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Effect of Arsenate on Chemotactic Behavior of
Escherichia coli
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Escherichia coli cells treated with arsenate cannot tumble. The relationship
between cellular adenosine 5'-triphosphate (ATP) level and the ability to tumble
has been studied. (i) Cells incubated with arsenate completely lost their tumbling
ability, and the cellular ATP level was decreased to less than 0.3 nmol/mg of
protein. (ii) Incubation with 10 mM arsenate-1 mM phosphate reduced the
cellular ATP level to less than 0.25 nmol/mg of protein. However, the cells were
still able to tumble. (iii) Tumbling of the arsenate-treated cells was completely
recovered after addition of a slight amount of phosphate, although the ATP level
was still as low as 0.2 nmol/mg of protein. (iv) The cellular ATP level of an
arsenate-treated uncA mutant (Ca2+,Mg2+-adenosine triphosphatase defective)
was lower than 0.1 nmol/mg ofprotein even after the addition of 5 mM phosphate.
However, tumbling ability was almost completely restored upon addition of the
phosphate.

Movement of motile bacteria is affected by
environmental conditions such as chemical com-
position, light intensity, and temperature. Bac-
teria such as Escherichia coli, Salmonella ty-
phimurium, and Bacillus subtilis are attracted
by certain chemicals and repelled by others.
This behavioral response has been called che-
motaxis.
Under unstimulated conditions (in the ab-

sence of any chemical gradient), cells swim in a
straight line for a while and then abruptly
change their direction ofswimming by tumbling.
Bacteria swim by rotating their flagella. Smooth
swimming results from counterclockwise rota-
tion of flagella, whereas tumbling is due to clock-
wise rotation. Tumbling occurs with a constant
probability but at random intervals. This prob-
ability is modulated by spatial or temporal gra-
dients of chemicals. When cells detect an in-
creasing concentration of attractant (or a de-
creasing concentration of repellent), the proba-
bility of tumbling is markedly decreased. On the
other hand, when cells swim toward a higher
concentration of repellent (or a lower concentra-
tion of attractant) tumbling occurs more fre-
quently. The change in concentration of a chem-
ical stimulus is detected by chemoreceptors, sig-
nalled to the flagellum motor apparatus by an
unknown mechanism to affect the direction of
rotation, counterclockwise or clockwise. The
phenomenon of transmitting information of fla-

t Present address: Institute of Basic Medical Sciences, The
University of Taukuba, Niihari-gun, Ibaraki 305, Japan.

gella from chemoreceptors has been called sen-
sory transduction. The response to changes in
chemical concentration is transient, and the
tumbling frequency eventually returns to the
unstimulated level. The change in tumbling fre-
quency and the decline in response are called
sensory excitation and adaptation, respectively
(see 1, 3, 7, and 14 for review).
Adler and Dahl (2) observed that methionine

auxotrophs of E. coli required L-methionine for
both chemotaxis and spontaneous tumbling. It
was shown that the methionine functioned via
S-adenosylmethionine (4-6) and that the methyl
group of S-adenosylmethionine was transferred
to a set ofmembrane proteins, methyl-accepting
chemotaxis proteins (13). Larsen et al. (15) found
that chemotaxis was completely inhibited by
arsenate treatment, whereas motility was not
affected. They suggested that this effect was due
to a decrease in the cellular ATP level and that
ATP was used for activation of L-methionine to
S-adenosylmethionine. However, recent studies
show that some tumbling mutants still tumble
after methionine starvation, whereas arsenate
treatment makes all tumbling mutants unable
to tumble. From these results, it is thought that
ATP itself is required for tumbling, independent
of its role in activation of methionine (6, 12, 21).

Little is known about the molecular mecha-
nism of sensory excitation, although it is well
known that methylation of methyl-accepting
chemotaxis proteins plays an essential role in
sensory adaptation. The finding of a methionine
requirement for chemotaxis led to the discovery
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of the methylation reaction. Therefore, it is
hoped that clarification of the involvement of
ATP in the regulation of tumbling may provide
important clues for understanding the mecha-
nism of sensory excitation. Using a cheX mutant
(methyl-accepting chemotaxis protein methyl-
transferase defective) and an uncA mutant
(Ca2+,Mg2+-ATPase defective), the relationship
between the cellular ATP level and the ability
to tumble has been investigated. The cheX mu-
tant was used for this experiment instead of a
wild-type strain, because the mutant shows pro-
longed and continuous tumbling in the presence
of repellent whereas repellent-induced tumbling
in the wild type is brief and transient (10).
Therefore, the behavior of the mutant is much
easier to follow under microscopy than that of
the wild-type strain. This study shows that when
phosphate was absent in the medium, arsenate-
treated cells became unable to tumble while
retaining a relatively high ATP level. However,
these cells were still able to tumble even at very
low ATP levels if a small amount of phosphate
was present in the medium.

MATERIALS AND METHODS
Bacterial strains and growth. RP487 (13) is wild

type for chemotaxis. RP4080 is a cheXmutant isolated
by Parkinson (18, 19) from the chemotactically wild-
type strain RP470 (closely related to RP487), and it
carries the most defective cheX2l7 allele (10). AN180
is the parent strain of uncA mutant AN120 (8).

Cells were grown in Vogel-Bonner minimal medium
(23) with required amino acids and were harvested by
centrifugation at an optical density at 590 nm of 0.6 to
0.8.

Observation of tumbling ability. The cells were
washed three times with 10 mM PIPES [piperazine-
N,N'-bis(2-ethanesulfonic acid)] buffer, pH 6.6, and
suspended in 5 ml of the same buffer at a final concen-
tration of 1.5 to 2.0 optical density units at 590 am.
The celLs were incubated with 10 mM D,L-lactate for
10 min at 36°C in a rotary shaker, and then 0.06 ml of
1 M potassium arsenate (pH 6.6) or 1 M potasium
arsenate-100 mM potassum phosphate (pH 6.6) was
added. They were further incubated under the same
conditions. At the times indicated, 0.01 ml of cell
suspension was put on a slide, and the swimming
pattern was observed under a phase-contrast micro-
scope. In the case of chemotactically wild-type strains
(RP487, AN180, and AN120), the population of cells
showing spontaneous tumbling was counted. Cells of
the cheX mutant (RP4080) vigorously and continu-
ously tumble in the presence of repellent (10), and this
property is convenient for the observation of change
in the swimming pattern. CoS04 (0.1 mM) was added
as a repellent before incubation with arsenate, and the
population of continuous tumblers was observed. D,L-
Lactate was added to prevent loss of motility. It is
known that cells show good motility during incubi ion
with arsenate when lactate is present (15).

Recovery of tumbling ability was observed as fol-

lows. After incubation with 10 mM arsenate for 1 to 2
h under the conditions described above, the indicated
concentration of potassium phosphate (pH 6.6) was
added. The change in swimming pattem was assayed
as descibed above, and the reactivity of chemotacti-
cally wild-type strains to Co2+ was observed by the
temporal assay (17). A 1-pl portion of 2 mM CoSO4
was added to 0.01 ml of cells on the slide, and C02+-
induced behavior was assayed.
Assay for cellular ATP level. Cellular ATP was

extracted with 0.1 N HNO3 (9). At the times indicated,
0.2 ml of cell suspension was injected into 0.2 ml of
ice-cold 0.2 N HCO3, and the solution was incubated
for 15 min at 0°C. Then, 0.2 ml of ice-cold 0.18 N
KOH-0.04 M KHCO3 was added to neutralize the
solution. Insoluble cell materials were removed by
centrifugation.
The amount of ATP was assayed by the firefly

luciferin-luciferase procedure (20, 22). Luciferin-lucif-
erase was extracted from fireflies according to Ham-
merstedt (11), with some modifications. A 200-mg
portion of dissected firefly tails (Sigma Chemical Co.)
was homogenized in 5 ml of ice-cold buffer A (10 mM
Tris-hydrochloride [pH 7.6], 50 mM potassium arse-
nate, 10 mM magnesium sulfate, 5 mM 2-mercapto-
ethanol) with a manual homogenizer at 00C. The
extract was transferred to a centrifugation tube. The
homogenizer was washed with 5 ml of the same buffer,
and the wash was combined with the extract. After
incubation for 15 h at 40C, the combined solution was
centrifuged at 20,000 x g for 20 min at 40C. The same
volume (about 10 ml) of buffer A-50% (vol/vol) glyc-
erol was added to the yellow supernatant and divided
into 1-ml fractions. Each fraction was stored at-80°C.
Under this condition, it was stored for several months
without loss of any activity. For use in testing, a 1-ml
fraction was diluted with 9 ml of buffer B (10 mM
Tris-hydrochloride [pH 7.6], 10 mM potassium arse-
nate, 10 mM magnesium sulfate, 5 mM 2-mercapto-
ethanol). After addition of0.2 ml of this diluted extract
to 1.7 ml of buffer C (50mM glycylglycine [pH 7.4], 10
mM potassium arsenate) in a vial, the background
luminescence was measured. Then, 0.1 ml of sample
was added to the vial and the amount of ATP was
amayed. Luminescence was counted with a Packard
Tri-Carb liquid scintillation spectrometer (LSC 3330,
single channel; window, 2-100; gain, 31%; and counting
time, 5s from 15 to 20s after addition). ATP level was
expressd in nanomoles per milligram of protein. Pro-
tein was determined by the method of Lowry et al.
(16), with bovine serum albumin as the standard.

RESULTS
Effect of arsenate on tumbling ability.

The effect of arsenate on the cellular ATP level
and tumbling ability of the cheX mutant
(RP4080) was studied (Fig. 1). The ATP level of
cells incubated with 10 mM D,L-lactate and 0.1
mM CoSO4 was about 5.4 nmol/mg of protein.
Under this condition, all cells continuously and
vigorously tumbled. Addition of 10mM arsenate
caused decreas in both the cellular ATP level
and the population of tumbling cells. At 15 min,
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FIG. 1. Effect of 10 mM arsenate (As) on cellular
ATP level and swimming pattern of RP4080. Cells
were incubated with 10 mM arsenate in the absence
or presence of I mM phosphate. At the times indi-
cated, cellular ATP and swimming pattern were as-
sayed as described in the text. Symbols: ATP levels
ofceUs incubated (0) with 10mM arsenate alone and
(0) with 10 mM arsenate-i mM phosphate. When
populations of continuous tumblers were >90% and
<10%, these swimming patterns are expressed by T
and S, respectively. When 10 to 90% of cells continu-
ously tumbled and an increasing population of
smooth swimmers was observed during incubation, T
S was used.

the ATP level was about 1.5 nmol/mg of protein,
and some smooth swimmers were observed. At
30 min, the ATP level was about 0.6 nmol/mg
of protein, and about half of the cells showed
smooth swimming. After 45 min of incubation,
most of the cells swam smoothly, and the ATP
level was reduced to 0.3 nmol/mg of protein. In
contrast, a decrease in the ATP level was not
accompanied by loss of tumbling when the cells
were incubated with 10 mM arsenate-1 mM
phosphate. After 2 h of incubation, the ATP
level was reduced to 0.25 nmol/mg of protein.
However, the cells still showed continuous tum-
bling under this condition. A similar result was
obtained when RP487 (chemotactically wild-
type strain) was studied. Cells were unable to
tumble after 30 min of incubation with 10 mM
arsenate. However, cells incubated with 10 mM
arsenate-1 mM phosphate still tumbled, al-
though the ATP level was reduced to a level
simila to that of cells incubated with 10 mM
arsenate (data not shown).
Restoration of tumbling ability by phos-

phate. The mutant cells swam smoothly and
the ATP level was reduced to about 0.1 nmol/
mg of protein after 2 h of incubation with 10

mM arsenate. The swimming pattern was not
affected by 0.3mM phosphate, whereas addition
of 0.6 or 1.0 mM phosphate caused a complete
restoration oftumbling. The correspondingATP
levels of the tumbling cells were as low as 0.2
and 0.3 nmol/mg of protein, respectively (Fig.
2). These observations suggest that the loss of
tumbling ability in arsenate-treated cells is not
due to a decrease in cellular ATP level.
To investigate the possibility described above,

the relationship between cellular ATP level and
tumbling ability was studied further, using the
Ca2+,Mg2+-ATPase-defective mutant AN120
(uncA). The mutant cells suspended in the cul-
ture medium contained about 4 nmol of ATP
per mg of protein. After three washes with 10
mM PIPES buffer, the ATP level was reduced
to 0.3 nmol/mg of protein. Addition of 10 mM
lactate caused an increase in ATP level to 2.5
nmol/mg of protein. During these treatments,
no significant change in swimming behavior was
observed (data not shown). After 1 h of incuba-
tion with 10 mM arsenate, the ATP level was

decreased to 0.03 nmol/mg of protein, and the
cells became unable to tumble (they neither
spontaneously tumbled nor responded to repel-
lent). The tumbling ability of these cells was

restored after addition of 2 or 5 mM phosphate,
although the increase in ATP level was slight
(to 0.03 and 0.07 nmol/mg of protein, respec-

tively, after 20 min of incubation). More than
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FIG. 2. Restoration of tumbling of arsenate-

treated cells by Pi. RP4080 cells were treated with 10
mM arsenate for 2 h in the presence of 10 mM D,L -

lactate and 0.1 mM CoSO4. Then, P, was added to
this ceU suspension, and the swimming pattern and
ATP level were assayed. Symbols: ATP level after
addition of(O) 0.3, (A) 0.6, and (0) 1.0 mMphosphate,
respectively. S and T are used to express the swim-
ming patterns given in the legend to Fig. 1. The
dotted line shows the ATP level without the addition
ofphosphate.
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half of the cells showed spontaneous tumbling
and about half responded to 0.2 mM Co2 . After
10 min of incubation with 10mM phosphate, the
ATP level was increased to 0.1 nmol/mg of
protein, and tumbling ability was almost com-
pletely restored. The cellular ATP level of
AN180 (Ca2+,Mg2+-ATPase-positive strain) was
reduced to 0.16 to 0.2 nmol/mg of protein, and
these cells almost completely lost tumbling abil-
ity. The enhancement of the ATP level by phos-
phate was much more effective than in the mu-
tant. However, the difference observed between
recovery of tumbling ability in the two strains
was not particularly ificant (Fig. 3, Table 1).

Restoration of tumbling in arsenate-treated
cheX cells by phosphate addition was also ob-
served even when cells were incubated with an
inhibitor of ATPase, such as dicyclohexylcar-
bodiimide. However, a significant loss ofmotility
was observed after dicyclohexylcarbodiimide
treatment even in the presence of lactate (data
not shown).

DISCUSSION

Arsenate treatment caused decreases in both
cellular ATP level and tumbling frequency. The
cells almost completely lost their tumbling abil-
ity and the ATP level was decreased to less than
0.3 nmol/mg of protein after 1 h of incubation
with 10 mM arsenate alone. In contrast, the
reduction in the ATP level was not accompanied
by a loss of tumbling when the cells were incu-
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FIG. 3. Effect of Pi on ATP level of arsenate-

treated cells. Cells of AN180 (uncA ) and AN120
(uncA) were treated with 10mM arsenate for 1 h, and
then P, was added At the tunes indicated, ceUular
ATP levels of these cells were measured. Swimming
patterns are shown in Table 1. Open and closed
symbols indicate AN120 and AN180, respectively:
celular ATP leels after addition of (0, 0) 2, (A, A)
5, (0, U) 10, and (V, V) 20mMphosphate, respectively.

TABLE 1. Effect ofP, on swimming pattern of
arsenate-treated cells'

Swimming pattern

Pi (mM) Nonstimulated con- Presence of Co2+dition

AN180 AN120 AN180 AN120
0 S S S S
2 W W-S T>S T<S
5 W W>S T T>S
10 W W T T
20 W W T T
Arsenate-treated cells were incubated with the

indicated concentration of Pi for 10 min. Their swim-
ming patterns under nonstimulated conditions and
their response to 0.2 mM CoSO4 were observed as
descrbed in the text. CellularATP levels of these celLs
are shown in Fig. 4. S, W, and T indicate smooth, wild-
type, and tumbling swimming, respectively. When the
predominant patterns were smooth swimming and
wild-type (or tumbling) swimming, these patterns are
expressed as T <S and W > S (orT > S), respectively.
W -S indicates roughly half in each swim_ing pat-
tern.

bated with 10mM arsenate and 1 mM phosphate
(Fig. 1). The lack of correlation between tum-
bling ability and cellular ATP level was also
observed in the following cases. (i) The tumbling
ability of the arsenate-treated celLs was restored
by addition of phosphate, even when the ATP
level was as low as 0.2 rnmol/mg of protein (Fig.
2). (ii) Addition of phosphate caused only a
slight increase in ATP level of the arsenate-
treated mutant AN120 (uncA mutant). Tum-
bling ability was almost completely restored by
addition of 5 mM phosphate, although the ATP
level was only 0.07 nmol/mg of protein (Fig. 3,
Table 1). These findings suggest that the lack of
tumbling ability in arsenate-treated cells is due
to the decrease in the level of some phosphoryl-
ated compound other than ATP and that the
cellular level might be influenced not by the
ATP level but by the ratio of arsenate to phos-
phate in the cell. In other words, this paper
suggests an involvement of an unidentified fac-
tor, neither ATP nor an ATP derivative such as
S-adenosylmethionine, in tumbling. Since inor-
ganic phosphate is involved in a wide variety of
cellular reactions, further studies would be re-
quired for the identification of the compound.
The results presented in this paper show that

the cellular ATP level is independent of the lack
of tumbling in arsenate-treated cells. However,
nothing can be said about any ATP requirement
for tumbling. There is a posibility that arsenate-
treated cells still contain more than the thresh-
old concentration ofATP required for tumbling.
Therefore, the possibility that ATP plays some
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role in tumbling cannot be eliminated. Table 1
shows that an uncA mutant requires more phos-
phate for recovery of tumbling than an uncA+
strain does. Since the ATP level of AN120 after
arsenate treatment was very low (only 10 to 20%
of that of the uncA+ strain), it is possible that
the ATP level of arsenate-treated AN120 was
around the threshold concentration whereas
that of the uncA + strain was above it.

Since scarcely anything is known about sen-
sory excitation, it is difficult at present to spec-
ulate about the cause and mechanism of elimi-
nation oftumbling ability by arsenate treatment.
However, that arsenate-treated cells cannot
tumble is an important fact for the study of
sensory excitation.
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