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Abstract: Intrinsically disordered proteins (IDPs) are a newly recognized class of functional proteins for
which a lack of stable tertiary fold is required for function. Because of the heterogeneous and dynamical
nature, molecular modeling is necessary to provide the missing details of disordered states of IDP that are
crucial for understanding their functions. In particular, generalized Born (GB) implicit solvent, combined
with replica exchange (REX), might offer an optimal balance between accuracy and efficiency for modeling
IDPs. We carried out extensive REX simulations in an optimized GB force field to characterize the disordered
states of a regulatory IDP, KID domain of transcription factor CREB, and its phosphorylated form, pKID.
The results revealed that both KID and pKID, though highly disordered on the tertiary level, are compact
and mainly occupy a small number of helical substates. Interestingly, although phosphorylation of KID
Ser133 leads only to marginal changes in average helicities on the ensemble level, underlying conformational
substates differ significantly. In particular, pSer133 appears to restrict the accessible conformational space
of the loop region and thus reduces the entropic cost of KID folding upon binding to the KIX domain of
CREB-binding protein. Such an expanded role of phosphorylation in the KID:KIX recognition was not
previously recognized because of a lack of substantial conformational changes on the ensemble level and
inaccessibility of the structural details from experiments. The results also suggest that an implicit solvent-
based modeling framework, despite various existing limitations, might be feasible for accurate atomistic
simulation of small IDPs in general.

Introduction

Intrinsically disordered proteins (IDPs), also known as
natively disordered, natively unfolded, or intrinsically unstruc-
tured proteins, are a newly recognized class of functional
proteins that rely on a lack of stable tertiary structures for
function.1-5 Substantial regions, and sometimes entire domains,
of these proteins can exist as dynamic ensembles of disordered,
but not necessarily random, structures under physiological
conditions. Many IDPs undergo disorder-order transitions upon
recognition of their biological partners, and it has been proposed
that function can arise from ordered, partially disordered, and
fully disordered states and from transitions among them.2,4 Such
recognition extends the protein structure-function paradigm.
IDPs are highly abundant in biology. Sequence analysis has
estimated that nearly one-third of the eukaryotic proteins contain
continuous disorder segments of at least 50 residues.2,4 The
Database of Disordered Proteins (DisProt) currently contains
484 experimentally characterized IDPs with a range of
functions.6,7 In contrast to structured proteins where functions

are often enzymatic (thus require precise organization of active
sites), IDPs are frequently involved in cellular signaling and
regulation.4,8 In particular, cancer-associated and signaling
proteins contain significantly more intrinsic disorder.9 Intrinsic
disorder might facilitate function in several ways.3-5 Enthalpy
gained from forming a large contact surface upon binding is
effectively compensated by the entropy cost of the accompany-
ing folding of IDPs, such that high specificity can be achieved
at the same time with low affinity. This property is often desired
for signaling and regulation. The unstructured nature of IDPs
also provides a level of control that allows rapid turnover for
accurate responses, structural plasticity for binding multiple
partners, and inducibility by posttranslational modifications.10-12

Intrinsic thermo-instability of IDPs might also provide a basis
for conformational modulation in allosteric controls.13
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Arguably, functions of IDPs are determined by distribution
and redistribution of accessible conformations.14 Residual
structures often persist in the disordered states and such
preformed structural elements might have important implications
in coupled binding and folding of IDPs during function. On
one hand, it has been hypothesized that preformed elements
might serve as initial contact points and facilitate induced folding
on the surface of cofactors.15,16 On the other hand, increasing
the amount of local structures in the free states might actually
reduce the binding rate for IDPs if binding occurs through
formation of nonspecific encounter complexes.17,18 In either
scenario, extent of residual structures directly affects the entropic
cost of folding and in turn modulates the binding thermodynam-
ics. A detailed structural and dynamical characterization of the
disordered states is thus necessary for understanding the action
of IDPs. A range of experimental techniques, especially nuclear
magnetic resonance (NMR) spectroscopy, can be used to study
the ensemble properties, sometimes at residue level, and to detect
the presence of transient (tertiary) structures for disordered and
partially disordered states of proteins.19-22 Nonetheless, high-
resolution structures can only be determined for folded IDPs in
complex with specific biological partners and it remains very
difficult to identify the conformational substates that collectively
give rise to the observed ensemble properties of the disordered
states from experiments alone. The substantial challenges of
experimental characterization of IDPs present a unique op-
portunity for all-atom molecular mechanics modeling to make
critical contributions. Atomistic simulation could provide the
ultimate level of detail necessary for understanding the nature
of the disordered states and some success has already been
demonstrated in the study of unstructured amyloid-forming
peptides.23-25 Modeling IDPs also presents substantial new
challenges. Explicit inclusion of water molecules in conventional
explicit solvent-based modeling methodologies increases the
system size about 10-fold and leads to prohibitive computational
cost if one wants to sufficiently sample the broad manifolds of
functionally relevant states of IDPs. Mainly optimized for folded
native states of proteins, the current explicit solvent protein force
fields are also known to have limitations such as excessive
helical contents26,27 and overstabilized peptide-peptide interac-
tions.28 These systematic biases further limit the ability of
explicit solvent simulations to distinguish between weakly stable

conformations of peptides necessary for modeling IDPs. New
strategies must be developed and explored to overcome these
limitations, particularly in efficient modeling of the solvent
environment.

So-called implicit solvent-based protein modeling might offer
an optimal balance between accuracy and efficiency required
for simulating disordered states of IDPs. Implicit solvent is
essentially a coarse-grained approach where only the protein is
represented at the atomic level and the mean influence of solvent
is captured by the free energy cost of solvating the protein (thus
solvent is implicit).29 Such an implicit treatment of solvent
reduces the system size about 10-fold, albeit at the expense of
losing the microscopic detail of water. Importantly, recent
advances in generalized Born (GB) methodologies allow ac-
curate estimation of the solvation free energy of biomolecules
with only a modest increase in the associated computational
cost.30 For example, molecular dynamics (MD) simulations
using the GBSW implicit solvent are only about 4-5 times more
expensive than those in vacuum.31 Interestingly, implicit solvent
is also ideal for replica exchange (REX) simulations,32 where
the best efficacy is achieved with moderate system sizes and
up to 10-fold enhancement in sampling efficiency is possible.33-35

Substantial gain in computational efficiency also allows one to
parametrize the implicit solvent protein force field through
extensive peptide folding simulations,36-39 an effective strategy
that is largely unfeasible for explicit solvent modeling. We have
previously optimized the GBSW implicit solvent force field by
using a set of small helices and � hairpins with a wide range of
thermodynamic stabilities.36 This led to a consistent GB force
field with proper balance of solvation and intramolecular
interactions and in turn allowed a high level of accuracy in
describing the peptide conformational equilibrium. The same
consistent force field has been successfully applied to study the
foldingandunfoldingofseveralsmallpeptidesandproteins.36,40-44

In particular, recent successes in modeling the pH-induced
unstable states of several proteins suggest that such carefully
optimized implicit solvent protein force fields, coupled with
REX enhanced sampling, might provide a viable computational
framework for modeling the disordered states of small IDPs in
general.
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In this work, we explore REX-MD simulations in the
consistent GBSW protein force field to characterize the disor-
dered states of the kinase-inducible domain (KID) of transcrip-
tion factor CREB (cAMP response element binding protein) and
its phosphorylated form pKID. KID is one of the most
extensively characterized IDPs and can serve as a paradigm for
understanding IDPs and testing the proposed modeling frame-
work. In cell, CREB regulates transcription in response to cAMP
signaling partially by binding to the coactivator CBP (CREB-
binding protein) or its paralogue p300.17 This recognition
requires phosphorylation of Ser133 of KID and involves direct
interaction between pKID and the KIX domain of CBP.45,46

When in complex with KIX, pKID adopts a helix-linker-helix
structure that involves residues 119-146.47 However, free KID
and pKID lack stable tertiary structures in solution. NMR
chemical shift analysis has estimated that helix RA (residues
120-129) is about 50-60% folded and helix RB (residues
134-144,) is only 10-15% formed.48 Isothermal titration
calorimetry measurements showed that unphosphorylated KID
bound to KIX with about 2 orders of magnitude lower affinity
than pKID.49 Precise roles of phosphorylation in the KID:KIX
recognition are debatable. In principle, phosphorylation might
facilitate binding by either modulating the peptide conforma-
tional preferences or providing a site for additional intramo-
lecular interactions. Because of the heterogeneous nature of the
disorder states, only the ensemble-averaged properties such as
the residue helicities of free KID and pKID could be analyzed.
The results failed to show significant difference upon phospho-
rylation of Ser133.48 The principal role of phosphorylation has
therefore been attributed to mediating intermolecular interac-
tions. In the pKID/KIX complex, pSer133 mainly forms two
salt-bridge interactions with Tyr658 and Lys662 of KIX. The
essential role of phosphate-mediated interactions is further
supported by mutagenesis of Tyr658 to phenylalanine or Lys662
to alanine, which substantially reduces the KID:KIX binding
affinity, up to more than 1000-fold with double mutations (a
destabilization of about 4.4 kcal/mol).50 Nonetheless, the
magnitude of the stabilizing effects of these salt-bridges,
estimated to be ∆∆G ) -RT ln Kd(pKID)/Kd(KID) ≈ -5RT
(or ∼ -3 kcal/mol at 300 K) is somewhat surprising.51,52 While
the contribution of a salt-bridge interaction to the stability of
proteins and protein complexes depends on its specific nature
and environment (e.g., buried or solvent-exposed), many are
often destabilizing or contribute only slightly to protein
stability.53,54 Curiously, replacement of pSer with negative
charge residues such as glutamic acid (KID S133E) substantially
weakens the KIX binding and failed to support target gene

activation in vivo,50,55 even though Glu or Asp is believed to
have similar ability to interact with Lys, Arg, or amide NH.56

Therefore, it is possible that phosphorylation of Ser133 might
play an expanded role in the KID:KIX recognition besides
providing an interaction site for intermolecular interactions. In
particular, conformational equilibria of IDPs are highly sus-
ceptible to amino acid replacements, and it is not clear how the
binding affinity of unphosphorylated KID is affected by the
mutations.57 These potentially nontrivial consequences besides
deleting the targeted contacts can substantially complicate the
interpretation of the affinity measurements.

In principle, absence of significant difference in mean
secondary structure properties between KID and pKID on the
ensemble level does not rule out the possibility that phospho-
rylation might lead to reorganization of the accessible confor-
mational substates without changing the apparent average
helicity. Such conformational redistribution might affect both
thermodynamics and kinetics of the coupled binding and folding.
In particular, compensation between conformational entropy and
interfacial contact enthalpy plays an important role in target
recognition by IDPs. Existing mutagenesis studies clearly
demonstrate that conformational preferences have a significant
role in binding of constitutive and inducible activators to
KIX.49,50,58 A previous explicit solvent MD simulation study
further suggested that phosphorylation of Ser133 might promote
formation of a transient turn structure that resemble the KIX
bound state.57 However, the reported simulations were con-
ducted by using a simulated annealing protocol in explicit
solvent and only lasted 2.0 ns. This is too short to sufficiently
sample relevant conformations in the disordered states (also
reflected in the confined backbone φ/Ψ distributions that were
observed57), substantially weakening the reliability of the
proposed effects of phosphorylation. The current REX-MD
simulations in implicit solvent offer much more extensive
sampling and should provide a more realistic description of the
disordered ensembles to allow a better assessment of the putative
impacts of phosphorylation. Compared with existing experi-
mental data, the current study also provides an opportunity to
examine the feasibility of utilizing REX-MD simulations in
implicit solvent to characterize disordered states of small IDPs
at atomic level in general.

Methods

Consistent Implicit Solvent Protein Force Field. A consistent
GBSW implicit solvent force field31,36 based on the CHARMM22/
CMAP all-atom force field59-62 was used in this work. GBSW is
one of the latest GB models that employs a van der Waals (vdW)-
based surface with a smooth dielectric boundary to allow stable
force calculation. Born radii are calculated by a rapid volume
integration scheme that includes a higher-order correction term to
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the Coulomb field approximation.63 Atomic input radii, the key
physical parameters for defining the solvent boundary, have been
carefully optimized together with peptide backbone torsion poten-
tials to capture the delicate balance between solvation and intramo-
lecular interactions.36 The optimization also largely resolved the
problem of systematically over stabilizing the hydrogen-bonding
and salt-bridge interactions (in comparison to the explicit solvent
results) that many GB models had suffered from.37 We also note
that, while parametrization of classical force fields traditionally
relied primarily on experimental data and high-level quantum
mechanics calculations of small molecules,64 it only recently began
to benefit more directly from experimental structural and thermo-
dynamic properties of peptides and proteins. Through optimization,
the consistent implicit solvent force field is able to predict both
the structures and stabilities of a set of helical and � model peptides.
In particular, stabilities of four sequentially related �-hairpins that
range from largely unfolded to mostly folded at 300 K are
quantitatively reproduced, indicating that the underlying interactions
are properly balanced.

Potential of Mean Force (PMF) Calculations. Intrinsic radii
for the phosphate group have been only been optimized on the basis
of solvation free energies (rp ) 2.35 Å and ro ) 1.49 Å).65 We
previously showed that it is important to further examine the balance
between intramolecular interactions and solvation, such as by
comparing PMFs of representative pairwise interactions in explicit
and implicit solvents.36 An umbrella sampling protocol36 was used
to compute the PMFs between side chains of pSer and Arg or Lys
in head-to-head configurations, shown in Figure 1. The solutes were
constrained to move in a straight line along the reaction coordinate
in specific orientations (see Figure 1) using the MMFP module in
CHARMM.66 The phosphate headgroup PO4

2- was allowed to
rotate freely along the Oγ-P bond, and the NH3

+ group of Lys
was allowed to rotate freely along the CZ-N bond. For explicit
solvent simulations, solutes were solvated by about 740 water
molecules in periodic rectangular boxes. The particle mesh Ewald
method was used to calculate long-range electrostatic interactions,67

and the van der Waals interactions were smoothly switched off
from 10 to 12 Å. Harmonic restraint potentials were placed every
0.5 Å along the reaction coordinate with a force constant of 5.0
kcal/mol/Å2. For each umbrella sampling window, the system was
first equilibrated for 60 ps, followed by 2 ns production at constant

volume and temperature. The SHAKE algorithm68 was applied to
fix lengths of all hydrogen-involving bonds and the dynamics time
step was 2 fs. Data were analyzed using the weighted histogram
analysis method.69 PMFs in implicit solvent were computed in a
similar fashion, except that effects of solvent were described by
GBSW. Convergence of the PMFs was examined by comparing
results from the first and second halves of the data and was shown
to be on the order of 0.2 kcal/mol. Additional implicit solvent PMFs
were computed for collinear and coplanar dimer configurations
previously studied by Mandell and co-workers56 by directly
translating the molecules along the reaction coordinates.

REX-MD Peptide Simulations. All REX-MD simulations were
carried out using the Multiscale Modeling Tools in Structural
Biology (MMTSB) Toolset70 along with CHARMM. Briefly,
multiple copies of the system were simulated simultaneously and
independently at different temperatures. Exchanges of simulation
temperatures are periodically attempted according to a Metropolis-
type algorithm. In the course of the REX simulation, replicas can
travel up and down the temperature space in a self-regularized
fashion, which, in turn, induces a nontrivial random walk in
temperature space and greatly reduces the probability of being
trapped in states of local energy minima. In this work, a 28-residue
segment of KID (residues 119-146, TD SQKRR EILSR RPSYR
KILND LSSDA P), its phosphorylated form (pSer133) and a
mutated sequence KID S133E were simulated. The termini were
blocked with acetyl (Ace) and amine (NH2) groups. For both KID
and pKID, two independent runs were initiated from the folded
(control simulations) and fully extended (folding simulations)
conformations, respectively, to examine the convergence of the
resulting structure ensembles. The folded conformations of both
KID and pKID were derived from the pKID/KIX complex structure
(PDB ID: 1kdx).47 Only the folding simulation was carried out for
KID S133E. In REX-MD, 12 replicas were placed in the range of
270-500 K, where the temperatures were distributed exponentially.
Exchanges of simulation temperatures were attempted every 2 ps
and the overall exchange ratios were about 0.3. The total length of
each REX-MD simulation is 200 ns except for folding simulation
of KID S133E, which only lasted 160 ns.

Data Analysis. Most analysis shown was based on structures
sampled at 302 K, except that the residue helicities were computed
at 285 K for direct comparison to the NMR secondary chemical
shift analysis, which was carried out at 288 K.48 On the basis of
the convergence analysis (see Results and Discussion), structures
sampled during the last 80 ns of the folding simulations were used
to construct the disordered ensembles, each of which contains
40 000 snapshots. The secondary structure was analyzed based on
hydrogen bonding patterns using the COOR SECS module in
CHARMM. Contact maps were computed using MMTSB/con-
tact.pl, where the side chains are considered to be in contact if the
shortest distance between the heavy atoms is no greater than 4.2
Å. Structure ensembles were clustered both using a hierarchical
clustering algorithm based on mutual CR root-mean-square-deviation
(rmsd) (as implemented in MMTSB/cluster.pl) and by sorting the
structures based on the helical substates (defined by the helix starting
position and length). Given the extensive conformational sampling
provided by very long REX-MD simulations, we directly estimated
the backbone conformational entropy of a given residue from the
2D φ/Ψ dihedral angle distributions using the Shannon definition
of entropy71 as S ) -R∑pi ln pi, where R is the ideal gas constant
and pi is the fractional probability of bin i.

The backbone conformational entropy of a short loop segment
can then be estimated by summing up single-residue entropies, with
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Figure 1. Molecular configurations of pairwise interactions of side-chain
analogues: (a) pSer-Lys and (b) pSer-Arg.
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the assumption that backbone conformational equilibria are es-
sentially uncoupled for residues in a disordered loop. We also
considered the coupling of neighboring residues and estimated two-
residue backbone conformational entropies from 4D backbone
torsion distributions. Both approaches were used to analyze the loop
entropies of KID and pKID and the results were very similar. In
addition, the dependence of calculated entropy on the bin size was
examined by repeating the calculations with 36°, 30°, and 15° bins
in all dihedral angle dimensions. All structural visualizations
presented in this work were prepared with the VMD program.72

Results and Discussion

Optimized Input Radii for the Phosphate Group. PMFs of
the pairwise interactions between pSer and Lys or Arg side chain
analogs in the head-to-head configurations (see Figure 1) are
summarized in Figure 2. We will focus mainly on examining
the interaction strength as defined by the relative free energy
minimum. Note that desolvation peaks are not present in the
GBSW implicit solvent due to the nature of the underlying vdW-
like solute surface. This might alter the folding kinetics (such
as speeding up conformational diffusion) but should not lead
to systematic bias in the equilibrium properties that we examine
in this work. Clearly, the previously optimized radii (rp ) 2.35
Å and ro ) 1.49 Å) significantly overstabilized both salt-bridge
interactions compared with the explicit solvent results. By
systematically adjusting both radii, agreement with the explicit
solvent results can be improved. An optimal choice was found
to be rp ) 2.0 Å and ro ) 1.4 Å, which still overestimates the
stability of pSer-Lys head-to-head interaction while underes-
timating that of pSer-Arg head-to-head interaction. The inability
of GBSW to reproduce stabilities of both pairs in explicit solvent
might reflect some intrinsic limitations of implicit solvent, as
granularity of solvent and local ordering of water molecules
might play a role in interactions of heavily charged side chains.
Another possible source of discrepancies is different preferred
rotation of PO4

2- (and Lys NH3
+) groups in GBSW and TIP3P

solvents. As such, we computed additional PMFs in GBSW for
three rigid colinear and coplanar configurations. Shown in Figure
2c, the results seem to agree very well with previous explicit
solvent calculations by Mandell and co-workers,56 indicating
that the optimized radii capture the balance between solvation
and intramolecular interactions quite well.

Convergence of the Structural Ensembles. Convergence of
the REX-MD simulations was examined both by studying the
dependence of structural properties on the simulation length and
by comparing results from independent folding and control
simulations initiated from fully extended and folded initial
conformations, respectively. The ensemble-averaged residue
helicities at 285 K, shown in Figure 3, start to stabilize during
the second half of the 200 ns folding simulations (e.g.,
comparing traces computed from the 80-160 and 120-200 ns
segments). Importantly, mean residue helicities computed from
the last 80 ns agree very well between folding and control
simulations that were inititiated from completely different initial
conformations, providing a reliable confirmation of the overall
convergence. It appears that the convergence of pKID simula-
tions was poorer compared to that of KID, which is likely related
to the more compact and rigid nature of free pKID (see below).
Most analysis in the following will be based on the structural
ensembles near the room temperature (302 K). Convergence of
these structural ensembles was further examined by analyzing
the nature of conformatioanl substates sampled. Such analysis
provides a stringent test of the convergence of a structure
ensemble.73 For helical proteins like KID and pKID, confor-
mational substates can be effectively identified by analyzing
the distributions of helical substates, defined by the locations
and lengths of parital helices in the disordered ensembles. As
shown in Figure S1 (see Supporting Information), similar helical
substates were sampled in both control and folding simulations
and with comparable probabilities. Examination of the substate
distribution as a function of simulation length (see Figures 5
and S1) indicates that the folding simulations are particularly
well converged, both in the nature of major helical substates
and in their relative occupancies in the disordered ensembles.
Accordingly, the following analysis is based mainly on structural
ensembles derived from the last 80 ns of the folding simulations.

Comparison of Ensemble-Averaged Properties with
Experimental Results. Disordered states of proteins are largely
out of reach of conventional high-resolution structural charac-
terization and only certain ensemble-averaged structural proper-
ties, mainly including the radius of gyration and residual

(72) Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graph. 1996, 14, 33–
&. (73) Lyman, E.; Zuckerman, D. M. Biophys. J. 2006, 91, 164–172.

Figure 2. PMFs of pairwise interactions between pSer and Lys or Arg
side-chain analogues in TIP3P and GBSW. In panels (a) and (b), thick lines
plot the TIP3P results of head-to-head (h2h) interactions (see Figure 1)
and the other traces plot the GBSW PMFs with various combination of
input radii, (rp, ro) ) (2.35, 1.49 Å) (thin lines), (2.35, 1.40 Å) (dashed
lines), and (2.0, 1.4 Å) (dotted lines). Panel (c) plots the PMFs in GBSW
with the optimized phosphate radii (rp ) 2.0 Å and ro ) 1.4 Å) for
interactions in colinear (cl) and coplanar (cp) configurations. Corresponding
interaction strengths in explicit solvent are (in kcal/mol) -10.6 (pSer-Arg,
cp), -4.7 (pSer-Arg, cl), and -4.2 (pSer-Lys, cl).66 Figure 3. Residue helicity of KID (top panel) and pKID (bottom panel) at

285 K, calculated from 200 ns folding REX-MD simulations using various
time intervals. The control traces shown are residue helicities computed
from the last 80 ns of 200 ns control REX-MD simulations initiated from
folded NMR strutures.
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secondary structures, can be determined from experiments. At
present, only mean residue helicities of free KID and pKID have
been estimated on the basis of NMR secondary chemical shift
analysis.48 Defined as observed chemical shifts less the corre-
sponding random coil values, secondary chemical shifts of
certain backbone nuclei, especially those of HR and CR, depend
mainly (but not only) on the backbone φ/Ψ dihedral angles,74

with up to 0.80 correlation to the helical content.75,76 Assuming
that both helices RA and RB are fully folded upon binding to
KIX, the helical population of free KID was estimated from
ratio of secondary chemical shifts of free peptides and folded
peptides in complex to be 50-60% for RA and about 10% for
RB at 288 K.48 Upon phosphorylation, the helical content of
RA remains similar, while that of RB increases slightly to about
15%. The helicity increase was further supported by observation
of several short-range NOEs.48 In comparison, the average
helicities calculated from the simulated ensembles at 285 K are
37% ( 2% and 5% ( 5% for helix RA and RB of KID, 38%
( 4% and 1% ( 1% for helix RA and RB of pKID, respectively.
The reported uncertainties were estimated from differences
between values computed from the last 80 ns of the control
and folding simulations. These values are in good agreement
with the NMR results, even though the helical population of
RB of pKID seems to be underestimated. Inability of the current
simulation to predict a slight increase in the RB helical
population most likely reflects some limitations of the GBSW
implicit solvent force field, possibly in the balance of
charge-charge and nonpolar interactions.41 On the other hand,
significant uncertainties in the quantitative interpretation of
NMR secondary chemical shifts should not be neglected.75,76

We note that putatively the most functionally relevant confor-
mational changes upon phosphorylation occur in the loop
segment and the inability to predict the slight increase in the
RB helicity does not appear to be critical for the analysis that
follows. We also want to stress that the ability of well-converged
de novo simulations to semiquantitatively reproduce these
ensemble properties on residue level is an important, albeit
insufficient, indication that the simulated ensembles are likely
realistic. We have also examined the distributions of radius of
gyration (Rg) and end-to-end distance, shown in Figure 4. The
results indicate that both KID and pKID are quite compact, with
an average Rg of 9.8 Å for KID and 8.9 Å for pKID. One might
be tempted to interpret the narrow Rg distribution of pKID as it

being substantially more structured. However, the distributions
of end-to-end distance indicate that conformational ensembles
of pKID and KID are similarly diverse. Experimental data on
the radius of gyration of either KID or pKID are not available
at present and these predictions will need to be validated by
future measurements.

Helical Substates of the Disordered KID and pKID. Avail-
ability of the disordered structure ensembles at atomic level
allows for in-depth characterization of the conformational
substates to understand putative conformational consequences
of phosphorylation that might be obscured on the ensemble level.
Figure 5 plots the 2D probability distributions of the helical
substates sampled during the last 80 ns of the folding simula-
tions. Clearly, both KID and pKID sample a similar, if not
common, set of helical substates, which is reflected in a
resemblance of the overall shapes of the two distributions. The
most dominant helical substates for both KID and pKID are
essentially full-length helix RA (KID substates (a) and (b) and
pKID substate (a), see Figure 6). Interestingly, the packing of
disordered helix RB segment (residues 134-144) is also quite
similar for KID and pKID (Figures 6, substate a of KID and
pKID). However, KID appears to sample a more diverse set of
helical substates compared to pKID. There are four major helical
substates within RA in the KID ensemble, defined by the 0.01
contours, whereas there are only three such states for pKID RA.
Representative snapshots of these major substates and their
occupancies are shown in Figure 6. Partial helices in the pKID
ensemble appear to have an increased tendency to begin at
“native-like” locations (as in the KID/KIX complex). For
example, about 31% of the partial helices begin at Asp120 or
Ser121 in pKID, compared with only about 22% in KID.
Interestingly, even though the current simulations appear to
underestimate the helical content in RB segment, the results
indicate that helix RB predominantly extends from Tyr134 to
Ser143 in pKID whereas it extends from Arg131 to Asp144 on
average in KID. Clearly, phosphorylation of Ser133 leads to
substantial redistributions of the underlying helical substates in
the disordered ensembles, despite having very little effects on
the overall helicity in RA and small effects in RB on either
peptide or residue level. More importantly, the nature of the
conformational redistribution indicates that phosphorylation
might promote a small number of “native-like” helical confor-
mations, albeit at a very low level, even before encountering
KIX.

Automatic clustering is routinely applied to identify important
conformational substates, such as in protein structure prediction
and refinement.77,78 In principle, greater care needs to be taken
in clustering disordered structure ensembles, particularly in
choosing the most proper metrics for measuring pairwise
distances between conformations. Such metrics need to provide
a robust measurement of essential differences between structures
in the presence of large noise that arises due to the heterogeneous
nature of a disordered state. Mutual CR rmsd commonly used
in clustering analysis might not be a good distance metric for
analyzing a disordered structure ensemble. For example, a
hierarchical clustering algorithm implemented in MMTSB/
cluter.pl was applied to cluster the simulated ensembles based
on mutual CR rmsd values. Resulting clusters are shown in
Figure S2 (Supporting Information). While these clusters do

(74) Osapay, K.; Case, D. A. J. Am. Chem. Soc. 1991, 113, 9436–9444.
(75) Mielke, S. P.; Krishnan, V. V. J. Biomol. NMR 2004, 30, 143–153.
(76) Sibley, A. B.; Cosman, M.; Krishnan, V. V. Biophys. J. 2003, 84,

1223–1227.

(77) Zhang, Y.; Skolnick, J. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 7594–
7599.

(78) Bradley, P.; Misura, K. M. S.; Baker, D. Science 2005, 309, 1868–
1871.

Figure 4. Probability distributions of (a) radius of gyration and (b) end-
to-end distance at 302 K. End-to-end distance is defined as the distance
between CR atoms of two termini.
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have some resemblance to the helical substates identified above
(see Figure 6), the clustering is clearly more sensitive to the
packing of disordered helix RB segment with partial helices in
helix RA segment and the resulting clusters contain mixtures
of various helical substates. Automatic clustering was also
attempted on the basis of contact maps, and the results were
similar. We argue that it might be more relevant to identify
accessible conformational substates by directly analyzing the
nature of partial helices. This exercise illustrates that one needs
to carefully identify the most (functionally) relevant metrics for
clustering a disordered structure ensemble.

Transient Tertiary and Short-Range Contacts. Ensemble-
averaged contact maps were computed to identify possible
persistent tertiary contacts that might be present in the disordered
ensembles. Summarized in Figure 7, the results show several
similarities and differences in tertiary contacts present in the
disordered states of KID and pKID. First, charged residues
appear to play a dominant role in transient packing of largely
disordered RB segment and partial helices of RA segment for
both KID and pKID. This is consistent with general recognitions
that IDPs typically lack hydrophobic cores important for defining
the structures of folded proteins and that hydrophobic residues
of IDPs tend to play roles in intermolecular interactions. Among
the contacts observed Arg124 and Arg125 are most frequently
involved, mainly by interacting with Tyr134 and Ser142 (and
pSer133 in pKID). Ser121 is also involved by making contacts
with Arg135 and Lys136. Second, effects of phosphorylation

on tertiary contact pattern appear to be localized in the loop
region (residues 130-135), where pSer133 makes contacts with
the nearby charged residues such as arginines and lysines,
mainly Arg130, Arg135 and Lys136. These are short-range
contacts and thus not shown in the tertiary contact map. In
addition, contacts induced by pSer133 also appear to enhance

Figure 5. Contour plots of the 2D probability distributions of helix starting position and length for (a) KID and (b) pKID at 302 K form the last 80 ns of
the folding simulations. Contours are drawn at 0.002, 0.005, 0.01, 0.02, 0.04, and 0.06 levels.

Figure 6. Randomly selected snapshots of major helical substates of the disordered structure ensembles of KID and pKID at 302 K. All snapshots are
aligned using the backbone atoms of the common helical segment specific to a particular helical substate. The helical substate is identified by the helix
starting position (the first number) and length (the second number). For KID: (a) 120,8 (9%) (b) 121,4 (13%) (c) 122,7 (8%) (d) 125,4 (6%) (e) 132,4 (5%)
(f) 132,6 (2%) (g) 134,4 (3%); for pKID: (a) 120,7 (17%) (b) 120,4 (14%) (c) 123,4 (13%) (d) 135,4 (1%). These substates correspond to the centers of the
peaks in the 2D probability distributions in Figure 5, and the occupancies provided in parenthesis include contributions from nearby helical substates within
the same peak (defined by the 0.01 contours). Note that conformations with multiple partial helices might contribute to more than one substate.

Figure 7. Residue-residue tertiary contacts between residues separated
by more than four residues of KID (upper triangle) and pKID (lower triangle)
at 302 K. These contact maps were calculated from the last 80 ns of the
folding simulations. Contours are drawn at 0.05, 0.1, 0.2, 0.4, and 0.8 levels.
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the packing of C-terminal tail with the loop region, which
appears to exist with a much lower probability for KID.

We further analyzed the mean solvent-accessible surface areas
(SASA) of all side chains, shown in Figure S3 (Supporting
Information). Consistent with the highly disordered nature of
both KID and pKID on tertiary level, there are only a few
residues with substantial changes on SASA (>25 Å2). These
residues are mostly polar except Leu128 and Pro132. Interest-
ingly, interfacial residues in the loop region (Leu128 and
Tyr134) become much more exposed in pKID; other (hydro-
phobic) inartificial residues are similarly exposed in KID and
pKID, including Leu141 previously predicted to be a key residue
in KIX binding.18 Arg131 was previously proposed to be in
contact with pSer133 to stabilize complex-like loop conforma-
tions.57 However, current simulations show that it is not
frequently in contact with pSer133 and actually becomes lightly
more exposed on average. Increased solvent exposure of Arg131
could support its putative role in electrostatic steering when
forming the encounter complexes with KIX, which was
proposed based on the observation of the larger on rate for
Arg131 in a recent NMR relaxation study.17

Six weak or very weak NOEs were resolved for pKID that
were not observed for KID.48 In Figure 8, we compare
probability distributions of the distances between all six
corresponding pairs of protons. Theoretical NOE distances
computed as r ) (1/N∑iri

-6)-1/6 are mostly on the order of 6 Å
for pKID, which could give rise to the observed weak NOE
signals. However, five of these six pairs of protons have shorter
theoretical NOE distances for KID, which is inconsistent with
the absence of corresponding NOE peaks in KID spectra. Closer
inspection shows that all six proton pairs involve either i,(i +
2) or i,(i + 3) contacts, which are often associated with helix
formation. Therefore, inability to predict that these NOE signals
should be observed for pKID but not for KID is actually
recapitulating the observation of lower RB helical content for
pKID from the current simulations (see Figure 3). Observation
of more short interproton distances in the simulated structure
ensembles might also reflect a systematic bias toward compact
structures of the implicit solvent protein force field currently

employed.41 Such bias arises both from remaining limitations
in the implicit treatment of nonpolar solvation and from various
imperfections in the underlying protein force field. On the other
hand, we note that KID appears to sample a more heterogeneous
set of helical substates and that the associated conformational
exchanges might lead to substantial line broadening, preventing
one from resolving these potential NOE signals.

Loop Entropy. Analysis of the conformational substates,
tertiary contact patterns, and side-chain solvent exposure
prompted us to further examine possible consequences of
phosphorylation on loop flexibility. Rigidification of the loop
in pKID was also proposed previously by Solt et al.57 Given
the apparent good convergence of the simulated ensembles, the
loop entropy was directly estimated from the backbone dihedral
angle probability distributions of the loop residues. Helix RB
appears to start from Arg135 instead of Tyr134 for pKID in
the disordered states, and we thus expand the definition of the
loop region to include residues 130 through 135. The results
are summarized in Table 1. Both the total loop entropies and
the difference between pKID and KID have a slight dependence
on the bin size of the probability distribution. Furthermore, two-
residue backbone conformational entropy estimated from the
4D joint backbone dihedral angle distributions are always
smaller than those estimated from summation of single-residue
distributions, suggesting that backbone conformation of neigh-
boring residues are coupled. The single-residue-based estimation
appears to systematically underestimate the entropy change upon
phosphorylation. Clearly, there is a significant reduction in the
loop flexibility upon phosphorylation of KID Ser133. The
associated entropy change is estimated to be ∆S/R ≈ -1.9 (
0.4 (from the average and standard deviation of ∆S(2)/R
computed with three bin sizes). This entropic contribution is
significant, which could account for ∼40% of the ∼ -5RT total
free energy of stabilization upon phosphorylation assuming that
bound conformations of KID and pKID are similar.49 This
contribution might complement the salt-bridge interactions
between pSer133 and KIX Tyr658 and Lys662, but it was not
previously recognized due to a lack of experimentally detectable
conformational changes upon phosphorylation on the ensemble
level. Several important limitations of the above estimation of
loop entropy contribution to binding need to be emphasized. In
principle, one needs to consider the whole-protein conforma-
tional entropies of pKID and KID in both bound and unbound
states for a rigorous estimation of the conformational entropy’s
contribution to binding. However, this is largely out of reach
of the current state-of-the-art simulation methodologies, limited
by both the convergence issues and the force field accuracy.
Simply inferring the role of conformational entropy in coupled
folding and binding from the loop region alone appears to be a
necessary compromise. The NMR experiments have also
demonstrated that observable structural impacts of phosphory-
lation were largely localized around the loop region.48 We argue
that simply analyzing the loop conformational changes can
provide meaningful insights into how phosphorylation-induced
conformational changes might play a role in coupled folding
and binding of pKID to KIX. We further note that entropy cost
of folding generally plays an important role in balancing the
enthalpy gain of binding to achieve low affinity simultaneously
with high specificity in IDP recognitions. As such, it is feasible
that phosphorylation might modulate the binding thermodynam-
ics readily through controlling the conformational entropy.

2D backbone dihedral angle distributions of key loop residues
are shown in Figure 9. Those of Arg130 and Arg131 are very

Figure 8. Probability distributions of interproton distances calculated from
the last 80 ns of folding trajectories of KID and pKID at 285 K. (a)
I127HR-S129HN, (b) I127HR-R130HN, (c) R131HR-S133HN, (d)
R131HR-Y134HN, (e) Y134HR-I137HN, (f) I137HR-D140HN. Theoretical
NOE distances calculated with r-6 averaging are (in Å): (a) 4.4/4.6, (b)
4.8/6.6, (c) 4.2/5.8, (d) 5.4/8.8, (e) 3.7/5.7, and (f) 5.0/5.5 for KID and
pKID, respectively.
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similar between pKID and KID and thus not shown. Residues
Pro132, Ser133, and Tyr134 have the largest flexibility changes,
each contributing ∼ -0.4R entropy reduction upon phospho-
rylation. In contrast to what was previously suggested by Solt
et al.,57 the loop does not appear to predominantly adopt “native-
like” conformations (as in the KID/KIX complex). In absence
of KIX, compact (disordered) conformations dominate (e.g., see
Figures 4 and 6), and the probability of observing “native-like”
loop conformations, which would lead to much less compact
conformations, should be small. The previous simulations were
initiated from folded structures in explicit solvent and only lasted
2 ns. The amount of sampling was thus very limited and could
result in a strong bias toward the initial folded conformations.
We argue that structural ensembles obtained from the current
simulations are likely more realistic due to the improved force
field and extensive sampling. On the other hand, we also
recognize that virtually all modern protein force fields (implicit
or explicit) do tend to overstabilize protein-protein interactions
and lead to overly compacted structures.28,41 Nonetheless, many
experimental studies have demonstrated that water is poor
solvent for peptides and even highly denatured states of proteins
are generally compact.25 Future experimental characterization
of the hydrodynamic radii might provide direct evidence
regarding the degree of compactness of the disordered states of
KID and pKID.

Inability of S133E to Induce Significant Conformational
Changes. To further validate that observed pSer133-induced
conformational changes in the disorder state of KID are
functionally relevant, we simulated a mutated sequence of KID
where Ser133 was replaced by a glutamic acid. KID S133E
has been shown to bind KIX at <25% strength compared to
pKID,50,55 even though Glu can interact with Lys, Arg, or
backbone amide with similar strengths compared to the phos-
phate group.56 Summarized in Figure 10, the results suggest
that the disordered ensemble of KID S133E is very similar to
that of KID in terms of both residue helicities and helical

substates. The averaged helix populations of helix RA and RB
are 36% ( 6% and 14% ( 4%, respectively. The uncertainties
were estimated from differences between results computed from
40-120 and 80-160 ns segments. KID S133E appears to
sample a similarly diverse set of helical substates compared to
KID (see Figure 5a). Furthermore, the loop entropy estimated
from backbone dihedral distributions suggests that the loop of
KID S133E is somewhat more flexible than that of KID, leading
to a slight increase of loop entropy of ∼0.8 ( 0.2R (see Table
1). Inability of S133E to induce changes in helical substates
and reduction in loop flexibility similar to those observed with
pSer133 could explain why binding of KID S133E to KIX is
not nearly as strong as that of pKID. These results further
support that conformational changes as a result of phosphory-
lation might play a relevant role in coupled folding and binding
of KID to KIX.

Concluding Discussion

We characterized the disordered states of KID and pKID at
atomic level based on extensive REX-MD simulations in a
consistent implicit solvent protein force field previously opti-

Table 1. Loop Entropies Estimated from Backbone Dihedral Angle Distributions at 302 Ka

∑i ) 130,135Si
(1)/R ∑i ) 65,67S2i,2i+1

(2)/R ∆S(1)/R ∆S(2)/R

bin size KID pKID S133E KID pKID S133E pKID S133E pKID S133E

15° 53.8 52.7 54.3 52.2 50.7 52.8 -1.1 +0.5 -1.5 +0.6
30° 54.8 53.6 55.5 53.2 51.2 54.0 -1.2 +0.7 -2.0 +0.8
36° 55.4 53.8 56.2 53.7 51.4 54.6 -1.6 +0.8 -2.3 +0.9

a R, ideal gas constant; S (1), single-residue backbone entropy; S (2), double-residue backbone entropy; ∆S, total loop entropy change upon
phosphorylation or S133E replacement.

Figure 9. 2D backbone dihedral angle distributions of selected loop residues at 302 K with corresponding backbone torsion angles in the pKID/KIX
complex marked with “+”. Distributions were computed on 24 × 24 grids, and contours were drawn at 0.001, 0.004, 0.01, 0.02, 0.03, and 0.05 levels.

Figure 10. (a) Residue helicities of KID S133E at 285 K calculated from
various segments of the folding REX-MD simulation and (b) the 2D
probability distribution of helix starting position and length at 302 K
computed from the last 80 ns of the same simulation. Contours are drawn
at 0.002, 0.005, 0.01, 0.02, 0.04, and 0.06 levels.
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mized to provide a realistic description of peptide conformational
equilibria. Examination of the dependence of ensemble-averaged
structural properties and conformational substates on simulation
length and initial structures indicates that the simulations are
very well converged. Calculated mean residue helicities are in
good agreement with the NMR secondary chemical shift
analysis. The simulation also shows that helicity of RA is near
50% and does not change upon phosphorylation of Ser133 and
that of RB is much smaller, on the 10% level, and is more
significantly affected by phosphorylation of Ser133. Both
predictions agree with the NMR results, indicating that simulated
structure ensembles of free KID and pKID might be realistic.
However, the current simulations fail to reproduce the slight
increase in the helical population of RB and the simulated
structure ensembles might be too compact. These limitations
are likely due to several known drawbacks in the current implicit
solvent protein force fields in ref 41. Nonetheless, the ability
of well-converged de novo simulations to “predict” the important
features of the disordered states of a 28-residue peptide is
nontrivial and represents a very encouraging progress toward
accurate simulation of IDP conformational equilibria.

In-depth analysis has been carried out to identify the major
conformational substates in the disordered ensemble and as-
sociated properties such as transient tertiary contacts, solvent
exposure of side chains and loop conformational entropies.
Detailed pictures of free KID and pKID emerging from such
analysis are generally inline with previous NMR characteriza-
tions. The simulations further reveal that, while being highly
disordered on the tertiary level, both KID and pKID appear to
sample a limited number of compact helical substates. Com-
parison of the nature of these accessible substates of KID and
pKID points to an expanded role of phosphorylation in the KID:
KIX recognition. In addition to providing a new site for
intermolecular interactions, phosphorylation of Ser133 also leads
to a nontrivial redistribution of the helical substates within the
conformational ensembles. Importantly, such redistribution
occurs without leading to significant changes of the average
secondary structure propensities on the ensemble level and thus
has escaped experimental detection. In particular, there appears
to be a substantial reduction in the flexibility of the loop
connecting two helical segments, which could provide an
entropic contribution of about -1.9R toward the stability of the
pKID/KIX complex. We argue that such an expanded role of
phosphorylation in the KID:KIX recognition is probably more
consistent with the general mechanism where reversible phos-
phorylation regulates protein function by modulating local and
global conformational preferences.79,80 Interestingly, simulation

of KID S133E mutant demonstrates that replacing pSer133 with
Glu fails to induce similar conformational changes to those
observed with pKID, providing an explanation to why binding
of KID S133E to KIX is not nearly as strong as that of
pKID.50,55

The consequences of the observed conformational changes
upon phosphorylation in binding kinetics are not obvious. While
phosphorylation appears to promote a smaller number of helical
substates that are similar to folded helices in the KID/KIX
complex, the dominant loop conformations are dissimilar from
those in the complex. On one hand, one might expect an elevated
kinetic barrier for binding-induced folding, as the peptide needs
to break the non-native contacts to arrive at the folded structure.
On the other hand, the conformational consequence of phos-
phorylation appears to be largely localized near the loop region.
Both KID and pKID are highly unstructured on the tertiary level
and the exposed surface areas of key interfacial hydrophobic
residues are essentially unchanged in the helix RB region that
has been identified as a key area involved in the rate-limiting
step of forming the intermediate by recent NMR relaxation, as
well as coarse-grained computer modeling studies.17,18 Absence
of changes in solvent exposure of these key residues upon
phosphorylation suggests that formation of the encounter
complexes and subsequent evolution to the intermediate might
not be affected. Interestingly, we observed substantial increases
in solvent exposures of a few residues in the loop region
(Leu128, Arg131, and Tyr134), which are either directly
involved in forming intermolecular contacts (Leu128 and
Tyr134) or suggested to play a role in electrostatic steering for
forming the encounter complexes (Arg131). These observations
suggest that phosphorylation might also play a role in enhancing
the binding kinetics.
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