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Effects of thermal fluctuation and the receptor-receptor interaction
in bacterial chemotactic signaling and adaptation
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Bacterial chemotaxis is controlled by the conformational changes of the receptors in response to the change
of the ambient chemical concentration. In a statistical mechanical approach, the signaling due to the confor-
mational changes is a thermodynamic average quantity, dependent on the temperature and the total energy of
the system, including both ligand-receptor interaction and receptor-receptor interaction. This physical theory
suggests to biology an understanding of cooperation in ligand binding and receptor signaling problems. How
much experimental support of this approach can be obtained from the currently available data? What are the
parameter values? What is the practical information for experiments? Here we make comparisons between the
theory and recent experimental results. Although currently comparisons can only be semiquantitative or quali-
tative, consistency is clearly shown. The theory also helps to sort a variety of data.
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[. INTRODUCTION been conjectured that there might be cooperation between
receptors or the signaling complexes so that the signal could
Bacterial chemotaxis refers to the phenomenon that a bade amplified 7,3]. The fact that most of the receptors cluster
terium such agscherichia coliswims towards a higher con- together at a pole of the cell provides further clues for coop-
centration of attractant or a lower concentration of repellengration between receptof8,9]. More importantly, it was
[1-4]. With the switching rate determined by the change offound experimentally that the clustering of receptors is not
the ambient chemical concentration, the motors of the bactd@vorable for counting statistics and that the receptor cluster
fium switch between counterclockwise and clockwise rotad0€es not favor a special end of the cBli0]. This is an
tions, consequently the bacterium switches between tumblinfjdication that there is a special reason for clustering, which
and running. The ratio between the frequencies of the tw ay well be to make the receptor-receptor interaction pos-
rotation modes is determined by the rate at which kinasé'ble: . . . -
CheA phosphorylates CheY, which binds the base of a motor, With a getailed analysis on ihe experimental findings, |

CheA phosphorylation rate is regulated by the receptor Cor]g,uggested the possible existence of interaction between

' R . S neighboring receptor dimers and constructed a statistical me-
formational state, which is influenced by ligand binding. The g 9 b

T o : hanical theory to provide a picture of how the receptors
receptors are dimeric and joined to a CheA dimer by a Che ooperate through physical interaction and how the thermal

dimer, furnishing a signaling complex. Hence a receptof,qration makes statistical mechanics important in the sig-
dimer can be regarded as a basic unit, as supported by ﬂ?%ling proces$11,12. In our model, we combine cooperat-
finding that a receptor dimer with a damaged subunit can stilljty and feedback to account for the sensitivity and adapta-
work [5]. Because of thermal fluctuation, even in the absencgon. As will be stressed here, the first message from our
of ligand binding or in a fully adapted situation, there is still approach is an emphasis on thermal fluctuation. In a cell, the
a certain probability distribution for a receptor dimer to be inenergy scale is comparable with the thermal fluctuation.
different conformational states; microscopically a receptomoreover, thermal fluctuation helps to distinguish different
dimer stochastically flips between the two states. Attractanstimuli. Because of the large separation of time scales, the
binding changes the probability distribution, causing the rethermal fluctuation can be treated as quasiequilibrium, so
ceptor dimer to be more likely in the state corresponding teequilibrium statistical mechanics can give a reasonable
the lower CheA phosphorylation rate. On a longer time scaleresponse-stimulus relation. Hence the basic elements of our
after an initial response to the ligand concentration changeheory are useful no matter whether or not there is interaction
the activity of the system returns to the prestimulus level. Abetween receptor dimers. The second message of our theory
careful consideration of such a basic picture already finds this that the anticipated cooperation is just a physical receptor-
ideas of statistical mechanics necessary: with the presence mceptor interaction between neighboring receptor dimers.
thermal fluctuation, it is the probability distribution of the Therefore the conformational state of a receptor dimer is not
conformational states of the receptors that is monitored bynly influenced by ligand binding of itself, but also by the
ligand concentration change and determines the motor rotaeceptor-receptor interaction that depends on the conforma-
tion bias. However, it seems that this point is not universallytions of the two neighboring receptor dimers. The third mes-
appreciated in biological literature. sage is that the large separation of time scales leads to a
The chemotactic response is very sensitiég It had  complementary usage of equilibrium statistical mechanics in
calculating the response on a shorter time scale and a non-
equilibrium description of the adaptation on a longer time
*Email address: ys219@phy.cam.ac.uk scale. Dynamics on the longer time scale determines whether
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the shorter time scale of the quasiequilibrium state, as will be
elaborated later on. In the high temperature limit, this does
not make a difference on the average signaling.

Recently there appeared some experimental data whicl
are more directly relevant for the many-body nature of the
receptor cluster and the possible cooperaftk8+15. There-
fore it is interesting and important to make comparisons be-
tween the theory and the experimental results, testing the
theory on one hand, and providing some information on what
experiments are wanted on the other hand. However, we dt
not expect the model in its current form to perfectly fit ev-
erything on this complex system. Rather, what we provide is
a theoretical framework on which refinements are possible.
For example, we have only considered the cooperation be
tween the receptor dimers, while extensions to possible co
operation among other components at later stages of the sic
naling process, for example, CheA, CheY, CheZ, and the
switch complex, are straightforward if sufficient information
is available. The idea of a receptor-receptor interaction
broadens the view on cooperation, which previously largely
meant the existence of more than one binding site, as de- FIG. 1. An illustrative snapshot of the configuration of receptor

scrlb(_ed b_y _the model presented by Hill a ‘%e”t“ry @136] . dimers on a 5&50 square lattice. An up triangle represents the
For simplicity, we try to preserve the scenario of one binding.,tormation stateS =1, a down triangle represeng=—1, a

Site’ V_Vh”e an extension to the situation with more bindingsjjeq triangle represents ligand binding, and an empty triangle rep-
sites is straightforward if necessary. Our strategy is to staflesents no ligand binding.

with the minimum model, which yet explains the most es-

sential features. o _ _ For convenience, defining=2(V;—V°/AV—1, with
With improvement and simplification, we first describe Ay —y1_\/° gne transforms the Hamiltonian to

the theory. Then we make comparisons with the experimen-

tal results, followed by a summary and discussions.

H<t>=—<i2j> Jijsisj—Z Bi<t>a+2 us, @
II. THEORY

Consider a lattice of receptor dimers. as shown in Fi 1wheresiz 1,—1 represents the two conformational states of
P ' 9 Ythe receptor dimer at sitei, J =TijAV2/4, B;

Let_the coordinate number be_whlch is 6 for a hongycomb —H.AV/2, U;=AVW/2—AV2S T, . We refer toB; as
lattice and 4 for a square lattice. The exact coordinate numg,. '~ T 171 _ T

. - . . . S field.” For simplicity, it is assumed thaf;=J andU;=U
ber in reality is subject to experimental investigations. The !

: . : . . “are independent dfandj. B;=0 if there is no ligand bind-
behavior of the system is determined by its energy function ; T s, L S
or Hamiltonian, which can be written as ing, whileB;=B=HAV/2 if there is a ligand binding. Hence

the energy difference due to ligand binding between the two
conformations are B. US; represents the original energy in
_ VIV N\ N\ the absence of ligand binding. Equatidid$ and (2) can be
o) % TyVivi E.: H'V'+§i: WiV @) justified as follows. It is reasonable to assume an interaction
energy proportional to\(i—Vj)Z, which can be reduced to

V, is a variable characterizing the conformation of receptor_ Ti; ViV, with constant terms neglected and the terms pro-

dimeri. It may be interpreted as the position of the receptorgicr):'?:ae}r:gf r?rtc?ja:ng\lll\jdae?eg]szilialiitsfe.a-[rr;ll:nisvsvﬂmﬁnoe; I(?a i
molecule with respect to a certain equilibrium position. Inturez the essgential featlres y P
the poopular ltwo-statehapprf(lja(mi, assurpes onéa of tW(I) vala From now on, we focus lon Ed@2). Suppose that before
uesV" or V*. H; is the influence, or force, due to ligand .. : : L

binding and thelmodulation of methylation IevH1~=0gif t'meF:O’ there is no ligand b_|n_d|ng the system, or the sys-
there is no ligand binding, whilel;=H if there is a ligand Ezr;;soglillg a;\jf?gvevgrggoua%hﬁ:]::%OUS]% t:q';g;;g; l—ileence
binding. —H,;V, is the energy due to ligand binding, hence ' L " o A
ligand binding causes the energy difference between the tw%gecfrzcet'ggeorhfcgfggr :I;rgerihv;ghél%zrld: t_)l_ohl’i'gdr’nggigges
conformations to make a shift ¢4(Vi—Vv0). W;(V°—V?) ' pancy ge as=C.

— N\ —RO i
is the original energy difference between the two conforma-Bi(t_O)_ By, with
tions. (ij) denotes nearest-neighboring pairs andj;V;V,

is the interaction energy between the neighboring receptor BO=
dimers. 0 with probability 1—c.

B with probability c
()
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The occupancy is determined by the ligand concentration scale of ligand binding and receptor conformational change.
L, c=L/(L+Ky), where the dissociation constdfjisona In extreme cases, when is comparable withKy, the de-
time scale during which the receptor has undergone manginding time scale is comparable to the binding time scale.
flips between different conformations, hence it is an average With the large separation of time scales, the treatment
and phenomenological quantity. within the above framework becomes easier. One may dis-
On the other hand, through the modulation of the methy-<cretize the time on the scale of adaptation, according to the
lation level by CheB and CheR, there is a negative feedbacfeedback delay timé.is thus replaced by an integerwhich
from the receptor stat§; to the fieldB;, with a time delay is the integer part of/t,. On the other handkach instantr
t,. A simple quantitative representation of this feedback is is still very long compared with the time scale of conforma-
tional change Hence the activity at each is an average
dB;(1) = o[ S(t—t,)—my] 4) quantity m(7), which can be calculated from the Hamil-
dt 7 r 0 tonian in Eq.(2) by standard methods of equilibrium statis-
tical mechanics. The average activityis just on the time
whereo>0 andmy is the prestimulus average 8f. Precise  scale of the measurement of the macroscopic quantities such
forms of both the energy function and the feedback are, ofs motor bias, longer than the very short period in which the
course, subject to experimental investigations. It seems thagceptor is in either of the two conformations, but shorter
in the biological world, feedback is a ubiquitous way 10 than the adaptation time. In making the average, an impor-
achieve adaptation and preserve sensitivity of response. tant thing is that the randomness of the field is usually
Aremarkable feature of this system is the large separatiogyenched sincé>K,, and is annealed otherwise. In fact
of time scales. Ligand binding and conformational changgye obtain a generalized version of the so-called random-field
occur within only a millisecond, while the overall time |sing model; in the conventional random-field Ising model,
needed to complete the adaptation, through the slow modyne average field vanishes, but it is generically nonzero in our
lation of the methylation level, is on the time scale of manymodel. On the long time scale, the field changes because of
seconds to minutel4.8,2]. We note that in most cases, ligand feedback. It can be expressed Bi§r) = B2+ M(7), where

debinding is on a much longer time scale than ligand bindM(T) is an induced field due to methylation modulation,
ing, seen as follows. Consider the kinetics of the following

reaction:

=1
L+R=R,, (5) M(7)==02, [m(k)=m]. (®)

whereR represents the receptor without ligand binding while

R, represents the liganded receptor. andk_ are reaction Before stimulationm(7<0)=m, is determined by. If and
rates for the binding and debinding, respectively. The ratioonly if U=0, my=0, which means that each receptor dimer
between the time scales of debinding and binding ids in either of the two conformational states with equal prob-
k,L/k_=L/K4, whereKy is the dissociation constant. A ability.

typical value isK4~1.2 uM [2]. Usually,L is much larger, In most cases, the randomnessBﬁ is quenched, the
so the debinding time scale is much longer than the timeeneral relation betweem(7) and &c is then

26C
m(T): 7—1

1+exr{ —2/3( pIm(7)— 0(7—1)ok§) [m(k) —mp]+U+B

=19

2(1— 6¢)
+

7—1 - 1’ (7)

1+ exr{ —2/3( pIm(7)— O(7— 1)ak2 [m(k)—mg]+U

=19

where 8=1/kgT, the step functiord(x) is 1 if x=0, and is 0 otherwise. On the other hand, when ligand concentration is
comparable witKy, the randomness @ is annealed. Then it can be found that

Sc[ePLIM+B] _ o= BLIM+BI] 4 (1 5¢)[ Bl _ g~ A1(M)]

m= Sc[ePlIM+B] o= ALIM+BI| (1 5¢)[ Bl 4 g~ A1(M)]’

8

wheref(m)=»Jm-6(7—1)o=;_sm(k) +U.
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m(T) vs the c relation Corresponds to the response_l”. COMPARISONS BETWEEN EXPERIMENTS AND THE

stimulus relation. After the step increasemat0, m(7) al- THEORY
ways decreases towards the prestimulus vabtgeThis ex- A. Clustering
plains the robustness of exact adaptafib®|. In practice the

adaptation time is obtained when—m, reaches the detec- The clustering has recently been exp_erimentally studied in
tion thresholdm®* . greater detai[15]. The observed clustering of receptors and

The results can be simplified under the condition that théh€ colocalization of the CheA, CheY, and CheZ with the
thermal fluctuation is so strong th@tvJ and BB are not receptors is a favor for the effects of interactions.iAwitro

large. Then both Eqg7) and (8) can be simplified to receptor lattice formation was also obseryéd].
BBéc ( Bo )T B. Response-stimulus relation
m(7=0)—my= - , €) : - . .
1-pBvd 1-8vd A basic prediction of our theory is the response-stimulus
. relation. Note that the time scale of the response, correspond-
with ing to min our theory, is longer than the very short lifetime
of a specific conformation, but is only transient on the time
Mo= BY _ (10) scale of the adaptation process. An interesting thing isrthat
1-pBvd in our theory is measurable. Motor rotation bias was mea-

sured[13]. From this result we can obtain, as follows. The
1-BvJ represents the enhancement of the response COMyotor bias is

pared with the noninteracting scenario.
One may obtain the adaptation tint&, after whichm b="fccw/(fecw™ few): (14

—mg is less than the detection threshaid : .
wheref .., andf.,, are rates of counterclockwise and clock-

BB . wise rotations, respectively. Suppose the value & r, for
log 6c+log 1- 80l —logm conformational state 1, and is_; for conformational state
* = Bo . (11 —1. Then the average bias is
=In| 1— —
( l—,BvJ) b=rx+r_;(1—x), (15

m* can be related to the lower bound of detectable occuwherex is the average fraction of receptors with statex1s
pancy changegc*, by related tom by m=x—(1—x)=2x—1. So if we knowr,
andr _4, we can obtairm from b. However, there seems to

*:BB&* (12) be no investigation o, andr_;. A simple assumption
1-B8vJ’ which is often implicitly assumed is that=1, r_;=0,
i.e., state 1 corresponds to counterclockwise rotation while
hence state— 1 corresponds to clockwise rotation. We follow this
. assumption here. But it should be kept in mind that an ex-
- log 5c—log ¢ (13  Perimental investigation on; andr_; would be very valu-
Bo |\’ able. Therefore, for the time being, we use
—In( 1- = J)
By — m+1 16
At exact adaptation, settingn(7)=m,, one may obtain 2 (18

the total induced field due to methylation modulation as _

* =Bc. Then for the next stimulus, suppose that the occu-Thus from the prestimulus value &f, one may determine
pancy changes fromc to sc+Ac at a later timery, itcan  mg, and thus BU. An empirical formula is b=1
be found that the result with the occupandy+Ac and the  —0.0012¢cd—360), wherercd is the absolute angular rate
induced fieldM* is the same as that for the situation in of change of direction of the cell centroid in deg'q13,23.
which the occupancy idc and there is no induced field. From[23], the prestimulus value aftd is known as~ 600,
That is to say, the previous occupancy change has been cagy the prestimulus value @ is ~0.712. Hence
celed by the induced file*, therefore the full adaptation
with ligand binding is equivalent to no ligand binding. So BU
m(7=7;) is given by the above relevant equations with mozl_BVJ ~0.424. (17)
changed tor— 7, and §c substituted byAc. One can thus
simply forget the preadaptation history and restart the appli- The occupancy change used[it¥] was calculated from
cation of the above formulation with,; shifted to 0. The the ligand concentration under the assumption that the ligand
cancellation holds exactly only under the assumption ofandomly binds one of two possible binding sites: in addition
small BvJ and BB, which is likely the reality. The finiteness to the site withKy~1.2 «M, as widely acknowledgeld 8],
of the detection threshold further widens the practical rang¢here is another site witk4~70 wM. This was based on an
of its validity. earlier attempt to have a better fitting for the adaptation time
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1 T T T T T T T T BB
09 g a= ~10.49 (21
0s b | 1-p8vd
071 . T is the slope of the fitting line.
0.6 * £ u
* *
om 05 * cx Fag* * 7 C. Adaptation time
04 * * E . ) )
S . i Equation (19) tells us that with the same concentration
02 L ** * * i change, the occupancy change and thus the respdese
0‘1 | * | creaseswith the increase of the prestimulus ligand concen-
‘ , , , , , , , . tration. This is verified by Fig. 7 df20]. Equation(11) pre-

0 ool 002 003 004 005 006 007 008 009 dicts that the adaptation time increases linearly with, but not
de proportional to, the logarithm of occupancy change. It had

. . _ been thought that the adaptation time is proportional to the

FIG. 2. Response-stimulus relatidim vs c. The data points occupancy changf21,22,20. We found that a logarithmic

are transformed from those read fr¢&8] with computer software. S . . .
. relation is also consistent with the currently available data.
The range of receptor occupancy change is too small, so only qualix .
s an example, we examine the better set of data, the left

tative comparison is possible. The straight line is the least squares ; A
fitting Sm=10.49c. plot (D-ribose, in Fig. 4 of[22]. For accuracy, the two data

points at the highest and lowest concentration changes are
gropped. This is because they are at the detection limits, and

[20]. However, as said above, we try to make things a hev h able diff N ad ) .
simple as possible in the first instance, so we prefer to prel'€Y have no recognizable differences in adaptation time

serve the scenario of one binding site wkh~1.2 M with the data points closest to them respectively, although the

Actually with one binding site, as discussed later on, it seemé’alues of the conpentratlor) change are quite different. More-
over, the adaptation time is recorded to be zero for the two

that our theory can fit the adaptation time by choosing ap- f | fth . h he d )
propriate parameter values and thus improve the coherencd@ estvalues of the concentration change, so the data point
ith the smallest concentration change should be ignored.

among various data. So we should first transform the value¥" > . _ _ but should be th
of the occupancy change i3] to the values one would Using Kq=3x10" " (no unit was given, but should be the

have obtained without coherence without the assumption ofame as that of the concentration, so_there is no problem in
two binding sites. One has using iY, we transform the concentration to the occupancy.

The transformed data is shown in our Fig. 3, with Figp)3
1 the normal-normal plot and Fig(l3 the normal-logarithmic
cJ=§(cl+ Cy), (18 plot. While there could be a fitting with a proportional rela-
tion, as usually assumed, it is at least reasonable to fit them

wherec, represents the occupancy used by Jastial, ¢, with a logarithmic relation,_t*/0.354 =17"1,/0.354 s
corresponds to the dissociation constégt=1.2 uM, and  — (9100106C+N)/0.354 s, ~ with  g=95.151x0.354 s

c, corresponds to the dissociation const#f=70 uM. —353-7 S andh=124.05740.354 s=43.9 s. The factor
From ¢,=L/(L+K,), 1=1,2, one obtains the change of 0.354 s comes from the data normahz_atlor[ZQ], which is
the occupancy the percentage of one qf three maximum recovery times,
0.56m, 0.58n, and 0.6, i.e., 35.4 s on average. From Eq.
K,SL (11, we have
O = ¥ oLT K (LF K’ (19 .
=9 (22)
where 6L is the change of ligand concentration. Singe —logyg 1— Ba )
<L, one may obtainsc,=25c;/(1+ a), where a~K(L 10" 1-Bvd
+K,)%Ky(L+K5)2 With L~10 uM, a~1, one has
8¢y~ 8c;. Therefore under this condition, we may simply and
use the occupancy change[i8]. Equation(16) leads to the N
relation between the initial change wfand that of the motor ti[10g10c” ] “h 29

bias, 6b, oo 1— Bo |
e S P

Using 6c* ~0.004[21], and assuming,~0.1 s, one finds

Sm=26b, (20)

where dm=m(éc,7=0)—m.

So the data in Fig. 3 dfL3] can be transformed to th#m Bo
vs &c relation as shown in our Fig. 2. Unfortunately, it is 1-8vd
notable that the data is limited to very low values of occu-
pancy change. Nevertheless, a qualitative fitting can bevhere the first value is estimated by using E2R) and the
made. According Eq9), settingr=0, we fit the data with a second by using Eq23). They are close to each other, as an
straight lineém=asdc, where indication of the consistency of the theory.

~0.0068 to 0.013, (24

021910-5



YU SHI PHYSICAL REVIEW E 64 021910

120

100 T T T T
90 |- <<>> 07
0| o ) 100
0 Oo - %
60 |- N
L 50| <o - t* (s) 60
ol & _
ol ) 40
nor o T 20
10 - .
0 . L ' ' 0 . : . ' O
0 0.2 0.4 0.6 0.8 1 0.2 0.3 04 0.5 06 07 08 09 1
(a) dc ée
100 _ FIG. 4. Relation between Fhe adaptation titieand the occu-
¢ pancy changesc. The data points are adopted frg@0] by using
uor © ] computer software, with the concentration transformed to occu-
8o o O pancy. The straight line is the least squares fitting
or o B =156.3513 logysc+114.9912.
60 |- -
aaeas 90 [ o - D. CheA activity
r 8 7 Another interesting and important experimental result is
0 . on the relative CheA activity, which has been analyzed by
2 | o . using the Hill model with a noninteger coefficidii4]. Here
10 [ . we examine the data from the perspective of our theory.
0 Supposes=1,—1 correspond respectively to CheA activ-
®) 01 N ' ity A, and A_,. Then the average CheA activity (A,

+A_))+(m/2)(A;—A_;). Consequently the relative CheA
FIG. 3. (8 Normal-normal plot of the relation between the ad- activity, as measured ifl5], is
aptation timet* and the occupancy change. The data points are

adopted fron{22] by using computer software, with the concentra- _ (ArtA_1)+(A1—A_y)m(4sc) 1
tion transformed to occupancgb) Normal-logarithmic plot of the (ALFA_ D+ (A —A_)m(sc=0) L+Ky’
same data, showing that they can be fitted to a logarithmic relation. (26)

: N . ‘whereF=a/[E+a(U/B)], with E=(A_;+A/(A_1—Ay)
Furthermore, our predicted logarithmic relation may ex 0. Note thatA _;>A,. It is constrained that for the attrac-

plain the discrepancy in the analysis of the data in Fig. 4 o ant binding, F=<1, sinceR=0. SettingF=0.95 andK

[20] about a relation between the adaptation time and the” : - :
concentration. The logarithm can simply decrease the presthf)(\)/v#i'\r/ll,ovl\:flgibtaén il_k:g?;c(;r;:ble fitting to Fig. 1]a#], as
dicted value of adaptation time, without resorting to the as- 9. >

1 U)

sumption of the existence of two binding sites. We have tried

to make a quantitative fitting for the data in Fig. 4[@0]. E~a 095 B

Using Kq=1.2 wM, we transform the ligand concentration '

to the occupancy, as shown in our Fig. 4. To make better us¢ 1.2 ————————F——r+———1+———
of the data, we ignore the data point féc>0.95 because

the finiteness of detection threshold may cause uncertainty it 1
deciding the adaptation time; the data &wr>0.95 show too
large a variation for so close values&f. The fitting straight
line is t*=71*t,=glog,géc+h, with g=156.3513 andh

=114.9912. Using Eq922) and(23), and the same values
of 5c* andt, as above, one finds 0.4

(27)

0.8 |-

R 0.6

0.2 %
Bo EN
1- BVJ 10-° 10— 1077 10-¢ 10-° 0.0001 0.001 0.01

L M)

Again, these two numbers are close to each other. Moreover, F|G. 5. Relation between the relative CheA autophosphorylation
Egs. (24) and (25 are of the same order of magnitude, rateR and ligand concentration. The data points are adopted from
though they are obtained from different sets of data. Evefi14] by using computer software. The theoretical curveRis 1
closer numbers may be obtained by tuning the valg, of —FL/(L+Ky), with F=0.95 andK4=20 uM.
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which, combined with Eqs(17) and (21), implies that the sults, as well as new experimental information, to provide a
ratio between the two levels of CheA activity &5_1/A; basis for the extension and refinement of the theory. For
~164.77. Very interestingly, this result of deduction is in example, we need a significant broadening of the range of
good consistency with the available experimental informa-occupancy change in the response-stimulus relation. We also
tion that this ratio is more than 1002]. Again, this is an  need a clearer relation between the adaptation time and the
indication of the consistency of the theory. occupancy change. The relation between CheA activity and
We note that there is discrepancy in the fitting. This maythe receptor conformational state and CheA activity, as well
be because of some other factors not considered here, eSpgs the relative rate of the two rotation modes, is vital for
cially because the correspondence between the receptor cofising heyond the simple treatment here. More accurate re-
formational state and CheA activity is more complicated iNgyits onA_, /A, is also important. Independent determina-

connection wittr, andr_, discussed above. tion of the dissociate constant is of fundamental importance.
Most exciting experiments might be direct measurements of
IV. SUMMARY AND DISCUSSIONS the conformational stateg?, V*, and the coupling coeffi-

W t that statistical hanics i tul and i cientT;;, as well as the energy change or force induced by
¢ suggest that statistical mechanics Is usetul and 'mp\(l)\ﬁhe ligand binding. A clarification on whether the conforma-
tant in understanding receptor signaling and adaptation.

have made semiquantitative comparisons between the theoﬁonal change is a rotation or a vertical displacement is inter-
q P ting. For the formery® and V! are angles, whiléd, the

and recent experiments to obtain estimations of paramete . Co 1
values. The thermal fluctuation in a cell is very strokgT effect of ligand binding, is a torque. For the lattéf, andv

~4 pNnm~0.025 eV, comparable to the energy scale. SF€ positions, whileé4 i§ a force. The rgceptor—receptor inter-
we simplify the formulation by using the high temperatureaCt'O” can be determined by measuring the relatlop of forf:e
approximation. Then Eq$9) and(10) essentially contain all  OF _torque on one receptor dlm_er and the conformations <_)f its
the information we need. 4 8vJ characterizes the enhance- Neighbors. This would be a direct test of the conformation-
ment of signaling by receptor-receptor interaction. With thisdependent interaction. A determination of the geometry of
simplified formulation, we look at recent experimental re-the lattice is also interesting, from which one can obtain the
sults. Unlike a clean system usually studied in physics, fovalue of vJ, and consequently other parameter values.
such a complex system we do not expect the fitting to be Our theory is entirely different from the Hill model. An
quantitatively perfect. From the data on a prestimulus motointeger Hill coefficient is understood as the number of
rotation bias[23], we obtain the prestimulus activity, as in ligands bound to a receptor. A noninteger Hill coefficient, as
Eq. (17), implying that there are approximately 70% receptoroften used, does not seem clear conceptually, although it
dimers at the state corresponding to the lower rate of Che&ould be tuned to fit the data. Nonetheless, from the mean
autophosphorylation. Although the data on response-stimulueld point of view, the effect of the receptor-receptor inter-
relation are very limited, they are used to estimate thataction could be viewed as an effective additional ligand
BB/(1— BrJ)~10.49, which compares the effect of ligand binding. Therefore, from this perspective the conclusion on
binding with that of cooperation. We study adaptation timelimited cooperativity in 14] is consistent with strong thermal
for two different sets of datf22,20. Assuming the delayed fluctuation in our theory.
time in feedback to be 0.1 s, it is found that the feedback Here we specialize in chemotactic receptors; however, the
strength compared with couplingo/(1— BvJ), is approxi-  theory may also apply to many other receptor systems. For
mately 0.0068 to 0.013 or 0.0015 to 0.0047, respectivelyexample, state-dependent co-inhibition between transmitter-
These numbers obtained from different data and by usingated cation channels was obsery@d|. The clustering of
different methods are of the same order of magnitude, a sigs ABA, receptors and the decrease of affinity was also stud-
of the consistency of theory. Precise information on the feedied [25], which was also analyzed in terms of the Hill model
back delay time can improve this determination. From thdn a similar way tq/14], thus it can also be explained by our
data on the relative CheA activifjl4], we obtain Eq(27), theory as an indication of receptor-receptor interaction and
which gives the relation between the two levels of CheAthermal fluctuation. In many receptor systems clustering,
activity corresponding to the two conformations of the recep-called oligomerization, together with signaling, occurs as a
tor dimer. Combined with other results, it tells that the ratioresponse to stimulus. Theoretical investigation on this situa-
between the two levels of CheA activity i\ _;/A;  tion is presented elsewhere.
~164.77, in good consistency with the available experimen- To complete this paper, let us list some experiments an-
tal information on this ratio. We note that the fitting is not ticipated from the point of view of this theoryl) More
perfect. This may be partly due to the simple nature of theclarifications on conformational change induced by ligand
minimum model and further simplified treatment, and partlybinding, and the determination of conformational change due
due to insufficient experimental information. However, with to interaction with another receptor dimég) Direct mea-
a working framework proposed, we anticipate more experisurement of the forces generated by ligand binding and by
mental and theoretical discoveries stimulated by the currerthe conformational change of the neighboring receptor
attempt. On the other hand, it would not be satisfactory fordimer.(3) An independent determination of a dissociate con-
us to have a good fitting of the data by simply tuning param-stant using other methods4) Investigations on the re-
eters without a clear physical picture. sponses corresponding to fixed conformational states, and
We need improvement on the available experimental rehencer, andr_; as discussed abové5) Direct measure-
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ments on CheA and CheY activitie€6) More clarification ~ More accurate determination of adaptation time as a function
on the relation between the receptor conformational state anof the occupancy chang€9) Precise determination of the
CheA activity.(7) Increasing the range of occupancy changeform of energy function(10) Determination of the details of

in response-stimulus relations, and a more accurate deternfeedback due to the change of the methylation level, includ-
nation of prestimulus occupancy and occupancy chaf®e. ing the delay time.
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