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One of the major questions in bacterial chemotaxis is how the switch,
which controls the direction of flagellar rotation, functions. It is well
established that binding of the signaling molecule CheY to the switch
protein FliM shifts the rotation from the default direction, counterclock-
wise, to clockwise. How this shift is done is still a mystery. Our aim in
this study was to determine the correlation between the fraction of FliM
molecules in the clockwise state (i.e. occupied by CheY) and the prob-
ability of clockwise rotation. For this purpose we gradually expressed,
from a plasmid, a clockwise FliM mutant protein in cells that express,
from the chromosome, wild-type FliM but no chemotaxis proteins. We
verified that plasmid-borne FliM exchanges chromosomal FliM in the
switch. Surprisingly, a substantial clockwise probability was not obtained
before the large majority of the FliM molecules in the switch were clock-
wise molecules. Thereafter, the rise in clockwise probability was very
steep. These results suggest that an increase in the clockwise probability
requires a high level of FliM occupancy by CheY ~P. They further
suggest that the steep increase in clockwise rotation upon increasing
CheY levels, reported in several studies, is due, at least in part, to coop-
erativity of post-binding interactions within the switch. We also carried
out the inverse experiment, in which wild-type FliM was gradually
expressed in a background of a clockwise fliM mutant. In this case, the
level of the clockwise mutant protein, required for establishing a certain
clockwise probability, was lower than in the original experiment. If our
system (in which the ratio between the rotational states of FliM in the
switch is established by slow exchange) and the native system (in which
the ratio is established by fast changes in FliM occupancy) are compar-
able, the results suggest that hysteresis is involved in the switch function.
Such a situation might reflect a damping mechanism, which prevents a
situation in which fluctuations in the phosphorylation level of CheY
throw the switch from one direction of rotation to the other.
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Introduction

ming behavior of the cell (see Macnab' for a review
on bacterial flagella and motility). Thus, the

Bacteria such as Escherichia coli and Salmonella
enterica serovar Typhimurium swim by rotating
their flagella (five to ten flagella per cell). Each fla-
gellum is driven by a motor located at its base and
embedded in the cytoplasmic membrane. The
direction of flagellar rotation determines the swim-

Abbreviations used: CCW, counterclockwise; CW,
clockwise.
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essence of bacterial chemotaxis is modulation of
the direction of flagellar rotation.?

A key element in controlling the direction of fla-
gellar rotation is the switch of the flagellar motor
(for a review, see Macnab?®). This is essentially a
“gear box” that receives signals from the chemo-
taxis receptors and modulates the direction of fla-
gellar rotation accordingly. The switch extends
from the base of the flagellar motor (termed basal
body) into the cytoplasm. It is composed of three
proteins: FliG (~35 molecules per switch*?), FliM

© 2001 Academic Press
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(~35 molecules*®), and FliN (~100 molecules®).
The mechanism underlying the switch function is
still a mystery.

The default direction of flagellar rotation is coun-
terclockwise (CCW),”® resulting in swimming in a
rather straight line. The probability of rotation in
the other direction, clockwise (CW), increases in
response to a negative sensory stimulation (an
increased gradient of a repellent or a decreased
gradient of an attractant).”? This sensory infor-
mation, sensed by the receptors, is transduced to
the switch by the chemotaxis-signaling cascade
(see reviews’~'?). It involves phosphorylation of
the response regulator CheY by its histidine kinase
CheA."~'° Phosphorylated CheY (CheY ~ P) binds
to the switch protein FliM'® with a consequent
increased probability of CW rotation.'” This change
in the direction of flagellar rotation results in an
abrupt turning motion (tumbling) of the cell, after
which it swims in a new direction.>'#~%!

While the mechanism of signal propagation end-
ing at CheY activation by phosphorylation is rela-
tively well understood, the processes that occur
subsequent to CheY ~ P-FliM binding are not
known. For example, it is not known how many
FliM molecules at the switch should be occupied
by CheY ~ P for generating CW rotation. Further-
more, while it is known that CW rotation increases
steeply and cooperatively with the intracellular
concentration of CheY ~ P,2-%° it is not known
whether CheY ~ P binding per se or the subsequent
switching event is the cooperative step. Our aim in
this study was to address these open questions.

Results
Rationale

The main aim of this study, to determine the cor-
relation between the fraction of FliM molecules
occupied by CheY ~ P and the probability of clock-
wise rotation, is very difficult to address directly.
We therefore took an indirect approach. It is con-

ceivable that, in the absence of CheY, FliM is in its
default CCW state and that, upon CheY ~ P bind-
ing, it acquires a CW state. We assumed that we
can use molecules of wild-type FliM (FliMyp) in
the absence of CheY as representatives of wild-
type FliM molecules in their CCW state, and FliM
molecules of a CW fliM mutant (FliMcy) as repre-
sentatives of CheY ~ P-occupied, wild-type FliM
molecules in their CW state. Our idea was to gen-
erate switch complexes with different ratios
between FliMy,r and FliMy and to determine the
correlation between the ratio of the proteins and
the direction of flagellar rotation (Figure 1). We
accomplished this by co-expressing the proteins
(one from the chromosome and one from a plas-
mid) in a strain that lacks the response regulator
CheY. We wished to assure that the different ratios
between FliMyr and FliMcy are mainly estab-
lished by exchange of FliM molecules within pre-
existing switch complexes rather than by synthesis
of new flagella. We therefore induced the plasmid-
containing cells for not more than three gener-
ations (the time required for synthesis of a new
flagellum?®®).

Generation of strains expressing modulatable
levels of FliM¢y, or FliM,+

To obtain different FliMyyr/FliM,, ratios, we
gradually produced FliMcy from a tightly regu-
lated plasmid in a gutted strain (a strain lacking all
the cytoplasmic chemotaxis protein®) expressing
endogenous FliMy. Alternatively, we gradually
produced FliMyr in a gutted strain expressing
endogenous FliMcy. As a first step in strain con-
struction, we looked for a fliM mutant strain,
whose flagella rotate predominantly CW in a
CheY-independent manner and which would serve
as both a source for FliMcyy and a host for FliMy
expression. We examined the rotational bias of five
Salmonella mutant strains, which had been ident-
ified as cheY suppressors with strong tumbly phe-

Figure 1. Schematic presentation
of a gradual increase in FliMcy
level in a flagellar switch of a
gutted strain, containing FliMyy
molecules. By gradual expression
of FliMcy from a tightly regulated
plasmid in a gutted strain that
expresses endogenous FliMyr, the
switch is modulated from a situ-
ation, in which all the FliM mol-
ecules are in their CCW state, to a
situation, in which they are in their
CW state. Filled circles, FliMcy;
open circles, FliMyr.
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notypes and which have normal flagellation and
motility: fliM(60RC), (70FL), (81VE), (181RH), and
(181RP) (Table 1; all these mutations are localized
outside of the CheY-binding domain(s) of
FliM%2%). We chose to work with strain SJW2299
[iM(60RC)], which had the highest CW rotation
(~95%). In order to examine whether the
rotational bias of this strain depends on the pre-
sence of CheY, we transduced the selected fliM
mutation (60RC) from strain SJW2299 into a
A(cheA-cheZ) background (strain SJW3077). The
cheA-cheZ deletion did not significantly affect the
bias of the resulted strain EW193 (compare strains
EW193 and SJW2299 in Table 1), indicating that
the CW conformation of the mutant protein
FliM60RC is independent of the chemotaxis net-
work, including CheY.

We cloned fliM and fliM(60RC) (termed here-
inafter fliMcw), each with a C-terminal 6 x His tag,
within the vector pBAD24, forming the vectors
PMWT and pMCW]1, respectively. (We have
shown earlier that 6 x His-tagged wild-type FliM
is phenotypically identical to the tag-free
protein.?®) FliM expression was under the control
of the arabinose pBAD promoter, which had been
reported to allow tight regulation of protein

Table 1. Bacterial strains and plasmids used in this study

expression.*® Production of plasmid-borne, tagged
FliM (FliMpy,omiq) €nabled distinction between chro-
mosomal and plasmid-borne proteins. To examine
the modulation level of the plasmid-borne protein,
we employed complementation assays under the
microscope and on semi-solid agar swarm plates.
For this purpose, we transformed wild-type fliM,
cloned in pBAD24, to the non-flagellated E. coli
fliM null strain DFB190. Under the microscope, in
the absence of arabinose, the cells were completely
non-motile. Increasing arabinose levels caused the
cells to become motile and then to increase their
swimming speed. Above 500 pg/ml, the motility
was inhibited (in line with previous observations
that overproduction of FliM impairs motility®'>?).
In semi-solid agar plates, in the absence of arabi-
nose or at low concentrations of arabinose
(<1 pg/ml), no swarming was detected. Increas-
ing arabinose concentrations resulted in the for-
mation of expanding rings. An arabinose
concentration of 50 pg/ml was the minimal con-
centration at which three expanding rings, resem-
bling wild-type rings, were observed (not shown).
The results of both assays suggest that the chosen
expression system allows modulation of FliM
expression.

Direction of flagellar rotation of

Strains/plasmids Relevant genotype relevant strains® Strain source/reference

A. Strains

(1) E. coli

DFB190 fliM null 32

RP437 Wild-type for chemotaxis 50

JM109 Strain for DNA manipulation 51

(2) Salmonella

SJW3076 A(cheA-cheZ) 0% CW 44

EW191 A(cheA-cheZ)recA 0% CW This study

SJW3077 A(fliE-fliN) A(cheA-cheZ) 44

SJW2299 fliM(60RC) 95% CW 52

EW192 AIM(60RC) A(cheA-cheZ) This study

EW193 SfliM(60RC) A(cheA-cheZ)recA 89% CW This study

MY448 fliM(70FL) 37% CW 52

M22 fliM(81VE) 58% CW 44

ST120 fliM(181RH) 84% CW 53

EW194 AliM(181RH) A(cheA-cheZ) 80% CW This study

M39 fliM(181RP) 33% CW 44

MY1634 fliM(220PL) 0% CW 52

EW195 fliM(220PL) A(cheA-cheZ) This study

EW196 fliM(220PL) A(cheA-cheZ)recA 0% CW This study

EW197 EW1914+pMCW1 Depends on the arabinose level This study

EW200 EW1914+pMCW?2 Depends on the arabinose level This study

EW204 EW193+pMWT Depends on the arabinose level This study

EW207 EW196+pMCW1 Depends on the arabinose level This study

LB5010 (hsdL hsdSA hsdSB) r~ m* 54

LB5010recA LB5010recA This study

TN2700 TN10dcam with 88% link to recA The Salmonella Genetic Stock
Centre

B. Plasmids

pBAD24 30

pQE60 QIAGEN

pMCW1 fliM(60RC) cloned in pBAD24 This study

pMCW2 fliM (181RH) cloned in pBAD24 This study

pMWT fliM (wild-type) cloned in This study

pBAD24

2 Determined in this study.
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Flagellar rotation at increasing levels of FliM¢y,

In order to study the effect of increasing FliMyy,
levels in the switch on the direction of flagellar
rotation, we gradually expressed the protein
FliM60RC in a gutted strain containing a wild-type
switch-motor complex. The expression was in the
strain EW197, which we had constructed by trans-
forming the plasmid pMCW1 into strain EW191
(Table 1). At each level of expression we deter-
mined the direction of flagellar rotation and, by
Western blot analysis with anti-FliM antibodies,
the FliMcyy /FliM,.; ratio in the whole cell extract.

The dependence of the direction of rotation on
the FliMcy level was sigmoidal (Figure 2, circles).
A substantial clockwise rotation was obtained not
before ~80% of the FliM molecules were FliMy,
molecules. Thereafter, the rise in clockwise rotation
was very steep. CW rotation of ~50% was
obtained when the fraction of FliM,, was ~90 %
of the total FliM. This suggests that, for 50 % prob-
ability of shifting the direction of flagellar rotation
from CCW to CW, about 31 out of the 35 FliM
molecules per switch should be FliMc,, molecules.
The maximal CW rotation achieved was ~65 %;
higher FliMcy levels resulted in impaired motility.
At an expression level that yields a certain mean
percentage of CW rotation, the cells were distribu-
ted in a single peak (Figure 3). Single-peak rather
than double-peak distribution suggests that the

incorporation of FliMpj,gniq Was into existing
switch complexes. Had the incorporation of
FliMpy,smia been mainly to new flagella, we should
have observed a large fraction of cells rotating
exclusively CCW (existing flagella), and a large
fraction of cells rotating predominantly CW (new
flagella).

To determine whether or not the FliMy/FliM,,_
w1 Fatio in the cell truly reflects the FliMyy/FliMy,,.
tal ratio in the switch, we compared the relative
levels of the plasmid-borne FliMc,, in whole-cell
extracts and in preparations of extended flagellar
basal bodies. We determined the total FliM levels
in both preparations by a Western blot analysis
using an anti-FliM antibody. We likewise deter-
mined the levels of the 6 x His-tagged FliMp,¢mig
in these preparations by a probe specific for the
tag. Table 2 shows the results of three different
preparations of whole-cell extract isolated from
three different bacterial cultures and of their
respective preparations enriched with extended fla-
gellar basal bodies. Although the measured
FliMcyy / FliMy,,, ratios varied from batch to batch,
the relative level of FliM(,y in the preparations of
extended flagellar basal bodies was not too far
from the relative level in the preparations of
whole-cell extract. It thus appears that, in first
approximation, the FliMcy/FliMy,, ratio in the
cell correctly reflects the FliMcy/FliMr, ratio in
the switch.
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Figure 2. CW rotation as a function of increasing FliMcyy levels. Each point is the mean fraction of time spent in
CW rotation + S.EIM. of 10-30 different tethered cells analyzed for about one minute each. Filled circles, EW197
(EW191 expressing FliM60RC); open squares, EW200 (EW191 expressing FliM181RH). Inset, a comparison between
the dependence of CW rotation on the relative FliMy level in a strain containing chromosomal wild-type FliM and a
strain containing CCW-mutant FliM (strains EW197 and EW207, respectively). Filled circles, strain EW197; filled tri-

angles, strain EW207.
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Table 2. Fraction of plasmid-borne FliMcy in total cell extract and in flagellar basal bodies

FliMyy / FliMp.; ratio in

Experiment no.? Flagellar basal bodies (%)

1 58
2 53
3 74
Average

(FiiMcwy / FliM o
in basal bodies)/
Total cell extract (%) (FliMey / FliM . in cell extract)
41 14
56 0.95
93 0.80

1.05 £ 0.18 (S.E.M.)

? Each experiment was carried out with a different batch of bacteria. The strain used was EW197.

To verify that these results are generally correct
and are not specific to the pair of proteins
employed, we carried out the following two con-
trol experiments. In the first experiment, we chan-
ged the plasmid-borne protein. Instead of
expressing FIiIM60RC from the plasmid pMCW1,
we expressed the CW mutant protein FIiIM181RH
from pMCW?2. The experimental points of this pro-
tein (open squares in Figure 2) lay well on the orig-
inal curve of FliM60RC. In the second control
experiment, instead of changing the plasmid-borne
protein, we changed the host strain (i.e. the chro-
mosomal FliM protein) and expressed FliM60RC in
strain EW196, which is a fliMccw mutant. As
shown in the inset of Figure 2, the dependence of
CW rotation of the new strain (EW207) on the
FliMcw level was very similar to that of strain
EW197. These control experiments thus suggest
that the observed dependence of the direction of
rotation on the FliMcy level is general and not
specific to the proteins and hosts used.
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Figure 3. Distribution of CW rotation among different
cells. The graph represents the distribution of CW
rotation of 36 cells of strain EW197, with an average
61 % CW rotation.

Flagellar rotation at increasing levels of FliM,

In order to study the effect of increasing
FliMccw levels in the switch on the direction of fla-
gellar rotation, we gradually expressed wild-type
FliM in a gutted strain of the switch mutant
fliM(60RC). (As mentioned above, FliMyr in a
gutted background is at the CCW state.) The
expression was in strain EW204, which we had
constructed by transforming the plasmid pMWT
into strain EW193 (Table 1). The CW probability
was ~50% when the fraction of FliM,,r molecules
was 60-70% of the total FliM (shown as 0.3-0.4
FliMc, in Figure 4). Further elevation of the intra-
cellular level of FliMy; to 70-75% (0.25-0.30
FliMy) reduced the CW rotation to ~10%. A
comparison between the increase in FliM_,, level in
a CCW background (termed hereinafter as the
“forward direction”; Figure 2) and the increase in
FliM_,, level in a CW background (termed herein-
after as the “reverse direction”; Figure 4), revealed
an unexpected result: the forward and reverse pro-
cesses did not superimpose.

Discussion

The approach taken in this study provided an
opportunity to explore, from a new direction, the
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Figure 4. CW rotation in cells expressing increasing
levels of FliMy . For the sake of having a common basis
for comparison with Figure 2, the data are presented as
a function of FliM,/FliMr,. FliMy1 was expressed
from pMWT in a gutted, CW-biased fliM mutant (strain
EW204). Each point is the mean fraction of time spent in
CW rotation + S.EM. of 10-30 different tethered cells
analyzed for about one minute each.
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mechanism of function of the switch, which, hither-
to, has been a “black box”’. The main observations
were: (a) a mixture of FliMq, and FliMccy mol-
ecules in the switch can promote an intermediate
rotational probability; (b) The CW probability
increases from close to zero levels to higher levels
only when most of the FliM molecules are in their
CW state; (c) once the CW probability rises, it does
so with a large gain over a narrow range of
FliMcw/FliMyp,.; (d) an increase in the relative
level of FliM,,, in the switch is not the inverse of a
decrease in this level with respect to the CW prob-
ability. Although the interpretation of these find-
ings is not straightforward (see below), the study
apparently revealed some new, intriguing features
of the mechanism of function of the switch.

Physiological relevance of the results

In this study we made a number of conceptual
and technical assumptions. Whether or not the
results are physiologically relevant depends on the
validity of at least some of these assumptions.
Below we list the assumptions and examine their

validity.

(@) FliMcw can represent FliMyr occupied by
CheY ~ P. This is the basic assumption underlying
this study. Currently, in the absence of information
on the 3D structures of free and bound FliM, there
is no experimental evidence that proves this
assumption. However, the finding that the out-
come of CheY ~P binding to FliM is CW
rotation'”??> argues that this assumption is
founded and that FliM acquires a high probability
of being in the CW state upon CheY ~ P binding.
The mutant fliM(60RC), which is the origin of the
FliMcyw protein used here, was chosen out of sev-
eral tested fliM mutants. It is ~90 % CW biased at
the average (in the absence of CheY; Table 1). This
bias is similar to the maximal CW rotation
achieved in cells possessing a wild-type switch and
containing high levels of active CheY.**?* Thus, as
far as we can judge, the assumption that FliMcyy
represents CheY ~ P-occupied FliMyr is substan-
tiated.

(b) The measured relative level of the plasmid-
borne protein in the whole cell reflects its relative
level in the switch. Our blotting experiments
indeed found comparable relative levels of the
plasmid-borne FliMcy, in the whole cell extract and
in a preparation enriched with flagellar basal
bodies (Table 2). This finding holds even though
the fraction of flagellar basal bodies was not pure.
Had the ratio been different, it should have also
been different in a fraction enriched with basal
bodies. Moreover, even if the efficiency of incor-
poration of the plasmid-borne FliM into the switch
is only ~80% (the lowest value in Table 2), the
results will still hold, with only quantitative differ-
ences. Thus, 50% CW probability would be
obtained at FliMcy/FliMy,, =~ 0.7 and 0.4-0.5

(instead of 0.9 and 0.3-0.4) for the forward and
reverse directions, respectively

(c) FliMpy,miq 1S, to a first approximation, evenly
distributed among different flagella. The validity of
this assumption depends on even expression of
FliMp,,smiq in the cells and on its even distribution
among different flagella. Here we used the arabi-
nose pBAD expression system, because of its tight
regulation and modulation.*® At the onset of this
project and later towards its end, studies were
published, suggesting that the arabinose levels
and, consequently, the extent of protein expression
from the pBAD system in E. coli cells are not
evenly distributed among different cells.*>** These
studies proposed that the average increase in the
expression level over a bacterial population is
mainly due to an increased number of cells expres-
sing high protein levels rather than the conse-
quence of increased protein levels in individual
cells. This phenomenon was attributed to the indu-
cible 1-arabinose transport system®?* ~which
includes the low affinity permease (encoded by the
araE gene) and the high affinity system specified
by the araFG operon®. In Salmonella the situation
may be different, because the high-affinity trans-
port system is missing.> The single peak distri-
bution of CW rotation given in Figure 3 suggests
that, in our experimental system, the situation is
indeed different and that FliMp,.iq €Xpression in
the cells is rather homogeneous. The similarity
between the relative level of FliMpgniq in the
switch and the total cell extract, taken together
with the single peak distribution of CW rotation,
further argues that there is an efficient equilibrium
between cytoplasmic and flagellar FliM in the cells.
This suggests that the heterogeneity of the FliMp,,.
mia level among different flagella is not larger than
among different cells.

It thus seems that the assumptions made are
valid and the results are physiologically relevant,
at least from a qualitative point of view. The quan-
titative aspect depends on the accuracy of the
determination of the protein levels by blotting.
Regretfully, this method is not always sufficiently
reproducible and the results of different blots may
vary. We tried to reduce the variation by determin-
ing the relative levels of the different FliM forms
rather than the absolute levels. Thus, in each exper-
iment we compared in the same blot the cellular
chromosomal and plasmid-borne levels of FliM.
Furthermore, in each preparation of flagellar basal
bodies we compared, on the same blot, the FliM
levels in the basal body fraction and the FliM levels
in the whole cell extract. Quantitatively, however,
we regard the results as an approximation.

Characteristics of CW generation at the switch

Each FliM molecule forms a complete CheY-
binding site.”® Assuming that FliM,, can represent
FliMy1 occupied by CheY ~ P, the following con-
clusions can be made on the basis of our results.
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When the relative level of FliM occupancy by
CheY ~ P (equivalent, according to the assump-
tion, to FliMcw/FliMr,.,) gradually increases, the
probability of CW rotation does not significantly
increase before a substantial fraction of the FliM
molecules become occupied. Thus, to the first
approximation, about 31 of the 35 FliM molecules
in a given switch should apparently be occupied
for 50 % probability of CW rotation.

As the relative level of FliM occupancy by
CheY ~ P increases, once the rise in CW rotation
starts, it is very steep, i.e. CW rotation is gained
over an extremely narrow range of occupancy.
Since the rise starts not before the relative occu-
pancy level is ~80% (Figure 2), a question arises
whether the observed steepness is an inevitable
outcome of the narrow range available for the rise.
While this possibility might contribute to the steep-
ness, it does not seem to be the only cause. This is
because the reverse process is moderately steep in
spite of the relatively wide range available for the
decrease in occupancy (Figure 4).

The steepness, found here, is in line with earlier
studies, which found a steep dependence of the
degree of CW rotation on the intracellular concen-
tration of active CheY.” % It was suggested that
the mechanism of switching involves cooperativity
of CheY binding to the switch®>**?>?¢ or cooperativ-
ity of post-binding interactions among subunits of
the switch.?® The studies, which measured the
dependence of the CW rotation on the intracellular
concentration of active CheY, could not distinguish
between these possibilities. This study, which
bypassed the binding step, suggests that post-bind-
ing processes within the switch are cooperative.

Increasing versus decreasing
switch occupancy

A surprising observation made in this study is
that the forward and reverse processes of modulat-
ing the relative level of FliM_, in the switch did
not superimpose (Figure 2 versus Figure 4). Assum-
ing that FliMcy can represent FliMy,t occupied by
CheY ~ P, this suggests that the changes in CW
probability, observed when the occupancy of FliM
increases and decreases, are not reciprocal. This
observation might be meaningful for the mechan-
ism of switching only if a substitution of FliMccyy
for FliMy (and vice versa) took place. As discussed
above, our observation that the distribution of
CW-rotating cells had only a single peak (Figure 3)
suggests that such substitution indeed occurred.
Another question, for which we do not have an
answer, is whether a slow incorporation of newly
formed FliM_,, or FliM_,, molecules into the switch
is comparable to the fast changes in the occupancy
of existing FliM molecules by CheY ~ P. If such a
comparison is valid and meaningful, our results
suggest the occurrence of a hitherto unknown
phenomenon: a change in the CW probability,
which evolves from increased occupancy, is not

the reverse of a change, which evolves from
decreased occupancy.

This hysteresis-like phenomenon is consistent
with stochastic simulations of CheY ~ P fluctu-
ations in the cell, carried out by Morton-Firth &
Bray.?” These simulations did not support a simple
threshold-crossing mechanism for switching, but
rather a two-threshold mechanism: one threshold
for CCW-to-CW switching wupon CheY ~P
elevation, and a different threshold for CW-to-
CCW switching upon a decrease in CheY ~ P
level.

Hysteresis is a well-known phenomenon in phy-
sics. It also occurs in a number of biological sys-
tems such as the Ca’" channel of the skeletal
muscle ryanodine receptor, which exhibits a pro-
nounced hysteresis to changes in pH,*® the porin
channel, which manifests a clear hysteresis in cur-
rent-voltage diagrams,®#° and muscles, which
demonstrate hysteresis in length—tension loops
during contraction and release.*'**

How can such a hysteresis-like phenomenon
happen in the switch? We can imagine a situation,
similar to that proposed by Walz & Caplan,* in
which the switch can be in multiple states. The
switch undergoes a polymorphic transition, the
extent of which depends on the occupancy of FliM
by CheY ~ P and the CW probability of the motor
is accordingly determined. The observed hyster-
esis-like phenomenon suggests that a given CW
probability can occur at different occupancy levels
of the switch, depending on the route by which
they were created. This dependence on the route
might be a reflection of the different energy bar-
riers for the polymorphic transitions upon increas-
ing and decreasing occupancy of FliM.

What is the advantage given to the switch and
to the cell by hysteresis? The very steep depen-
dence of CW rotation on the CheY ~P level,
which was revealed by Cluzel et al.* when study-
ing individual cells, raised the suggestion “that an
additional molecular mechanism to adjust
[CheY ~P] within the (extremely narrow) oper-
ational range of the motors will exist”.* If a hys-
teresis-like phenomenon is indeed involved in
switching and there is a difference between the
thresholds of the forward and reverse processes, it
may provide such a mechanism. This is exempli-
fied in Figure 5, which shows hypothetical random
fluctuations of CheY ~P (lower panel) and the
resulting probability of CW rotation (upper panel).
As long as the CheY ~ P fluctuations are below the
CW threshold, the probability of CW rotation
would be very low and the motor would rotate
CCW. Only when the CheY ~ P level exceeds this
threshold, the CW probability would increase.
High probability of CW rotation would not be ter-
minated as soon as the CheY ~ P level returns to
below this threshold. The CheY ~ P level should
go to below the lower CCW threshold in order to
reverse the direction of rotation. This proposed
mechanism, which is essentially a damping mech-
anism, stabilizes the probably of rotation in each
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Figure 5. Schematic presentation of the potential role
of the different thresholds of CheY ~P for CW and
CCW rotation. Lower panel, hypothetical random fluc-
tuations in CheY ~ P levels (based on Figure 3 of Mor-
ton-Firth & Bray®). Upper panel, direction of flagellar
rotation as a result of changes in CheY ~ P levels. See
the text for details.

direction and prevents a situation, in which
CheY ~ P fluctuations would instantaneously be
reflected in the direction of flagellar rotation and,
hence, in the bacterial swimming mode.

Materials and Methods
Bacteria and plasmids

The bacterial strains and plasmids used in this study
are listed in Table 1. The strains EW192 and EW195 were
generated by transducing their fliM mutation [fliM(60RC)
and fliM(220PL), respectively] into the non-flagellated
and chemotactically gutted strain SJW3077. Transduction
was carried out with P22 according to Magariyama
et al.** The cheA-cheZ deletion was confirmed by PCR,
carried out with primers for the N and C termini of the
cheY gene. In both strains no PCR product was obtained,
in contrast to the parent strains SJW2299 and MY1634.
As an additional positive control, we carried out PCR
with primers for the N and C termini of the fliM gene. A
PCR product was obtained in all strains. The host strains
EW191, EW193, and EW196 were generated by P22
transduction of a recA mutation from TN2700 to
SJW3076, EW192, and EW195, respectively, in order to
prevent recombination between the plasmid-originated
and chromosomal copies of fliM.

The presence of the recA deficiency was assayed by
sensitivity to UV radiation as follows. Several chloram-
phenicol (Cap)-resistance colonies, obtained by the trans-
duction, were grown in Luria-broth (LB) to Asgy~ 0.5.
(Since the marker Cap was linked to the recA mutation,
selection for positive transductants was carried out on
Cap-containing plates.) Aliquots of 20 ul from each cul-
ture were inoculated as a line on LB plates. The plates
were irradiated by different dosages of UV light and
incubated at 35°C. Cultures which showed elevated sen-
sitivity for the UV radiation were selected.

Wild-type fliM, fliM(60RC), and fliM(120RH) were
amplified from the chromosomal DNA of strains
SJW3076, SJW2299 and ST120, respectively. The 5 pri-

mer contained an added Ncol site while the 3’ primer
contained an added BgIII site. The amplified fliM-con-
taining fragments were digested with Ncol and BgIII and
ligated with pQE60 (containing the coding region for six
histidine residues downstream to the BgIII site), pre-
digested with the same enzymes. The resulting plasmids
were digested with Ncol and HindIIl (HindIIl resides
downstream to the coding region for the six histidine
residues). The fliM- and 6 x His-tag-containing frag-
ments were ligated with pBAD24, pre-digested with the
same enzymes, and transformed to the E. coli strain
JM109. To prevent digestion of the plasmids in the final
Salmonella hosts, the plasmids were transformed to the
Salmonella strain LB5010recA, which is r'm™ for all three
chromosomal systems of DNA restriction and modifi-
cation. Subsequently, the plasmids were transformed to
their final hosts: pMWT to EW193 (generating the strain
EW204), pMCW1 to EW191 and EW196 (generating the
strains EW197 and EW207, respectively), and pMCW?2 to
EW191 (generating the strain EW200).

Cell cultures

The strains EW197, EW200, EW204 and EW207 were
grown overnight at 35°C in M9 medium supplemented
with 0.5% (w/v) Casamino acids, 0.5% (v/v) glycerol,
5 pg/ml thiamine and 100 pg/ml ampicillin. The cul-
tures were diluted 75-fold in the same medium and
grown to Asgy ~ 0.1 at 35°C. Each culture was divided to
portions, and each portion was grown to Asgy _ 0.5-0.6 in
the presence of a different L-arabinose concentration
(ranging from 0 to 1 mg/ml). Each sub-culture was used
both for quantification of FliM and for determination of
the direction of flagellar rotation. For the preparation of
extended flagellar basal bodies, an overnight culture of
strain EW197 was diluted 75-fold into 1.5 1 of the same
medium, grown as described above, and induced with
100 pg/ml arabinose.

Determination of the direction of flagellar rotation

The direction of flagellar rotation was monitored by
the tethering technique.?! Cells, washed and resus-
pended in motility buffer (20 mM Tris-HCl (pH 7.5),
0.1 mM EDTA), were tethered as described,*® using a
flow chamber.*® The rotation of the tethered cells was
recorded on a VCR at 50 frames/second. The recordings
were analyzed by a computerized motion analysis sys-
tem (Hobson Rotation Tracking System, England). The
output of this system was a sequential list of the time
intervals in the three rotational states: CW, CCW and a
pause. Another software (Event.exe, obtained from M. D.
Levin) used the raw data from the Hobson Rotation
Tracking System and calculated, for each cell, the frac-
tional CCW rotation, CW rotation and pausing. In most
cases, the average pausing time (usually ~10% of the
time) remained essentially unchanged with the induction
level of FliM. In these cases we considered only two
states, CW and CCW. In the few cases in which the
pause time significantly increased with the FliMcy level,
the added pausing time was considered as a futile
switching event'® and was added to the relative time
spent in CW rotation.

Isolation of extended flagellar basal bodies

Basal flagellar fragments were prepared from strain
EW197 according to Zhao et al*’ and Francis et al*®
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with several modifications. The bacteria were har-
vested, washed once, and resuspended in buffer A
(10 mM Tris-HC1 (pH 7.9), 50 mM NaCl). Following
one minute blending, the bacteria were spun-down
and the pellet stored frozen at —20°C. For the iso-
lation, the pellet was resuspended to homogeneity in
70 ml of buffer B (500 mM sucrose, 10 mM Tris-HCl
PH 79), 02mM phenylmethylsulfonyl fluoride
(PMSE)), followed by addition of lysozyme (0.1 mg/
ml final concentration, from a freshly prepared stock
solution) and EDTA (10 mM). The solution was gently
stirred at 35°C for about two hours, until a large frac-
tion of the cells became spheroplasts. Triton X-100
(0.2% (v/v) final concentration) was added to lyse the
spheroplasts. When the lysis was complete, MgSO,
(10 mM final concentration) was added for DNA
degradation and the solution was gently stirred at
35°C for 30 minutes. Unlysed cells and cell debris
were removed by centrifugation at 3000 g for 15 min-
utes. Inclusion bodies were removed at 15,000 g for
20 minutes. The pH of the supernatant was raised
with 5M NaOH to ~pH 10. Membranes were pel-
leted by high-speed centrifugation (60,000 g for one
hour at 4°C). The pellet was resuspended in 1 ml buf-
fer C (10 mM Tris-HCl (pH 7.9), 5 mM EDTA, 0.1%
(v/v) Triton X-100, 02 mM PMSF). Following the
addition of 1 ml of 20% (v/v) Triton X-100, the sus-
pension was passed back-and-forth (at least ten times)
through a 24-gauge needle. The resulting solution was
diluted in 18 ml of buffer C. After low-speed centrifu-
gation (15,000 g for 20 minutes at 4°C), the flagella
were pelleted by high-speed centrifugation (60,000 g
for one hour at 4°C) and resuspended in 500 pl of
buffer C. The resulting preparation, enriched with
basal flagellar fragments, was negatively stained with
1% (w/v) uranyl acetate and visualized with an elec-
tron microscope.

FliM quantification

In whole cells

Aliquots containing a constant number of bacteria
(~3 x 10® cells (based on 4 x 108 to 8 x 10% cells/ml at
Agoo — 1)*¥°) were pelleted, resuspended in 50 pl of SDS
sample buffer, boiled for ten minutes, and kept at
—20°C. Samples (10 pl from each aliquot) were resolved
on SDS-12% (w/v) PAGE and transferred to nitrocellu-
lose membranes (0.2 um; Schleicher & Schuell) with a
Mini Trans-Blot Electrophoretic Transfer Cell (BioRad).
The membranes were blocked overnight at 4°C with 5%
(w/v) milk, 10 mM Tris-HCl (pH 7.5), 15 mM NaCl,
0.05% (v/v) Tween 20, and then sequentially probed
with polyclonal anti-FliM antibody (a gift from S. L
Aizawa) and peroxidase-conjugated anti-rabbit antibody
(Sigma). The immunoblots were assayed with Super-
Signal chemiluminescent substrate (Pierce), and exposed
to SuperRX films (Fuji). Films were scanned with an ima-
ging densitometer (model GS-690, BioRad), and the
intensities of the bands were quantified by the Multi-
Analyst software (BioRad). The intensity of the FliM
bands represented the total FliM level in the sample
(both endogenous and induced). The relative level of the
induced protein (expressed as FliMcy/FliMy,, or
FliMyyr/FliM.;) was calculated for each sample based
on the intensity of the FliM band in the induced and
non-induced samples.

In preparations of flagellar basal bodies from
strain EW197

The total protein concentrations in the cell extract and
flagellar-pellet fractions were determined by the BCA
Protein Assay kit (Pierce). Equal protein amounts from
each fraction (2-10 pg, in 20 pl samples) were prepared
for gel electrophoresis together with known amounts
(10-200 ng) of purified 6 x His-FliM. Quantities of 5 pl of
fivefold concentrated SDS sample buffer were added to
the samples, which were then boiled for ten minutes.
Sample duplicates were run on two parallel SDS-12 %
PAGE. The proteins were transferred to nitrocellulose
membranes and blocked as described above. One mem-
brane was reacted as described above with anti-FliM
antibodies to determine the total FliM level in the frac-
tion. The other membrane was reacted with an INDIA
HisProbe-HRP reagent (Pierce) to determine the level of
the 6 x His-tagged, plasmid-borne protein. The nitrocel-
lulose membranes were assayed and analyzed as
described above. FliM levels (total or plasmid-borne
FliM) in the different fractions were determined accord-
ing to a standard curve of purified proteins on the same
membrane.
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