene products.
The lexA protein is a repressor of at least 14 un-
linked genes. DNA damage induces a signal which
activates a specific protease activity of the recA.
Cleavage of the lexA repressor by recA protein
leads to enhanced expression of the SOS controlled
genes, e.g. uvrA, uvrB, etc., leading to DNA re-
pair, inhibition of cell division and filamentation,
etc. (Witkin, 1976, Little & Mount, 1982; Walker,
1984).

We have recently shown (Schuldiner et al.,
1986) that raising of pH; to alkaline values caused an
increase in UV resistance in cells of wild type and in
the pH sensitive mutant DZ3 of E. coli. Utilizing
cells transformed with plasmid (pA7) which bears
the wurA promoter fused to galK-galactokinase
structural gene (Backendorf et al., 1983), it was
shown that a shift to alkaline pH, leads to an in-
crease in the expression of the uvrA promoter. An
increase of galactokinase activity was monitored in
the cells following alkalinization of pH;. This effect
was not displayed in a mutant bearing a rec A-insen-
sitive lex A gene, nor in cells harboring the plasmid
(pAB) in which the galK is fused to an lex A-insensi-
tive uvrA promoter (Backendorf et al., 1983).
Hence, pH; may trigger the SOS system in E. coli
cells. The physiological significance of this control
relay to pH adaptation is not clear yet. It may pro-
vide protection from DNA damage caused by per-
turbation of pH,. It may also reflect other, more
general, role of pH;.

D. pH; iN EUKARYOTIC SYSTEMS

Eukaryotic systems are beyond the scope of this
review and the reader seeking for detailed informa-
tion is referred to some recent publications that
summarize most of the findings (Nuccitelli &
Deamer, 1982; Grinstein et al., 1985a,b; Pouysse-
gur, 1985; Moolenaar, 1986). However, for the sake
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of completeness we will mention some of the most
salient findings.

In this field, as in many others, the development
of probes tailor-made for the measurement of pH;
has resulted in an explosion of data in which
changes in pH have correlated with changes in cell
growth and metabolism. Virtually all growth-pro-
moting agents stimulate an amiloride-sensitive,
Na*/H™* antiporter in a variety of quiescent cells.
As a result of this activation, the intracellular pH
increases by 0.15-0.3 pH units (Schuldiner & Ro-
zengurt, 1982; Moolenaar et al., 1983; L’Allemain,
Paris & Pouyssegur, 1984; Grinstein et al., 19854,b;
Pouysseur, 1985; Moolenaar, 1986). This activation
is due to a shift in the dependence of the antiporter
on pH;. A clue to the possible mechanism of such a
regulatory phenomenon can be found in recent
results in which activators of protein kinase C have
been shown to affect the antiporter in an identical
way (Nishizuka,1984). In addition to the above find-
ings, we should mention that fertilization of a vari-
ety of ova (Johnson, Epel & Paul, 1976) and germi-
nation of yeasts (Barton et al., 1980) and bacterial
spores (see above section VIIIB) also show a char-
acteristic increase in pH; which precedes the cas-
cade of changes in cell metabolism.

IX. Other systems in which Regnlatory Role
of Ajiy- Have Been Suggested

We will mention here systems in which the ener-
getic or regulatory role of the Agy+ (or its compo-
nents) have not yet been clarified. Requirement for
Agg+ as an energy source has been suggested for
protein translocation across the cytoplasmic mem-
branes (Daniels et al., 1981; Zimmerman & Wick-
ner, 1983; Bakker & Randall, 1984; Rhoads, Tai &
Davis, 1984; Chen & Tai, 1985). Recently, how-
ever, it has been shown that the driving force for
translocation of alkaline phosphatase and ompA
protein is most probably ATP. The Agy+ may only
affect the efficiency of the process by either an en-
ergetic and/or regulatory role (Chen & Tai, 1985).

An effect of membrane potential has been dem-
onstrated on nitrogen fixation by bacteroids of Rhi-
zobium leguminosarum (Laane et al., 1979). The
effect has been related to an effect of Ay on the
formation of reducing equivalents in this bacterium.

An effect of membrane potential has also been
shown on enzyme II of the phosphotransferase sys-
tem (Haguenauer & Kepes, 1972; Klein & Boyer,
1972; Postma & Lengeler, 1985). Studying this sys-
tem in inverted membrane vesicles, it was sug-
gested that the Agg+ inhibits the enzyme by raising
its K, for methyl-a-p-glucoside (Robillard & Kon-

ings, 1981, 1982). The implications of these data are
still debatable (Postma & Lengeler, 1985).

X. Concluding Remarks

The data surveyed in this review suggest that Ads,
pH, and pH; may have regulatory roles in the bacte-
rial cell. This conclusion is based almost solely on
the correlations of in vivo systems data. Therefore,
until higher resolution of each of the systems is
achieved, it will be very difficult to prove a direct
control effect.

A requirement for Ay was implicated for cellu-
lose synthesis in Acetobacter xylinum, for pro-
cesses involving DNA penetration into cells includ-
ing plasmid transformation, conjugation and phage
DNA injection. Phage adsorption which precedes
the injection causes depolarization of Ay. The
mechanism of modulation by Ay is not known in
any of the processes, however, Ay across phospho-
lipid vesicles results in a substantial change in fluid-
ity of the bilayer (Lelkes, 1979), its thickness and
probably exposure of proteins (Shinitzky et al.,
1983). The Ay may also affect the polarity of distri-
bution of the lipids or the proteins and, therefore,
influence the availability of specific sites and/or
their conformation. For mechanistic consideration,
itis of interest that a similar threshold of a Ays of 60—
80 mV was found both for cellulose synthesis
(Delmer et al., 1982) and T4 DNA injection (Labe-
dan et al., 1980). Such findings suggest that these
phenomena respond to some as yet unidentified
trigger mechanism.

The sites of regulation by pH are still unknown
and remain to be established. At least two hypothet-
ical levels of action can be suggested at present: (i)
pH affects the rate of synthesis of a specific protein
or sets of proteins. Thus, synthesis of the H*/ATP-
ase has been shown to be influenced by pH (Gale,
1943; Kobayashi, 1986).

(ii) pH affects the structure and/or activity of
specific existing proteins. Thus effects on the Na*/
H?* antiporter or the H*-ATPase have been sug-
gested to play role in pH; regulation.

The mechanism by which pH, and pH; induce
the repellent signal is obscure; however, a pro-
tein with an H* binding site has been suggested
(Slonczewski et al., 1982).

In the case of the activation of the heat shock
response, there may be a receptor protein in the
membrane or in the periplasmic space that trans-
duces changes in pH, in a still unknown way.

In the case of effect of pH; on the SOS system,
it can be that the effect is mediated secondarily by
changes such as damage to the DNA caused by
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alkaline pH; and not to direct triggering of the SOS
response. However, it can also be more direct via a
highly pH-sensitive protein. A very good candidate
for such a protein is the lexA product itself. It has
been shown in vitro that this protein exhibits autodi-
gestion activity upon shift to alkaline pH (Little,
1984). Whether this phenomenon is the basis of the
SOS induction by alkaline pH; is not yet known.
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Taglicht for critical reading of the manuscript. This work was
supported by a grant from the United States—Israel Binational
Foundation.
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