
Role of Ordered Proteins in the Folding-Upon-Binding of Intrinsically
Disordered Proteins
Chad W. Lawrence,§,‡,⊥ Sushant Kumar,†,‡,⊥ William G. Noid,*,§ and Scott A. Showalter*,§

§Department of Chemistry and †Huck Institutes of the Life Sciences, The Pennsylvania State University, University Park,
Pennsylvania 16802, United States

*S Supporting Information

ABSTRACT: In this work, we quantitatively investigate the thermodynamic analogy
between the folding of monomeric proteins and the interactions of intrinsically
disordered proteins (IDPs). Motivated by the hypothesis that similar hydrophobic forces
guide both globular protein folding and also IDP interactions, we present a unified
experimental and computational investigation of the coupling between the folding and
binding of the intrinsically disordered tail of FCP1 when interacting with the
cooperatively folding winged-helix domain of Rap74. Our calorimetric measurements
quantitatively demonstrate the significance of hydrophobic interactions for this binding
event. Our computational studies indicate that IDPs relieve frustration at the surface of
ordered proteins to generate a minimally frustrated complex that is strikingly similar to a
globular monomeric protein. In summary, these results not only quantify the
thermodynamic forces driving disordered protein interactions but also highlight the role of ordered proteins for IDP function.

SECTION: Biophysical Chemistry and Biomolecules

I n contrast to cooperatively folding protein domains,
intrinsically disordered proteins (IDPs) do not adopt a

unique 3D conformation under native conditions. This
plasticity endows IDPs with incredible functional versatility1

and remarkable flexibility for regulating complex biochemical
pathways.2 Bioinformatics studies predict long disordered
regions for more than 70% of proteins involved in signal
transduction.3 Although disordered in isolation, IDPs often
adopt a well-defined structure when bound to cooperatively
folded proteins.4 While many studies have investigated the
conformational dynamics of IDPs and the kinetics for this
folding-upon-binding process,4 relatively few studies have
quantified the thermodynamic forces that drive this process.
Accordingly, we have initiated a joint experimental and
computational study to quantify the thermodynamic forces
that govern IDP interactions.
Considerable evidence indicates that hydrophobic forces

drive protein folding5,6 and also dominate protein−protein
interactions.7 The modern paradigm for protein folding
suggests that natural monomeric proteins descend funneled
energy landscapes to a folded native state with a stable
hydrophobic core.8 These proteins are “minimally frustrated” in
the sense that this stable folded structure ensures that all
interactions are mutually consistent.9,10 In contrast, because
they are relatively depleted in hydrophobic residues and
enriched in polar, charged residues, disordered protein
sequences cannot form a stable hydrophobic core.11 Presum-
ably, unbound IDPs are comparatively frustrated and sample a
diverse ensemble of conformations along a shallow free-energy
surface that lacks a significant bias toward any particular
equilibrium structure.12 Interestingly, though, previous studies

suggest that IDP interactions are governed by a funneled free-
energy surface that guides IDPs toward a bound, folded
structure.13,14 This suggests that there might be other parallels
between protein folding and disordered protein interactions.
In order to quantify the significance of hydrophobic effects

for IDP interactions, we have investigated the interaction
between the intrinsically disordered C-terminal region of the
TFIIF-associating CTD phosphatase (FCP1) and the cooper-
atively folded winged-helix domain from Rap74. This
interaction exemplifies the vital role of disordered proteins
for regulating eukaryotic transcription.15 During the course of
eukaryotic transcription, the disordered C-terminal domain
(CTD) of RNA polymerase II (Pol II) undergoes extensive
post-translational modifications, including an extensive series of
serine phosphorylations that must be removed prior to the
initiation of a new transcription cycle.16−20 In humans, this
essential function is performed by FCP1.21−23 Biochemical
studies have indicated that transcription factor IIF (TFIIF)
recruits FCP1 for this purpose when the folded C-terminal
winged-helix domain of its Rap74 subunit (i.e., Rap74) binds
the intrinsically disordered tail of FCP1.21

Crystallographic22 and NMR23 studies have previously
characterized the complex formed in the Rap74−FCP1
interaction. These initial studies demonstrated that, although
the C-terminal tail of FCP1 (i.e., FCP1) is disordered in
isolation, 14 residues near the extreme C-terminus of FCP1
(residues 945−958) fold to form an α helix when bound to
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Rap74. Subsequently, we have demonstrated that this region of
FCP1 (residues 944−960) samples partially helical structure
prior to binding.24−26 Moreover, we have demonstrated that
FCP1 retains considerable disorder in complex with
Rap74.27−29 Importantly, while the disordered FCP1 C-
terminal tail is strongly enriched in polar and charged residues,
as is commonly observed for IDPs and discussed further below,
the Rap74−FCP1 interaction is stabilized by the deep burial of
three long-chain hydrophobic residues from FCP1 in a
nonpolar cleft on the surface of Rap74.22,27

Figure 1 presents ITC measurements obtained from titrating
Rap74 into FCP1 at a series of temperatures. Strikingly, the

measured isotherms display exactly the features of the
hydrophobic effect that are observed in the folding of globular
monomeric proteins.5,6 In particular, the observed binding
enthalpy (ΔHobs) transitions from endothermic to exothermic
near room temperature and indicates a large, negative heat
capacity change (ΔCp) for the process.
In order to model these isotherms and quantify the

thermodynamic forces driving IDP interactions, we adopted a
simple model that reflects three key features of the desolvation
of hydrophobic surfaces,30 (1) a large and negative specific heat,
(2) an enthalpy that transitions from endothermic to
exothermic at a temperature TH = 295 K, and (3) a
corresponding entropy that remains favorable until Ts = 386
K. Accordingly, we model the apparent enthalpy and entropy
changes associated with IDP binding as

Δ ° = Δ − + Δ °φH T C T T H( ) ( ) xp H (1)

Δ ° = Δ + Δ °φS T C T T S( ) ln( / ) xp S (2)

where ΔφCp is the observed heat capacity change, which is
attributed to the hydrophobic effect and is assumed constant
over the experimental temperature range. The terms ΔxH° and
ΔxS° quantify the standard enthalpy and standard entropy
changes, respectively, from factors other than the hydrophobic
effect. As fully described in the Supporting Information, the
three model parameters, ΔφCp = −240 ± 7 cal mol−1 K−1,
ΔxH° = −548 ± 40 cal mol−1, and ΔxS° = −40.4 ± 2.0 cal
mol−1 K−1, were determined from a global fit to 12

experimental ITC isotherms for FCP1 binding to Rap74. The
black lines in Figure 1 report the resulting fits.
Figure 1 demonstrates that this model describes the

experimental ITC data remarkably well. The bar graphs in
Figure 2 decompose the thermodynamic contributions to the

Rap74−FCP1 interaction at the five experimental temperatures.
Three trends in these results validate the hypothesis that
hydrophobic forces govern the interaction between Rap74 and
the FCP1 IDP. First, given that only ∼15 FCP1 residues
occupy the Rap74 binding site and that this complex buries
∼1000 Å2 of nonpolar surface area, the magnitude of the
specific heat observed for the binding interaction is not only
quite large but also consistent with expectations based upon
hydrophobic surface area considerations for other protein
complexes. In particular, while previous studies have proposed
varying proportionalities between hydrophobic surface area
changes and observed heat capacities,31 the relation proposed
by Spolar and Record32 suggests that the FCP1−Rap74
interaction should demonstrate a hydrophobic heat capacity
of −279 cal mol−1 K−1, which is certainly in reasonable
agreement with the observed heat capacity of −240 cal mol−1

K−1. Second, the observed temperature-independent contribu-
tion to the binding enthalpy (ΔxH°) is remarkably small. This
again suggests that, in comparison to hydrophobic effects,
direct enthalpic interactions contribute relatively little to the
binding thermodynamics. Finally, Figure 2 demonstrates classic
enthalpy−entropy compensation over the experimental temper-
ature range.5,6

Taken together, these results demonstrate that hydrophobic
forces dominate the enthalpy change upon binding, which is
consistent with the relatively few polar contacts observed in the
cocrystal structure.22 Near room temperature and below, the
interaction is under entropic control as the binding process is
endothermic in this temperature regime. Above 295 K, the
interaction becomes exothermic and is driven by both favorable
enthalpy and entropy. In addition to contributions from
hydrophobic effects due to the desolvation of the apolar
surface area, the observed entropy change also reflects the loss
of translational and rotational flexibility upon binding, as well as
the loss of intramolecular freedom upon the folding of FCP1.
Our model combines these contributions in one parameter,
ΔxS°, which is assumed to demonstrate negligible temperature
dependence in comparison to the contribution from hydro-
phobic effects. While the magnitudes of the translational and
rotational entropy losses that result from binding remain
somewhat ambiguous,33−35 Spolar and Record suggested an
entropy loss of 50 ± 10 cal mol−1 K−1 from these rigid body
contributions to binding thermodynamics.32 If, as expected, the
folding of FCP1 results in further entropy loss, the contribution

Figure 1. ITC measurements of FCP1 binding to Rap74. Data points
are displayed for titrations performed at 288 (blue), 293 (green), 298
(yellow), 303 (orange), and 308 K (red). Lines represent the global
best fit to the 12 titrations.

Figure 2. Thermodynamic contributions to the Rap74−FCP1
interaction: ΔG° (left), ΔH° (center), and −TΔS° (right) at the
five experimental temperatures used in the ITC measurements.
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of nonhydrophobic effects to the binding thermodynamics
should result in an additional contribution of ΔxS° < −50 cal
mol−1 K−1, which is somewhat greater in magnitude than that
determined from our experiments. The comparatively small
value ΔxS° = −40 cal mol−1 K−1 that is determined from our
experiments may reflect the fuzziness that is observed in IDP
complexes36,37 and that was predicted by our previous studies
of this system.27−29

Our results are striking because the relative depletion of
hydrophobic residues in disordered sequences directly
precludes their folding.11 Significantly, though, the large and
negative value of ΔφCp is consistent not only with the assumed
hydrophobic model30 but also with the few variable-temper-
ature ITC studies previously performed for IDPs.38−41 These
observations suggest that the ordered binding partners must
play a critical role in the interactions of disordered proteins.
Accordingly, we have carefully inspected the interface between
the two proteins.
Figure 3 demonstrates that when bound to Rap74, FCP1

folds to an amphipathic helix with a hydrophobic face that

presents several long nonpolar side chains to Rap74.22 In turn,
Rap74 provides a hydrophobic cleft that readily accommodates
these residues. Both proteins then contribute to a combined
hydrophobic core that provides the necessary stabilization for
folding the FCP1 helix. Indeed, previous studies have noted
that the interfaces of disordered protein complexes are often
stabilized by intimate hydrophobic contacts between the two
proteins.42 In addition to these hydrophobic interactions,
Figure 3 also reveals polar and charged Rap74 residues
decorating this binding surface. These encircling residues
generally complement the polar and charged residues that
flank the hydrophobic face of the amphipathic FCP1 helix, as
has previously been observed in, for example, the interaction
between p27 and the Cdk2/Cyclin A system.43 These strong
and orientation-dependent polar contacts may provide the
necessary specificity for Rap74 to discriminate between
different IDPs.44

The exquisite complementarity of this interface, which
includes both hydrophobic and polar residues contributed
from the two proteins, strongly evokes the remarkable
consistency of interactions that is observed within the
structures of folded minimally frustrated monomeric proteins.45

In fact, Figure 3 suggests that Rap74 and FCP1 may be
considered two complementary modules of a complex with a
single continuous hydrophobic core covered by a continuous
hydrophilic surface. This complex bears striking similarity to a
larger globular monomeric protein.
This physical picture clearly highlights the crucial properties

of the ordered partner for IDP function and also indicates other
intriguing connections with theories for globular protein
folding. In particular, the preceding considerations suggest
that neither partner is minimally frustrated in isolation. While
their lack of equilibrium structure indicates that IDPs are highly
frustrated in isolation, the preceding arguments suggest that the
solvent-exposed hydrophobic binding pocket induces localized
frustration at the surface of the ordered partner.10 This line of
reasoning implies that the binding interaction should not only
relieve frustration present within the IDP ensemble but also
relieve frustration present at the binding surface of the ordered
partner. This leads to the intriguing hypothesis that, in
combination, the two partners may form a uniform, minimally
frustrated complex that is effectively indistinguishable from a
globular monomeric protein.
In order to test this hypothesis, we compiled a set of 61 pdb

structures for disordered protein complexes formed by an IDP
and a protein that is believed to be ordered in isolation. As
described in the Supporting Information, we partitioned the
amino acid residues from both the ordered (O) and the
disordered (D) proteins into three groups on the basis of
solvent exposure, (1) the core residues of the ordered protein
(CO), which are buried before and after binding, (2) the
interfacial residues of both proteins (IO, ID), which are exposed
before binding (apo) but buried after binding (holo), and (3)
the surface residues of both proteins (SO, SD), which are
exposed in the complex structure. Because apo structures are
rarely available, we approximated these structures by simply
deleting the complementary protein from the disordered
protein complex. As a basis for comparison, we also analyzed
775 pdb structures that were identified in a previously
published list of globular, monomeric proteins.46 The residues
from these globular, monomeric structures were similarly
classified as either core (CG) or surface (SG).
We employed the “frustratometer” of Wolynes and co-

workers47,48 to estimate the frustration experienced by amino
acid residues in each type of environment. The frustratometer
employs a low-resolution, implicit solvent potential to
approximate the free energy of the system as a function of its
sequence and structure. Importantly, this potential has been
optimized to provide a realistic model for solvation effects and
to generate a funneled free-energy surface both for the folding
of monomeric globular proteins49 and also for protein binding
interactions.50 The Residue Mutational Frustration Index
(RMFI) quantifies the frustration at each residue by estimating
the thermodynamic destabilization that results when a given
residue is mutated without altering the structure. According to
the criteria of Wolynes and co-workers, RMFI ≥ 0.78 indicates
that a residue is minimally frustrated, RMFI ≤ −1 indicates that
a residue is highly frustrated, and 0.78 > RMFI > −1 indicates
that a residue experiences an environment that is intermediate
between minimally and highly frustrated.47,48

Figure 4a compares the frustration present at the surfaces of
globular, monomeric proteins and disordered protein com-
plexes. The dashed black curve in Figure 4a presents the
distribution of RMFI experienced by the set, SG, of residues at
the surface of globular monomeric proteins. This broad,

Figure 3. The binding surfaces of FCP1 and Rap74 are mutually
complementary. On the left, FCP1 (dark colors) has been removed
from the Rap74 binding cleft (light colors) and rotated to display the
binding surface; the right-hand image displays the Rap74−FCP1
complex. In both images, green and pink indicate hydrophobic and
polar residues, respectively, with reduced solvent exposure upon
binding. On the right, positively and negatively charged residues are
indicated in blue and red, respectively.
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unimodal distribution is peaked at zero but includes a long tail
for RMFI > 0.78, which indicates a significant fraction of
minimally frustrated residues at the surface of globular proteins.
The solid black and red curves, which correspond to the RMFI
distributions for the SO and SD sets, respectively, are
indistinguishable from the SG distribution. These calculations
suggest that complexes of IDPs and ordered proteins form a
uniform surface that is frustrated to the same degree as the
surfaces of globular monomeric proteins.
In contrast, the binding residues from the ordered protein

(IO) experience a somewhat different degree of frustration. The
dashed and solid green curves in Figure 4a present the RMFI
distribution for these interfacial residues before, IO(apo), and
after, IO(holo), binding IDPs, respectively. When solvent-
exposed prior to binding, these residues sample a bimodal
distribution of frustration. The major peak corresponds to a
dominant fraction of residues that experience slightly greater
frustration than the surface residues of either globular,
monomeric proteins (SG) or disordered protein complexes
(SO and SD), while the minor second peak corresponds to a
smaller fraction of minimally frustrated residues. As expected,

interactions with IDPs significantly relieve the frustration of
these interfacial residues of the ordered protein. The solid
green curve indicates that a large fraction of binding residues
from the ordered protein becomes minimally frustrated upon
binding an IDP. Interestingly, a considerable fraction of these
interfacial residues retains vestigial frustration after binding. It is
intriguing to speculate that this may contribute to the fuzziness
that is widely observed in disordered protein complexes;
moreover, this frustration may be functionally necessary for
preventing irreversible binding.36,37,51

Figure 4b compares the frustration present in the cores of
both globular proteins and disordered protein complexes. The
dashed black curve represents the RMFI distribution for
residues in the cores of globular monomeric proteins (CG) and
reflects the prevailing view that most residues in folded proteins
are minimally frustrated.9,10 The solid black curve presents the
RMFI distribution for residues found at the core of ordered
proteins that bind disordered proteins (CO). Note that because
these residues do not interact with IDP residues, they
experience identical environments before and after binding.
These calculations suggest that the cores of monomeric,
globular proteins may experience slightly greater frustration
than the cores of ordered proteins that bind IDPs.
While IDPs certainly sample an ensemble of configurations

in isolation,11 it is intriguing to investigate the frustration that
IDPs experience in their folded, bound-state conformation both
before and after binding to their ordered partner. The
frustration experienced by unbound IDPs in their folded
conformation should satisfy a delicate balance; this frustration is
clearly relevant both for precluding IDPs from folding in
isolation and also for the presence of a prefolded structure that
is envisioned in molecular recognition fragments52 or
conformational selection14 binding mechanisms. The dashed
red curve in Figure 4b presents the RMFI distribution
experienced by the interfacial residues of the IDP in the
absence of the ordered binding partner, ID(apo). Interestingly,
even when isolated, some IDP residues are found to be
minimally frustrated when modeled in their bound-state
conformation, which is consistent with widespread observations
of transient folded structure within IDP ensembles.52 The solid
red curve, which is largely obscured by the solid black curve,
presents the RMFI distribution experienced by these same IDP
residues in the presence of the ordered binding partner,
ID(holo). As expected, the presence of the ordered protein
significantly relieves the frustration present in the IDP
ensemble. Strikingly, the frustration experienced by the
interfacial residues of bound IDPs, ID(holo), is remarkably
similar to the frustration experienced by the core residues, CO,
of their complementary ordered partners.
Perhaps the most intriguing results of these computational

studies address the nature of the hydrophobic core that is
formed by combining the IDP and the ordered protein in
complex. The solid green curve in Figure 4b, which is also
present in Figure 4a, presents the RMFI distribution for the
IO(holo) set, that is, the RMFI distribution for the binding
residues of the ordered protein in the presence of the bound
IDP. Finally, the solid cyan curve in Figure 4b presents the
RMFI distribution present for the entire protein complex
(COD), including binding residues from IDPs, ID(holo), and
from their ordered partners, IO(holo) and CO. Because the
interfacial residues of the ordered proteins, IO(holo), constitute
a small fraction of the combined core, the core of the entire
complex (COD) is remarkably uniform and minimally frustrated.

Figure 4. Distribution of the RMFI for residues found on the surface
(A) and in the core (B) of proteins. As described in the text, (A)
represents the groups SG (dashed black), SO (black), SD (red), IO(apo)
(dashed green), and IO(holo) (solid green), and (B) displays the
groups CG (dashed black), CO (solid black), ID(apo) (dashed red),
ID(holo) (solid red), IO(holo) (green), and COD (cyan). Panels (C)
and (D) present the “mutational frustration” for pair interactions48

between residues in apo-Rap74 (C) and those in the Rap74−FCP1
complex (D). Superimposed upon the ribbon diagrams, the green lines
indicate minimally frustrated interactions, while the red lines indicate
highly frustrated interactions. Panel (D) demonstrates that the two
proteins form a dense network of minimally frustrated interactions in
order to generate a uniform and minimally frustrated core for the
complex.
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Panels C and D in Figure 4 illustrate these general
conclusions, for the specific case of the FCP1−Rap74 system,
by graphically analyzing the mutational frustration index48 for
the interactions between pairs of residue in apo-Rap74 and
Rap74−FCP1, respectively. The green lines indicate minimally
frustrated interactions, while the red lines indicate highly
frustrated interactions. These panels reveal a dense network of
minimally frustrated interactions that stabilize the core of the
complex that is formed by the two proteins.
In summary, Figure 4 suggests that upon binding, the

interaction between ordered and disordered proteins relieves
frustration not only in the IDP ensemble but also at the surface
of the ordered protein. The consistency of the interactions in
the resulting complex generates a single uniform surface with
the same degree of frustration as that observed for monomeric
globular proteins. Simultaneously, the disordered protein
complex forms a core that demonstrates a slightly greater
degree of consistency (i.e., even less frustration) than is
observed for the core of globular monomeric proteins.
This observation may be correlated with several potential

functional and structural constraints. This extraordinary
consistency may simply reflect the mitigation of finite size
and topological constraints that result from combining distinct
protein modules to form a single larger complex. Alternatively,
these energetic advantages may provide the necessary
stabilization for compensating the conformational, rotational,
and translational entropy losses of IDPs incurred upon binding.
In this case, it is intriguing to speculate that the residual
frustration at the binding interface may be necessary to provide
reversible binding, which is presumably functionally significant
for signal transduction processes. Moreover, because allosteric
motion often involves frustrated residues,53 the frustration
relieved by IDP binding may trigger large-scale allosteric
motions that have been proposed to regulate transcription.54

In closing, our experimental and computational results
emphasize the role of ordered proteins for IDP function and
the remarkable complementarity of the resulting complexes.
Our ITC experiments suggest that hydrophobic forces drive
IDP binding. As IDPs are relatively depleted of hydrophobic
residues, the ordered binding partner performs a critical role in
contributing complementary residues to form a stable hydro-
phobic core. This suggests that, while neither protein is
minimally frustrated in isolation, the binding interaction may
generate a minimally frustrated complex. Our computational
studies, utilizing a structure-based measure of residue-level
frustration, appear to confirm this conjecture. According to this
metric, disordered protein complexes are exceptionally
minimally frustrated. Simultaneously, the interface between
the two proteins retains slight vestigial frustration, which may
be functionally important for preventing irreversible binding or
for triggering allostery.
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