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Abstract

The two-state model of receptor activation, in which a receptor population exists in equilibrium
between a single on-state and a single off-state, has long been considered a viable model for the
signaling behavior of bacterial chemoreceptors. Here, we show that this simple, homogeneous two-
state model is adequate for a pure receptor population with just one adaptation state, but fails to
account quantitatively for the observed linear relationship between the apparent attractant affinity

(K1/2) and kinase activity ( vggj) as the adaptation state is varied. Further analysis reveals that the
available data are instead consistent with a heterogeneous two-state model in which covalent
modification of receptor adaptation sites changes the microscopic properties of the on-state or off-
state. In such a system, each receptor molecule retains a single on-state and off-state, but covalent
adaptation generates a heterogeneous population of receptors exhibiting a range of different on-states
or off-states with different microscopic parameters and conformations. It follows that covalent
adaptation transforms the receptor from a simple, two-state toggle switch into a variable switch. In
order to identify the microscopic parameters most sensitive to covalent adaptation, six modified, two-
state models were examined in which covalent adaptation alters a different microscopic parameter.
The analysis suggests that covalent adaptation primarily alters the ligand-binding affinity of the
receptor off-state (Kp1). By contrast, models in which covalent adaptation alters the ligand-binding
affinity of the receptor on-state, the maximal kinase stimulation of the on-state or off-state,
cooperative interactions between receptors, or the assembly of the receptor-kinase signaling complex
are inconsistent with the available evidence. Overall, the findings support a heterogeneous two-state
model in which modification of the receptor adaptation sites generates a population of receptors with
heterogeneous off-states differing in their attractant affinities.

In the process of testing the effects of covalent adaptation on the assembly of the receptor-kinase
signaling complex, a new method for estimating the stoichiometric ratio of receptor and CheA in the
ternary signaling complex was devised. This method suggests that the ratio of receptor dimers to
CheA dimers in the assembled complex is 6:1 or less.
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Introduction

Mechanistic aspects of signal transduction continue to be the focus of intense interest. Many
signaling proteins, including many ligand-regulated receptors, have been proposed to function
as simple, two-state toggle switches in which two distinct conformations corresponding to the
“on” and “off” signaling states exist at equilibrium.1=* Typically, a signal is transmitted by
agonist binding or covalent modification, which is proposed to shift an equilibrium between
the on-state and the off-state. 3:> At the other extreme, for a few specific channel and receptor
proteins, ligand binding or covalent modification have been proposed to generate multiple
signaling states that extend beyond a simple two-state model of protein conformations.5~11
Such multi-state systems are analogous to variable switches with multiple settings. Bacterial
chemotaxis receptors have long been believed to exhibit purely two-state behavior, in which
both attractant binding and covalent modification of the cytoplasmic adaptation sites are
assumed to drive a simple equilibrium between two homogeneous conformations representing
the kinase-activating and inactivating states.12:13 The present study develops a generalizable
approach that can ascertain whether a covalently modified switch protein is a two-state switch
or a more complex switch, and applies this approach to a bacterial chemoreceptor.

Bacterial chemotaxis receptors are key elements of conserved two-component signaling
pathways found in all motile prokaryotes that detect and respond to external chemical stimuli.
14-21 These transmembrane receptors possess a periplasmic domain that binds attractant and
sends a well-characterized conformational signal through transmembrane helices to the
cytoplasmic domain.1® The cytoplasmic domain serves as a scaffold to which the other
elements of the signaling pathway dock, including the histidine kinase CheA, which is
regulated by the receptor. There is mounting experimental evidence that interactions exist
between neighboring chemotaxis receptors. Chemotaxis receptors form trimers-of-dimers22-
25 that are localized to the cell pole in vivo where they may form larger lattices that serve to
modify or amplify chemotactic signals.26-38

The aspartate receptor of Eschericia coli and that of Salmonella typhimurium, together with
the cytoplasmic histidine kinase CheA and coupling protein CheW, forms a kinetically stable
signaling complex with a dissociation half life of greater than five minutes.3° Although
attractant binding to the receptor changes CheA kinase activity dramatically, the stability of
the assembled signaling complex is unaffected by the presence of receptor ligand and the kinase
substrates.39:40 The molar ratios of proteins in the fully assembled complex remain ambiguous,
with estimates of the receptor to CheA to CheW ratios ranging from 2:2:2 to 28:4:6.39:41:42
The primary function of the signaling complex is to regulate the phosphorylation of the
response regulators CheB and CheY.43:44 Phospho-CheB controls receptor adaptation by
determining the covalent modification state of receptor adaptation sites, while phospho-CheY
controls swimming behavior by regulating the rotational direction of the flagellar motor.4>

The kinase activity of the chemoreceptor signaling complex is regulated both by the binding
of chemical attractants and by the covalent modification state of the receptor adaptation sites.
43,44,46 Together, these two types of signals enable a quantitative test of the predictions of the
two-state model. Attractant binding to the receptor periplasmic domain inhibits CheA kinase
activity, providing the first signal termed the attractant signal. In the cytoplasmic domain,
specific glutamate side-chains serve as adaptation sites that are modified covalently by
cytoplasmic adaptation enzymes CheR and CheB.4’ The aspartate receptor possesses four
adaptation sites located at positions 295, 302, 309, and 491, which in the wild-type receptor
are expressed as the amino acid residues QEQE. Covalent methylation or amidation of these
adaptation sites neutralizes the glutamate negative charge and stimulates receptor-mediated
CheA kinase activity, thereby giving rise to the second signal, termed the adaptation signal.
47=49 By contrast, CheB-catalyzed demethylation or deamidation restores the anionic
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glutamate side-chain and inhibits CheA kinase activity, thereby reversing the adaptation signal.
The adaptation sites modulate the receptor-mediated kinase activity of the signaling complex,
and serve as a chemical memory that allows the chemotaxis pathway to chemically store the
attractant concentration in the recent past for comparison to the current attractant level.0

The conformational signal that travels from the periplasmic attractant-binding site through the
transmembrane helices is well understood, but the structural regulation of the receptor
cytoplasmic domain, including the mechanism by which the attractant and adaptation signals
control kinase activity, is poorly understood.16:51 There is some evidence that, in contrast to
attractant binding, modification of the cytoplasmic adaptation sites may affect the stability of
the signaling complex.31:41 Thus, while the attractant signal appears to utilize a purely
conformational mechanism, the cytoplasmic events triggered by the adaptation signal could
involve either a conformational change or modulation of signaling complex stability.

Recent data obtained in our laboratory quantified the effects of receptor adaptation site
modifications on both the apparent attractant affinity and kinase activity of the receptor
population.13 In order to generate different covalent adaptation states, this prior study utilized
combinations of Glu and Gln side-chains at the adaptation sites. The amidated Gln side-chain
is known to mimic accurately the effect of the methyl esterification carried out by CheR in
vivo.46:48,49 This approach generated engineered chemoreceptors spanning the entire range of
covalent adaptation states, then reconstituted each chemoreceptor with the other components
of the signaling pathway to generate a functional receptor-kinase signaling complex, and finally
examined the effect of increasing attractant concentration on the kinase activity of the signaling
complex. The results provided an attactant dose—response curve for each covalent adaptation
state defining the apparent attractant affinity and maximal kinase activity of that state.
Strikingly, the data revealed a strong linear correlation between the apparent dissociation
constant for attractant (Kq/2) and the apparent relative kinase activity in the absence of attractant

(Ve as the covalent modification state of the receptor adaptation sites was varied. The
correlation clearly demonstrated that the adaptation sites are coupled tightly to both the
periplasmic attractant binding site and the cytoplasmic CheA kinase protein.

The present study carries out the first quantitative test of the ability of the simple, homogeneous
two-state model to fit the available data, including the observed linear relationship between

Kq2 and ngf . This quantitative analysis reveals that the homogeneous two-state model can,
for an individual receptor adaptation state, explain the observed dependence of kinase activity
on attractant concentration. The analysis shows that the homogeneous two-state model predicts

an approximately linear relationship between Ky, and Vi, in the range examined
experimentally, but the slope predicted by the homogeneous two-state model deviates
significantly from the experimentally observed slope. Thus, although the homogeneous two-
state model can explain the effect of attractant concentration on the kinase activity of a given
adaptation state, it cannot account quantitatively for the effects of adaptation site changes on

both the apparent attractant affinity and kinase activity of the signaling complex.

The simplest way to modify the two-state model, in order to improve its fit of the available
data, is to propose that covalent modification of the receptor adaptation sites alters at least one
microscopic parameter of the on-state or off-state. The present analysis indicates that only one
parameter, the attractant affinity of the receptor off state (Kp1), can be changed by covalent

adaptation in a way that fits the linear relationship between K/, and Vip. quantitatively and
accounts for the other available data. Notably, for a mixed receptor population, the effect of
covalent adaptation on Kpq generates a heterogeneous population of off-states with different
attractant affinities, reinforcing the idea that a heterogeneous, rather than homogeneous, two-

state model is required to explain the signaling behavior of chemoreceptors. Five other types
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of modified two-state models are tested but are found to be inadequate. These unsuccessful
models assume that covalent adaptation changes (i) the attractant affinity of the on-state, (ii)
and (iii) the microscopic kinase activity of the on-state or off-state, (iv) the affinity of the
receptor-kinase assembly, or (v) cooperative interactions between receptor dimers.

The present analysis includes a new experimental study of the effects of the adaptation signal
on the stability of the signaling complex. The results indicate that modification of adaptation
site glutamate residues increases signaling complex stability slightly, but the effect is too small
to account for the observed deviations from two-state behavior. Fortuitously, the findings allow
a novel determination of the receptor to CheA mole ratio in the fully assembled signaling
complex, providing additional constraints on the oligomeric structure of the signaling complex.
Overall, the results presented herein demonstrate the inadequacy of the simple, homogeneous
two-state model but support a heterogeneous two-state model in which receptor covalent
adaption changes one or more microscopic parameters of the on-state or off-state. The findings
will be useful in quantitative simulations of receptor signal output during attractant and
adaptation signaling events in the intact chemotaxis pathway.

General features of the homogeneous two-state model

To analyze a switch protein for two-state behavior, it is helpful to be familiar with the general
features of a two-state system. The general form of the homogeneous two-state model is
illustrated in Figure 1, which presents an equilibrium between two pure signaling states, 1 and
2, representing the high-activity and low-activity states, respectively. These states have
different affinities for ligand L. In the absence of ligand, the equilibrium between the two states
is defined by the equilibrium constant K1» = [R2]/[R1], which describes the ratio of the two
state populations. Switching between the two states is regulated by the binding of ligand, which
drives the equilibrium toward the state that has the higher ligand affinity. In the presence of

saturating ligand, the equilibrium constant becomes Kl/zz[Lsz/[Lle. Because the general
two-state model is a thermo-dynamic cycle (Figure 1), K15 is related to the other equilibrium
constants of the cycle:

KD:)
K, (1)

4
K12:K12 (

where the microscopic ligand dissociation constants of states 1 and 2 are Kpy = [R1][L)/
[LR1] and Kpz = [R2][LV[LR2].

A receptor can be classified as activating or inhibitory depending on whether its ligand-
saturated state exhibits maximal or minimal output signal, as illustrated in Figure 2. Ligand
binding to an activating receptor shifts some or all of the receptor population toward the high-
activity state, thereby increasing activity. Conversely, ligand binding to an inhibitory receptor
shifts the population toward the low-activity state, thereby decreasing activity. In principle, a
receptor could be bifunctional and bind both activating and inhibitory ligands. The signal output
of such a receptor would be intermediate in the absence of ligand, and either increase or
decrease when an activating or inhibitory ligand is added, respectively. Activating and
inactivating ligands fundamentally differ in their affinities for the two signaling states. An
activating ligand has a higher affinity for the high-activity state 2, while an inhibitory ligand
has a higher affinity for the low-activity state 1. Thus, the binding of an activating or inhibitory
ligand drives the equilibrium toward state 2 or state 1, respectively.
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The behavior of ahomogeneous two-state receptor in varying concentrations of ligand depends
on the equilibrium between the two states in the absence of attractant, and on the ligand
affinities of the two states. The net observed signal output Vp Of a given receptor population
is determined by the fractional populations of states 1 and 2 (F1 and F», respectively) and the
microscopic activities of these states (Vq and Vo, respectively):

Vobs=F1 - Vi+F - Vo=(1 = F) - Vi+F, - V, (2

For example, this output Vs could be the velocity of a receptor-regulated kinase reaction, in
which case V1 and Vo would be the microscopic kinase velocities of states 1 and 2, respectively.
Equation (2) shows that if the microscopic activities V1 and V, are known, the net signal output
can be calculated from the fractional occupancy of the high activity state (F»).

In a two-state system, the fractional occupancy of the high-activity state is determined by the
concentrations of individual species, where the net population of a given state includes both
the apo and ligand-occupied receptors in that state:

_ ([R2]+[LR>])
([R2J+[LR2J+[Ry [+[LR]) ©)

2

Substitution of the individual concentration terms with standard expressions for the relevant

equilibrium constants (Kp1, Kp2, K12, Kllz) and use of mass balance transforms equation (3)
into an equation relating the fractional occupancy of the high-activity state to the free ligand
concentration [L] and the fixed parameters of two homogeneous signaling states:2:3

K. +[L
Fye o +[L]

1 Kpy
K, (”KT:)HL](”((Km?Km))) )

This equation indicates that the fractional occupancy of the high-activity state increases or
decreases with ligand concentration [L] for an activating or inhibitory ligand, respectively (see
Figure 2). For example, when a receptor population is titrated with an inhibitory ligand, the
fraction of activated receptor (F,) decreases and the shape of the titration depends on Ky, as
illustrated in Figure 3(A). Note that the apparent ligand affinity decreases with Ky, since an
inhibitory ligand binds more tightly to the low-activity state 1 and the fractional population of
this state decreases as K1 increases.

The apparent dissociation constant (K1) for ligand binding is defined operationally as the
ligand concentration that yields the half-maximal change in the fractional occupancy of the
high-activity state (see Figure 3(A)). More precisely, Ky, is the ligand concentration that shifts

the fraction of activated receptor to a value halfway between its extreme values observed in

the absence of ligand and the presence of saturating ligand ( Fé"’“ and F3*, respectively):2:3

K., (Ki2+1)
Kl/zz[)-i
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This equation confirms that the apparent ligand dissociation constant depends on the
microscopic ligand dissociation constants of the two homogeneous states (Kp; and Kp») and
on the equilibrium constant between the two states in the absence of attractant (Ky5).
Examination of the limiting conditions indicates that as the equilibrium constant K1, goes to
zero or infinity, the apparent dissociation constant K1/, becomes Kpq or Kpp, respectively, as
expected.

Fitting the homogeneous two-state model to the aspartate receptor

The homogeneous two-state model makes quantitative predictions regarding the responses of
bacterial chemoreceptors to attractant and adaptation signals. To analyze these predictions, it
is first necessary to identify the subclass of two-state receptors that the chemoreceptors are
most likely to resemble. The chemoreceptors are typically bifunctional receptors that respond
to both activating and inhibitory ligands.16-18 Attractants are inhibitory ligands, since they
decrease kinase activity. In Figure 1, state 1 is assumed to be the low-activity state (R; and
LR4) while state 2 is the high-activity state (R, and LR>). Attractant binds with higher affinity
to state 1, thereby decreasing kinase activity by driving the equilibrium toward the off-state.
To a first approximation, which is fully valid for the aspartate receptor utilized in the present
study, the low-activity state is completely inactive, such that states 1 and 2 can be simply termed
the off-state and the on-state, respectively.

Figure 3(B) depicts titrations of the S. typhimurium aspartate receptor with the attractant o-
methyl aspartate, in which attractant binding to the receptor inhibits the kinase activity of the
receptor-regulated signaling complex. Attractant titrations of kinase activity have been carried
out for all 16 covalent adaptation states of the homodimeric receptor, including the four
representative adaptation states illustrated in Figure 3(B) (QEEE, QEQE, QQEQ, and QQQQ).
13 1n all 16 cases, the kinase activity observed at saturating attractant concentration is
immeasurably low, such that state 1 is a true off-state with no detectable activity, or V1 ~0 in
equation (1). In this limit, the net kinase activity of the receptor population becomes Vgps
~F,V5, enabling direct calculation of the fractional occupancy of the high-activity state (F»)
from V,ps When the microscopic kinase rate of the high-activity state (V5) is known. Such a
system simplifies measurement of F, and is therefore ideal as a test case in which to probe the
adequacy of the homogeneous two-state model.

Comparison of Figure 3(A) and (B) for a homogeneous two-state receptor and the aspartate
receptor, respectively, indicates that the aspartate receptor exhibits certain two-state features.
In particular, titration of any one adaptation state with attractant inhibits CheA kinase activity
in a sigmoidal fashion, as would be expected for a homogeneous two-state receptor possessing
limited positive cooperativity between receptors. Moreover, when the receptor adaptation state
is varied by converting adaptation site glutamate residues to glutamine, the apparent
dissociation constant for aspartate (K1/2) and the maximal kinase activity of the receptor

population ( vggj) both increase in the qualitative fashion expected for a homogeneous two-

state receptor (Figure 3(A) and (B)). As shown previously, when dose—response curves are
measured for all 16 receptor adaptation states, a strong linear correlation between K1/, and

VP emerges, as illustrated by Figure 4(A) and Table 1.13

obs

To test whether the homogeneous two-state model can account for the observed linear

relationship between Ky, and V., the best-fit values of the two-state parameters Kpg, Kpy,
and K1, must first be determined for this receptor—ligand pair. These parameters, when
introduced into equation (4) with the experimentally determined F, (see above), fully define
the predicted shape of the attractant dose-response curve for each receptor adaptation state.
The values of Kp; and Kp; are constrained by the minimum and maximum values of Ky,

observed when the adaptation state is varied, which place limits on the microscopic attractant
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affinities of the two states. Since glutamate residues at the adaptation sites drive the equilibrium
toward the low-activity state 1, the lowest measured K1, obtained for the QEEE and EEEQ
receptors (9 uM) serves as an upper limit on Kp;. The true Kpq must be even lower than this
limiting value, since the QEEE and EEEQ maodification states do not drive the receptor
completely into low-activity state 1, as indicated by the fact that the EEEE receptor exhibits
even lower kinase activity (which is unmeasurable under standard assay conditions, thus
preventing determination of K1/, for this receptor). Similarly, since glutamine residues at the
adaptation sites drive the equilibrium toward the high-activity state 2, the value of Kp, should
be at least as high as the largest K1/, measured for the QQQE and QQQQ receptors. Given
these constraints, Kpg <9 uM and Kp, > 97 uM. Currently, the best estimates of these constants
are Kp1 =4 uM and Kpy = 150 uM (see Appendix).

The value of the equilibrium constant K, can be calculated from the fractional receptor
population in the high-activity state when no ligand is present ( F5™):

apo
lep() — KIZ _ obs
2 (Kp+) W ()

(note that while the relationship between F;p" and Ky is general, the relationship between

F3P, Vi and V, is specific for an inhibitory receptor with an inactive state 1 such that V4 =

obs !
0). Experimentally, the quantity F;‘po can be determined from the ratio of the observed relative

kinase activity in the absence of attractant ( V°°) to the maximal kinase activity observed when

obs

the receptor population is driven completely into high-activity state (V,, see equation (1)). The

parameter Vf)‘{,’f has been measured for each receptor adaptation state and ranges from ~0.0 to

3.1 under standard conditions (Table 1), thus knowledge of V, would enable direct calculation
of the F,™ values for these states. Previous studies have identified a series of six receptor
superactivating mutations that, when expressed in the QQQQ adaptation state background,
appear to provide an upper limit on the value of V,. Of the over 200 receptor mutations screened
to date, these are the most active, yielding kinase activities five-to sixfold higher than observed
for the wild-type receptor (QEQE), and 1.6 to 1.9-fold higher than observed for the most highly
modified receptor (QQQQ).52756 One of them, G278V in the QQQQ background, appears to
trap the receptor in the high-activity state 2, since it prevents both attractant-triggered inhibition
of kinase activity and the loss of kinase activity normally caused by glutamate residues at the
adaptation sites.13 Together, these observations suggest that G278V/QQQQ and the other
superactivating mutations drive the receptor population fully into the high-activity state.13

Assuming this is the case, it follows that V, ~5.5 under standard conditions, thereby enabling

calculation of ng(’ in equation (6) for each receptor adaptation state as summarized in Table

1.

Figure 4(B) compares the predictions of the homogeneous two-state model, calculated from
equation (4), with the observed linear correlation between the apparent attractant affinities and
kinase activities. The experimental data were obtained from Figure 4(A) simply by converting

the horizontal axis parameter from Vipe to F5™ (where F,"° =V /V, for V, = 5.5). Again, the
experimental plot of apparent affinity versus activity is well approximated by a straight line
(Figure 4(B), continuous line). Predicted curves for the homogeneous two-state model were
generated using the most accurate current estimates of the microscopic attractant affinities
(Kp1 =4 uM and Kpp = 150 pM, continuous curve) or the attractant affinities that provide the

best fit to the data while still satisfying the constraints discussed above (Kp1 =9 uM and

Kpg ~, broken curve). For F;“"’ values between 0.0 and 0.6, which includes the experimental
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points (filled circles), the homogeneous two-state model predicts that K1/, will increase
approximately linearly. However, the slope of the experimental data is observed to be 25-fold
and 11-fold higher than the initial slopes of the most accurate and best fit homogeneous two-
state models, respectively. The fit is improved slightly by assuming that the fully modified
receptor adaptation state (QQQQ) drives the population completely into the high-activity state

2, such that Vo=V’ (QQQQ)=3.1 rather than 5.5. This assumption reduces the slope of the

obs

experimental data (broken line). However, the experimental slope remains sixfold higher than
that predicted by the best fit two-state model. As ng" increases further from 0.6 toward 1.0,
where the receptor population is primarily in state 2, the curves predicted for the homogeneous
two-state model increase rapidly and deviate even more from the experimental data. In short,
the homogeneous two-state model is able to explain the qualitative effect of attractant binding
on kinase activity for any one receptor adaptation state (Figure 3(A) and (B)), but is unable to
account for the changing attractant affinities and kinase activities observed when the adaptation
state is varied (Figure 4(A) and (B)).

Modifying the two-state model to fit the aspartate receptor data

The traditional, homogeneous two-state model assumes that receptor covalent modification
has no effect on the microscopic parameters of the on-state and off-state. The simplest way to
modify this model is to allow each microscopic parameter to vary as the adaptation sites are
modified. The result is a heterogeneous two-state model, since the on-state or the off-state
becomes heterogeneous when different adaptation states are introduced. There are at least six
microscopic parameters that could be altered by covalent adaptation, yielding six different
modified two-state models. In particular, covalent adaptation could alter (i) the microscopic
attractant affinity of the off-state Kp;, (ii) the microscopic attractant affinity of the on-state
Kpg, (iii) the kinase activity of the low-activity state V1, (iv) the kinase activity of the high-
activity state V5, (v) cooperative interactions between receptor dimers, or (vi) the stability of
the receptor-kinase signaling complex. All six of these modified two-state models assume that
each covalently adapted receptor retains just two signaling states, corresponding to states 1 and
2 of the homogeneous two-state model. The following analysis tests each of the six models,
assuming for the sake of simplicity that the deviation from homogeneous behavior arises from
alteration of a single parameter. While this is likely an oversimplification, the approach
identifies the single parameter most likely to dominate.

The first possibility is that covalent modification of the receptor adaptation sites alters the
microscopic attractant dissociation constant Kp; of the off-state, while retaining fixed Kp, and
V, parameters. The fixed values of Kp, and V5, utilized are the most accurate current estimates
as determined above (Kpy =150 uM, V, =5.5). For a given covalent adaptation state exhibiting
a known Ky and Ky, (from Table 1), the Kp; value required to fit the experimental data can
be calculated by rearranging equation (5):

Kip

Kirt] — (KlzKl/z)
2 Koo (@)

K,

pDI=

By allowing Kp; to vary as specified in equation (7), this approach yields a heterogeneous
modified two-state model that quantitatively fits the experimental results as illustrated in Figure
5. The resulting modified Kp; values for the attractant a-methyl aspartate are summarized in
Table 1 and range from 8 uM to 72 pM, in most cases differing significantly from the fixed
Kpz value of 9 uM or 4 pM used in the homogeneous two-state model in Figure 4(B). In this
scenario, Kpj increases gradually with the introduction of glutamine residues at the adaptation
sites, thereby shifting the K1/, values predicted by the homogenous two-state model (equation
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(4)) up toward the higher K1/, values observed by experiment as illustrated in Figure 5(A).

w thus Kl,2 can be
calculated from the values of Kp1, Kpy, and K1, for each adaptation state as glutamine residues

Note that the thermodynamic cycle (Figure 1) requires that K12=K1/2 K., /K,

are introduced (equation (1)). The resulting I(l’2 values increase 600-fold from the QEEE state
to the QQQQ state, indicating that the fractional population in the on-state should shift
substantially in the presence of saturating ligand. Unfortunately, this prediction cannot be tested
currently, since the kinase activity of the ligand-occupied receptor is not measurable. Thus, the
Kp1 model provides an adequate fit to the available data, and further consideration is warranted
of the proposal that receptor covalent adaptation alters the microscopic dissociation constant
for the low-activity state. Figure 5(A) illustrates how the varying Kp shifts the curve predicted
for the homogeneous two-state model in a way that fits the experimental data.

The second possibility is that receptor covalent adaptation modulates the microscopic
dissociation constant for the high-activity state (Kp»). To determine the Kp, values needed to
provide agreement with the experimental data, equation (5) can be rearranged:

K - K, - K2 - Kip2
P K, (Kip+1) = Ky (8)

However, substitution of the experimentally determined Ky, values together with the optimal
fixed values of Kpq and V5 determined above (Kpj = 4 uM, V5 = 5.5) yields a negative Kp»
for most values of Ky,. Since Kp, cannot be negative, the variable Kp, model is physically
implausible. This is not surprising, since the estimated K1, values for the various adaptation
states are all less than or approximately equal to unity (F» less than or approximately equal to
0.5), while the ratio Kpy/Kpy is significantly greater than unity. For these conditions, equation
(5) indicates that Ky, is relatively independent of Kp», thus modification of Kp, by covalent
adaptation could not account for the observed deviation from homogeneous two-state behavior.

The next two possibilities focus on the effect of receptor covalent adaptation on the microscopic
kinase activities of the low and high-activity states (V1 and V5, respectively). The data indicate
that V1 never becomes measurable, since the net kinase activities of all receptor covalent
adaptation states are immeasurably low in the presence of saturating attractant.2 It follows
that state 1 is a stable off-state that cannot modulate the observable parameters in a significant
way, and thus does not account for the deviation from homogeneous two-state behavior. By
contrast, if covalent adaptation changes V5, the observable parameters will be altered
significantly. To calculate the modified V, values needed to fit the experimental results, it is
useful to first rearrange equation (5) to determine Ko:

K
P
2=V
Kl/Z - KDz 9)

Combining equations (6) and (9) yields equation (10), which enables calculation of a modified

V5 value for each receptor adaptation state from the other parameters Vﬁgf , Kp1, Kpa, and
Kip:

apo
Vo= Vobs (K172 = Kiy) apo

. oA
K (1 _ M) obs
D2

KDl

(10)
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The resulting modified V, values vary over an eightfold range and decrease as the adaptation
sites are restored to glutamate side-chains. Subsequently, the modified V, for a given adaptation

state, together with its measured Vf:{f can be used to calculate K15 for that state as indicated
in equation (6). The resulting modified V, and ng(’ values are summarized in Table 1. The

modified ng" values are all larger than those obtained above using a fixed value of V5, while
the modified V, values are all smaller than the fixed value utilized above (V, =5.5). The smaller

modified V5 values are closer to V'™, thus the fractional occupancy of the high-activity state

obs !

apo _173p0

in the absence of attractant ( £, obs / V2, see equation (6)) increases significantly. This shift

of F5™to larger values can provide arbitrarily close fits to the experimental results, as illustrated
in Figure 5(B). Thus, a model proposing that covalent adaptation changes V, can account for
the deviation from homogeneous two-state behavior and is worthy of further consideration.
However, this model is disfavored by a lock-on mutant believed to trap the receptor in state 2,
for which V5 is observed to be independent of adaptation state (see Discussion).

In the fifth potential model, the receptor adaptation state modulates cooperative interactions
between receptors, which in turn perturbs the apparent dissociation constant for attractant
regulation (K12). Previous studies quantifying the attractant dependence of kinase regulation
have detected positive cooperativity between receptor dimers in the binding of attractant, and
have shown that this positive cooperativity generally increases with modification state.23:31
For the aspartate receptor, the incorporation of glutamine residues into the adaptation sites
causes the measured Hill coefficient for attractant regulation to increase from approximately
1.5t0 3.0 due to increased cooperativity between the aspartate-binding sites of different dimers.
13,23 1n principle, positive cooperativity between receptors could either increase or decrease
the apparent ligand binding affinity relative to the ligand-binding affinity observed in the
absence of cooperativity.>’ Recent evidence suggests that, for a given aspartate receptor
adaptation state, increasing the cooperativity between receptors causes the apparent attractant
affinity to increase.2458 It follows that the increased positive cooperativity known to arise from
glutamine incorporation into the adaptation sites'3:23 should increase the apparent attractant
affinity as well. By contrast, the observed deviations from homogenous two-state behavior are
associated with a rapid loss of attractant affinity as glutamine residues are incorporated. Thus,
the available evidence indicates that the increased positive cooperativity between receptors
caused by glutamine incorporation at adaptation sites does not account for the failure of the
homogeneous two-state model.

Effects of receptor covalent modification on signaling complex assembly

In the sixth and final model tested, covalent receptor adaptation perturbs the observed kinase
activity of the two-state system, but not simply by altering the microscopic V, of the high-
activity state as considered above. Instead, the perturbation alters the total number of active
signaling complexes. In this model, covalent adaptation of the receptor changes the affinity of
signaling complex formation. Thus, the model predicts that two-state behavior will be restored
under conditions where signaling complex formation is driven to completion for all adaptation
states. To test this possibility experimentally it was first necessary to determine the relative
concentrations of the receptor and kinase components needed to maximize signaling complex
formation. For the G278V/QQQQ, QQQQ, QEQE, QEEE and EEEE receptors, two titrations
were carried out in which (i) the concentrations of soluble components CheA, CheW and CheY
were covaried or (ii) the concentration of receptor-containing membranes was varied. Even if
different adaptation states modulate receptor—receptor interactions to yield different numbers
of receptor oligomers capable of forming signaling complexes, the increasing total receptor
concentration of the first titration should ensure that all adaptation states form the same number
of signaling complexes due to saturation of the fixed kinase population. Plots of relative CheA
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kinase activity against receptor or kinase concentration indicate that, for a given receptor
adaptation state, kinase activity asymptotically approaches maximal level as illustrated in
Figure 6(A) and (B). The results of control studies (not shown) indicate that these experiments
utilized sufficient CheY to ensure that the kinase activity was independent of the CheY
concentration, and that the formation of phospho-CheY was linear with time during the entire
initial rate measurement. Thus, even at the maximal kinase activities, the autophosphorylation
of CheA remains rate-determining, and the substrates of the reaction are not depleted
significantly. Similarly, the CheW concentrations utilized were sufficient to yield maximal
kinase activity (not shown). For each titration, best-fit analysis utilizing the Hill equation

provided an apparent dissociation constant for signaling complex assembly ( K*™P'**) and an

asymptotic maximal kinase activity (Vi) as summarized in Tables 2 and 3, as well as a Hill
coefficient. The best-fit Hill coefficients (Figure 6 legend) are difficult to interpret, due to the
complicated dependence of signaling complex assembly on the CheW concentration and CheA
dimerization.17:3-61 However, these Hill coefficients range from 1.0 to 2.5, consistent with

current models in which the signaling complex contains multiple copies of each component.
22-25,32,41

Examination of the K-"'** values obtained when the concentration of total receptor or kinase
components is varied (Tables 2 and 3) indicates that the apparent signaling complex affinity
does not vary widely for different receptor adaptation states, increasing two-or fourfold,
respectively, as the covalent modification of the receptor increases from QEEE to QQQQ.
Similarly, previous studies have shown that the signaling complex affinity is relatively
independent of the receptor ligand occupancy.39:40 Together, these observations demonstrate
that the signaling state of the receptor does not greatly alter the affinity of signaling complex
formation. However, the results indicate that the standard concentrations of protein utilized in
the in vitro signaling complex activity assay (see Materials and Methods) are slightly below
the saturating concentrations needed to drive signaling complex formation to completion. Thus,
when conditions are changed from standard to saturating, the kinase activity observed in the

absence of attractant increases from 1.4-fold to threefold (compare Vop. in Table 1 with V2
in Tables 2 and 3) depending on the adaptation state. This increased kinase activity represents
a population shift from the unassembled state to the high-activity state, and the shift is largest
for QEEE and smallest for G278V/QQQQ. If this increased occupancy of the high-activity
state is responsible for deviations from homogeneous two-state behavior, then the signaling
complexes assembled under saturating conditions would need to exhibit fractional occupancies
of their high-activity states (F;S:[’ Tables 2 and 3) ranging up to 14-fold higher than observed
under standard conditions ( F;‘pov Table 1; by analogy with the modified V, model discussed
above, which provides the model-independent ng" increases needed to fit the data). Almost

identical F5" values are observed when increasing the receptor or kinase concentration to
saturation (compare Tables 2 and 3), as expected, since the fully assembled signaling complex
should exhibit the same fractional occupancy of the on-state regardless of how full assembly
isachieved. However, the largest measured increase is less than twofold for the QEEE receptor.
Such small increases cannot explain the large deviations from homogeneous two-state

behavior. Moreover, when conditions are changed from standard to saturating, the Ky, values

vj;gf values measured for attractant regulation of kinase activity are unchanged within error (as

observed for QEQE, 3 and for QQQQ, unpublished data). Thus, neither the F5™ nor the Ky,
parameters measured under standard conditions change substantially under saturating
conditions. Overall, the data of Tables 2 and 3 provide strong evidence that the effects of
receptor adaptation state on signaling complex assembly are too small to account for the
observed deviations from homogeneous two-state behavior.
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Estimation of the receptor:CheA mole ratio in chemotactic sighaling complexes

By comparing the maximal kinase activity measured under saturating receptor and CheA
conditions, it is possible to estimate the maximum receptor:CheA mole ratio in the assembled
signaling complex. The approach is based on the fact that the observed kinase activity of a
given number of assembled signaling complexes will be the same, regardless of whether
saturation is achieved by varying the receptor concentration or the CheA concentration. Table
4 shows how the receptor to CheA mole ratio, ranging from 5.2 to 6.7, was determined for the
QEEE, QEQE, QQQQ and 278V/QQQQ receptors. For example, for QQQQ, a fixed receptor
monomer concentration of 2.6 uM would, under saturating CheA conditions, give the same
maximal kinase activity as a fixed CheA monomer concentration of 0.5 uM under saturating
receptor conditions. It follows that the number of signaling complexes is the same for these
two saturated systems, and that the receptor to CheA mole ratio is 2.6/0.5 = 5.3. These
calculations assume that receptor molecules are fully accessible to the soluble components
during complex assembly, and that all receptor and CheA molecules are active. The E. coli
membranes containing the receptors are membrane fragments produced by sonication, and at
least 95% of the receptor population is accessible to cleavage within five minutes of addition
of the 29 kDa tobacco etch virus (TEV) protease, indicating that most membrane compartments
are accessible. However, the 132 kDa CheA dimer is considerably larger than TEV and could,
in principle, be excluded from some internal compartments that admit a catalytic quantity of
protease. In addition, it is not known whether all copies of the receptor, which is overexpressed
approximately 30-fold higher than its native abundance, are properly folded and competent for
incorporation into signaling complexes. Thus, the calculated receptor to CheA mole ratio is
best regarded as an upper limit.

Discussion

The homogeneous two-state model of receptor activation has been proposed to describe the
signaling behavior of bacterial chemoreceptors (see Introduction). A quantitative analysis
reveals that the homogeneous two-state model fails to account for the linear relationship

between the apparent attractant affinities (K1/2) and maximal kinase activities ( Vi{f or F‘Z‘PO)

of different receptor covalent adaptation states (Figure 4). In particular, the homogeneous two-
state model predicts an initial slope for this linear relationship that is sixfold to 25-fold lower
than the experimentally determined slope (Figure 4(B)). By contrast, the data are consistent
with a heterogeneous two-state model in which covalent modification of the receptor adaptation
sites changes the microscopic parameters of the on-state or the off-state.

Altogether, six different modified two-state models were tested for their ability to reproduce
the linear relationship between apparent affinities and kinase activities as the adaptation state
is varied (see Results). Each of these models proposes that covalent adaptation alters only one
microscopic parameter of the on-state or the off-state. Two of the six models were found to
provide an adequate fit. The first successful model proposes that covalent adaptation alters the
microscopic dissociation constant (Kp1) for attractant binding to the signaling complex off-
state. The other successful model proposes that covalent adaptation alters the kinase activity
of the on-state (V). However, evidence disfavoring the latter Vo model is provided by the 278V
mutant, which is believed to trap the receptor in the on-state. Previous results have shown that
covalent modifications of the adaptation sites on the 278V receptor have little or no effect on
kinase activity, suggesting that the kinase activity of the on-state is not altered significantly by
covalent adaptation.13 Quantitative analysis also rules out the four remaining models by
demonstrating that covalent adaptation does not alter significantly the dissociation constant for
attractant binding to the on-state (Kp,), or the kinase activity of the off-state (1), or the
cooperativity between receptors, or the stability of the signaling complex. Thus, the present
findings suggest that covalent adaptation most likely alters the dissociation constant for
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attractant binding to the off-state (Kp1). However, the present findings do not rule out the
possibility that covalent adaptation could alter combinations of the six microscopic parameters,
which is quite plausible.

In the successful Kpy heterogeneous two-state model, neutralization of adaptation site
glutamate residues by methyl esterification or amidation causes the microscopic attractant
affinity of the off-state to decrease up to eightfold, representing a transmembrane perturbation
of the periplasmic ligand-binding site. As a result, covalent modification of the adaptation sites
generates a mixed population of off-states with different attractant affinities. In this picture, a
typical population of receptors will have homogeneous on-states, but heterogeneous off-states,
thereby accounting for the deviation from homogeneous two-state behavior. Since the
heterogeneous off-states have different microscopic parameters and conformations, they can
be considered new signaling states that are not present in a homogeneous two-state system.
Further examination of the Kpq model reveals that a significant fraction of the receptor
population exists in state 1, the off-state, even in the absence of attractant, ranging from
approximately 45% for the QQQQ receptor to 95% for the QEEE receptor. As a result, the
apparent attractant affinity is highly sensitive to changes in Kpp (see equation (5)).

The Kp; heterogeneous two-state model further proposes that the effect of covalent
modification on Kp has likely evolved, at least in part, because it enables a chemotaxing
bacterial cell to sense a broader range of concentrations of attractant. During chemotaxis, as a
bacterial cell swims up an attractant gradient, the level of methylation increases and causes
K17 to increase as well, thereby decreasing the apparent attractant affinity. The decreased
affinity helps the receptor population avoid saturation by the increasing concentration of
attractant, thereby extending the dynamic range of the chemotaxis pathway. In the Kp; model,
methylation of the receptor population generates considerably larger Ky, increases than
predicted by the homogeneous two-state model; thus the effect of covalent adaptation on
Kpz extends the dynamic range of the chemotaxis pathway even further than allowed by a

homogeneous two state system. The increasing Vf)‘gf may also help the receptor population

adapt to the changing concentration of attractant, since at high levels of attractant the majority
of receptors will eventually be driven to the off-state by attractant binding. The increased kinase
activity of the apo receptors could maintain the net kinase output of the signaling complex

population at a useful level even when the majority of the population is inhibited. Finally, the

striking linear relationship between K1/, and Vﬁ{f may have evolved to ensure that the net

attractant affinity and kinase activity of the receptor population gradually change in a similar
fashion as the receptor population is driven into the fully modified state. Alternatively, the

linear relationship between K4/, and Vf:gf may arise from an underlying physical mechanism
directly coupling these parameters that is not understood.

The molecular mechanism by which covalent modification of the cytoplasmic adaptation sites
alters the attractant affinity of the periplasmic attractant binding site is not known. The simplest
model proposes that this transmembrane communication arises from a reversal of the piston
displacement of the signaling helix, which transmits the signals across the membrane.16
Evidence for such a covalent modification-driven reversal of the piston displacement has been
detected by disulfide formation rate changes in a related receptor.52 This model proposes that
neutralization of the adaptation sites causes subtle piston displacements of the signaling helix
toward the cytoplasm, and that these displacements are slightly larger than would be expected
for a homogeneous two-state system. In such a picture, the effects of covalent modification
could perturb the piston position for both the on-state and the off-state, thereby altering the
microscopic attractant affinities of both states (Kp; and Kp»). The present analysis does not
rule out such a possibility, since only one microscopic parameter was varied at a time.
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The failure of the homogenous two-state model to explain the quantitative data for different
covalent adaptation states adequately may have implications for quantitative simulations of
chemotaxis pathway function. For example, the homogeneous two-state system has been
utilized recently in several computational models of the chemotaxis pathway.3%:63-66 On a
qualitative level, these computational models have successfully reproduced key features of
pathway function. The present study suggests that even more accurate pathway simulations
could be carried out by including the effects of receptor covalent modification on the
microscopic parameters of the on-state and the off-state, particularly the attractant affinity of
the off-state.

Finally, the estimated mole ratio of approximately six receptor monomers to one CheA
monomer, measured by a novel approach, is consistent with a simple oligomeric model for the
chemotactic signaling complex. In this model, two receptor trimers-of-dimers are bridged by
asingle CheA dimer. Evidence that the receptor forms stable trimers-of-dimers is provided by
the crystal structure of a receptor cytoplasmic fragment,22 while CheA is known to form a
stable dimer.61:67 A similar oligomeric model was appeared after submission of the current
work.*2 The bridging of two trimers-of-dimers via dimeric CheA is consistent with Hill
coefficients measured in vitro and in vivo for the attractant regulation of the kinase response,
which range from 1 to 3.13:%8 These Hill coefficients suggest that there are strong cooperative
interactions between receptors within a single trimer-of-dimers,24 while little or no
cooperativity is transmitted through the CheA dimer to the other trimer-of-dimers in the
complex. It should be noted that if a significant fraction of the receptor population is improperly
folded or inaccessible to the soluble proteins during complex assembly, then the receptor to
CheA mole ratio could be considerably less than 6:1. Thus the present findings do not rule out
previous models suggesting receptor to CheA mole ratios of 1:139 and 2:1.32

Materials and Methods

Materials

Membranes containing overexpressed S. typhimurium aspartate receptor (tar) were isolated
from the E. coli strain RP3808 (A(cheA-cheZ)DE2209 tsr-1 leuB6 his-4 eda-50 rpsL136
[thi-1 A(gal-att])DE99 ara-14 lacY1 mtl-1 xyl-5 tonA31 tsx-78]/mks/) provided by Dr John S.
Parkinson, University of Utah.>® The materials used to express the S. typhimurium histidine
kinase CheA (HB101/pM0O4) and the S. typhimurium coupling protein CheW (HB101/pME5)
were kindly provided by Dr Jeff Stock (Princeton University, Princeton, NJ).68:69 The E.
coli CheY expression strain and plasmid (RBB455/pRBB40) were provided by the Drs Bob
Bourret (University of North Carolina, Chapel Hill, NC), and Mel Simon (California Institute
of Technology, Pasadena, CA).”0 Radiolabeled enzyme substrate [y-32P]JATP (6000 Ci/mmol)
was purchased from NEN Lifesciences. tobacco etch virus (TEV) protease was obtained from
Invitrogen.

The generation and expression of the modified receptors used in this study was performed as
described.13 Briefly, engineered receptors were expressed from variants of the plasmid
pSCF6°6 transformed into the E. coli strain RP3808, which lacks functional major chemotaxis
receptors and the cytoplasmic chemotaxis components CheA, CheW, CheY, CheR, CheB, and
CheZ. Preparation of native E. coli membrane fractions containing the overexpressed
engineered receptors were carried out as described.>® The soluble chemotaxis components
CheA, CheW, and CheY, were overexpressed and purified in E. coli as described.>2 The
concentration and purity of the engineered receptors in isolated membranes as well as soluble
chemotaxis proteins was determined by means of BCA assay and quantification of protein band
intensities following SDS-PAGE as described.23
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Proteolysis assay

Kunkel mutagensis was utilized to replace residues 267-275 with the seven residue recognition
sequence ENLYFQG in the QQQQ aspartate receptor modification state background as
described.13 Sonicated native membrane preparations of the modified receptor were produced
as described. TEV protease (ten units) was added to 150 pl of receptor vesicles containing 2.8
uM receptor and incubated in 50 mM Tris—HCI (pH 8.0), 0.5 mM EDTA at 23 °C. The reaction
was quenched by the addition of SDS-PAGE buffer (10% (v/v) glycerol, 62.5 mM Tris—HCI
(pH 6.8), 2% (w/v) SDS) and incubation for two minutes at 95 °C. Proteolysis of the receptor
was assayed by SDS-PAGE. WT receptor was not digested upon incubation with TEV protease
for one hour under these conditions.

In vitro activity assays

The reconstituted in vitro receptor-coupled kinase assay was performed as described but with
the following modifications.13:23:43:44 Tg reconstitute the receptor kinase signaling complex
a reaction mixture consisting of attractant (if included), the aspartate receptor in native
membrane vesicles, as well as the purified cytoplasmic components (CheW, CheA, CheY),
was incubated at ambient temperature (23(x1) °C) for one hour to allow for the complete
formation of the ternary signaling complex. Unless indicated otherwise, the concentration of
components used to determine the relative kinase activity and attractant affinity of the modified
receptors as shown in Table 1 were 2 uM receptor, 2 uM CheW, 0.5 uM CheA and 10 uM
CheY, where all protein concentrations are given in terms of a single subunit or monomer. All
reactions were carried out at 22 °C in buffer containing 50 mM Tris—=HCI (pH 7.5), 50 mM
KCI, and 5 mM MgCl,. Each reaction was initiated by the addition of [y-32P]JATP (diluted
with cold ATP to a total concentration of 100 uM total ATP) to the reaction mixture and
quenched after ten seconds incubation. The radiolabeled [32P]phospho-CheY was resolved by
SDS-PAGE and quantified by phosphorimaging. The excess CheY present in these rate
experiments was present in sufficiently high concentration to ensure that the rate-limiting step
in phospho-CheY formation was the autophosphorylation of CheA. In each experiment, the
ten second timepoint was found to be in the linear range of the [32P]phospho-CheY formation
reaction even for the most superactivating receptors, indicating that this ten second timepoint
could be used to determine the initial rate of the rate-determining CheA autophosphorylation
step.23:56 Furthermore, titration of CheW concentration relative to the other chemotaxis
components at concentrations of 2 uM receptor, 0.5 uM CheA and 10 uM CheY, revealed that
kinase activity reached a maximum at approximately 2 uM CheW.

The apparent ligand-binding affinity, Ky, of the receptor was determined using the ligand a-
methyl-D,L-aspartate as described.13:23 This assay detects only those receptors in productive
signaling complexes, thereby ensuring that the measured Ky, arises from active receptors
complexed with active CheA, CheW, and CheY molecules.

In experiments measuring the concentration-dependence of a reaction rate, a cooperative,
multi-site Hill equation was used to best fit the rate versus concentration curve:

H
R:Vapo( [X] ) +m

s \ (K o)+ XM (1

where R is the normalized receptor-regulated CheA kinase rate, Vi, is the maximal rate of
kinase activation, m is the minimal CheA kinase activity (typically zero under standard
conditions), [X] is the concentration of the component being varied, K1, is the concentration
at which the receptor-coupled CheA kinase activity is half-maximal, and H is the Hill

coefficient.
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Data analysis and error determination

Modeling studies utilized Excel 2001 (Microsoft, Redmond, WA). Non-linear and linear best
fits of data were carried out using Kaleidagraph 3.0 for Macintosh (Synergy Software, Reading,
PA). Errors represent standard deviation for n> 3.
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Abbreviations used

L

R;and Ry
Kp1

Kbz

Kz

apo
Vobs

yae

sat
Fapo

apo
2sat

Kcomplex
D

BCA
TEV

the receptor ligand

the receptor low-activity and high-activity states, respectively

the ligand dissociation constant for the receptor low-activity state 1
the ligand dissociation constant for the receptor high-activity state 2

the equilibrium constant that defines the ratio of the two receptor state
populations in the absence of ligand

the equilibrium constant that defines the ratio of the two receptor state
populations in the presence of saturating ligand

the fractional receptor population in low-activity state 1
the fractional receptor population in high-activity state 2

the output signal (such as kinase velocity) produced by the receptor low-activity
state 1

the output signal (such as kinase velocity) produced by the receptor high-activity
state 2

the concentration of ligand that gives half-maximal signal output (such as kinase
activity) in an attractant dose-response curve

the asymptotic kinase velocity exhibited by the aspartate receptor signaling
complex in the absence of attractant, relative to the asymptotic velocity observed
for the wild-type receptor (QEQE) utilizing standard assay conditions

the asymptotic kinase velocity exhibited by the aspartate receptor signaling
complex in the absence of attractant at saturating levels of receptor or kinase

the fractional population of the aspartate receptor signaling complex in state 2,
the high-activity state, in the absence of attractant

the fractional receptor population of the aspartate receptor signaling complex
in state 2, the high-activity state, in the absence of attractant at saturating levels
of receptor or kinase

the apparent dissociation constant for assembly of the aspartate receptor
signaling complex

bicinchoninic acid
tobacco etch virus
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Determination of best-fit values for Kpq and Kp,. Although the Kp and Kp, of the receptor

are not known, estimates can be made for their values. Like the plot of K/, versus Vf,‘{,’f (Figure
4(A) of the main text) for the experimentally determined values of the receptor modification
states the plot of Ky, versus K15 is linear when calculated using a V, value of 5.5 (data not
shown). The error-weighted linear best-fit plot of Ky, versus K1, has a Y-intercept of 4 uM.
This value can be used as an estimate of ligand binding affinity of the inactive state (Kp1),
since when K1, = 0 the receptor is completely in the inactive state. The estimated Kp; value
(4 uM) is lower than the lowest Ky, value (9 uM) measured for the receptor modification
states, as is expected for the completely inactive state. To date, the highest K1/, value measured
for a superactivating receptor modification that can be almost completely downregulated by
attractant is 150 pM for A387C in the QQQQ background.Al As this superactive modified
receptor is believed to be almost completely in the activated state, the value of 150 pM serves
as a lower limit estimation of the value of Kpy.

Al. Bornhorst JA, Falke JJ. Evidence that both ligand binding and covalent adaptation drive a two-state
equilibrium in the aspartate receptor signaling complex. J Gen Physiol 2001;118:693-710.
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The homogeneous two-state model of receptor activation. In the homogeneous two-state
model, the receptor exists in an equilibrium between two signaling states, 1 and 2, that have
different ligand-binding affinities and signal output levels. State 1 is defined as the low-activity
state, while state 2 is the high-activity state. In the absence of ligand (L), the equilibrium
constant Ky, describes the distribution between the two states. For the ligand-occupied

receptor, the equilibrium constant Kl'2 describes the distribution between the two states. The
ligand affinities are given by the microscopic dissociation constants Kpq and Kpy, respectively.
For bacterial chemoreceptors, state 1 (R1 and LR1) corresponds to the off-state, which
possesses no measurable kinase activity, while state 2 (R2 and LR2) corresponds to the on-
state. Attractants are inhibitory ligands that possess a higher affinity for state 1, and thus
decrease kinase activity by driving the receptor population toward the off-state. By contrast,
covalent modification of the receptor adaptation sites (either methylation or amidation)
increases kinase activity by driving the equilibrium toward the on-state.
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Figure 2.

Activating or inhibitory receptor systems and the effects of increasing activating or inhibitory
ligand concentrations. Shown in continuous lines are the relative receptor-regulated activities
of activating and inhibitory receptors over varying ligand concentrations. The homogeneous
two-state model was used and the fraction of receptors in the activated state was calculated as
described in the text (see equation (4)). The activating receptor shown has a low K15 value
(K12 =0.1) such that less than 10% of the receptor population is in the on-state in the absence
of ligand. For this activating receptor, the activating ligand has a higher affinity for the on-
state (Kpp = 1 uM) than for the off-state (Kp; = 100 uM), thus the binding of activating ligand
to the activating receptor biases the receptor toward the on-state (state 2). In contrast, the
inhibitory receptor shown has a high K1, value (K12 = 10) such that over 90% of the receptor
population is in the on-state in the absence of ligand. The inhibitory ligand has a higher affinity
for the off-state (Kp; = 1 uM) than for the on-state (Kpp = 100 uM), thus binding of the
inactivating ligand to the the inhibitory receptor shifts the equilibrium toward the off-state
(state 1). Finally, the broken lines indicate a bifunctional receptor with an intermediate K1,
value (K12 = 1.0), indicating that the receptor populations of the on-state and the off-state are
equal in the absence of ligand. This bifunctional receptor has two sets of dissociation constants
for activating (Kp; = 100 uM, Kpy = 1 uM) and inhibitory ligands (Kp; = 1 uM, Kp, = 100
uM).
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Figure 3.
(A) Fraction of receptor in the activated state as the concentration of an inhibitory ligand

increases. The ligand-binding parameters used in this homogenous two-state model are those
estimated for the binding of an inhibitory attractant (a-methyl aspartate) to the aspartate
receptor (Kpp =4 uM, Kp, = 150 uM; see the text), while the K1, value was varied as indicated.
The fraction of receptor in the activated state (F») was calculated using the homogeneous two-
state model as described by equation (4). (B) The experimentally determined effects of
increasing concentration of ligand on the kinase activities of signaling complexes containing
the QEEE, QEQE (wild-type), QQEQ, and QQQQ receptor modification states, determined
using the in vitro receptor-coupled kinase assay under standard conditions (see the text).13 The
measured kinase activities are directly proportional to the fractional occupancy of receptor in
the activated state (F»). For each modified receptor, the CheA kinase activity was measured at
different concentrations of a-methyl aspartate. The resulting CheA kinase activities versus
[attractant] data were then fit to a multisite Hill model (equation (11)). Each point is the average
of at least three independent measurements. All indicated kinase activities are relative to that
of the wild-type receptor (QEQE) in the absence of attractant, which is assigned a kinase
activity of unity.
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(A) Previously observed correlation between the a-methyl aspartate apparent dissociation

constant (K1) and the kinase activity in the absence of attractant ( Vf:{,f’) for different covalent
adaptation states.13 Shown is the best fit straight line. (B) Plot of apparent dissociation constant

for a-methyl aspartate (K1) versus the fractional population of the on-state ( F° ;f“’) for different

covalent adaptation states. The estimated fraction of receptor in the on-state ( F,"™) was

determined using equation (6) and the Vf:{,’:’ values summarized in Table 1. Shown are points
calculated assuming that the full kinase activity of the on-state is V, = 5.5 (filled circles) or 3.1
(open circles) relative to the activity of the wild-type receptor (QEQE) in the absence of
attractant. Also shown are best fit straight lines for these data (broken and continuous lines,
respectively). The calculated curves indicate the predicted behavior of homogeneous two-state
model (equation (4) for two different sets of microscopic parameters: one set estimated to be
the most accurate (continuous curve; Kp; =4 uM, Kpy = 150 uM; see Appendix A), the other

set providing the best fit to the data (broken curve; Kpq =9 uM, Kpy = 1 x 102 uM). The initial

regions of these two-state curves are approximately linear for F ;“’0 values of 0.6 or less.

Comparison of the line for the V, = 5.5 experimental data (continuous line) to the initial lines
for the most accurate (continuous curve) and best fit (broken curve) two-state models reveals
that the slope of the experimental line is 25-fold and 11-fold higher than predicted by the two-
state models, respectively. Comparison of the line for V, = 3.1 experimental data (broken line)
to the best fit two state model (broken curve) indicates that the experimental slope is still sixfold
higher than the predicted two-state slope. Thus, in all cases, the homogeneous two-state model

deviates significantly from the experimentally determined K1/, and VS{,’? values.
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Figure 5.
(A) Plot of the a-methyl aspartate apparent dissociation constant (Kq/,) versus the fractional

activated receptor in the absence of attractant ( F§p°), illustrating how the Kpq heterogeneous

two-state model fits the data. Filled circles represent the experimentally determined K1/, and
calculated Fip" values for different receptor covalent adaptation states. The fractional activated
receptor in the absence of attractant ( F5™) was determined from equation (6) using the Vip.

obs
data in Table 1 and V5 = 5.5 (see the text). The continuous curve represents the predicted
behavior for a homogeneous two-state model with fixed parameters set at the most accurate
current estimates (Kp1 = 4 uM and Kp, = 150 pM). The broken lines represent a subset of the
16 curves obtained by allowing the Kp; parameter of the heterogeneous two-state model to
change with the receptor adaptation state (equation (7)) as summarized in Table 1, thereby
intersecting specific data points. The broken curves shown are those that fit the QEQE
modification state (Kp; = 19.4 uM), the QQEQ modification state (Kp; = 44.3 uM), and the
QQQQ madification state (Kp1 = 66.4 uM), with fixed parameters of Kp, = 150 puM and a

relative V5 of 5.5. (B) Plot of the a-methyl aspartate apparent dissociation constant (K,2)

versus the fractional activated receptor in the absence of attractant ( F ;“’"), illustrating how the
V5 heterogeneous two-state model fits the data. Filled circles represent the experimentally

determined K17 and calculated F’ gf"’ values for different receptor covalent adaptation states
assuming a fixed relative V, of 5.5. The open circles represent a heterogeneous two-state model

(equation (10)) in which the kinase activity of the activated state (V>) is allowed to vary with
the receptor adaptation state as summarized in Table 1, thereby shifting each F ;‘f’“ value to the

right, since Fgf"’:ngf/vz (equation (6)). The continuous curve is the homogeneous two-state

model (equation (5)) in which the microscopic parameters are fixed at the most accurate current
estimates (Kpy =4 uM and Kp = 150 uM).
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(A) The effect of increasing concentration of CheA on the kinase activities of reactions
containing fixed concentrations of receptor. The in vitro assay of receptor-coupled kinase
activity was used to monitor the increase in signaling complex formation upon the titration of
CheA into reactions containing 2 pM receptor monomer. The soluble components of the
chemotactic signaling complex were covaried at a fixed molar ratio of 1:4:20 for CheA to
CheW to CheY, such that CheW and CheY are always present in excess of CheA. Measured
kinase activities were normalized relative to that of the wild-type (QEQE) receptor under
standard assay conditions (0.5 uM CheA kinase monomer), such that both the relative kinase
activity and relative CheA concentration of this reaction were set equal to unity. The resulting

data were best-fit by a Hill model that yielded an apparent dissociation constant ( K*?'**) and

an asymptotic kinase activity in the absence of attractant (V:h") as summarized in Table 2. The
fit provided Hill coefficients that are difficult to interpret due to the complexities of signaling
complex assembly (see the text): H = 1.0 £ 0.3 for QEEE, 1.8 £ 0.4 for QEQE, 1.5 £ 0.2 for
QQQQ, and 1.8 + 0.3 for G278V/QQQQ. The EEEE modification state (filled boxes) showed
no significant activity above that of membranes containing no overexpressed receptors
(underlying open boxes), preventing measurement of parameters for this state. (B) The effect
of increasing concentration of receptor on the kinase activities of reactions containing fixed
concentrations of CheA kinase (0.5 pM), CheW (2 uM), and CheY (10 uM). Measured kinase
activities were normalized relative to that of the wild-type (QEQE) receptor under standard
assay conditions (2.0 uM receptor monomer), such that both the relative kinase activity and
relative receptor concentration of this reaction were set equal to unity. The resulting data were

best fit by a Hill model that yielded an apparent dissociation constant ( Kg""‘p'e") and an

asymptotic kinase activity in the absence of attractant ( V:2’) as summarized in Table 3. The
fit provided Hill coefficients that approach 2.0 but are difficult to interpret due to the
complexities of signaling complex assembly (see the text): H=1.9 + 0.6 for QEEE, 1.3 £ 0.3

for QEQE, 2.3 £ 0.5 for QQQQ, and 1.9 + 0.5 for G278V/QQQQ. Other details are as for A.
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Table 2

Effects of receptor modifications on the apparent CheA kinase affinity of the signaling complex

Kcomplcx Vapo )b Fapo

Receptor modification D for CheA binding (uM monomer)& sat (relative, 2saC
QEEE 0.40 +0.09 06+0.1 0.075
QEQE 0.34 +0.04 1.7+0.2 0.21
QQQQ 0.23+0.03 41+03 0.51
G278V/QQQQ 0.25+0.02 8.0+05 1.0

a Kf)omp s the apparent dissociation constant for CheA binding to the signaling complex determined by best-fit Hill analysis of Figure 6(A). For

a fixed receptor concentration (2 uM), the concentrations of CheA kinase, CheW, and CheY were covaried at constant molar ratios (CheA:CheW:CheY
was 1:4:20). All protein concentrations are given in monomeric units.
b y,apo
Vsal
. - . apo . apo . . -
receptor under standard conditions, which is set equal to unity (see Vohs for QEQE in Table 1). The VSal parameter is determined by best-fit Hill

complex
KD

is the maximal kinase activity attained under saturating conditions in the absence of attractant, relative to the kinase activity of the QEQE

analysis of Figure 6(A) as indicated for . No significant kinase activity was observed for EEEE.

C apo . . . . . .
E 25):[ is the fractional population of the on-state in the absence of attractant at saturating levels of CheA (as well as CheW and CheY). This parameter

is calculated as the ratio £ 5, = Vg 2sat, Where the kinase activity observed when the entire population is in the on-state (V2sat) is operationally
defined as the kinase activity of G278V/QQQQ under saturating conditions.
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Table 3

Effects of receptor modifications on the apparent receptor affinity of the signaling complex

Receptor modification Klgomplcx for receptor binding (1M monomer)2 V?eﬁo (relative)bvC F;,r:z(l)ld
QEEE 6+2 1.0+0.2 0.097
QEQE 2807 2304 0.22
QQQQ 15+0.2 54+0.4 0.52
G278V/QQQQ 1.4+02 10.3+£0.9 1.0

a o lex . . .. - . . . .- . .
Kf)mnp s the apparent dissociation constant for receptor binding to the signaling complex determined by best-fit Hill analysis of Figure 6(B).

While the concentrations of CheA, CheW and CheY were fixed (CheA 0.5 uM; CheW 2 uM; CheY 10 uM), receptor-containing membranes were
titrated into the sample. All protein concentrations are given in monomeric units.
b y,apo
Vsal
Q|
receptor under standard conditions, which is set equal to unity (see VOES for QEQE in Table 1). The Vfgo parameter is determined by best-fit Hill

complex
K; .

is the maximal kinase activity attained under saturating conditions in the absence of attractant, relative to the kinase activity of the QEQE

analysis of Figure 6(B) as indicated for

At high concentrations of receptor (10, 12 uM) a small but measurable amount of kinase activity was observed for EEEE. The level of activity was
approximately 25-fold lower than that of QEQE under identical conditions, and the activity was eliminated by saturating attractant. The EEEE state

complex
D

therefore appears to have a low but measurable affinity for the signaling complex ( KI > lO,UM). This observation is consistent with previous

reports of small levels of CheA kinase activity stimulated by the EEEEE serine receptor.31

d apo . . . . . . - .
FQE; is the fractional population of the on-state in the absence of attractant at saturating levels of receptor, determined as indicated in the legend
to Table 2.
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Table 4

Estimation of the receptor:CheA mole ratio in chemotactic signaling complexes

yapo yape

sat for saturating CheA at 2.0 pM sat for saturating receptor at 0.5 Calculated receptor:CheA mole
Receptor modification receptord pM CheAP ratio®
QEEE 06+0.1 1.0+£0.2 6.7+1.7
QEQE 1.7+£0.2 23+04 54+11
QQQQ 41+03 5.4+0.4 53+05
G278V/IQQQQ 8.0+05 10.3+0.9 52+0.6

aThe Vfgo for saturating CheA was obtained as shown in Figure 6(A). The soluble chemotaxis components were covaried at a relative CheA to CheW
to CheY ratio of 4:1:20, while the receptor concentration was fixed at 2.0 uM. Under these conditions, the CheW and CheY concentrations were
always saturating, and the receptor concentration limited the maximum number of signaling complexes that could be formed. All concentrations are
monomeric, and all receptors are assumed to be accessible to complex assembly.

bThe Vfgo for saturating receptor was obtained as shown in Figure 6(B). The soluble chemotaxis components were fixed at a relative CheA to CheW
to CheY ratio of 4:1:20, with a total CheA monomer concentration of 0.5 uM. Under these conditions, the CheW and CheY concentrations were
always saturating, and the CheA concentration limited the maximum number of signaling complexes that could be formed. All concentrations are
monomeric, and all receptors are assumed to be accessible to complex assembly.

c_ .. . - ) . a)
Estimated receptor to CheA mole ratio. To obtain this value, the concentration of receptor needed to increase the ngo value of column 2 to match

4]
the ngo value of column 3 is calculated. Subsequently, this receptor concentration is divided by the CheA concentration from column 3 (0.5 uM) to

give the calculated receptor to CheA mole ratio of the fully assembled signaling complex.
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