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Designed Mutations Alter the 
Binding Pathways of an Intrinsically 
Disordered Protein
Di Wu1 & Huan-Xiang Zhou2

Many cellular functions, including signaling and regulation, are carried out by intrinsically disordered 
proteins (IDPs) binding to their targets. Experimental and computational studies have now significantly 
advanced our understanding of these binding processes. In particular, IDPs that become structured 
upon binding typically follow a dock-and-coalesce mechanism, whereby the docking of one IDP 
segment initiates the process, followed by on-target coalescence of remaining IDP segments. Multiple 
dock-and-coalesce pathways may exist, but one may dominate, by relying on electrostatic attraction 
and molecular flexibility for fast docking and fast coalescing, respectively. Here we critically test this 
mechanistic understanding by designing mutations that alter the dominant pathway. This achievement 
marks an important step toward precisely manipulating IDP functions.

Intrinsically disordered proteins (IDPs) and proteins containing intrinsically disordered regions (IDRs) account 
for nearly one half of all proteins1. The disordered nature allows these proteins to facilely adapt to different inter-
action partners, making them well suited for signaling and regulation in a variety of cellular processes2–5. While 
some IDPs remain disordered upon binding partners6, others undergo a disorder-to-order transition upon bind-
ing structured targets. Even in the latter case, IDPs differ from typical structured proteins in characteristic ways in 
the structures formed, in the interactions stabilizing the complexes, and in the kinetics of the binding processes. 
Experimental and computational studies together have significantly advanced the understanding on these charac-
teristics, and now critical testing becomes timely. Protein design has been an important approach for such testing 
for structured proteins, but its use on IDPs has been very limited. This includes the modulation of IDP compact-
ness by changing charge patterning along the sequence7–9, the gain of structure by introducing mutations into an 
IDP10, and the design of antibodies that target specific epitopes within IDPs11. The present study aimed to design 
mutations that would alter binding pathways of IDPs in a predicted manner.

When IDPs form structures upon binding to their targets, the structures often are highly extended and slen-
der, with stability largely provided by intermolecular rather than intramolecular interactions2,12–15. The resulting 
interfaces thus lack a well-defined hydrophobic core region as typically found in complexes of structured proteins. 
Correspondingly charge-charge and polar interactions play a greater role in stabilizing the complexes between 
IDPs and their targets14, although there are also complexes of structured proteins where electrostatic interactions 
are a significant stabilizing factor16,17. The extended structure of a bound IDP and the high proportion of charged 
and polar groups in interfacial residues, along with fast adaptive reconfiguration of the IDP during its binding 
process, also impact binding kinetics, both in the pathways leading to the native complex and in the magnitude 
of the association rate constant (ka). In particular, it is likely that the folding upon binding process involves inter-
mediates in which only a part of the IDP is engaged with the target, as suggested in a number of computational 
studies18–28. Experimental studies have produced evidence for the existence of such intermediates29–36.

If the partially engaged intermediates are on-pathway, then the coupled folding and binding occur via a 
sequential mechanism. We have proposed a particular flavor of sequential mechanism called dock-and-coalesce, 
whereby a segment of an IDP first docks to its cognate subsite on the target, leading to an intermediate referred to 
as the partially docked complex; tethered to the docked segment, other segments of the IDP then coalesce to their 
respective subsites (Fig. 1)24. This mechanism corresponds to the following kinetic scheme:
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where D, T, D·T, and DT represent the IDP, target, partially docked complex, and native complex, respectively, kD 
is the rate constant to form the partially docked complex, and k–D and kC are the rate constants for this intermedi-
ate to either undock or coalesce into the native complex. If the partially docked complex is only very transiently 
formed, then the overall association rate constant is
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Note that the docking rate constant kD sets an upper bound for ka; the ratio of ka and kD is kC/(k–D + kC), which 
is the committer for coalescence. Slow coalescence or fast undocking leads to a reduced committer and hence a 
reduced ka.

The binding of many IDPs appears to follow some form of dock-and-coalesce13. One example is the binding 
of the GTPase-binding domain (GBD), an IDR, of the Wiskott-Aldrich Syndrome protein (WASP) to the Cdc42 
GTPase (Fig. 2). The bound conformation of GBD37, in keeping with other IDPs, consists of a highly extended 
N-terminal basic region (BR) and middle CRIB motif, as well as a relatively compact C-terminal subdomain 
(Csub). Regular secondary structures, including an α-helix consisting of residues Pro265 to Ser277, occur only 
in Csub. Kinetic and computational studies have suggested that, in the protein concentration range where the 
binding rate is proportional to concentration, the binding process is initiated and largely rate-limited by the dock-
ing of GBD BR; the subsequent on-target coalescence of the remaining GBD segments is relatively fast26,31. The 
measured ka reached 22 μM−1 s−1 at low salt and decreased significantly by adding salt and by mutating cationic 
residues in GBD BR or anionic residues in the corresponding subsite on Cdc4231. The computed rate constant for 
docking BR, kD, was 33 μM−1 s−1, only slightly higher than the observed overall rate constant ka; moreover, the 
computed effects of salt and charge mutations mirrored those observed on ka

26. One can thus conclude that not 
only BR docking is largely rate-limiting for GBD binding, but also this docking rate is significantly accelerated by 
electrostatic attraction.

To further dissect the relative contributions of the docking and coalescing steps, we differentially perturbed 
these two steps by changing temperature and adding glucose or urea38. These data suggest that the committer for 
coalesce, involving CRIB and Csub of GBD, is approximately 2/3 and hence ka is only 1.5-fold smaller than the 
BR docking rate constant. Thus, despite large-scale GBD conformational changes involved, including secondary 
structure formation in Csub, the coalescing step, facilitated by intrinsic flexibility or secondary structure pro-
pensity and by interactions with the target, can be fast and avoid becoming rate-limiting to the overall binding 
process. Similar findings have been obtained on the binding of other IDPs13,22,25,33,39–43. For IDPs in isolation, rapid 
reconfiguration (on timescales of 100 ns) has been observed by nanosecond fluorescence correlation spectroscopy 
combined with single-molecule fluorescence resonance energy transfer44.

Potentially any part of the IDP can act as the docking segment and initiate a dock-and-coalesce pathway, and 
therefore multiple pathways may exist13,15,26,27,43,45 (Fig. 1). Still, one pathway may dominate, when the association 
rate constant through that pathway is much higher than through all other pathways. The most likely dominant 
pathway is the one where the docking step is rate-enhanced by electrostatic attraction and the coalescing step 
is sufficiently fast as not to be rate-limiting. For WASP GBD binding to Cdc42, as noted above, the BR-initiated 
pathway has been established as the dominant pathway26,31,38. According to our computation, the docking rate 
constants of the pathways initiated by BR, CRIB, and Csub are 33, 0.17, and 0.019 μM−1 s−1, respectively, and the 

Figure 1.  Multiple pathways for the binding of an intrinsically disordered protein (IDP) to a structured target. 
Each pathway is initiated by the docking of an IDP segment, followed by the coalescence of the remaining IDP 
segments around their respective subsites on the target surface.
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differences stem from the degree of electrostatic complementarity with the target26. Cdc42 has a mostly negative 
electrostatic surface, whereas BR and Csub are enriched in cationic and anionic residues, respectively, and CRIB 
is largely free of charged residues (Fig. 2A,C). Hence electrostatic interactions accelerate the BR-initiated pathway, 
retard the Csub-initiated pathway, and have little effect on the CRIB-initiated pathway. The observation that elec-
trostatic interactions can dictate the dominant binding pathway presents a unique opportunity for using charge 
mutations to alter the relative contributions of different binding pathways to the overall ka.

Here we exploit this opportunity, by introducing GBD mutations to slow down the BR-initiated pathway 
along with Cdc42 mutations to accelerate the Csub-initiated pathway. The GBD mutations were to neutralize 
charges in BR, with Lys230Lys231Lys232 substituted by Ala residues (construct known as GBD3A), whereas the 
Cdc42 mutations were to remove negative charges and add positive charges around the subsite for Csub, with 
Glu31, Asn39, Glu62, Asp63, Asp65, and Gln74 all substituted by Lys residues (construct known as Cdc426K). 
Stopped-flow measurements showed that the rate constant of GBD3A was lower by 6-fold than wild-type GBD 
(GBDWT) for binding to wild-type Cdc42 (Cdc42WT). However, upon introducing the 6K mutations on Cdc42 as 
well, the loss in ka was more than recovered, with ka for the mutant proteins, GBD3A and Cdc426K, 2-fold higher 
than the wild-type proteins. The design goal of promoting the Csub-initiated pathway into the dominant one is 
thus achieved by the introduced mutations. Further evidence for the new dominant pathway is provided by effects 
of salt and urea. Lastly, in the binding of GBDWT with Cdc426K, both the BR-initiated and the Csub-initiated 
pathways appear to be prominent, with the measured rate constant close to the sum of the contributions from the 
two pathways.

Figure 2.  Domain organization of the Wiskott-Aldrich Syndrome protein (WASP) and its interaction with 
Cdc42. (A) Domain organization of WASP. The GTPase binding domain (GBD) can be further divided into 
a basic region (BR), a CRIB motif, and a C-terminal subdomain (Csub). Three cationic residues in BR and 
seven anionic residues in Csub are underlined in the sequence. (B) Autoinhibition of WASP, via intramolecular 
binding between GBD and VCA domains, and activation by binding with the Cdc42 GTPase, thereby releasing 
the VCA domains for downstream signaling. (C) Structure and electrostatic interactions of the GBD-Cdc42 
complex (Protein Data Bank entry 1CEE). Cdc42 is shown by its electrostatic surface (blue and red colors 
represent positive and negative electrostatic potentials, respectively). GBD is shown as cartoon, with BR, CRIB, 
and Csub in blue, yellow, and green, respectively. Cationic side chains in BR and anionic side chains in Csub are 
shown as stick.
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Results
Our stopped-flow measurement yielded a ka of (5.53 ± 0.27) μM−1 s−1 for the binding of wild-type GBD and 
Cdc42 in 50 mM sodium phosphate buffer at pH 7.0 and 25 °C (Figs S1A and S2). This ka value is somewhat 
lower than those obtained previously31,38, due to the shorter GBD construct used here (residues 228–298 here 
compared to residues 154–322 in earlier studies). The dissociation constant (Kd) determined here is 0.114 ± 0.009 
μM. From ka and Kd, the deduced dissociation rate constant (kd = kaKd) is 0.63 s−1, which agrees closely with the 
value, 0.696 ± 0.011 s−1, measured directly by a competition assay (Fig. S1B). Below we show how these kinetic 
and thermodynamic constants are affected by mutations designed to alter binding pathways.

Slowdown of the original dominant pathway by removing BR cationic residues.  The first set 
of mutations, substituting Lys230Lys231Lys232 in GBD BR by Ala residues, was designed to slow down the 
BR-initiated pathway, which has previously been established as being dominant in the binding of the wild-type 
proteins26,31,38. Consistent with the dominant role of BR, the binding of GBD3A with Cdc42WT was slowed down 
by 6-fold, to (0.92 ± 0.03) μM−1 s−1 (Figs 3A and S2). Our previous computational study26 found that the 3A 
mutations reduced the BR-initiated docking rate constant by 117-fold, from 33 μM−1 s−1 to 0.28 μM−1 s−1. The 
latter is still higher than but has the same order of magnitude as the CRIB-initiated docking rate constant (at 
0.17 μM−1 s−1). So both the BR-initiated and the CRIB-initiated pathways can be assumed to be significant in the 
binding of GBD3A with Cdc42WT.

To further suppress the BR-initiated pathway, we changed Lys230Lys231Lys232 in GBD BR to Glu residues 
(GBD3E), thereby turning electrostatic attraction with Cdc42 into repulsion. Correspondingly, the calculated 
docking rate constant for the BR-initiated pathway of this mutant is very small, at 0.002 μM−1 s−1 26. Our measured 
ka for GBD3E was (0.097 ± 0.013) μM−1 s−1 (Fig. S2), which is approximately 60-fold lower than the counterpart 
for GBDWT but 50-fold higher than the docking rate constant for the BR-initiated pathway of GBD3E. The latter 
result indicates that an alternative pathway has become dominant. The most likely candidate is the CRIB-initiated 
pathway, which has a docking rate constant just slightly higher than the observed ka for GBD3E. This small differ-
ence can be attributed to a less than unity committer for coalescence in the CRIB-initiated pathway, or perhaps 
the anionic residues in GBD3E BR have a hindrance effect on the docking step of the CRIB-initiated pathway.

We also made a GBD construct (residues 238–298; GBDΔBR) where the BR segment was deleted, to completely 
eliminate the BR-initiated pathway. Its association rate constant was (0.040 ± 0.004) μM−1 s−1 (Figs 3A and S2). 
This value is approximately 140-fold lower than the counterpart for GBDWT, but higher than the docking rate 
constant of the Csub-initiated pathway. So here again the CRIB-initiated pathway is likely to be dominant.

Figure 3.  GBD and Cdc42 mutations and their effects on binding kinetic and thermodynamic properties. (A) 
Association rate constants (ka; left panel) and dissociation constants (Kd; right panel) for three GBD constructs, 
GBDWT, GBD3A, and GBDΔBR, interacting with either Cdc42WT (red bars) or Cdc426K (blue bars). (B) 
Comparison of electrostatic surfaces of Cdc42WT (left panel) and Cdc426K (right panel) around the subsite for 
GBD Csub. Seven anionic residues in Csub are shown as stick and labeled in the left panel. The six Lys mutations 
in Cdc426K are indicated by underlined labels in the right panel. (C) Two views of the complex between GBD 
and Cdc426K, with both proteins as cartoon, to indicate that the 6K mutation sites are at the periphery of the 
subsite for Csub.
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In comparison to the 6-, 60- and 140-fold reductions in ka for the GBD3A, GBD3E, and GBDΔBR mutants (rel-
ative to GBDWT), the changes in kd were less drastic, with increases of 2-, 7-, and 10-fold, respectively. With the 
combined effects on ka and kd, the 3A mutation and BR deletion, respectively, led to 13- and 1421-fold weakening 
in binding affinity (Fig. 3A).

Promotion of a new dominant pathway by introducing cationic residues around the subsite for 
Csub.  The foregoing results show that it is relatively easy to introduce electrostatic repulsion (as in GBD3E) 
to slow down a dominant pathway sufficiently so that a lesser pathway becomes dominant. The cost is that the 
overall association rate constant is significantly reduced. We aimed to design mutations that not only altered the 
dominant pathway but also maintained or even exceeded the association rate constant of the wild-type proteins.

Our initial attempt was to make additional mutations on the Csub segment of the GBD3A background. While 
Cdc42 has a mostly negative electrostatic surface, there is a small positive patch around the subsite for Csub, due 
to residue Arg66 of Cdc42 (Fig. S3A; Cdc42 residues underlined in order to distinguish from GBD residues). In 
the native complex, next to Arg66 are two GBD residues, Arg273 and Gly275, toward the C-terminus of the Csub 
α-helix. We mutated these two residues into Glu and Asp (GBD3A/ED), respectively, hoping that they would form 
favorable electrostatic interactions with Cdc42 Arg66. However, instead of a rate enhancement, the ED mutations 
reduced ka by 2.5-fold and raised Kd by 3.7-fold (Figs S2 and S3B). Possibly any electrostatic attraction between 
the introduced anionic residues with Cdc42 Arg66 was outweighed by repulsion with the overall negative elec-
trostatic surface of Cdc42 around the subsite for Csub. Another possibility is that the ED mutations perturbed the 
secondary structure propensities of GBD, as residual secondary structures have been shown to be a rate deter-
minant of IDP binding33,38,40,42. Indeed, while the 3A mutations mostly preserved the circular dichroism (CD) 
spectrum of GBDWT, the additional ED mutations led to an approximately 50% decrease in the magnitude of the 
CD spectrum at 222 nm, indicating a significant reduction in residual α-helix content (Fig. S3C). In addition to 
GBD3A, GBDΔBR also had a CD spectrum closing matching that of GBDWT. Together the CD data confirmed that 
residual secondary structures were confined to the Csub sequence.

To avoid any complication from perturbations of GBD secondary structure propensities and also to take 
advantage of the high content of anionic residues in Csub (Fig. 2C), we decided to make mutations on Cdc42 
that would turn the negative electrostatic surface around the subsite for Csub into a positive one (Fig. 3B). We 
chose six residues on the rim of the subsite and mutated them to cationic Lys, including: Glu31, which is close to 
Csub Asp253 and Asp259; a cluster of three anionic residues, Glu62, Asp63, and Asp65, which are close to Glu278 
following the Csub α-helix; and Asn39 and Gln74, which are close to Asp264 and Asp266 at the N-terminus the 
Csub α-helix. These mutations were located away from the direct interface of the native complex, and thus were 
expected to mostly introduce long-range electrostatic interactions and have less influence on other short-range 
interactions that stabilize the native complex (Fig. 3C). The surface mutations also did not affect the secondary 
structures of Cdc42, as judged by CD spectra (Fig. S4).

The 6K mutations on Cdc42 boosted the association rate constant of GBD3A by 12-fold, to (10.9 ± 0.3) 
μM−1 s−1, which is even higher than the ka of the wild-type proteins by 2-fold (Figs 3A and S2). This large increase 
in ka, achieved by new electrostatic attraction of Csub, suggests that the Csub-initiated pathway now becomes 
dominant. As support for the new dominant pathway, we found that the 6K mutations on Cdc42 were even able 
to increase the ka of GBDΔBR to a level comparable to those for GBD3A-Cdc426K and GBDWT-Cdc42WT binding 
(Figs 3A and S2). The rate constant, (4.03 ± 0.08) μM−1 s−1, for GBDΔBR-Cdc426K binding is 100-fold higher than 
that for GBDΔBR-Cdc42WT binding. Since GBDΔBR lacks the BR segment but its Csub benefits from the same 
electrostatic attraction by Cdc426K as the Csub of GBD3A, the most logical explanation for the comparable rate 
constants is that the Csub-initiated pathway is dominant for both GBDΔBR and GBD3A in binding to Cdc426K.

The 6K mutations on Cdc42 also decreased the dissociation rate constants of GBDΔBR and GBD3A, by 16- and 
121-fold, respectively. Combined with the effects on ka, the 6K mutations led to an approximately 1500-fold 
increase in binding affinity for both GBDΔBR and GBD3A (Fig. 3A). As a result, the GBDΔBR-Cdc426K affinity is 
even slightly higher than that of the wild-type proteins, and the GBD3A-Cdc426K affinity is higher by approxi-
mately 100-fold than the wild-type counterpart.

Effects of salt and urea corroborate the new dominant pathway.  Perturbation of solvent con-
ditions, e.g., through the addition of cosolvents, has been very useful for gaining insight into binding mecha-
nisms38,39,41. Here we used NaCl and urea to probe electrostatic interactions and secondary structure formation 
in the binding of the different GBD and Cdc42 constructs. In line with previous studies31,38 and with significant 
electrostatic attraction between GBD BR and Cdc42, the ka of the wild-type proteins decreased significantly by the 
addition of NaCl, which screens electrostatic interactions (Fig. 4A). Interestingly, with the neutralization of the 
cationic residues in GBD BR by the 3A mutations, ka no longer decreased with increasing salt but actually showed 
a slight increase. The latter trend is likely a reflection of the electrostatic repulsion between GBD Csub and its 
subsite on Cdc42. Through charge reversal of the subsite for Csub by the 6K mutations, ka again decreased signif-
icantly with increasing NaCl concentration, suggesting that now the docking step of the Csub-initiated pathway 
is largely rate-limiting for the overall binding process.

As shown previously38, addition of urea slowed down the binding of wild-type GBD and Cdc42, by hindering 
Csub secondary structure formation in the coalescing step of the BR-initiated pathway. Our data here show that 
urea had a stronger effect on the ka of GBD3A-Cdc42WT binding than on the wild-type ka (Figs 4B, S5A,B). 1 M 
urea decreased the association rate constants by 1.6-fold for GBDWT but 3.1-fold for GBD3A. The 3A mutations 
may reduce the committer for coalescence in the BR-initiated pathway, leading to a greater rate-determining 
role for the coalescing step of GBD3A and thereby explaining the stronger urea effect on its ka. Urea had an even 
stronger effect on the ka of GBD3A-Cdc426K binding, with decreases by 3.5- and 9.2-fold, respectively, at 1 and 
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2 M urea (Figs 4B, S5C and S6A). This very strong urea effect is expected, since hindrance of secondary structure 
formation now slows down Csub docking, which as we contend is rate-limiting for the GBD3A-Cdc426K binding.

Both BR- and Csub-initiated pathways are significant for GBDWT-Cdc426K binding.  We wondered 
what pathways the binding of GBDWT and Cdc426K would follow. This pair of proteins should have strong elec-
trostatic attraction when either GBD BR or Csub docks to its subsite. Therefore both BR- and Csub-initiated 
pathways might be significant in this case. Then the overall association rate constant should be the sum of con-
tributions from the two parallel pathways. The GBDWT-Cdc42WT binding is dominated by the BR-initiated 
pathway and may serve as a surrogate for the BR-initiated pathway for GBDWT-Cdc426K binding. Likewise the 
GBD3A-Cdc426K binding may serve as a surrogate for the Csub-initiated pathway for GBDWT-Cdc426K binding. 
We can thus predict the ka for GBDWT-Cdc426K binding as the sum of the ka values for GBDWT-Cdc42WT and 
GBD3A-Cdc426K binding, which would be 16.4 μM−1 s−1 in buffer. This prediction only slightly underestimates the 
observed value, (21.4 ± 1.2) μM−1 s−1, for GBDWT-Cdc426K binding (Fig. S2). Moreover, this additive prediction, 
shown as dashed curves in Fig. 4 (see also Fig. S5D), agrees well with the measured values for GBDWT-Cdc426K 
binding over the entire ranges of NaCl and urea concentrations.

Mutant proteins preserve the wild-type binding pose.  In contrast to the disparate dependences of 
ka on urea concentration among the GBDWT-Cdc42WT, GBD3A-Cdc42WT, and GBD3A-Cdc426K pairs noted and 
explained above (Fig. 4B), the dependences of the equilibrium dissociation constant, Kd, are similar (Fig. S6B). 
lnKd had a nearly linear dependence on [Urea], with slopes of 1.6, 1.6, and 2.2 M−1 for the three protein pairs. In 
protein folding equilibrium, the corresponding slope has been interpreted as a measure of the surface area buried 
upon folding46. Based on an analogous interpretation, the urea-dependent Kd data hint that the bound complexes 
of the wild-type and two mutant pairs have nearly the same buried surface area at their interfaces.

To obtain further evidence that the GBD3A-Cdc426K complex preserved the wild-type binding pose, we 
acquired 1H-15N HSQC spectra of GBD3A bound to Cdc426K and GBDWT bound to Cdc42WT (Fig. 5). Most of 
the more dispersed GBD3A resonances, which are either structured or otherwise involved in interactions with 
Cdc426K, can be unequivocally identified based on their proximity to assigned resonances of GBDWT bound to 
Cdc42WT

37. These include Ser234 and Lys235 in BR, Ile238, Gly239, Ser242, Gly243, Lys245, His246, and Ser248 
in CRIB, and Gly257, Asp259, and Lys288 in Csub (Fig. S7). The proximity of the corresponding resonances of 
bound GBD3A and bound GBDWT indicates that the two complexes have the same binding pose.

Discussion
In previous work we have proposed dock-and-coalesce as a general mechanism for the binding of IDPs that form 
extended conformations on structured targets, and for the WASP GBD-Cdc42 pair have characterized the precise 
form of dock-and-coalesce. These and other studies have led to the conclusion that multiple dock-and-coalesce 
pathways exist and the dominant pathway is dictated by electrostatic attraction mediated by the specific docking 
segment. Here we have tested this mechanistic understanding by introducing charge mutations to alter bind-
ing pathways in a predicted manner. The mutations were designed to slow down one pathway and to accelerate 
another pathway, so that the overall association rate constant is maintained but the dominant pathway is switched. 
This design goal has been reached, as documented by several lines of evidence. First, the measured rate constants 
changed precisely according to design, with the 3A mutations on GBD BR reducing the rate constant by 6-fold, 
but the 6K mutations on Cdc42 around the subsite for GBD Csub bringing the rate constant back up by 12-fold. 
Second, the effects of salt and urea were just what were expected if the dominant pathway switched from the 
BR-initiated one to the Csub-initiated one. Third, as predicted, both the BR- and Csub-initiated pathways were 
significant for the binding of GBDWT with Cdc426K. Lastly, NMR data indicated that, while the 3A and 6K muta-
tions altered the binding pathways, they preserved the structure of the final complex.

Figure 4.  Effects of NaCl and urea on the association rate constants of four GBD-Cdc42 pairs. (A) Dependence 
on NaCl concentration. (B) Dependence on urea concentration. The dashed curves are rate constants predicted 
for the GBDWT-Cdc426K pair, as the sum of the rate constants for the GBDWT-Cdc42WT and GBD3A-Cdc426K 
pairs.
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The design strategy illustrated here on the WASP GBD-Cdc42 pair can be directly applied to many other 
IDPs that form highly extended conformations on their target surfaces. More broadly, it seems inevitable that 
the coupled folding and binding of IDPs involve multiple pathways43. By tuning down rate-determining factors 
in some pathways and tuning up these factors in other pathways, one can methodically manipulate the bind-
ing mechanisms. For the WASP GBD-Cdc42 pair, we have identified electrostatic attraction as the predominant 
rate-determining factor. Other possible rate-determining factors include secondary structure propensities of 
IDPs and short-range interactions with their targets.

Our design strategy has been framed on the basis that there is a fixed set of parallel binding pathways, and 
mutations only affect the relative weights of these pathways. It is possible that some mutations open entirely new 
pathways. While we could not rule out this possibility for the mutations introduced in the present study, there 
was no evidence for it either. Nevertheless this caveat should be kept in mind when extending this design strategy 
to other applications.

Design has been a very valuable approach in testing our understanding of structure, stability, kinetics, and 
function for structured proteins. For IDPs, design studies have been limited. These include the modulation of IDP 
compactness by changing charge patterning along the sequence7–9, the gain of structure by introducing mutations 
into an IDP10, and the design of antibodies that target specific epitopes within IDPs11. Much like our strategy of 
using charge mutations for altering binding mechanisms, scrambling of charges along the sequence has predict-
able effects on IDP size, with segregation of opposite charges leading to compaction. The effects of other residues 
such as Pro and aromatic ones are context-dependent and hence less generalizable as the basis of design strategies.

IDPs usually have multiple interaction partners. The existence of multiple pathways of an IDP when binding 
with a single partner both adds to the complexity of the signaling networks but also presents new opportunities 
for manipulating the outcome of the signaling networks. For example, different pathways in binding a partner 
may produce intermediates that preferentially favor interactions with different downstream effectors. By accel-
erating one pathway, signaling via a specific effector may be promoted. As another example, an IDP may have 
several phosphorylation sites, and the order of phosphorylation may be functionally important. How such order 
is achieved may teach us strategies for future designs of IDP binding mechanisms.

Methods
Plasmids.  Human Cdc42 (Genbank accession number nm_001791; residues 1−179), human WASP 
(Genbank nm_000377; residues 228–298, construct referred to as GBD) were cloned into pDest-527 (with a 
His6 tag) and pGEX 2 T (with GST fusion) expression vectors, respectively. Mutations in Cdc42 and GBD were 
obtained by PCR mutagenesis. The truncated GBD (residues 238–298, GBDΔBR) was obtained by PCR from the 
plasmid of GBD.

Protein preparation.  The protocols used largely followed those described previously38. All proteins 
were expressed in Escherichia coli Rosetta cells. Cdc42 constructs were first purified through a HisTrap col-
umn. The His6 tag was then removed by in-house expressed His6-tagged TEV protease; four extra residues 
(Gly-Ser-Phe-Thr) from the expression vector were left at the N-terminus of Cdc42. The solution passed through 
the HisTrap column one more time to remove any His6-tagged components. GBD constructs were first purified 
through a GSTrap column. The GST tag was removed by thrombin (catalog number 154163, MP Biomedicals, 
Santa Ana, CA); two extra residues (Gly-Ser) from the thrombin recognition site in the fusion construct were left 

Figure 5.  1H-15N HSQC spectra of GBDWT (red) bound to Cdc42WT and GBD3A bound to Cdc426K (blue).
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at the N-terminus of GBD. Subsequently the solution was incubated at 70 °C for 20 min to induce aggregation 
of structured proteins; the disordered GBD constructs were collected in the supernatant after centrifugation at 
20,000 rpm for 30 min. All Cdc42 and GBD constructs went through a final purification step through a Superdex 
75 gel filtration column. All columns were from GE Healthcare Life Sciences (Pittsburgh, PA).

All Cdc42 constructs were loaded with GppNHp (guanosine 5′-β,γ-imidotriphosphate; Sigma-Aldrich St. 
Louis, MO) or mantGppNHp (2′,3′-O-N-methylanthraniloyl-GppNHp; Jena Bioscience, Germany), prepared as 
described31,38. The Cdc42 species loaded with these GTP analogs, one nonfluorescent and the other fluorescent, 
are denoted as GppNHp·Cdc42 and mantGppNHp·Cdc42, respectively.

Stopped-flow fluorescence spectroscopy.  Binding rate constants and affinities were measured by 
monitoring the fluorescence intensity of mantGppNHp·Cdc42 on a stopped-flow instrument (SX20, Applied 
Photophysics, UK)38. The excitation wavelength was 366 nm and emission was collected with a cutoff filter at 
395 nm. All measurements were made in 50 mM sodium phosphate buffer at pH 7.0 with 5 mM MgCl2 and 
1 mM TECP at 25 °C. The mantGppNHp·Cdc42 concentration, [Cdc42], was always maintained at 0.1 μM in one 
syringe.

For ka measurements, the GBD concentration, [GBD], was in excess in a second syringe. Following mixing 
of the two proteins, the time-dependent fluorescence intensity was fitted to a single exponential, leading to an 
observed rate kobs (Fig. S1A,C). For each [GBD], three to six replicate measurements were made for kobs, and for a 
given pair of Cdc42 and GBD constructs, kobs was determined at five or more [GBD] values. The relation between 
kobs values and [GBD] values was fitted to

= +k k k[GBD] (3)obs a d

(Figs. S2 and S5). Fitting errors for ka were reported as errors. Though this fit in theory also yielded the disso-
ciation rate constant kd, the values were unreliable because they were small and could be overwhelmed by fitting 
errors. Instead, one or both of two other methods were used for measuring kd.

The first alternative was to determine the dissociation constant Kd and then deduce kd as the product of Kd and 
ka. For Kd determination, we used the difference, ΔI, between the fluorescence intensity before mixing and that 
after reaching equilibrium. The ΔI values at seven [GBD] values were fitted to a binding model:

Δ = Δ
+ + − + + −

I I
K K[Cdc42] [GBD] ([Cdc42] [GBD] ) 4[Cdc42][GBD]

2[Cdc42] (4)t
d d

2

where ΔIt is the difference in fluoresce intensity between unbound and bound mantGppNHp·Cdc42.
kd was also directly measured by displacing mantGppNHp·Cdc42 complexed with GBD by a high excess of 

GppNHp·Cdc42. In these measurements, 0.1 μM mantGppNHp·Cdc42 and 1 μM GBD in one syringe were mixed 
with 20 μM GppNHp·Cdc42 in a second syringe. The time-dependent fluorescence intensity was fitted to a single 
exponential to yield kd (Fig. S1B).

NMR spectroscopy.  1H-15N HSQC spectra of 15N labeled GBDWT and GBD3A at 1.2 mM mixed with 
Cdc42WT and Cdc426K, respectively, at 1.44 mM were obtained on a Bruker 800 MHz spectrometer at 25 °C. 
Resonance assignment of bound GBDWT was from Rosen and co-workers37.

Circular dichroism spectroscopy.  Proteins at 10 μM in a 1 mm path length cuvette were scanned on a CD 
spectrometer (Model 420, Aviv, Lakewood, NJ). The average of five scans was reported.

References
	 1.	 Oldfield, C. J. & Dunker, A. K. Intrinsically disordered proteins and intrinsically disordered protein regions. Annu Rev Biochem 83, 

553–584 (2014).
	 2.	 Dunker, A. K., Brown, C. J., Lawson, J. D., Iakoucheva, L. M. & Obradovic, Z. Intrinsic disorder and protein function. Biochemistry 

41, 6573–6582 (2002).
	 3.	 Uversky, V. N. Natively unfolded proteins: a point where biology waits for physics. Protein Sci 11, 739–756 (2002).
	 4.	 Zhou, H. X. Intrinsic disorder: signaling via highly specific but short-lived association. Trends Biochem Sci 37, 43–48 (2012).
	 5.	 Wright, P. E. & Dyson, H. J. Intrinsically disordered proteins in cellular signalling and regulation. Nat Rev Mol Cell Biol 16, 18–29 

(2015).
	 6.	 Borgia, A. et al. Extreme disorder in an ultrahigh-affinity protein complex. Nature 555, 61–66 (2018).
	 7.	 Das, R. K. & Pappu, R. V. Conformations of intrinsically disordered proteins are influenced by linear sequence distributions of 

oppositely charged residues. Proc Natl Acad Sci USA 110, 13392–13397 (2013).
	 8.	 Sherry, K. P., Das, R. K., Pappu, R. V. & Barrick, D. Control of transcriptional activity by design of charge patterning in the 

intrinsically disordered RAM region of the Notch receptor. Proc Natl Acad Sci USA 114, E9243–E9252 (2017).
	 9.	 Tedeschi, G. et al. Conformational response to charge clustering in synthetic intrinsically disordered proteins. Biochim Biophys Acta 

Gen Subj 1862, 2204–2214 (2018).
	10.	 Balakrishnan, S. & Sarma, S. P. Engineering aromatic-aromatic interactions to nucleate folding in intrinsically disordered regions of 

proteins. Biochemistry 56, 4346–4359 (2017).
	11.	 Sormanni, P., Aprile, F. A. & Vendruscolo, M. Rational design of antibodies targeting specific epitopes within intrinsically disordered 

proteins. Proc Natl Acad Sci USA 112, 9902–9907 (2015).
	12.	 Gunasekaran, K., Tsai, C. J., Kumar, S., Zanuy, D. & Nussinov, R. Extended disordered proteins: targeting function with less scaffold. 

Trends Biochem Sci 28, 81–85 (2003).
	13.	 Zhou, H. X., Pang, X. & Lu, C. Rate constants and mechanisms of intrinsically disordered proteins binding to structured targets. Phys 

Chem Chem Phys 14, 10466–10476 (2012).
	14.	 Wong, E. T., Na, D. & Gsponer, J. On the importance of polar interactions for complexes containing intrinsically disordered proteins. 

PLoS Comput Biol 9, e1003192 (2013).
	15.	 Zhou, H. X. & Pang, X. Electrostatic Interactions in Protein Structure, Folding, Binding, and Condensation. Chem Rev 118, 

1691–1741 (2018).

https://doi.org/10.1038/s41598-019-42717-6


9Scientific Reports |          (2019) 9:6172  | https://doi.org/10.1038/s41598-019-42717-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

	16.	 Schreiber, G. & Fersht, A. R. Energetics of protein-protein interactions: analysis of the barnase-barstar interface by single mutations 
and double mutant cycles. J Mol Biol 248, 478–486 (1995).

	17.	 Dong, F., Vijayakumar, M. & Zhou, H. X. Comparison of calculation and experiment implicates significant electrostatic 
contributions to the binding stability of barnase and barstar. Biophys J 85, 49–60 (2003).

	18.	 Shoemaker, B. A., Portman, J. J. & Wolynes, P. G. Speeding molecular recognition by using the folding funnel: the fly-casting 
mechanism. Proc Natl Acad Sci USA 97, 8868–8873 (2000).

	19.	 Wang, J., Lu, Q. & Lu, H. P. Single-molecule dynamics reveals cooperative binding-folding in protein recognition. PLoS Comput Biol 
2, e78 (2006).

	20.	 Turjanski, A. G., Gutkind, J. S., Best, R. B. & Hummer, G. Binding-induced folding of a natively unstructured transcription factor. 
PLoS Comput Biol 4, e1000060 (2008).

	21.	 Chen, J. Intrinsically disordered p53 extreme C-terminus binds to S100B(betabeta) through “fly-casting”. J Am Chem Soc 131, 
2088–2089 (2009).

	22.	 Huang, Y. & Liu, Z. Kinetic advantage of intrinsically disordered proteins in coupled folding-binding process: a critical assessment 
of the “fly-casting” mechanism. J Mol Biol 393, 1143–1159 (2009).

	23.	 Ganguly, D. & Chen, J. Topology-based modeling of intrinsically disordered proteins: balancing intrinsic folding and intermolecular 
interactions. Proteins 79, 1251–1266 (2011).

	24.	 Qin, S., Pang, X. & Zhou, H. X. Automated prediction of protein association rate constants. Structure 19, 1744–1751 (2011).
	25.	 Ganguly, D., Zhang, W. & Chen, J. Electrostatically accelerated encounter and folding for facile recognition of intrinsically 

disordered proteins. PLoS Comput Biol 9, e1003363 (2013).
	26.	 Pang, X. & Zhou, H. X. Mechanism and rate constants of the Cdc42 GTPase binding with intrinsically disordered effectors. Proteins 

84, 674–685 (2016).
	27.	 Paul, F. et al. Protein-peptide association kinetics beyond the seconds timescale from atomistic simulations. Nat Commun 8, 1095 

(2017).
	28.	 Chu, W. T., Clarke, J., Shammas, S. L. & Wang, J. Role of non-native electrostatic interactions in the coupled folding and binding of 

PUMA with Mcl-1. PLoS Comput Biol 13, e1005468 (2017).
	29.	 Stone, S. R. & Hofsteenge, J. Kinetics of the inhibition of thrombin by hirudin. Biochemistry 25, 4622–4628 (1986).
	30.	 Lacy, E. R. et al. p27 binds cyclin-CDK complexes through a sequential mechanism involving binding-induced protein folding. Nat 

Struct Mol Biol 11, 358–364 (2004).
	31.	 Hemsath, L., Dvorsky, R., Fiegen, D., Carlier, M. F. & Ahmadian, M. R. An electrostatic steering mechanism of Cdc42 recognition 

by Wiskott-Aldrich syndrome proteins. Mol Cell 20, 313–324 (2005).
	32.	 Sugase, K., Dyson, H. J. & Wright, P. E. Mechanism of coupled folding and binding of an intrinsically disordered protein. Nature 447, 

1021–1025 (2007).
	33.	 Giri, R., Morrone, A., Toto, A., Brunori, M. & Gianni, S. Structure of the transition state for the binding of c-Myb and KIX highlights 

an unexpected order for a disordered system. Proc Natl Acad Sci USA 110, 14942–14947 (2013).
	34.	 Dahal, L., Kwan, T. O. C., Shammas, S. L. & Clarke, J. pKID Binds to KIX via an Unstructured Transition State with Nonnative 

Interactions. Biophys J 113, 2713–2722 (2017).
	35.	 Kim, J. Y., Meng, F., Yoo, J. & Chung, H. S. Diffusion-limited association of disordered protein by non-native electrostatic 

interactions. Nat Commun 9, 4707 (2018).
	36.	 Sturzenegger, F. et al. Transition path times of coupled folding and binding reveal the formation of an encounter complex. Nat 

Commun 9, 4708 (2018).
	37.	 Abdul-Manan, N. et al. Structure of Cdc42 in complex with the GTPase-binding domain of the ‘Wiskott-Aldrich syndrome’ protein. 

Nature 399, 379–383 (1999).
	38.	 Ou, L., Matthews, M., Pang, X. & Zhou, H. X. The dock-and-coalesce mechanism for the association of a WASP disordered region 

with the Cdc42 GTPase. FEBS J 284, 3381–3391 (2017).
	39.	 Rogers, J. M., Steward, A. & Clarke, J. Folding and binding of an intrinsically disordered protein: fast, but not ‘diffusion-limited’. J 

Am Chem Soc 135, 1415–1422 (2013).
	40.	 Iesmantavicius, V., Dogan, J., Jemth, P., Teilum, K. & Kjaergaard, M. Helical propensity in an intrinsically disordered protein 

accelerates ligand binding. Angew Chem Int Ed Engl 53, 1548–1551 (2014).
	41.	 Rogers, J. M. et al. Interplay between partner and ligand facilitates the folding and binding of an intrinsically disordered protein. 

Proc Natl Acad Sci USA 111, 15420–15425 (2014).
	42.	 Arai, M., Sugase, K., Dyson, H. J. & Wright, P. E. Conformational propensities of intrinsically disordered proteins influence the 

mechanism of binding and folding. Proc Natl Acad Sci USA 112, 9614–9619 (2015).
	43.	 Gianni, S., Dogan, J. & Jemth, P. Coupled binding and folding of intrinsically disordered proteins: what can we learn from kinetics? 

Curr Opin Struct Biol 36, 18–24 (2016).
	44.	 Schuler, B. Perspective: Chain dynamics of unfolded and intrinsically disordered proteins from nanosecond fluorescence correlation 

spectroscopy combined with single-molecule FRET. J Chem Phys 149, 010901 (2018).
	45.	 Pang, X. & Zhou, H. X. Rate constants and mechanisms of protein-ligand binding. Annu Rev Biophys 46, 105–130 (2017).
	46.	 Myers, J. K., Pace, C. N. & Scholtz, J. M. Denaturant m values and heat capacity changes: relation to changes in accessible surface 

areas of protein unfolding. Protein Sci 4, 2138–2148 (1995).

Acknowledgements
We thank Pieter E. S. Smith and Xiaodong Pang for technical assistance. This work was supported by National 
Institutes of Health Grant GM118091.

Author Contributions
D.W. and H.-X.Z. designed research. D.W. carried out research and analyzed data. D.W. and H.-X.Z. wrote the 
paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42717-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-42717-6
https://doi.org/10.1038/s41598-019-42717-6


1 0Scientific Reports |          (2019) 9:6172  | https://doi.org/10.1038/s41598-019-42717-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-42717-6
http://creativecommons.org/licenses/by/4.0/

	Designed Mutations Alter the Binding Pathways of an Intrinsically Disordered Protein

	Results

	Slowdown of the original dominant pathway by removing BR cationic residues. 
	Promotion of a new dominant pathway by introducing cationic residues around the subsite for Csub. 
	Effects of salt and urea corroborate the new dominant pathway. 
	Both BR- and Csub-initiated pathways are significant for GBDWT-Cdc426K binding. 
	Mutant proteins preserve the wild-type binding pose. 

	Discussion

	Methods

	Plasmids. 
	Protein preparation. 
	Stopped-flow fluorescence spectroscopy. 
	NMR spectroscopy. 
	Circular dichroism spectroscopy. 

	Acknowledgements

	Figure 1 Multiple pathways for the binding of an intrinsically disordered protein (IDP) to a structured target.
	Figure 2 Domain organization of the Wiskott-Aldrich Syndrome protein (WASP) and its interaction with Cdc42.
	Figure 3 GBD and Cdc42 mutations and their effects on binding kinetic and thermodynamic properties.
	Figure 4 Effects of NaCl and urea on the association rate constants of four GBD-Cdc42 pairs.
	Figure 5 1H-15N HSQC spectra of GBDWT (red) bound to Cdc42WT and GBD3A bound to Cdc426K (blue).




