DIGITAL ACCESS o0 HARVARD
SCHOLARSHIP sr HARVARD LIBRARY

DASH.HARVARD.EDU

Modeling the chemotactic response
of Escherichia coli to time-varying
stimuli

Citation

Tu, Y., T. S. Shimizu, and H. C. Berg. 2008. “Modeling the Chemotactic Response of
Escherichia Coli to Time-Varying Stimuli.” Proceedings of the National Academy of
Sciences105 (39): 14855-60. https://doi.org/10.1073/pnas.0807569105.

Published version
https://doi.org/10.1073/pnas.0807569105

Link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:41534348

Terms of use

This article was downloaded from Harvard University’s DASH repository, and is made

available under the terms and conditions applicable to Other Posted Material (LAA), as set

forth at
https://harvardwiki.atlassian.net/wiki/external/NGY5NDE4ZjgzNTc5NDQzMGIzZWZhMGFIOWI2ZM2EwYTg

Accessibility
https://accessibility.huit.harvard.edu/digital-accessibility-policy

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you.l Submit a story |



https://dash.harvard.edu/submit-story?publicationId=0b1e2081-dfed-4df2-a010-b9a38786fa78

Lo L

P

1\

o LN A D

Modeling the chemotactic response of Escherichia

coli to time-varying stimuli

Yuhai Tu*, Thomas S. Shimizu®, and Howard C. Berg'*

*T. J. Watson Research Center, IBM, P.O. Box 218, Yorktown Heights, NY 10598; and TDepartment of Molecular and Cellular Biology, Harvard University,

16 Divinity Avenue, Cambridge, MA 02138
Contributed by Howard C. Berg, August 1, 2008 (sent for review June 6, 2008)

In their natural environment, cells need to extract useful informa-
tion from complex temporal signals that vary over a wide range of
intensities and time scales. Here, we study how such signals are
processed by Escherichia coli during chemotaxis by developing a
general theoretical model based on receptor adaptation and re-
ceptor-receptor cooperativity. Measured responses to various
monotonic, oscillatory, and impulsive stimuli are all explained
consistently by the underlying adaptation kinetics within this
model. For exponential ramp signals, an analytical solution is
discovered that reveals a remarkable connection between the
dependence of kinase activity on the exponential ramp rate and
the receptor methylation rate function. For exponentiated sine-
wave signals, spectral analysis shows that the chemotaxis pathway
acts as a lowpass filter for the derivative of the signal with the
cutoff frequency determined by an intrinsic adaptation time scale.
For large step stimuli, we find that the recovery time is determined
by the constant maximum methylation rate, which provides a
natural explanation for the observed recovery time additivity. Our
model provides a quantitative system-level description of the
chemotaxis signaling pathway and can be used to predict E. coli
chemotaxis responses to arbitrary temporal signals. This model of
the receptor system reveals the molecular origin of Weber’s law in
bacterial chemotaxis. We further identify additional constraints
required to account for the related observation that the output of
this pathway is constant under exponential ramp stimuli, a feature
that we call “logarithmic tracking.”

adaptation kinetics | bacterial chemotaxis | signal processing |
Monod-Wyman-Changeux model

ost studies of the kinetics of biological signaling pathways are

based on measuring responses to simple controllable stimuli,
such as a sudden change of ligand concentration. For example,
bacterial chemotaxis is studied by subjecting cells to a step-function
change in chemo-effector concentration and measuring the fraction
of time that the flagellar motor spins counterclockwise (CCW) or
clockwise (CW), for tethered cells (1), or more recently, by mea-
suring the activity of the response regulator (CheY-P) by using
FRET (2). Measurements of responses to these step-function
stimuli over a range of ambient concentrations have been very
useful in revealing the underlying signaling pathway for Escherichia
coli chemotaxis (see refs. 3-5 for recent reviews). However, such a
simple temporal stimulus is unlikely to be the typical signal en-
countered by E. coli cells in their natural environment, which
changes/fluctuates continuously in time. How does an E. coli cell
processes complex time-varying signals to obtain useful informa-
tion? This is the question we try to address in this article by using
a modeling approach tested by comparison with relevant existing
experiments. A quantitative model based on microscopic pathway
kinetics serves as a natural bridge between the experimentally
measured responses to simple signals and predictions of the cell’s
responses to more realistic complex signals.

Our article aims to establish the connection between the under-
lying adaptation kinetics and the kinase responses of the cell to
various time-varying signals. This connection not only provides a
microscopic mechanism for the observed responses it allows us to

www.pnas.org/cgi/doi/10.1073/pnas.0807569105

learn about the (microscopic) internal pathway kinetics (such as
receptor methylation/demthylation) from the (macroscopic) re-
sponse measurements. The approach taken here for studying the
bacterial chemotaxis pathway as a biochemical signal processor
might provide a useful framework for understanding other biolog-
ical systems in their natural environments.

General Model for Kinetics of Bacterial Chemotaxis

The primary focus of our study is on the system-level properties of
the signaling pathway. Therefore, we use a mean-field approach
without explicitly modeling the molecular details, in contrast to the
pioneering approach of Bray and colleagues (6, 7), who laid the
foundations for computational modeling of this pathway and in
particular the detailed function of receptor clusters (8, 9). At this
coarse-grained level, the E. coli chemosensory system and its
environment can be described by three dynamic variables: the
ligand concentration [L](¢) (the input), the average kinase activity
a(?) (the output), and the average methylation level of the receptors
m(t) (the memory), as shown in Fig. 14. The kinase activity is
inhibited by binding of attractant ligand, and the system adapts by
receptor covalent modification (methylation/demethylation), which
is itself controlled by the receptor activity (feedback). The time
scales for ligand binding (7), kinase response (1), and receptor
covalent modification (7,,) are well separated: 7,,, => 7, => 7. Here,
we focus on studying pathway kinetics at the methylation time scale,
the time scale most relevant for bacterial motion (run time ~1 s)
and treat the receptor kinase activity and ligand binding with a
quasi-equilibrium approximation. The general model can then be
written as:

dm(t) B
dt - F(a> m, [L])’ [1]

a=G(m,[L]). [2]

The kinase activity function G can be expressed by using a simple
two-state model:

G(m, [L]) = G(f(m, [L]) = (1 + exp(fi(m, [LD)) "', [3]

where the dependence on m and [L] can be accounted for by
specifying the functional form of fi(m, [L]), the free-energy differ-
ence between the active and inactive state of the receptor cluster.
We use the Monod-Wyman-Changeux (MWC) (10) allosteric
model, which has recently been shown to describe well the effects
of receptor cooperativity on kinase activity (11-15), to prescribe a
specific form for f; that is an additive function of two linearly
independent terms,
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Fig. 1. The structure and the characteristics of the simple kinetic model for
chemotaxis. (A) The structure of the model. (B) The dependence of kinase
activity G([L],m) on ligand concentration [L] for increasing methylation levels
m (from left to right). (C) Some examples of the possible forms of the function
F(a), which determines the dependence of the time rate of change in meth-
ylation on the activity a. For perfect adaptation, F(a) must be monotonically
decreasing, but its detailed shape can still vary.

fdm, [L]) = NUfn (m) + fr ([L]], [4]

where f,,,(m) depends on methylation and determines the kinase
activity in the absence of ligand, while f; ([L]) = In(1 + [L]J/K;) —
In(1 + [L)/K,) is the ligand-dependent free-energy (per binding
site) characterized by the dissociation constants K; and K4, for the
inactive and active receptors. The ratio of these binding constants,
C =K;/K4(<1), determines the maximum effect of ligand on kinase
activity, because in the limit [L] — o, f; reaches a limiting value,
f([L]) = — In C. The third parameter N corresponds to the number
of ligand-binding units (in the context of bacterial chemotaxis,
receptor homodimers) in the functional MWC cluster.

The methylation-dependent part of the energy difference is given
by f,.(m), and has been found recently to depend approximately
linearly on m (T.S.S., unpublished work; see also ref. 16 for similar
results on amidation modifications). Therefore, we take the simple
linear form f,,,(m) = a(mo — m) with constants o = 2 and my = 1
used to set the scale and the initial value (in zero ligand back-
ground) of the methylation level. Other parameters for the Tar
receptor [in response to a-methyl-DL-aspartate (MeAsp)] are ap =
1/3 (see below for definition of ap), N =6, K; ~18 uM, and C
~(.0062 as determined in ref. 15 from fitting the MWC-type model
to the in vivo FRET data (2); these parameters are assumed to be
constant, for simplicity. The dependence of kinase activity on ligand
(MeAsp) concentration for different receptor methylation levels is
illustrated in Fig. 1B.

The net methylation rate F' (methylation rate — demethylation
rate) depends on the details of the methylation/demethylation
kinetics in vivo, which are not well understood quantitatively at
present. However, from the system’s observed near perfect adap-
tation (at least to MeAsp) (17-20), the function F should have very
weak dependence on [L]. Here, generalizing the linear integral
control model by Yi et al. (19), we assume the net methylation rate
F depends explicitly only on receptor activity (@) as a nonlinear,
monotonically decreasing, and single-valued function of a as illus-
trated in Fig. 1C. Perfect adaptation follows naturally as the
dynamics of activity-dependent methylation, dm/dt = F(a), has a
single fixed point at a = ao with ay given by F(ap) = 0. This fixed
point is globally stable as guaranteed by the conditions F'(a) < 0
and da/dm > 0: regardless of the level of background ligand
concentration, the kinase activity always adapts to the same level a
at steady state.

Despite its simplicity, our model captures the essential features
(receptor cooperativity, effects of receptor methylation on kinase

14856 | www.pnas.org/cgi/doi/10.1073/pnas.0807569105

activity, perfect adaptation) of the underlying pathway at the
appropriate resolution for studying system-level properties of bac-
terial chemotaxis. The validity of the model and the assumptions
made will be justified by existing experiments. Testable predictions
will be made from our model as we apply it to study and understand
responses of the cell to various time-varying signals.

Results

Response to Exponential Ramps: An Analytical Solution for Activity
Shift. In 1983, Block, Segall, and Berg (21) published measurements
of responses (changes in CCW bias) of WT E. coli cells to both up
and down exponential ramps with different ramp rates and to
exponentiated sine-waves with different frequencies, both made
with the nonmetabolizable attractant MeAsp. These are still the
only systematic measurements of E. coli responses to time-varying
signals. It is now known that MeAsp binds the serine receptor Tsr,
aswell as Tar, but the affinity of Tsr for MeAsp is very low [Kp ~100
mM (2)], so the latter binding can be ignored in the range of MeAsp
concentrations used in these experiments. Here, we model E. coli’s
response to these time-varying signals and compare theory with
experiment (21).

For the exponential ramps, as the ligand concentration changes
exponentially with rate r: [L] = [L]oe”’, the methylation level of the
receptors () increases in response, trying to bring the activity back
to the preferred level at ap. However, as [L] keeps increasing, m(t)
always lags behind, leading to a steady-state activity shifted from ay.
This simple observation suggests a solution (ansatz) to this nonlin-
ear time-varying dynamical system, wherein the kinase activity of
the system settles to a constant value a. # ay and the receptor
methylation level increases linearly with rate F(a.) # 0:

a(t) = ac; m(t) = m; + Fat. (51

This ansatz is valid if the effect of the linearly increasing methylation
level can balance that of the exponentially increasing ligand con-
centration to maintain a constant level of activity. For ligand
concentrations in the ramp between the two dissociation constants
K < [L] < Ky, fr. = In([L]/K;) =~ rt + In([L]o/K)), the expression
for the kinase activity can be simplified:

ac = (1 + exp[N{[In([L]o/K}) — a(m; = m)]
+ [ = aF(a)e}D " (6]

Egs. 5 and 6 can be solved self-consistently to obtain the constant
kinase activity level a. and the projected intercept methylation
level m;:

ac

1—-a,

1 1
ac%F’l(r/a),m[zmo-i-ﬁln( ) + Eln([L]O/KI),

[71

where F~1is the inverse function of F. From our analytical solution,
after an initial transient the kinase activity settles to a constant level
a. = F~(r/a) that depends on the ramp rate r, in agreement with
experiments (21). This behavior is confirmed by direct simulation
of our model for both up and down ramps as shown in Fig. 2.4
and B.

The dependence of the steady-state activity a. on the ramp rate
r, discovered by the analytical solution Eq. 7, provides a remarkable
connection between the (“microscopic”) methylation kinetics and
the (“macroscopic”) exponential ramp responses (21). The mea-
sured responses (shifted activity) for the up (» > 0) and down (r <
0) ramps can thus be used to determine the full functional form of
F(a) in the regimes F > 0 and F < 0, respectively. In Fig. 2C, the
kinase responses for different ramp rates with a specific choice of
F(a) are shown. This simple piece-wise linear form of F(a) (Fig. 2C
Inset) was chosen here to obtain qualitative agreement with the

Tu et al.
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Fig.2. The activity shifts for different exponential ramp rates. (A and B) The
time dependence of methylation level (dotted lines) and the kinase activity
(solid lines) are shown for a case of up ramp with r = 2/3 (A) and a case of down
ramp with r = —2/3 (B). The solid bars indicate the duration of the ramp. (C)
The steady-state kinase activities a.(r) for different exponential ramp rates for
both up ramp (the lower curve) and the down ramp (the upper curve) from
direct model simulation are shown. The critical up ramp rate rc = «F(0) = 2,
separates the two types of responses to the fast (r > r.) and the slow (r < rc)
ramps. (Inset) The piecewise linear form for the methylation rate function F(a)
used in the simulations of Figs. 2 and 3: a linear section around a = ag with
slope s1 = —fi/(ageq) in the region ap(1 — 1) = a = ao(1 + &2) and two linear
sections (1 = a > ao(1 + &) and ag(1 — &1) > a = 0) outside of this region with
slope s; = —(1 — f1)/(ao(1 — £1)). Note F(0) = 1 is used to set the time and
frequency units in Figs. 2 and 3. All of the simulations shown in this article are
done with the choice g1 = 0.05, &, = 0.1, and f; = 0.15. This yields a small region
near ap where F(a) has a steeper slope, a feature that is required to reproduce
the response thresholds near ag observed in the exponential ramp experi-
ments (21). This shape of F(a), and our choice for the steady-state activity ap =
1/3 dictates that F(1) = —2. The asymmetry in the response thresholds results
from the choice g1 # &».

Block et al. (21) experiments. The steep region of F(a) near ay is
required to reproduce the response thresholds for up- and down-
ramps observed at small ramp rates (figure 6 in ref. 21). If one were
to quantitatively fit these data obtained through measurements of
motor switching, the ultrasensitive response of the motor to the
intracellular signal would require an even steeper region in F(a)
near ag to reproduce the response thresholds. Full quantitative
determination of F(a) awaits more refined ramp experiments
measuring the kinase activity directly.

For ramp rates faster than a critical rate r. = aF(0) [or aF(1) for
down ramps], even the maximum methylation rate F(0) cannot
keep up/balance the fast increase in attractant concentration; as a
result, the kinase activity decreases to zero for r > r. as shown in Fig.
2C. For r >> r., the dynamics of the kinase activity become
independent of r and is controlled (limited) by the constant
(maximum) methylation rate F(0). More discussion on responses to
fast ramps will be given later as we study recovery time for large step
stimuli, which can be considered as the extreme case of r — o,

The predicted different behaviors of kinase responses and meth-
ylation rates for slow and fast exponential ramps: a ~ F~!(r/a),
dm/dt ~rjaforr <r;a~0,dm/dt ~ F(0) forr >>r. should be tested
by future ramp experiments measuring kinase activity and receptor
methylation level directly.

Response to Exponentiated Sine Waves: Spectral Analysis. Block ez al.
(21) also measured responses of E. coli to periodic changes in
MeAsp concentration between two values, [L]; =50 uM and [L]s
~500 uM, varying the logarithm of concentration In[L ] sinusoidally

Tu et al.

over arange of frequencies v: [L](¢) = [L]o exp[Asin(2 mut)], where
Ap = 1/2In([L],/[L];) is the amplitude of the oscillation in In[L] and
[Llo = VI[L]x[L])- Our model with the functional form of F(a)
determined by the exponential ramp responses can be used to
predict the response to these periodic signals and understand the
underlying adaptation kinetics in response to signals with different
time scales.

When the stimulus variation is relatively small and well within the
most sensitive regime of the sensory system: K4 >=> [L], > [L]; >
Kj, the change in ligand-dependent free energy Af;, = f1.([L](r)) —
fL([L]o) follows exactly the logarithm of ligand concentration,
Afi(t) = Arsin(2mut), and the analytical form of the kinase re-
sponses as well as the corresponding methylation dynamics can be
obtained by linearizing our dynamical model around a = ay:

Aa = Nay(1 — ag)aAm — A cos(2mvt)], [81

dAl_FI A 9

7 (ap)Aa, [91
where Aa = a — ap and Am = m — m; with m; = my +

(aN) n[ae/(1 — a)] + o~ Yf([L]o). Expressing Am(t) and Aa(¢) as:
Am = Re(A, exp(2mint)), Aa = Re (A, exp(2mivt)), wherei =V —1
and Re stands for real part, we can solve for 4,, and A,:

ive, VCom
Aa_iv-i— V,,,AL’ Am_iv-i— vaL’ [10]
where ¢, = =N ag (1 — ag) , ¢ = o= = —(df,,/Jdm)™, and the
characteristic frequency v,, = —(af"(ag) N ao(1 — ap))/27 are all
constants that do not depend on the applied signal frequency v. 14,,,!
and |4, are the amplitudes of the responses, while the phases of 4,,,
and A, determine the time lags between the responses and the
stimulus.
Two distinctive types of responses are found from Egq. 10,
separated by w,, or equivalently an intrinsic time scale 7, =
(27mv,) L. For low-frequency signals with v << v,,, we have:

Cq
A, = 7 (ivAy), Ay =cpAp. [11]

The kinase activity is proportional to the derivative of the signal
(ivAL in frequency space) as the methylation level follows (adapts
to) the signal without much delay. For high-frequency signals with
v > v,,, we have:

Aa = Ca‘AL>

The methylation kinetics cannot keep up with the fast signal, so the
methylation level follows the average of the signal (A./iv in fre-
quency space) and decreases with the frequency of the signal; as a
result, the kinase activity is determined by the instantaneous signal:
the system loses its ability to calculate the derivative.

The results from simulation of the full nonlinear model in both
the high- and the low-frequency regimes, as shown in Fig. 3 4 and
B, agree with the linear analysis. The amplitude dependence on the
frequency (the Bode plot) as shown in Fig. 3C, agrees qualitatively
with the experimental results (figure 8 in ref. 21). However, in the
experiment, the steep response of the motor to the intracellular
signal (22) would be expected to result in saturation of the CCW
bias at frequencies below the true value of v,,, which, in turn, could
vary significantly from cell to cell (23). We can also obtain the phase
shift of the kinase response, which is harder to measure experi-
mentally. We find that for a low-frequency signal, the phase of the
kinase response lags that of the signal by roughly m/2, a clear
indication that the system is calculating the derivative of the signal.
For higher frequencies, the phase lag becomes 7, indicating that
adaptation fails and the kinase activity passively follows the stim-

Am = Cme(AL/iV)- [12]
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Fig.3. Responses to exponentiated sine-waves. (A and B) The kinase activity
(thick solid lines) and the receptor methylation level (thick dotted lines) are
shown in response to a low-frequency signal (thin solid lines) with v = 0.2 (A)
and a high-frequency signal (thin solid line) with v = 2.0 (B). (C and D) The
amplitudes and the phase shifts (with respect to the signal) of the kinase
response for different signal frequencies are shown.

ulus. This linear spectral analysis agrees well with the noise-filtering
properties observed in simulations of the full nonlinear model (see
supporting information (SI) Text and Fig. S1).

Response to Impulsive Stimuli: The Effect of Dephosphorylation
Kinetics. At short time scales (<1 s), the dynamics of pathway
activity is controlled by the phosphatase enzyme CheZ. The
dynamics of the CheY-P concentration [Y] can be described by
a simple equation:

dlYldt = k,a — [Y]/15, [13]

where k, is an effective phospho-transfer rate from active CheA to
CheY, and 77 is the dephosphorylation time. From this and Eqs. 8
and 9, the CheY-P response Ay in frequency space can be obtained:

v vz k, 7, A 14
Vz+iv(ca a Tz L): [ ]

Ay = v, T iv
where vz = (2m1z)~! >> v, is the dephosphorylation frequency. At
low frequency v << vz, Ay follows the behavior of A, given in Eq.
10. However, at high frequency v >> vz, Ay ~ ¢, k./(2miv)Ay decays
as 1/v. Thus the dephosphorylation frequency provides an upper
cutoff to the pathway response, as shown in Fig. 44 where the
amplitude of the combined frequency space response function
R(v) =iv/(vy, +iv) X vz/(vz + iv) is plotted. The CheY-P response
in time space can be obtained from Eq. 14:

A[Y](I)E[Y](t)—[Y](O)—f R(t = t")Afy, (t')dr',  [15]

0

with the linear response function (the Green'’s function in physics)
R(¢) given by:

R(t>0) = Ry[7,,' exp(—t/7,,) — 77 exp(—t/7)], [16]
where Ry = (—¢o)kaTzTm/(Tn—7z) > 0, and R(t < 0) = 0. The

response function has a negative regime followed by a positive
regime (overshoot) with the total integrated area being zero. The

14858 | www.pnas.org/cgi/doi/10.1073/pnas.0807569105
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Fig. 4. Response to impulsive stimuli at the level of CheY-P. (A) Frequency-
domain representation of the impulse response of CheY-P to ligand stimuli,
R(v) = ivl(vm+iv) X vzl(vz+iv). The asympoticslopes for the low-frequency (v <<
vm) and high-frequency (v >> v;) regimes are indicated by dotted lines. The
high-frequency cutoff results from the phosphorylation dynamics, and its
location is determined by the dephosphorylation frequency, v,. (B) Simulated
changes in the CheY-P level A[Y] caused by a short square-wave pulse of
attractantstarted att = 0 with duration t, = 0.2s. The plot of A[Y] (normalized
by its peak value A[Y]ax) clearly demonstrates an overshoot after the recovery
from the initial, downward response. The time constants used here are:
methylation time 7, = 3 s, dephosphorylation time 7 = 27v,) ™' = 0.5s.

response function given by Eq. 16 can be readily used to explain
the response of E. coli to impulsive stimuli (24, 25). Fig. 4B shows
the (normalized) CheY-P concentration change (thick line) in
response to a short square wave pulse (thin line). The overshoot
response is evident in Fig. 4B; the cross-over time 7 defined by
R(71) = 0 can be determined from Eq. 16: 71 = 7,,72/(7,— 72)In(7,./
7z). In Fig. 4, we choose 7,,, = 3 s as estimated from refs. 24 and 25,
and 7z = 0.5 s as measured in ref. 26, thus the size of the negative
lobe is 7; =~ 1.1 s, in agreement with experiments (24, 25).

Response to Large Step Stimuli: Additivity in Recovery Time. A step
function stimulus can be considered as an infinitely fast ramp (r —
+ ). The kinase activity is suppressed to zero for large increases
in attractant concentration, and the time to recover to its prestimu-
lus level depends on the change in attractant concentration. It was
discovered by Spudich and Koshland (27) and Berg and Tedesco
(28) that the recovery time is additive; that is, the recovery time for
a step stimulus from [L]; to [L] is the sum of the recovery times
for step stimuli from [L]; to [L], and from [L], to [L]s.

From our model, the kinase activity is suppressed to zero (a =
0) for large sudden increase in ligand concentration, i.e., ([L]./
[L1)N > 1 and ([L]s/[L])NY > 1. As a result, the receptor
methylation level increases with the (constant) maximum methyl-
ation rate F(0): dm/dt = F(0). Therefore, for a large stimulus jump,
e.g., from [L]; to [L],, the recovery time 7z can be written as:

R(L]1, [L]) = (my([L]>) — m, ([L1))/F(0), [17]

where m,([L]) is the steady-state methylation level upon complete
adaptation to stimulus concentration [L]. From Eq. 17, additivity of
recovery time follows naturally: 7r([L]i,[L]2) + Tr([L]s[L]) =
Tr([L]3,[L]1)- A demonstration of the recovery time additivity in our
model is shown in Fig. S2 a and b.

As the perfect adaptation condition f;,, + f;, = const. is satisfied,
and f,,(m) is a linear function of m, we have (my([L],) — my([L]:)) =
(fe(IL]2) — fu(ILT1))/a. We can use this relation to compute the
recovery time in our model by substituting into Eq. 17 and
evaluating f;, with the parameters K; = 18.2 uM, C = 0.0062 (from
ref. 15). The result of such a calculation is plotted in Fig. S2c,
demonstrating excellent quantitative agreement with the Berg and
Tedesco (28) data without any fitting parameters. From the mea-
sured maximum recovery time T, ~350 s (28) and our model
result, Eq. 17), we have («F(0))~! =70 s, which leads to an estimate
of the maximum methylation rate F(0) (with a = 2): F(0) ~
7 X 1073574,

Tu et al.
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Summary and Discussion

In this article, we have studied chemotactic responses to various
time-varying signals by using a minimal model that captures the
essential features of the underlying microscopic pathway. Despite
its simplicity, the model produces results that are in quantitative
agreement with the existing experimental data for both exponential
ramp and exponentiated sine-wave stimuli. An intriguing observa-
tion made long ago, the additivity of recovery time for large
stimulus changes, is also explained naturally by the model. The
agreements with this diverse set of experiments validate the model
and its assumptions. More importantly, the relevant biological
features captured by the model enable us to look beyond the
behaviors for their molecular mechanisms and lead to predictions
that can be tested by future experiments. A global description of the
chemotaxis pathway as a biochemical signal processor emerges
from our study and provides a solid base for further studying/
understanding complex chemotaxis behaviors in realistic environ-
ments. The pathway acts as a lowpass filter for the derivative of the
signal and a highpass filter for the signal itself, with the two regimes
separated by an intrinsic adaptation time scale. The pathway senses
(processes) the ligand concentration in logarithmic scale, analogous
to Weber’s law known from other sensory systems. We discuss these
findings and their possible implications in the following.

Logarithmic Tracking and Weber's Law: Their Molecular Origins. From
the observation that the shift in the kinase activity during expo-
nential ramps reaches a constant, i.e.,

dba([L10) )
—a —0, ag+ Aa —a.(r)for[L] (t) = [L]ee”™, [18]
it is clear that the bacterial chemotaxis system tracks and responds
to the gradient of the logarithm of the ligand concentration
(dIn[L)/dt = [L]~'d[L]/dr) instead of the gradient of the ligand
concentration (d[L]/dt) itself. This logarithmic tracking phenome-
non reminds us of Weber’s law as applied to bacterial chemotaxis
(29), which states that the response of a cell to a sudden, small
change in stimulus A[L] after it has adapted to a stimulus [L]o
should be proportional to the relative change of the ligand con-
centration, i.e.,

AL
Aa(A[L], [L]) = kﬁ ,

where k is constant. From our linearized model, the kinase response
can be obtained Aa = — ao(1 — ao) (9f/IIn[L])A[L]/[L]o. Therefore,
Weber’s law (Eq. 19) emerges given two conditions: (i) the system
exhibits perfect adaptation to constant stimuli, so that ao is a
constant independent of [L]y, and (i) there exists a significant range
of [L]o over which the free energy f; is proportional to In[L], i.e.,
df/dIn[L] is a constant. These two conditions are satisfied in our
model and the Weber-Fechner constant can be determined ana-
lytically: k = — Nay(1 — ap), which also demonstrates the amplifying
role of the receptor cluster size N.

The requirements for logarithmic tracking (Eq. 18) are more
stringent: the basic requirement, from Eq. 3, is that the total free
energy remains constant in time during the exponential ramp, i.e.,
df/dt = 0. Combined with conditions i and ii, this results in the
additional requirement that (iif) the methylation-dependent part of
the free energy is a linear function, i.e., df,,/dm is constant. The
necessity for this condition is readily seen in the general solution of
our model for the constant activity in Eq. 18: factoring df,/dt = 0,
we get

[19]

N [dfm dfy, dln[L]] o, [20]
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which yields

-1
df, dln[L](%) ) .

— —1 _
a=F ( dn[L] dr \dm

The first two factors in the argument of the inverse function are
constant given condition ii and the exponential ramp stimulus, and
F(a) is single-valued to satisfy condition i, so a. is constant iff df,,/dm
is constant. When this condition is satisfied, a. in Eq. 21 further
reduces to the simple form given in Eq. 7. For more complicated
(nonlinear) forms of f,,,(7m) in our model, Weber’s law (Eq. 19) still
holds, but logarithmic tracking (Eq. 18) breaks down.

The existing explanation for Weber’s law and logarithmic track-
ing for E. coli chemotaxis was based on the assumption that the
response depends directly on the time rate of change of receptor
ligand occupancy (24, 27, 29, 30). Our model suggests an alternative
view: the fundamental origin for Weber's law and logarithmic
tracking in E. coli chemotaxis is the perfect adaptation kinetics
(condition #) and the specific characteristics of the free-energy
functions. The logarithmic form of the ligand-dependent free
energy, fz.([L]) =~ In[L] (condition if) ensures that Weber’s law holds
and further requiring the linear form of the methylation-dependent
free energy, f.(m) ~ —am (condition iii) leads to logarithmic
tracking behavior. Thus, the balance of the two free energies
(achieved by adaptation) implies a logarithmic mapping between
ligand concentration and methylation: m ~ a1 In[L], the methyl-
ation level of the receptors, as the memory of the system, records
and tracks the ligand concentration on a logarithmic scale. This view
is supported by recent in vivo experiments (2, 31) showing that
increasing the receptor methylation level shifts the kinase dose—
response curve to higher ligand concentrations in a semilog plot.
Functionally, this logarithmic transformation of the external signal
condenses the range of the input significantly, as required if the cell
is to function in a wide range of environmental conditions with only
a finite number of memory (methylation) levels. This desirable
ability of logarithmic tracking may provide a clue as to why E. coli
has evolved to have the observed linear methylation energy.

Chemotaxis Pathway as a Signal Processor: A Lowpass Filter for the
Derivative of the Signal. At the systems level, all biological signaling
pathways can be considered as signal processors designed to obtain
useful information from a noisy background, e.g., refs. 32 and 33.
Based on their measured dependence of the amplitude of the motor
response on the frequencies of the exponentiated sine-wave stimuli
(the Bode plot), Block et al. (21) described the bacterial chemotaxis
system as a highpass filter of the signal itself. Indeed, for high-
frequency signals, adaptation is too slow to process the signal and
the kinase response simply follows the signal. However, from the
linear analysis and the simulation of the full nonlinear model (Figs.
3 and 4), it is clear now that for the low-frequency signal the system
calculates the derivative of the signal, as shown from both the
amplitude and the phase of the response. Because the desired
function of the chemotaxis pathway is gradient sensing, it is
important to emphasize that the bacterial chemotaxis signal trans-
duction pathway is a lowpass filter for the time derivative of the
signal. We believe that both the direct sensing in the high-frequency
regime and the gradient sensing in the low-frequency regime as
described by Eq. 10 are necessary for bacterial chemotaxis in
different environments. It would be interesting to study how the
adaptation time scale T,,, which separates the two regimes, affects
the cell’s average drift velocity in different spatial ligand profiles.

Besides the upper bound for the direct sensing regime caused by
the dephosphorylation kinetics considered in this article, there
could also be a lower bound for the gradient sensing regime,
resulting from the finite precision of adaptation. Intuitively, any
inaccuracy in the memory of the cell caused by imperfect adapta-
tion introduces errors in the cell’'s computation of the derivative.
This eventually destroys the cell’s gradient-sensing ability for low-

PNAS | September 30,2008 | vol. 105 | no.39 | 14859

BIOPHYSICS



Lo L

P

1\

=y

frequency signals, where the gradient is small. Quantitatively, the
effect of imperfect adaptation can be modeled (phenomenologi-
cally) by including a term —pIn[L] (for [L] >> K) in the general
methylation rate function F(a,m, [L]) with a small constant S,
which leads to a weak dependence of the adapted activity on the
ligand concentration a,qp ~ ao + B/F'(ap)ln [L]. A simple spectral
analysis of this modified kinetic equation results in a small fre-
quency cutoff v, ~ af/27 in the kinase response function. Mea-
surement of this low cutoff can be used to test our model and
quantitatively determine the precision of adaptation.

The Slope of F(a) at a = ao: The Relaxation Dynamics Near Steady
State. The net methylation rate function F(a) in our model describes
the receptor methylation/demethylation reactions facilitated by the
enzymes CheR/CheB, respectively. From our study, F(a) can be
determined from the exponential ramp experiments. In ref. 21, the
activity shifts were found to be extremely small for a range of small
ramp rates, implying that the methylation rate function F(a) is steep
near the preferred activity ap. On the microscopic side, assuming
that CheR and CheB only act on inactive or active receptors
respectively, F(a) can be written as: F(a) = k5, [R](1 — a)/(1 — a +
K%) — K& [Bla/(a + K5), where [R] and [B] are the CheR and CheB

concentrations, kKX® and KX are the catalytic rates and the

Michaelis Menten constants for CheR and CheB, respectively
(normalized by to the total receptor concentration to match the
nondimensional units in which a is measured). This form of F(a)
yields a flat region near ao when the values of K, and K%, are small,
as pointed out recently in ref. 23. We note, however, that this view
is at odds with the results of the ramp responses measured in ref.
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21, where the response thresholds observed at small ramp rates
imply a steep region in F(a), according to our analysis.

What could increase the steepness of F(a) near ay? One possible
mechanism is the phosphorylation of CheB in competition with
CheY. CheB only becomes active (in terms of its demethylation
activity) when phosphorylated, and CheB competes with CheY for
the same histidine kinase CheA (34). However, CheB is at a
considerable disadvantage because it is outnumbered by CheY by
30-fold (35) and it binds less strongly with CheA than CheY (34).
Because CheY gets phosphorylated more readily than CheB, the
amount of CheB-P is small at small receptor kinase activity a. As
the receptor kinase activity increases and CheY-P becomes satu-
rated, the extra CheA-P will phosphorylate CheB. Because of the
small CheB concentration (compared with both CheY and CheA)
and its slow autodephosphorylation rate (as compared with
CheY-P dephosphorylation by CheZ), CheB-P level could increase
abruptly and become saturated in a small window of a near ay,
which can increase the steepness of F(a) near aj.

But the experiments of ref. 21 were based on motor responses of
relatively few cells. Given that cell-to-cell variability is expected to
be significant (36), it would be useful to extend this work by
measuring the in vivo kinase activity (the CheY-P level) directly by
FRET, using the methods of ref . 2.
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