sarily associated with the mass transfer
may have operated, the most signifi-
cant being dehydration, which would
also result in increased thermal con-
ductivity and hence lower thermal
gradients in the maria (35).

Conclusions

In recent years studies of the gravi-
tational field of the moon have gen-
erated several new clues on the moon’s
origin, history, and structure. The gross
homogeneity of the moon seems well
established; the moon is closer to equi-
librium than the earth but far from
completely inactive; the full explana-
tion of the most intriguing features,
the mascons, appears to require more
detailed gravimetry measurements as
well as other data; and more measure-
ments are needed to provide the same
accuracy for data related to the back
side of the moon as for data related
to the front side.
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the attractants themselves are detected.
In that case, extensive metabolism of
the attractants would not be necessary
for chemotaxis. There is another possi-
bility: the attractants themselves are
not detected but, instead, some metabo-
lite of the attractants is detected (for
example, the pyruvate inside the cell);
or the energy produced from the at-
tractants, perhaps in the form of
adenosine triphosphate, is detected. In
these cases, metabolism of the attract-
ants would be necessary for chemo-
taxis. The idea that bacteria sense the
energy produced from the attractants
has, in fact, gained wide acceptance for
explaining chemotaxis (and also photo-
taxis) (2).

To try to determine which of these
possibilities is correct, experiments
were carried out with Escherichia coli
bacteria, which had previously been
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demonstrated to exhibit chemotaxis to-
ward various organic nutrients (3). The
results show that extensive metabolism
of the attractants is not required, or
sufficient, for chemotaxis. Instead, the
attractants themselves are detected.

The systems that bacteria use to de-
tect chemicals without metabolizing
them are here called “chemoreceptors.”
Efforts to identify the chemoreceptors
are described.

A Quantitative Method
for Studying Chemotaxis

In the 1880’s Pfeffer (4) demon-
strated chemotaxis by exposing a sus-
pension of motile bacteria to a solution
of an attractant in a capillary tube and
then observing microscopically that the
bacteria accumulated first at the mouth
of the capillary (Fig. 1) and later inside.
A modification of this method, which
permits quantitative study of chemo-
taxis, is here described briefly (5).

Wild-type Escherichia coli KI12,
strain W3110, was used, except where
otherwise indicated. A capillary tube
containing a solution of attractant was
pushed into a suspension of bacteria
on a slide (6). After incubation at
30°C (7) for 60 minutes, the capillary
was taken out of the bacterial suspen-
sion and washed to remove bacteria
adhering to the outside. The number of
bacteria inside the capillary was then
measured by plating the contents of the
capillary and counting colonies the next
day. The error is = 15 percent.

A typical result for glucose (8) at
various concentrations is shown in Fig.
2. From such a dose-response curve—
or, better, from a double log plot—one
can estimate a threshold concentration
for accumulation inside the capillary, in
this case about 4 X 10—"M. (The
threshold is actually lower than this,
since the glucose is being used up.) At
the highest concentrations, so much at-
tractant diffuses out that the bacteria
which have accumulated outside the
capillary do not enter in the time al-
lowed. The peak concentration varies
with time of incubation, rate of use of
the attractant, and other factors (5).

Results similar to that shown in Fig.
2 were obtained for other attractants—
for example, galactose, ribose, aspar-
tate, and serine (8).

Are the attractants themselves de-
tected, or is it something that results

The author is a professor in the departments
of biochemistry and genetics at the University
of Wisconsin, Madison.

26 DECEMBER 1969

Fig. 1. Photomicrograph showing attraction of Escherichia coli bacteria to aspartate.
The capillary tube (diameter, ~ 25 microns) contained aspartate at a concentration of
2 X 10°M. [Photomicrograph by Scott W. Ramsey; dark-field photography]

Table 1. The ability of various metabolizable chemicals to attract Escherichia coli.

Chemotaxis*

Maximum responsef Doubling time

Attractant Threshold : fo(rh gro;v)th
molarity Molarity No.a gfr al;?:(tlerla our
Galactose 4 x 10° 102 125,000 2.6
Galactonate 101 10 5,000 2.0
Glucose 4 x 10-° 10-® 187,000 1.2
Gluconate > 1071 (No response) 1.1
Glucuronate > 10 (No response) ) 1.1
Glycerol > 101 (No response) 1.8
«-Ketoglutarate > 101 (No response) 2.5
Succinate 10-2 10 8,000 2.0
Fumarate > 101 (No response) 2.0
Malate 10 10 5,000 1.7
Pyruvate > 101 (No response) 3.0

* The chemotaxis studies were carried out for 1 hour with wild-type (W3110) bacteria grown on each
chemical (0.025M) as sole source of carbon and energy, in a medium described elsewhere (45).
T “Maximum response’’ refers to the number of bacteria attracted into a capillary tube in 1 hour at
the peak concentration of attractant. The peak concentration was determined from a dose-response
curve for concentrations between 10-8M and 10-!M (as in Fig. 2) for each chemical. A background
value (the value obtained when there is no attractant in the capillary tube) of about 3000 bacteria

has been subtracted (see 46).

Table 2. The ability of L-aspartate and L-serine and of some of their products to attract

Escherichia coli.

Chemotaxis* Oxygen

—_ uptaket

Attractant Threshold Maximum response (ul/hr

i } No. of bacteria per 10-°

molarity Molarity attracted cells)

Aspartate 6 X 108 3 X 102 ) 330,000 12
Serine 2 X 107 10-2 194,000 25
Succinate 10-2 10-1 43,000 61
Fumarate 10-* 10 3,000 30
Malate 10! 101 3,000 44
Oxalacetate > 10! (No response) 5
Pyruvate > 107 (No response) 61

* The bacteria were grown on glycerol as sole source of carbon and energy. Otherwise the conditions

were as described for Table 1.
at 30°C.

17 Oxygen uptake was measured in chemotaxis medium (see 6)
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Fig. 2 (left). Graph showing chemotaxis toward glucose (solid circles) but not toward
glycerol (open circles). Wild-type (strain W3110) bacteria, grown on glycerol, were

used, and the experiment lasted 1 hour.

Fig. 3 (right). Graph showing chemotaxis

toward galactose by a wild-type strain, W3110 (solid circles), and by a galactose
mutant, W4690 (open circles), which has a mutation in each of the genes for three
enzymes needed in the metabolism of galactose. Both strains of bacteria were grown
on mannose (see 30). The experiment lasted 1 hour.

from the metabolism of the attractants
—an intermediate, or the energy pro-
duced—that is detected? The following
five approaches lead to the conclusion
that chemotaxis is not a consequence of
the metabolism of the attractants but,
rather, that the attractants themselves
are detected.

Inert Metabolizable Chemicals

1) Some chemicals that are exten-
sively metabolized fail to attract bac-
teria. This result makes it clear that
metabolism of a chemical and energy
production from it are not sufficient to
make a chemical an attractant.

Table 1 shows that among a number
of chemicals that are readily metabo-
lized and yield energy, as judged by the
ability of Escherichia .coli to grow on
them in the absence of any other car-
bon and energy source, there are some
that fail to attract the bacteria or that
attract them very weakly. (The weak
response of some of the citric acid
cycle compounds could result from
their structural resemblance to aspar-
tate, and this resemblance might per-
mit slight detection by an aspartate
receptor.) The case of glycerol is
shown in more detail in Fig. 2. The in-
ability of glycerol to attract bacteria
had already been shown by Pfeffer in
1888 (I, 4). The failure of some of the
chemicals of Table 1 to attract bacteria
was evidently not attributable to an
inhibition of chemotaxis, since the pres-
ence of each of these chemicals in com-
bination with chemicals that are at-
tractants did not prevent the response
of bacteria to the attractants, as docu-
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mented below for the case of pyruvate
and succinate. -

Among the chemicals that are ex-
tensively metabolized but fail to attract
bacteria (or attract them very weakly)
are some that are the first products in
the metabolism of the attractants as-
partate and serine. First products
should also attract, if bacteria detect
metabolites of the attractants, or energy
produced from the attractants,

In Escherichia coli, aspartate is
known to be converted to fumarate, a
reaction catalyzed by aspartase (9).
Some aspartate may also be converted
to oxalacetate by oxidation or trans-
amination. The resulting fumarate and
oxalacetate would give rise to succinate,
malate, and pyruvate by way of the

Galactose*
150,000
S
4
b Galactose~
'S 100,000+ deletion
o 100,
Q
O
o
50,000 |-

0 4 4 L L L
0 107 10¢ 10° 10% 10° 10? 10"
Galactose molarity

Fig. 4. Graph showing chemotaxis toward
galactose by a wild-type strain, W3110
(solid circles), and by galactose™ mutant,
SU742 (open circles) which has the
genes for the three enzymes of galactose
metabolism deleted. Both strains of bac-
teria were grown on mannose (see 30).
The incubation time was 1 hour.

citric acid cycle. Table 2 shows that
cells that are strongly attracted to as-
partate are not attracted to any of these
intermediates or are attracted to them
very weakly; these cells are able to use
the intermediates readily, as one finds
by measuring the rates of oxidation un-
der the same conditions and by the
same cells that are used in the chemo-
taxis studies. (The inertness of most of
these chemicals in chemotaxis is shown
in Table 1, but in those chemotaxis
studies the bacteria are not strictly
comparable to one another since they
are first grown on the chemical in ques-
tion with that chemical as the sole
source of carbon and energy before
being tested for chemotaxis.)

One of the prominent routes of
L-serine metabolism in Escherichia coli
is conversion to pyruvate by L-serine
deaminase (70). Table 2 shows that
the bacteria are attracted strongly to
L-serine but not at all to pyruvate,
though they oxidize pyruvate readily.

Pyruvate, oxalacetate, malate, fuma-
rate, and succinate are, of course, also
intermediates in the metabolism of glu-
cose, galactose, and ribose, which are
good attractants.

Nonmetabolizable Attractants

2) Some chemicals that are essen-
tially nonmetabolizable attract bacteria.
It has now been found that mutant
bacteria that have lost the ability to
metabolize an attractant are still at-
tracted to it, and that bacteria are at-
tracted to largely nonmetabolizable an-
alogs of attractants.

2a) Mutant bacteria that have lost
the ability to metabolize a chemical are
attracted to it. An Escherichia coli mu-
tant, W4690, which lacks three enzy-
matic activities essential for the metab-
olism of galactose (galactokinase,
galactose-1-phosphate uridyltransferase,
and uridine diphosphogalactose-4-epi-
merase) because of a point mutation in
each of the genes for these three en-
zymes (/1) and another E. coli mu-
tant, SU742, in which these three genes
are deleted altogether (72) are both
strongly attracted to galactose, as com-
pared to wild-type bacteria (Figs. 3 and
4). The response peak occurs at a
somewhat higher concentration for the
wild-type bacteria than for the mutants;
this may reflect the fact that the wild-
type bacteria consume the galactose
and in this way alter the gradient. The
galactose used in these experiments had
been purified (I3) to remove any con-
taminating attractants, such as glucose.
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Fig. 5. Graph showing lack of growth on
galactose by the galactose™ mutant W4690.
Bacteria that had been grown on mannose
were washed and imoculated into growth
medium (45) containing galactose (open
circles) or glucose (solid circles) at con-
centration of 0.05M, and then shaken at
35°C.
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Fig. 6. Graph showing lack of oxidation
of galactose by the galactose~ mutant
W4690 as measured by oxygen uptake.
The bacteria (5 X 10° per milliliter) were
suspended in a Warburg flask containing 3
milliliters of chemotaxis medium (see 6)
to which galactose (open circles) or glu-
cose (solid circles) was added at a con-
centration of 1.3 X 10°M, or to which no
substrate was added (triangles), and the
uptake of oxygen was measured in a War-
burg respirometer at 30°C. The results are
expressed as micromoles of O, taken up
per flask, The bacteria had been grown on
mannose.
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The following evidence shows that
mutant W4690 does not “metabolize
galactose. It failed to grow on galactose,
though it grew normally on glucose
(Fig. 5), and there was no detectable
oxygen uptake on galactose, though
there was on glucose (Fig. 6). Mea-
surement of C!4-labeled carbon dioxide
released from uniformly labeled C14-
galactose (/4) showed that the mu-
tant’s production of carbon dioxide is
99.9 percent blocked relative to that of
a wild-type strain (Fig. 7). Assays for
the threce enzymes of galactose metabo-
lism were negative (/7). Chromatog-
raphy of an incubation mixture of a
heavy suspension of bacteria in a
medium containing radioactive galac-
tose (Fig. 8) showed that the galactose
was unused, and that slight amounts of
only one, or perhaps two, products
could be detected. The radioactivity
near the origin may be galactose-6-
phosphate, known to be produced from
galactose and phosphoenolpyruvate (15,
16) in mutants that do not metab-
olize galactose (galactose— mutants)
(17). That reaction, however, could not
be required for chemotaxis, since mu-
tants unable to carry out this reaction
showed normal taxis toward galactose.

The deletion mutant SU742 also
failed to grow on galactose or to take
up any detectable oxygen on galactose,
and its production of C!4-labeled car-
bon dioxide from uniformly labeled
Cl4-galactose was 99.5 percent blocked
relative to that of a wild-type strain.

An Escherichia coli mutant, DF2000,
defective in its ability to metabolize
glucose because of mutations in the
genes for phosphoglucose isomerase
and glucose-6-phosphate dehydrogenase
(18) was attracted to glucose as
strongly as its wild-type parent, strain
K10, was (Fig. 9). The mutant failed
to grow on glucose, and both its oxygen
uptake on glucose and its production
of Cl.labeled carbon dioxide from
uniformly labeled C*-glucose (I9)
were 97 percent blocked, relative to the
wild-type parent. Being unable to me-
tabolize glucose, the mutant is also un-
able to metabolize galactose; as ex-
pected, the mutant was attracted to ga-
lactose as strongly as its parent was.

Analogs That Attract

2b) Some essentially nonmetaboliz-
able analogs of metabolizable chemicals
attract bacteria. D-Fucose (6-deoxy-D-
galactose) is a galactose analog that is
not a source of carbon and energy for
growth (20). Nevertheless the bacteria

are attracted to it. In Fig. 10 the re-
sponses of bacteria to pD-fucose and D-
galactose are compared. It may be seen
that p-fucose is an effective attractant,
though its threshold concentration for
chemotaxis is higher than that of D-
galactose, as might be expected for an
analog. The D-fucose had been puri-
fied (13) to remove metabolizable im-
purities such as galactose or glucose.
(L-Fucose, while an excellent source
of carbon and energy for growth, is in-
ert as an attractant.)

The evidence that p-fucose is essen-
tially nonmetabolizable may be sum-
marized as follows. Buttin has reported
(20) that p-fucose does not support the
growth of Escherichia coli (this is dem-
onstrated in Fig. 11), that it is not de-
tectably phosphorylated by galactoki-
nase or by a crude extract of E. coli,
and that it is not consumed by these
bacteria at an appreciable rate. Figure
12 shows that p-fucose, unlike D-ga-
lactose, is not detectably oxidized. Chro-
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Fig. 7. Graph showing lack of oxidation
of galactose by the galactose mutant
W4690 as measured by production of C*-
labeled carbon dioxide. Mutant bacteria
(open circles) or wild-type Dbacteria,
W3110 (solid circles), each at a concentra-
tion of 4 X 10° bacteria per milliliter, were
suspended in 1 milliliter of chemotaxis
medium containing uniformly labeled C*-

- galactose (14) (1 X 10*M; 5 X 10° counts

per minute per milliliter). Then portions
(0.2 milliliter) were incubated at 30°C
for various times in flasks equipped with
a center well (47) for trapping C*-labeled
carbon dioxide in ethanolamine and ethyl-
ene glycol monomethyl ether (1:1) (48);
a count was made of the trapped carbon
dioxide (48). The results are expressed as
nanomoles of carbon dioxide per flask.
The bacteria had been grown on mannose.
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Table 3. Effect of added metabolizable chemical on chemotaxis.

Number of bacteria attracted

Attractant ml;gbzg;iaegle Pyruvate Succinate Glucose
= -3 -3 -3
chemical (3 X103M) (3 X10-%M) (3 X10*M)
Wild-type strain*
None 3,000 4,000 3,000 3,000
Galactose (10-°M) 83,000 69,000 71,000
Fucose (10-2M) 168,000 149,000 152,000
Glucose (10-*M) 138,000 109,000 86,000
Aspartate (10-°M) 537,000 548,000 752,000 503,000
Serine (10-*°M) 382,000 299,000 418,000 494,000
Galactose~ straint
None 10,000 9,000 6,000
Galactose (10*M) 67,000 128,000 68,000
Glucose~ straini
None 5,500 3,000 4,000
Glucose (10*M) 17,000 72,000 87,000

* The wild-type strain, W3110, was grown on galactose as sole source of carbon and energy.

1 The

galactose~ strain, W4690, was grown on mannose (see 30); the same result was obtained with the

galactose- deletion strain, SU742.

matography of an incubation mixture
of a heavy suspension of E. coli with
radioactive D-fucose has revealed that
some metabolism does occur (27). Five
products were formed by wild-type E.
coli, and three of these were formed
by a mutant of E. coli, W4690, that
lacks the enzymes of galactose metabo-
lism but is attracted to D-fucose as
strongly as wild-type bacteria are. In
wild-type E. coli, p-fucose is converted
into products at only 0.5 to 1.0 percent
of the rate at which D-galactose metab-
olism occurs.

Three glucose analogs which failed

Galactoset

fThe glucose- strain, DF2000, was grown on mannose. All
incubations were carried out for 1 hour at 30°C.

to support growth and which were oxi-
dized at less than 5 percent of the rate
for glucose are also attractants: 2-de-
oxyglucose, a-methyl glucoside, and L-
sorbose. It had been known that these
analogs do not undergo extensive con-
version (22). The thresholds for chem-
otaxis were 3 X 10—*M, 10—3M, and
3 X 10—4*M, respectively, and the max-
imum responses were 125,000 bacteria
at 10—1M, 210,000 at 10—1M, and
123,000 at 3 X 12—2M, respectively.
The three analogs were purified before
use in order to remove glucose or other
contaminants (13).

! f
Origin Galactose Front
Galactose —
P f T
Origin Galactose Front

Fig. 8. Chromatrographic records showing lack of metabolism of galactose by the
galactose” mutant W4690. Mutant bacteria (bottom record) or wild-type bacteria,
W3110 (top record), each at a concentration of 2 X 10° bacteria per milliliter in 1
milliliter of chemotaxis medium containing uniformly labeled C'-galactese (I4)
(2 X 10*M; 6 X 10° counts per minute per milliliter), were incubated at 30°C for
2.5 hours. A 0.05-milliliter sample from each was then chromatographed in an
ethylacetate, pyridine, H.O (8:2:1) system for 12 hours. The top record shows that
the wild-type bacteria consumed the galactose; radioactivity at the origin probably
represents incorporation into cellular materials. The bacteria had been grown on
mannose.
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Metabolized Chemicals Do Not Block

3) Chemicals attract bacteria even .
in the presence of a metabolizable
chemical. If bacteria detect metabolites
of an attractant, or energy produced
from it, then the addition of a
metabolizable chemical should stop
chemotaxis by flooding the cells with
metabolites and energy. This was not
found to be the case for either metab-
olizable or nonmetabolizable attractants.

Table 3 shows that the presence of
the metabolizable chemicals pyruvate
or succinate in the bacterial suspension
and in the capillary did not block
chemotaxis toward galactose, glucose,
aspartate, or serine. Even the chemicals
that are not metabolized—ifucose, or
galactose in the case of the galactose—
mutant, or glucose in the case of the
glucose— mutant—attracted bacteria
perfectly well in the presence of pyru-
vate or succinate. Nor did glucose
block chemotaxis toward aspartate or
serine.

[It should be pointed out that no
energy source has been added in any
of the chemotaxis experiments reported
in-this article except for those of Table
3. Instead, the bacteria rely on an
endogenous energy source (23). Stimu-
lation by an added energy source in the
case of the glucose— mutant indicates
that its endogenous energy source is
inadequate, and this conclusion is sup-
ported by the observation that the
endogenous uptake of oxygen is lower
in this strain than it is in its glucose+
parent.]

Pyruvate, succinate, and glucose are
in fact readily metabolized under these
conditions, as shown by oxygen uptake
measurements under exactly the condi-
tions of the chemotaxis experiments.
They are metabolized even in the pres-
ence of the attractants: the oxygen up-
take on pyruvate or succinate at a
concentration of 3 X 10—3M was not
blocked by the addition of fucose
{10—2M; there was no inhibition), or
by the addition of galactose in the case
of the galactose— mutant (10—3M,
there was no inhibition), or by the addi-
tion of glucose in the case of the glu-
cose— mutant (10—4M; inhibition, 40
percent).

Structurally Related Attractants
Compete
4) Attractants that are closely re-

lated in structure compete with each
other but not with structurally unre-
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Fig. 9. Graph showing chemotaxis toward
glucose by a glucose™ mutant, DF2000
(open circles), and its glucose* parent,
K10 (solid circles). Both strains of bac-
teria were grown on mannose. The experi-
ment was carried out for 1 hour in the
presence of succinate (3 X 10°M) as en-
ergy source. -

lated compounds. This finding supports
the conclusion that it is the attractants
themselves that are detected, and that
there exists a variety of specific re-
ceptors.

In these experiments, one attractant
at its optimum concentration is put
into the capillary tube, and another
attractant at a concentration of 0.01M
is put into both the capillary and the
bacterial suspension. If the two at-
tractants use the same chemoreceptor,
the response should be inhibited; if
they do not, the response should not
be affected. (Inhibition could result
from other causes too, but failure to
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Fig. 10. Graph showing chemotaxis to-
ward D-fucose (open circles) and p-galac-
tose (solid circles). Wild-type bacteria
(W3110), grown on D-galactose, were used
in this experiment, which lasted 1 hour.
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obtain inhibition is strong evidence that
the attractants use different receptors.)
Experiments of this nature were first
carried out in the late 19th century
(26). Some of our results follow (for
a more detailed report, see 27 and 28),

Chemotaxis toward fucose was com-
pletely inhibited by the presence of
galactose, and in the reciprocal experi-
ment there was nearly complete inhibi-
tion. This suggests that fucose and
galactose use the same chemoreceptor
(the “galactose receptor”).

Glucose completely eliminated taxis
toward galactose, but in the reciprocal
experiment the inhibition was only
about 60 to 70 percent, no matter how
high the concentration of galactose
was, This suggests that the receptor
which detects galactose also detects
glucose but that, in addition, there is
another receptor that detects glucose
but not galactose (the “glucose re-
ceptor”™).

Similar experiments show that ribose
is detected by yet another receptor (the
“ribose receptor”), which fails to de-
tect either galactose or glucose.

Glucose did not block taxis toward
serine or aspartate (Table 3), and
neither did galactose, fucose, or ribose.
In the reciprocal experiments, aspartate
failed to inhibit taxis toward any of the
sugars. (Serine slightly inhibits chemo-
taxis toward all other attractants, and
this inhibition remains unexplained.)
These results show that the receptors
which detect the sugars are different
from those which detect the amino
acids.

Aspartate did not inhibit taxis toward
serine, so evidently there are separate
receptors for detecting these two amino
acids (the “aspartate receptor” and the
“serine receptor”). On the other hand,
aspartate completely inhibited taxis to-
ward glutamate, and complete inhibi-
tion was found in the reciprocal experi-
ment, so it appears that aspartate and
glutamate use the same receptor.

The various chemicals that are not
attractants or that attract very weakly
all failed to inhibit chemotaxis toward
the attractants. (See, for example, the
case of pyruvate and succinate in Table
3)

Mutants Lacking Specific Taxes

5) There are mutants which fail to
carry out chemotaxis to certain at-
tractants but are still able to metabolize
them. If there are chemoreceptors in
bacteria and if they are specific, there
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Fig. 11. Graph showing lack of growth on
p-fucose by wild-type bacteria, W3110.
Bacteria that had been grown on D-galac-
tose were washed and inoculated into
growth medium (45) containing D-fucose
(open circles) or Dp-galactose (solid cir-
cles) at concentration of 0.05M, and then
shaken at 35°C.
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Fig. 12. Graph showing lack of oxidation
of p-fucose. Wild-type bacteria (W3110),
at a concentration of 8 X 10°® bacteria per
milliliter, were suspended in a Warburg
flask containing 3 milliliters of chemotaxis
medium to which D-fucose (1 X 107°M)
(open circles) or Dbp-galactose (1.5
10°M) (solid circles) was added, or to
which no substrate was added (triangles),
and uptake of oxygen was measured in a
Warburg respirometer at 30°C. The re-
sults are expressed as micromoles of O»
taken up per flask. The bacteria had been
grown on D-galactose.
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should be mutants that are defective in
their response to some attractants but
not to others, because of a defect in
a single receptor. Such mutants of
Escherichia coli have now been found
by Hazelbauer and Mesibov (24, 25).

One mutant, defective in the “serine
receptor.”’) The mutant is attracted
serine, except for a very weak response
at the highest concentrations, and shows
much-reduced taxis toward alanine,
cysteine, and glycine. (These residual
responses result from the “aspartate
receptor.”) The mutant is attracted
normally to aspartate and glutamate,
and to galactose, glucose, and ribose. It
oxidizes and takes up L-serine at the
same rate that its parent does.

Another mutant, lacking the ‘“as-
partate receptor,” shows no chemo-
taxis toward aspartate and glutamate,
and nearly normal taxis toward alanine,
cysteine, glycine, serine, galactose, glu-
cose, and ribose, and normal taxis to-
ward sugars. The rate of oxidation and
uptake of aspartate is the same for the
mutant and its parent.

A third mutant, missing the “galac-
tose receptor,” is not attracted to galac-
tose and fucose and is attracted to glu-
cose at a higher-than-normal threshold
(3 X 10—5M instead of 4 X 10—"M).
(This response to glucose results from
the “glucose receptor.”) It is attracted
normally to ribose, aspartate, and
serine. At high concentrations of galac-
tose, growth and oxidation are as fast
for the mutant as for a strain, derived
from the mutant, that has taxis toward
galactose fully restored, but at low con-
centrations the rates are slower for the
mutant. This slowness is caused by a
defect in the uptake, rather than in
the metabolism, of galactose.

The existence of these mutants argues
for specific receptors and provides ad-
ditional support for the idea that detec-
tion of the attractants is independent
of their metabolism.

113

How Many Chemoreceptors?

To determine how many kinds of
chemoreceptors there are, three ap-
proaches are being used. The first is to
ask whether a given attractant is still
effective when another attractant is
present. The second is to try to isolate
mutants defective in individual re-
ceptors. A third approach is to study
the inducibility of specific taxes (pre-
sumably the inducibility of specific
receptors) (27; see also 29). For ex-
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Table 4. Partial list of chemoreceptors in
Escherichia coli.* [Data from this article and
from 24, 27, and 28]

Attractant ThreshqldT
molarity
Galactose receptor
p-Galactose 4 X 107
D-Glucose 4 X 107
p-Fucose 3 x 10-°
Glucose receptor
p-Glucose 3 X 10-°
Ribose receptor
D-Ribose 3 X 107

Aspartate receptor

L-Aspartate 6 X 10-8
L-Glutamate 1 x 10-®
Serine receptor
L-Serine 2 X 1077
L-Cysteine 5 X 10
L-Alanine 5 x 10-®
Glycine 5 % 108

* A more complete description of the specificity
of each receptor is in preparation (24, 27,
28). 1 “Threshold” is the concentration of at-
tractant at which bacterial accumulation in the
capillary tube first exceeds background accumula-
tion. It is determined by plotting the log of the
number of bacteria accumulated relative to the
log of the attractant concentration. The threshold
value depends cn whether or not the chemical
is taken up and used (see discussion of Fig. 13
in text). The chemicals listed here were all taken
up and, except for b-fucose, were all utilizable;
therefore the actual thresholds are considerably
lower than those listed.

ample, taxis toward galactose and fucose
is inducible by galactose (30).

The conclusion from results obtained
so far (24, 27, 28) is that there are at
least the five chemoreceptors shown in
Table 4. There are probably no addi-
tional receptors for amino acids, since
no amino acids besides those listed in
Table 4 are strongly attractive (28).
Among the monosaccharides, current
work indicates that there is, in addition,
a receptor specific for fructose. Among
the disaccharides, research in progress
indicates a receptor specific for maltose
and another for trehalose. The attrac-
tion of bacteria to lactose probably
results from chemotaxis toward the
galactose (and possibly toward the glu-
cose too)  produced from the lactose;
lactose itself is actually an extremely
poor attractant (27). Oxygen is known
to be an attractant for Escherichia coli
(3), so there could be a receptor for it,
but this question has not been investi-
gated so far. A survey of possible other
attractants or of repellents has not been
completed.

It is conceivable that, besides chemo-
receptors, at least some bacteria might
have receptors specialized to detect
light, gravity, or temperature, since all
these stimuli are known to elicit tactic
responses in some bacteria ().

What is the nalure of the chemo-
receptors? One possibility is that they

are the first enzymes in the metabolism
of the chemicals. This possibility has
been excluded in the case of galactose,
because mutants that lack galactokinase
still respond perfectly well. Another
possibility is that the chemoreceptors
are the permeases.

Role of Permeases

What role, if any, is played in chemo-
taxis by permeases and other com-
ponents essential for transport of sub-
stances into the cell? To find out,
mutants defective with respect to trans-
port have been investigated from the
standpoint of chemotaxis. It has been
found in this study that the permeases
and other transport-essential compo-
nents that have been tested are not
required for chemotaxis.

Figure 13 shows good attraction to
galactose by an Escherichia coli mu-
tant, 20SOK~ (20), that is defective in
the uptake of galactose (20, 3I) to
the extent of a 99.5 percent block (Fig.
14), owing to the absence of both
galactose permease and methyl galacto-
side permease (31), and that, in addi-
tion, is unable to grow on, or to metab-
olize, galactose, as a result of a muta-
tion in the gene for galactokinase. The
threshold concentration for taxis to-
ward galactose appears to be even
lower (about 2 X 10—°M) for the mu-
tant than for strains that are wild-type
with respect to galactose {transport
(compare Fig. 13 with Figs. 3 and 4);
actually the thresholds are probably
the same for the mutant and the wild-
type bacteria, but the latter consume
the galactose and in this way destroy
the gradient.

Thus the two permeases most re-
sponsible (31) for transport of galac-
tose in Escherichia coli—the galactose
permease and the methyl galactoside
permease—are not required for taxis
toward galactose. A third permease
that is in part responsible for transport
of galactose, the thiomethyl galactoside
permease I1, is destroyed at 37°C (32),
the temperature used for this experi-
ment, and it was, moreover, not in-
duced under the conditions of growth
used. The lactose permease (thiomethyl
galactoside permease I), normally capa-
ble of transporting galactose, does not
transport galactose in this strain (37)
and also was not induced under these
conditions of growth. The small amount
of galactose which does enter these
mutant bacteria is known to be present
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in a phosphorylated form (37), so it
is probably transported by the phos-
phorylation system described next. Mu-
tants blocked in this system carry out
chemotaxis toward galactose normally.

A two-enzyme system which cata-
lyzes the phosphorylation of glucose
and certain other sugars (5, 16) is
required for the transport of these
chemicals (/6, 33). Enzyme I catalyzes
the phosphorylation of a heat-stable
protein by phosphoenolpyruvate; en-
zyme II then catalyzes the transfer of
phosphate from the heat-stable pro-
tein to the sugar, and there are specific
enzyme II's for different sugars. Three
mutants of Escherichia coli that lack
enzyme I activity [X17 and X19 (34)
and W327 (35)] and a mutant [1101
(36)] defective in the heat-stable pro-
tein all showed normal chemotaxis to-
ward glucose. An E. coli mutant
(W1895-D1) defective in the enzyme
IT activity that phosphorylates glucose
and «-methyl glucoside (37) was at-
tracted normally to these chemicals.
Thus neither enzyme I, nor the heat-
stable protein, nor enzyme II activity
is required for this chemotaxis.

Neither are the permeases and re-
lated transport systems sufficient for
chemotaxis: many chemicals for which
transport mechanisms exist fail to at-
tract bacteria. Examples are the fol-
lowing amino acids for which active

transport is known in Escherichia coli
(38): 1-glutamine, wL-histidine, wL-iso-
leucine, L-leucine, L-methionine, 1-
phenylalanine, L-tryptophan, L-tyrosine,
and L-valine.

The results presented so far show
that the chemoreceptors are not the en-
zymes that catalyze the metabolism of
an attractant, nor are they the parts
of the permeases or related systems of
transport that have been tested. It re-
mains possible that the chemoreceptors
are components of the transport ma-
chinery which are intact in the trans-
port mutants studied, or they may be
new entities whose special function is
the detection of chemicals during chem-
otaxis.

As discussed above, the Escherichia
coli mutant that is not attracted to
galactose (the “galactose taxis mutant”)
is defective in the uptake of galactose.
This suggests that there may indeed be
some component of the transport ma-
chinery that plays a role in chemore-
ception. Since the serine and aspartate
taxis mutants show normal uptake of
serine and aspartate, respectively,
chemoreceptors (at least the serine and
aspartate receptors) must contain a
component that is not involved in trans-
port.

The chemoreceptors appear to be
located somewhere on the “outside” of
the cell, since mutants which fail to

transport the attractants still are at-
tracted to them. However, this can be
offered only as a suggestion, in view of
the fact that some amount of attractant
would be able to enter even these mu-
tant cells.

Further efforts to identify the chemo-
receptors, and attempts to isolate them,
are in progress.

How Do Chemoreceptors Work?

The mechanism of chemoreception
in bacteria is completely unknown.
Somehow the gradient of the chemical
affects the receptors (39), and this in
turn causes a change that directs the
flagella. This change could be in the
cell membrane—a change in conforma-
tion of the membrane or a change in
membrane potential. [In the protozoa
such changes in potential have been ob-
served prior to the reversal of cilia or
to emission of light (40).] The change
might be propagated along the mem-
brane so as to reach all the flagella.
In fact, the base of the flagellum is in
close association with the cell mem-
brane (47). The flagella could then re-
spond by changing their orientation in
some way to bring about an avoiding
reaction (see 42).

We have isolated and reported on
40 mutants which fail to carry out
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Fig. 13 (left). Graph showing chemotaxis toward galactose by | ) ﬁr_.l

a mutant, 20S0K", defective in the uptake of galactose and also 0 10 30 356 ""50

lacking galactokinase. The bacteria were grown on gycerol (30)
at 37°C. The experiment was carried out at 37°C and lasted for

1 hour.

Fig. 14 (right). Graph showing uptake of galactose.

Minutes

About 5 x 10° bacteria were incubated in 1 milliliter of chemotaxis medium containing uniformly labeled C-galactose (I4)
(10~°M; 7 X 10* counts per minute per milliliter), and at various times 0.05-milliliter samples were removed and washed on Milli-
pore filters to measure the uptake of radioactivity. The permease* strain is W3092 C, a mutant lacking galactokinase (49); the
permease” strain is 20S0K-, a mutant lacking galactokinase and defective in the uptake of galactose (20). Bacteria of both
strains had been grown on glycerol. The results are expressed as picomoles of galactose taken up by bacteria in 1 milliliter of

the incubation mixture.
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Fig. 15. The scheme for chemotaxis suggested in this article, showing location of defects

in the various mutants.

chemotaxis toward any of the attract-
ants—sugars, amino acids, or oxygen
—though the bacteria are perfectly
motile (43). Since it is unlikely that a
single mutation would lead to a loss of
all the kinds of chemoreceptors, these
mutants are probably defective at some
stage beyond the receptors, as shown
diagrammatically in Fig. 15. The de-
fect could be in a transmitting system
through which information from all
the receptors is channeled to the fla-
gella, or in the responding mechanism
itself. Genetic analyses of the mutants
have shown that three genes are in-
volved (43). Further studies of these
mutants may lead to an understanding
of the way in which the chemoreceptors
direct the flagella.

Implications for Neurobiology

and Behavioral Biology

The study of such stimulus-response
systems in bacteria may have relevance
for neurobiology and for behavioral
biology of higher organisms. Possibly
the chemoreceptors of bacteria are re-
lated to chemoreceptor sites in animal
chemoreceptor cells, and perhaps
knowledge of the way in which bacte-
rial receptors function might lead to an
increased understanding of the mecha-
nism of smell and taste and other kinds
of sensory reception (44). If there is
an electrical signal that transmits infor-
mation from the bacterial receptor to
the flagellum, it might be similar to
changes in membrane potential in
higher organisms. The response of the
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flagellum to this signal may, in some
ways, resemble the response of muscle
to a nerve impulse.

The availability of behavioral mu-
tants of bacteria—for example, mu-
tants of the types reported here—
together with the existence of a great
body of knowledge about the genetics
and biochemistry of Escherichia coli,
should make the bacterial system a
favorable one for studying simple
forms of behavior and perhaps even
some primitive kinds of “learning.”
From such studies might emerge a set
of facts and concepts that can be ap-
plied to investigations of more complex
phenomena in higher organisms.

Summary

Extensive metabolism of chemicals is
neither required, nor sufficient, for at-
traction of bacteria to the chemicals.
Instead, the bacteria detect the attract-
ants themselves. The systems that carry
out this detection are called ‘“chemo-
receptors.” There are mutants that fail
to be attracted to one particular chem-
ical or to a group of closely related
chemicals but still metabolize these
chemicals normally. These mutants are
regarded as being defective in specific
chemoreceptors.” Data obtained so far
indicate that there are at least five
different chemoreceptors in Escherichia
coli. The chemoreceptors are not the
enzymes that catalyze the metabolism
of the attractants, nor are they the
parts of the permeases and related
transport systems that have been tested.
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