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When more is less: Dual phosphorylation protects

.signaling off-state against overexpression
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ABSTRACT Kinases in signaling pathways are commonly activated by multisite phosphorylation. For example, the mitogen-
activated protein kinase Erk is activated by its kinase Mek by two consecutive phosphorylations within its activation loop. In this
article, we use kinetic models to study how the activation of Erk is coupled to its abundance. Intuitively, Erk activity should rise
10 With increasing amounts of Erk protein. However, a mathematical model shows that the signaling off-state is robust to increasing
amounts of Erk, and Erk activity may even decline with increasing amounts of Erk. This counter-intuitive, bell-shaped response
of Erk activity to increasing amounts of Erk arises from the competition of the unmodified and single phosphorylated form of
Erk for access to its kinase Mek. This shows that phosphorylation cycles can contain an intrinsic robustness mechanism that
protects signaling from aberrant activation e.g. by gene expression noise or kinase overexpression following gene duplication

events in diseases like cancer.

INTRODUCTION

The MAPK signaling pathway is one of the best studied
signaling pathways due to its role in cell fate decisions like
proliferation, migration and apoptosis and its critical role
in development. Growth factors activate a receptor localised
to the cell membrane, from where the signal is relayed by
a cascade of kinases that activate each other by (reversible)
phosphorylation on multiple sites. The terminal kinase, Erk,
activates hundreds of cytoplasmic and nuclear targets (1). The
activation of transcription factors induces a transcriptional
response which ultimately manifests the cell fate decision.

An understanding of how such kinase cascades operate
dynamically and quantitatively has been gained through a
number of theoretical and experimental investigations. An
early theoretical study showed that a single phosphoryla-
tion cycle can create a switch-like response (2). Later on,
it was shown that the switch-like stimulus response profile
of MAPK activity in Xenopus oocytes (3) can be explained
by the in vitro distributive two-step activation mechanism of
Erk (4). The mathematical description of phosphorylation
cycles has its unique challenges as, opposed to metabolic
networks, enzymes and substrates, all being kinases, mostly
occur in similar concentrations. General concepts for mod-
elling multisite-phosphorylation (5-7) and for the analysis
of multistability of these systems have been provided (8—10).
Many studies focused on the stimulus-response relationship
of a kinase that is activated by multisite-phosphorylation. The
profile can be graded, biphasic, switch-like or bistable depend-
ing on a multitude of factors like the order (11) and/or pro-
cessitivity (12, 13) of multisite phosphorylation, competition
effects between modifying enzymes (5) or the sequestration
of components within enzyme-substrate complexes (14—17).
Some of the effects of competition and sequestration have

s been shown experimentally in vivo. For instance, the activity
so of Erk depends on the expression level of its substrates, as
si deactivating phosphatases and Erk substrates compete for
access to Erk in Drosophila (18).

5

by

5 Next to the ability to process all-or-none decisions, sig-
naling pathways should provide their response in a robust
fashion: the signaling off-state needs to be robust to fluctuating
levels of signaling pathway components and to transient weak
signals (19, 20). Negative feedbacks are common in MAPK
signaling and can provide robustness to Erk activity at vari-
ous expression levels of Erk (21). However, some robustness
might emerge from the phosphorylation cycle motif alone,
as e.g. the amount of modified substrate approaches a limit
for increasing levels of the substrate in a single modification
cycle in its basal state (22).
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64 Here we present a new mechanism that leads to robust
es stationary Erk activity at Erk overexpression, which emerges
e from the distributive kinetics of Erk phosphorylation. We find
that for low pathway activity and increasing levels of total Erk,
the stationary amount of active dual phosphorylated Erk shows
a bell-shaped response: With increasing amounts of Erk, Erk
70 activity increases until it reaches a maximum after which
7 active Erk starts to decrease and eventually approaches zero.
72 This bell-shaped response is due to the gradual saturation
7 of Mek with its substrate and the subsequent competition
of unmodified and single phosphorylated Erk for access to
7 Mek. This response can be seen regardless of the order of
7 Erk (de)activation and the kind of phosphatases involved
77 in dephosphorylation of threonine and tyrosine on Erk. We
7 derive an analytical approximation of the maximum in the
7 bell-shaped response which allows to estimate the biological
= relevance of the phenomenon based on the catalytic rate
st constants.
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param. [s~'uM~']  value comment ' Tylation the reaction in cycle 1 or 2. We denote the total
14 concentration of active kinase ppMek as Kr, the total con-

kon1 0.18 measured in (26) . cengration of phosphatase as Pt and the total concentration
kon2s Konp1s Konpz ~ 0.18 as kon1 106 of Erk as Erkr. Complexes of kinase/phosphatase with their
keat1 / Kwt 3.9-1072 measured in (26) o substrates are named Cx/Dx where x€ {1, 2} indicates the 1st
kea/ K 2.1-1072 measured in (26) e and 2nd phosphorylation cycle, see also the pathway scheme
o in Fig. 1 A. The following ODE system describes the kinetics
param. [s™'] value comment ., of its components:
d 6.7-1073 pYErk — Erk (26)
d 4.0-103  pTpYErk — pYErk (26 d
, o SO = kont Bk K= (o + k) Gl (D
off1 .
d
koft2, kofip1» ko2~ 0.27 as kol 5 C> = kom pEtk-K— (koo + kea) - C2 (2)
keatt 7.47-1072 *calculated from (26) d’
keat2 3.57-1072 *calculated from (26) o D; = konpt - pErk - P — (kofip1 + keap1) - D1 (3)
keatp1 5.85-1072 *calculated from (26) d
Keap2 3.15-1072 *calculated from (26) T Dy = konp2 - PPEIK - P = (kofrp2 + kcarp2) - D2 (4)
d
param. [uM] value comment 5 pErk = kear - C1 — konz - PErk - K + ko - C2 (5)
Mek total 1.2 measured in (26) +  keapz - D2 — konp1 - PErk - P + kogrpy - D
Erk total 0.74 measured in (26) d
Table 1: Table of parameters used in the basic model and in the ar PPErk = keag - G2 = konp2 - ppErk - P 6)
model with two different phosphatases. Dephosphorylation +  kofip2 - D2

rates d » are used in the simplified model where we assume
mass-action kinetics for Erk deactivation. “Measured apparent '+ The concentrations of Erk, kinase K and phosphatase P can

rates r = kea/Kym were used to derive the catalytic rates ' be calculated from the conservation relations:

according to the equation kcy = ];f—‘_’“r K = Kp-C,-C, @
P = Pr-D;-Ds (3)
Erk = Erkr — pErk — ppErk C)

8 Overexpression of signaling proteins is a common conse- - G -G -Di-Ds.

quence of the massive genomic alterations in cancer and it is
generally believed that this alteration will increase pathway ac-
tivity or may cause spontaneous pathway activation. However,
our results show that a distributive two-step activation of Erk
has the potential to suppress excessive Erk activity and thus
protects the signaling off-state against Erk overexpression,
which may explain why Erk overexpression is rarely seen in
tumors (23-25).

8!

@

1s The kinetic parameters used for numerical simulation are
1 shown in table 1. Several parameters of the model have been
ns estimated in vivo in HeLa cells (26). All rate constants that
1e describe the formation of an enzyme-substrate complex have
17 been assumed to be identical, the same was assumed for the
s dissociation rates of these complexes.
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19 Model with Erk deactivation by two different
120 phosphatases

9

MATERIALS AND METHODS 121 We describe the model in terms of modifications to the basic
Ordinary differential equation models 122 model. The conservation relations for the total kinase Kt and
12 the total amount of Erk, Erky, remain unchanged, however,
12« We have to replace equation (8) by two equations for the

We model the 2-step activation and deactivation of Erk by as- . conservation relations for one phosphatase, P; and the 2nd
suming that the kinase and phosphatase forms a complex with phosphatase, P,

its substrate in a reversible fashion (association rate constants
o konx, dissociation rate constants ko). (De)phosphorylation
s and release of the phosphatase/kinase from their respective P, = Pir-D; (10)
s modified substrates is assumed to proceed as one irreversible P, = Pyr—-Ds. (11)
step with rate constant kcqix. Within the index of kinetic rate
constants x€ {1,2} indicates the phosphorylation reaction 1> Model equations (1) and (2) remain unchanged. In equations
in phosphorylation cycle 1 or 2, xe {p1, p2} the dephospho- s (3) and (5) variable P is replaced by Py, in equations (4) and

9.
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« Basic model of Erk (de)activation
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Dual phosphorylation protects off-state

120 (0) variable P is replaced by P,. Kinetic parameters remain 14 are given by the conservation relations
10 unchanged and can be found in table 1.

K = Kr-Cl-CY2-CT2 2n
131 Ordered Model of Erk (de)activation P = Pr-DY1-DT1-D2 (22)
122 In this model we consider the two different forms of single Erk = Erkr — pYErk — pTErk — pYpTErk (23)
13 phosphorylated Erk, pYErk (phosphorylated on tyrosine) — Cl1=-CY2-CT2-DY1-DT1-D2.

1« and pTErk (phosphorylated on threonine). We model that
135 Erk is phosphorylated and dephosphorylated on tyrosine
s first. Just like in the basic model we assume that binding of
17 enzyme and substrate is reversible with rates konx/koftx. Here 151 All numerical simulations were carried out using MATLAB
» X€ {cl,cy2,ct2,dyl,dtl,d2} identifies the enzyme-substrate 1s2= R2013b. To determine the steady state phosphorylation levels,
e complex involved, where C1/CY2/CT2 is the complex of = the ODE system was solved by numerical integration (using the
« activating kinase with Erk/pYErk/pTErk and DY 1/DT1/D2 1= solver ode23s) until a time point where the solution approaches
« the complex of phosphatase and pYErk/pTErk/pYpTErk. See 1= an equilibrium. Using the numerical root finding routine fsolve,
« also the pathway scheme in Fig. 6A. For qualitative analysis 1= the steady state was confirmed. Uniqueness of the steady-state
s of this model we set the values of all kinetic parameters and > was checked by starting from two opposing initial conditions,
1 Of the kinase/phosphatase concentration to 1, unless stated = where either no Erk was phosphorylated initially, or all Erk
s otherwise. The following ODEs describe all components in s dual phosphorylated. All analytical calculations have been
4 this model: e verified using Wolfram Mathematica 8.

s Numerical simulations and calculations

d 1« RESULTS AND DISCUSSION
a1, pYErk kcatcl : C1 + koffcyZ -CY2 (12)

dr = Mechanistic model predicts reduced Erk

kottay1 - DY1 — k -pYErk - K . . . .
- Koffay! oney2 " PLEE «« activity at high Erk expression levels
—  konay1 - P-pYErk

d
a pTEI‘k = kot - DT1 + keaan - D2 (13) A
+  kofter2 - CT2 = konar1 - pTErk - P &veo
— kOHCt2 . pTErk - K
d Erk P ;
SPYPTE = ka2 CY2 + ke -CT2 (1) L 2 @Ek)
+ otz - D2 = konaa - P - pYpTErk
d CIED),
& Cl = kone - Erk-K (15) B
- (kol“fcl + kcatcl) -Cl Fr=05 kM Fr=2iM
d 100
3 CY2 = koey2 DYErk K (16) 27 =9
£ 50 % 0.
- (koffcyZ + kcatcy2) -CY2 & zz g 02
d 0 25 50 75 100 00 0 25 50 75 100
o CT2 = konerr - pTErk-K (17) total Erk uM total Erk uM
d = (koffer2 + Keaer2) - CT2 Figure 1: Bell-shaped response of active Erk as function of
—DYl = kondy - pYErk-P (18) total Erk.
dr A, Distributive (basic) model of Erk (de)phosphorylation.
= (Koffay1 + kcady1) - DY1 Enzyme-substrate complexes C/D , are formed in a reversible
i DTl = konau - pTErk - P (19) fashion. DUSP = dual-specificity phosphatase. B, Simulation
dr onct of stationary ppErk versus level of total Erk using the basic
- (koffat1 + kcatar1) - DT1 model for high (left) and low (right) pathway activity. Total
147 amount of active Mek equals Kt = 1.2uM. The amount of
d phosphatase has been chosen arbitrarily and is indicated with
o D2 = kondz - pYpTELk - P (20) Py at the top of the respective panel. All other parameters set
— (kofrar + keata2) - D2 as shown in table 1.

1s Where the concentrations of Erk, kinase K and phosphatase P
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A P.=05uM

Erk PErk ppErk Cc1 D1 c2 D2
1.00 100 0.5
- 0.06 075 75 0.03 0.04 o4 0.4
2 0.04 0.02 0.03 0.3 0
2o 0.50 50 : 0.02 0.2 02
o 0.02 0.25 25 0.01 0.01 0.1 0.1
000 T T T T T 000 T T T T T o T T T T T 000 T T T T T 000 T T T T T 00 T T T T T 00
0 2550 75100 0 2550 75100 0 2550 75100 0 2550 75100 0 2550 75100 0 2550 75100 0 2550 75100
B r.-2um
Erk PpErk ppErk Cc1 D1 c2 D2
5 125 4 - = — = —
_. 75 2 0.6 1.00 10 0.3
g 5 3 0.4 0.75 : 0.2 0.2
= 2 0.50
o 25 , 0.2 e 0.5 0.1 01
o T T T T T 0 T T T T T oo T T T T T 000 T T T T T 00 T T T T T OO T T T T T 00 T T T T T
0 2550 75100 0 2550 75100 0 2550 75100 0 2550 75100 0 2550 75100 0 2550 75100 0 2550 75100

total Erk [uM]

Figure 2: Steady state of the dual phosphorylation cycle when varying total amount of Erk.

Simulation of the basic model with a total phosphatase concentration set to Pr=0.5 uM in A and Pr=2 uM in B. All other
kinetic parameters set as listed in table 1. Dashed lines indicate the total concentration of the phosphatase in A and of the kinase
in B.

164 To investigate the effect of changing concentrations of the 1 processive mechanism (34-37).

1es target in a covalent modification cycle, we chose to model the We therefore developed a kinetic model which accounts
e activation of Erk. Erk needs to be phosphorylated on threonine ., for the (reversible) binding of Mek to Erk, its phosphorylation,
and tyrosine within the TEY motif to be fully active (27). The ., and the (reversible) binding of DUSPs to Erk with subsequent
only enzyme that catalyzes these two phosphorylation steps is ,, dephosphorylation (see scheme in Fig. 1A). Phosphorylation
1w Mek1/2. In vitro it has been shown that Mek cannot catalyze ,,, and dephosphorylation were assumed to follow a distributive
w0 these two phosphorylations in one reaction (as processive scheme. The ordinary differential equations (ODEs) and
enzymes do), but Mek preferentially phosphorylates Erk on ,; kinetic parameters that describe the kinetics associated with

tyrosine first (4, 28), and then the enzyme substrate complex ,, the presented reaction scheme can be found in Materials and
173 dissociates and reforms for the second phosphorylation step ,. Methods.

(distributive mechanism} (29). 206 We then performed numerical simulations of the model,
s Erk is dephosphorylated and thereby inactivated by dif- .; where we varied the total concentration of Erk. We noticed
ferent types of phosphatases. Ubiquitous phosphotyrosine . that the change of ppErk (dual phosphorylated Erk) upon
phosphatases like PTP remove the phosphorylation on ty- ., increase of total Erk is qualitatively different for different
i7s rosine. DUSPs remove phosphates on both threonine and ;, activity ratios of the modifying kinase and phosphatase. For
tyrosine (30). Another special characteristic of DUSPs is their .., low concentration of the phosphatase, such as at Pp=0.5
specific localisation either to the nucleus or cytoplasm and .. ;M (see Fig. 1B), when the maximal turnover rate of the
their regulation by MAPKSs themselves. Dephosphorylation ,; kinase VmaxK = keark + KT exceeds the maximal turnover
12 by DUSPs is believed to follow a distributive scheme as well .., rate of the phosphatase, ppErk rises linearly with total Erk.
183 (31). s However, when the phosphatase dominates with Pr=2 uM,

w  The direct proof for distributive kinetics has been provided 2e PPErk shows a nonlinear, bell-shaped dependence on total Erk
by in vitro studies (28, 29). But a distributive mechanism has 2" (Fig. 1B). While ppErk increases first, it reaches a maximum
the potential to be converted to a quasi-processive one in 2 and subsequently decreases for higher levels of Erk.

vivo. Either molecular crowding (26, 32) or the anchoring s Puzzled by this non-intuitive behavior, we inspected how
to molecular scaffolds could increase the stability of the = the different forms of Erk and its complexes with kinases or
s Mek-pErk complex and/or enable rapid rebinding of the = phosphatases change when the total amount of Erk is increas-
latter. However, it has been shown that in mouse embryonic 2 ing. The single phosphorylated Erk increases monotonically
fibroblasts only the scaffold KSR and Mek1/2 form rather 2s with the Erk expression level, however, it approaches a limit
stable complexes in the cytoplasm, whereas the interaction 2z (Fig. 2B). The ppMek-Erk enzyme-substrate complex C;
of the scaffold with Raf and Erk is highly dynamic (33). s shows a similar behavior as it approaches the concentration of
1« Up to now the experimental evidence for distributive Erk = total ppMek, here called Kt (Fig. 2B). This shows that ppMek
1ss phosphorylation in vivo outweigh the evidence for a quasi- s becomes saturated with unphosphorylated Erk at increasing

3

16’

3

16

-3

20:

©

17

20

&

17

N
®

17:

N

176

=)
®

17

Ni
o

o

17

@

18

3
~

18

@

o

@

3

18!

a
@

18

<3

18

N

18

&

19(

=3
N

19

5]

19;

N

19

@
o

3


https://doi.org/10.1101/295899
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/295899; this version posted April 5, 2018. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC 4.0 International license.

levels of the latter. This is reminiscent of a mechanism de-
scribed previously as kinetic tumor supression for a single
modification cycle. (22), and this mechanism will be key to
understand the bell-shaped response of dual phosphorylated
Erk, as shown below.

228

N
5]

Limited activation in a single phosphorylation
cycle

For now, let us assume that Erk is activated by a single phos-
phorylation that is provided by a kinase and removed by a
phosphatase. Then, at low pathway activity, the amount of
activated Erk has an upper limit (22). As the steady state
of a single phosphorylation cycle has an analytical solution
(2), this upper limit can be derived by calculating the math-
ematical limit of pErk as total Erk approaches infinity (22).
However, there is an easier approach. As we consider a sce-
nario involving large amounts of total Erk, we can assume
Michaelis-Menten kinetics for the modifying enzymes, so the
velocity of kinase/phosphatase is determined by its affinity to
the substrate, Ky g p, and its maximum turnover rate Vmax K /p
(see Fig. 3). At low pathway activity vmaxp is larger than
Vmax K- As we consider a phosphorylation cycle, the velocities
of kinase and phosphatase have to be identical in steady state
(indicated by the black horizontal lines in Fig. 3). In conse-
quence, the amount of pErk will be significantly smaller than
the amount of unmodified Erk, as shown in Fig. 3A. If the
level of total Erk is increased further, both enzymes are pushed
to higher velocities, but the smaller v, k sets an upper limit
to this steady state velocity (see Fig. 3B). In consequence,
unmodified Erk accumulates while pErk approaches an upper
limit. This limit can be derived from the steady state condition
when the kinase operates at saturation:

Vmax,P * pErkmax

VP = KM’p + pErkmax VmaK €
Kmp
pErkmaX = Wl . (24)
Vmax,K -

20 We see from equation (24) that the activity ratio of kinase
and phosphatase directly influences the stationary level of
phosphorylated Erk. When the maximal turnover rate of the
phosphatase is twice the maximal turnover rate of the kinase,
the maximal amount of phosphorylated Erk complys to the
2« Michaelis-Menten constant of the phosphatase. The role of
265 the phosphatases’ Ky is intuitive, as a weaker affinity of the
s phosphatase helps to pile up more of the activated species
267 pEI'k

260
261
262

263

Itis now clear that when Erk is overexpressed the formation
of active Erk is limited, because the kinase saturates and the
phosphatase does not. The only parametric prerequisite for
this effect is a lower vpax of the kinase compared to the
phosphatase.

268

269

270

271

272

Dual phosphorylation protects off-state

A B

low Erk, high Erk,
1.5 1.5 1
>
o 1.0+ 1.0 4
[ 1 i
0.5 | Erk, = pErk + 0.5 9 Erk, = pErk +
i I
0 T O 17—
0.0 pErk 0.0 pErk
10 15 10 15
substrate substrate

kinase —— phosphatase

Figure 3: Overexpression insensitivity in a single phosphory-
lation cycle.

The velocity of the kinase (pink) and of the phosphatase
(blue) are shown as a function of substrate level according to
Michaelis-Menten, where vmax Kk < Vmax.p- In steady state, the
velocity of the kinase equals the velocity of the phosphatase,
which is indicated by the black horizontal line. The amount of
substrates (Erk and pErk) follows as indicated by the dashed
lines. A, for low amounts of total Erk, B, for high amounts of
total Erk.

The signal is attenuated further in a dual
phosphorylation cycle

Also in the dual phosphorylation cycle the stationary level
of single phosphorylated Erk rises with the total amount of
Erk and finally approaches a limit, given that vipax Kk < Vmax.p
(Fig. 2). This is due to progressing saturation of ppMek
- however, now ppMek can either be bound in a complex
with Erk (C;) or pErk (C;). As C;, approaches 0 and C;
approaches Kr, (see Fig. 2B) active Mek apparently becomes
sequestered within the first phosphorylation cycle. That means,
two mechanisms shape the basal steady state amount of ppErk
at Erk overexpression: saturation of ppMek and sequestration
of ppMek in the first phosphorylation step. Consequently, the
phosphatase is also drawn into the first phosphorylation cycle
- complexes D, and C, decrease for rising levels of total Erk
(Fig. 2B).

When the condition is reversed, so when vVimax K > Vmax.ps
all intermediate species of the dual phosphorylation cycle
behave in a mirror-inverted fashion, e.g. unphosphorylated
Erk exchanges its concentration profile with the profile of
dual phosphorylated Erk. The phosphatase saturates in the
2nd phosphorylation cycle and draws most of the kinase into
the 2nd cycle (Fig. 2A).

As either the kinase (phosphatase) is sequestered in the first
27 (second) phosphorylation cycle, the limit of single phospho-
208 rylated Erk in a dual phosphorylation cycle can be calculated
200 like in a single phosphorylation cycle:
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Kwpi
Vmax,Pl _
Vmax,K1

when Vmax,K < Vmax,P
pErk, . =

max

(25)
Kmx2
Vmax,K2 _ 1

Vmax,P2

when Vimax K > VmaxPp -
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A

P.=0.5uM P =2uM
1004+ - === === 6+ -=-=-=-=-=--
i 0.75 2
< 0.50 ,
Y 025
0.00 T T T T T 0 T T T T T
0 25 50 75 100 0 25 50 75 100
total Erk [uM]
pErk PpErk
1 1
1 I
044, 0.04
2 I
3 g2 0.02 4 — simulation
N approximation
0.0 4/ 0.00 -1

LI B — T T T T T
0.0 2.5 5.0 7.510.0 0.0 2.5 5.0 7.510.0

total Erk [uM]

Figure 4: Quantification of Erk activation limit.

A, Numerical simulation of the amount of pErk in a dual
phosphorylation cycle according to the basic model (black
line) for high (left) and low (right) pathway activity. The
analytical limit of pErk (see eq. (25)) is indicated by the dashed
line. All parameters chosen as listed in table 1. B, The steady
state level of pErk and ppErk at varying levels of Erkt was
simulated with the simplified model that features distributive
dual phosphorylation of Erk by Mek and mass action rates
of dephosphorylation. The conservation relation for Kt and
Erkr is either exact (simulation, black line) or approximated
according to eq. (28) and (29) (analytical approximation, gray
line). The dashed line indicates the concentration of Erk in
HeLa cells (26).

a0 K pi refers to the affinity of the phosphatase in cycle 1, which
st is its affinity to pErk. Likewise Ky ko refers to the affinity
w2 Of the kinase in cycle 2 — the affinity of the kinase to pErk.
a3 Maximum turnover rates vy, are labelled accordingly. Figure
s 4A shows the amount of single phosphorylated Erk in a dual
as phosphorylation cycle for increasing amounts of Erk and the
ws calculated limits using the equation (25).

«» A simplified model explains limited activation
«s in a dual phosphorylation cycle

a9 To improve our understanding of how the various rate constants
a0 shape the maximum of Erk activation in a dual phosphoryla-
tion cycle we sought to simplify our basic ODE model (1)-(6)
in a way that will allow us to calculate a closed form of the
steady state. Limited activation of Erk is seen when ppMek
is shared between two cycles and eventually saturates and
sequesters in one of the cycles. The phosphatases keep work-
a6 ing far from saturation, so that we can model their catalysis
a7 with mass-action kinetics instead. Thus the model equations
a1 (1) and (2) remain unchanged but the equations (3) and (4)
a9 that describe the temporal development of the phosphatase
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a0 in complex with its two different substrates can be dropped.
=21 Assuming that dephosphorylation of single phosphorylated
w22 Brk proceeds with rate d; and dephosphorylation of dual
=23 phosphorylated Erk with rate d;, equations (5) and (6) are
a24 TEWritten to

d
T PErk = kca1 - C1 — kon2 - pErk - K
+ ko - Co —d; - pErk + d> - ppErk (26)
d
T PpEtk = kearr - Co — ds - ppErk. 27

Even with this modification, the explicit description of
all components in steady state is impossible, which is gener-
ally true when the various enzyme-substrate complexes are
appreciable compared to the concentration of free substrate
and product (38). However, we can approximate
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K =
Erk

Kt - C4
Erkt — C; — pErk

(28)
(29)

Q

w0 because the concentration of the complex formed by ppMek
and monophosphorylated Erk, C,, is significantly smaller than
C; and ppErk has the smallest contribution to the total level
of Erk.

In equation (28) and (29) Erkt and Kt denote the re-
spective total enzyme concentrations of Erk and ppMek. The
steady state of this simplified system has a closed form and
s reads:
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Ci = a-—4ja?2-B with 30)
0 = di(Kmi + Erkr) + Kr(dy + keant) and
2(d1 + kcatl)
,8 _ d]EI‘kTKT
dl + kcatl
k
pErk = ;—atl -Cy (€29)
1
Kwmi - Cy
Erk = —— 32
' Kr - Cy G2
kcatlkcatZ : CI(KT - Cl)
Erk = (33)
PP didr K
kcatl . Cl(KT - Cl)
G = 34
> 4K 34)
K = Kpr-C;. (35)

a8 Here, Ky refers to the Michaelis-Menten constant of
the kinase in the first/second phosphorylation cycle. The
approximation of the steady state captures the correlation of
1 phosphorylated Erk and total Erk qualitatively as well as the
a2 order of magnitude in phosphorylation, as can be seen in a
us direct comparison of the numerical solution of the system with
a4 mass-action kinetics for dephosphorylation with the analytical

ws approximation (Fig. 4B) where the conservation relations of
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Erk and ppMek have been truncated as shown in equation
(28) and (29).
Using the analytical solution from equation (33) we can

now derive the concentration of Erk at which ppErk is maximal.

The derivative of ppErk by the level of total Erk

dppErk (Erky)  dCi(Erkr)
dErkr  *  dErkr

[Kp — 2C; (Erkr)] = 0 (36)

equals zero at the maximum with

kcatl kcalZ
= ——. (37
7 didokwn
Condition (36) is only fulfilled when
K
Cy(Erky) = TT (38)

as C; grows with the amount of Erkr until saturation of the
kinase with Erk, the first factor, %, is never zero. The level
of total Erk in the cell leading to maximal activation is the one
where half of the total available kinase ppMek is sequestered
in a complex with unphosphorylated Erk. Condition (38)
allows for the exact calculation of the maximum coordinate

to

(Erkt , ppErk)max =

kcall & kcatlkcatZ .&2
d 2’ didr Ky 4

39
1+ %)

(KMI +

Note that this model will always create a bell-shaped response
as it is built on the assumption that the phosphatases cannot
saturate - changing any parameter in this model will on;y

alter the position and/or height of the peak of activation.

The maximal ppErk level is proportional to the square of
the kinase concentration which reflects the two step nature
of the activation process. A higher affinity of the kinase to
un-phosphorylated Erk (smaller Kyj;) enforces sequestration
and thus shifts the position of the peak to smaller levels of
Erk. A higher affinity in catalysis of the 2nd phosphorylation
(smaller Kyp2) increases the activation level. Only the catalytic
rates of the 1st modification cycle (d; and k¢ ) influence
the peak position, which suggests that the activity ratio of
kinase and phosphatase in the cycle converting between Erk
and pErk creates the prerequisite for limited activation.

In this model C; approaches the level of K for increasing
concentrations of Erk. It follows from equation (31) that the
limit of single phosphorylated Erk amounts to

kcatl
d

PErkpmax = -Kr. 40)

Quantification of the activation limit

Using the equations (39) and (40) with the kinetic parameters
measured in HeLa cells we can now estimate whether the
kinetic suppression of excessive amounts of active Erk might
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Dual phosphorylation protects off-state

play a role in vivo. Assuming that only 5% of the cellular
Mek is activated, maximal levels of active Erk can be found
at 2.3 uM which is about 3 fold more than the average Erk
expression level measured in HeLa cells (Fig. 4B). Also, only
2% of Erk is activated at the peak, which means that 5%
Mek activity is attenuated to only 2% of Erk activation at
the peak. For the physiological concentration of Erk, at 0.74
uM, indicated with the dashed vertical line in Fig. 4B, the
relative Erk activation is at 4.5%. Single phosphorylated Erk
approaches a limit, which accords to 0.67 uM.

With the help of the analytic equations derived here,
the maximal activation level of a target can be estimated
for any single or dual phosphorylation cycle, given that the
catalytic rates are known. In case of Erk activation in HeLa
cells, the mechanism which limits Erk activation is effective
already at 3x overexpression, which can be considered mild
in comparison to the observation that Erk concentrations vary
about 3 fold between clonal cells (39).

Different phosphatases can be involved in Erk
deactivation

So far we have assumed that one enzyme is responsible for
(de)phosphorylation of threonine and tyrosine on Erk. But
dual-specificity phosphatases are a class of phosphatases
whose expression is highly regulated in concentration and
location (40). Under some circumstances they might not even
be the main phosphatases responsible for deactivation of Erk.
In the scenario where dephosphorylation of threonine and
tyrosine is carried out by two different phosphatases, the
activity ratio of kinase and phosphatase may differ in the two
cycles. To test the prerequisite for the bell-shaped response
under these circumstances we have adapted the basic model
to include two different phosphatases as shown in the scheme
in Fig. 5A.

When the two phosphatases outcompete the kinase in
both cycles, ppErk shows the same non-linear profile as was
seen before (Fig. 5B). The bell-shaped response of ppErk
is also found when phosphatase 1 has a larger turnover rate
than the kinase, but not phosphatase 2 (Fig. 5C). However,
if only the phosphatase 2 has a higher maximum turnover
rate than the kinase, the formation of single phosphorylated
Erk is proportional to the amount of available Erk and ppErk
approaches a limit like in a single modification cycle (Fig.
5D).

It can be concluded that as long as the phosphatase domi-
nates the activity of the kinase in at least one cycle, activation
of Erk is limited even at higher expression levels. However, the
model with two phosphatases clearly shows that a dominant
activity of the phosphastase within the first phosphorylation
cycle is sufficient for the bell-shaped profile of dual phospho-
rylated Erk.
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A . s from pYpTErk to pYErk do not occur (see model equations in
kinase w2 Material and Methods and a model scheme in Fig. 6A). From

@ @ w3 the results above we concluded that the bell-shaped response

Erk )1 @Erk ) 2 PP‘ED wa of active pYpTErk occurs only if the maximum turnover rate

ws of the phosphatase exceeds the maximum turnover rate of the

L ws kinase within the first phosphorylation cycle. To test whether

phos. 1 phos. 2 w7 this condition still holds, we simulate the stationary amount

«s of active Erk while varying the total amount of Erk with a

3

B Umax,P = Vmax,K ws parameter set in which the concentration of the kinase and the
oErk opErk 0 phosphatase equal 1 uM and all other kinetic parameters are

. ss1 set to 1. Now the first phosphorylation cycle in the ordered

s 3 02 2 scheme constitutes the cycle between Erk and pYErk. If we
8 f 0.1 43 set the rate constant kcagy1 to 2 (while keeping all other pa-
0 00 ss¢ Tameters at 1), the condition for the bell-shaped pYpTErk is

fulfilled. And indeed we find the previous saturation of pYErk

w6 to a limit value and a bell-shaped profile of pYpTErk (see Fig.
C Umax,P1 2 Umax K1 ss7 6B). In contrast, as pTErk is only created from pYpTErk in
this ordered scheme, this species also shows a bell-shaped

0 25 50 75100 0 25 50 75100 45!

a

>

pErk PpErk 45

@

4 0.6 w0 response curve. Here, the kinase is saturated in complex C1
¢ g 0.4 a0 and the phosphatase operates far from saturation, as described
Q .

° 02 a1 previously.

0 0.0

a2 Alternatively, one can ask what happens when we assume

0 295075100 0 295075100 w3 that the dephosphorylation rate from pTErk exceeds the rate of

D Umax,P2 > Umax,K2 s+ phosphorylation from Erk to pYErk, by setting all parameters
oEtk opErk w5 to 1 but the rate kcaqr1 = 2 (Fig. 6C). Here, significant amounts

60 sss of pYErk can be formed which serve as substrate to the second

5 40 1.0 a7 step of phosphorylation. In consequence, we see a plain limit
g 20 05 w8 to the amount of active pYpTErk, as would be the behaviour in
0 0.0 w9 a single modification cycle for high levels of substrate. Again,

0 2550 75100 0 2550 75100 s pTErk has the same concentration profile as pYpTErk, because

total Erk an it is only being created from it. Interestingly, both the kinase

and the phosphatase are drawn into the first phosphorylation
cycle here, i.e. the kinase is sequestered in complex C1 and
w7+ the phosphatase in complex DY1.

475 We can conclude that we still find a bell-shaped pYpTErk
response profile when the dephosphorylation rate of the ty-
7 rosine residue of Erk’s activation loop exceeds the phospho-
rylation rate of this residue. However, also when dephospho-
rylation of the threonine residue dominates the activating
phosphorylation, we find robustness of the signaling off-state
to increasing amounts of total Erk, as pYpTErk does not rise
se2 in a linear fashion, but approaches a limit.

47

N

Figure 5: Limited activation in dual phosphorylation cycles
where different phosphatases catalyse the first and second
dephosphorylation.

A, The basic model was modified to a scheme in which
two different phosphatases deactivate Erk (see Material and
Methods section). We show the steady state amounts of pErk
and ppErk for different levels of total Erk when vp,,x of the
phosphatase exceeds the level of vy of the kinase in both
cycles (B) and when the phosphatase has a higher maximum
turnover rate than the kinase in only one out of the two cycles
as indicated at the top of the panels C and D.
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CONCLUSION

s« When the activity of a signaling protein is modified by the
addition of one phospho-group, the signaling off-state is robust
w6 to increasing amounts of the protein itself, as the modifying
Experimental evidence supports the hypothesis that the acti- «7 kinase saturates eventually. If the activity of a protein is
vating and deactivating modification of Erk proceeds in an s regulated by two consecutive phosphorylation events, the
ordered fashion: Erk is phosphorylated and dephosphorylated «s formation of dual phosphorylated active protein at increasing
on tyrosine first. We have built a model to account for this 4o levels of protein is suppressed even further as the modifying
by explicitly considering the 3 different states of phospho- 4+ kinase gets saturated with its substate and additionally gets
rylated Erk, pYErk, pTErk and pYpTErk. We assume that 4. sequestered within the first phosphorylation step, which makes
the conversion from Erk to pTErk as well as the conversion s itless available for catalysis of the second phosphorylation step.
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Figure 6: Limits to active Erk in the ordered model of Erk (de)activation.

A, According to the ordered model Erk is phosphorylated and dephosphorylated on tyrosine first. B, Simulation of steady state
of the different modification states of Erk and of the enzyme-substrate complexes C1 and DY 1 when varying the amount of total
Erk. All kinetic parameters and concentrations of modifying kinase and phosphatase have been set to 1, except for kcaay1 = 2.
As a consequence viax of pYErk dephosphorylation exceeds viax 0f Erk phosphorylation to pYErk. C, Like in B, but now k¢aedt1
is the only parameter set to 2, which makes v,x of pTErk dephosphorylation larger than v, of Erk phosphorylation to pYErk.

s« The prerequisite for this phenomenon is the distributive nature
of two-step activation. As of now there is no clear consensus
as to whether Erk is activated in a distributive fashion in
vivo. However if so, the kinetic suppression of excessive
amounts of active Erk described here in combination with the
multitude of negative feedbacks present in MAPK signaling
might explain why increasing expression of Erk alone would
not confer a growth advantage to cells and why overexpression
of Erk is rarely found in cancer in contrast to e.g. the frequent

overexpression of receptors of the HER family.
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