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Figure 1. Dynamics of linear phosphorelays. (a) Cartoon representation of the linear phosphorelay considered. The phosphotrans-
fer reactions among each layer are shown for a four-layer relay. Note that other configurations of specific proteins (RR, HK, etc.)
are possible that would lead to the same dynamical effects. The generic relay structure is indicated by referring to different layers
as L1, L2, etc. (b) Steady-state input–response curves are shown for each layer in relays with increasing relay length (number of
relays indicated on top of each panel). Dark blue lines, L1p; brown lines, L2p; green lines, L3p; purple lines, L4p; light blue lines,
L5p. (c) Time course showing system response (phosphorylated form of each layer), obtained from deterministic (middle) and
stochastic (bottom) models of a four-layer system. Changes in input during the time course of simulation are shown in the
upper panel. For the stochastic model, the input values are multiplied by 100 (§4).
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to relay length? Why are phosphorelays employed in
processing certain signals, while other signals are pro-
cessed by a single HK–RR pair? Similarly, why do
certain eukaryotes use these systems in conjunction
with enzymatic kinase cascades? While intermediate
proteins in a phosphorelay can provide additional
points for signal integration [5], there are other systems
where phosphorelays clearly lack any known signal inte-
gration function [4]. It is not clear how these differences
translate to functional roles or dynamical properties of
these systems. Towards a better ability to answer
these questions, our aim here is to achieve a general
understanding of structure and dynamics in phospho-
relay signalling. To this end, we develop a generic
model of a phosphorelay and characterize its steady-
state response dynamics at each layer. We repeat this
analysis for relays of different length and under different
assumptions regarding the functionality of the kinase at
the top of the relay (i.e. a bifunctional kinase, see
J. R. Soc. Interface (2011)
below). Further, we run deterministic and stochastic
simulations to analyse how relay length alters the
effects of cross-talk and noise in these signalling
systems.
2. RESULTS

Phosphorelays starting with an HK and ending with an
RR constitute one of the signalling systems found in
microbes and plants. Here, we analyse the properties
of these diverse systems from a response dynamics per-
spective. As the number of larger systems that can be
constructed using the modular structure of two-com-
ponent systems is immense, we concentrate here only
on linear relays where no transcriptional (or other) feed-
backs occur (figure 1a). We construct generic
mathematical models for relays of varying lengths
(§4). Using these models, we first analyse the response
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dynamics of these systems. In particular, we derive
steady-state response levels (i.e. phosphorylated protein
concentrations) at each input level, resulting in
so-called input–response curves (also known as
signal–response or dose–response curves). Interest-
ingly, we find that increasing relay length leads to
increasingly more ultrasensitive responses at intermedi-
ate layers (figure 1b). As one would expect from
ultrasensitive responses, the intermediate layers show
a switch-like response, generating low (high) responses
for inputs below (above) a threshold (figure 1c, top
two panels). The response coefficient of the most
ultrasensitive layer (which measures the ratio between
input levels resulting in 10% and 90% activation at
this layer) saturates with relay length and already
gets close to the minimum possible value of one (maxi-
mal ultrasensitivity) at a relay length of four (electronic
supplementary material, figure S1). Unlike the inter-
mediate layers, the phosphorylated protein
concentration at the final layer is increasing with
increasing input before it saturates. With increasing
relay length, the input–response curve for this layer
becomes linear, while its transition from linear to
saturated sharpens (figure 1b). The latter effect results
in increasing sensitivity, calculated as DL4p/Dinput
summed over the signal (i.e. input) range from 0 to 2.
Both effects seem to saturate around four to five
layers (electronic supplementary material, figure S2).

The ultrasensitivity at intermediate layers is a sur-
prising feature of the phosphorelay and is in contrast
to eukaryotic kinase cascades, where any ultrasensitiv-
ity that can be achieved is shown to increase towards
the end of the cascade and is maintained at the final
layer [9,10]. We find that the reason for these differences
lies with the fact that phosphorelays shuttle a single
phosphate group among different proteins rather than
using separate ATP for each layer, as enzymatic
kinase cascades do. At low input levels, the phosphate
group from the HK at the top of the relay is shuttled
all the way down to the last layer. In other words, at
these input levels, the relay simply acts as a phosphate
channel; all the intermediate layers are pushed back to
their unphosphorylated state simply by transferring the
phosphate group to lower layers. Once the input level
reaches a point where the last layer is saturated, the
layer above it starts to accumulate in its phosphorylated
state. This dynamics cascades backwards through
the relay with proteins at layers closer to the top
of the pathway being the last to accumulate in
their phosphorylated form. The result is nonlinear
input–response curves (i.e. ultrasensitivity) for phos-
phorylated forms of the proteins at intermediate
layers (figure 1b). In other words, for each protein in
the relay, those below it act as a threshold generator
by removing its activating phosphate group. Perform-
ing an extensive robustness analysis (as in Barkai &
Leibler [11]), we find that this effect is achieved under
a large range of parameters (electronic supplementary
material, figures S3 and S4). In particular, the second
layer of a four-layer system maintains ultrasensitivity
under a wide range of kinetic rates and protein concen-
trations, suggesting that relay structure rather than
kinetic parameters is the key factor in the emergence
J. R. Soc. Interface (2011)
of ultrasensitivity in the system. Lowering the total
protein concentration in the first layer has a strong
negative effect on ultrasensitivity (electronic sup-
plementary material, figure S3B), but this effect is
due to resulting slow input, and could be compensated
for (i.e. ultrasensitivity can be regained) by decreasing
self-dephosphorylation of the last layer.

In line with the mechanism of how ultrasensitivity is
generated in the relay, we find that the threshold and
sharpness of the input–response curves at intermediate
layers can be tuned by the dephosphorylation rate of
the last layer (electronic supplementary material,
figure S5). Dephosphorylation of the last layer can
occur through hydrolysis activity intrinsic to RRs and
through dephosphorylation by a specific phosphatase
or a bifunctional HK. In particular, bifunctional HKs
are common in single HK–RR pairs, where they can
both phosphorylate and dephosphorylate the RR [12].
There is one reported case of bifunctional HKs in phos-
phorelays, where the HK at the top of the relay transfers
its phosphate group to the next layer but dephosphory-
lates the RR at the bottom of the relay [7]. Based on
that study, we model the effect of a bifunctional HK
at the top of the relay as an enzymatic dephosphoryla-
tion of the final layer (L4p) by the first layer (L1) (§4
and figure 2). We find that increasing the efficiency of
this enzymatic reaction flattens input–response curves
of all layers and pushes the threshold point to higher
input values (figure 2). This in turn reduces sensitivity
of the final layer in the same input regime (from 0 to 2),
but extends the range of inputs where the system can
respond. Slowing down dephosphorylation of the last
layer (either by making L1 less efficient or by reducing
the self-dephosphorylation rate of L4p) has the exact
opposite effects and reduces the effective signalling
regime but makes the system more sensitive in this
reduced regime (figure 2 and electronic supplementary
material, figure S5). Bifunctional HKs are also shown
to be important for ensuring robustness in the output
of a signalling system, against variations in protein con-
centrations [13,14]. In particular, inclusion of a
bifunctional enzyme in a phosphorelay can allow the
system to satisfy certain structural features that
ensure ‘absolute concentration robustness’, that is
robustness of the output to variations in the concen-
trations of system parts [15]. In line with this theory,
we find that the inclusion of a bifunctional HK in the
presented model allows absolute concentration robust-
ness if the self-dephosphorylation rate of the last layer
is small compared with dephosphorylation by the
bifunctional enzyme (electronic supplementary
material, figure S6).

One possible use for ultrasensitivity only at inter-
mediate layers in the phosphorelay is to limit or
exploit the effects of cross-talk. To explore this
possibility, we considered all potential cross-talks in a
four-layer linear phosphorelay (with a mono-functional
HK). At each layer, cross-talk can occur as activation or
inhibition, resulting in two cross-talk points for each
layer. Cross-activation corresponds to cellular phos-
phate donors or proteins from other pathways
phosphorylating any of the layers of the original phos-
phorelay (e.g. another relay ‘talks in’ to the
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investigated one via phosphorylation). Cross-inhibition
corresponds to proteins from the original relay losing
their phosphate to hydrolysis or transferring it to
other pathways (i.e. investigated relay ‘talks out’ to
another pathway). We modelled such cross-talk reac-
tions as self-phosphorylation (reaction rates k23, k33,
k43 in equation (4.1)) and self-dephosphorylation (reac-
tion rates k22, k32, k42 in equation (4.1)) and quantified
its effects by considering the system response in the
presence of both the primary (i.e. coming from the
HK at the top of the relay) and secondary (i.e.
coming from cross-talk) inputs (figure 3a). We find
that cross-inhibition is better tolerated in general com-
pared with cross-activation (figure 3b and electronic
supplementary material, figure S7). This is in line
with the above-described general dynamics of the phos-
phorelay. Cross-activation adds on top of the primary
input and causes the final layer to reach saturation at
lower primary input levels (figure 3b, top row). This
J. R. Soc. Interface (2011)
saturation effect is worsened as cross-talk happens
closer to the final layer (electronic supplementary
material, figure S7). Hence, for ‘talk-in’ to have any
potential use as signal integration, it should operate
closer to the final layer of the relay. In contrast to
cross-activation, cross-inhibition reduces the rate of sat-
uration at the final layer and allows the system to
respond to the primary inputs in a wider range
(figure 3b, bottom row). This effect is enhanced as inhi-
bition occurs lower in the relay, but overall the effect of
cross-inhibition remains milder compared with cross-
activation (figure 3b and electronic supplementary
material, figure S7). Hence, cross-inhibition might
offer the possibility for signal branching (i.e. the phos-
phorelay producing secondary outputs, talking to
other systems) without altering the response of the
final layer. The best implementation for such a strategy
would be to have phosphotransfer to other systems
occur at higher layers of the relay. To further elucidate
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the effects of cross-talk on the steady-state response, we
derived the sensitivity to the primary input under
different points and strengths of cross-talk (electronic
supplementary material, figure S8). We find that sensi-
tivity is reduced both under cross-activation and cross-
inhibition. In line with the above summary, this effect
gets stronger as cross-activation (inhibition) occurs
further up (down) the relay. These findings extend in
general to systems with shorter relay length (electronic
supplementary material, figure S8).

Ultrasensitivity at intermediate layers of a relay might
also affect the noise properties of the system. Similar to
noise in gene regulation [16], noise in signalling systems
can result from the phosphorylation reactions inside
the system (intrinsic noise), but also from amplification
of any input noise (extrinsic noise). Previous studies
have shown that such noise in a signalling system is
directly proportional to its gain g, i.e. per cent change
in response over per cent change in input [17]. In par-
ticular, intrinsic noise in a signalling protein X (i.e.
fluctuations in its concentration) is expected to scale as
g � �X , where �X denotes the mean concentration level. It
is not clear how these findings translate to phosphore-
lays. Moreover, it is not known how the relay structure
affects the signal-to-noise ratio (SNR), a measure that
could be thought of as the ability of a signalling system
to convey meaningful information above background
noise. Calculated as temporal mean concentration of a
signalling entity ( �X) over noise (i.e. its standard devi-
ation, s), a low SNR would mean that such an entity
fluctuates so widely that its mean value could not be
taken as a reliable signal.

To analyse noise properties in phosphorelays, we con-
struct stochastic versions of the generic model presented
J. R. Soc. Interface (2011)
above and run a large number of simulations at differ-
ent input levels. This allows us to derive input–
response curves as obtained previously from the
deterministic models (§4 and figure 4a). Noting that
this analysis shows that response dynamics in this
system is well approximated by a deterministic model
(compare figures 4a and 1b), we focus the analysis on
noise properties. Using the data from figure 4a, we cal-
culate noise and SNR for each layer and at different
input levels. In line with earlier findings [17], we find
that noise scales as g � Lip, where Lip corresponds to
the mean concentration of the phosphorylated protein
from layer i (figure 4c and electronic supplementary
material, figure S9). At low input levels, noise from
the final layer tracks that of the input, while noise
from intermediate layers is low. This is because at
these input levels the relay acts as a phosphate channel
as explained above, and there is no significant amounts
of phosphorylated proteins in intermediate layers. As
the input level increases, Lip of intermediate layers
starts to increase, leading to increase in noise. This
increase peaks at the threshold, resulting in high
fluctuations in intermediate layers for these input
levels (figure 1c). Interestingly, the increase in noise
at intermediate layers leads to a decrease in the noise
from the final layer and results in a significant jump
in SNR (figure 4b). We find that these improvements
in the SNR of the final layer appears first within a
three-layer system and seems to saturate at a relay
length of four (electronic supplementary material,
figure S10).

In summary, the noise in a relay is literally being
pushed from layer to layer (figure 4c) as the input
level increases. Just before the threshold point is
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reached, the noise in the final layer becomes lowest,
while those of intermediate layers are highest. This
noise peak at intermediate layers coincides with the
input level where their response increases rapidly with
small increases in input (i.e. ultrasensitivity). These
noise dynamics translate into SNR for the final layer
being always better than expected from a random
Poisson process (black curve in figure 4b), while SNR
of the intermediate layers improves only after the
threshold input level is crossed.
J. R. Soc. Interface (2011)
3. DISCUSSION

We undertook a systematic analysis of response
dynamics in phosphorelays. Our key finding is that
phosphorelays result in ultrasensitivity (i.e. input–
response curves embedding thresholds) at intermediate
layers of the relay. That ultrasensitivity could arise in
two-component systems has been suggested before on
grounds of specific mechanisms of dimerization and
complex formation [18,19], but this study provides the
first extensive description of this dynamics arising in
linear phosphorelays. We note that this mechanism is
significantly different from that described by Goldbeter
and Koshland [20], where a target protein is activated
and deactivated by a dedicated kinase and phosphatase,
respectively, and in enzymatic fashion. In that mechan-
ism, ultrasensitivity arises when both enzymes are
highly efficient and act in the zero-order regime (i.e.
are saturated). In contrast, the model presented here
does not require enzymatic reactions. Rather, ultrasen-
sitivity arises from the structure of the relay and from
the fact that a single phosphate group is shuttled
among different proteins.

We find that specific properties of the input–response
curves in a phosphorelay can be tuned by the relay
length and dephosphorylation rate of the last layer. At
low input levels, the relay shuttles phosphate groups
from the first to the final one, while above a certain
threshold, saturation effects result in ultrasensitive
responses at intermediate layers. This response dynamics
reduces noise in the final layer over a wide range of input
levels and increases noise at intermediate layers for
input levels around the threshold point. Interestingly,
a four-layer relay seems to be a saturating point for
both increased sensitivity (at intermediate layers) and
reduced noise (at the final layer), with longer relays
not providing much improvement. In addition to these
dynamic properties, we find that phosphorelays offer
both the ability to tolerate and exploit cross-talk. In par-
ticular, we find that cross-inhibition at higher layers of
the relay could allow signal branching without affecting
response to primary inputs.

These findings are in agreement with several empiri-
cal observations from few characterized phosphorelays.
In particular, they might provide an explanation for
the observations that all relays described to date are
four-layer systems [4,7,8] and that some relays contain
phosphatases targeting at intermediate layers [8]. Fur-
thermore, this analysis provides several interesting
suggestions for how and why cells might be using phos-
phorelays. Firstly, the finding of ultrasensitive responses
at intermediate layers suggests that these layers might
act in their own right as a secondary output from the
relay. Supporting this possibility, we find that in the
phosphorelay controlling Bacillus subtilis sporulation,
the second layer has the highest number of interaction
partners (electronic supplementary material). Com-
bined with the fact that ultrasensitive responses
embed high noise, it is tempting to speculate that
such secondary outputs, when combined with a feed-
back, could involve in stochastic switching at the
population level and underlie bet-hedging strategies
[21,22]. Secondly, the relay structure might have








