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Tunable Signal Processing through a Kinase Control Cycle: the IKK
Signaling Node

Marcelo Behar™ and Alexander Hoffmann+*

TSignaling Systems Laboratory, Department of Chemistry and Biochemistry and *San Diego Center for Systems Biology, University of
California at San Diego, La Jolla, California

ABSTRACT The transcription factor NFkB, a key component of the immune system, shows intricate stimulus-specific temporal
dynamics. Those dynamics are thought to play a role in controlling the physiological response to cytokines and pathogens.
Biochemical evidence suggests that the NF«B inducing kinase, IKK, a signaling hub onto which many signaling pathways
converge, is regulated via a regulatory cycle comprising a poised, an active, and an inactive state. We hypothesize that it operates
as a modulator of signal dynamics, actively reshaping the signals generated at the receptor proximal level. Here we show that a
regulatory cycle can function in at least three dynamical regimes, tunable by regulating a single kinetic parameter. In particular, the
simplest three-state regulatory cycle can generate signals with two well-defined phases, each with distinct coding capabilities in
terms of the information they can carry about the stimulus. We also demonstrate that such a kinase cycle can function as a signal
categorizer classifying diverse incoming signals into outputs with a limited set of temporal activity profiles. Finally, we discuss the

extension of the results to other regulatory motifs that could be understood in terms of the regimes of the three-state cycle.

INTRODUCTION

Cells typically react to changes in their environment by
modifying the expression level of specific genes. To mount
an appropriate response, the machinery responsible for con-
trolling gene expression must receive information about the
nature of the environmental perturbation via intracellular
signaling pathways. Signals propagating on these pathways,
in a sense, encode this information into their amplitude, dura-
tion, or other features. Not every such feature is relevant
because some may be filtered out by subsequent signaling no-
des or because the effectors of the cellular response that act as
decoders themselves may be insensitive to them. To identify
those features relevant for a particular pathway, and therefore
understand its functioning (and malfunctioning), it is impor-
tant to characterize the regulatory mechanisms present in
terms of their ability to decode, relay, or potentially transform
the information contained in the incoming signal.

Kinase IKK is a key regulator of NF«B, a critical medi-
ator of inflammatory and immune responses. IKK is a com-
plex comprising several subunits (1). The catalytic subunit
is activated by phosphorylation of its activation loop. Subse-
quent phosphorylation in the C-terminal domain signifi-
cantly reduces its activity (2) by causing a conformational
change and disrupting the interaction between the catalytic
and regulatory subunits (3). Further rounds of activation
require the kinase to be recycled by dephosphorylation
and reformation of the complex. It has been shown that
phosphatase PP2A is a positive regulator of IKK activation
(4), thus it has been proposed that it mediates the recycling
process, possibly in conjunction with foldase HSP90 (5,6).
Experiments in our lab using pharmacological inhibitors

Submitted September 6, 2012, and accepted for publication May 2, 2013.
*Correspondence: ahoffmann@ucsd.edu
Editor: H. Wiley.

© 2013 by the Biophysical Society
0006-3495/13/07/0231/11  $2.00

P

@ CrossMark

are consistent with the results reported in the literature
(see Fig. S1 in the Supporting Material).

In its minimal form, IKK regulation can be described as a
cycle with three states: poised, active, and inactivated, hence-
forth the three-state cycle. Mathematical models for the NF«xB
network incorporating the cycle (7,8) successfully recapitu-
late NF«kB activation in response to the cytokine Tumor
Necrosis Factor (TNF). Interestingly, NF«xB is activated by
dozens of different pathogen and cytokine receptors with
distinct temporal activity profiles, supporting the notion that
information about those stimuli is, at least in part, encoded
in the temporal patterns of NF«B activity that critically depend
on IKK’s own stimulus-specific activity (9—11). Although the
origin of these patterns is still unclear, it is apparent that
IKK regulation will impact features of the incoming signals
that ultimately reach NF«B targets in a manner that remains
to be understood. Here, we analyze the minimal three-state
control cycle motif in terms of its ability to relay and process
dynamic signals. We then examine the specific impact of
our findings in the IkB-NFkB signaling module. Finally,
we discuss how our findings may apply to other signaling
pathways in which, after deactivation, a component must
transition through an inactive intermediate state before
becoming available for further rounds of activation.

METHODS

Equations 1-3 can be solved analytically giving the expression in Eq. 1 for
the temporal (in transformed time units) evolution of IKKa starting from an
initial concentration of zero:
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Here IKKaSS is the steady-state concentration of active IKK (Eq. 2), Kris
(1 + ki + k3'), and quantities d and « are functions of k," and k3
(Egs. S10-S11 in the Supporting Material). Note that the input strength
(parameter s) is incorporated into k,’:

1
]KKHSS = ﬁ (2)
1 — —
+ kl/ + k3/

The surfaces in Fig. 1 C were calculated using Eq. 2 for the steady state.
For the maximum amplitude, we solved numerically the system of
differential equations using a square-step function of amplitude 1 as input.
The value of k, was set to 1 and k; and k5 varied as indicated in the figure.
The integration was performed for eight time units (k, units), sufficient
to drive the cycle sufficiently close to steady state. The solutions for
IKKa were interpolated to a time grid (0.0l time intervals) and the
maximum amplitude determined from the interpolated values. The
cross-sections in Fig. 2 were generated directly from the plots in Fig. 1
(for the lower row, the values were normalized to each ks'-specific
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FIGURE 1 Operational regimes of the three-state cycle. (A) The input
signal causes the kinase IKK to transition from a poised (IKK) to an active
state (IKKa). Active IKK is then transformed into an inactive form (IKKi)
from which the poised state is regenerated. (B) When stimulated with
square steps of varying amplitude, the cycle can generate biphasic signals
with well-defined early and late phases. (C) Maximum amplitude (fraction
of IKK active) during the early and late phases (left and right, respectively)
as a function of the normalized stimulus strength (k,") and recycling rate
(k3') parameters. Regions corresponding to the weak activation (WA) limit,
and the monotonic (M), semiadaptive (SA), and adaptive (A) regimes are
indicated. (D) Typical time courses of IKK activation.
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FIGURE 2 Amplitude dose response. (A) Dose response for the early
(solid) and late (dashed) phases of IKK response for the monotonic, semi-
adaptive, and strongly adaptive cases (ks' = 107, 1, 1072, left to right).
(Lower panels) Dose responses normalized to their maximum attained
value to emphasize the shift of the ECso toward lower stimulus concen-
trations. (B) ECso EAX and ECso>S (solid and dashed, respectively) as a
function of k3.

maximum value). The ECsy values were determined analytically for
the steady state (see Eq. S16 in the Supporting Material) and numeri-
cally for the peak (see Fig. S3). For this last quantity, we numerically
solved Eq. 1 for the k)’ value that generated an IKKa concentra-
tion equal to 50% of the total. All numerical computations were per-
formed with the package MATHEMATICA Ver. 7 (Wolfram Research,
Urbana, IL).

The activation lag in Fig. 3 A was calculated numerically: for a given k;’
and k3', we solved for the time ¢ at which the cycle reached the threshold
for the first time when stimulated with a square-step input. The termina-
tion delay (Fig. 3 C) was calculated using IKK® determined from Eq.
1, in combination with the expression for IKKa decay in Eq. S22 in the
Supporting Material. The full duration dose response, the cross-sections,
and the corresponding time courses were generated by numerically solving
the ordinary differential equation system as before (for k, = 1 and k; and
ks as indicated) except that square pulses of the indicated duration
were used as input. We determined the times at which the concentration
of IKKa crossed the threshold by interpolating the solution to a fine
temporal grid as described above. A similar simulation approach was
used to generate the heat maps in Fig. 4. The response of the cycle to
repeated stimulation scenarios (Fig. 5) was investigated by numerically
integrating Eqs. 1-3 using a train of square pulses of saturating amplitude
(k; = 10%, k» = 1, and k; as indicated) and duration equal to 5 (in trans-
formed time units). The time between pulses was varied as indicated. The
critical relaxation time was calculated using Eq. S24 in the Supporting
Material.



Signal Processing by the IKK Cycle

A
™ g Threshold
—> Time N _
pulse duration (tp) . i
< »' Time
response duration
B Threshold 5% Threshold 50%
2 v k ’
; P 102
[ [ T |
st i\ —1
i 10?
0 o IS
2 0 2 2 0 2
Log(k,’) Log(k,’)
C . ky'=10"2 ky =101 ky'=102 _
| P>
5td s &
-2 -
0 80 80 8
pulse duration
D
2 10
Threshold 5% hreshold 50% -
1 :
S 5
1 §
2 . 0

0 pulse duration 10 0 pulse duration 10

233

E _10-1 _ _1n1 1_102
k,’=10 k=1 k,’=10 k=102
1.0 - el 1.0 - el 1.0 - el 1.0 3
0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6 Py
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2 10
0.0 - T 0.0 — - 0.0 - 0.0 -
2 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
~ 101
()]
>
5 8 10
Q
S )
-
] 1
c
5]
B 8 10
Q
] )
&=
10!
8 1‘0
102
8 10
c
o
®
< 2
el —
3 <
g oo
[=}
g 25
<
0 100 10 0 10

pulse duration

FIGURE 3 Duration dose response. (A) The three-state cycle was stimulated with square pulses of various durations. The period of time for which the
IKKa fraction remained over an arbitrary threshold was defined as response duration. (B) Initial lag (d;;) as a function of k," for monotonic (cyan), semia-
daptive (red), and strongly adaptive (yellow) regimes (k' = 107, 10", 1072, respectively), and 5 and 50% thresholds. Regions with nonzero duration (/),
amplitude-limited (II), and duration-limited (/Il) are indicated. (C) Termination delay (,4) for the three regimes and various values of k;’ as a function
of pulse duration. (D) Duration dose-response for 5 and 50% thresholds. (E) Typical time courses of IKKa in response to square pulses. (F) Cross-sections
of the duration dose-response surfaces along the pulse duration axis. All times in transformed units.

The model of the NF«B has been taken from Werner et al. (9). As in the
original publication, on each simulation the models were numerically inte-
grated (as described above) with a basal IKK activity corresponding to 1%
of the total to allow for equilibration and subsequently the numerical inputs
were applied to modulate IKK activity. The time axis for the collection of
IKK output curves was rescaled to reflect the timescales relevant for the
NF«B network, as indicated. To calculate the mutual information between
input-IKK and IKK-NF«B signals, we classified each set of curves into ampli-
tude bins and determined the information content (distribution of the input/
output curves among their respective amplitude bins, equivalent to entropy)
as well as the joint entropy (distribution of output curves given an input bin):

#Bins

ICx(1) = = 3 nx(b,1) x Log,(m(b,1), ()

b=1

(1)

#Bins
[vay(l’) = — Z

b=1

anY(b7 t) X Logz(nX,Y(ba t)) (4)

Here X and Yare the different kind of curves (input library, IKK, NF«B) and
nx(b,t) is the distribution of curves of type X among its respective bins at

time 7. The quantity ny y(b,f) is the joint distribution for two curves. We
used the standard approach and set 0 x Log(0) = 0 (12). The mutual infor-
mation can be obtained as

mlxvy(t) = ]C}((t) +1Cy(t) —ICXﬂy(l). (5)

The correlation between the duration at the various levels in the cascade
(see Fig. S7) was calculated by determining the time at which the simulated
time courses crossed the indicated thresholds.

RESULTS

The three-state cycle can operate in three
different regimes

In its simplest form, the control cycle motif has three states
connected by three processes:

1. Activation by an upstream effector;
2. Deactivation into a refractory state; and
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FIGURE 4 Amplitude-duration transformation. (A) Maximum output
amplitude versus input duration for a pulse of saturating amplitude. (B)
Maximum output amplitude versus input pulse duration for monotonic,
semiadaptive, and adaptive regimes (k3 = 102, 1071, 10’2) and various
input amplitudes. (C) Duration of the response (5% threshold) as a function
of the normalized stimulus strength (k;") and recycling rate (k3') parameters
for a pulse of duration 0.7 (in transformed time units). (D) Response dura-
tion versus normalized input amplitude for the three regimes in panel B. All
times in transformed units.

3. Recycling back to the poised state (Fig.1 A, and see equa-
tions below):

% =k x s x [IKK] —k, x [IKKa], 6)
@ — Iy x [IKKa] — ks x [IKKi],  (7)

Here, [IKK], [IKKa], and [IKKi] represent the concentra-
tion of the poised, active, and inactive forms of the kinase,
respectively. The parameter s is the strength of the stimulus.
We assume conservation of the total concentration of IKK
during the relevant timescales. By rewriting the equations
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FIGURE 5 Response to repeated stimulation. (A) Cycle response to a
train of square pulses of duration 5, separated by At = 19.9, 7.9,
3.15,1.25, and 0.5 (left to right). Responses shown for monotonic, semia-
daptive, and strongly adaptive regimes (k3' = 10%, 107°, 1072, respectively).
Values for 95% IKK recovery times are 2.3, 2.3, and 299, respectively. (B)
Response of the strongly adaptive case in panel A over an extended period
of time showing full recovery for low-frequency pulses. All times in trans-
formed units.

in terms of a transformed time k, ¢ (setting the time units
to k») and constants k,’ = s k/k, and k3’ = ka/k,, the explicit
dependence on the parameter k, is eliminated and the
system can be analyzed in a two-dimensional space
(ky',k3') without loss of generality (see the Supporting Mate-
rial for details). In the remaining, k,’, k5’, and time will refer
to the transformed quantities, unless indicated otherwise.

Typically, in the absence of upstream signaling (or in the
presence of weak basal activity), most molecules are resting
in a poised state. Upon stimulation, the concentration of the
active form (the output of the cycle) increases and informa-
tion about upstream activity is relayed to downstream targets.
Depending on the kinetic parameters, the output may remain
high or adapt to lower levels. In general, in response to long-
lasting stimuli, the dynamics of the three-state cycle can be
classified according to the stimulus-dependent steady-state
level and the maximum amplitude of the transient into three
major dynamic regimes (strongly adaptive, semiadaptive,
and monotonic; see Eqs. S8, S13, and S14 in the Supporting
Material, and see Fig. 1, B and C, main text), plus a weak
activation limit. When k" << 1, maximum activation (either
transient or steady state) ~k,’ (see the Supporting Material)
and a very small fraction of IKK is activated. This is the
weak activation limit (13) in which depletion of the substrate
is negligible, and thus replenishing by the recycling reaction
becomes irrelevant for activation. In this limit, the three-state
cycle and a two-state switch become equivalent.

Beyond the weak activation limit, in the limiting case of
infinitely fast recycling, stimulation causes the concentration
of the active form to increase monotonically to its equilib-
rium level and the dynamics of the system resemble those
of a simple reversible process such as the two-state
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phosphorylation-dephosphorylation switch prevalent in
signaling cascades (13,14). In this limit, the cycle behaves
as a push-button switch, relaying a signal for as long as there
is upstream activity and shutting down (albeit potentially
slowly) when that activity subsides. This is the monotonic
regime. The opposite limit occurs when recycling is not pre-
sent and the refractory form becomes a sink from which
active molecules cannot be regenerated. In this limit, after
initial activation, the concentration of the active form decays
to zero as the molecules are sequestered in the refractory
state. This kind of regulation has been documented in yeast
and mammalian signaling networks (15,16). This is the
strongly adaptive regime. The introduction of a recycling
reaction allows the module to respond in a semiadaptive
manner with a transient accumulation of the active form
that subsequently settles at a potentially reduced steady-state
level. This is the semiadaptive regime.

The operational regime of a cycle is determined by the
relative rates of the reactions (Fig. 1, C and D). For fixed
ki, steady-state levels increase monotonically with k3’
(see Eqs. S8 and S15 in the Supporting Material) whereas
maximum amplitude is determined almost exclusively by
ki’ (see Eq. S14 in the Supporting Material). The region
with k3’ > 1 and k,’ > 1 corresponds to the monotonic
regime with high steady-state levels and little or no transient
overshoot (a rigorous derivation is presented in the Support-
ing Material). The region with k3’ << 1 and k;’ > 1 corre-
sponds to the strongly adaptive regime with elevated
transient peaks but very low steady-state activity levels.
Finally, the region with k3’ ~ 1 and k" > 1 corresponds to
the semiadaptive regime, with both significant transient
overshoots and sizable steady-state levels.

In summary, the three-state cycle exhibits three character-
istic dynamical regimes that are bounded by the extremes of
the two-state and irreversible switches. Because, for a given
signal strength (k;’), the actual regime is mainly determined
by the relative speed of the recycling process (k3'), the cycle
represents a simple yet flexible motif that could be tuned to
produce transient or sustained outputs in a tissue- or cell-
state-specific manner through the regulation of the enzymes
responsible for recycling.

Distinct amplitude dose-response behavior
by early and late phases

The cycle’s ability to generate signals with two distinguish-
able phases (early and late) suggests the possibility that one
or the other may preferentially transfer information about
the stimulus. A critical piece of information about a stimulus
is often its intensity; therefore, we first analyzed the ability of
the three-state cycle motif to transfer information about the
amplitude of the incoming signal. For this, we first examined
the dose-responses of the maximum and steady-state parts of
the cycle response. Cross-sections of the amplitude surfaces
in Fig. 1 C along the k,’ axis (proportional to stimulus ampli-
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tude s) for slow, intermediate, and fast recycling (k3' =
10-%°2, corresponding to strongly adaptive, semiadaptive,
and monotonic regimes) show that the dose-responsive
range, understood as the range of input amplitudes for which
the system generates a dose-dependent response, is very
similar for the three regimes (Fig. 2 A). Consistent with this
observation, it is possible to show analytically that at suffi-
ciently high stimulus levels the cycle asymptotically approx-
imates complete activation (IKKa ~ 1) regardless of the
regime, but in a transient or sustained manner depending
on the regime.

The dose-dependency of the maximum and steady-state
phases of the cycle response can be characterized in terms
of their ECs""** and ECs,™ values (Fig. 2 B), defined as
the levels of k' that cause 50% of the saturated response
(peak maximum or steady-state respectively) at fixed k3’
values (see Eq. S16 in the Supporting Material). For
k3’ >> 1, both quantities coincide because maximum activa-
tion in monotonic regimes occurs upon reaching steady
state. However, in semiadaptive and adaptive regimes,
ECso K is larger than ECs,>S. This shift, already apparent
in the cross sections of Fig. 2 A, indicates that the late phase
of the response in those regimes is not only weaker, but also
saturates at lower input doses than the transient peak. These
results suggest that due to a wider dynamic range (in abso-
lute protein terms), the early phase is better suited than the
late phase to transfer information about the amplitude of the
stimulus. We also observed that in adaptive regimes, the in-
tegral of the output is also well suited for carrying amplitude
information. This is because although the amplitude of the
output depends on the input amplitude, the duration of the
bulk of the output is constrained by the adaptive process.
The more significant the adaptation, the lesser the contribu-
tion of the adapted IKKa level to the integral, and the better
it reflects input amplitude in a manner that is independent of
the input duration (see Fig. S5).

Distinct duration dose-response behavior
by early and late phases

Information about extracellular stimulus may also be
encoded in the duration of intracellular signals. To investi-
gate the cycle’s ability to transfer duration information,
we studied its response to square input pulses of different
durations (Fig. 3 A). The duration dose-response relation-
ship (i.e., the relationship between the duration of the IKK
output and that of the input) was calculated by defining
the duration of the output as the period of time for which
the level of active IKK remains over an arbitrary signaling
threshold (1/¢ for £ > 1) (Fig. 3 B). The faithfulness with
which the IKK cycle’s output duration tracks input duration
is limited by three dynamical effects:

1. Alag between input initiation and the moment IKKa rea-
ches the threshold;

Biophysical Journal 105(1) 231-241
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2. A delay between input termination (zp) and the moment
IKKa decays below the threshold; and

3. The possibility that IKKa adapts below the threshold
before the input terminates.

The first effect, the lag (6,;) between input initiation and the
moment the output reaches the threshold, is more pro-
nounced at low input amplitudes or for thresholds requiring
substantive IKK activation (Fig. 3 B and see Eq. S21 in the
Supporting Material). For a threshold corresponding to 5%
(£ =20) of the available IKK, the lag begins to be significant
for k,’ < 1 (Fig. 3 B, left panel) reaching a value of 2 (typi-
cally the timescale for adaptation in k, time units) at k;’ ~
10", For a 50% (£ = 2) threshold, the lag is observed at
higher k," values (Fig. 3 B, right panel). For low thresholds,
the lag is independent of the regime but at higher thresholds,
it becomes marginally longer for adaptive cycles. For a given
input amplitude and threshold, the lag equals the minimum
pulse duration capable of generating an output of nonzero
duration (region / in Fig. 3 B). Output signals may fail to
reach the threshold because the input amplitude is insuffi-
cient (dose-limited, region II), or because the pulse does
not last long enough (duration-limited, region II1).

The second effect that limits the faithfulness of the dura-
tion dose-response relationship, a termination delay, occurs
when the level of IKKa (IKKa'™) is higher than the threshold
at the moment (¢p) the input terminates. Upon input termina-
tion, the output decays exponentially with characteristic
time of 1 (k,~ ! in nontransformed time) and the time it takes
it to decay below the threshold introduces a delay (d,;)
between input and output termination (see Eq. S22 in the
Supporting Material). IKKa® (and 6,,) increases with tp
(the duration of the pulse) during the initial phase of the
output; it decreases with fp during the adaptation phase;
and becomes independent of #p once the output reaches
steady state (Fig. 3 C). Strong input pulses, even if short,
produce IKKa® levels close to unity and the associated
delay results in outputs that greatly outlast the input (i.e.,
temporal amplification). Input signals that terminate during
the decaying phase of adaptive responses will see delays that
decrease as input duration increases, reflecting the func-
tional dependency of IKKa®™ on #p. Finally, for inputs long
enough to drive the cycle to steady state (and if IKKa did
not adapt below the threshold), IKKa® becomes the
steady-state level IKKa®S. Under these conditions the delay
increases with k;’ and k3’ (see Eq. S23 in the Supporting
Material) indicating that for a given k,’, adaptive regimes
will track input termination more faithfully. For strongly
adaptive (k' << 1) and semiadaptive regimes outside of
the weak activation limit (k3 ~ < 1 < k'), the delay is
only weakly dependent on stimulus amplitude, and output
duration becomes an almost exclusive function of input
duration (Fig. 3 C, middle panel).

The third effect, namely IKKa falling bellow the
threshold before the pulse ends, occurs in adaptive regimes
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when the threshold is set above the stimulus-dependent
steady state (but below the early phase peak). In such cases,
output duration is decoupled from input duration and
depends only on k," and k3’ through their effect on the initial
lag and rate of decay.

Together, the three effects described above produce a
complex duration dose-response landscape (Fig. 3, D-F).
The temporal amplification effect is most evident in the left-
most part of the cross-sections (Fig. 3 F). The plateau-like
regions originate from decreasing 0,, values during the
decaying phase of the output compensating for longer input
signals. These plateau regions constitute blind spots during
which semiadaptive cycles lose the ability to relay informa-
tion about the precise duration of the input signal. The span
of the blind spot is determined by the difference between
IKKa' and IKKa®®, which controls the range of pulse dura-
tion for which IKKa' is a decreasing function of tp. Finally,
for sufficiently long signals, the output tracks the input with
a constant (independent of input duration) delay unless it
decays below the threshold during adaptation (horizontal
lines in Fig. 3 F). We note that input duration can be tracked
through the integral of the output of a cycle in an amplitude-
dependent manner only in the monotonic regime. This is
because in semi- and adaptive regimes the bulk of the inte-
gral is generated by the early phase of the output, which may
severely desensitize this metric to subsequent signaling (see
Fig. S6).

The analysis shows that, at high signaling thresholds, only
quasi-monotonic cycles will reliably transfer duration infor-
mation whereas, at lower thresholds, semiadaptive regimes
can as well (beyond the blind spot). The results above reveal
three key features of the regulatory cycle: The first is that
regardless of the regime, stimulus duration could be greatly
amplified by the very early phase of the cycle response in
an input-amplitude-dependent manner. The second is that
in the semiadaptive and monotonic regimes, the late phase
response of a cycle can track stimulus duration accurately
except for a delay that depends on the stimulus amplitude,
whereas strongly adaptive cycles cannot do so. Finally, for
the same &, the delay is smaller and less dependent on the
input amplitude in cycles operating semiadaptively. Taken
together, these observations point to the semiadaptive regime
as best suited for relaying stimulus-duration information in a
manner that is less dependent on the stimulus amplitude.

Amplitude-duration interconversion

A signaling module may relay dynamic information by
transmitting it faithfully (input amplitude to output ampli-
tude, and duration to duration), or may transform it by
encoding input amplitude, for example, as output duration
or frequency. To study the potential of the kinase cycle for
performing such transformations, we first analyzed the
dependency of the output amplitude on the input duration
using square pulses as inputs (Fig. 4 A). It is clear that
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interconversion between input duration and output ampli-
tude is only possible for very brief input signals that termi-
nate during the initial phase of the response (typically
tp < 1 in transformed time units) independently of the
regime. The relationship between the maximum amplitude
of the output and input duration depends on the amplitude
of the input (Fig. 4 B), which controls the rate of IKKa
increase. As shown above, under this stimulation scenario
the cycle output can significantly outlast the input signal.
The opposite transformation, that is the conversion of input
amplitude into response duration, is possible only for a
limited range of amplitudes (Fig. 4, C and D) and is
controlled by the effect of k,’ on the termination delay
(0;4) and the initial lag (¢,;) (Fig. 3, B and C). The nonmo-
notonic nature of the delay (as a function of k,") in adap-
tive cycles results in a nonmonotonic amplitude-duration
relationship in that regime. The width of the initial
phase peak also becomes narrower as the amplitude of
the stimulus increases, contributing to the nonmonotonic
relationship.

The results here suggest that a control cycle motif is good
at not conflating amplitude-modulated stimuli from dura-
tion-modulated stimuli, and therefore its function is unlikely
to be the interconversion of amplitude information into
duration or vice versa. However, the fact that the duration
of the early phase of the response in adaptive regimes is
only weakly dependent on the stimulus amplitude for stim-
ulus of moderate strength (or stronger) and lasting longer
than the adaptation time (Fig. 1 D), suggests a function for
the cycle more akin to a categorizer capable of taking a vari-
ety of input signals and producing a standardized response.

The three-state cycle response to repeated
stimulation and oscillatory signals

When operating in monotonic regimes or in the weak activa-
tion limit, the cycle behaves like a reversible switch and can
track or filter oscillations depending on their frequency and
the kinetic parameters (already studied elsewhere (14,17)).
When operating adaptively or semiadaptively, the response
of the cycle to repeated stimulation is severely reduced
above a critical frequency, because a large fraction of the
molecules are sequestered in the refractory state. In these
regimes, the critical frequency is determined by a relaxation
time that is a function of k3" (see Eq. S24 in the Supporting
Material) (reflecting the fact that this constant controls the
decay of the refractory species back to the poised state)
and k," (which sets the amount of IKKi that must decay).
For quasi-monotonic regimes (k3’ >1, k;’ > 1), the relevant
relaxation scale is given by k,. A consequence of the above
is that the late phase of an adaptive cycle’s output is insen-
sitive to noise up to very low frequencies (Fig. 5). Semia-
daptive cycles, on the other hand, react to fluctuations
asymmetrically, with potentially deep troughs but over-
shoots limited by the scarcity of poised molecules.
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Adaptive or semiadaptive cycles function as
categorizers for diverse dynamics of upstream
signals

Experimental observations suggest that the regulatory cycle
controlling IKK operates in a semiadaptive regime (9,10).
Its role as a signaling hub linking multiple pathways means
that IKK is exposed to a variety of upstream signals with
different temporal profiles. To assess the ability of the
IKK cycle to transfer information in these more complex
stimulation scenarios, we simulated the response of a semi-
adaptive cycle (k3 = 0.1, k, = 1) to a library of 4200 input
profiles (Fig. 6, A and C) inspired by activity observed in
signaling networks. Here, simulation time has been rescaled
to reflect the timescales relevant for NFkB signaling. The
impact of the cycle in the context of NFxB signaling was
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FIGURE 6 Information transfer in IKK-IkB-NF«xB module. (A) A library
of input functions defined by variations of five temporal and two amplitude
parameters was used to stimulate the cycle. (B) The resulting time profiles
of IKK activity were used as inputs to a model of NF«B regulation. (C)
Input functions and the corresponding time courses of IKK and NFxB
activity. (D) The information content metric for the input library (yellow)
and the mutual information for IKK-Input, NFkB-IKK, and NF«xB-Input
(blue, green, and red, respectively), as a function of time at different levels
of discretization (2, 4, and 8 bins corresponding to 1, 2, and 3 bits). (E)
Average information content for the input (yellow) and mutual information
for the early (r < 30’) and late (30" < t < 360') phases of the response at
different discretization levels.
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evaluated by using the IKK output curves as inputs for a pre-
viously published model of NF«B regulation (9) that pro-
duces temporal profiles of nuclear NFxB (Fig. 6 B). To
quantify the ability to transfer information, we used infor-
mation content and mutual information (Eqgs. 3-5) metrics
(reviewed in Rhee et al. (18) and Cover and Thomas
(12)). These and similar metrics have been applied to the
study of NFkB and other signaling networks (19,20). The
metric quantifies how the diversity of the input library is
preserved (or lost) at the IKK and NF«B levels. Calculation
of mutual information requires the classification of input
and output curves into amplitude bins (see Methods) at
each time point. Even spread of both input and output curves
among the amplitude bins indicates a significant potential
for information transfer. A situation when all the output
curves collapse into a smaller number of bins reflects a
reduced ability to transfer information. The number (and
hence size) of bins reflects the uncertainty inherent to
the molecular processes affecting the pathway that limit
the ability of downstream targets to determine the input
amplitude.

Visual inspection suggests that the set of IKK curves are
less diverse than the input collection (Fig. 6 C). The mutual
information metric for 8, 4, and 2 bins (equivalent to 3,
2, and 1 bit, respectively) confirms these observations
(Fig. 6 D) and further indicates that information is well pre-
served during the initial phase of the response but significant
loss occurs after 30 min (Fig. 6 E). The metric correctly
identifies a period early during the response in which the
activity of the cycle stores information about a stimulus
that already decayed (temporal amplification effect). The
analysis shows that there is little information loss between
IKK and NF«B (Fig. 6, D and E). In fact, the increased
levels during the late NFxB response compared to IKK’s
are artifactual and arise as a consequence of the high sensi-
tivity of the NF«B response to low levels of IKK.

The impact of the cycle on the duration dose response of
NF«B is analyzed in Fig. S7.

DISCUSSION

In this study, we demonstrated that the three-state cycle
motif can function in three main operational regimes: mono-
tonic, semiadaptive, and strongly adaptive. An important
property of this motif is that, outside of the weak activation
limit, the operational regime does not depend on the inten-
sity of the stimulus and is largely determined by the rate of
recycling (relative to deactivation). This is in marked
contrast with motifs based on negative-feedback loops
that, at least in principle, can transition from semiadaptive
to quasi-monotonic regimes in response to sufficiently
intense stimuli (21). Thus, a signaling network containing
a cycle motif could operate with markedly different yet
well-defined dynamics in cells expressing different levels
of the enzymes involved in recycling, making this simple
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motif a very flexible building module. The ability to
generate signals with two amplitude levels could allow
semiadaptive cycles to function as specificity switches that
activate alternative downstream pathways as the signaling
event progresses (22,23). Moreover, the recycling process
itself could be regulated in a cell-state-dependent manner
and cause a pathway containing a cycle to produce transient,
sustained, or biphasic (i.e., with two distinct phases) signals
depending on the cellular context. Because signal dynamics
have been shown to be important for controlling the speci-
ficity of the response in several systems (9,24-27), it is
tempting to speculate that cycles could function to control
the specificity of a signal (28,29) according to the cellular
needs.

Our description of a cycle in terms of three single-step
reactions may be unrealistic; however, multistep cycles,
under simplifying assumptions, produce the same basic
behavior (see the Supporting Material). In fact, contempo-
rary understanding of IKK regulation involves several
stages of complex formation and dissociation, as well as
phosphorylation and ubiquitination (1) (see Fig. S8 A).
Despite the extra layers of complexity, the dynamics of
IKK in the multistate cycle may be understood in terms of
those of the three-state counterpart (see Fig. S8, B-E),
although the presence of two activating signals and a feed-
back loop can introduce additional behaviors such as activa-
tion delays (see Fig. S8 F). Our results suggest inhibitor
SC-514 (see Fig. S1) affects k3’ ex vivo, by either promoting
recycling or inhibiting the inactivation step. The second
scenario is the most likely, given the known function of
the drug, which is consistent with the presence of a self-
catalytic step during deactivation (1,2).

The results presented here can be extended to systems in
which the refractory state is induced by spatial constraints.
For example, a transcription factor that, upon activation in
the cytoplasm, translocates to the nucleus where it is deac-
tivated, could be represented as a three-state cycle if reacti-
vation requires nuclear export. Such a mechanism is present
in a latent manner in the NF«B signaling network, in which
negative regulators of the IkB family bind NF«B in the nu-
cleus but cannot be degraded (and release NFxB again) until
exported to the cytoplasm (30). A similar motif is found in
the interferon-responsive STAT signaling system (31),
where it has been shown that changes in nuclear export rates
affect the sensitivity of STAT’s activity to cytokine levels
(32). Similarly, receptor recycling upon ligand-induced
internalization, as observed for members of the TLR family
(33,34) and others, enables further rounds of activation.
Finally, the dissociation of multisubunit signaling com-
plexes after stimulation is prevalent in signaling systems
including GPCR-mediated pathways. Reassociation may
be required for reactivation of the signal-propagating sub-
unit after the initial load of GTP is hydrolyzed. Depending
on the relative rates of activation, hydrolysis (deactivation),
and complex formation (recycling), G-protein regulation
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could operate as a three-state cycle for which the deactiva-
tion rate can be regulated by RGS proteins (35) and the
recycling rate by arrestins (36) displaying tissue specific
expression.

The regime in which the cycle motif operates determines
which features of the upstream signals are likely to be
meaningful for determining the cellular response. Here we
showed that a system operating in a semiadaptive regime
tends to transfer both amplitude and duration information
relatively unchanged. Specifically, inputs lasting longer
than the adaptation characteristic time are transduced by
both early and late phases. The phase of the output relevant
for signaling depends on the downstream targets responsible
for decoding. Amplitude information encoded in the early
phase of a cycle operating in an adaptive regime is present
only transiently, requiring downstream targets with fast
responses. Amplitude information encoded in the late phase
could be present for extended periods of time, but because
the dynamic range of the cycle response is compressed in
terms of IKK activity levels, a more sensitive downstream
target is required for extracting the information. Such a sen-
sitive target is likely to be saturated by the early peak and
therefore, in those cases, one can assume that the amplitude
of the early phase is not relevant for the response.

It is important to emphasize that the early phase of the
response is a transient (in the mathematical sense) and there-
fore its exact temporal profile and associate dose responses
are highly dependent on the way the cycle is stimulated.
Stimuli that increase gradually may drive the cycle close
to quasi-equilibrium and will not produce a transient peak.
Furthermore, the amplitude of the early phase in adaptive
and semiadaptive regimes also depends on the level of basal
activity, as this determines the fraction of molecules in the
refractory state that are unavailable for signaling. These
characteristics limit the conditions under which the early
phase amplitude can function as a carrier of signal input
information unless upstream activity is standardized, for
example, by always appearing with the same temporal pro-
file. In contrast, late phase activity is a steady-state feature
and does not depend on how the input arose.

The cycle’s ability to transfer information about the dura-
tion of an input signal depends on the regime and on the
actual input duration. For inputs lasting beyond the adapta-
tion time, input duration can be transferred as output
duration by cycles operating in quasi-monotonic and semi-
adaptive regimes. Obviously, when operating in a strongly
adaptive regime, IKK cannot transfer any information about
upstream activity beyond the early phase of the response.
Cycles operating in the semiadaptive regime can track input
duration more faithfully than a similar monotonic cycle
(same k,) because of a shorter termination delay. For inputs
that terminate during the cycle’s initial activation, the cycle
can generate responses that are significantly longer-lived, a
phenomenon we referred to as temporal amplification (8).
This is a general phenomenon (37) because, at such short

239

timescales, the dynamics are controlled mainly by activation
and deactivation. In this case, the cycle can interconvert
between amplitude and duration, but because of the com-
plex interdependence it can be quantitatively meaningful
only when upstream activity is always expected to appear
at consistent levels (e.g., saturating levels) or with a partic-
ular duration. Recently published data indicates the infor-
mation transmission capacity of the TNF/NFxB signaling
pathway in terms of signal amplitude is very limited (19).
Based on our finding that the late phase of IKK signaling
is capable of transferring information about duration, it is
interesting to speculate that the duration of the late phase
could be responsible for conveying additional information
that could ultimately drive a significant fraction of the large
set of stimulus-specific NFkB-mediated processes.

Oscillatory responses have been observed in a number of
signaling pathways, including the NFkB response to the
cytokine TNF (38—40). In this study, we did not focus on
the cycle as a generator of oscillatory signals. It has been
shown, however, that in the presence of autocatalytic steps
(a condition that may apply for IKK), the cycle can produce
oscillatory responses (41). It is also clear, though, that
adaptive and semiadaptive regimes are not well suited for
relaying high-amplitude oscillations or fluctuations with
period shorter than the recycling timescale. A critical quan-
tity based on the difference between the activation and
deactivation timescales has recently been developed for
characterizing the response of biological networks to input
fluctuations (42). The metric has been successfully applied
to networks containing multiple feedback loops in steady
state but the additional timescale introduced by the recy-
cling reaction complicates its application to cycle-like
motifs. Given its past success, it would be very useful to
expand the metric to account for refractory states and the
out-of-equilibrium phase of a response.

Taken together, our findings suggest the hypothesis that
target genes, the ultimate recipients of the signal informa-
tion, that are responsive to transient NFxB will likely
distinguish different amplitudes of the NF«B response.
However, target genes requiring the second phase of
NFkB will be better at distinguishing between different
durations of NFxB activity than the actual amplitude.
Furthermore, it follows from our results that under some
conditions, early and late amplitudes can be affected
quasi-independently, which raises interesting possibilities.
For example, for a cycle with wild-type parameters k," =
k3’ = 10 (quasi-monotonic regime. Fig. 1 C), a genetic
(or pharmacological) perturbation that inhibits recycling
100-fold would bring the system well into the adaptive
region, suppressing late-term activity but leaving peak
amplitude largely unaffected. Conversely, because of the
dose-response shift between the early and late phases of
the output (Fig. 2 A), a perturbation that partially inhibits
activation can reduce the amplitude of the early peak
with only minor effects on the steady-state level. These
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effects could be exploited for modifying signals for thera-
peutic purposes or to manipulate the input in order to
explore biophysical processes occurring downstream of
the cycle. This possibility is especially interesting in the
context of temporal control of signal specificity discussed
above. These effects could also be used as a guide to inves-
tigate the origin of phenotypes characterized by aberrant
signals in networks incorporating cycles or identify the
mechanism of action of novel drugs.

CONCLUSIONS

Understanding which dynamic features of a signal are rele-
vant and which ones are superfluous for the physiological
response remains a key challenge that has relevance for
future diagnostics and drug targeting. Taken together, the
results presented here show that the three-state cycle can
relay both amplitude and duration information but in a
regime-dependent manner. On the one hand, in adaptive
regimes, the early transient phase of the response tends to
obfuscate duration information but have a larger dynamic
range in terms of amplitude; this phase depends critically
on the way the stimulus appears and on the stimulation his-
tory. On the other hand, the late phase has a much more
reduced dynamic range in amplitude, but can track duration
more accurately and is not dependent on the stimulation
history. Although which features are relevant in a specific
biological setting will depend on the capabilities of the
downstream targets doing the decoding, our results suggest
that in a pathway containing a semiadaptive cycle subject to
a sustained input (like in the IKK-NF«B case), the ampli-
tude of the early phase is the primary carrier of information
about the amplitude of the stimulus, and the duration of the
late phase is the primary carrier of information about its
duration.

It must be kept in mind, however, that downstream targets
could be optimized to respond in a quantitative manner to
the weaker outputs in the adaptive phase and therefore be
insensitive to precise amplitude of the early phase (and its
dependence on the input history). Operating in a semi- or
strongly-adaptive regime, a cycle functions as a modulator
transforming a variety of upstream dynamics into a more
restricted set of dynamical responses (e.g., turning chronic
signals into transient ones) and thus, it can be viewed as a
categorizing stage producing signals of consistent duration
(early phase), or consistent amplitude (late phase). Overall,
the three-state cycle is a functionally flexible regulatory
motif able to generate distinct dynamic responses, poten-
tially in a cell-type- or condition-specific manner through
the regulation of the recycling enzymes.

SUPPORTING MATERIAL

Twelve subsections and eight figures are available at http://www.biophysj.
org/biophysj/supplemental/S0006-3495(13)00569-9.
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Pharmacological inhibition of the IKK cycle components

SC-514 is an IKK2 inhibitor that binds at the conserved ATP-binding pocket and was
previously reported to display good selectivity in vitro, but has limited
bioavailability and an extremely short half-life (1). In our hands SC-514 has little
effect in inhibiting overall IKK activity in fibroblasts (Fig. S1 A). However,
preliminary experiments show that upon treatment late, but no early, IKK activity is
elevated in response to cytokine Tumor Necrosis Factor (TNF) presumably because
SC-514 inhibits the IKK2 self-inhibitory C-terminal phosphorylation mechanism
(2,3).

We have also observed that pre-treatment of murine fibroblasts with TNF and the
phosphatase PP2A inhibitor Calyculin A results in reduced IKK activity (Fig. S1 B).
Co-treatment does not seem to have an effect. This result is consistent with
previously reported observations using other inhibitors and cell lines (4) and
supports the interpretation that dephosphorylation is a necessary step for
continuous IKK activation (2) as pre-treatment, in the presence of any basal activity,
would trap IKK in the inactive state.

Pretreat Cotreat

TNF 1 110 .1 1 10 Calyculin A (nM)
= + + + + + + + TNF 10ng/ml (10 min)
(<) | ——

SC514 |+ M- -

0 10 30 60 min

S - - - — pGST-IkBa

IKK KA

— —————— =S| KK«

Figure S1. Effect of pharmacological inhibitors on IKK activity. (A) wt Murine Embyonic Fibroblasts
were pre-treated with 100pM SC-514 for 30 min prior to stimulation with TNF (1ng/ml). IKK
activity was monitored via IP-Kinase Assay (5). SC-514 treatment resulted in only a subtle
decrease of TNF-induced IKK activity at 10 min but late activity was dramatically increased. (B)
wt MEFs were pre-treated with varying doses of the PP2A inhibitor Calyculin A for 30 min, or co-
treated along with a 10ng/ml dose of TNF for 10 minutes. IKK activity was measured using an IP-
Kinase Assay. In pre-treated cells, IKK activity was diminished upon increasing Calyculin A
concentrations, whereas the co-treatment had no effect.



Analytical solution of the linear three-state cycle

The linear three-state cycle is defined by equations 1-3 (main text). The constant k;
in these equations can be incorporated into a modified time variable defined as

P =kt (51)

This transformation is equivalent to setting the units of time to kz. The factor k» that
results from expressing the time derivative on the LHS of the differential equations
in terms of the modified time can be combined with the other kinetic constants to
yield the following modified system:

IKK

AIRK] __ K ¢k + 5 ki (S2)
di k, k,

dUKKal _ & kg - %2 kK (S3)
dt k, k,
IKKi

AURKI _ K |1k -5 ke (S4)
di k,

Explicit dependence on k can then be eliminated by writing the equations in terms
of the ratios ki'=s ki/kz and kz’=ks/kz. The system can be studied in terms of those
transformed constants without loss of generality. In the linear case the
concentrations can be transformed into fractions of the total pool of IKK dividing the
LHS and RHS by IKKroTa1, assumed here to be conserved, to yield:

dIKK
T = k! XIKK + k; (1~ IKK = IKKa) = ~(k;+k)IKK = k;' IKKa+ k; (S5)
dIKK.

= ? _k'xIKK - IKKa (S6)

, where specie’s names without square brackets represent the fraction of total IKK.
For a square step stimulus and zero initial condition, this of linear equations can be
solved using standard methods to yield for IKKa:

Ky -

d ~ d ~
IKKa(t) = IKKa* {1 - %e_ 2 t((l +a)e 2 +(1- a)e2’)] (S7)

(S8)



K, =1+k'+k,' (S9)

1

d=((k'-(1+k;")” - 4k, ') (510)
1-@uk%;a+q
e - (S11)

The solution can be written in terms of trigonometric or hyperbolic functions
depending on whether d is real or imaginary but we consider the form above makes
the asymptotic behavior easier to appreciate.

General observations

The solution consists of a steady state and a transient part (second term in the
square brackets) that decays as e¥1/2, Overshoots occur when the quantity in the
second term becomes negative, thus this quantity can be used to define monotonic
and adaptive regimes. The parameter plane can be divided in regions according to
the asymptotic behavior of a and d (Fig. S2), which in terms determine the type of
IKKa dynamics. The white region (Fig. S2) corresponds to an imaginary d.

kq’ (Logyo)

Figure S2. Quantity d and transient magnitude. (A) Quantity d as a function of k;' and ks". In the red
region d<0. (B) Magnitude of the overshoot (second term in the square brackets in Eq. S7) scaled by
IKKSS. The surface shows significant overshoot for k3'<1 and ki'>1.

In regions I and II, a tends quickly to -1; the first term in the transient drops and the
solution becomes strictly monotonic. In both regions d is well approximated by ks’-1
and thus the solution takes the form:

lK]Ya[f]~«IKUYaSS(1—-e’5$)
(512)



In region III, when ki’>>1 and k3'>>1, alpha~1 and the cycle response is virtually
monotonic (6§ = ki+2kz in this limit). In IV, @ ~k3"1 and the response becomes
adaptive with significant overshoots (Figure S2 B). In regions V and VI, d quickly
tends to 1 away from the d=0 line. The quantity a tends to 1+2ki’/ks’, which
becomes ~2k:’/ks’ in V and ~1 in VI leading again to a monotonic response when
ki’<<1. These limits and figure S1 B can be used to define the regions corresponding
to each regime: weak activation (ki’<10-1), monotonic (k3’>101), semi-adaptive (10-
1<ks’<101), and adaptive (k3’<10-1). These definitions are somewhat arbitrary (the
monotonic region include responses that are strictly quasi-monotonic) but
constitute a useful framework to characterize the motif.

Peak amplitude and weak activation limit

For ki’ <<1, the steady state levels of active IKK can be approximated by:

1
IKKa® ~ k'<<1 (S13)

1 1 ky'<ky'
S
k' k'

We found that the maximum of the solution of the differential equations with k3’=0
(effectively neglecting the impact of the recycling reaction during the initial buildup)
was a reasonably good estimate for the peak amplitude in adaptive and semi-
adaptive regimes. Peak amplitude is almost an exclusive function of ki’ (Fig. S3),
especially for ki’ >~ks’ or k3'<1.

1
IKKd“™ = k-1 (S14)

For ki’<<1, the amplitude of the peak ~ ki’. In this low activation limit, both peak
and steady state levels are very low and the biological relevance of the regime is
determined by the sensitivity of the downstream target.

|KKaPEAK

2 0 2
ks (Logyo)

Figure S3. Peak dose response as function of ki". The approximate value for Eq. S14 (red line) is
compared to the dose responses determined from the simulations for the values of k3’ in Fig. 2 (gray
lines). Equation S14 approximates well the peak dose response for low values of k3’ (adaptive and
semi-adaptive regimes) but deviations occur for higher k3’ values.



Steady state and peak dose responses

An alternative expression for the steady state concentration of IKKa (Eq. S8) is:

k' k'

ﬁ+h”ﬂ=1+@'

IKKd* = 8 (515)

From this expression, it is clear that for a fixed ks’, the maximum steady state level
of active IKK is achieved as ki’ tends to infinity and is given by . Then, for each
value of ks’, a k1’5550 value can be defined as the value of ki’ that results in an IKKaSs
level equal to half the maximum IKKaSS(k;’->o0). It is straightforward to show that:

k '
k15550= = 3 516
A RS (516)

Similarly, a ki'Peak50 can be defined as the value of ki’ that for a given value of k3’
produces a peak of half maximal amplitude. It is relatively straightforward to show
from the analytical solution (Eq. S7) that maximum peak amplitude (or steady state
levels in strictly monotonic regimes) tends to 1 as ki’ tends to infinity regardless of
the value of k3’. Because of this, k1'Peak50 can be calculated as the value of k¢’ that, for
a given ks’, produces a maximum IKK activation of 0.5. We do not have a general
closed form solution for the exact peak amplitude in terms of ki’ and k3’ that we
could invert but from Fig. S4 it is clear that even though the peak amplitude depends
strongly on K1 (ki'Pe2k50 js ~1) the dependency on k3’ is much weaker. Because of this
we calculated Kki’Peaks0 numerically as the value of ki’ that produce maximum
activation of 0.5 for a given k3’ (Fig. S4).

Peak amplitude Steady state amplitude
4 T
=
8) 1
— 0 |
= 0
<
4 0
- 4
L°g10 |-0910 |—0910)

Figure S4. Peak (left) and steady state (center) concentrations of IKKa as a function of k;' and ks'".
The k1’5550, and Kk1’PeakS0 curves (light and dark green respectively) are indicated (right).



Peak timing

The time to reach peak activity tPEAK and the level of peak IKK activity, IKKPEAK, can
be estimated for adaptive regimes by finding the maximum of the solution of the
differential equations with k3’=0. This approximation yields (in k2 units):

(PEAK _ In(k,") (S17)
k'-1

1

IKK"™% < g 5 (518)

This approximation is accurate for adaptive regimes but significant deviation occurs
for k3'>10. A similar estimation can be made for monotonic regimes by solving the
differential equations neglecting IKKi accumulation (ks’->c0). The result is a
monotonic increase in IKKa accumulation given by:

!

k s
IKKa = ——(1 - "*0) S19
. 1+kl'( ¢ ) (519)

Here, maximum IKKa corresponds to steady state and is approached asymptotically
as time t->o00. However, the time it takes IKK to reach (100-¢€) % of steady state value
t¢ can be used to estimate a more biological relevant time-scale that can be
compared with tPEAK n units of ko, t¢ is given by:

. __In@®
= Tor (S20)

Duration dose response

The activation lag can be estimated from the solution of the differential equations
with kz' set to zero.

mb_S'xa+Mj
k'
oti =

1+k'

(S21)

This approximation is accurate for small thresholds or adaptive regimes (Fig. 3B in
main text) but deviates from the exact value at higher ks' values.

The delay caused by the time it takes IKK to decay below the threshold once
stimulation is terminated was calculated by setting ki->0 in equations 1-3 and
solving the resulting exponential decay for the time the concentration of IKKa fell
from the IKK®™ (level of IKK at the end of the pulse) to the threshold (1/¢) (Eq. S22).



ord =In(&) +In(IKKa" ) (S22)

During the rising phase of the response IKKatr increases with tp. This causes inputs
terminating during this period (assuming they are sufficient to drive IKKa over the
threshold) to produce outputs with termination delays that grow with tp (Fig. 3 C,
main text) leading to the “temporal amplification” phenomenon. During the
decaying phase of adaptive responses IKKa® decreases with tp and thus inputs
terminating during this period will see decreasing termination delays as input
duration increases. This effect leads to the "blind spot" plateaus in the duration dose
response curves.

When the input pulse is long enough to drive the cycle to steady state, IKK® can be
replaced by the expression for IKKSS (the steady state concentration, Eq. S8)
yielding:

1 1 1
otd =1In(&) - ln(l + k_l' + E) Wln(g) - ln(k—3') (S23)

In adaptive systems, k3'<1 and if ki’21, then ki’ can be neglected and the lag
becomes independent of the stimulus amplitude.

Response to repeated stimulation

The frequency at which the cycle stops producing full responses to repeated
stimulation can be estimated calculating the time it takes to regenerate an almost
full amount of poised IKK. In adaptive and semi-adaptive regimes, the rate limiting
barrier is recycling from the refractory state and therefore a good estimate of the
minimum inter-pulse period that would allow for a fraction of 1-y in the poised state
is:

t - _—11n(y x 1+ ky Tk, +ky)) (S24)

re cov ery k |
3

This expression is for transformed time and the derivation is based on the time it
takes the fractional steady state level of IKKi (IKKiSS=IKKa®S/ks") to decay to y. The
smaller ks', the longer lived IKKi is, and the longer the recovery time. For pulses
shorter than the adaptation time-scale, the time it takes IKKa®™ to decay to IKKi must
be factored in. For monotonic and quasi-monotonic regimes, the relevant time scale
is that of decay from IKKa->IKKi (determined by k;) and thus IKKaS$ must be used
as the initial concentration resulting is a slightly modified expression (the k3'/ki'
term is replaced by 1/k:' and the k3' in the denominator must be replaced by 1).

In strongly adaptive regimes, when in steady state, the lack of IKK available in the
poised state acts as a natural filter for noise present in the input signal. For semi-
adaptive regimes in steady state, IKKisS > IKKSS (this holds when Kks'<ki' as
IKKiSS=IKKa®S/k3"' and IKKSS = IKKasS/k4'. This is typically the case in semi-adaptive



regimes outside of the weak activation limit) thus limiting the effect of noise in
those cases. The effect of noise in the amplitude of the steady state can be gauged by
the amount of IKKSS available (IKKSS = IKKaSS/k1'), which can be very small in semi-
adaptive regimes subject to strong inputs.

Integral of the signals as information carriers

In adaptive regimes, the integral of the output is a good carrier of amplitude
information. This is because the amplitude of the cycle’s output depends of the level
of upstream activity but its duration is constrained by the adaptive process. In fact,
for long enough signals (sufficient to drive the cycle to steady state), the integral of
the output is a sigmoid curve that depends only on ki' (Fig. S5, left panel). In semi-
adaptive regimes this is no longer the case as the adapted fraction of IKK
contributes to the integral linearly for as long as the input pulse is present (Fig S5,
center panel). In monotonic regimes both amplitude and duration contribute to the
integral on an equal basis and therefore amplitude can only be unambiguously
tracked by the integral of the output if the pathway can be assumed to produce
inputs of fixed duration.

Conversely input duration can be tracked through the integral of the output of a
cycle operating in the monotonic regime only if amplitude of the input signal can be
considered known. This could arise if an upstream regulator operates at saturation
at any physiological concentration of the stimulus. In the other regimes, the integral
of the output is a poor carrier of duration information because in semi- and adaptive
regimes the bulk of the integral is generated by the early phase of the output, which
may severely desensitize this metric to subsequent signaling (Fig. S6).

Adaptive (ky'=10?2) Semi-adaptive (k;=10") Monotonic (k;'=102)

response integral (a.u.)

Figure S5. (A) Integral of the three-cycle output for three operating regimes versus input (square
pulse) amplitude (ks* =102, 109, 10-% left to right) and increasing duration (red=0.05 to blue=8 in
transformed time).
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Figure S6. Integral of the output as carrier of input duration information. (A) Integral of the IKK
output as a function of duration for square step inputs of different amplitudes (ki'=10-2-102
red/blue) and three regimes (kz' =102, 109, 102, left to right). (B) Same as A but limited to the early
phase.



Transfer of duration information by the NFkB pathway

We also analyzed the cycle’s ability for transferring information about stimulus
duration by measuring the period of time for which IKK and NFkB active fractions
remain over 5% of the total available protein. The input duration was defined as the
period of time the stimulus level remains over 0.1 (arbitrary units), level that
roughly generates a 5% active fraction of IKK (see dose response curves in Fig. 2).
Consistent with previous results, for short input pulses, the duration of the IKK
signal can deviate significantly from the duration of the input (Fig. S7) whereas for
longer lasting ones, IKK is able to accurately track input activity. Interestingly, we
observed that for IKK signals lasting between 75 and 150 minutes, the resulting
NFkB signal is consistently shorter lived than that of IKK. For longer-lasting signals,
the duration of the NFkB response is proportional to the duration of the IKK signal
although there is a significant deviation (~45 minutes). These effects seem to
compensate for each other as the experiment shows that the duration of the NFkB
response varies linearly with the duration of the input (although with a significant
delay) for inputs as short as 100 minutes whereas linear relationship between the
duration IKK activity and input duration is observed for input signals lasting more
than 150 minutes (Fig. S7 right-most panel).
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Figure S7 Input vs. output duration (time over 5% activity, see text) for the individual signaling
stages (input->IKK, IKK->NFkB) and the combined pathway (input->NFxB).



The multi-state IKK cycle can be reduced to a three state cycle

The kinase IKK is a complex of two catalytic subunits, IKK-alpha and beta, and the
regulatory subunit IKK-gamma (also known as NEMO). Current models of IKK
regulation include several stages of complex formation and dissociation, as well as
phosphorylation and ubiquitination of components (2). In the more detailed model
(Fig. S8 A), stimulation induces the recruitment of the IKK-NEMO complex to
upstream effectors in a manner thought to be regulated by members of the TRAF
protein family. This process promotes the oligomerization of multiple IKK-NEMO
units (pre-activation) and the subsequent phosphorylation of IKK activation loop by
upstream kinases in a signal-dependent manner. IKK is also thought to be capable of
undergoing autophosphorylation independently of upstream kinase activity. In this
state, the IKK-NEMO complex is fully active and capable of phosphorylating
members of the IkB protein family, causing their rapid degradation and freeing
NFkB to translocate to the nucleus. At the same time, the active IKK complex
undergoes further trans-autophosphorylation, a process that leads to its breakup
(6) and terminates its ability to phosphorylate IkB. In order to be re-activated, the
hyper-phosphorylated components need to be dephosphorylated and reassembled
into a poised complex in a process that is thought to depend on phosphatases such
as PP2A (4) and foldases such as HSP90 (7,8).

The expanded model can be described by the following equations:

d[IKKpal) _

7 =k, x s, x[IKKc] - k,, x[IKKpa] x s, — k,, x [IKKpa] x [IKKa] (S25)
@ =k,, x[IKKpa] x s, + k,, x [IKKpa] x [IKKa] - k, x [IKKa] (S26)
@ = k, x [IKKa] - k, x [IKKhp) (527)
@ = k, x [IKKhp] - kg x [IKKdp] (528)
% = ks x [IKKdp] - k, x 5, x [IKKc] (529)

, Where the sub-indices in the IKK names represent: pa: pre-activated, a: active, hp:
hyper-phosphorylated, dp: dephosphorylated, c: competent for activation. S1 and S;
represent the two input branches.

The analysis of an expanded model in terms of its amplitude and duration dose
responses to synchronized input signals produced results that were virtually
indistinguishable from the three-state case for moderate and high stimulus doses
(Fig. S8 B-E). Therefore, the expanded model is equally capable of transferring
information about the stimulus, with the same limitations that the three-state cycle.



We then focused on the effect of the positive feedback. We observed that even with
synchronized signals driving both pre- and activation, the system can respond with
a lag that preceded activation in response to low dose inputs (Fig. S8 F). The
presence of this lag depends on the relative strength of auto- and stimulus-
dependent phosphorylation as an initial amount of active IKK must build up before
the feedback begins contributing to activation. Consequently, the activation lag was
more evident when stimulus-driven phosphorylation was weak and therefore the
feedback branch dominated the phosphorylation process (Fig. S8 F). The duration of
the lag depends on the activity of the parallel stimulus-driven branch, with weaker
activity producing longer delays. Further weakening of the stimulus-responsive
branch led to a diminished overall response. We observed that increasing the rate of
pre-activation was not sufficient to compensate for weak stimulus-driven activation
and fully eliminate the delay although it contributed to increase the amplitude of the
response. The existence of an activation lag clearly precludes the early phase of the
expanded cycle response from transferring information about the duration of
transient stimulus but leaves the properties of the late phase in terms of
information transfer largely unaffected.

Taken together, these observations indicate that the sensitivity and dynamics of the
expanded cycle are controlled by a balance between pre-activation, self-, and
stimulus-induced phosphorylation in an intricate manner. Depending on the details
of how the stimulus decay as well as on the kinetic laws applicable to the reactions
in the cycle, multiple phases with transient over- or under-shots are possible
especially when the inputs are non-synchronous. As the dynamics of IKK's upstream
effectors are not yet well established, we will not study these more complex
scenarios further.
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Figure S8. An extended IKK model. (A) In a more detailed model of IKK regulation, resting cells
contain IKK-NEMO in an inactive conformation. Following signal onset, the complex undergoes a
conformational change and oligomerization that result in a pre-activated complex. The complex
becomes accessible for IKK kinases (e.g. TAK1) in addition to undergoing autophosphorylation. In
this state, the IKK-NEMO complex is fully activated and phosphorylates the IkB proteins as well as
residues within the complex. The latter trans-autophosphorylation step leads to the breakup of the
NEMO-IKK complex. These hyper-phosphorylated forms are dephosphorylated by phosphatases (e.g.
PP2A) and the IKK-NEMO complex reassembles aided by foldase HSP90. (B) The model was
stimulated with square-step stimuli of varying amplitude and maximum and late phase amplitude
were determined as a function of the normalized stimulus strength (kis/ ksz) and recycling rate (ks/
k3) parameters.(C) Typical temporal profiles of IKK activity at various stimulus amplitude for the
three regimes (ks/ k3 =102, 109, 10-2) for a cycle in which the stimulus-dependent branch dominates
phosphorylation. (D) Amplitude dose response curves for the five-state IKK model for the three
regimes. The lower panels show the dose responses normalized to their maximum attained value. (E)
Duration of the cycle response (defined as in Fig. 3) to square pulses of saturating amplitude for the
three regimes.(F) Typical time courses of fully active IKK in response to square step stimuli for two
cycles with weaker (left) and stronger (right) self-phosphorylation branches (k2 is the rate constant
for the self-phosphorylation reaction and k;, is the unperturbed rate of the stimulus-dependent
phosphorylation branch). The color scale indicates the value of a multiplier "x" applied
simultaneously to both stimulus-dependent reactions in the model. The rows correspond to different
values of the unperturbed pre-activation parameter ki and illustrate that even though the sensitivity
of the cycle can be improved, the activation delay is not fully eliminated.
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