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Pathways previously proposed for sensory transduction in chemotaxis to oxygen (aerotaxis) involved either
(i) cytochrome o, the electron transport system, and proton motive force or (ii) enzyme IIS™°* and the
phosphoenolpyruvate:carbohydrate phosphotransferase system for active transport. This investigation distin-
guished between these possibilities. Aerotaxis was absent in a cyo cyd strain of Escherichia coli that lacked both
cytochrome o and cytochrome d, which are the terminal oxidases for the branched electron transport system
in E. coli. Aerotaxis, measured by either a spatial or temporal assay, was normal in E. coli strains that had a
cyo™ or cyd* gene or both. The membrane potential of all oxidase-positive strains was approximately —170 mV
in aerated medium at pH 7.5. Behavioral responses to changes in oxygen concentration correlated with changes
in proton motive force. Aerotaxis was normal in ptsG and ptsl strains that lack enzyme I16"°*¢ and enzyme
I, respectively, and are deficient in the phosphotransferase system. A cya strain that is deficient in adenylate
cyclase also had normal aerotaxis. We concluded that aerotaxis was mediated by the electron transport system
and that either the cytochrome d or the cytochrome o branch of the pathway could mediate aerotaxis.

We previously proposed a sequence for the initial sensory
transduction events in the chemotactic response to oxygen
(aerotaxis) by Salmonella typhimurium and Escherichia coli
(14-16, 28, 31, 32). According to that model, oxygen in-
creases the flow of reducing equivalents through the respi-
ratory chain and thereby increases the proton motive force
across the cytoplasmic membrane. The change in proton
motive force is detected by a hypothetical sensing mecha-
nism that transmits a signal to the flagellar motors.

Indirect evidence supports the proposed role of the proton
motive force in aerotaxis. The concentration of oxygen
which gives a half-maximal behavioral response is similar to
the K,, for cytochrome o, the terminal oxidase of the
respiratory chain in exponentially growing S. typhimurium
and E. coli (14; D. J. Laszlo, Ph.D. dissertation, Loma Linda
University, Loma Linda, Calif., 1981). Inhibitors of respira-
tion also inhibit aerotaxis (15, 16). At a constant partial
pressure of oxygen, an artificially produced change in proton
motive force can cause a behavioral response in Bacillus
subtilis (18, 20, 21). Brief responses to depolarization or
hyperpolarization have also been reported in S. typhimurium
(16). However, Sherman et al. (25) did not observe a similar
response by E. coli cells to uncouplers in a temporal assay.
They did observe a response to uncouplers in a spatial assay,
but the absence of an observed response in a temporal assay
raises questions about a primary role of proton motive force
in aerotaxis.

An alternative model for sensory transduction in aerotaxis
has been proposed by Glagolev and his collaborators (6, 7,
17) in which oxygen alters the redox level of enzyme
[IG!cose and the latter transmits a signal to the flagellar
motors. Enzyme I16"¢°s¢ js the product of the ptsG gene and
is the receptor for glucose chemotaxis and transport via the
phosphotransferase system (1).

Evidence presented in support of the enzyme II€lueose
redox pathway for aerotaxis included the following. Oxi-
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dants such as phenazine methosulfate and benzoquinone
enhance aerotaxis, whereas the reductant dithiothreitol at-
tenuates aerotaxis (7). The phosphotransferase substrates
glucose and a-methylglucoside inhibit aerotaxis (17). Phos-
photransferase mutants that are defective in ptsG or ptsH
(structural gene for the HPr protein) are also deficient in
aerotaxis. As originally formulated (6, 7), the alternative
sensory transduction pathway from enzyme I16™¢°s¢ to the
flagellar motor involved cyclic GMP and cyclic AMP
(cAMP), but this appears to be improbable in the light of
later investigations (33, 35).

The present study was designed to further investigate the
mechanism of aerotaxis and to distinguish between the
proton motive force model and the enzyme I16!°°® model.

MATERIALS AND METHODS

Bacterial cells and growth. S. typhimurium and E. coli
strains (Table 1) were grown on Vogel and Bonner minimal
medium E (34) supplemented with nutritional requirements
and 0.7% glucose or 1% glycerol. Some strains of E. coli
were grown anaerobically in L broth supplemented with
0.5% potassium nitrate and 0.3% glycerol (8) as indicated.
Cultures from the mid-exponential phase of growth were
used for the taxis assays. Cells were washed and suspended
in chemotaxis buffer consisting of 10 mM phosphate buffer
(pH 7.5), 0.1 mM EDTA, and a carbohydrate as indicated.

Aerotaxis assays. Three types of spatial assays were em-
ployed. A small drop of bacteria (4 pl, approximately 10°
cells per ml) was placed on a glass microscope slide and then
covered with a cover slip in a manner that trapped one or
more air bubbles in the suspension. An aerotactic band of
bacteria around a bubble was observed through a phase-
contrast or dark-field microscope. In the second method,
one drop of bacteria in chemotaxis buffer (approximately 25
wl) was placed between a glass microscope slide and a cover
slip, one side of which rested on a piece of cover slip. An
aerotactic band along the air-suspension interface was ob-
served and recorded with a video recorder. The third
method, employing an air-filled capillary, was described
previously (16). A temporal assay was also described previ-
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TABLE 1. Bacterial strains

Strain Relevant genotype Reference or source
E. coli
Oow1 che* 19
AWSS81 ptsG ptsM 1
RP437 che* 22
AW729 RP437 cya S
AN386 cyot cyd* 4
RG98 AN?386 cyd 4
RG99 AN386 cyo cyd 4
RG101 AN386 cyo 4
S. typhimurium
SL3730 che* galU B. A. D. Stocker
LT2 che* N. Zinder via
B. N. Ames
LJ4s che* (originally ST1) D. E. Koshland, Jr. (3),
via M. H. Saier, Jr.
LJ130 LJ45 ptsl18 M. H. Saier, Jr.
BT57 LJ45 cya-961 33
zid-62::Tnl0

ously (26). Typically, four assays were repeated on 2 sepa-
rate days to get an average response time. These assays were
performed at 30°C.

Oxygen uptake. Bacterial consumption of oxygen was
measured in a closed chamber (Yellow Springs Instrument
Co.; model 5301) at 30°C with a Clark-type oxygen electrode
(Yellow Springs; model 5331) connected to an oxygen mon-
itor (Yellow Springs; model 53).

Membrane potential. The polyvinyl chloride matrix-type
electrode was constructed by the method of Kamo et al. (12).
Tetraphenylborate was used as an ion exchanger for tetra-
phenylphosphonium. Tetraphenylphosphonium ion-selec-
tive, oxygen (Clark-type), and reference electrodes were
immersed in 5 ml of chemotaxis buffer containing 3 pM
tetraphenylphosphonium chloride. Extracellular concentra-
tions of fetraphenylphosphonium and oxygen were mea-
sured simultaneously under constant stirring at 30°C. Cells
were permeabilized by treatment with EDTA as described
previously (27). '

RESULTS

The role of cytochrome o in aerotaxis has been assigned
on the basis of indirect evidence (see above). The subse-
quent isolation of cytochrome oxidase mutants of E. coli by
Gennis and co-workers (4, 8) made a direct test of this
hypothesis possible. The respiratory chain in E. coli
branches to two terminal oxidases, cytochrome o and cyto-
chrome d, the products of the cyo and cyd genes, respec-
tively (2, 23) Cytochrome o is the sole oxidase in exponen-
tially growing cells such as those used in prev1ous studies of
aerotaxis (9, 14). Cytochrome d is induced in the stationary
phase of growth and in low concentrations of oxygen.

Aerotaxis in oxidase-deficient strains. A cyo cyd strain (E.
coli RG99) that was deficient in both oxidases showed a
complete loss of aerotactic response in a temporal assay
(Table 2). Strains that were deficient in one of the terminal
oxidases [E. coli RG98 (cyd) and RG101 (cyo)] responded to
changes in oxygen concentration in a manner that was
similar to the responses of the parent [E. coli AN386 (cyo™
cyd™)]. That is, an increase in dissolved oxygen concentra-
tion from 0 to 225 wM (oxygen concentration in medium
equilibrated with air at 30°C) caused transient smooth swim-
ming. A decrease in oxygen concentration from 225 to 0 pM
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TABLE 2. Aerotactic response in E. coli mutants deficient in
cytochrome oxidases®

Response time (s) Oxygen consumption

Strain Rele\t/ant rate (nmol/min per
genotype N,—air 0.06 mM Ni2* mg of protein)
AN386 19+3 251 62 + 10
RG101 cyo 14+6 27 =1 57
RG98 cyd 20 2 26 1 552
RG99 cyo cyd No response 28 x1 2+2

“ The bacteria were grown anaerobically in L broth supplemented with
0.5% potassium nitrate and 0.3% glycerol. The cells were prepared and the
assays were performed as described in Materials and Methods. The responses
to oxygen and to Ni>* were smooth swimming and tumbling, respectively.
The values are expressed as the means + standard deviations.

resulted in transient tumbling followed by smooth swimming
(data not shown) when the proton motive force fell to a level
that did not support tumbling (13, 16). All strains showed a
normal chemotactic response to Ni2* (Table 2) and to serine
(data not shown).

The responses of the oxidase-deficient mutants in a spatial
gradient of oxygen were observed after an air-filled capillary
was inserted into a drop of suspended cells. The parental
strain and the cyo and cyd strains formed an aerotactic band
around the mouth of the capillary, but the cyo cyd mutant did
not form a band. These data indicate that aerotaxis is
observed in strains that have either cytochrome o or cyto-
chrome d but not in strains without a terminal oxidase.

Respiration and proton motive force in oxidase-deficient
strains. The cyo and cyd strains had respiration rates com-
parable to those of the parental strain, whereas the cyo cyd
strain showed little uptake of oxygen (Table 2).

For E. coli cells with an external pH of 7.5, the ApH
component of the proton motive force is approximately zero
and it is possible to estimate the magnitude of the proton
motive force by measuring the membrane potential, Ay (24,
29). The membrane potential of the cyo and cyd strains and
of the parental strain underwent large changes when air was
replaced by nitrogen or vice versa (Fig. 1). The cyo cyd
strain showed little change in membrane potential under the
same conditions but showed a large increase in potential
upon the addition of potassium nitrate, which is an alterna-
tive electron acceptor for the electron transport system. The
aerobic membrane potential in the oxidase-positive strains
was approximately —170 mV, which is similar to the mem-
brane potential measured previously in S. typhimurium (28).
The small but reproducible change in potential upon aeration
of the cyo cyd strain was not due to the presence of
revertants that had recovered oxidase activity. A sample of
the cell population was screened for oxidase activity at the
conclusion of each experiment; the frequency of reversion
was consistently less than.1074.

Effect of an upcoupler on respiration rate and tactic behav-
ior. Preliminary studies sought to find conditions that would
partially depolarize a membrane-permeable strain, S. typhi-
murium S1.3730, but would permit the proton motive force to
remain above the level required for maximal motility (13).
The uncouplers CCCP (carbonyl cyanide m-chlorophenyl-
hydrazone), FCCP [carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone],and 1799[2,6-dihydroxy-1,1,1,7,7,7-hexa-
fluoro-2,6-bis(triffuoromethyl)heptan-4-one] were investi-
gated at various concentrations. Each abruptly increased
bacterial respiration, indicating uncoupling of respiration,
but motility was severely affected. The uncoupler 2,4-dini-
trophenol increased respiration by 25% at a concentration of
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FIG. 1. Comparison of aerobic and anaerobic membrane poten-
tial in E. coli mutants deficient in the terminal oxidases of the
electron transport system. The bacteria were grown anaerobically in
L broth supplemented with glycerol and nitrate. After harvesting,
the bacteria were permeabilized by treatment with EDTA, and 50 pl
of a dense suspension was added to a closed chamber that contained
3 uM tetraphenylphosphonium and 0.1% glycerol in 5 ml of chemo-
taxis buffer. The chamber was initially sparged with air. The arrows
indicate the times at which the cells were introduced, the gas was
changed from air to nitrogen, and air was reintroduced. Potassium
nitrate (2 mM) was added to strain RG99 at the time indicated (A).
Membrane potential was measured with a tetraphenylphosphonium-
selective electrode as described in Materials and Methods. The final
cell concentrations (milligrams of dry weight per milliliter) in the
chamber were as follows: AN386, 2.05; RG98, 2.05; RG101, 1.94;
and RG99, 2.54.

300 uM and did not impair motility at that concentration.
Dinitrophenol was selected for further investigation of the
effect of uncouplers on the behavior of S. typhimurium.

In a temporal assay of behavior, the addition of 300 uM
dinitrophenol caused a strong tumbling response (Fig. 2),
which was similar to the behavioral response to a decrease in
oxygen concentration from 225 to 0 pM. When the dinitro-
phenol was decreased by a 10-fold dilution, the bacteria
showed a transient smooth swimming response.

Aerotaxis in phosphotransferase-deficient mutants. Evi-
dence supporting the enzyme I16"¢°s¢ model for aerotaxis
was reexamined. Mutants that were defective in enzyme
[1Glueose [E. coli AWS81 (ptsG)] or in enzyme I [S. typhimu-
rium LJ130 (ptsI)] gave normal aerotactic responses in a
temporal assay (Table 3). These strains are defective in
chemotaxis to glucose or to all substrates for the phospho-
transferase system, respectively (1). Glucose (35 mM) did
not inhibit aerotaxis of S. typhimurium LT2 in spatial
(capillary and air bubble) assays for aerotaxis (Fig. 3).

The cya mutant, which is deficient in adenylate cyclase,
has been reported to be defective in aerotaxis (7). S. typhi-
murium BTS57 (cya) and E. coli AWT29 (cya) were aerotactic
in a temporal assay (Table 3) and in a spatial bubble assay
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FIG. 2. Effect of an uncoupler on the tumbling frequency of S.
typhimurium SL3730. A sample (9 pl) of S. typhimuirum SL3730
suspended in chemotaxis buffer containing 0.7% glucose (5 x 10°
cells per ml) was rapidly mixed with 1 pl of 3 mM, 2,4-dinitrophenol
in 1% methanol on a glass microscope slide. The behavioral re-
sponse was observed through the microscope and videotaped. The
percentage of cells that tumbled in a 1-s interval was determined as
described previously (28). Symbols: @, dinitrophenol added; O, 1%
methanol in chemotaxis buffer added.

(data not shown). Chemotaxis to phosphotransferase sugars
in the cya strain BT57 is dependent on growth in the
presence of cAMP (33); aerotaxis in strain BT57 was inde-
pendent of cAMP (Table 3).

DISCUSSION

Strains that were defective in enzyme IIC"M¢°*¢ or in
enzyme I of the phosphotransferase transport system were
normal in responses to oxygen measured by either a tempo-
ral assay (Table 3) or a spatial assay (data not shown). The
cell suspensions in which the behavioral responses were
measured were streaked on MacConkey agar and confirmed
to have the predicted fermentation phenotype. The cultures
were essentially free of revertants. These results disprove
the hypothesis that enzyme IIC°s¢ is the receptor for
oxygen and that aerotaxis is mediated through the phospho-
transferase pathway.

Glucose (35 mM), at concentrations that would saturate
the phosphotransferase transport system, did not inhibit
aerotaxis in a temporal (16) or spatial (Fig. 3) assay. Chemo-
taxis to phosphotransferase substrates requires cAMP for

TABLE 3. Aerotactic response in pts mutants and cya mutants
of E. coli and S. typhimurium*

Response time (s)

Strain (Ny—air)

E. coli
OWI ittt eeaes 17 =7
AWSBL (DISG) vt 235
AWT29 (CYA)ennniniieieiiiiinieeieieeeeeeeeenenenens 203

S. typhimurium

LIS e 152
LJI130 (ISI) .envnieniiiiiiiiiiee e 14 +2
BTS57 (cya) (with S mM cAMP) ....................... 12+3
BTS57 (cya) (without CAMP)............oooeiniinni. 11 £2

“ The bacteria were grown in minimal medium with glycerol as the carbon
source. The temporal assay for aerotaxis was described in Materials and
Methods. The values are expressed as the means * standard deviations.
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1.5 min

FIG. 3. Effect of glucose on aerotaxis of S. typhimurium LT2.
Bacteria were grown in a minimal medium containing glycerol and
then washed and suspended (2.1 x 10° cells per ml) in chemotaxis
buffer containing glycerol, glucose, or no carbon source. The
capillary assay was performed as described in Materials and Meth-
ods. Photographs were then taken through a phase-contrast micro-
scope at the indicated times. (A) Cells suspended in chemotaxis
buffer without a carbon source. (B) Cells suspended in chemotaxis
buffer with 35 mM glycerol. (C) Cells suspended in chemotaxis
buffer with 35 mM glucose.

induction of a chemotaxis protein in addition to the proteins
of the flagellar motor and the proteins in the pathway for
methylation-dependent chemotaxis (33, 35). With strains
that are constitutive for the flagellar apparatus, the present
study found no requirement for cAMP in aerotaxis. This is a
further indication that there are different pathways for phos-
photransferase chemotaxis and aerotaxis.

The results obtained with the cyo and cyd strains confirm
a requirement for the electron transport system in aerotaxis.
A new finding is that cytochrome d in addition to cyto-
chrome o can function as a ‘‘receptor’’ for aerotaxis in both
temporal and spatial assays. Cytochrome o and cytochrome
d are not receptors in the same class as receptors such as the
serine or ribose receptor. From previous studies, it is
evident that oxygen binding to the terminal oxidase is
required but not sufficient for signal transduction in aerotaxis
(15, 16). Metabolism of oxygen is an integral part of the
sensing mechanism.

Glagolev and Sherman have proposed that a change in the
redox potential of a signaling component rather than a
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change in proton motive force mediates aerotaxis (6, 7).
Neither the present study nor previous investigators can
conclusively distinguish between those possibilities. Previ-
ous studies were equivocal on the question of whether an
uncoupler of oxidative phosphorylation could cause a repel-
lent (tumbling) response in a temporal assay of enteric
bacteria (16, 21, 25). Failure to observe a response to a
temporal gradient of an uncoupler would cast serious doubts
on the proposed role of the proton motive force in aerotaxis.
The observed response to a temporal gradient of 2,4-dinitro-
phenol in Fig. 2 was entirely consistent with the proton
motive force hypothesis. So too, were the observed changes
in proton motive force in the cyo, cyd, and cyo cyd strains
(Fig. 1).

In our view, the results obtained with dinitrophenol favor
the proton motive force hypothesis over a redox signaling
mechanism. In well-aerated unstarved bacteria, there ap-
pears to be some inhibition of electron transport by a large
proton motive force. When dinitrophenol partially depleted
the proton motive force, there was an increase in respiration.
The change in redox potential that accompanied the ob-
served 25% increase in respiration was probably quite small,
with cytochrome o being slightly reduced and other compo-
nents being slightly oxidized. The change in proton motive
force is more likely to have the characteristics required for
signaling. However, historically it has proved difficult in
studies of oxidative phosphorylation to eliminate localized
phenomena that are in equilibrium with the bulk phase as the
driving force for ATP synthesis. There is a similar dilemma
in the mechanism for aerotaxis.

Recent investigations of the basis for an ATP requirement
(27, 30) in chemotaxis revealed a protein transphosphoryla-
tion mechanism that may be the signal transduction pathway
(11). The cheA gene product is autophosphorylated, and the
phosphoryl residue can be transferred to the cheY gene
product (10, 36). Investigations in this laboratory have
shown that the pathways for phosphotransferase (mannose)
chemotaxis and for aerotaxis converage at the CheA-CheW
step in the methylation-dependent pathway (E. H. Rowsell,
J. M. Smith, A. J. Wolfe, M. P. Conley, B. L. Taylor, and
H. C. Berg, FASEB J. 2:AS575, 1988).
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