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Abstract

Motivation: Transcriptional surges generated by two-component systems (TCSs) have been observed experimental-
ly in various bacteria. Suppression of the transcriptional surge may reduce the activity, virulence and drug resistance
of bacteria. In order to investigate the general mechanisms, we use a PhoP/PhoQ TCS as a model system to derive a
comprehensive mathematical modeling that governs the surge. PhoP is a response regulator, which serves as a
transcription factor under a phosphorylation-dependent modulation by PhoQ, a histidine kinase.

Results: Our model reveals two major signaling pathways to modulate the phosphorylated PhoP (P-PhoP) level, one
of which promotes the generation of P-PhoP, while the other depresses the level of P-PhoP. The competition be-
tween the P-PhoP-promoting and the P-PhoP-depressing pathways determines the generation of the P-PhoP surge.
Furthermore, besides PhoQ, PhoP is also a bifunctional modulator that contributes to the dynamic control of P-PhoP
state, leading to a biphasic regulation of the surge by the gene feedback loop. In summary, the mechanisms derived
from the PhoP/PhoQ system for the transcriptional surges provide a better understanding on such a sophisticated
signal transduction system and aid to develop new antimicrobial strategies targeting TCSs.

Availability and implementation: https://github.com/jianweishuai/TCS.

Contact: jianweishuai@xmu.edu.cn or ahan@xmu.edu.cn

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Two-component systems (TCSs), sophisticated signal transduction
pathways in bacteria (Hess et al., 1988; Ninfa and Magasanik,
1986), eubacteria, archaea and plants (Chang and Stewart, 1998;
Perraud et al., 1999), are responsible for over 90% signal transduc-
tion processes in response to extracellular stimuli, such as nutrient
availability, osmolarity, redox state, temperature and toxic chemi-
cals (Robinson et al., 2000; Stock et al., 2000; Wuichet et al., 2010).
TCSs are not found in mammalian cells, and thus considered as po-
tential targets for new antimicrobial drugs (Wuichet ez al., 2010).

A prototypical TCS consists of two conserved protein compo-
nents, a sensor histidine kinase (HK) and a cognate response regula-
tor (RR). In general, HK is a transmembrane protein to sense
extracellular signals (Krell et al., 2010; Mascher et al., 2006),
including cell density (Pestova er al., 1996), environmental

conditions, such as nitrate (Williams and Stewart, 1997), divalent
cations including magnesium and calcium (Groisman, 2001), oxy-
gen (Jason et al., 2007), and so on. Upon stimuli, HK becomes auto-
phosphorylated at a conserved histidine residue in the presence of
adenosine triphosphate (ATP) to form the phosphorylated HK (P-
HK) that then transfers the phosphoryl group to an aspartate residue
in the receiver domain of its cognate RR, generating a phosphory-
lated RR (P-RR). About two-third RRs preferably bind to a specific
set of promoter DNA to regulate the expression of target genes (Gao
et al., 2007). Furthermore, the bifunctional HK exhibits intrinsic
phosphatase activity to dephosphorylate its cognate P-RR(Igo et al.,
1989; Stock et al., 2000; Straube, 2014), which is largely enhanced
with the presence of adenosine diphosphate (ADP) and stimulation
(Castelli et al., 2000; Igo et al., 1989).

The transcriptional surge is an important character of TCS fami-
lies for various physiological functions (Alloing ef al., 1998; Guckes
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et al., 2017; Hutchings et al., 2006; Shin et al., 2006; Yamamoto
and Ishihama, 2005). Upon stimulations, the levels of P-RR and
transcription of the relevant genes rapidly increase to a peak, and
then reduce to a steady-state that is approximately 20% to 50% of
the maximum level, forming a surge (Shin et al., 2006). Generally,
adaptation is defined as a process where a system initially responds
to the stimulus, and then returns to basal or near-basal level of activ-
ity in the cell signaling (Ferrell, 2016). Hence, the surge can be con-
sidered as an adaptable functionality in TCSs (Ray and Igoshin,
2010). When stimulated by a competence-stimulating peptide (CSP)
in human pathogen Streptococcus pneumonia, the expression of
comCDE mRNA exhibits a transient surge and plays a role in quo-
rum sensing through a TCS ComD/ComE (Alloing ez al., 1998). The
surge expression of copper-responsive genes of Escherichia coli is
associated with the electron transport, reduction of nitrite and ni-
trous oxides, and electron carriers (Yamamoto and Ishihama, 2005).
The surge can also regulate the vancomycin resistance by a TCS
VanR/VanS in Streptomyces coelicolor (Hutchings et al., 2006) and
jump-start virulence circuit by a TCS PhoP/PhoQ in pathogenic
Salmonella enterica (Shin et al., 2006).

In 2006, Shin et al reported the activation surge in PhoP/PhoQ
TCS with a positive feedback loop, which can regulate the patho-
genicity in Salmonella. They studied two isogenic strains, i.e. the
wild-type strain harboring the PhoP box that is responsible for tran-
scriptional autoregulation and the mutant strain in which PhoP box
was replaced by a consensus -35 sequence. When the wild-type
strain was shifted from the medium containing 10mM Mg?** to the
inducing condition of S0uM Mg>*, the level of PhoP continuously
increased from a very low initial value, and the transcription of
PhoP-activated genes showed an activation surge. While, the mutant
strain produced the PhoP protein constitutively at levels that were
similar to the steady-state level achieved by the wild-type strain after
the induction of the PhoP/PhoQ system, and the transcription of
PhoP-activated genes presented a monotonic increase and then
asymptotically reached a steady-state level (Shin ez al., 2006).

Mathematical modeling is a powerful approach for dissecting
the complexity, often providing new insights of the signaling path-
ways (Li et al., 2020; 2021; Qi et al., 2015, 2018). Several molecular
mechanisms for the surge generation by TCSs were proposed with
mathematical modeling (Mitrophanov et al., 2010; Ray and Igoshin,
2010; Yeo et al., 2012). Mitrophanov et al (Mitrophanov et al.,
2010) and Ray et al (Ray and Igoshin, 2010) discussed the surge
phenomenon with TCS models considering the positive DNA feed-
back loop based on simple TCS system (Batchelor and Goulian,
2003). Yeo et al suggested that the surge modulated by ADP binding
generates a negative feedback loop by upregulating the phosphatase
activity of PhoQ (Yeo et al., 2012).

Because none of the present models is able to systematically ex-
plain the experimental observations in the PhoP/PhoQ system
(Batchelor and Goulian, 2003; Mitrophanov et al., 2010; Ray and
Igoshin, 2010; Shin ez al., 2006; Yeo et al., 2012), we integrated the
characteristics of the previous models (Batchelor and Goulian,
2003; Mitrophanov ez al., 2010; Ray and Igoshin, 20105 Yeo et al.,
2012), and constructed a complete TCS model to simulate the
experiments (Shin et al., 2006; Yeo et al., 2012) and especially
explained the mechanism that the wild-type strain produced a surge
while the mutant strain did not. We further identified two major sig-
naling pathways in the P-PhoP modulation, one of which promotes
the generation of the P-PhoP, while the other decreases the level of
P-PhoP. Therefore, the competition of these two pathways governs
the P-PhoP level, resulting in the P-PhoP surge. Besides PhoQ, our
model suggests that PhoP plays a bifunctional role in the P-PhoP
generation, causing a biphasic regulation of the P-PhoP surge by the
gene feedback loop.

2 Mathematical model

PhoP/PhoQ is used as a TCS model, because a positive feedback was
observed when P-PhoP bound its promoter DNA to increase expres-
sion of PhoP and PhoQ in the wild-type strain, but not in a mutant
strain (Shin et al., 2006). This PhoP/PhoQ model is composed of

four processes: the activation of PhoQ, the PhoP/PhoQ reactions,
the PhoP binding to DNA and the gene transcription and
translation.

The autokinase activity of PhoQ is repressed at greater than
millimolar magnesium concentration (~10mM) and induced at low
Mg?*t (~50uM) in S. enterica (Castelli et al., 2000; Garcia Vescovi
et al., 1996). Because the observations of strains were shifted from
media with 10mM to 50 uM Mg?* concentrations in the experi-
ments (Shin ez al., 2006), we assume that ATP or ADP could barely
bind PhoQ in the presence of 10mM Mg?*. When shifted to S0uM
Mg?*, PhoQ easily associates with ATP or ADP. And then PhoQ
autophosphorylates to produce P-PhoQ and P-PhoQ-ADP in the
induced condition, which further generates P-PhoP through their
phosphotransferase activity (Dutta et al., 1999) (Fig. 1A and B).
Moreover, PhoQ and PhoQ-ADP possess a phosphatase activity that
turns P-PhoP to PhoP through dephosphorylation (Castelli ez al.,
2000; Yeo et al., 2012).

There are two promoters to regulate the expression of PhoP and
PhoQ, the regulated promoter and the constitutive promoter (Kato
et al., 1999; Lejona et al., 2003; Yamamoto et al., 2002). The con-
stitutive promoter is responsible for the production of basal levels of
PhoP and PhoQ, which is necessary to detect and respond to envir-
onment signals (Shin and Groisman, 2005). And the major differ-
ence between the wild-type and mutant strains is the regulated
promoter (Shin et al., 2006). In the wild-type model, two RR-boxes
X* and ‘X# can be bound with PhoP or P-PhoP. And only when
bound by P-PhoP, the RR-boxes can promote the transcriptions of
phoP/phoQ and pmrD genes, which are further translated into the
relevant proteins (Fig. 1C and D). However, in the mutant model,
the PhoP and PhoQ proteins can be produced constantly, because
the RR-box is replaced by a consensus hexameric -35 sequence (Shin
et al., 2006) (Fig. 1D).

We determined the model parameters by fitting all the experi-
mental data of P-PhoP level, the occupancy of pmrD promoter and
mRNA expression of pmrD (Shin ez al., 2006). Both the wild-type
and mutant models first show a steady state of inhibition (Fig. 1E~
G). In the induced condition with [Mg?*] = 50uM at t = 0, the bind-
ing abilities of PhoQ to ATP and ADP increase significantly. PhoQ
becomes autophosphorylated, leading to a P-PhoP surge in the wild-
type strain (Fig. 1E, with the experimental data extracted from
Fig. 2C of Shin et al., 2006). The surge height H, the difference be-
tween the maximum and the final equilibrium concentrations of the
P-PhoP level, is derived. The occupancy of the pmrD promoter
(Fig. 1F, with the experimental data extracted from the lower panel
of Fig. 3C in Shin et al., 2006), the ratio of the probability of DNA
bound by P-PhoP and PhoP to the probability of free DNA, i.e.
(p1+p2)/po, shows a surge behavior along with the mRNA expres-
sion of pmrD (MRNA pmp)) in wild-type model, rather than in mu-
tant model (Fig. 1G, with experimental data extracted from the
lower panel of Fig. 3D in Shin et al., 2006). Both wild-type and mu-
tant models can nicely recapitulate the experimental data with a
small enough error.

All equations and parameter values are given in Supplementary
Method S2 and Supplementary Table S1, respectively. The initial
values (Supplementary Table S2) are assigned to the steady state of
the model at 10mM Mg?*. Furthermore, the initial concentrations
of PhoP and PhoQ in the wild-type strain are approximately 2.7uM
and 0.49uM, respectively, as measured by experiments (Yeo et al.,
2012). The initial value of PhoP in the mutant strain is similar to the
steady state of the wild-type model at SOuM Mg?* (Shin et al.,
2006).

3 Results

3.1 The dynamics of the three stages of the surge
observed in wild-type strain

We focus on the surge of P-PhoP in the following discussions, be-
cause the changes in transcriptional level of PhoP-activated genes re-
flect the change of P-PhoP level (Shin et al., 2006). As shown by
solid lines in Figure 2A and B, the P-PhoP surge can be divided into
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Fig. 1. Construction of the TCS PhoP/PhoQ model. (A) Simplified signal transduction of PhoP/PhoQ. The dashed line indicates the binding of P-PhoP with DNA in the wild-
type but not in a mutant strain. (B) Detailed signal transduction of PhoP/PhoQ. The gene feedback loop for PhoP/PhoQ expression in (C) wild-type and (D) mutant strains. (E)
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Bioinformatics online.)

three stages, including the increasing phase in the first and second
stages (P1 and P2), and the decreasing phase in the third stage (P3).
The increasing stage P1 starts right after stimulation. The initial pro-
teins of PhoQ rapidly autophosphorylates into P-PhoQ through P-
PhoQ-ADP [Fig. 2A(b1, ¢, d)]. When all the initial proteins of PhoP
[Fig. 2B(b)] in the system are phosphorylated by P-PhoQ through P-
PhoQ-PhoP complex [Fig. 2A(e)], giving the first stage with a char-
acter of increasing P-PhoP [Fig. 2B(f)]. The P-PhoP is also contrib-
uted in the phosphorylation reaction of P-PhoQ-ADP with PhoP
[Fig. 2B(c)]. The P1 stage is ended when the initial PhoP level of ap-
proximately 2.7uM is completely depleted and converted into P-

PhoP [the red arrow in Fig. 2B(b)], while the initial PhoQ level is
also completely phosphorylated into P-PhoQ [the red arrow in
Fig. 2A(b1)]. As a result, the P1 stage right after stimulation is
defined as the stress response period. The major signal pathway in
such a stage is summarized in Supplementary Figure S1A.
Furthermore, P-PhoP could promote the expression of PhoP and
PhoQ, which is generated by DNA bound by P-PhoP as a positive
gene feedback loop. It is notable that the total amount of all types of
PhoQ proteins (including free PhoQ and all PhoQ complexes) have
slight increases in concentration because the balance between PhoQ
protein generation and degradation is broken right after stimulation
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Fig. 2. Dynamics of the three stages of the surge observed in wild-type strain. (A, B) Profiles of key components in response to stimulation. Black solid lines represent the dy-
namic levels in wild-type model, while red dotted lines represent the levels in mutant model. The gray solid lines divide three stages, and the red arrows indicate the key pro-
teins in the transition between the two stages. (Color version of this figure is available at Bioinformatics online.)

[Fig. 2A(a)]. In contrast, the total amount of all types of PhoP pro-
teins starts to increase significantly in P2 stage [Fig. 2B(a)]. The
newly produced PhoP is phosphorylated rapidly by P-PhoQ that fur-
ther increases the P-PhoP level [Fig. 2A(d) and B(f)], giving the oc-
currence of the second peak of P-PhoQ-PhoP [Fig. 2A(e)]. The
second stage is ended when P-PhoP reaches its maximal due to the
exhausted P-PhoQ [the red arrow in Fig. 2A(d)]. Thus, the second
stage can be called the gene feedback period to produce more PhoP
for phosphorylation. The major signal pathway in P2 is summarized
in Supplementary Figure S1B.

In P3 stage, the amount of P-PhoP becomes descending. The free
PhoQ and its complexes, including P-PhoQ, P-PhoQ-ADP, PhoQ-
ATP, P-PhoQ-PhoP and P-PhoQ-ADP-PhoP, are all exhausted [see
Fig. 2A(b1, b2, ¢, d, e) and B(c)], resulting in a termination of reac-
tions in signal pathways of Supplementary Figure S1A and B.
Specifically, P-PhoP is converted into PhoP through interactions
with PhoQ-ADP, driving P-PhoP to descend to a steady state
[Figs. 2A(f) and B(e, f)]. Therefore, this stage is referred to the
dephosphorylation period by PhoQ-ADP. The corresponding signal
reaction pathway is plotted in Supplementary Figure S1C. As a re-
sult, these three dynamic stages form the P-PhoP surge.

However, in the mutant model the constitutive expression of
PhoP and PhoQ results in high levels of PhoP and PhoQ before
stimulation (Shin et al., 2006) [the red dotted lines in Fig. 2A(b1)
and B(b)]. In low Mg?*, PhoP is rapidly phosphorylated to P-PhoP
by P-PhoQ-ADP and P-PhoQ, leading to an increase of P-PhoP,
which is similar to the stress response period after stimulation
observed in the wild-type model. Next, due to a constant PhoQ con-
centration, the free PhoQ and its complexes, including PhoQ-ATP,

P-PhoQ-ADP, P-PhoQ, P-PhoQ-PhoP, P-PhoQ-ADP-PhoP and
PhoQ-P-PhoP, are all exhausted rapidly [Fig. 2A(b1, b2, ¢, d, €) and
B(c, d)]. Such an exhausted state leads the mutant strain directly to
the dephosphorylation period by PhoQ-ADP without the surge
(Fig. 2A and B).

3.2 The mechanism of surge caused by the ADP affinity
of PhoQ

As observed in experiment, the P-PhoP level became substantially
higher and was sustained longer when the affinity of PhoQ and ADP
was decreased (Yeo et al., 2012). Consistently, the decrease of the
association rate of PhoQ and ADP (i.e. ky,) enhances the surge in
the wild-type model (Fig. 3A and Supplementary Fig. S2). The quali-
tative reproduction of the experimental results verifies the rational-
ity of the model. Figure 3A shows the time-dependent responses of
P-PhoP, P-PhoQ and PhoQ-ADP with three typical association rates
of PhoQ and ADP, which are marked by dotted lines in
Supplementary Figure S2. The decreased association rate of PhoQ
and ADP (i.e. ky,) directly results in an increase of PhoQ, which
enhances the P-PhoP generation through phosphorylation process.
And at the same time, the decreased association rate directly causes
a reduction of PhoQ-ADP, which reduces the dephosphorylation of
P-PhoP (Fig. 3A). Thus, these two processes both increase the surge
of P-PhoP.

As a result, the surge height H is plotted as functions of the asso-
ciation and dissociation rates of PhoQ and ADP in Figure 3B and C,
respectively, showing a behavior of sigmoidal curve. The related pri-
mary signal pathways for surge caused by the ADP affinity of PhoQ
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are summarized in Figure 3D, in which the pink and cyan areas de-
scribe the PhoP phosphorylation and the P-PhoP dephosphorylation
processes, respectively.

3.3 The P-PhoP-promoting and P-PhoP-depressing

pathways

In order to investigate the modulation mechanism of the P-PhoP
surge systematically, we perform the perturbation analysis for all
parameters in the wild-type model. The individual reaction rate is
given by Ak; with the standard parameter k; multiplied by a scale 1
to modulate the reaction process in the model. Simulation results
show that, as the multiplication scale 4 increases for individual reac-
tion rate, the surge of P-PhoP will either increase (e.g. the associ-
ation rate of PhoQ and ATP k;), decrease (e.g. the association rate
of P-PhoQ-ADP and PhoP ky4) or remain unchanged (e.g. the dissoci-
ation rate of PhoQ and ATP k_;), respectively (Supplementary Fig.
S3A and B). According to the influence of parameter perturbation
on surge height H, the reaction parameter in the signaling pathways
can be classified into three categories: (i) parameters to promote P-
PhoP, (ii) parameters to depress P-PhoP and (iii) the insensitive
parameters with little effect on P-PhoP (Fig. 4A).

As a result, the P-PhoP-promoting and P-PhoP-depressing signal
pathways are summarized in Figure 4B. Clearly, the P-PhoP-promot-
ing pathways (reactions with red lines in Fig. 4B) consist of both the
PhoQ phosphorylation reactions and the PhoP phosphorylation
reactions. Such P-PhoP-promoting signaling pathway acts as a
source to generate P-PhoP. And the depressing pathway mainly
dephosphorylates P-PhoP to PhoP and deplete P-PhoP (i.e. the reac-
tions with green lines in Fig. 4B). Furthermore, the P-PhoQ-ADP
and P-PhoQ-ADP-PhoP reactions with parameters k4 and k_4 typic-
ally play a leaking role to drain P-PhoQ-ADP away from the P-
PhoP-promoting pathway. As a result, the competition between the

P-PhoP-promoting and the P-PhoP-depressing pathways determine
the generation of surge. Both PhoP and PhoQ are not only in the P-
PhoP-promoting reaction pathway, but also in the P-PhoP-depress-
ing reaction pathway, thereby playing bifunctional roles in the surge
modulation.

3.4 Biphasic regulation of PhoP and PhoQ expressions

on the surge
The normalized surge height H as a function of multiplication scale
for the reaction parameters in gene feedback loop shown in
Figure 1C increases firstly to a maximum, and then decreases
(Fig. SA and B). For example, the dynamic profiles of P-PhoP pro-
tein with the varying multiplication scale A for the translation rates
of PhoQ (kys) and PhoP (k;g) both present an area of high P-PhoP
level in the middle region (Supplementary Fig. S4A and B). This bell-
shaped phenomenon indicate a biphasic regulation of reactions in
gene feedback loop on the P-PhoP surge. The kinetic behaviors of
the components associated with the P-PhoP surge are plotted with
three different translation rates of PhoQ from mRNA (ko) (Fig. 5C,
corresponding to the three-dotted lines in Supplementary Fig. S4A).
When the PhoQ translation rate increases to 100xk;o from the
standard value kyo, the increasing PhoQ causes more PhoP phos-
phorylation. The P-PhoP-promoting reactions dominate the system
with an enhanced surge (the red line in Fig. 5C). However, when ko
turns to 1000xk,9, the overfilled PhoQ either directly interacts with
P-PhoP to dephosphorylate P-PhoP or recruits ADP (i.e. PhoQ-ADP)
to rapidly dephosphorylate P-PhoP (the green lines in Fig. 5C). As a
result, large amounts of PhoQ and PhoQ-ADP dominate the P-
PhoP-depressing reactions, causing a small P-PhoP surge.

The kinetic behaviors of the components associated with the P-
PhoP surge are plotted with three different translation rates of PhoP
from mRNA (kyg) (Fig. 5D, corresponding to the three-dotted lines in
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Supplementary Fig. S4B). The increase of PhoP translation rate from
0.001xkyg to kyg results in the increase of P-PhoP, which generates the
surge (red line in Fig. 5D). However, with a larger PhoP production
rate of 1000xkyg, the excessive PhoP typically drives P-PhoQ-ADP to
become P-PhoQ-ADP-PhoP. In the absence of P-PhoQ and P-PhoQ-
ADP, the P-PhoP-promoting reaction is terminated and results in a
weakened surge (green lines in Fig. 5D) along with a PhoP accumula-
tion. Therefore, the bifunctional roles of PhoP and PhoQ in the P-PhoP
generation give rise to a biphasic regulation on the P-PhoP surge for the
reaction processes in gene feedback loop.

The transcription rate of mRNA (k) is also an important par-
ameter in the gene feedback loop. The normalized surge height H as
a function of multiplication scale of transcription rate of mRNA is
plotted in Figure 5B. One can see that its modulation behavior on
surge height is similar as that of the translation rates of PhoP (kyg),
both giving a biphasic surge height. The corresponding kinetic
behaviors of P-PhoP, PhoP, P-PhoQ and P-PhoQ-ADP are given in
Supplementary Figure S4C, D.

It has been suggested that the surge phenomenon is dominated by
the negative feedback loop or incoherent feedforward loop (Ferrell,
2016). Based on our PhoP/PhoQ TCS, there are three modulation struc-
tures as the primary signaling pathways that are correlated with P-
PhoP. The left and middle panels in Figure SE display the primary path-
ways of promoting and suppressing P-PhoP by PhoQ, respectively.
While the right panel in Figure SE displays the primary pathways of
promoting PhoP and PhoQ by stimulating the gene expression. The in-
coherent feedforward loops are formed by combining the left and mid-
dle primary pathways. Meanwhile, the negative feedback loops are
formed by combining the middle and right primary pathways.
Additionally, the analysis of parameter sensitivity (Supplementary Fig.
S5) shows that all the parameters that the surge of P-PhoP is sensitive
to (Fig. SF) belong to the promoting (the left panel of Fig. SE) and
depressing (the middle panel of Fig. SE) P-PhoP pathways. Therefore,

we conclude that the formation of the surge is a result of the interac-
tions of these incoherent feedforward and negative feedback loops.

4 Discussion

The transcriptional surge has been considered as a general character-
istics in TCS families, which is essential for the regulation of various
physiological functions in bacteria (Ray and Igoshin, 2010; Shin
et al., 2006). A decade of experimental and modeling studies
(Batchelor and Goulian, 2003; Locke et al., 2011; Mitrophanov
et al., 20105 Qin et al., 2001; Ray and Igoshin, 2010; Salazar et al.,
2016; Shin ef al., 2006; Tzeng and Hoch, 1997; Yeo et al., 2012)
suggests that a positive gene feedback plays an important role to
cause the P-PhoP surge (Shin et al., 2006), while the ADP-binding
affinity of PhoQ serves as a key factor to a negative feedback loop
(Yeo et al., 2012).

We have investigated the generation mechanism of surge by
using a comprehensive mathematical modeling of the TCS PhoP/
PhoQ in the paper. Our model is able to nicely recapitulate the two
experimental results for surge generation (Shin et al., 2006; Yeo
et al., 2012). We suggest that the P-PhoP surge in wild-type strain
can be divided into three stages, including the stress response period
in which all the initial proteins of PhoP in the system are phosphory-
lated to P-PhoP, the gene feedback period in which the PhoP pro-
teins generated by the gene feedback loop are further
phosphorylated to P-PhoP, both giving the increasing phase of P-
PhoP surge, and the dephosphorylation period of P-PhoP, resulting
in the decreasing phase of P-PhoP surge. However, in the mutant
model due to the high constitutive expression of PhoP and PhoQ,
PhoP is rapidly phosphorylated to P-PhoP by P-PhoQ-ADP and P-
PhoQ, forming the stress response period after stimulation. Next,
owing to the absence of gene feedback loop, the level of P-PhoP is

1202 AInp g uo Jasn Aysienlun Buelloyz Aq $289619/8€ 1. qL10/SONELIOJUIOIG/EB0 "0 L/10P/3[0IE-9OUBAPE/SONELIOJUIOIG/ W00 dNO"OIWSPEoE//:Sd)Y WOy papeojumod


https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btab138#supplementary-data
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btab138#supplementary-data
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btab138#supplementary-data
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btab138#supplementary-data

Biphasic regulation of transcriptional surge

—— K —0— Kk
A 3 kj144 kfs C ko — 100kjy — 1000ke P— 0.001kss — kg — 1000ksg
s = =
o 10 0336 a6
5 05 a o [
I - o of [ J\.
-8 L L 1 1 L " L L
N 00| %1.26 o 600 f\
B 2 0 [ 0t 1% 1 1 1
g g L
o —®—kig O kig A kg _8 a4t _8 05
£ 10 o a [
& | & 0 o 0.0 | [ P T T
o
ko] o 66} a 02t
3 Il 2 . / <I: [
2 S g
Q 0.0} o 0 _g 0.0t PR R N R
é 102 10° 102 o 0 50 100 150 a 0 25 50 75 100
< A Time (min) Time (min)
E o
PhoQ PhoQ PhoQ PhoP  ,  12% I 10% increase
2a I 10% decrease
T2 6%
S5 ° Insensitive
PhoP PhoP e PhorC © g
i o "t
Phoa© Pth PhoQ Pth mRNA ge " ll g! i
T
[ADP| %.5 %I
a
J ® -12% L NN
PhOP PhOP PhoP ® © A

“:)V'\‘\/‘O
€ e e g P

Fig. 5. The perturbation analysis of parameters in the PhoP/PhoQ expression loop. The normalized surge height H of P-PhoP with the increase of multiplication scale (A) for
all the reaction rates of PhoP/P-PhoP binding to DNA, and (B) for the three parameters for transcription and PhoP/PhoQ translations in DNA feedback loop, all giving a bi-
phasic behavior of height H. (C) The kinetic plots of P-PhoP, PhoQ, P-PhoQ and PhoQ-ADP at the three specific translation rates of PhoQ from mRNA (i.e. kqo, the three-dot-
ted lines in Supplementary Fig. S4A). (D) Kinetic plots of P-PhoP, PhoP, P-PhoQ and P-PhoQ-ADP at the three specific translation rates of PhoP from mRNA (i.e. kyg, the
three-dotted lines in Supplementary Fig. S4B). (E) The three primary topological structures that correlate with P-PhoP signal pathways: two pathways of promoting (left panel)
and depressing (middle panel) P-PhoP by PhoQ, respectively, and the pathway of promoting PhoP and PhoQ by stimulating the gene expression (right panel). (F) Percentage
change of the surge height H in P-PhoP in response to 10% increase (red bar) or 10% decrease (blue bar) of the sensitive parameters (in purple box) (see Supplementary Fig. S5
for detail). As a comparison, results for some insensitive parameters are also displayed (in the cyan box). (Color version of this figure is available at Bioinformatics online.)

directly dephosphorylated by PhoQ-ADP without the occurrence of
surge (Fig. 2A and B).

Generally we have identified two major pathways, i.e. P-PhoP-
promoting and P-PhoP-depressing pathways, for the P-PhoP surge.
The P-PhoP-promoting pathways consist of the PhoQ phosphoryl-
ation and PhoP phosphorylation reactions (red lines in Fig. 4B),
which act as a source to generate P-PhoP. The P-PhoP-depressing
pathways consist of the P-PhoP depleting and P-PhoQ-ADP kinase
activity draining reactions (green lines in Fig. 4B). Thus, the compe-
tition between the P-PhoP-promoting and the P-PhoP-depressing
pathways determines the generation of P-PhoP surge. By varying the
affinity rate of these two pathways, one could be able to modulate
the surge of P-PhoP and further affect the virulence of bacteria,
which are consistent with the results of (Gunn et al., 1996; Miller
and Mekalanos, 1990; Yeo et al., 2012).

As a bifunctional protein, PhoQ can promote the phosphoryl-
ation of its cognate PhoP in kinase state and dephosphorylate its
cognate P-PhoP in phosphatase state (Yang and Inouye, 1991; Yeo
et al., 2012). Our modeling studies further reveal that PhoP is also a
bifunctional protein on the P-PhoP modulation. PhoP can be directly
phosphorylated by P-PhoQ to P-phoP and drain the kinase state P-
PhoQ-ADP by interacting with it, causing the depressing of P-PhoP
generation reactions (green lines in Fig. 4B). As a result, the bifunc-
tional roles of PhoP and PhoQ in the P-PhoP generation can generate
a biphasic regulation of the P-PhoP surge by the reaction processes
in the gene feedback loop (Fig. 5). Generally, we propose that the

bifunctional modulation of RR and HK on P-RR may lead to a bi-
phasic regulation of the gene feedback loops on the surge, not only
for TCSs when the molecule number of RR is larger than HK
(Groisman, 2016), but also for those TCSs that the molecule number
of HK is larger than RR, such as the LiaFSR system (Karen et al.,
2013).

Our study also confirmed that the generation of the surge is a re-
sult of the interactions of the incoherent feedforward and negative
feedback loops, as suggested by (Ferrell, 2016). Furthermore, we
predict that the mechanisms for the surge by PhoP/PhoQ may be
applied for other TCSs in which the gene feedback loops are even
absent (Fig. 6), e.g. VicK/VicR (Gotoh et al., 2010). Although there
is a lack of negative feedback loops in TCSs without gene feedback
loops, there are still some incoherent feedforward loops formed by
the primary pathways of promoting and suppressing P-PhoP by
PhoQ (left and middle panels in Fig SE). In details, in such TCS the
pathways of HK-phosphorylation (red lines in Fig. 6) and RR-
phosphorylation (purple lines in Fig. 6) which promote P-RR, and
the P-RR dephosphorylating pathway (blue lines in Fig.6) and the
leaking pathway to drain the kinase state P-HK-ADP (cyan lines in
Fig. 6) which decrease P-RR constitute the incoherent feedforward
loops, which can generate the P-RR surge.

Compared to the biologically realistic system, our TCS network
is a very abstract model. It is worth to note that a small protein
MgrB can inhibit the PhoP/PhoQ to mediate the surge by establish-
ing a negative feedback loop (Salazar er al., 2016). Similar as
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magnesium, calcium was also found to be able to induce PhoP/PhoQ
in the TCS system (Groisman, 2001). Additionally, the mildly acidic
pH can enhance PhoQ to autophosphorylate and further promote
transcription of mRNA (Choi and Groisman, 2017). Therefore, a
more realistic model could be established by involving these players
in the future. Meanwhile, we made predictions about the effects of
the changes of reaction rates and translation rates on surge height
with the model and some new insights are provided on the surge dy-
namics by this study. Although it is a challenge to change the reac-
tion rate in experiments, we hope that our predictions can be tested
by future experiment. We also suggest that the mechanisms derived
from the PhoP/PhoQ for the transcriptional surges may aid to de-
velop new antimicrobial strategies targeting TCSs.
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