


ANDp motifs had a higher mean and standard deviation,
than that of the ORn motifs with corresponding mode of
regulation. However, the peak time distributions showed
the opposite trend; the ANDn and the ANDp motifs had
a lower mean and narrower distribution of peak time,
compared to the ORn motifs (Fig. 10).

Regulation by protein degradation showed higher mean
overshoot than the other modes of regulation. This was,
however, also the case with uncoupled feedforward and
feedback motifs (Fig S4). Conversely, protein degrada-
tion mediated uncoupled feedback motifs showed lower
mean peak time than to other modes of regulation. How-
ever, this difference was not significant for the feedfor-
ward motifs (Fig. S5).

The distribution of peak duration did not differ signif-
icantly between the different composite motifs.

Overshoot decreases, while peak duration
changes concavely, with peak time

To understand the relationship between different peak
properties I analysed how overshoot and peak duration
correlated with peak time using scatter plots, for the dif-
ferent parameter sets that produce peaks. As in case
of uncoupled feedback and feedforward motifs, overshoot
correlated negatively with peak time. However, peak du-
ration first increased and then decreased with increasing
peak time suggesting that peak duration is a concave
(superlinear) function of peak time. Again, this is in
agreement with what we observed in case of uncoupled
feedback and feedforward motifs. Considering all this,
it appears that both these relationships between peak
properties are some kind of a universal feature of peak
generating motifs in biological systems.

To understand the reason behind this relationship,
analysed a simple model of feedforward loop which has
just two variables – input and controller (Sup. Sec. 4).
The analysis reveals that differences in the degradation
rates of output and controller is necessary for the above
mentioned relationships to hold. In the absence of such a
condition the peak time depends on only one parameter
– the fold difference between the inputs, I 1 and I 2. To
check if difference in degradation rates is sufficient for the
observed pattern of correlation between overshoot, peak
duration and peak time, I repeated the simulations with
parameter sets that just varied in the degradation rate
constants (1/5 to 5 times the basal value), for both un-
coupled feedback and feedforward motifs, and the com-
posite motifs. In case of the uncoupled feedback and
feedforward motifs, variation in the degradation rate con-
stants of all the species (proteins and RNA) was found
to be sufficient to generate the pattern, however, varia-
tion of just the degradation rate constants of the RNA
species was not sufficient (Fig. S6–S7). For the compos-
ite motifs, variation of the degradation rate constants of
just the RNA speceis as well as that of all the species,
generated correlation patterns between the three peak
properties, showed similar trends (Fig. S8–S11).

Figure 11: Scatter plots between peak time and overshoot for the
composite motifs. Asterisks denote the values corresponding to the
basal parameter set, when it shows peak.
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Figure 12: Scatter plots between peak time and peak duration for
the composite motifs. Asterisks denote the values corresponding to
the basal parameter set, when it shows peak.
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Conclusion

Though, feedback and feedforward motifs have been
studied independently, a system that involves a coupled
feedback and a feedforward motif has not been studied.
I have mentioned a few examples, in the introduction
[12, 15, 16] but a detailed survey of such motifs is essen-
tial. These motifs also represent a situation in which a
feedback system is tuned by a common upstream regula-
tor.

In this study, I have used a simple model to analyse the
properties of different classes of composite feedforward-
feedback motifs, operating via different modes of regula-
tion. I have used a framework to simultaneously study
multiple systems using a shared parameter set. This
framework allows for parameter variation in order to
study global sensitivity of different system properties to
different parameters.

ANDn motifs show perfect adaptation (zero gain) for
all modes of regulation, for most parameter sets whereas
for ANDp motifs, the gain was hypersensitive to param-
eters such that it either showed perfect adaptation or no
regulation at all. Moreover, in the ANDp motifs, the
controller and output showed a reciprocal response both
with respect to the steady state and the dynamics. Such
motifs can switch between two contrasting regimes with
slight parameter changes.

Early saturation of the input-output characteristics of
ANDn motifs suggest that their adaptability is robust to
a broad range of input. However, the hypersensitivity of
output at low levels of input may be a trade-off. ANDp
motifs also showed saturation and non-monotonicity and
in some cases the characteristics were not very hypersen-
sitive to input. This would allow these motifs to exhibit
different kinds of responses to different levels of input.
Such a feature may be useful in conditions where exces-
sive stimulation by a signal would be undesirable (for
example, stimulation of neurons).

The peak properties i.e. overshoot, peak time and
peak duration seem share a relationship which seems to
be universal for incoherent feedforward motifs, negative
feedback motifs and composite motifs made of coupled
feedback and feedforward loops; overshoot decreases with
peak time whereas peak duration varies concavely with
it. Difference in the degradation rates of the participat-
ing species, seems to be necessary and sufficient for this
relationship to hold. It is important to check if other
peak-generating motifs also exhibit this property.

Overall, it is evident that regulation by protein degra-
dation is very distinct from other modes of regulation
irrespective of the motif structure (even for uncoupled
feedforward and feedback motifs); it has faster response
and higher peaks. However, regulation by protein degra-
dation is likely to be more expensive for the cell than the
other modes of regulation because of the additional cost
of translation.
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