tyrosine kinases, including the Jak family kinases, and have failed to
identify any such kinase in the complex. Our current model is that
the activated gp130 receptor dimers recruit ErbB2 molecules to the
complex, leading to ErbB2 clustering and kinase activation. It is
difficult to rule out the transient participation of other molecule(s)
in this process. Once ErbB2 is activated, the Shc/MAP kinase
pathway will be activated, as well as ErbB3. The native ligands of
the ErbB-family kinases are mostly peptide growth factors contain-
ing EGF-like repeats®. Recently, however, ErbB1/EGFR kinase was
found to mediate signals of ultraviolet irradiation*, G proteins™
and growth hormone®. Our data extend these observations and
identify ErbB2 and ErbB3 as signal mediators of a cytokine. l
Methods

Cell culture, transfection, selections and cell proliferation. LNCaP, DU145
and CWR22 cells were maintained as described’. The cells were serum starved
for 24 h followed by treatment with 200 ngml™ IL-6 (UBI) for 30 min or the
times indicated. The ¢cDNA of scFv5R was subcloned into a mammalian
expression vector, pcDNA3 (Invitrogen). LNCaP cells were transfected with
this scFv5R construct by using LipofectAmine(Gibco BRL) following the
manufacturer’s instructions. The stable expression clones were obtained by
selection for G418 resistance (600 wgml™) and further confirmed by the
mobility shift of ErbB2 as described'”. The cell proliferation assays (WST
assays) were performed as described".

Immunoprecipitation, western blotting and in vitro kinase assays. The
immunoprecipitation and western blotting were performed following
procedures described previously’. The autophosphorylation of ErbB2 and
Tyk2 was assayed as described'**. Briefly, the ErbB2 or Tyk2 immunoprecipi-
tates were incubated in 20 mM HEPES, pH 7.4 with 10 mM MnCl, and 10 u.Ci
[y-*P]ATP for 10 min at room temperature. Reactions were stopped by adding
an equal volume of 2 X SDS loading buffer and proteins resolved by SDS—
PAGE, followed by autoradiography.
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Receptor clustering as a
cellular mechanism
to control sensitivity

Dennis Bray, Matthew D. Levin & Carl J. Morton-Firth

Department of Zoology, University of Cambridge, Downing Street,
Cambridge CB2 3E], UK

Chemotactic bacteria such as Escherichia coli can detect and
respond to extremely low concentrations of attractants, concen-
trations of less than 5 nM in the case of aspartate’. They also sense
gradients of attractants extending over five orders of magnitude in
concentration (up to 1 mM aspartate)>’. Here we consider the
possibility that this combination of sensitivity and range of
response depends on the clustering of chemotactic receptors on
the surface of the bacterium®. We examine what will happen if
ligand binding changes the activity of a receptor, propagating this
change in activity to neighbouring receptors in a cluster’®.
Calculations based on these assumptions show that sensitivity
to extracellular ligands increases with the extent of spread of
activity through an array of receptors, but that the range of
concentrations over which the array works is severely diminished.
However, a combination of low threshold of response and wide
dynamic range can be attained if the cell has both clusters and
single receptors on its surface, particularly if the extent of activity
spread can adapt to external conditions. A mechanism of this kind
can account quantitatively for the sensitivity and response range
of E. coli to aspartate.

The effects of activity spread may be illustrated by considering

Figure 1 Activity spread in a cluster of receptors. Part of a hypothetical 1,000-
receptor array is shown; individual receptor molecules are represented as white
or grey hexagons, depending on their conformation. Receptors are supposed to
switch randomly between a high-activity conformation (grey) and a low-activity
conformation (white). a, One receptor in the centre of the array, marked with a
cross, is occupied by a ligand molecule and consequently is in the low-activity
conformation. b, In this array the ligand-bound, low-activity state of the central
receptor has spread to 36 neighbouring unoccupied receptors. Because of this
‘infectivity’, the single ligand molecule produces a larger change in the array and
the signal sent from the array is stronger. However, the range over which the array
detects changes in the concentration of ligand is much smaller in b than in a.
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a model array of 1,000 receptors with properties loosely based on
the chemotactic receptors of coliform bacteria’. Each receptor is
assumed to adopt either an active or an inactive conformation and
to switch rapidly between the two on a submillisecond timescale. In
its active conformation, a receptor signals to downstream elements
of the pathway. The probability of occupying this conformation
constitutes the ‘activity’ of the receptor. We will denote this activity
by the symbol p, using p, for the activity of a receptor not occupied
by ligand and p; for the activity of a receptor occupied by ligand. We
will consider below the possibility that, because of cooperative
interactions, unoccupied receptors can also adopt a probability p;.
Both py and p; can change with adaptation, but we will assume that
Po is always greater than p; so that ligand binding causes a decrease
in activity, as it does in bacterial chemotaxis.

In the initial array of ‘naive’ receptors, let p, = 0.5; that is, we
assume that roughly half of the receptors in the array are active at
any time (Fig. 1a). The total activity of the array—the strength of
the signal it sends to downstream elements of the signal pathway—
will then be Np, = 500 units (each ‘unit’ being the strength of signal
produced by one receptor in its active conformation). If we now
expose the array to molecules of ligand A, then some of these
molecules (1) will bind to individual receptors. The occupied
receptors will reduce their probability of switching to an active state
to p; and the total activity of the array will become smaller
(n,p; + (N — n,)p,). Thus, if 200 molecules of ligand A bind and
if, with each binding, a receptor reduces its activity from 0.5 to zero
(p; = 0), then the total output will decrease from 500 to 400
(200 X 0.0 4 800 X 0.5) units.

In this example, the change in total activity is given by the
number of receptors that are newly bound to ligand A, multiplied
by the change in activity per receptor. However, if each molecule A
that binds to the array affects the switching probability of multiple
contiguous receptors, then the same number of binding events will
generate a larger change in activity (Fig. 1b). Specifically, if we
assume that a single binding event ‘infects’ #; receptors (changes
their probability of being active from p, to p;), then the change in
output activity AP will be (for low concentrations of ligand)
AP = n,n,0, where n, is the number of ligand molecules bound
and o (= p, — p,) is the change in activity per receptor.

For an array of N receptors, each with a single binding site of
dissociation constant K4 exposed to ligand A at a concentration Cy,
n N = C,/(C, + K,). As the concentration of A becomes less, the
change in activity will fall until it reaches a minimum detectable by
experimental observation. Calling this minimum concentration
C3"™ and observing that ny™™ = AP™"/n, g, then:

min " AP™/n;0
G = N — piin Ka= N — AP™"/n,q Ka )

From equation (1) we see’that the minimum detectable concen-
tration of ligand (the threshold concentration) decreases as the
extent of activity spread grows larger. Indeed, if n; is sufficiently
large, then the entire array can switch state in response to the
binding of a single ligand molecule. But if a single binding event fires
the whole array, then the system will be unable to detect binding of
subsequent ligand molecules. As this extreme example illustrates,
the larger n; is, the lower the range over which detection can occur.

To calculate the maximum detectable concentration of ligand, we
must consider adaptation. The sensory systems of single cells, like
those of entire organisms, adjust to ambient conditions by con-
tinually changing their baseline activity. This enables them to react
to small changes even against a high background level of stimula-
tion. The most effective form of adaptation (capable of extending
over the widest range) occurs if the activity always returns to its
original value—that is, it is exact’.

Applying exact adaptation, we see that, following exposure to
ligand, the probabilities that receptors will be in the active con-
formation (p, and p;) must rise so as to restore the original activity
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(500 units in our example). We cannot say exactly how the
probabilities will change but there are boundary conditions. Thus,
if p; remains zero, p, = 1 and n; = 1, then an output value of 500
units will be reached when just half of the receptors are occupied
(500 X 1 4+ 500 X 0). This will occur when the ambient concentra-
tion of ligand equals the Kj of the receptors, which is a very poor
performance. It becomes even worse if p, < 1 or n, > 1.

A much wider range can be obtained by allowing both py and p; to
rise with increasing ligand concentration, subject to the constraint
that the total activity of the array must be 500 units. That is,
(1,000 — n,)p, + n,p; = 500. The widest possible range is reached
by making p, = 1, and allowing p; to rise as close as possible to 0.5;
then the total activity of the array will be close to 500 even when all
receptors are occupied (1,000 X 0.5 = 500). In practical terms, the
upper limit in concentration of ligand will occur when the output
activity is so close to 500 that the difference cannot be measured
experimentally, that is, when addition of saturating levels of ligand
A raises the activity by less than AP™".

We must therefore calculate how many molecules of ligand A
must bind to our array before the output activity comes within

Box 1 Raindrops calculation
Consider an array of N membrane-bound receptors (represented by the
grey area in the figure). Let some of these receptors bind to ligand A and
let each binding event change the average activity of n, receptors (white
circles in the figure). What is the probability that any given receptor of the
initial set of N remains unaffected after ns ligand molecules have bound?
If one ligand molecule binds, then n, receptors will change their activity.
The probability that a given receptor is not affected by this event is given

by the ratio:
N-n, 1711
(W)

A second ligand molecule has available to it N — 1 sites (as one is
already occupied). The number of receptor molecules changing their
conformation in response to this second binding is again n,, so that the
probability that any given receptor is not affected by the second ligand is:

N-1-n 1 - n,
M= (=)
These two ligand binding events are independent. Therefore, the

probability that a given receptor will not be affected by either binding event
is the product of the two, namely:

_ONf -
(~w)( =)
The same argument holds for each successive molecule of ligand A,

so that the probability of being unaffected after n4 ligand molecules have
bound is:

1= NG N -
(=)~ ) (7)1 s
The number of ligand molecules unaffected by the binding of na
receptor molecules is given by the function R, where:
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AP™" of maximum. Again we include the possibility of activity
spread, but in this case we must allow for overlap between successive
receptor bindings (the raindrop effect; see Box 1). The number of
ligand molecules required can be deduced from the relationship
AP™"/g < R, where function R(N, n;, 1) is the number of receptors
remaining unaffected after n, molecules of ligand have bound (see
Box 1) and o (= p, — p;) has its optimal value of 0.5. The value of R
can be readily computed for increasing values of 1, until the above
inequality is satisfied. This gives #4™*, from which we deduce the
maximum detectable concentration of ligand C3**:

max
1y

p— max
N —nj

G = Ky 2

We thus have equations for the minimum and maximum ligand
concentrations for a range of activity spreads (that is, n; values) and
for different levels of detectable activity AP™". As seen in Fig. 2, the
minimum concentration calculated from equation (1) falls in
hyperbolic fashion with increasing #;, an increase from #n, =1 to
n; = 2 producing a twofold decrease in C3"". However, the max-
imum concentration calculated from equation (2) falls very much
more steeply. Here an increase from n; = 1 to n, = 2 produces a

Table 1 Receptor activity level calculated from swimming performance

Rotational bias CheYp (nM) Output activity (P) Receptor activity
0 15 2,000 1.0

0.75 2.8 109 0.054

0.85 25 95 0.048

0.95 2.0 74 0.037

1.0 0 0 0

The rotational basis of an £. coli cell is the fraction of time the flagellum spends in a smooth-
swimming (or anticlockwise motor rotation) mode. The bias of a wild-type cell without
chemotactic stimulation is about 0.85 (refs 1, 19). Bias is controlled by the cytoplasmic
concentration of CheYp and there is a cooperative relationship between the two, with a Hill
coefficient of 5-6 (ref. 17). Here we use a relationship of the form'™ bias = 1—Y,§5/
(5.67(2.61)°° + Y2°), in which the steady-state concentration of CheYp (Y,) in a wild-type,
unstimulated cell is 2.61 WM. We take the lower limit of Y, to be zero and the upper limitto be
the concentration at which the bias falls below 0.001, namely 15 wM. In a wild-type cell, the
concentration of CheYp depends mainly on the rate of formation of CheYp by the receptor
complex and the rate of breakdown of CheYp by CheZ. At steady state, these two balance,
so that P(20 - Y,) =ZY,, where P is the output activity of the chemotactic receptors (as
defined above), Z is the activity of CheZ, and the total concentration of CheY is taken to be
20 M (ref. 27). This leads to a relationship of the form P = const(Y,, /20— Y,),and we assign
the constant a value of 2,000/3 so thatP = 2,000 at Y, = 16 uM (bias of 0.001, receptors fully
active) and P =0 at Y, = 0.0pM (bias of 1.0, receptors inactive). The average activity of
individual receptors is then calculated as P /2,000.

0.008 500
)

Maximum

Minimum 400+
0.006 00

0.004

0.002

Ligand concentration (UM)

Activity spread (n))

Figure 2 Changes in the response to threshold and range of ligand concentration
with the extent of activity spread. Minimum and maximum ligand concentrations
to which the model 1,000-receptor array can respond, with output values of 500
units, are plotted against activity spread (n,). In each graph, four different values of
the minimum detectable change in output activity (AP™") are shown as follows:
one unit, triangles connected by complete lines; two units, crosses connected by
dashed lines; three units, circles connected by complete lines; and four units,
squares connected by dashed lines. Note the differences in scale of the two
graphs.
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greater than 20-fold drop in the maximum (saturating) concentra-
tion of ligand A. Thus, activity spread lowers the threshold but
severely restricts the dynamic range over which the receptor array
can operate.

Let us now apply these ideas to bacterial chemotaxis and in
particular to the system by which E. coli detect and swim towards
distant sources of aspartate. Each cell has ~2,000 dimeric aspartate
receptors on its surface, many of them clustered into a patch at the
polar regions of the cell*'®"". The receptors are part of a complex of
proteins, including the autophosphorylating kinase CheA, which
transfers phosphoryl groups onto CheY". Phosphorylated CheY
(CheYp) molecules diffuse to the flagellar motors, causing them to
rotate in a clockwise direction and thereby producing a random
change in direction of the bacterium". The rate at which phosphate
groups are generated by the receptor complex falls when aspartate is
bound", causing the motors to turn anticlockwise and the cell to
persist in its current direction. In effect, the flux of phosphoryl
groups from the receptor complex constitutes its output activity,
equivalent to the array activity P mentioned above.

Much quantitative information is available relating to the bio-
chemical steps of this chemotactic signal pathway’. In particular, the
rates of phosphotransfer from the receptor complex to CheYand the
rate of loss of phosphate groups from CheYp (mainly through
CheZ) are known'>'¢, We also have estimates of the relation between
the steady-state concentration of CheYp and the flagellar rotation
bias (the time spent in a smooth swimming mode)"”. These
experimentally measured values allow us to estimate the (hypothetical)
switching frequency of aspartate receptors corresponding to different
swimming biases (Table 1).

The values in Table 1 give an estimate of the change in output
activity, AP™, needed to produce a bias change of 0.1, which is the
smallest detectable value for tethered bacteria. With AP™" we can
calculate the smallest number of receptors that must change their
average activity from 0.048 (the resting value) to zero, and hence the
smallest concentration of aspartate that can be detected. In the
absence of activity spread, this value is about 0.22 wm or 220 nM, a
value close to that given by computer models of the chemotaxis
pathway on the basis of experimentally determined rates and
concentrations in the chemotaxis pathway'®".

However, the actual threshold of the chemotactic system is much
lower than indicated by this figure. Classic experiments in which E.
coli cells tethered to a coverslip were exposed to small quantities of
chemoattractant delivered iontophoretically indicated that a
change in receptor occupancy of as little as 1/600 could produce a
detectable change in swimming behaviour'. With a Ky of 1 uM***,
this change corresponds to a minimum detectable concentration of
about 2nM aspartate. Estimates obtained using caged aspartate®
also show a response threshold corresponding to about 0.002
occupancy, or ~2nM (R. Jasuja and S. Khan, manuscript
in preparation). Another difficulty with current models of the
chemotaxis pathway concerns the response to substances such as
ribose that are detected by receptors present in small numbers. The
ribose receptor, Trg, accounts for only ~1% of the total chemotactic
receptors of the cell and yet operates through the same phosphoryl-
ation cascade as the aspartate receptors®. On a simple ‘head-count’
mechanism, signals from Trg receptors would simply not be heard.

Both discrepancies between theory and experiment can be
resolved if activities can spread from one receptor to its neighbours
in the cluster. Using the equations already given, we can readily
achieve the required threshold to both aspartate or ribose, given
sufficient activity spread. But, as before, we must also consider the
range of detection, which become less as the infectivity grows.
Information on the upper limits of chemotactic detection is difficult
to find: the best estimates are probably those obtained using a
capillary accumulation assay”. For the non-hydrolysable analogue of
aspartate, a-methylaspartate, concentrations in the range from
0.3 wM to 0.1 M produced chemotactic responses. As the binding
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Table 2 Effect of receptor clustering on chemotactic threshold and range

No. of No. of Activity Minimum Maximum
receptors receptors spread conc. conc.
free clustered (ny) (wM) (M)
2,000 0 1 0.22 730
1,000 1,000 1 0.22 730
1,000 1,000 10 0.038* 360t
1,000 1,000 100 0.004* 360t

0 2,000 1 0.22 730

0 2,000 10 0.019 42

0 2,000 100 0.002 0.33

Experimental data on the chemotaxis of £. coli were used with equations (1) and (2) to
estimate the minimum and maximum detectable concentrations of aspartate. The minimum
detectable concentration of aspartate, C™" (also referred to as the threshold), was calcu-
lated from equation (1) using a K4 of 1 wM for a non-adapted aspartate receptor, a value of
AP™ =175 obtained from the data in Table 1, and a change in activity associated with
individual receptors of ¢ =1—0.048 = 0.95. The maximum detectable concentration of
aspartate, C™* (also referred to as the saturating concentration, or chemotactic range),
was calculated using a K, for the binding of aspartate to the fully methylated (fully adapted)
chemotactic receptor of 7 uM (refs 24, 25) and values of R calculated as described in Box 1.
*Contribution from free receptors assumed to be negligible.

T Contribution from clustered receptors assumed to be negligible.

of methylaspartate to the aspartate receptor is relatively weak (K4
close to 0.1 mM), we estimate that aspartate itself (which has a Ky of
1 wM) should give the same change in receptor occupancy in the
range of 3nM to 1 mM.

In Table 2 we give the expected minimum and maximum
concentrations of aspartate detected by a set of 2,000 aspartate
receptors, making different assumptions about their degree of
clustering and activity spread. These values also include an increase
in the K for aspartate with adaptation***. We see that if half of the
receptors are freely diffusing and the other half are clustered and
show an infectivity of 100, aspartate will be detected in the
concentration range 4nM to 360 uM. However, the best overall
performance is achieved if receptors are totally aggregated at low
concentrations of aspartate and totally non-aggregated at high
concentrations. In this case, the cell can achieve a range of detection
at concentrations from 2 nM to 730 wM, a range of greater than five
orders of magnitude and similar to the best estimates of the actual
performance. Changes of this kind might be produced, for example,
by the methylating enzyme CheR which can link adjacent receptors
and whose binding is reduced by methylation'"*.

The model we have proposed requires that when chemotactic
receptors cluster on the cell surface, the activity of one receptor
influences that of its neighbours. Furthermore, to obtain a combi-
nation of sensitivity and range of response the cell must be able to
control either the aggregation itself or the degree to which the
receptor activity can propagate. We predict, for example, that
aggregation (or activity spread) will be lowest when the cell has
adapted to high concentrations of ambient attractant. We also
expect that chemoattractants such as ribose that operate through
minor receptors will saturate at very low concentrations (as they can
be sensed only through activity spread). There should be conditions
in which the degree of aggregation, and hence the sensitivity to
chemoattractants, is impaired (this might occur, for example, in
mutants lacking CheR and CheB). Finally, given the simplicity of
this mechanism, we anticipate that it will be widely used by cells
other than bacteria and for purposes other than chemotaxis. [
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The assembly of transcriptional regulatory DNA sequences into
chromatin plays a fundamental role in modulating gene
expression’. The promoter of the mouse mammary-tumour
virus (MMTYV) is packaged into a regular array of nucleosomes
when it becomes stably integrated into mammalian chromo-
somes, and has been used to investigate the relationship between
chromatin architecture and transcriptional activation by the
hormone-bound glucocorticoid and progesterone receptors™. In
mammalian cells that express both of these receptors, the proges-
terone receptor activates transcription from transiently trans-
fected MMTV DNA>* but not from organized chromatin
templates’. Moreover, the activated progesterone receptor inhibits
the chromatin remodelling and consequent transcriptional
stimulation that is mediated by the glucocorticoid receptor.
Here we investigate the mechanism of this inhibition by char-
acterizing the interaction of the glucocorticoid receptor with
transcriptional co-activator and chromatin remodelling protein
complexes™®. We show that when this receptor is prevented from
interacting with the hBRG1/BAF chromatin remodelling com-
plex, it can activate transcription from transiently transfected
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