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Abstract

The kinase-inducible domain interacting (KIX) domain of the transcriptional coactivator CBP pro-
tein carries 2 isolated binding sites (designated as the c-Myb site and the MLL site) and is capable
of binding numerous intrinsically disordered transactivation domains (TADs), including c-Myb and
pKID via the c-Myb site, and MLL, E2A and c-Jun via the MLL site. In this study we compared the
kinetics for binding of various disordered TADs to the KIX domain via computational biophysical
analyses. We found that the binding rates are heavily affected by long-range electrostatic interac-
tions. The basal rate constants for forming the encounter complexes are similar for different KIX
binding peptides, favorable electrostatic interactions between the MLL site and the peptides result
in greater association rates when peptides bind to the MLL site. FOXO3a and p53 TAD each con-
tains 2 copies of KIX binding motif and each motif interacts with both the MLL site and the c-Myb
site. Our kinetics studies suggest that binding of FOXO3a or p53 TAD to the KIX domain is via a
sequential mechanism, where one KIX binding motif binds to the MLL site first and then the other
KIX binding motif binds to the c-Myb site. Considering the promiscuous interactions between
FOXO3a and KIX, and p53 TAD and KIX, electrostatic steering simplifies the binding mechanism.
This study highlights the importance of long-range electrostatic interactions in molecular recogni-

tion process involving multi-motif intrinsically disordered proteins and promiscuous interactions.
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binding mechanism, electrostatic steering effect, intrinsically disordered proteins, protein-protein

interaction, sequential binding

c-Myb site and the MLL site) and is able to bind to numerous intrinsi-
cally disordered transactivation domains (TADs) carrying the “OXX®d”

Although many proteins fold into well-defined 3 dimensional structures
to perform their biological functions, around 30% of the proteome are
functional disordered proteins.? These intrinsically disordered proteins
(IDPs) are widely involved in cellular processes. Bioinformatics studies
have shown that IDPs are enriched in cellular functions related to sig-
nal transduction and molecular recognition.>* It is now accepted that
the lack of structure in IDPs is fundamental to their functions.>®

IDPs interact with their targets via short segments called recogni-
tion motifs.” The motif-based modular structure of IDPs enables differ-
ent IDPs or different segments of an IDP to interact with a common
target. One of such versatile targets is the kinase-inducible domain
interacting (KIX) domain of the transcriptional coactivator CBP protein.

The KIX domain contains 2 isolated binding sites (designated as the

motif, where “®” is a hydrophobic residue, and “X” is an arbitrary resi-
due (Figure 1A). The TADs of CREB (pKID) and c-Myb bind to the c-
Myb site of KIX, while the TADs of MLL, E2A, and c-Jun bind to the
MLL site of KIX (Figure 1B).2°® Since the 2 binding sites of the KIX
domain are isolated, one KIX domain is capable of binding 2 disordered
TADs simultaneously, where one TAD binds to the c-Myb site and the
other one binds to the MLL site.1%241¢

Understanding the binding mechanism is critical to understand
how disordered transcription factors perform their functions. Binding
mechanisms for the interaction of KIX with pKID and the interaction of
KIX with c-Myb have been characterized extensively.}”~2° It is found
that binding of pKID to KIX is via an induced-fit mechanism and bind-

ing of c-Myb to KIX is via a combination of conformational selection
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A pKID SRRPSYRKILNDLSD
c-Myb KRIKELELLLMSTEN
c-Jun LASPELERLITIQSSN
MLL ILPSDIMDFVLEKNTP
p53 AD1 LSQETFSDLWKLLPE
p53 AD2 LSPDDIEQWEFTEDPG
FOX03a CR2C YGNQTLODLLTSDSL
FOXO3a CR3 SLECDMESIIRSELM
FIGURE 1 Interactions between disordered TADs and the KIX domain. A, Sequence alignment of the KIX binding TADs. Residues in the

conserved “OXX®®” motif are highlighted in red. B, Structures of KIX in complex with c-Myb and MLL (PDB: 2AGH). The KIX domain is
shown in blue, the c-Myb is shown in orange, and the MLL is shown in green

and induced-fit mechanisms.'? Interactions between a disordered TAD
and the KIX domain will become more complicated when the disor-
dered TAD contains more than one copy of the KIX binding motif,
such as the TADs of p53 and the Forkhead box class O 3a (FOXO3a)
(Figure 1A). The p53 TAD consists of 2 subdomains (AD1 and AD2).
NMR characterization showed that the AD1 and AD2 subdomains
each interacts with both the MLL site and the c-Myb site when p53
TAD associates with the KIX domain.2? Similarly, promiscuous interac-
tions were also observed in the interactions between FOXO3a and
KIX, where the CR2C and CR3 segments of FOXO3a interact with the
KIX domain at both the MLL site and the c-Myb site.??

Coupled folding and binding is a general mechanism to describe the
interactions between IDPs and their targets.?®> Recently, Zhou et al.?*
introduced the sequential binding element into the coupled folding and
binding mechanism and proposed a dock-and-coalesce framework to
describe binding processes involving multi-segment IDPs, where one
segment of the IDP first docks to its subsite on the target surface and
the remaining segments subsequently coalesce around their respective
subsites. The promiscuous interactions between FOXO3a and KIX and
between p53 TAD and KIX complicate the binding mechanism of these
2 complexes and their binding mechanisms have not been studied so far.

In this work, we investigated the mechanisms of FOXO3a binding
to KIX and p53 TAD binding to KIX via computational biophysical anal-
yses. Our results revealed a common kinetic feature for interactions
between disordered TADs and the KIX domain, where binding of TADs
to the MLL site is electrostatically more favorable and faster than bind-
ing of TADs to the c-Myb site. Our results suggest a sequential binding
mechanism to account for the association of dual-motif transcription
factors FOXO3a and p53 TAD with KIX, where one motif binds to the
MLL site first and then the other motif binds to the c-Myb site.

2 | | MATERIALS AND METHODS

2.1 | Protein complexes studied

The disordered TAD/KIX complexes studied in this work were: pKID/
KIX (PDB: 1KDX), c-Myb/KIX (PDB: 1SB0), MLL/KIX (PDB: 2LXS),
E2A/KIX (PDB: 2KWF), FOXO3a/KIX (PDB: 2LQH and 2LQ)l), and p53
TAD/KIX. The structures for the p53 TAD/KIX complex were gener-
ated by homology modeling as described below.

Structure models of the p53 TAD/KIX complex were generated by
the Modeller 9.16 program.2> The NMR structures of the FOXO3a/
KIX complex (PDB: 2LQH and 2LQI) were used as templates with p53
AD1 subdomain aligning with FOXO3a CR2C segment and p53 AD2
subdomain aligning with FOXO3a CR3 segment (Figure 1). Corre-
sponding to the dual conformations of the FOXO3a/KIX complex, 2
conformations were generated for the p53 TAD/KIX complex: in one
conformation, p53 AD1 binds to the c-Myb site and p53 AD2 binds to
the MLL site; in the other conformation, p53 AD1 binds to the MLL
site and p53 AD2 binds to the c-Myb site. The structure models for
the p53 TAD/KIX complex were then relaxed by energy minimization
and 10 ns molecular dynamics (MD) simulations using Gromacs 4.5.4%%
and Amber force field®” at 298 K and 1 bar.

2.2 | Association rate constants calculation

Based on the transient complex theory,?® Zhou et al. developed the
TransComp method to predict the association rates for protein-protein
interactions?’ and understand the binding mechanisms of IDPs.%0-32
According to the transient complex theory, the association rate con-
stant for a diffusion-limited binding process is expressed as k, = k,oexp
(—AGg*/kgT), where k,o is the basal rate constant for forming the tran-
sient complex via random diffusion, and AGg,* is the electrostatic inter-
action energy of the transient complex.?® Association rate constant
calculation was carried out via the TransComp server (http://pipe.sc.
fsu.edu/transcomp/) which requires only the structure of the native
complex as input and automatically performs the simulations and data
analysis. The TransComp calculation consists of 3 steps. The first step
is to determine the transient complex by analyzing the energy land-
scape of the interacting proteins. In the native complex energy well,
the number of native contacts, N, between the 2 proteins is large, but
the standard deviation, o,, in the rotation angle y is small. As the 2 pro-
teins move out of the native complex well, o, sharply increases and N,
sharply decreases. The dependence of o, on N is fitted to a 2-state
transition function and the transient complex is identified as the mid-
point of the transition. Once the transient complex is determined, k.o is
calculated from force-free Brownian dynamics simulations. The third
step is to calculate the electrostatic interaction energy AG* for the
transient complex, by solving the Poisson-Boltzmann equation. The
ionic strength was set to 0.15 M in the electrostatic interaction energy
calculations.
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TABLE 1 Association rate constants for binding of single motif peptides to the KIX domain

Experimental®

Calculated
Binding site Peptide k.o (M~ 1s7Y)
c-Myb c-Myb 0.86
pKID 0.29
MLL MLL Not a single-step process
E2A Not a single-step process

2Data from reference.®’

2.3 | Coarse-grained MDs simulations

Topology-based MDs simulations were performed to study the binding
mechanism of FOXO3a with the KIX domain. The C,-only Go-like
model®® was adopted to describe the interactions, where a protein was
represented by the C, atoms. The first NMR model of each binding
mode (PDB 2LQH for the 2b3I-binding mode and PDB 2LQI for the
213b binding mode) was used to represent the structure of FOXO3a/
KIX complex. Interactions for residue pairs forming native contacts
were described by a 12-10 Lennard-Jones potential form.>* Interaction
strength was set to 1.0e for interactions within FOXO3a and interac-
tions between FOXO3a and KIX and 2.0e for interactions within the
KIX domain. To reduce the influence of the loop region between CR2C
and CR3 segments on the binding process, interaction strength for resi-
due pairs involving the loop region was set to 0.5¢. Electrostatic inter-
actions were modeled using the Debye-Hiickel potential.®> The
dielectric constant was set to 80 and ionic strength was set to 0.15 M.
Other parameters were set as in references.3¢%”

Langevin dynamics was used to perform the simulations. Simula-
tions were conducted by placing a FOXO3a peptide and a KIX domain
in a 150 A cubic box. Periodic boundary conditions were applied in all
3 directions. Free energy profiles were calculated from simulations
with bias potentials.3® The fraction of native intermolecular contacts
(Qp) was used to monitor the binding/unbinding process and used as
the reaction coordinate to describe the free energy profiles. Free
energy (G) was calculated as G(Qp)/kgT = —In[P(Qp)], where kg is the
Boltzmann constant, P(Q,) is the probability distribution of Q.. The
unbound state was defined as conformations with Q, =0 and the
bound state was defined as conformations with Q, > 0.7. The encoun-
ter complex was defined as conformations with one native intermolec-
ular contact. The transition temperature T,, was defined as the
temperature under which the unbound state and the bound state had
equal probability. Production simulations were then performed at T, to
sample the bound and unbound states with similar probabilities. 200
binding/unbinding transitions were simulated to analyze the formation

and evolution of encounter complexes.

3 | RESULTS

3.1 | Binding kinetics for KIX with single-motif TADs

KIX interacts with c-Myb and pKID via the c-Myb site, and with MLL,
and E2A via the MLL site (Figure 1B). The binding kinetics of these

AG* (kcal/mol) k, (pM~1s7Y) k, (pM~1s7Y)
-0.38 1.64 8.1
-1.25 2.39 5.0

39

57

single motif TADs with the KIX domain has been characterized system-
atically by stopped-flow technique.®’ Binding of TAD peptides to the
KIX domain is fast with basal rate constants in the order of M~ 1 s~1
and the binding process is enhanced by favorable long-range electro-
static interactions. Further analysis indicated that the binding process is
diffusion-limited.*

Here, the binding kinetics for the KIX domain with different TAD
peptides was analyzed by the TransComp method (Table 1). The pre-
dicted basal rate constants for binding of c-Myb and pKID to the KIX
domain were 0.86 and 0.29 qul s~1, which were an order of magni-
tude smaller than the experimental results.3 Although the TransComp
method underestimated the basal rate constants, the favorable long-
range electrostatic interactions were captured in the TransComp calcu-
lations and the predicted binding rate constants were in agreement
with experimental values. For example, the predicted binding rate for
c-Myb/KIX interaction was 1.64 uM~* s~ and the experimental deter-
mined value was 8.1 uM~* s™%. For pKID/KIX interaction, the pre-
dicted binding rate was 2.39 pM™! s°! and the experimental
determined value was 5.0 uM~1 s (Table 1).

Although the rank order of the predicted binding rates was differ-
ent from that of the experimentally determined binding rates, the pre-
dicted binding rates were in a similar order of magnitude to the
experimental values. There could be several reasons for this discrep-
ancy. One could be that TransComp method assumes association of 2
folded domains. The effect of intrinsically structural disorder on binding
kinetics has been extensively studied in the past decade, and it is gen-
erally found that structural disorder could increase the binding rate but
with a subtle effect.® Usually, the enhancement of binding rate resulted
from intrinsic disorder is about 2-3 folds.3®4%4! On the other hand,
the uncertainty of TransComp prediction could be as large as 30
folds.2? Therefore, assuming that intrinsically disordered binding seg-
ments acquire folded structures prior to binding is reasonable in the
TransComp calculation for protein complexes involving IDPs.

Unlike c-Myb and pKID, TransComp calculations showed that bind-
ing of MLL and E2A peptides (with various length) to the MLL site of KIX
domain may be more complicated than a docking process and thus the

binding rates could not be calculated for these 2 KIX binding peptides.

3.2 | Binding kinetics for KIX with dual-motif TADs

FOXO3a contains 2 KIX-binding motifs, that is, the CR2C segment and
CR3 segment. Through these 2 segments, FOXO3a simultaneously
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FIGURE 2 Structures of FOXO3a in complex with KIX via the
2I13b mode (A) and the 2b3l mode (B). The KIX domain is shown in
blue; the CR2C segment is shown in orange and the CR3 is in
green. The linker connecting the CR2C and CR3 segments is not
shown for clarity [Color figure can be viewed at wileyonlinelibrary.
com]

binds to the c-Myb site and the MLL site of the KIX domain, resulting
in 2 modes of association: in one mode, CR2C binds to the MLL site
and CR3 binds to the c-Myb site (the 2I3b mode); in the other mode,
CRS3 binds to the MLL site and CR2C binds to the c-Myb site (the 2b3I
mode) (Figure 2).22 TransComp calculations predicted that the basal
rate constants for the binding of CR2C and CR3 peptides to the KIX
domain were in sub pM ™1 571 range and were similar to other KIX
binding peptides (Table 2). Most importantly, we found that binding of
FOXO3a peptides to the MLL site was much faster (about 40 folds)
than binding of FOXO3a peptides to the c-Myb site (Table 2). Actually,
binding of MLL and E2A to the MLL site were also faster than binding
of pKID and c-Myb to the c-Myb site (Table 1).

The predicted basal rate constants for binding of peptides to the
c-Myb site were rather similar to those for the MLL site (Tables 1 and
2). Interestingly, the predicted electrostatic interactions for the MLL
site were much more favorable than those for the c-Myb site (Table 2).
The electrostatic interaction energy AGq* were —0.502 and 0.467
kcal/mol for binding of FOXO3a peptides to the c-Myb site and were
—2.39 and —2.18 kcal/mol for binding of FOXO3a peptides to the
MLL site. From the electrostatic potential surface of the KIX domain,
we found that the MLL site was more positively charged than the c-
Myb site (Figure 3). Since the “OXX®®" motif is surrounded by nega-
tively charged residues (Figure 1), the favorable electrostatic interac-
tions between the MLL site and the negatively charged residues may
steer the conformational search process and enhance the association.

Interactions between p53 TAD and the KIX domain have been
characterized by NMR. The p53 AD1 and AD2 subdomains were found

TABLE 2 Predicted association rate constants for binding of
FOXO3a peptides to the KIX domain

Binding ko AGg* k,
site Peptide (rM~1s7Y) (kcal/mol) (rM~1s7Y)
c-Myb CR2C 0.22 -0.502 0.51
CR3 0.90 0.467 0.41
MLL CR2C 0.39 -2.39 21.9
CR3 0.35 —2.18 14.0

PROTEINS Wl LEYM

FIGURE 3 Electrostatic potential surface of the KIX domain.
FOXO3a/KIX complex in the 2b3l binding mode is utilized to
indicate the c-Myb site (A) and the MLL site (B), where the CR2C
segment is shown in orange and the CR3 segment is shown in
green. The negatively charged residues in FOXO3a are shown with
sticks [Color figure can be viewed at wileyonlinelibrary.com]

to bind to both the c-Myb site and the MLL site.?* However, structures
for the p53 TAD/KIX complex have not been determined so far. Since
p53 TAD and FOXO3a show similar modes of interaction when they
interact with the KIX domain individually, we used the structures of
the FOXO3a/KIX complex to generate structure models for the p53
TAD/KIX complex. Corresponding to the 2 conformations of the
FOXO3a/KIX complex, 2 conformations were generated for the p53
TAD/KIX complex: in one conformation the p53 AD1 subdomain binds
to the c-Myb site and the AD2 subdomain binds to the MLL site; in the
other conformation the AD1 subdomain binds to the MLL site and the
AD2 subdomain binds to the c-Myb site. TransComp calculations were
carried out with the proposed models for the p53 TAD/KIX complex.
Similar to other KIX binding peptides, binding of p53 TAD peptides to
the MLL site was faster than binding of p53 peptides to the c-Myb site
due to favorable electrostatic interactions (Table 3).

3.3 | Topology-based modeling of FOXO3a binding
to KIX

The TransComp method works for association processes limited by dif-
fusion, including binding of single TAD motif to the KIX domain studied
above. However, the TADs of FOXO3a and p53 each contains 2 copies
of KIX-binding motif via a flexible linker. In this context, the Trans-
Comp method is not suitable to study the binding of dual-motif TADs

to the KIX domain. Complementary to the TransComp calculation,

TABLE 3 Predicted association rate constants for binding of p53
peptides to the KIX domain

Binding kao AGy* k.
site Peptide (uM~1s7Y) (kcal/mol) (uM~1s7Y)
c-Myb AD1 0.91 -0.45 1.94
AD2 0.78 0.09 0.66
MLL AD1 0.93 -2.17 36.2
AD2 0.30 =822 68.5
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FIGURE 4 Free energy (G) as a function native intermolecular
contact fraction (Qp) at transition temperature T, [Color figure can
be viewed at wileyonlinelibrary.com]

structure-based coarse-grained MD simulations were performed to
further characterize the binding process between FOXO3a and KIX.
Simulations were based on the 2 structures of the FOXO3a/KIX com-
plex. For both the 2I3b-binding mode and the 2b3I binding mode, the
free energy profiles indicated that the free energy barriers were signifi-
cantly reduced when electrostatic interactions were included in the
simulations (Figure 4), which was consistent with the TransComp
prediction.

The free energy profiles indicated that formation of the FOXO3a/
KIX complex involving intermediate states, where about ~25% of
native contacts between FOXO3a and KIX formed. Structural analysis
on the ensemble of intermediate revealed that the FOXO3a predomi-

nantly docked to the c-Myb site when electrostatic interactions were

1.0 + 1.0+
0.8 1 0.8 1
2 ] 2
= 0.6 = 064
2 ] 2 ool
Qo 044 QO 044
e | S
O o2 O pod
0.0 0.0+

No charge  With charge
213b binding mode

No charge With charge
2b3l binding mode

FIGURE 5 Docking of FOXO3a on the KIX surface in the
intermediate state. The probabilities of CR2C and CR3 segments
docking to the MLL site and c-Myb site were calculated from the
simulated ensemble of intermediate state. Peptides docking to the
MLL site and c-Myb site were shown in gray and red, respectively
[Color figure can be viewed at wileyonlinelibrary.com]

N
[42]

I 213b mode
[ 2b3I mode

N
o

—_
[4)]

MFPT (x10°)
=)

With charge

No charge

FIGURE 6 Kinetics of FOXO3a binding to KIX. Mean first passage
time from the unbound state to the bound state was averaged
from 200 binding events. The standard error was shown by the
error bar [Color figure can be viewed at wileyonlinelibrary.com]

not included in the simulations (Figure 5). On the contrary, when elec-
trostatic interactions were introduced, electrostatic steering biased the
docking of FOXO3a to the MLL site (Figure 5). This feature indicated
that electrostatic interactions could not only accelerate the binding
rate but also remodel the binding mechanism.

Simulations under the transition temperature T, enable us to sim-
ulate the binding/unbinding process reversibly (Supporting Information
Figure S1) and calculate the binding rates. Consistent with the Trans-
Comp calculation, our coarse-grained simulations captured the acceler-
ating effect of electrostatic interactions on the binding kinetics.
Introducing electrostatic interactions enhanced the binding rate for
about an order of magnitude (Figure 6). Our simulations revealed that
the binding rates of the 2 binding modes were very similar, which is
consistent with free energy landscape analysis above (Figure 4). We
also calculated the binding rates for individual FOXO3a motif to the
corresponding KIX binding site (Supporting Information Table S1). The
simulated binding rates were consistent with the TransComp prediction
in general trend (Supporting Information Figure S2).

The simulation trajectories were further examined in detail to
reveal the influence of electrostatic interactions on the capture pro-
cess, where encounter complexes formed. Without electrostatic inter-
actions, the initial contacts between the 2 binding partners were highly
promiscuous. FOXO3a showed similar probabilities to dock to the c-
Myb site (0.56 for CR3 and 0.53 for CR2C) and the MLL site (0.47 for
CR3 and 0.44 for CR2C) first (Figure 7A and Supporting Information
Table S2). In contrast, with the inclusion of electrostatic interactions,
docking of FOXO3a to KIX was biased. The probability of FOXO3a
docking to the MLL site was dramatically increased (0.72 for CR3 and
0.84 for CR2C) (Figure 7A and Supporting Information Table S2), indi-
cating a steering effect toward the MLL site. We further analyzed the
evolution process (ie, from the encounter complexes to the native
bound complex). Without electrostatic interactions, probability of pro-
ductive encounter was small, around 0.1 (Figure 7B and Supporting
Information Table S2). When electrostatic interactions were included in
the simulation, the encounter complexes were stabilized and the prob-
ability of productive encounter was increased. This effect was more

remarkable for the encounter complexes formed at the MLL site,
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FIGURE 7 Probability of encounter complex formation between
FOXO3a and KIX from simulations. (A) Probability of total
encounter for the 2I3b and 2b3l binding modes. (B) Probability of
productive encounter for the 2I3b and 2b3l binding modes.
Encounter process triggered by the MLL site was shown by gray
and encounter process triggered by the c-Myb site was shown by
red [Color figure can be viewed at wileyonlinelibrary.com]

where the probability of productive encounter was increased by more
than 5 folds (Figure 7B and Supporting Information Table S2). As a
result, about 50% of the encounter process became productive in the

presence of electrostatic interactions.

4 | DISCUSSION

Based on the transient complex theory, the TransComp method has
been successfully applied to reproduce and predict the binding rates
for various protein-protein complexes?’ and has recently been applied
to study the binding mechanisms for IDPs.2~%2 In this work, by apply-
ing the TransComp method, we investigated the binding kinetics for
the KIX domain with several intrinsically disordered transcription fac-
tors. The predicted binding rates for the KIX domain with pKID and c-
Myb via the c-Myb site, and with MLL and E2A via the MLL site agree
well with the experimental values (Table 1).

Since FOXO3a and p53 TAD each contains 2 copies of KIX bind-
ing motif and each motif is able to interact with both the MLL site and
the c-Myb site, 2 modes of interaction will be resulted when FOXO3a
or p53 TAD associates with the KIX domain. For all KIX/peptide com-
plexes studied here, the binding rates for interactions via the MLL site
are faster than those for interactions via the c-Myb site. Our kinetics
studies suggest that binding of FOXO3a or p53 TAD to the KIX
domain is via a sequential mechanism, where one KIX binding motif

PROTEINS Wl LEYM

binds to the MLL site first and then the other KIX binding motif binds
to the c-Myb site. It would be valuable to determine the overall binding
rate constants for FOXO3a or p53 TAD to KIX as well as the binding
rate constants for individual KIX binding motifs to KIX.

Sequential binding or dock-and-coalesce mechanism has been
observed in many interacting processes involving multi-motif IDPs, for
example, the p27/Cdk2/cyclin A complex,*? actin/actin-binding protein
complexes,®® and GTPase/effector complexes.>? Within a sequential
binding process, the fast binding segment acts as the docking site
which bind to the target and stabilize the binding intermediate. The
intermediate state then evolves to the final bound state via binding of
other segments and further conformation transitions. For interactions
between FOXO3a and KIX and interactions between p53 TAD and
KIX, the MLL site serves as the docking site and stabilizes the encoun-
ter complexes as revealed from our coarse-grained MD simulations
(Figure 7).

Although sequential binding is the consequence of one motif bind-
ing faster than the others, the interplay or potential allosteric effect
between multiple motifs may change the binding mechanism and
sequential binding processes may not be observed in some circumstan-
ces. Comparing the overall binding mechanism of a multi-motif IDP
with the binding mechanism of individual motif is needed to compre-
hensively understand the binding mechanism and the interplay
between motifs. Therefore, combination of TransComp calculation and
coarse-grained MDs simulation provides a more complete picture on
the binding mechanism of multi-motif IDPs with their targets.

The predicted basal rate constants for forming the transient
encounter complex are within similar range for all KIX/peptide inter-
actions. Interestingly, we found that interactions between the pep-
tide and the MLL site are electrostatically more favorable than
interactions between the peptide and the c-Myb site. Favorable
long-range electrostatic interactions have been found playing an
important role in promoting the binding process of IDPs since the
steering effect helps to align the ligand correctly on to the target
surface.®>#374% Although the interactions between FOXO3a and KIX
or p53 TAD and KIX are promiscuous, electrostatic steering effects
appear to simplify the binding mechanism by effectively guiding the
initiation step via the MLL site.

5 | CONCLUSION

By performing theoretical kinetics analysis for the KIX domain with
various disordered transcription factors, we found that the binding
rates for KIX with its binding peptides are heavily affected by elec-
trostatic interactions. The basal rate constants for forming the
encounter complex are similar for various KIX binding peptides,
favorable electrostatic interactions between the MLL site and pep-
tides result in greater association rates when peptides bind to the
MLL site. Consequently, when a dual-motif KIX binding protein (ie
FOXO3a and p53 TAD) interacts with the KIX domain, the associa-
tion process is mainly initiated by interactions between a KIX-
binding motif and the MLL site.
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