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ABSTRACT: Although intrinsically disordered proteins and intrinsically disordered T ERK2
regions (IDRs) in folded proteins are not able to form stable structures, it is known that

they play critically important roles in various biological processes. However, despite '
multiple studies, the molecular mechanisms of their functions remain not fully understood.
In this work, we theoretically investigate the role of IDRs in acceleration of protein—protein .

association processes. Our hypothesis is that, in protein pairs with several independent .. .

binding sites, the association process goes faster if some of these binding sites are located EtsA138

on IDRs or connected by IDRs. To test this idea, we employed analytical modeling,

numerical calculations, and Brownian dynamics computer simulations to calculate protein— ® \

protein association reaction rates for the ERK2—EtsA138 system, belonging to the RAS—
RAF—MEK—ERK signaling pathway in living cells. It is found that putting a binding site on
IDR accelerates the association process by a factor of 3 to 4. Possible molecular
explanations for these observations are presented, and other systems that might use this
mechanism are also mentioned.

B INTRODUCTION different structures and to adopt different conformations upon
binding. Furthermore, IDPs and IDRs are more flexible in
post-translation modifications, and they can also form
membraneless organelles, which were shown to be a critically
important part of cellular machinery.”'' However, despite
significant progress in our understanding of IDPs and IDRs,
many questions on molecular mechanisms of underlying
processes remain unanswered.””

It was suggested that the presence of disorder might be
especially advantageous for association of proteins with other
biological molecules. A so-called “fly-casting” mechanism has
been proposed to explain the speeding of molecular
recognition by proteins with disordered domains.'”'* The-
oretical calculations estimated that partially unfolded proteins
might associate with DNA up to 1.6 time faster than fully
folded proteins." Partially disordered proteins have somewhat

In recent years, IDPs and IDRs have been intensively la'rger sizes anq are able to Weakly bind to DNA from a 1ong.er
investigated using a variety of experimental and computational distance, aHO_W‘nS the protein molecule to start organizing its
methods.>>® It is now well established that IDPs and IDRs are structure. This brings the protein molecule closer to DNA due
frequently found in nature, and the number of such proteins is to ipcreasing st.rength of intermolecular _interactions, 'and
increasing with increasing complexity of living organisms.’ binding and folfilng can take pl.ace cooperatively. For partially
Several advantages of having disordered domains in proteins in unfolded proteins, the Interactions are lc.)ng—range but weak,
comparison with rigidly structured proteins have been while for fully‘folded proteins, interactions are strong but
suggested for various biological processes.”””'" For example, short-range. T.h1s eventually leads.to faster blnd}ng km.etlcs to
it was argued that folded proteins function in a relatively DNA for par'tlal}); unfolded proteins in comparison with ﬁ‘lHY
narrow range of conditions in which their structures are stable. folded proteins.” A related. fiock—an?l-coalesce mthanlsm
At the same time, the absence of such well-defined structures has been proposed for association of disordered proteins with

For a long time, it was generally accepted that, in order to
function, proteins must have particular well-defined 3D
structures.” This is known as structure—function paradigm in
biology. Any disorder in the protein structures was considered
to be harmful for their functionality. However, starting from
1950s, many unstructured proteins, now called intrinsically
disordered proteins (IDPs), and proteins with some
unstructured regions, called intrinsically disordered regions
(IDRs), have been discovered.”” It is now clear that some
proteins can be perfectly functional while having no particular
structure or while being only partially folded.** Such proteins
(or regions of proteins) are characterized by relatively low
sequence complexities, frequent repeats, large fractions of
hydrophilic, polar, and charged amino acids, and low fractions
of bulky hydrophobic amino acids.”™’

in the case of IDPs and IDRs means that there is a broader structured targets when binding is not accompanied by the
range of environments in which they can perform their duties,
and for this reason, they are remarkably multifunctional. In Received: September 16, 2019
addition, the lack of single folded structures allows disordered Revised: ~ December 4, 2019
proteins or disordered domains to bind to multiple targets with Published: December S, 2019
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folding.8 In this scenario, a segment of IDP first docks to its
specific site on the target molecule, simplifying the search of
their corresponding sites for other domains, which bind shortly
after in a sequential manner. Eventually, all domains coalesce
around the original binding site by associating with their
corresponding binding sites.

In this paper, we investigate theoretically the kinetics of
protein—protein association when one of the proteins has one
binding site located on IDR. Our goal is to quantitatively
estimate the effects of disordered regions on the dynamics of
protein—protein association reactions. We postulate that, if
such a process involves more than one binding site, then
putting one of the sites on IDR will accelerate the association.
To test this hypothesis, we apply our method for a system of
two proteins, ERK2 and EtsA138, which were shown to bind
each other using at least two binding sites (see Figure 1).'>7*°

Figure 1. Simplified structural representation of the activated ERK2
protein (2P—ERK2, PDB entry 2ERK) bound to the substrate
molecule EtsA138. The N-terminal domain of ERK2 is shown in blue,
and the C-terminal domain is shown in red. A green star shows an
approximate position of the active site. EtsA138 is shown as a cartoon
(as there are no experimentally determined structures of the
complex). The circle with F in the middle marks the bound PNT
domain of the EtsA138 (residues 40—138) on which the F site is
located. The disordered region of EtsA138 (residues 1—39) is shown
as a solid black line that connects the F circle with the circle
representing the D site on IDR.

This system plays a major role in extracellular biological
signaling.'” ERK2 is a globular (fully structured) protein with
two binding sites,”’ while the EtsA138 protein has a structured
PNT domain with one binding site and a disordered peptide
chain on which the second binding site is located.”*** The
binding sites of ERK2 are called DRS and FRS (D recruiting
site and F recruiting site), and they bind the D and F sites of
EtsA138, respectively.'®™'®?°™* The F site of the EtsA138
protein is in the structured PNT domain, while the D site is
located on IDR. The molecular mechanisms of activation of
ERK?2 signaling proteins are still not well explained.">*° For
example, it is not clear why two spatially separated binding
sites are required for its action. Our theoretical approach
allows us to clarify some aspects of the complex mechanisms of
protein—protein association for ERK2.

B THEORY

To estimate the effect of IDRs in protein—protein association,
we consider a minimal theoretical model as presented in Figure
2. Two association scenarios are considered. First, we analyze
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the binding of two globular proteins with Dgpg, and Rggg,
describing the diffusion coefficient and the radius of ERK2,
respectively, with sizes of binding sites of ERK2 being Rygg and
Rprs, and with Dpyr and Rpyr describing the diffusion
coefficient and the radius of the structured part of EtsA138,
respectively (Figure 2a). The unstructured part of EtsA138 is
omitted in this case, and thus, this process describes the
association of two proteins without involvement of disordered
domains. It is assumed that the reaction is diffusion-limited,
and the association rate constant k (see Figure 2a) can be
estimated using a Hill-Berg—Purcell formula,>"** which
describes the irreversible binding of a spherical particle (the
PNT domain of EtsA138) by a perfectly absorbing circular
disk (the FRS binding site) located on an otherwise reflecting
sphere (the ERK2 molecule),

k = 4(Dpyr + Digrica)Regs (1)

where Rgyg is a radius of the F recruiting site of ERK2.

Figure 2b shows another scenario of protein—protein
association, which involves IDR. In this case, both proteins
have two binding sites. The distance between two binding sites
on ERK2 (denoted as d) is fixed since ERK2 is fully structured.
The distance between two binding sites on EtsA138 (labeled r
in Figure 2b) is a dynamic quantity since one of them is
located on a disordered segment. In our model, the IDR
domain is viewed as a polymer chain attached to the first
binding site on the structured domain and with the second
binding site at another end of the polymer chain (see Figure
2b). The polymer chain is constantly moving, exploring the
space around, which leads to varying distances between
binding sites of EtsA138. Assuming that the polymer segment
follows the statistics of a Gaussian chain and can explore fully
the surrounding space, we can estimate the probability density
function for distances between binding sites’

3r?
(r) « 4rrtexp| —————
Ba Pl a<

2

where <r*> is an average squared distance between binding
sites (averaged over all possible polymer chain conformations).
It was already shown that this expression describes quite well
the experimental data on end-to-end distance distributions of
unfolded peptide chains.**

The overall effective kinetic rate constant for the two-step
association mechanism in Figure 2b is given by

, ki X ky k,
ky+ ko +ky, 14K+ ky/k

()

where K = k_;/k; is a dissociation equilibrium constant of the
intermediate state with only the D site bound to DRS (Figure
2b). In addition, the rate constant k; = k,,/V has also a
dimension of inverse time because we assumed a unit volume
in our theoretical analysis. The intermediate state is unstable
and short-lived because the created bond D—DRS is quite
weak and the system can easily dissociate back into the
unbound state or proceed forward with the association at the
second binding site F (to the FRS site).

To calculate the effective rate constant k' for the two-step
association process, one needs to evaluate the parameters Kp,
k), and k,. The dissociation equilibrium constant can be
obtained from the experimental measurements. To estimate k),
the binding rate constant for the first step, we again employ the
Hill-Berg—Purcell formula but with some modifications to
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Figure 2. Minimal theoretical model to investigate the role of disordered domains in protein—protein association. (a) One-step binding of two
globular proteins without IDR; (b) two-step binding of a globular protein and a protein with the binding site on IDR. Details are in the text.

reflect the fact that the binding is reversible. This time
EtsA138 represents an absorbing circular disk, which binds to
the ERK2 molecule

kon _ 4n(Dpnr + Diria) (") Phing
\%4 \%4

k= )

where (r) is the average distance between binding sites of
EtsA138 and Py;4 is the probability of binding during each
encounter. In this expression, we view r as an effective radius of
EtsA138, which is larger than that of the rigid part alone (and
can also be significantly larger than ERK2). The idea behind
this approximation is the following. The binding site D is
located on IDR, and it diffuses significantly faster than the
structured PNT domain of the EtsA138 protein. Thus, the
whole protein can be viewed as an effectively larger particle
with a radius (r) (shown in Figure 2b as a dashed circle).
Because the structured part of the EtsA138 protein (the PNT
domain) is much larger and heavier than the segment with
IDR, the overall diffusion constant of the center of mass of this
protein can still be approximated by Dpyr. The phenomeno-
logical parameter Py 4 reflects the reversibility of this process,
that is, that not every encounter of two proteins will end up
with them binding together. In this work, we use Py 4 = 0.1
because the produced intermediate complex is assumed to be
quite weak. The exact value of this parameter does not
influence the physics of this process as long as it is quite small,
which is realistic in our case.

The estimation of the rate constant k, is a more difficult task.
To calculate it, we simplify the problem and assume that the D
site of EtsA138 is bound to the center of ERK2, which allows
us to reduce the problem to be one-dimensional (1D). Here,
we utilize the theoretical approach developed by Szabo,
Schulten, and Schulten (SSS), who calculated the rates of
intramolecular reactions between two reacting groups con-
nected by a polymer chain.*®> Below we present the detailed
explanations of how we evaluate the rate constant k,.

Figure 3 illustrates the method of calculation for the rate k,.
We have the D binding site on EtsA138 already bound to the
DRS site of ERK2. Although the F site actively explores 3D
space around the DRS, the association with the FRS site can be
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a

Figure 3. Theoretical estimation of the k, rate constant. The red
vertical line at r = R (radius of ERK2) denotes the absorbing
boundary. To calculate k,, we simplify the problem and assume that
the D site of EtsA138 is bound to the center of ERK2, which allows
us to reduce the problem to be one-dimensional. The finite surface
binding rate is introduced to account for the presence of the ERK2
because not every trajectory will end up with the F site bound to the
FRS of ERK2 (see text for details).

viewed as an effective 1D motion along the axis that connects
the DRS and FRS sites (see Figure 3). Here, we assume that
the rotational diffusion of the F site is so fast allowing for the
problem to be reduced to the effective one-dimensional search
for the site FRS. Hence, in order to calculate k,, we have to
estimate the mean first-passage time for the F binding site on
EtsA138 to reach the position R starting from a specific
configuration at time zero. When R = 0, the problem is
equivalent to calculating the rate constants of intramolecular
polymer chain reactions that was analyzed before.” ™

Employing the theoretical framework developed by SSS, we
can estimate the mean time for the reaction as

I peq@dx]z .

Ky (R)
()

where kg is the surface binding rate. This equation means that
the reaction time is a sum of two contributions. One of them is
the time to reach the surface (first term), and another one is
the time to react at the surface (second term). The surface
binding rate can be estimated by combining Collins—Kimball
and Hill-Berg—Purcell formulas,***? leading to

(o)

1 1

k, Dy

dr
()

T =

47DgRirrs 47IRERK22KF

k = 4D.R.. =
PR 4D R gy, + 7R K

(6)

From this equation, it can be easily found that
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_ DgRegg
Kg

”RERK22(1 — Rpgs/TRipya)

(7)

It should be noted that, in eqs 5—7, we assume that Dy =
Dggris + Dpyr- Finally, the explicit values for the rate constant
k" can be obtained by solving numerically eqs 2—5 and 7.

To quantify the role of the disordered region, we consider
the ratio of rate constants, kg/k = (k + k') /k, for the reaction
of association with the IDR segment and without the IDR
segment. One should note that the effective rate constant k¢ =
k + k' reflects the fact that association in the case of two
binding sites might still proceed via the one-step mechanism,
explaining the summation of both terms.

B SIMULATIONS

Our theoretical model of the role of IDRs in protein—protein
association involves several approximations, so we also
performed Brownian dynamics (BD) computer simulations
to test our hypothesis. Here, we employed the method of
computational calculation for protein—protein binding rate
constants developed by Northrup et al.*>*' The method works
as follows. One of the protein molecules is fixed at the center
of coordinates, and the other one is placed at some distance b
from the first one. The mutual orientation of two molecules is
randomly chosen, and b is selected in such a way that the
interaction between two proteins can be viewed as isotropic at
this distance. Then BD simulation is started and is continued
until two proteins are either bound or until the second protein
molecule moves too far from the first molecule. For the latter
scenario, a cutoff distance q is specified (usually set to be equal
to 3b or larger). The simulation is repeated multiple times, and
the probability f for two proteins to bind each other is
obtained as a fraction of successful binding events to the
number of simulations. The desired rate constant can then be
calculated using the following expressions, which can be
viewed as a generalization of a Debye—Smoluchowskii
equation40

L= 4zDbp
N0
1-0-Pew (8)
4rD
kp(x) = —————
D( ) u(r) |dr
" EXP kBT 7 (9)

where U(r) is the intermolecular interaction potential between
two protein molecules.

The Gromacs 4.5.4 MD package with custom interaction
potentials was utilized to perform BD computer simula-
tions.””~** The geometry of BD simulations is shown
schematically in Figure 4. ERK2 was fixed in the center of
coordinates and represented by two beads corresponding to its
two binding sites (the FRS and the DRS sites). EtsA138 was
represented as a string of beads connected by stiff springs. The
first bead in the chain represented the F binding site, and it was
assumed to be larger than all the other beads (the radius of the
F site is 1.5 nm; for other beads, the radius is 0.15 nm), and
the last bead represented the D binding site. In all simulations,
the F site has a smaller diffusion coeflicient than all other beads
(which all have identical diffusion coefficients). The number of
beads was varied as explained below. Both binding sites of
EtsA138 were set to interact with their recruiting sites of ERK2
using Gaussian-like potentials shown in Figure 4B. The barrier
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Figure 4. (A) Geometry of the system for computer simulations
(sphere sizes and distances are not to scale). ERK2 is represented by
two connected yellow beads, corresponding to its two binding sites.
EtsA138 is represented using a large bead for the PNT domain
(shown in blue) connected by a chain of identical beads representing
IDR (shown in green) to the binding site D (shown in red). (B)
Examples of potentials used to describe the interactions between the
DRS and D sites and between the FRS and F sites. The height of the
barrier is constant, and it is kept at 2k T. Details are in the text. (C)
Example trajectory of EtsA138 binding to ERK2 (sphere sizes are not
to scale). ERK2 is fixed on the left, while EtsA138 starts on the right
and slowly diffuses toward ERK2. First, the D site is bound to DRS,
and then, after a while, the F site is bound to FRS.

for the binding was always assumed to be 2kzT, while the
binding energy was varied in the range of 11 to 55kyT.

In the beginning of each simulation run, the EtsA138
protein configuration was randomly generated at a random
location on a sphere of radius b = 12 nm with the center on
ERK2. The simulation was then continued until the F site of
EtsA138 was bound or until EtsA138 diffused further than g =
40 nm from ERK2. For each data point, at least 1000
simulations were performed to collect good statistics on the
probability of binding . First 500 runs were performed with
the DRS—D site interaction turned on (the effect of IDR is
taken into account), and then 500 runs were performed with
identical parameters; however, when the DRS—D site
interactions were turned off, the effect of IDR is neglected.
Then the association constants were calculated using eqs 8 and
9. The resulting ratio of rate constants is denoted as (k + k')/k
to match the notation we used in analytical calculations. Error
bars (standard deviations) are estimated using a standard
bootstrapping approach.

B RESULTS AND DISCUSSION

Currently, there is no clear understanding on why ERK2 has
two binding sites, which are located at some distance from its
catalytic site.'>'®*" In this work, we propose a hypothesis that
one of the binding sites is needed to speed up the overall
binding process, while the other side orients the substrate
molecule into a position inside the catalytic site to be
phosphorylated more efficiently. This idea is supported by the
fact that EtsA138 and ERK2 were shown to associate very
fast.”® The experimentally measured association rate constant
for these proteins is k,, = 5 X 10° M™! 57", which is about 5
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times faster than the diffusion limit for globular proteins in the
absence of long-range interactions.””’ This clearly indicates
that there is a special mechanism of accelerated association
between these proteins, and our theoretical method presents a
possible scenario for this to happen.

Results from our numerical calculations are presented in
Figure S. The radius R of ERK2 was set to 2.5 nm (the blue
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5 — K, =30 uM ]
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Figure S. Numerical estimates of the acceleration in the protein—
protein association rate in the presence of the IDR-located region as a
function of the distance between binding sites of EtsA138. The blue
vertical line marks the radius of ERK2. Parameters used: Rgpgs = 2.5
nm, Rg = 0.5 nm, P, 4 = 0.1.

vertical line in Figure S), as estimated from the structure of
ERK2. The radius of the F recruiting site of ERK2 was set to
be equal to 0.5 nm. The average distance between D and F

binding sites of EtsA138 (v<r’> to be exact) was varied in
the range of 1 to 250 nm. As one can see, the proposed two-
step binding mechanism indeed leads to faster association in
comparison with the one-step binding scenario. Our
theoretical results suggest that this acceleration is well within
1 order of magnitude, and it is highly dependent on the
average distance between the binding sites of EtsA138. For
every value of the equilibrium dissociation constant Ky, for the
intermediate state, there is an optimum distance at which the
maximal acceleration is achieved. The smaller the Ky (the
intermediate state is more stable), the larger the optimal
distance (see Figure 5). The experimentally estimated value of
Kp for EtsA138 is 30 uM, giving the maximum possible
acceleration to be close to 3.'” For shorter than optimal
distances, the formation of the intermediate state is slow
because the IDR-located binding site is too close to the slowly
diffusing F binding site, effectively searching a smaller volume
around the F site and leading to smaller k, rates (see Figure
2b). For larger than optimal distances, the formation of the
intermediate state is a fast step (k; is large), and the rate k,
becomes rate-limiting. This is because, after the D site is found,
the F site is on average too far from the D site and hence from
the FRS site, and it has to search a larger volume before
associating with the FRS (Figure 2b). It should be also noted
that our theory works better when the average distance
between binding sites of EtsA138 is significantly larger than
the size of ERK2 and gets less accurate when r approaches R.
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Figure 6. Brownian dynamics computer simulation results for protein—protein association. Error bars show standard deviations. (A) Acceleration
of the protein—protein association rate as a function of average distance between binding sites of EtsA138. In these simulations, Dp/Dg = 10 is
used, and both binding energies are equal to 22k T. The red circle marks the position of what we consider the most realistic value for our ERK2—
EtsA138 system. (B) Distributions of distances between D and F binding sites of EtsA138 from the simulations in panel (A). The legend shows
then the numbers of beads utilized to simulate IDR. The larger is the number of beads, the larger is the average distance between the binding sites.
(C) Acceleration of the protein—protein association rate as a function of the binding energy between the DRS site on ERK2 and the D site on
EtsA138. For simulations, Dp,/Dg = 10 is used, and the binding energy of the F site is equal to 22kzT. (D) Acceleration of the protein—protein
association rate as a function of the Dp/Dg ratio. Binding energies for both D and F sites are equal to 22kpT.
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Our numerical calculations are based on the approximate
one-dimensional description of the association process with
the additional assumption that the D site diffuses significantly
faster than the F site. Thus, to verify our theoretical results, we
performed BD computer simulations with a more realistic
description of the system under study. The results from
simulations are presented in Figure 6. One can see that, in
agreement with numerical calculations (Figure 5), increasing
the distance between the binding sites on EtsA138 leads to
increased acceleration of protein—protein association. Overall,
the BD computer simulations predict the acceleration of
protein—protein association to be of the order of 3 to 4, which
is consistent with our theoretical results. One difference
between our theoretical predictions and theoretical results is
that, in BD simulations, we could not reach the regime where
increasing the average distance between binding sites of
EtsA138 leads to a decreased association rate, although we do
see some decline for the largest average distances in Figure 6A.
The actual range of parameters we need to see a significant
decrease is unreachable in our simulations because, to reach it,
we have to significantly increase the number of beads (see
Figure 6B), which makes the computational cost of such
simulation prohibitive. Red circles in Figure 6 mark, in our
opinion, sets of the most realistic parameters to describe the
ERK2—EtsA138 system.

We estimated the binding energy between the D site on
EtsA138 and the DRS site on ERK2 to be 22kzT. However,
this quantity has never been measured, and we decided to test
the effect of varying this quantity on the acceleration of the
protein—protein association rate in the BD computer
simulations, as illustrated in Figure 6C. The results show
that the acceleration increases for stronger interaction energies.
However, the effect is quite weak: increasing the binding
energy from 11 to 55kzT only changes the acceleration from
~2 to ~3.5. Thus, the acceleration weakly depends on the
strength of the binding interaction, and our choice of the
binding energy seems to be appropriate.

Another important factor in the protein—protein association
of EtsA138 and ERK2 is the relative values of the diffusion
coeflicients for the D and F sites. Since the F site is located on
the structured PNT domain of EtsA138, it is reasonable to
assume that it diffuses slower than the D site. However, the
exact ratio Dpp/Dy is unknown and is not an easy parameter to
estimate. In previous simulations and theoretical calculations,
we set it equal to 10 as we think that this value seems to be the
most plausible (based, for example, on measurements of
diffusion coefficients of peptides and amino acids*® and
estimations using the Stokes—Einstein formula), but testing
the different values of diffusion coeflicients is necessary. Figure
6D shows the results of the BD simulations for different Dp,/Dg
ratios. When the ratio is not large (up to Dp/Dg = 10), the
acceleration is almost constant and close to 2. This can be
understood using the following arguments. The two-step
mechanism opens a new channel for achieving a protein—
protein association. When the diffusion constants for the D
and F sites are comparable, it is similar to having two parallel
reactions with almost the same reaction rates, and this explains
the factor of 2. As Dp/Dy reaches 100, the acceleration
increases up to about 10, although we think that such a ratio is
unrealistic for this particular system. However, if we take into
account that EtsA138 is just a part (first 138 residues) of a
much larger transcription factor protein Etsl, the Dp/Dg ratio
for the full substrate working in vivo might be larger due to the
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presence of the ETS domain connected to the PNT domain via
another long disordered protein region.”® This structured
domain might serve as additional weight (or “anchor”) and
might slow down the PNT domain even further while not
affecting the diffusion of the D site too much. In our
theoretical approach, this situation would correspond to higher
values of the parameter Py 4. These arguments suggest that, in
live cells, the effect of the acceleration due to the two-step
mechanism might be even stronger.

Overall, both theory and simulations predict modest
acceleration of the protein—protein binding in the presence
of IDR-located binding sites. For a wide range of parameters,
we estimate the acceleration to be in the range of
approximately 3 to 4. This is consistent with experimental
observations on association rates for EtsA138 and ERK2 being
about S times faster than the diffusion limit for globular
proteins of the same size.* It is important to note that many
other substrates of ERK2 were also shown to bind it at
multiple sites,"*”**~>" and many of them utilize the DRS site
on ERK2. Interestingly, kinases MEK1 and MEK2 that activate
ERK2 in vivo also have intrinsically disordered regions that
they use to bind ERK2.”%>*7>* This suggests that they might
potentially employ the same binding acceleration mechanism
that we describe in this work for the ERK2—EtsA138 system.
Given that both the activation of ERK2 and the phosphor-
ylation of substrates by active ERK2 belong to the RAS—RAF—
MEK—-ERK signaling cascade, IDR-accelerated interactions
can serve to significantly accelerate the propagation of
biological signals. For example, if we assume the moderate
value of acceleration (3 times) for both the ERK2 activation
and the phosphorylation of Etsl by active ERK2 molecules,
then the whole process accelerates by a factor of 3 X 3 =9,
which can be crucial for on-time delivery of extracellular
signals.

It is important to note that the protein—protein binding
acceleration mechanism proposed here is fully consistent with
the general dock-and-coalesce picture of the binding of
disordered proteins with structured targets.” In our model,
the D site on the flexible IDR segment first attaches to the
corresponding site on the rigid ERK2 molecule, which allows
for the F sites to find its corresponding site faster.

B SUMMARY AND CONCLUSIONS

We developed a new theoretical approach to investigate the
role of IDR in protein—protein association processes. A
hypothesis that, for systems with several binding sites, putting
at least one of them in a disordered region would accelerate
binding is proposed and tested using analytical arguments,
numerical calculations, and BD computer simulations. For
theoretical analysis, the binding of the ERK2 enzyme to the
EtsA138 substrate is studied. A modest acceleration by a factor
of 3 to 4 in the protein—protein association rates is observed
for a large range of parameters, which is consistent with
experimental observations showing that the binding rate for
this system is larger than the diffusion limit for globular
proteins. Thus, our theoretical picture provides a molecular
explanation for the existence of several binding sites in many
enzymatic systems. The importance of this mechanism for
faster delivery of biological signals is also discussed.
Although the theoretical model presented in this work allows
us to study complex processes that take place during the
protein—protein association, it is important to emphasize the
limitations of our theoretical method, which neglects many
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important features of these processes. These limitations
include the consideration of protein molecules as purely
globular, given that the known structures is not entirely
correct; the assumption of equilibrium for the motion of the
disordered region, that is, that it is able to visit all regions in
the space before the reaction is taking place; and the
assumption of fast rotational motion of protein domains in
comparison with other transitions in the system. However,
despite the use of multiple simplifications and approximations,
our theoretical approach is at the very least able to clarify some
molecular details of the protein—protein association. It will be
important to test our theoretical predictions with experimental
methods and with more advanced theoretical computations.
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