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Response Kinetics of Tethered Rhodobacter sphaeroides to Changes in
Light Intensity

Richard M. Berry and Judith P. Armitage
Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, United Kingdom

ABSTRACT Rhodobacter sphaeroides can swim toward a wide range of attractants (a process known as taxis), propelled
by a single rotating flagellum. The reversals of motor direction that cause tumbles in Eschericia coli taxis are replaced by brief
motor stops, and taxis is controlled by a complex sensory system with multiple homologues of the E. coli sensory proteins.
We tethered photosynthetically grown cells of R. sphaeroides by their flagella and measured the response of the flagellar
motor to changes in light intensity. The unstimulated bias (probability of not being stopped) was significantly larger than the
bias of tethered E. coli but similar to the probability of not tumbling in swimming E. coli. Otherwise, the step and impulse
responses were the same as those of tethered E. coli to chemical attractants. This indicates that the single motor and multiple
sensory signaling pathways in R. sphaeroides generate the same swimming response as several motors and a single pathway
in E. coli, and that the response of the single motor is directly observable in the swimming pattern. Photo-responses were
larger in the presence of cyanide or the uncoupler carbonyl cyanide 4-trifluoromethoxyphenylhydrazone (FCCP), consistent
with the photo-response being detected via changes in the rate of electron transport.

INTRODUCTION

The response dEscherichia colito changes in the concen- change, indicating that bias is a linear function for small
tration of attractants such as aspartate has been well chathemical stimuli inE. coli (Block et al., 1983; Segall et al.,
acterized. Swimming cells alternate between runs, in whict1986).

several flagella form a rotating bundle that propels the cell, The results above apply to sudden changes in concentra-
and tumbles, in which the bundle flies apart and the celtions on the order of 1uM, or to steady concentration
jiggles about on the spot (Berg and Brown, 1972). Runs arehanges on the order of ZM/s (against a similar back-
prolonged if the concentration of attractant in the vicinity of ground concentration), which are of the magnitude that a
a cell is increasing with time, allowing cells to swim up swimming bacterium might encounter in its natural envi-
gradients of attractant concentration (Brown and Bergronment. In experiments where sudden, large concentration
1974). By tethering single flagellar filaments to glass cov-changes are imposed-( mM), the response saturates, and
erslips and observing the resulting rotation of the cell bodyadaptation takes minutes rather than seconds (Berg and
the rotation of individual flagellar motors can be measuredTedesco, 1975). These saturating responses are easy to
(Silverman and Simon, 1974). Motors alternate betweerinduce and to measure, and in mutagenesis studies they are
counterclockwise (CCW) and clockwise (CW) rotation; useful indicators of the presence or absence of a response to
runs are associated with CCW rotation, tumbles with CW.a particular stimulus, or of the sign of a response. However,
In response to step increases in attractant concentration, thexis in swimming bacteria necessarily occurs on a time-
bias (probability of rotating CCW) in tethered cells in- scale of several seconds (Berg, 1988; Berg and Purcell,
creases for a few seconds before returning to its original977). Studies of the physical nature of taxis itself and the
value (i.e., adapting to the new concentration; Block et al.subtler effects of mutations upon the sensory system require
1982). The responses of motors of tethered cells can bebservation of the faster, nonsaturating responses that are
understood in terms of the impulse response. In response &en to smaller stimuli.

a very short-lived increase in concentration (an impulse), Unlike E. coli, in which many flagella come together into
the bias increases for about 1 s, and then decreases farbundle to propel a swimming ceRhodobacter sphae-
anothe 3 s before returning to baseline. The response tgoidesswims with a single subpolar flagellum. The flagellar
other changes in concentration can be derived from thenotor rotates in only one direction, stopping briefly at
convolution of the impulse response and the concentratiorandom times (Armitage and Macnab, 1987; Armitage et al.,
1999). During these stops the orientation of the cell changes
rapidly and randomly, in much the same way as wken
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that motor stopping ifR. sphaeroidess analogous to tum- mic pathways and probably involving a receptor (Romag-
bling in E. coli. The dominant response appears to be tonoli and Armitage, 1999; Grishanin et al., 1997; Gauden and
repellent stimuli (reductions in attractant concentration),Armitage, 1995). To confirm this result in the small-stim-
with only a small response seen to attractant stimuli (in-ulus regime, we measured the effect on the photo-response
creases in attractant concentration). As both species of baof inhibitors which alter the rate of photosynthetic electron
teria are approximately the same size and swim at similatransport. Cyanide or small concentrations of the uncoupler
speeds, they face the same physical constraints upon chearbonyl cyanide 4-trifluoromethoxyphenylhydrazone
motaxis. That is to say, they can swim in a given direction(FCCP), both of which are expected to cause up-regulation
for only a few seconds before being disoriented by Brown-of photosynthetic electron transport, increased the size of
ian motion, and size constraints mean that they sense temesponses to changes in light intensity. This provides further
poral changes in their environment rather than spatial grasupport for the hypothesis that behavioral responses are
dients (but see Dusenbery, 1998, for discussion). Because generated via changes in the rate of electron transport.
these constraints, the responsefRofsphaeroideso phys-
iologically relevant small stimuli might be expected to be MATERIALS AND METHODS
similar to those ofE. coli: adaptation in a few seconds to
step changes, and an impulse response with an initial pha$e®!l 9rowth
of the same sign as the stimulus, and a subsequent phaserofsphaeroidestrain WS8 was grown anaerobically in succinate medium
the opposite sign. (Harrison et al., 1994) at 30°C under bright light (wavelength range
Responses @®R. sphaeroideto chemicals and Iight in the 400-800 nm, incident intensity 11.4' W) in a flat glgss growth chamber .
saturating, large-stimulus regime, measured over the coursEZ mm thICk: Under these conqltlons, the doubling time was approxi-

. ) mately 160 min and the exponential phase of growth lasted for 500 min, or
of several minutes (Gauden and Armitage, 1995; Packer &fee doublings. Cells were harvested after two doublings in exponential
al., 1996), are similar to the saturating chemo-responses @hase -320 min), at which time the light intensity at the side farthest from
E. coli. Here we show that the responses of tetheRed the light source was reduced by a factor of about 2 from its original value
sphaeroide$o Iight are also similar to the chemo-responses?‘”d from thg valug at t'he ;ide closest to the light sour.ce. Rgducing this
of E. coliin the subsaturating, small-stimulus regime. Thisgmomogenelt‘y by ||Ium|nat|ng the chamber from both S|d_es did not pro-
- . uce any noticeable change in the appearance or behavior of the cells.
indicates that both species use the same strategy of abrupt
changes of direction controlled by temporal comparisons Ofl’ethering
their changing environment over the course of a few sec-
onds. InE. coli, runs and tumbles are related in a compli- Cell cultures were taken from the light and immediately mixed with an
cated and imperfectly understood way to periods of CCV\Fq“aI volume of HE.PES.buffer (10 mM Ng N-2-hydroxyethylpiperagine-
and CW rotation, whereas R. sphaeroidesuns and tum- N’—2—ethanesu|ph9n|c acid, pH 7.2), containing Jogml chlgrar_nphenl—

) ) o ! col to arrest protein synthesis. Cells were then washed twice in HEPES
bles in swimming cells are the direct result of runs and stopgg ,.g/mi chioramphenicol before tethering with anti-filament antibody in
in the single flagellar motor, suggesting that it may be aoptically flat capillaries (Camlabs, Cambridge, UK) coated with the hy-
good species in which to study motor control in free- drophobic agent Sigmacote (Sigma-Aldrich, Poole, UK).
swimming cells.

The two species differ in what they can sense and in thdata collection and analysis

complexity of the sensory pathwalg. coli has four mem- Tethered cells were observed at high magnification in a light microscope

brane-spanning chemosensory transducers and one sensiag. 1). To measure rotation rates, a phase-contrast image formed in light
changes in electron transport (Armitage, 1999).sphae-  of wavelengths. > 950 nm (beyond the range absorbed by the photosyn-
roideshas at least 12 sensors located both in the membrarteetic pigments) was projected onto the face of a quadrant photodiode
and in clusters in the cytoplasm; these latter may be in(PIN-SPOT 4DMI, QDT Sensors, Inc., Hawthorne, CA) anq the diode
lved in sensing the metabolic state of the cell (Armita outpyts r_ecorded. nght at these wa\{elengths_ and the intensity used (200
Vo . 9 : ; geVVm 2) did not energize flagellar rotation. The image of a tethered cell was
and Schmitt, 1997). Unlik&. coli, several attractants re- gajigned such that the center of rotation coincided with the center of the
quire transport and partial metabolism to be sensed (Inghamjuadrant photodiode (Fig. &. Currents from the four quadrants, labeled
and Armitage, 1987; Jeziore-Sassoon et al., 1998; Poole arsed, were sampled at 128 Hz and the signals X and Y were calculated as
Armitage, 1989: Poole et al., 1993)_ Sensory signaIE.in indicated (Fig. 2b). Envelopes were fitted to the extremes in X and Y to

allow for drift (Fig. 2 c), and these signals were converted intofcaad

coli are processed and transmitted to the motors by a Cytos_ine, respectively (wherd is the angle of the cell body) by mapping the

plasmic phosphorelay pathway encoded bY the gehes, positive and negative envelopes tol and +1. 6 was calculated as
cheW cheY cheR andcheB In R. sphaeroideshere are arctan(Y/X), and groups of four consecutive angles were averaged, reduc-

several homologues of these genes, and the signal is trangg the sampling frequency to 32 Hz, before calculating the speed of
mitted through one of at least two phosphorelay pathways téPtation as 1/ (dé/dt, Fig. 2d).

the single motor (Hamblin et al., 1997; Armitage and

Schmitt, 1997). Large-stimulus responses to oxygen anfhoto-stimulus

light are generated via changes in the rate of electron second light sourcex(between 500 ané-820 nm) was used to energize
transport in the cell, signaling through one of the cytoplas-photosynthetic electron transport in the cells (Fig. 1). At 270 Wnthe
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FIGURE 1 Photosynthetically grown R. sphaeroides were tethered in
optically flat capillaries using anti-filament antibodies and observed at high
magnification in a light microscope. To measure rotation rates, a phase-
contrast image formed in light of wavelength950 nm was projected
onto the face of a quadrant photodiode, and the diode outputs recorded by
computer. A second light source (wavelength between 500~82D nm)

was used to energize photosynthetic electron transport in these cells. A
shutter under computer control was used to block the energizing light for )
different lengths of time and the resulting changes in rotation were time (S)
observed.
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FIGURE 2 @) An image of a tethered cell was aligned such that the

center of rotation coincided with the center of the quadrant photodibyle. (
intensity of this light was more than adequate to saturate photosynthetiCurrents from the 4 quadrants (labeled a-d) were recorded by computer and
electron transport. Flagellar motors rotated at full speed, indicating ahe signals X and Y were calculated as indicatejiEpvelopes were fitted
normal protonmotive force driven by cyclic photosynthetic electron trans-to the extremes in X and Y to correct for drift and these signals were
port, when illuminated at 20 Wn¥ or above, even in the presence of 1 mM converted into caand sird respectively (wherd is the angle of the cell
cyanide to block respiration and@ DCCD (N,N’-dicyclohexyl carbo-  body) by mapping the positive and negative envelopes toand +1. 6
diimide) to prevent the maintenance of a protonmotive force by ATPwas calculated as arctan(Y/X), and the speed of rotation ag@ifdt). (d)
hydrolysis. A home-made shutter under computer control was used t@ typical record of speed versus time in light of constant intensity,
block the energizing light for different lengths of time, and the resulting characterized by sudden switches between rotating and stopped states at
changes in rotation were observed. random times.

Photo-responses )
common speed in all of the records put together. The second measure of

In order to measure a photo-response, the energizing light was repeatedbyas was the average speed over all records at a given time from the closing
shuttered for a fixed time and multiple records of cell speed as a functiorof the shutter, divided by the modal running speed. These two measures
of time from the closing of the shutter were obtained. These records wergvere very similar, and would be identical in an ideal data set where speeds
aligned, and two alternative measures of bias (the probability that a cell iswitched between 0 and a fixed value, and all switches were detected. The
rotating) were obtained. The first measure of bias was simply the fractioratter method accounts for unresolved short intervals that would be ignored
of records in which the cell was rotating at a given time from the closingby the former.

of the shutter. “Rotating” was defined by a speed above a threshold equal Interval length distributions were calculated by measuring all intervals
to half the modal running speed, which in turn is defined as the mostbetween crossings of the speed threshold that satisfied certain simple
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criteria, designed to exclude errors due to an interval spanning the start abtained as the probability that the system was in the run state at a given
end of a record. time, averaged over an ensemble of 1000 simulations.

Altering electron transport rates RESULTS

FCCP was added as a 0.1 mM solution in ethanol to final concentrations O(Jnstimulated cells
0.1 or 0.5uM. At these concentrations the protonmotive force is retained

close to its normal value, but electron transport is up-regulated to ComFig. 2 a-c illustrates the method used to measure cell Speed

pensate for the FCCP-induced proton leakage (Armitage and Evans, 1985). . . .
Cyanide was addedsaa 1 M solution of NaCN in HEPES to a final esee Materials and Methods), and Figd 8hows a typical

concentration of 1 mM. At this concentration, respiratory electron transporS€Ction from a record of speed versus time for a single
is blocked and the protonmotive force is maintained by photosyntheticwild-type R. sphaeroides light of constant intensity. The
electron transport or, in the dark, by reversgfffATPase activity. behavior of the cell is characterized by sudden switches
between rotating and stopped states at random times. When
stopped, cells appeared to undergo free rotational Brownian
motion. This was more evident in records where long stops
Switching was modeled as a two-state process, with first-order rate conyere induced by repellent stimuli (removal of light) than it

Computer simulation

stants for transitions into run or stop states given by is in Fig. 2d.
AG(t) X and Y data were sampled at 128 Hz, and groups of four
K= koEXp(ZkT) (1) consecutive angles were averaged to give speeds at intervals
of 1/32 s. Any stopped or rotating intervals shorter than this
and were not fully resolved by the system. For instance, a short
—AG(t) stop at 0.3 s (Fig. 2) appears only as a transient slowing
ks = koexp<2k_|_> (2) down in Fig. 2d. Fig. 3 shows the interval length distribu-

tion for both run and stop intervals in one unstimulated cell.

respectively, where the time-varying free energy difference between thd he distributions are good fits to single exponentials, as is
two statesAG(t), is specified by the usek is Boltzmann’s constant, and  the case irE. coli, indicating that switching of the flagellar

T the absolute temperature. The constgwas calculated from the mean  otor is well described by a model with simple transitions

stop duratior(r,) = 0.27 s (Fig. 3) and the resting bil% = 0.86 (Fig. 5 o vean two states (Block et al., 1982; Turner et al., 1996;
b), via k, = k® exp(—AG%/2kT), wherek® = 1/(ry) is the rate constant for ) " ! ” )
the transition from stop to run in unstimulated cells, &@P = In(b%1 — S_Chf_irf et aI_., 1998). The_ time constant for_the_ stop 'nterV_a|
k) is the free energy difference in unstimulated cells. Monte Carlo simu-distribution is 0.27 s. This means that one in nine stops will
lations were performed on a personal computer using the software packadge shorter than the resolution time of 1/32 s, the probability
LabVIEW (National Instruments, Austin, TX). In each iteration, the time 4f 4 stop lasting less than time T being given®y= 1 —

was advanced byt = 0.001 s, and the state was changed if a random = . . .
number taken from an even distribution between 0 and 1 was less\than exp( 1/0.27 S)’ and will be missed by our measuring sys-

times the rate constant for transitions out of the previous state. The bias wa{?m-_The video systems commonly used for meas:uring the
rotation of tethered cells or the speed of swimming cells

typically have even less temporal resolution, and will miss

even more stops. For example, one stop in seven will be
Fe missed with a temporal resolution of 1/25 s, or one in three
with a resolution time of 1/10 s.

100

Run intervals

Step Response

Fig. 4 shows the response ofRa sphaeroidesell to step
changes in light intensity. The energizing light was alter-
nately shuttered and transmitted in 20-s intervals. One pe-
T e riod of this cycle is shown in Fig. 4. A typical response to

0 1 |nterv2a| Len3th s) 4 5 this cycle is shown in Fig. 8. When the light was shuttered,

g at 20 s, the cell stopped withil s and returned to its normal

FIGURE 3 The distribution of intervals during which a cell was rotating Pattern of stopping and rotating over the course of about 5 s.
(run intervalscircles) or stopped (stop intervalsquarey. The cell was ~ The histogram at the right is the distribution of all speeds
defined as running when its speed was greater than half the median spegghserved in this experiment, with peaks at 0 and 12.5 Hz.
for all data, and otherwise as stopped. The intervals are fitted as single Fig. 4 ¢ shows two alternative measures of bias (the

exponentials with time constants of 0.27 and 1.69 s for stop and run robability that a cell is rotating) averaged over an ensemble
intervals, respectively. Exponential distributions are consistent with ap ity I : g) verag v

simple two-state model where switching occurs as the result of thermally®f 20 consecutive identical cycles. The light line shows the
driven transitions between run and stop states. fraction of cycles in which the cell was rotating at a given

T T

Number of Intervals
)
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a) 600 The unstimulated or resting bias of this cell was about
E 0.85. In response to the step-down in light intensity, the cell
S always stopped within about 1 s, and adapted back to its
%‘300 S resting bias over the next 5 to 7 s. A response of similar
S duration and opposite sign was seen to the step-up in light
£ att = 0, although this is less clear because the resting bias
b) 0 ' — is so close to 1. Fig. 4 shows the average speed of the cell
;'::T 15 L when it was not stopped. There was no evidence of photo-
= 10 kinesis, i.e., the running speed of the cell did not increase
8 s5¢ when the light was stepped uptat 0, nor did it decrease
& o —_— i) - when the light was stepped downtat 20 s.
| 1 1 | | i t
C) 4
08|
@ 06| Impulse response
@ g'g B The response to a very short stimulus, or impulse response,
ol y is a fundamental measure of any system. One of its advan-
d = i L tages is sensitivity. In typical chemotaxis experiments, mil-
L 15L limolar step changes in attractant concentration saturate the
T 10 DAy, s cell responses for several minutes, whereas to be relevant to
2 . taxis under natural conditions, responses should occur on a
CZ Sk timescale of several seconds. The step changes in light
g O intensity shown in Fig. 4 also saturate the response, albeit
b ' ! ' ' for only a few seconds. For a more sensitive measure of
0 5 10 15 20 25 30 35 40 photo-responses, the energizing light was shuttered for frac-
time (s) tions of a second and the resulting changes in bias were
observed.

FIGURE 4 @) To measure the response of cells to step changes in light Fig. 5a shows the bias as a function of time after a brief

intensity, the energizing light was alternately shuttered and transmitted i s . .
20-s intervals. One period of this cycle is shown). & typical response to QO.Zl s) removal of energizing light (the impulse response)

the cycle in ). When the light was shuttered, at 20 s, the cell stoppedfor a single cell. The dark period is marked by the small
within 1 s and returned to its normal pattern of rotating and stopping ovevertical lines just aftet = 0, and bias was calculated using
the course of about 5 s. The histogram at the right is the distribution of althe second method described above for 51 identical im-
speeds observed in this experiment, with peaks at 0 and 12.5 Hz correbmses_ The resting bias of approximately 0.8 is marked by
sponding to stopped and rotation states respectivelyT\yo alternative the thin horizontal line. We chose repellent, or negative
measures of bias, the probability that the cell is rotating, averaged over an . a ’ ) s
ensemble of 20 consecutive identical cycles. Tight line shows the ~ Stimuli (removal of light) rather than attractant stimuli
fraction of cycles in which the cell was rotating at a given time in the cycle, (flashes of light in a dark background) because the high
and theheavy lineshows the average speed over the ensemble divided byesting bias results in negative responses that are larger, and
the modal run speed of 12.5 Hz. The two measures are very similar, but thgaarefore easier to measure, than positive responses.

latter accounts for unresolved short stop intervals that would be ignored by . - .
the former. In response to the step-down in light intensity, the cell always Fig. 5 b shows the average impulse response for five

stopped within abotl s and adapted back to its resting bias of 0.85 over different cells. As inE. coli, the impulse response (to a
the next 5 to 7 s. A response of similar duration and opposite sign is seeRegative stimulus) has an initial negative phase lasting
to the step-up in light at= 0, although this is less clear because the restingabout 1 s, and a subsequent, slightly |onger positive phase
pias is so close to 1df Th‘e average speed of the cell when running.There_(BbCk et al., 1982). There are two main differences be-
is no evidence of photokinesis; the celI_doe; not speed up when the light Rveen the responses Bf coliandR. sphaeroidesFirst, the
stepped up, nor slow down when the light is stepped down. B . .
average resting bias 150.85, compared te-0.6 for teth-
eredE. coli. This is similar to the probability of running
versus tumbling in free-swimming. coli (Berg and Brown,
time in the cycle, with rotating defined as a speed abovel972). Second, the area under the second phase of the
6.25 Hz. The heavy line shows the average speed at a givaesponse is smaller than the area under the first phage. In
time in the cycle, divided by the modal speed of 12.5 Hz.coli these areas are equal, which is necessary for adaptation
These two methods give very similar results here, but thén the case where the response system is linear. Bias is,
latter method accounts for unresolved short intervals thatherefore, not a linear function of stimulusih sphaeroides
are ignored by the former, and for this reason is chosen ashoto-responses. This is not surprising given the high rest-
the more reliable measure of bias in the calculation ofing bias. In a two-state system the bias at equilibrium is
impulse responses. related to the free energy difference between rotating and

Biophysical Journal 78(3) 1207-1215
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FIGURE 6 @) The relationship between bias and the free energy differ-
FIGURE 5 @) The impulse response of a single tethered cellRof ~ €nce between rotating and stopped stateS)(in a two-state model of
sphaeroidesin HEPES buffer. In response to a brief removal of the motor switching. When\G is zero, the states have equal probability and
energizing light (for 0.21 s, the interval marked by the small vertical bars)the bias is 0.5. If a sensory stimulus leads to symmetrical changk&in
the bias falls for about 1 s, returns and overshoots for a further second, arl§hown by thevertical linesat an equal spacing of 1KT in the figure,
then falls back to its resting level marked by the horizontal limp.The =~ Wherek is Boltzmann's constant and@ the absolute temperature), this
average impulse response of 5 different cedislifl ling). The impulse ~ Produces symmetrical responses in bias when the starting bias is 0.5
stimulus was presented to each cell between 40 and 60 times and the bié&rcles), but a much reduced positive-f response when the starting bias
was calculated by the second method described in the legend to Fig. 4. TH&0.85 6quare}. (b) The impulse response of Figbfplotted asAG rather
cell was allowed 15 s between impulses to ensure that it had returned fulljhan as bias. The solid line shows equilibrium values\@, calculated
to its resting condition. Thelotted line shows the impulse response USing Eq. 4. Thelotted lineshows the values that were used in a computer
predicted by computer simulation (see text and Fid).6 simulation to fit the measured bias (see Fidn)5This compensates for the
effect of the relationship between bias ak@ illustrated in ). Nonethe-
less, even in terms &G the positive phase of the response is smaller than
the negative.

stopped state\G, by

_ exp(AG/KT) circles show the changes in bias caused by chany®dy
1+ exp(AG/KT) ®) plus or minus 1.7T from a starting bias of 0.5, and the
squares show the results of the same changa&ihut with
where k is Boltzmann’s constant and the absolute a starting bias of 0.85. With a starting bias of 0.5 (like
temperature. coli), the changes in bias are large and symmetrical, and
This function is plotted in Fig. & The sigmoidal shape bias is an almost linear function &fG. With a starting bias
of the curve means that the change in bias for a giverof 0.85 (like R. sphaeroidés the positive change in bias is
change inAG will be largest at values of bias close to half, much smaller than the negative, and bias is far from being
and much smaller at values of bias close to 0 or 1. The linear function ofAG.

bias
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Fig. 6b shows the impulse response from Figh plotted

in terms of AG. The solid line showdG calculated as . ?ﬂf{,,e[:ccp
—&-— 1mM ON
| bias A CN:average
AGea =1\ 1= bias @ 1

This expression assumes that the switching process reaches
equilibrium on a timescale that is fast compared with the
impulse response, so that the experimentally measured bias
is given by Eq. 3. However, the timescale of switching (see
Fig. 3) is in fact on the same order as that of the impulse
response. Calculation &G from bias in this non-equilib-
rium case is not trivial. Therefore, to examine the relation-
ship betweeAG and measured bias, we performed a Monte
Carlo computer simulation of the switching process in
which the time-varying rate constants for switching are ! ' ‘
derived from a user-specified time course f6 and the 0 0.1 02 03 04 05
interval length data of Fig. 3 (see Materials and Methods).
When the solid line in Fig. ® was used as the specified
time course, the model predicted a bias response that W@sure 7 The magnitude of the impulse response as a function of
smaller and slower than the actual measured response. Howtimulus size in HEPES buffeci¢cles), buffer plus 1uM FCCP &quare$
ever, the model can be made to predict the measured bi@sd buffer plus 1 mM cyaniddr{angles. Response size is the sum of the
response simply by rescaling the time courseAG&. The areas of the two phases of the impulse response as shown in Big. 5

dotted line in Fia. 6b shows the rescaled time course stimulus size is the time for which the shutter was closed. Cyanide and low
9. ' concentrations of FCCP both increase the size of the response to a given

produced from the solid line by simply multiplying devia- stimulus. This is consistent with the hypothesis that the photo-response is
tions of AG from its resting value by 1.5 and speeding up generated via changes in the rate of electron transport. Both FCCP and
the time course by a factor of 1.3. The dotted line in Fig. 5cyanide are expected to increase the rate of photosynthetic electron trans-
b shows the Corresponding predicted bias, which agree_gort' and therefore also to increase the changes in this rate when the light

with the measured values to well within the limits of ex- is removed. Responses in buffer alongdles) are shown as the mean and
standard error of data from 5 cells. Togen trianglefor cyanide shows the

perimenta! error. _ mean and standard error of data from 4 cells, filed triangles and
Presenting the impulse response\&srather than as bias squaresshow data from single cells with cyanide and FCCP, respectively.

emphasizes the positive phase relative to the negative, but in
Fig. 6 b the areas are still unequal. The calculated values of
AG are very sensitive to errors in measured values of bias EIF] E

h bi b hel he d ig. 5b. The approximate linearity between response and
these extreme biases, but nonetheless the data suggest t ulus is to be expected if the stimuli are not saturating

AC;’ Iike_dbiasrr s not a IinearTfhu_nction_ O.f stimulus iR. Oland are effectively impulse stimuli, that is to say, of shorter
sphaeroidephoto-responses. This again Is not Unexpectedy, 4t than any features in the response. This is true for
In the model of Scharf et al. (1998) for switching of the ;1 < 204 0 2-s stimuli. less so for 0.4-s stimuli

flagellar motor ofE. coli, AG is a linear function of the

b ¢ lecul ¢ ohosphorviated CheY (CheY-P In the presence of FCCP or cyanide, the resting bias,
number of molecules of phosphorylate ey (CheY- )shape, and time course of the impulse response are similar

that are bound to the motor. _Th|s ”?’mk_’er IS @ saturating,, g6 in HEPES buffer alone. The magnitude of response
function of CheY-P concentrf_;\tlon, Wh'(.:h in turn depends Ntora given stimulus, however, is several times greater when
an unknown way upon the stimulus. Given all these faCtorSeither FCCP or CN is present. At the concentrations used,
pe_:rhaps i.t Is more surprising th’c_lt bias is_alinear f“”C“OF Otooth FCCP and CN are expected to increase the rate of
.St'mu“.Js in the response @. coli to _cheml_cals than that it photosynthetic electron transport to maintain the protonmo-
is not in the response @&2. sphaeroideso light. tive force: FCCP by allowing protons to leak across the
membrane, CN by blocking respiratory electron transport.
The experiments were not conducted under strictly anaero-
bic conditions and there would be electron transport to a
Fig. 7 shows the size of impulse responses as a function @aérminal oxidase in addition to photosynthetic flow, as re-
the stimulus size in HEPES buffer, buffer plus uncouplerported by Grishanin et al. (1997). Previous work has shown
(FCCP, 0.1uM), and buffer plus cyanide (CN, 1 mM). arepellent response R. sphaeroidet the removal of low
Stimulus size is defined as the time for which the shutterconcentrations of FCCP, and an attractant response to its
was closed, and response size is defined as the sum of tlaeldition (Gauden and Armitage, 1995; the attractant re-
areas of the two phases of the impulse response, as showponse is visible in Fig. 6 of that paper but is not discussed).

Response ( bias x s)

Stimulus time (s)

Effects of inhibitors on impulse responses
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A similar attractant response to the addition of FCCP wasn swimming speed are not ruled out by our results. With
seen here (data not shown), with an almost total suppressidhis in mind, our results are consistent with those of Rom-
of stopping for several minutes after the addition of FCCP.agnoli et al. (1999), in both the presence and absence of
It has also been observed that saturating negative responde€CP.
to prolonged removal of light are larger in the presence of Although E. coli and R. sphaeroidesre very similar in
low concentrations of FCCP (Grishanin et al., 1997). Thesd¢erms of behavioral responses themselves, they differ in the
data lend support to the hypothesis tht sphaeroides stimuli they respond to and in the nature of their sensory
responds to light, oxygen, and a variety of metabolic effecsystems. The response Bf coli to aspartate begins with a
tors by detecting changes in the rate of electron transporthange in the fraction of transmembrane aspartate receptors
Cyanide or low concentrations of FCCP both probably(Tar) that have aspartate bound, and it is usually assumed
increase the rate of photosynthetic electron transport undéhat this fraction comes rapidly to equilibrium when the
the conditions used here, and therefore also increase tle®ncentration is changed (Brown and Berg, 1974). In the
changes in this rate upon removal of light. This leads to arphoto-response dR. sphaeroidespresumably, the place of
increase in the negative photo-response. aspartate is taken by the oxidized or reduced form of some
unspecified component(s) of the electron transport chain
(call it or them Q), and that of Tar by some unspecified
DISCUSSION receptor. The identities of Q and of the receptor remain to be
Our main finding is that the responsesRfsphaeroideto  determined. It also remains to be seen whether Q simply
small photo-stimuli are essentially the same as thosg.of binds to the receptor or generates a signal by electron
coli to small chemical stimuli. Motors adapt to step changedransfer to the receptor, as is probably the case in Aer
after about 5 s, and the impulse response consists of gdaylor and Zhulin, 1998). The other major difference be-
initial phase of the same sign as the stimulus, lasting aboutveen the two species is thR sphaeroidesias multiple
1 s, and a subsequent, slightly longer, phase of the oppositeomologous copies of the sensory system genes. To date
sign. The only significant difference is that the resting biasthere are Xhe/s, 4 cheYs3 cheWs 2 cheRs and 1cheB
of R. sphaeroide@tethered by its single motor) is close to 1, (Armitage and Schmitt, 1997). Why doé& sphaeroides
more like the run/tumble bias d&. coli swimming with a  have so many taxis genes? Perhaps some of them are
bundle of several flagella than the CCW/CW biasfofcoli  expressed only in response to specific conditions, encoun-
tethered by a single motor. The high resting bias in tetheretered in the wild but not as yet in laboratory experiments.
R. sphaeroidesnakes positive responses harder to observghe task ahead is to understand how the multitude of
in this species. With a resting bias of 0.85, the maximumchemotaxis genes iR. sphaeroidess arranged into differ-
possible positive change is only 0.15, close to the limit ofent sensory pathways, what these pathways sense, and how
detection in earlier experiments, which led to the belief thathey are integrated.
R. sphaeroidegesponds to negative but not to positive The results shown here indicate that whatever the stim-
stimuli. Here we show, however, that positive responses tellus or the sensory pathway, the resulting behavioral re-
positive stimuli, although harder to measure than negativéponse is likely to be very similar for most species of this
responses, are nonetheless presefk.isphaeroides size that swim at similar speeds through liquid media pro-
In this work we have measured the rotation of tethé®ed pelled by rotating flagella. Presumably the high bias of the
sphaeroidesells with greater accuracy and temporal reso-R. sphaeroidesnotor evolved to optimize taxis based on
lution than in previous studies. Our data indicate that theswimming with a single flagellum. The lower bias of the
phenomenon of chemokinesis (Brown et al., 1993; Packegoli motor, on the other hand, reflects the need to average
and Armitage, 1994), in which motors appear to speed up iithe responses of multiple motors to produce the same ki-
response to the addition of high concentrations of chemicahetics in swimming cellsR. sphaeroidesnay be an ideal
attractants, may be due to the suppression of stops that asgecies for investigating tactic responses under natural con-
too short to be detected by the video measuring systenglitions, as the kinetics of the motor are directly reflected in
rather than to actual increases in the running speed of thisee-swimming behavior. Furthermore, the possibility of
motor. The predominance of short-lived stopsRnsphae- using light as a stimulus should make it experimentally
roides means that many stops will be too short to be de-easier to apply well controlled and rapid stimuli.
tected, and will appear instead as a reduction in the average
speed of the motor. The prolonged suppression of stops thaihis work was supported by the Wellcome Trust.
occurs when high concentrations of attractants are added
will remove this reduction in speed and appear as a speeHEFERENCES
increase. Transient increases in swimming speed in re-

sponse to increases in light intensity (Romagnoli et al.ﬁrTingg'_;ég - 1999. Bacterial tactic responskey. Microb. Physiol.

1999; Armitage et al., 1999) may also be eXpIaine_d as th@\rmitage, J. P., and M. C. W. Evans. 1985. Control of the protonmotive
suppression of unresolved stops, although actual increasesorce in Rhodopseudomonas sphaeroideshe light and dark and its
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