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Abstract
Quorum sensing (QS) is a communication mechanism exploited by a large variety of bacteria to
coordinate gene expression at the population level. In gram-negative bacteria, QS occurs via synthesis
and detection of small chemical signals, most of which belong to the acyl-homoserine lactone (AHL)
class. In such a system, binding of an AHL signal to its cognate transcriptional regulator (R-protein)
often induces stabilization and subsequent dimerization of the R-protein, which results in the
regulation of downstream gene expression. Existence of diverse QS systems within and among
species of bacteria indicates that each bacterium needs to distinguish among a myriad of structurally
similar chemical signals. We show, using a mathematical model, that fast degradation of an R-protein
monomer can facilitate discrimination of signals that differentially stabilize it. Furthermore, our
results suggest an inverse correlation between the stability of an R-protein and the achievable limits
of fidelity in signal discrimination. In particular, an unstable R-protein tends to be more specific to
its cognate signal, whereas a stable R-protein tends to be more promiscuous. These predictions are
consistent with experimental data on well-studied natural and engineered R-proteins, and thus have
implications for understanding the functional design of QS systems.
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Introduction
Bacteria employ quorum sensing (QS) to regulate diverse cellular functions, such as antibiotic
production, biofilm formation, and bioluminescence.1 In gram-negative bacteria, QS often
involves the production of acyl-homeserine lactones (AHL), which are a class of small
chemical signaling molecules freely diffusible across the cell membrane. Accumulation of the
AHL molecules to a threshold concentration, which corresponds to bacteria reaching a critical
density via reproduction, results in the full activation of the AHL-binding transcription factor
and it is thereby rendered capable of inducing gene expression for functional regulation.1; 2;
3 A classical example of this type of QS is the lux system from the marine bacterium Vibrio
fischeri. As the concentration of the small signal, 3OC6HSL in the case of V. fischeri, increases
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with increasing cell density, it binds to and activates its cognate transcription factor LuxR.
Upon binding 3OC6HSL, LuxR dimerizes and subsequently binds the lux promoter leading to
downstream gene expression. Employing such a QS motif, many other gram-negative bacteria
modulate the expression of a diverse collection of genes with different physiological functions.
4

A salient property of AHL-based QS systems is that in the absence of AHL signal, the
transcriptional regulator (R-protein monomer) is often highly unstable and requires its cognate
AHL to be stabilized.5; 6; 7; 8; 9; 10 For example, structural studies of several well-
characterized LuxR-type proteins indicate that the chemical signals essentially serve as
“folding switches”, which, upon binding, enable the transcriptional regulators to fold into stable
conformations. Further stabilization may occur as a result of the dimerization of the signal-
monomer complex.5; 9 These observations suggest that a cell containing a QS module must
continuously expend energy to synthesize and simultaneously degrade the R-protein in the
absence of the signaling molecule. This raises the question as to what benefit the cell might
receive, in terms of optimizing the function of its QS system, by employing such a rapid
turnover rate, as opposed to a slower one, of the QS signal response proteins.

Several explanations have been proposed to address this apparent paradox. Rapid turnover of
the monomer can prevent premature activation of the QS system without the cognate signal.
3 This property could also enhance effects of nonlinear protein degradation, which could
increase the ratio of protein concentrations between the activated and inactivated states, thereby
enhancing the “bistable” character of the system.11 This is analogous to the modulation of the
dynamic range of signaling proteins by phosphorylation-mediated protein stabilization or
destabilization.12 Our bifurcation analysis further validates this hypothesis that the LuxR
degradation rate can indeed influence the bistable region of the QS system signal response
when LuxI and LuxR are involved in the positive feedback loop determining LuxR production
in a coupled fashion (Figure S5C,D in the Supplementary Information (SI)). However, the
bistable region of the QS system signal response is independent of the LuxR degradation rate
constant when only LuxR expression is subjected to positive auto-regulation (Figure S5A,B,
also see ref 13). Finally, rapid turnover of the R-protein may help reduce variability in gene
expression controlled by a QS module.14

Here we suggest another plausible explanation based on a kinetic model of the QS signal
discrimination process. Specifically, the rapid turnover of the R-protein enables the QS system
to distinguish between multiple signaling molecules with increased fidelity. This mechanism
is analogous to the well-established “kinetic proofreading” mechanism, which has been
adopted to explain the fidelity of tRNA selection, T-cell receptor signal transduction,
disentanglement of DNA by topoisomerases, and phosphorylation cascades.15; 16; 17; 18
Since the vast array of small signal molecules present in the environment of naturally occurring
bacteria could lead to undesirable crosstalk among species-specific QS systems from different
species, increasing the fidelity of the accessible dynamic range of QS signal recognition would
likely serve to optimize QS systems that function in a species-specific manner. Our analysis
demonstrates that the relationship between signal recognition fidelity and the rate of signal
transducing protein degradation may provide a justification for the maintenance of highly
unstable R-proteins as generic components of species-specific QS systems.

Results
Fidelity in QS signal recognition

Figure 1 shows the binding of an unstable transcription regulator (R) by either its cognate signal
(A1) or a non-cognate signal (A2). The binding of A1 and R forms R1, which dimerizes to form
D1. The binding of A2 and R forms R2, which dimerizes to form D2. The two signaling branches
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are structurally symmetric but differ in the rate constants of constituent reactions, which
provide the basis for discrimination. As detailed in Materials and Methods, we have developed
a simple model that allows us to predict effects of modulating particular parameters on signaling
fidelity (f), defined as:

(1)

where D1ss and D2ss are the steady-state concentrations of the dimers resulting from A1 and
A2 binding, respectively (Figure 1). f is used to characterize the accuracy of discrimination in
the quorum-sensing signaling process. The greater f is, the more preferably the R-protein will
respond to the cognate signal (A1) than to the non cognate signal (A2).

Based on the kinetic model (Equations 6–8), we derive an analytical solution for f in terms of
system parameters (see SI for details) by assuming A1 = A2 = A:

(2)

K represents the dissociation constant for both the signal-protein complexes and the dimers
(K = k1r/k1 = k2r/k2). Equation (2) represents the limiting case where the binding reactions are
much faster than protein synthesis and decay. It is the basis for all numerical calculations unless
noted otherwise. If the binding reactions are irreversible (K = 0), then f can be simplified to a
concise expression, which is the ratio of the system boundary output for D1 to D2:

(3)

In the following analysis, we consider two fidelity metrics, depending on the signal
concentrations at which the fidelity function defined in Equation (1) is evaluated (Figure 2A).
The first metric (fa) corresponds to the signal concentration eliciting half-maximal induction
of D1 (Equation (4), where A = K1/2). The second metric (fs) corresponds to the saturating
induction of both D1 and D2 (Equation (5)).

(4)

(5)

As shown in Figure 2B, both fa and fs monotonically increase with α. This makes intuitive
sense: increasing α causes faster depletion of products resulting from the A2-pathway than that
from the A1-pathway, which leads to a decrease in the steady-state concentration of D2 relative
to that of D1.

Fidelity increases with asymmetry in signal binding and R-protein stabilization
In this framework, three key parameters determine the potential for signal discrimination (α,
β, and γ). Figure S1 shows the dependence of f on α for varying β and γ. As α increases, so do
the degradation rates of the non-cognate signal-monomer complex (R2) and dimer (D2), and
consequently f. This same trend is observed, albeit with less sensitivity to α, when the binding
reactions are asymmetric between the two pathways (β, γ > 1). This intuitive result highlights
two aspects of the role of differential stabilization in signal discrimination. First, it acts
synergistically with differential binding of A1 (cognate) and A2 (non-cognate) to the R-protein,
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and subsequent dimerization. Second, its contribution is more pronounced for smaller
differences in the binding kinetics between the two pathways.

We note that the QS model represents a special case of two-cycle kinetic proofreading that
relies on synthesis and degradation as the energy source, rather than direct hydrolysis of ATP,
from which fidelity is derived (see Figure 4). Indeed, as indicated in Figure S1B, for increasing
β (= γ), the corresponding increase in fs and fa are always less than β3, which would correspond
to the thermodynamic limit of fidelity by kinetic proofreading with two cycles, given unlimited
available energy to expend.15; 19

R-protein degradation sets the limits of fidelity
Our model assumes, by construction, that both signals tend to stabilize the R-protein and that
A1 is capable of stabilizing the R-protein to a greater extent than A2. Thus, the asymmetry in
the differential protein stabilization is bounded by dR1/dR < α <1. In a real system, dR1 is
bounded by cell growth rate. If stabilization by the cognate signal is so strong that R1 and D1
are not degraded inside the cell, their concentrations would only be reduced by dilution due to
cell growth. In this scenario, the only way to modulate the dynamic range in differential
stabilization is to vary dR, the turnover rate of the unbound R-protein. Thus, we ask how the
fidelity in signal recognition can be modulated by varying dR, while fixing the asymmetry in
the binding kinetics.

As shown in Figure 3A, for each specific dR > dR1, f always increases with increasing α
(constrained between dR1/dR and 1). Furthermore, we note that f on average increases
drastically with increasing dR, and that it is bounded for a specific dR value. The fidelity reaches
minimum (fmin) when α = dR1/dR (circles, no differential R-protein stabilization between
signals) and it reaches maximum (fmax) when α = 1 (squares, A2 does not stabilize the R-
protein). As shown in Figure 3B, for fixed β and γ, fmin is essentially independent of dR, while
increasing dR leads to increasing fmax for both fidelity metrics. These results indicate that dR
uniquely defines the dynamic range of fidelity in signal recognition by exhibiting control over
the maximal limit of signal recognition fidelity.

For fa, this increase in fidelity that results from increasing dR comes with an energetic cost
comprised of two components. The first component, shared by the fs metric, is the rapid
turnover of the R-protein per se. The second component, unique to fa, is that increasing dR
necessitates a greater activation threshold for the cognate signal to induce R-protein function.
Figure 3C shows that for the metric fa, the signal concentration that corresponds to the half-
maximal activation of the dimer increases approximately linearly with increasing dR. Also, the
dependence of fmax on dR is more sensitive as β and γ increase as shown in Figures S3 and S4.

Discussion
Quorum sensing has been identified as a potential evolutionary basis for both inter- and
intracellular signaling pathways.20 Mechanisms that account for accuracy in quorum sensing
may provide insights into the understanding of these systems and facilitate their use in
constructing synthetic gene circuits.

QS signal discrimination as an example of kinetic proofreading
Many receptor proteins display highly specific binding affinity to their ligands with nanomolar
accuracy. The tuning of binding affinity can lead to high fidelity signal recognition. However,
the efficacy of tuning binding affinity towards a particular signal is limited, if multiple ligands
have similar chemical structures. QS seems to employ a complementary approach to achieve
high fidelity for signal discrimination. A highly unstable R-protein has a certain binding affinity
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for its cognate signal. To improve fidelity beyond this level, the R-protein employs a
mechanism analogous to kinetic proofreading15; 21 that takes advantage of its high instability
in the absence of its cognate signal.

Since its initial discovery, kinetic proofreading has been found to be implicated in diverse
cellular processes. In each case, fidelity in recognizing the correct substrate relies largely on
asymmetry between binding reactions to the correct substrate and those to incorrect substrates.
In QS, binding of the R-protein to the signal and subsequent R-protein dimerization provide a
sequential mechanism similar to that of the Hopfield-Ninio model of kinetic proofreading
(Figure 4A). This is reflected by the fact that increasing the asymmetry in binding and
dimerization processes directly leads to increased fidelity in recognizing the cognate signal
(Figure 3 & Figure S1–4). In QS, the degradation of the R-protein essentially provides another
cycle of proofreading to enhance signal recognition (Figure 4B).

Consequently, QS signal recognition critically depends on differential stabilization of the R-
protein upon signal binding. Given fixed asymmetry in binding reactions, the fidelity in
recognizing the cognate signal can be increased due to its ability to stabilize the R-protein to
a greater extent than the non-cognate signal. This aspect is illustrated in Figure 3B, Figure S3
and S4: the degradation rate constant of the monomer directly determines the theoretical bounds
of the signaling fidelity. In particular, increasing the monomer degradation rate constant serves
to amplify the fidelity of the dynamic range within which the fidelity of signal discrimination
can be modulated by differential stabilization.

The range of achievable fidelity is sensitive to changes in the monomer degradation rate
constant near its base value (an R-protein with a half-life of ~3.5 minutes, see Table S1).
Differences in the binding kinetics between the cognate and non-cognate signal pathways serve
to amplify the effect of modulating the monomer degradation rate with respect to its ability to
alter fidelity (Figure S3). The fidelity is necessarily enhanced by differential binding kinetics;
however, simultaneous increase in the R-protein degradation rate results in further
enhancement of QS signaling fidelity beyond that achievable as a result of differential binding
kinetics alone. As mentioned, our results indicate that this conclusion is particularly relevant
near physiologically achievable R-protein degradation rates based on the experimental
characterization of QS signal proteins.

We have highlighted two properties of QS where signal discrimination can be modulated: the
binding kinetics of the signal to the R-protein and subsequent degradation of the resulting
complexes. Beyond these means of altering signaling fidelity, it is intuitive that there may exist
a differential ability between cognate and non-cognate signal bound dimers of LuxR-type
proteins to bind their target promoters and thus affect transcription.22 Signal discrimination at
this level will likely serve to enhance the effects of the mechanisms that we have identified.

The stability of an R-protein as a major determinant of its specificity
In our model, we have assumed that the major determinant of QS-mediated gene expression
is the accumulation of the active dimer. Under this assumption, our model predicts an inverse
correlation between the R-protein stability and signal recognition fidelity. In particular,
increasing dR would lead to an increase in the achievable fidelity in recognizing the cognate
signal. Based on this, we expect that a highly unstable R-protein tends to be specific to its
cognate signal, whereas a stable R-protein tends to be more promiscuous in its response to
signaling molecules.

To evaluate this notion, we examined published data on several well-studied LuxR-type QS
activators. As shown in Table 2, we indeed observe a significant inverse correlation between
the R-protein stability and its specificity (SI). For example, several R-proteins with high
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specificity to their cognate signals, such as LuxR, LasR, and TraR, are all highly unstable in
the absence of their respective cognate signals (see Table 2). These quorum sensing systems
may be suitable for intraspecies communication that requires high accuracy and specificity in
signal recognition. In contrast, the LuxR homolog SdiA is particularly promiscuous, as
demonstrated by its response to multiple signaling molecules.7; 23; 24; 25; 26 Thereby, it is
actually impractical to define any specific signal as SdiA’s cognate signal. SdiA inclusion
bodies obtained via expression in the absence of a signaling molecule have been shown to be
able to refold in the presence of C8-HSL.7 This is in stark contrast to signal-specific R-proteins
(e.g. LuxR, LasR, and TraR), which are highly unstable without signaling molecules. Similarly,
CarR, responsible for activating carbapenem antibiotic production in E. carotovora, can
dimerize by itself and can respond to multiple signals.27 In fact, in the absence of AHL signals,
mere overexpression of CarR can lead to the activation of its cognate promoter resulting in
carbapenem antibiotic production.28 These quorum sensing systems may serve as an
interspecies, extraspecies, or at least less signal-specific detection system, where promiscuous
activation of the downstream genes is either beneficial or fails to bear a cost significant enough
to result in negative selection.

Remarkably, this correlation between stability and signal specificity also appears to exist
among mutant R-proteins engineered by directed evolution or site-directed mutagenesis.
Collins et al previously generated, by directed evolution, a mutant LuxR able to respond
promiscuously to multiple AHLs and another mutant tuned to respond specifically to a non-
cognate AHL (for the wild type LuxR). Both mutants display significant alteration in their
stability upon binding to AHL(s).29; 30 It has also been shown, by site-directed mutagenesis
of TraR, that mutations decreasing the ability of TraR to bind its cognate signal result in
enhanced susceptibility to degradation.31 Previous searches for constitutively active forms of
LuxR and its analogs have shown that deletion of the N-terminal half of these proteins results
in AHL-independent activation of the lux promoter. This observation led to the speculation
that the N-terminal AHL binding domain of LuxR-type proteins is responsible for “masking”
the DNA-binding activity of the C-terminal domain.32 However, a search for a constitutively
active form of TraR via random mutagenesis resulted in N-terminal fusion of TraR to an
aminoglycoside N-acetyltransferase that enhanced the overall protein stability and allowed
TraR to activate downstream gene expression with its cognate signal.33 This indicates a
potential clarification to the previously mentioned theory on the function of the N-terminus of
LuxR analogs: the ability of the N-terminus to “mask” the DNA-binding activity of the C-
terminus is potentially due to the destabilization or otherwise enhanced affinity for proteolysis
it confers upon the protein rather than the capacity to physically cover the DNA-binding domain
alone. Together, these results indicate that, for the case of LuxR-type proteins, protein stability
and signal specificity are likely to be interrelated. The identification of such a relationship in
LuxR-type proteins might be progressed towards through examining methods of classifying
such proteins according to these characteristics.

Phylogenetic analysis is helpful for elucidating evolutionary relationships within classes of
proteins.34 It has been used to analyze the evolutionary trajectory of Lux-type quorum sensing
proteins (including both R-proteins, responsible for the signal response, and I-proteins, the
signal synthases). In contrast, both our modeling analysis and validation by experimental data
suggest a dynamic and functional dichotomy between two types of R-proteins. Our model
predicts that one class, functionally optimized by high specificity, would also be more likely
to be inherently less stable than the other class, functionally optimized by exhibiting a non-
specific signal response. Such a functional classification is useful for understanding the role
of QS in controlling cellular behavior, and for using them to program population dynamics.
35; 36; 37; 38; 39 Within this classification, it is intuitive that generic detection of chemical
signals is likely to be energetically less costly than specific detection. According to this
principle and based on our analysis, it appears that by expending energy in rapid protein
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turnover—that is by synthesizing and subsequently degrading regulatory proteins at relatively
high rates—a QS module can significantly increase its potential for accuracy in distinguishing
among structurally similar signals.

Materials and methods
As shown in Figure 1, we assume that the R-protein is synthesized at a constant rate (kR) and
degrades following first-order kinetics (dR). Without loss of generality, we further assume that
the association constants of A1 or A2 binding to R are identical (k1) but the dissociation
constants differ by a factor of γ. The parameter γ modulates the binding kinetics of the non-
cognate signal to R relative to that of the cognate signal. We only consider the case where γ >
1, which indicates that the non-cognate signal A2 binds less favorably to the R-protein than
does the cognate signal A1, but not vice versa. Similarly, we assume identical association
constants (k2) for dimerization reactions but that the dissociation constants differ by a factor
of β (>1). β modulates the dimerization kinetics of the non-cognate signaling pathway relative
to that of the cognate pathway. Based on these assumptions, we model QS signal recognition
with the following equations:

(6)

(7)

(8)

With this model, recognition of the cognate signal (Figure 1) corresponds to:

 Recognition of a non-cognate signal corresponds to:

 The base parameter set for our analysis is detailed in Table
S1 (SI). Note that the signal concentrations, A1 and A2, are represented as free parameters and
are not treated dynamically.

Compared with R, R1 degrades with a reduced degradation rate constant (dR1 < dR), which
accounts for stabilization by A1. The degradation rate constant of R2 (dR α1) is greater than
dR1 (α1 > dR1/dR) but smaller than dR (α1 < 1). The parameters α1 and α2 modulate the protein
degradation rates within the non-cognate signal pathway of the signal-monomer complex and
dimer relative to the degradation rate of the protein monomer itself. Thus, the non-cognate
signal is able to stabilize the R-protein but does so less effectively than does the cognate signal.
We allow, in general, for differential stabilization between the signal-binding and dimerization
steps by distinguishing between the parameter that modulates the degradation of the signal-
monomer complex (α1) and the analogous parameter that modulates the degradation rate of
the dimer (α2) in order to account for this possibility. Analysis including independent
modulation of α1 and α2 showed that its effect on the ability of dimerization to perform an
additional layer of proofreading is a mere question of degree and not one of mechanistic
significance (results not shown). Therefore, the analysis presented herein assumes α1= α2 = α.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Signal discrimination by a quorum sensing regulator (R)
A1 is the cognate signal; A2 is a non-cognate signal. R1 and R2 are the signal-monomer
complexes. D1 and D2 are dimerized complexes. See main text and Table S1 for details on
parameters.
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Figure 2. Quantifying fidelity in signal recognition using two metrics
(A) Dose responses of D1 and D2 to A1 and A2 respectively. fa is evaluated at the signal
concentration (K1/2) that leads to half-maximum induction of D1. fs is evaluated at a saturating
signal concentration.
(B) Modulation of fidelity (fa or fs) by α (for β = γ =10), which characterizes the differential
protein stabilization by A1 and A2. A similar trend is observed for other values of β and γ
(Figure S1).
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Figure 3. Increasing the R degradation rate constant enhances signaling fidelity
(A) Dependence of fa on α for varying dR (β = γ = 10). Note that dR determines the range of
α for a constant dR1 (= 0.023 min−1).
(B) Modulation of the maximal (α = 1) and minimal (α = dR1/dR) limits of fidelity by dR. For
both metrics, the maximal fidelity increases with dR, but the minimal fidelty does not change
with dR.
(C) The half-activation threshold (K1/2, nM) by the cognate signal increases with dR.
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Figure 4. QS signal recognition as an example of kinetic proofreading
(A) The canonical Hopfield-Ninio (HN) model of kinetic proofreading with one cycle.
(B) QS signaling as two-cycle kinetic proofreading.
In QS, the degradation of the R-protein provides a second cycle of proofreading. R is a receptor
protein (HN model) or an R-protein (QS model). A is a signaling molecule. RA is the complex
of R and A. In the HN model, RA* the activated form RA. The star (*) in the QS model
represents unspecified substrates or degradation products.
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