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Biophysical characterization of protein–protein interactions
involving disordered proteins is challenging. A common
simplification is to measure the thermodynamics and kinetics
of disordered site binding using peptides containing only the
minimum residues necessary. We should not assume, however,
that these few residues tell the whole story. Son of sevenless, a
multidomain signaling protein from Drosophila melanogaster,
is critical to the mitogen-activated protein kinase pathway,
passing an external signal to Ras, which leads to cellular re-
sponses. The disordered 55 kDa C-terminal domain of Son of
sevenless is an autoinhibitor that blocks guanidine exchange
factor activity. Activation requires another protein, Down-
stream of receptor kinase (Drk), which contains two Src ho-
mology 3 domains. Here, we utilized NMR spectroscopy and
isothermal titration calorimetry to quantify the thermody-
namics and kinetics of the N-terminal Src homology 3 domain
binding to the strongest sites incorporated into the flanking
disordered sequences. Comparing these results to those for
isolated peptides provides information about how the larger
domain affects binding. The affinities of sites on the disordered
domain are like those of the peptides at low temperatures but
less sensitive to temperature. Our results, combined with ob-
servations showing that intrinsically disordered proteins
become more compact with increasing temperature, suggest a
mechanism for this effect.

Approximately 40% of the eukaryotic proteome comprises
intrinsically disordered proteins (IDPs) or intrinsically disor-
dered regions (IDRs) (1, 2), many of which function in signal
transduction (3, 4). Their mechanisms of interaction and
binding vary, ranging from folding upon binding (5) to “fuzzy”
interactions (6). Protein–protein complexes where at least one
partner is disordered tend to be less stable than complexes
formed between folded species (7), but exceptions exist (8).
Disordered interactions are enriched in signaling pathways
because they are highly tunable so outcomes can be altered in
response to external stimuli and feedback (3, 4, 9–11).
Nevertheless, we lack a general understanding of IDP–IDR
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function and behavior because of their diverse mechanisms
and because the proteins often have challenging physical
properties (e.g., they tend to aggregate and phase separate).

The mitogen-activated protein kinase pathway is a well-
conserved signaling regime that allows cells to differentiate,
divide, respond to stress, and undergo apoptosis (12, 13). In
Drosophila melanogaster, extracellular signals (Spitz, Trunk,
Bride of sevenless, etc.) begin the signaling cascade, leading to
the activation of Son of sevenless (Sos) (14–16).

Sos is a 178 kDa multidomain protein with guanine nucle-
otide exchange factor activity that further stimulates the
GTPase, Ras (Fig. 1A). The human homolog, SOS1, undergoes
two forms of autoinhibition. The N-terminal Dbl- and
Pleckstrin-homology domains require interaction with phos-
phatidylinositol 4,5-bisphosphate to recruit Ras, ensuring
localization to the membrane (17–19). At the C terminus, a
55 kDa proline-rich disordered domain binds the Src homol-
ogy 3 (SH3) domain of Downstream of receptor kinase (Drk)/
GRB2 (D. melanogaster/human), which is recruited by an
activated receptor tyrosine kinase via a phosphorylated cyto-
solic Tyr (14, 20, 21). The inhibitory mechanism of the
C-terminal domain is unknown.

Sos proline-rich sequences form type-II left-handed helices
and bind SH3 using the P-X-Ψ-P-X-R motif, where Ψ is Leu/
Ile/Val and R is Arg or Lys (21–23). Similar to SOS1 (21, 23),
Sos has at least four binding sites: sites 2 and 4 have low
micromolar affinities, whereas sites 1 and 3 have high
micromolar or millimolar affinities (Fig. 1B) (24). Until now,
efforts to quantify these affinities, like many efforts involving
a disordered protein, focused only on peptides containing the
key residues and immediately flanking sequences. This
reasonable choice simplifies analysis, yet we know that resi-
dues beyond the binding site modulate affinity (25). Our goal
was to determine how the context of the disordered region
affects SH3 binding. We measured SH3 binding to the Sos
site in short peptide form versus the extended disordered
domain.

We used techniques known to work for IDPs and IDRs—
isothermal titration calorimetry (ITC) and NMR spectroscopy
—to distinguish binding of SH3 to individual sites from
nonspecific or weak binding (24, 26, 27) and focused on sites 2
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Figure 1. Sos (Son of sevenless)–Src homology 3 (SH3) binding. A, simplified model of Ras activation by Sos. B, representation of SH3-binding sites on
Sos disordered C-terminal tail. Simulation of PepS2 binding to SH3 domain (70). Sequence alignment of binding motif with Sos-binding sites (21, 24). C,
model of site 2, site 4, and knockout constructs with conserved amino acid positions highlighted at each site (as in B).

Binding thermodynamics of a disordered protein
and 4, which interact most strongly with SH3 as peptides. We
found that the single-site affinities are comparable to those for
the peptides, but binding to the protein is less temperature
sensitive because of enthalpy–entropy compensation (28). As
our approach is applicable to other disordered proteins, we
expect that it may help to unravel both kinetic and thermo-
dynamic aspects of other IDP interactions.
Results

Multitemperature NMR datasets for the site 4 peptide
binding and a one-temperature dataset for the site 2 peptide
binding are published (24). We began by completing 19F-NMR
titrations of SH3 (using a single 19F atom on W36 via
Table 1
Comparison of NMR parameters and dissociation free energies of S
temperature

Construct Temperature (�C) KD (μM) ΔGo’
D (kcal/mol) ko

Peptide 2a 4.2 9 ± 2 6.5 ± 0.3
15 17 ± 2 6.3 ± 0.1
25 33 ± 3 6.12 ± 0.09
35 59 ± 4 5.96 ± 0.07
45 110 ± 20 6.1 ± 0.1

Peptide 4a,b 5 20 ± 10 6.2 ± 0.2
15 40 ± 10 6.0 ± 0.3
25 60 ± 10 5.8 ± 0.1
35 110 ± 10 5.6 ± 0.1
45 210 ± 30 5.4 ± 0.1

Sos site 4c 4.2 3.0 ± 0.2 7.01 ± 0.07
15 4.5 ± 0.2 7.05 ± 0.04
25 6.4 ± 0.2 7.09 ± 0.03
35 9.7 ± 0.2 7.07 ± 0.02
45 17.8 ± 0.5 6.91 ± 0.03

a Uncertainties from triplicate analysis.
b Published (24).
c Uncertainties from bootstrap analysis of a single measurement.
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5-fluoroindole labeling (29)) with the site 2 peptide. We trip-
licated a multitemperature dataset using methods we estab-
lished (24, 30). Briefly, spectra from a single titration series
were fit to a two-state binding model using lineshape analysis.
This approach allows us to estimate affinity, kon, and koff by
simulating the spectra series using least-squares fitting. Each
temperature (4.2–45 �C) was fit independently. The fitted
parameter estimates were then bootstrapped (n = 1000) and fit
to the van’t Hoff equation to estimate ΔH

�0
D and TΔS

�0
D and to

the Eyring equation to estimate ΔH
�0‡
A , TΔS

�0‡
A , ΔH

�0‡
D , and

TΔS
�0‡
D . Uncertainties are the standard deviations of the

bootstrapped parameters. For site 2 peptide binding, the
equilibrium is enthalpically favored and entropically disfavored
(Table 1 and Figs. S1 and S2). Kinetically, both association and
os site peptides and single sites on Sos protein as a function of

n (108 M−1 s−1) ΔGo’‡
A (kcal/mol) koff (10

3 s−1) ΔGo’‡
D (kcal/mol)

0.6 ± 0.2 6.3 ± 0.3 0.486 ± 0.003 12.825 ± 0.007
0.7 ± 0.1 6.5 ± 0.1 1.23 ± 0.02 12.77 ± 0.02
1.1 ± 0.1 6.48 ± 0.09 3.55 ± 0.05 12.61 ± 0.01
1.5 ± 0.1 6.53 ± 0.07 8.88 ± 0.05 12.492 ± 0.006
1.7 ± 0.3 6.7 ± 0.2 17 ± 2 12.5 ± 0.1
0.2 ± 0.06 7.0 ± 0.1 0.2 ± 0.07 13.1 ± 0.1
0.4 ± 0.2 7.0 ± 0.3 0.9 ± 0.1 13.0 ± 0.1
0.6 ± 0.1 7.0 ± 0.1 2.9 ± 0.2 12.7 ± 0.1

0.57 ± 0.08 7.1 ± 0.1 5.8 ± 0.3 12.8 ± 0.1
1.1 ± 0.1 7.0 ± 0.1 23 ± 3 12.2 ± 0.1

0.31 ± 0.02 6.69 ± 0.07 0.093 ± 0.002 13.70 ± 0.02
0.56 ± 0.03 6.64 ± 0.06 0.25 ± 0.09 13.69 ± 0.04
0.97 ± 0.06 6.56 ± 0.06 0.62 ± 0.03 13.64 ± 0.05
1.29 ± 0.05 6.62 ± 0.04 1.25 ± 0.04 13.69 ± 0.03
2.5 ± 0.1 6.45 ± 0.05 4.4 ± 0.2 13.36 ± 0.05
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dissociation are enthalpically disfavored and entropically
favored. There are no important differences between the
thermodynamics or kinetics of SH3 binding to the site 2 and
site 4 peptides.

Initial efforts to purify the disordered Sos protein were un-
successful because of nonspecific hydrophobic interactions that
caused Sos to coelute with contaminants. Adding 10% v/v pro-
pylene glycol to the buffer solved the problem. The conserved
leucines/isoleucines and arginines in the Sos-binding sites are
critical to binding (21, 31). To focus on the higher affinity sites, 2
and 4, we used alanine substitutions to weaken the lower affinity
sites, 1 and3.The same approachwas used at the stronger sites, 2
or 4, to focus on a single binding site (Fig. 1C). We attempted to
quantify the affinities of site 4-only constructs using 19F line-
shape analysis as per our peptide data (Fig. S3A) but obtained
poor fits. This failure probably arises fromweak and nonspecific
19F-labeled SH3 binding (see Discussion section) across the
entire protein, so we turned to ITC.

ITC measures the change in heat associated with binding,
and when an experiment is well designed, can quantify the
stoichiometry, ΔG

�0
D, ΔH

�0
D, and TΔS

�0
D. A careful approach re-

quires a “c-value”
�
c¼ n�½M�

KD

�
between 5 and 500, where n is

the stoichiometry and M is the protein concentration (27, 32,
33). ITC measurements of the site 2- and site 4-only constructs
showed that the interaction remained unsaturated even after
adding >3 mole equivalents, showing that the stoichiometry is
>1, which we suspect is a combination of the single strong site
and weak and nonspecific interactions observed during puri-
fication and in the 19F NMR experiments (Fig. 2). To isolate
the signal from individual sites, we needed to overcome the
heat signal from nonspecific binding, leading us to design a
knockout construct in which all four specific sites were abol-
ished by amino acid changes to alanine (Fig. 1C). We discuss
the effectiveness of knockouts in the supporting information
(Fig. S4 and Table S1). The knockout measurements showed
injection heats of the same magnitude as the heat at the end of
the titration, where we expected heats from an ideal single-site
construct to approach baseline levels (Fig. 2C). We could not
reliably fit the knockout to a binding isotherm, as the c-value
was approximately 0.1 (33); however, the alignment of the
single-site construct background heats and the knockout
suggests that our approach accurately represents the nonspe-
cific component of the interaction.

We used the knockout controls, prepared side by side with
the construct of interest, to subtract nonspecific binding. This
approach yielded reasonable fits (Fig. 2 and Table 2) and
stoichiometries of one SH3 per Sos. Site 2 has an affinity of 4 ±
1 μM and an ΔH

�0
D of 3.2 ± 0.1 kcal/mol at 4.2 �C. Site 4 has an

affinity of 3 ± 1 μM and an ΔH
�0
D of 2.8 ± 0.1 kcal/mol at 4.2 �C.

At 35 �C, both sites have affinities of 14 ± 3 μM and ΔH
�0
D

values of 8.4 ± 0.3 kcal/mol, indicating a positive ΔC
�0
P;D

(Table 2).
The subtraction does not perfectly account for the

nonrandom order in which SH3 binds Sos. In early stages of
the titration, we expect SH3 to prefer the higher-affinity site
compared with the weaker and nonspecific sites in the
knockout. This effect is observed as an initial oversubtraction
(<0.5 mole ratio). Toward the end of the titration, as the
stronger binding site becomes fully occupied, more nonspecific
binding occurs, resulting in better agreement between the data
and fit. Importantly, when we compare this approach to direct
measurements of site 4 binding via NMR (described later), the
two methods yield the same information. In essence, our
approach is effective because the difference in affinities is large,
allowing nonspecific binding to be treated as random events. If
the affinities were more similar, our approach would fail.
Another advantage to this method is that the knockout sub-
traction inherently accounts for the heat of ligand dilution.

Given these ITC data, we reevaluated the 19F NMR mea-
surements of SH3 binding to Sos. We tried to fit the data to a
bidentate model in which the Sos ligand contains two binding
sites, representing a single high-affinity binding site, constrained
by ITC measurements, and a second site representing the
combination of weak and nonspecific binding (observed via ITC
in the knockout construct). However, we found that this model
was also unable to generate acceptable fits (Fig. S3 and Table S2)
consistent across all observed temperatures. We conclude that
the interaction with Sos, observed from the perspective of SH3,
can occur via too many weak or nonspecific sites to be
accounted for by a simple two-state or bidentate bindingmodel.

As an alternative, we measured binding of Sos and SH3 from
the opposite perspective, that is, by monitoring the interaction
via Sos by moving the NMR-active nuclei from SH3 to Sos.
Specifically, we isotopically enriched (13C-δ1 methyl) iso-
leucines in the site 4 protein construct. This construct has
three isoleucines: I1384 is in site 4; I1394 is adjacent to site 4;
and I1325 is likely distant from site 4. Assignments were made
via mutagenesis (Supplemental Material, Fig. S5). As expected,
upon titration with SH3 (Fig. 3), the I1384 crosspeak is most
sensitive in terms of chemical shift changes, the I1394 cross-
peak undergoes some shift, and the I1325 crosspeak does not
change (Fig. 3A). High-quality fits were obtained using two-
dimensional lineshape analysis (Figs. S6–S10), yielding affin-
ities (Table 1) similar to those from ITC (Table 2), and site 4
peptide, but only at low temperatures (Table 1) (34). The ex-
change rates from the 1H–13C data parallel those from the
stronger 19F fitted site (Tables 1 and S2) indicating that the
kinetics are similar whether we monitor binding via SH3 or
Sos site 4 despite the uncertainties in the 19F fit.

In terms of equilibrium binding, linear fitting of van’t Hoff
plots yielded a ΔH

�0
D of 7 ± 2 kcal/mol and a TΔS

�0
D of 0 ±

2 kcal/mol at 298 K. Although we know that ΔC
�0
p;D is positive

from the change in ΔH
�0
D with temperature (Table 2) and

because the van’t Hoff data are curved (Figs. 3C and S11), its
magnitude is small, making a linear fit reasonable. In summary,
we find that binding is driven by a decrease in enthalpy, and
the entropic change is small.

In summary, the equilibrium results from ITC and NMR for
SH3–Sos binding agree with one another. The equilibrium
enthalpic and entropic contributions to binding are indistin-
guishable between methods. The small differences in affinities
may arise from the use of D2O (35) in the NMR experiments
or small differences in protein concentration estimates.
J. Biol. Chem. (2023) 299(3) 102984 3



Figure 2. ITC analysis of Sos–SH3 binding at 4.2 �C. A, Sos site 2. B, Sos site 2-matched knockout. C, Sos site 4. D, Sos site 4-matched knockout. A and B
were performed with 229 μM Sos and 4 mM SH3. C and D were performed with 250 μM Sos and 3.56 mM SH3. ITC, isothermal titration calorimetry; SH3, Src
homology 3; Sos, Son of sevenless.
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Turning to kinetics, we used linear Eyring analysis of kon and
koff to characterize the activation parameters for the interac-
tion of Sos with SH3. We obtained a ΔH

�0‡
A of 7 ± 1 kcal/mol

and a TΔS
�0‡
A of 1 ± 1 at 298 K. The activation enthalpy of

dissociation, ΔH
�0‡
D , was 14 ± 1 kcal/mol with a TΔS

�0‡
D (at

298 K) of 1 ± 2. Thus, the reaction in both directions shows
little to no entropic contribution but must overcome an
enthalpic barrier to associate and a higher enthalpic barrier to
dissociate.
4 J. Biol. Chem. (2023) 299(3) 102984
Discussion
The affinities of site 4 for SH3 in the peptide and the IDP are

similar at low temperatures and higher at high temperatures.
Further analysis reveals two important changes compared with
the peptide data. One difference concerns the difference in
heat capacity between the reactants and products, and the
other focuses on the entropy change for the reaction.

ΔH
�0
D of SH3–peptide binding remains favorable at all

temperatures and drives binding, in line with other studies of



Table 2
Parameter estimates for Sos site 2 and Sos site 4 from ITC measurements

Site Temperature (�C) Na KD
a (μM) ΔG

� 0
D
b (kcal/mol) ΔH

� 0
D
a (kcal/mol) TΔS

� 0
D

b (kcal/mol)

2 4.2 1.24 ± 0.03 5 ± 2 6.76 ± 0.03 2.5 ± 0.1 −4.25 ± 0.07
35 1.21 ± 0.01 14 ± 1 6.86 ± 0.01 8.9 ± 0.1 2.1 ± 0.1

4 4.2 1.23 ± 0.02 3 ± 1 6.95 ± 0.02 2.9 ± 0.1 −4.10 ± 0.03
35 1.27 ± 0.02 14 ± 3 6.84 ± 0.02 8.4 ± 0.3 1.5 ± 0.1

a Uncertanties derived from error propagation of three fits.
b Uncertainties are the standard deviation of three estimates.
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SH3–peptide interactions (21, 24, 36). Also, the peptide data
are well fit by linear van’t Hoff analysis (Fig. S3), suggesting
that ΔC

�0
P;D is small. Turning to the disordered protein,

although the data are too sparse for quantification, we observe
a positive ΔC

�0
P;D because the ΔH

�0
D becomes more favorable

with increasing temperature (Table 1).
Next we considered the entropic contribution to binding. At

equilibrium, the change is favorable at low temperatures and
becomes less favorable at higher temperatures (Table 2) but is
always unfavorable for the peptides (Fig. S1). If the only factor
was the mixing of SH3 and Sos, we expect unfavorable
entropic contributions at all temperatures, as observed for
SH3–peptide binding (14, 21, 24, 37–39). Although interpre-
tation of entropic contributions is problematic, our observa-
tion is consistent with the temperature dependence of IDP
hydrodynamic radii, in that IDPs become more compact at
higher temperatures (40–46). Explanations for this observation
suggest the release of water because the strength of the hy-
drophobic effect increases with temperature up to 110 �C, after
which the effect is expected to cause collapse (44, 47–50). At
low temperatures, we would expect the IDP to be more sol-
vated, and upon binding, will release water near the binding
interface. This release would result in a favorable change in
entropy that pays the cost of demixing. At higher tempera-
tures, the IDP has already undergone compaction, leaving less
water to be released, and there is less compensation for the
penalty of demixing.
Figure 3. 1H–13C HMQC titration of Sos site 4 at 35 �C. A, spectra. B, simulate
titrations. Measurements were made with a constant concentration of 51.5 μM S
concentrations are 270, 122, 100, 75.0, 50.0, 37.5, 25.0, 12.5, 6.25, 3.13, 1.65, 0.78
Son of sevenless.
An alternative explanation is that at lower temperatures, Sos
possesses transient structure, and that structure is disrupted
when SH3 binds. Taking the classical view of heat-induced
protein denaturation (51), this structure would melt at
higher temperatures, and the disordered protein would act
more like the peptide. The equilibrium thermodynamics of
binding at high temperatures (Table 2 and Fig. S1) are
consistent with this idea, but such an analysis would require
that the temperature dependence of the Sos IDR hydrody-
namic radius contradict the known behavior of other IDPs
(40–46).

In summary, for peptides, ΔG
0�
D becomes less favorable as

temperature increases but is nearly invariant for the disordered
protein, at least over the temperatures examined (Fig. 4). Such
a result has been reported before for an IDP (27). This
compensation is potentially beneficial for cells because the
invariance would require fewer regulatory mechanisms to
respond to temperature changes.

Turning to kinetics, the kon values for the peptides and the
IDP are all near diffusion limited, but the presence of the IDP
decreases koff. Combining this observation with the more
favorable ΔG

�0
D of the IDP suggests that the bound state is

simply more stable because of contacts with extra residues
bordering the binding site. The activation parameters, ΔG

�0‡
D

and ΔG
�0‡
A for Sos site 4, do not change with temperature,

limiting evaluation using Leffler-like analysis of the transition
complex (52). However, a parsimonious interpretation is that
d spectra from TITAN fits. C, van’t Hoff and Eyring analyses of 1H–13C HMQC
os site 4, with titration points signified by crosspeaks of different colors. SH3
1, 0.391, and 0 μM. HMQC, heteronuclear multiple quantum correlation; Sos,

J. Biol. Chem. (2023) 299(3) 102984 5



Figure 4. Temperature dependence of SH3–Sos dissociation free en-
ergy. SH3, Src homology 3; Sos, Son of sevenless.

Binding thermodynamics of a disordered protein
the mechanism does not change over the temperature range. It
is also reasonable to assume that the changes observed be-
tween the site 4 peptide and the IDP will hold with the site 2
peptide compared to the IDP, given the similarities in ener-
getics and kinetics between site 2 and 4 peptides (Table 1) and
the similarities in the IDP sites (Table 2).

In summary, we show that detailed quantification of an
extended-IDP interaction is possible. Although measuring the
interaction via the ligand (19F-labeled SH3) is challenging
because of nonspecific binding, monitoring residues in the
binding site (13C-enriched Sos) offers an alternative that will
facilitate characterization of other binding-competent IDPs.
Looking forward, more kinetic and equilibrium data on IDPs
are required to develop a general view of disordered proteins.
To build this view, we must combine information on specific
interactions as well as weaker and nonspecific interactions that
may contribute to biological outcomes and play a role in the
allovalency of IDPs with multiple binding sites (53–56).

Overall, interaction of the stabilized N-terminal SH3
domain of Drk with its native binding sequences is similar
mechanistically if the sites are on a short peptide or in the
context of the larger disordered protein. However, the addi-
tional residues in the IDP cause enthalpy–entropy compen-
sation such that ΔG

�0
D varies less with temperature compared

with the peptide. We also observe that at low temperatures,
binding to the IDP is entropically favorable but becomes less
favorable with increasing temperature. Our experimental
framework will facilitate the study of more IDP-binding sys-
tems and provide a better understanding of IDPs.

Experimental procedures

Construct designs

The Sos intrinsically disordered region was designed from D.
melanogaster Sos (UniProt ID: P26675) and comprises residues
1177 to 1405 (Fig. S12). Constructs were cloned into pET28b
plasmids with a C-terminal cysteine self-cleaving peptide (57)
followed by a decahistidine tag or hexahistidine tag. We later
observed that an N-terminal maltose-binding domain (MBD),
followed by a tobacco etch virus cleavage site, improved the
6 J. Biol. Chem. (2023) 299(3) 102984
yield. To focus on the strongest sites (2 and 4), we needed to
reduce binding at the weaker sites (1 and 3) but wanted to
minimally perturb any structural character of the region (i.e.,
maintain the native prolines). It was shown that in the PXΨPXR
motif, theΨ followed by R residues were themost consequential
to binding (21, 31), so we used alanine substitutions for these
residues to weaken the sites. Site 1 was already shown to bind
with millimolar affinity (24), so the single L1203A substitution
was chosen. For site 3, the L1372A and R1375A substitutions
were selected. C1306S and C1357S substitutions were also
introduced to prevent disulfide bond formation. The site 2
construct also contained the I1384A and K1387A substitutions
that reduce binding to site 4. The site 4 construct has the
L1346A, R1349A, andR1350A substitutions that reduce binding
to site 2. Site 2 has two positively charged residues at the C
terminus of the binding site, whereas site 4 has only one (Fig. 1).
It has been shown that multiple positively charged residues can
enhance binding (21), so it was necessary to substitute all of
them. The knockout construct contained all the described
substitutions. Following purification (described later), these
constructs contain additional SMG (with MBD)- or MG
(without MBD) residues at the N terminus and QSL residues at
the C terminus.
Expression and purification

Unenriched Sos was prepared as follows. The pET28b
plasmid containing the construct of interest was transformed
into BL21 (DE3) Escherichia coli cells (Thermo Fisher Scien-
tific). A 5 ml liquid culture of 25 g/l Lennox broth (LB, 10 g/l
tryptone, 5 g/l yeast extract, and 5 g/l NaCl) containing 50 mg/
l kanamycin was inoculated with a single colony and shaken at
37 �C, 225 rpm (Innova I26). After >6 h, 200 ml of LB was
inoculated with 200 μl of the smaller culture. The 200 ml
culture was shaken overnight at 37 �C, 225 rpm. The next day,
1 l cultures were inoculated with 10 or 20 ml of the overnight
culture and grown at 37 �C, 225 rpm. Isopropyl β-D-1-
thiogalactopyranoside (1 ml of a 1 M solution) was added
when the absorbance at 600 nm reached 0.6 (�2 h). Cultures
were then shaken overnight at 20 �C.

[13CH3-Ile]-enriched Sos was prepared as follows: a 5 ml
liquid culture of 25 g/l LB and 50 mg/l kanamycin was inoc-
ulated from a single colony and shaken at 37 �C, 225 rpm.
After >6 h, a 750 ml solution of 2× M9 media (100 mM
Na2HPO4, 40 mM KH2PO4, 9 mM NaCl, 3 g/l glucose, 1 g/l
NH4Cl, 0.1 mM CaCl2, 2 mM MgSO4, 10 mg/l thiamine,
10 mg/l biotin, and 50 mg/l kanamycin, pH 7.4) was inoculated
with 750 μl of the smaller culture. The 750 ml culture was
shaken overnight at 37 �C, 225 rpm. The next day, 1 l cultures
were inoculated with 50 ml of the overnight culture and grown
at 37 �C, 225 rpm. When the absorbance at 600 nm reached
0.55 (�6 h), 60 mg/l [3,3-D2]

13C α-ketobutyric acid (58, 59)
was added, and the temperature was lowered to 20 �C. After
30 min, 1 ml of 1 M isopropyl β-D-1-thiogalactopyranoside was
added, and the cultures were shaken overnight at 20 �C.

Following overnight incubation, the cultures were trans-
ferred to 1 l bottles and centrifuged at 1000g for 30 min. The
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pellets were resuspended in loading buffer (15.1 mM
Na2HPO4, 4.9 mM NaH2PO4, 20 mM imidazole, 300 mM
NaCl, 2 mM tris(2-carboxyethyl)phosphine hydrochloride,
10% v/v propylene glycol, pH 8.0), and protease inhibitors were
added (Sigma–Aldrich; P2714). Cells were lysed using a sonic
dismembrator (Fisher; model 505) at 30% amplitude, 1/1 s
power cycling in an ice-water bath, 10 min per 6 l. Lysates were
centrifuged at 17,540g for 45 min at 4 �C followed by syringe
filtration (Millex; 0.45 μm).

Filtered lysates were loaded on Ni2+ columns (Cytiva
HisTrap HP, 10 ml resin/6 l cell lysate) at 4 �C. The resin was
then washed with four column volumes of loading buffer and
equilibrated with cleavage buffer (15.1 mM Na2HPO4, 4.9 mM
NaH2PO4, 20 mM imidazole, 100 mM NaCl, 2 mM tris(2-
carboxyethyl)phosphine hydrochloride, 10% propylene glycol
v/v, 300 μM phytic acid, pH 8.0) (57). Cleavage was allowed to
occur overnight at 4 �C. The next day, cleaved protein was
eluted with cleavage buffer. The protein fractions were pooled,
and 1 ng of tobacco etch virus protease (60) was added. The
sample was transferred to a 3.5 kDa molecular weight cutoff
dialysis bag (Thermo Fisher Scientific) and dialyzed against 4 l
of 20 mMMES (2-(4-morpholino)ethanesulfonic acid), 75 mM
NaCl, 2.5 mM DTT, pH 6.0 for 3 h at room temperature.

Dialyzed samples were transferred to a conical vial, pro-
pylene glycol was added to 10% v/v, and the sample was
centrifuged for 5 min at 4500g, 25 �C, to remove aggregates.
The supernatant was processed using cation exchange chro-
matography at room temperature (Cytiva; SP High Perfor-
mance). A custom 25 ml column was equilibrated with 25 mM
MES, 4 M urea, 10% propylene glycol, and 120 mM NaCl. The
column was then washed with 1 column volume of the
equilibration buffer. A linear ramp to 300 mM NaCl over three
column volumes was used to separate the Sos construct from
closely related degradation products. Chromatography at 4 �C
provides insufficient resolution; the full-length construct and
degradation products interact and coelute. It is important to
perform this step at room temperature.

SDS-PAGE with Coomassie visualization was used to
identify sufficiently pure fractions. For storage, the selected
fractions were combined and concentrated to about 1 mM and
stored at −80 �C. The protein was exchanged into the appro-
priate buffer immediately before use. Determining the con-
centration of IPDs can be challenging (61); we estimated the
molar absorptivity at 280 nm (15,470 [M cm]−1) (62). We
further validated the identity and purity of the protein by high-
resolution mass spectrometry (Supplemental Materials,
Table S3).
SH3

The native partner of Sos is the N-terminal SH3 domain of
Drk (UniProt ID: Q08012). The wildtype sequence is partially
unfolded under native conditions (63). To focus on binding
alone, we used the stabilizedT22G variant (64) labeledwith a 19F
atom on the single tryptophan (W36) in the Sos-binding site
(29). Expression and purification were performed as described
(24, 65), except that after size-exclusion chromatography,
samples were polished via anion exchange chromatography to
remove nucleic acids. A custom 25 or 50 ml Sepharose Q col-
umn (Cytiva) was equilibrated in 50 mM Tris (pH 7.4), the
sample was loaded, and a linear ramp to 50 mM Tris, 450 mM
NaCl was performed over two column volumes. Only SH3
eluted during using this protocol. DNA does not stick as well to
the 5ml prepacked columns fromCytiva and coelutes with SH3.
Pure samples were extensively dialyzed into distilled and
deionized water (>17 MΩ cm), aliquoted into amounts appro-
priate for each experiment, flash frozen in ethanol/CO2(s), and
lyophilized for storage. Protein identity and purity were verified
by mass spectrometry (Table S3).

NMR

NMR data were acquired using Bruker Avance III HD spec-
trometers equipped with QCI cryoprobes (1H Larmor fre-
quencies of 500, 470MHz for 19F), orTCI cryoprobes (1HLarmor
frequencies of 850MHz, 213MHz for 13C). Data were processed
using NMRpipe (2020.171.18.39). Spectra across different tem-
peratures are referenced to trimethylsilylpropanesulfonate.

19F spectra of Sos site 2 peptide (GenScript Biotech; >98%
purity) were acquired using between 80 and 400 scans, with a 15
PPM sweep width, 1400 complex points, an interscan delay of
2.5 s, and a center frequency of −122.5 PPM.NMR samples were
prepared as described (24). Titrations were performed three
times: once using peptide concentrations of 0, 29, 73, 145, 218,
290, 435, 580, 870, 1160, and 1450 μM with an SH3 concen-
tration of 290μM, then twicewith peptide concentrations of 0, 6,
16, 45, 64, 91, 128, 181, 256, 363, and 1450 μM and SH3 con-
centrations at 290 and 145 μM.

1H–13C correlation spectra were acquired using a hetero-
nuclear multiple quantum correlation experiment (optimized
for the methyl transverse relaxation optimized spectroscopy
effect) (66) with between 8 and 40 scans, depending on the
signal/noise of the Ile1384 peak. The 1H sweep width was 15
PPM using 5120 complex points and a center frequency at 4.7
PPM. Forty-eight complex points were collected in the indirect
dimension, with a sweep width of 5 PPM, and a center fre-
quency of 12.5 PPM. The water signal was suppressed and
dephased using a combination of presaturation and selective
shaped pulses. Sos site 4 protein was exchanged into 20 mM
sodium phosphate, pH 7.5 plus 5% (v/v) D2O using a PD-10
midi desalting column (Cytiva); its concentration was then
adjusted to 51.5 μM. Four hundred microliters of Sos site 4
solution were used to dissolve lyophilized SH3 for the initial
titration point, and then spectra were acquired at 4.2, 15, 25,
35, and 45 �C. The solution containing only Sos site 4 was used
for a series of dilutions to obtain SH3 titration points of 270,
122, 100, 75.0, 50.0, 37.5, 25.0, 12.5, 6.25, 3.13, 1.56, 0.781,
0.391, and 0 μM.

NMR titration data analysis

1D NMR titration measurements of peptides with
19F-labeled SH3 were fit to a two-state interaction model
(peptideþ SH3! complex) using 19F lineshape analysis, as
described (24). The uncertainties in dissociation constants and
J. Biol. Chem. (2023) 299(3) 102984 7
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dissociation rates are the standard error of triplicate mea-
surements. Measurements across multiple temperatures were
then fitted to van’t Hoff and Eyring equations to determine
ΔH

�0
D , TΔS

�0
D;298:15K , ΔH

�0‡
A , TΔS

�0‡
A;298:15 K , ΔH

�0‡
D , and

TΔS
�0‡
D;298:15K , with uncertainties determined by the standard

deviations of bootstrap analysis with 1000 replicas (MATLAB
2021b).

1H–13C heteronuclear multiple quantum correlation titra-
tion measurements of SH3 into [13CH3-Ile]-labeled Sos were
analyzed using NMR TITAN, version 1.6 (34). Measurements
for each temperature were fit to a two-state interaction model,
and parameter uncertainties were estimated from 100 boot-
strapped replicas (34, 67). Ile1384, Ile1394, Ile1325, and one
pseudo peak were fit as a single spin group to account for
overlapping resonances. Measurements across multiple tem-
peratures were then fitted to the van’t Hoff and Eyring equa-
tions to determine ΔH

�0
D , TΔS

�0
D;298:15K , ΔH

�0‡
A , TΔS

�0‡
A;298:15 K ,

ΔH
�0‡
D , and TΔS

�0‡
D;298:15K . Errors generated from TITAN fits

were used to perform weighted least squares regressions, and
the reported uncertainties are the 95% confidence intervals of
fits.

ITC

Each set of protein samples were exchanged using PD-10
midi desalting columns and then dialyzed overnight into the
same solution of 20 mM sodium phosphate, pH 7.5 using
dialysis cassettes (Thermo Fisher Scientific; 2 kDa molecular
weight cutoff). Samples were filtered (Millex; 0.22 μm) prior to
measurement, and concentrations were validated by
measuring the absorbance at 280 nm (Thermo Fisher Scien-
tific; NanoDrop One).

ITC was performed using a MicroCal PEAQ-ITC Auto-
mated (Malvern Panalytical), with Sos in the cell and SH3 as
the ligand, with one 0.4 μl injection, followed by 19, 2 μl in-
jections. At 4.2 �C, the cell concentration was 229 μM, and the
ligand concentration was 4.00 mM for site 2. For site 4, the cell
concentration was 250 μM, and the ligand concentration was
3.56 mM. At 35 �C, the cell concentration was 229 μM, and the
ligand concentration was 4.00 mM for site 2. For site 4, the cell
concentration was 350 μM, and the ligand concentration was
4.67 mM. Knockout measurements were concentration
matched and made alongside each measurement described.

ITC data analysis

Data were analyzed with PEAQ-ITC Analysis Software
(Malvern Panalytical). To distinguish specific binding from
nonspecific binding, knockout replicates were used as controls
and subtracted from the corresponding Sos replicate. Mea-
surements for each construct were fit to a single-site model.

Data availability

All data are contained within the article.
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tion (24, 30, 68, 69).
8 J. Biol. Chem. (2023) 299(3) 102984
Acknowledgments—We thank the Pielak laboratory for useful dis-
cussions, Stuart Parnham for his ever-successful efforts to maintain
the spectrometers, the Drew Lee laboratory for the HMQC pulse
sequence and help with its implementation, Laura Herring and
Thomas Webb of the UNC Michael Hooker Proteomics core,
Matt Begley, Ashutosh Tripathy, and Elizabeth Pielak and Hannah
Scanlan for comments on the article.

Author contributions—J. F. T. and G. J. P. conceptualization; J. F. T.,
C. A. W., and G. J. P. methodology; C. A. W. software; J. F. T. and
C. A. W. formal analysis; J. F. T. investigation; J. F. T. writing–
original draft; C. A. W. and G. J. P. writing–review & editing;
G. J. P. funding acquisition.

Funding and additional information—This work was supported by
the National Science Foundation (grant no.: MCB-1909664; to G. J.
P.) and by the National Institutes of Health (grant no.: P30
CA016086, to the University of North Carolina Lineberger
Comprehensive Cancer Center). The content is solely the re-
sponsibility of the authors and does not necessarily represent the
official views of the National Science Foundation or the National
Institutes of Health.

Conflict of interest—The authors declare no conflicts of interests
with the contents of this article.

Abbreviations—Drk, Downstream of receptor kinase; IDP, intrinsi-
cally disordered protein; IDR, intrinsically disordered region; ITC,
isothermal titration calorimetry; LB, Lennox broth; MBD, maltose-
binding domain; SH3, Src homology 3; Sos, Son of sevenless.

References

1. Xue, B., Dunker, A. K., and Uversky, V. N. (2012) Orderly order in protein
intrinsic disorder distribution: disorder in 3500 proteomes from viruses
and the three domains of life. J. Biomol. Struct. Dyn. 30, 137–149

2. Dunker, A. K., Lawson, J. D., Brown, C. J., Williams, R. M., Romero, P.,
Oh, J. S., et al. (2001) Intrinsically disordered protein. J. Mol. Graphics
Model. 19, 26–59

3. Wright, P. E., and Dyson, H. J. (2015) Intrinsically disordered proteins in
cellular signalling and regulation. Nat. Rev. Mol. Cell Biol. 16, 18–29

4. Bondos, S. E., Dunker, A. K., and Uversky, V. N. (2022) Intrinsically
disordered proteins play diverse roles in cell signaling. Cell Commun.
Signal. 20, 20

5. Wright, P. E., and Dyson, H. J. (1999) Intrinsically unstructured proteins:
Re-assessing the protein structure-function paradigm. J. Mol. Biol. 293,
321–331

6. van der Lee, R., Buljan, M., Lang, B., Weatheritt, R. J., Daughdrill, G. W.,
Dunker, A. K., et al. (2014) Classification of intrinsically disordered re-
gions and proteins. Chem. Rev. 114, 6589–6631

7. Teilum, K., Olsen, J., and Kragelund, B. B. (2015) Globular and disordered
– the non-identical twins in protein-protein interactions. Front. Mol.
Biosci. 2, 40

8. Borgia, A., Borgia, M. B., Bugge, K., Kissling, V. M., Heidarsson, P. O.,
Fernandes, C. B., et al. (2018) Extreme disorder in an ultrahigh-affinity
protein complex. Nature 555, 61–66

9. Bugge, K., Brakti, I., Fernandes, C. B., Dreier, J. E., Lundsgaard, J. E.,
Olsen, J. G., et al. (2020) Interactions by disorder – a matter of context.
Front. Mol. Biosci. 7, 110

10. Li, J., White, J. T., Saavedra, H., Wrabl, J. O., Motlagh, H. N., Liu, K., et al.
(2017) Genetically tunable frustration controls allostery in an intrinsically
disordered transcription factor. eLife 6, e30688

11. Waudby, C. A., Alvarez-Teijeiro, S., Josue Ruiz, E., Suppinger, S., Pinot-
sis, N., Brown, P. R., et al. (2022) An intrinsic temporal order of c-JUN N-
terminal phosphorylation regulates its activity by orchestrating co-factor
recruitment. Nat. Commun. 13, 6133

http://refhub.elsevier.com/S0021-9258(23)00116-3/sref1
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref1
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref1
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref2
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref2
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref2
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref3
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref3
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref4
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref4
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref4
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref5
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref5
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref5
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref6
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref6
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref6
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref7
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref7
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref7
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref8
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref8
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref8
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref9
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref9
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref9
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref10
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref10
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref10
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref11
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref11
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref11
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref11


Binding thermodynamics of a disordered protein
12. Widmann, C., Gibson, S., Jarpe, M. B., and Johnson, G. L. (1999)
Mitogen-activated protein kinase: conservation of a three-kinase module
from yeast to human. Physiol. Rev. 79, 143–180

13. Dhillon, A. S., Hagan, S., Rath, O., and Kolch, W. (2007) Map kinase
signalling pathways in cancer. Oncogene 26, 3279–3290

14. Olivier, J. P., Raabe, T., Henkemeyer, M., Dickson, B., Mbamalu, G.,
Margolis, B., et al. (1993) A Drosophila SH2-SH3 adaptor protein
implicated in coupling the sevenless tyrosine kinase to an activator of Ras
guanine nucleotide exchange, Sos. Cell 73, 179–191

15. Raabe, T., Olivier, J. P., Dickson, B., Liu, X., Gish, G. D., Pawson, T., et al.
(1995) Biochemical and genetic analysis of the drk SH2/SH3 adaptor
protein of Drosophila. EMBO J. 14, 2509–2518

16. Kumar, J. P. (2018) The fly eye: through the looking glass. Dev. Dyn. 247,
111–123

17. Gureasko, J., Galush, W. J., Boykevisch, S., Sondermann, H., Bar-Sagi, D.,
Groves, J. T., et al. (2008) Membrane-dependent signal integration by the
Ras activator son of sevenless. Nat. Struct. Mol. Biol. 15, 452–461

18. Gureasko, J., Kuchment, O., Makino Debora, L., Sondermann, H., Bar-
Sagi, D., and Kuriyan, J. (2010) Role of the histone domain in the auto-
inhibition and activation of the Ras activator son of sevenless. Proc. Natl.
Acad. Sci. U. S. A. 107, 3430–3435

19. Yadav Kamlesh, K., and Bar-Sagi, D. (2010) Allosteric gating of son of
sevenless activity by the histone domain. Proc. Natl. Acad. Sci. U. S. A.
107, 3436–3440

20. Lee, Y. K., Low-Nam, S. T., Chung, J. K., Hansen, S. D., Lam, H. Y. M.,
Alvarez, S., et al. (2017) Mechanism of SOS PR-domain autoinhibition
revealed by single-molecule assays on native protein from lysate. Nat.
Commun. 8, 15061

21. McDonald, C. B., Seldeen, K. L., Deegan, B. J., and Farooq, A. (2009) SH3
domains of Grb2 adaptor bind to PCΨPCR motifs within the Sos1
nucleotide exchange factor in a discriminate manner. Biochemistry 48,
4074–4085

22. Yu, H., Chen, J. K., Feng, S., Dalgarno, D. C., Brauer, A. W., and
Schrelber, S. L. (1994) Structural basis for the binding of proline-rich
peptides to SH3 domains. Cell 76, 933–945

23. Liao, T.-J., Jang, H., Nussinov, R., and Fushman, D. (2020) High-affinity
interactions of the nSH3/cSH3 domains of Grb2 with the C-terminal
proline-rich domain of SOS1. J. Am. Chem. Soc. 142, 3401–3411

24. Stadmiller, S. S., Aguilar, J. S., Waudby, C. A., and Pielak, G. J. (2020)
Rapid quantification of protein-ligand binding via 19F NMR lineshape
analysis. Biophys. J. 118, 2537–2548

25. Hwang, T., Parker, S. S., Hill, S. M., Grant, R. A., Ilunga, M. W.,
Sivaraman, V., et al. (2022) Native proline-rich motifs exploit sequence
context to target actin-remodeling Ena/VASP protein ENAH. eLife 11,
e70680

26. Kragelj, J., Orand, T., Delaforge, E., Tengo, L., Blackledge, M., Palencia, A.,
et al. (2021) Enthalpy–entropy compensation in the promiscuous inter-
action of an intrinsically disordered protein with homologous protein
partners. Biomolecules 11, 1204

27. Sahu, D., Bastidas, M., Lawrence, C. W., Noid, W. G., and Showalter, S. A.
(2016) Assessing coupled protein folding and binding through tempera-
ture-dependent isothermal titration calorimetry. In Methods Enzymol,
Academic Press, Cambridge, MA: 23–45

28. Lumry, R., and Rajender, S. (1970) Enthalpy-entropy compensation
phenomena in water solutions of proteins and small molecules: a ubiq-
uitous property of water. Biopolymers 9, 1125–1227

29. Crowley, P. B., Kyne, C., and Monteith, W. B. (2012) Simple and inex-
pensive incorporation of 19F-tryptophan for protein NMR spectroscopy.
Chem. Commun. 48, 10681–10683

30. Stadmiller, S. S., Aguilar, J. S., Parnham, S., and Pielak, G. J. (2020)
Protein-peptide binding energetics under crowded conditions. J. Phys.
Chem. B 124, 9297–9309

31. Wittekind, M., Mapelli, C., Lee, V., Goldfarb, V., Friedrichs, M. S.,
Meyers, C. A., et al. (1997) Solution structure of the Grb2 N-terminal
SH3 domain complexed with a ten-residue peptide derived from SOS:
direct refinement against NOEs, J-couplings and 1H and 13C chemical
shifts. J. Mol. Biol. 267, 933–952
32. Velazquez-Campoy, A., Leavitt, S. A., and Freire, E. (2015) Character-
ization of protein-protein interactions by isothermal titration calorimetry.
Met. Mol. Biol. 1278, 183–204

33. Pierce, M. M., Raman, C. S., and Nall, B. T. (1999) Isothermal titration
calorimetry of protein-protein interactions. Methods 19, 213–221

34. Waudby, C. A., Ramos, A., Cabrita, L. D., and Christodoulou, J. (2016)
Two-dimensional NMR lineshape analysis. Sci. Rep. 6, 24826

35. Stadmiller, S. S., and Pielak, G. J. (2018) Enthalpic stabilization of an SH3
domain by D2O. Protein Sci. 27, 1710–1716

36. Veer, Zeng, D., Krieger, I., James, and Cho, J.-H. (2016) Binding mech-
anism of the N-terminal SH3 domain of CrkII and proline-rich motifs in
cAbl. Biophys. J. 110, 2630–2641

37. Ferreon, J. C., and Hilser, V. J. (2004) Thermodynamics of binding to SH3
domains: the energetic impact of polyproline II helix formation.
Biochemistry 43, 7787–7797

38. Candel, A. M., van Nuland, N. A. J., Martin-Sierra, F. M., Martinez, J. C.,
and Conejero-Lara, F. (2008) Analysis of the thermodynamics of binding
of an SH3 domain to proline-rich peptides using a chimeric fusion pro-
tein. J. Mol. Biol. 377, 117–135

39. Demers, J.-P., and Mittermaier, A. (2009) Binding mechanism of an SH3
domain studied by NMR and ITC. J. Am. Chem. Soc. 131, 4355–4367

40. Nettels, D., Müller-Späth, S., Küster, F., Hofmann, H., Haenni, D.,
Rüegger, S., et al. (2009) Single-molecule spectroscopy of the
temperature-induced collapse of unfolded proteins. Proc. Natl. Acad. Sci.
U. S. A. 106, 20740–20745

41. Ciasca, G., Campi, G., Battisti, A., Rea, G., Rodio, M., Papi, M., et al.
(2012) Continuous thermal collapse of the intrinsically disordered protein
tau is driven by its entropic flexible domain. Langmuir 28, 13405–13410

42. Langridge, T. D., Tarver, M. J., and Whitten, S. T. (2014) Temperature
effects on the hydrodynamic radius of the intrinsically disordered N-
terminal region of the p53 protein. Proteins 82, 668–678

43. Wuttke, R., Hofmann, H., Nettels, D., Borgia, M. B., Mittal, J., Best, R. B.,
et al. (2014) Temperature-dependent solvation modulates the dimensions
of disordered proteins. Proc. Natl. Acad. Sci. U. S. A. 111, 5213–5218

44. Battisti, A., Ciasca, G., Grottesi, A., and Tenenbaum, A. (2017) Thermal
compaction of the intrinsically disordered protein tau: entropic, struc-
tural, and hydrophobic factors. Phys. Chem. Chem. Phys. 19, 8435–8446

45. Moretti, P., Mariani, P., Ortore, M. G., Plotegher, N., Bubacco, L., Bel-
tramini, M., et al. (2020) Comprehensive structural and thermodynamic
analysis of prefibrillar WT α-synuclein and its G51D, E46K, and A53T
mutants by a combination of small-angle X-ray scattering and variational
bayesian weighting. J. Chem. Inf. Model. 60, 5265–5281

46. Bhuyan, A. K. (2022) Negative thermal expansion and disorder-to-order
collapse of an intrinsically disordered protein under marginally dena-
turing conditions. J. Phys. Chem. B 126, 5055–5065

47. Zerze, G. H., Best, R. B., and Mittal, J. (2015) Sequence- and temperature-
dependent properties of unfolded and disordered proteins from atomistic
simulations. J. Phys. Chem. B 119, 14622–14630

48. Kauzmann, W. (1959). In: Anfinsen, C. B., Anson, M. L., Bailey, K.,
Edsall, J. T., eds., Advances in Protein Chemistry 14. Academic Press,
Cambridge, MA: 1–63

49. Zosel, F., Soranno, A., Buholzer, K. J., Nettels, D., and Schuler, B. (2020)
Depletion interactions modulate the binding between disordered proteins
in crowded environments. Proc. Natl. Acad. Sci. U. S. A. 117,
13480–13489

50. Park, S., Barnes, R., Lin, Y., Jeon, B.-J., Najafi, S., Delaney, K. T., et al.
(2020) Dehydration entropy drives liquid-liquid phase separation by
molecular crowding. Commun. Chem. 3, 83

51. Daggett, V., and Fersht, A. (2003) The present view of the mechanism of
protein folding. Nat. Rev. Mol. Cell Biol. 4, 497–502

52. Rogers, J. M., Oleinikovas, V., Shammas, S. L., Wong, C. T., De Sancho,
D., Baker, C. M., et al. (2014) Interplay between partner and ligand fa-
cilitates the folding and binding of an intrinsically disordered protein.
Proc. Natl. Acad. Sci. U. S. A. 111, 15420–15425

53. Olsen, J. G., Teilum, K., and Kragelund, B. B. (2017) Behaviour of
intrinsically disordered proteins in protein–protein complexes with an
emphasis on fuzziness. Cell. Mol. Life Sci. 74, 3175–3183
J. Biol. Chem. (2023) 299(3) 102984 9

http://refhub.elsevier.com/S0021-9258(23)00116-3/sref12
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref12
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref12
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref13
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref13
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref14
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref14
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref14
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref14
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref15
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref15
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref15
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref16
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref16
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref17
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref17
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref17
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref18
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref18
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref18
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref18
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref19
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref19
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref19
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref20
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref20
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref20
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref20
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref21
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref21
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref21
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref21
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref22
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref22
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref22
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref23
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref23
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref23
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref24
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref24
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref24
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref24
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref25
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref25
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref25
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref25
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref26
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref26
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref26
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref26
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref27
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref27
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref27
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref27
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref28
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref28
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref28
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref29
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref29
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref29
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref29
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref30
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref30
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref30
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref31
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref31
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref31
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref31
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref31
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref31
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref31
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref32
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref32
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref32
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref33
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref33
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref34
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref34
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref35
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref35
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref35
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref36
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref36
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref36
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref37
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref37
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref37
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref38
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref38
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref38
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref38
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref39
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref39
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref40
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref40
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref40
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref40
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref41
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref41
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref41
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref42
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref42
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref42
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref43
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref43
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref43
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref44
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref44
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref44
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref45
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref45
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref45
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref45
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref45
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref46
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref46
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref46
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref47
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref47
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref47
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref48
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref48
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref48
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref49
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref49
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref49
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref49
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref50
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref50
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref50
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref51
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref51
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref52
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref52
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref52
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref52
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref53
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref53
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref53


Binding thermodynamics of a disordered protein
54. Gao, A., Shrinivas, K., Lepeudry, P., Suzuki, H. I., Sharp, P. A., and
Chakraborty, A. K. (2018) Evolution of weak cooperative interactions for
biological specificity. Proc. Natl. Acad. Sci. U. S. A. 115, E11053–E11060

55. Strickland, M., Kale, S., Strub, M.-P., Schwieters, C. D., Liu, J., Peter-
kofsky, A., et al. (2019) Potential regulatory role of competitive encounter
complexes in paralogous phosphotransferase systems. J. Mol. Biol. 431,
2331–2342

56. Kale, S., Strickland, M., Peterkofsky, A., Liu, J., and Tjandra, N. (2019)
Model of a kinetically driven crosstalk between paralogous protein
encounter complexes. Biophys. J. 117, 1655–1665

57. Biancucci, M., Dolores, J. S., Wong, J., Grimshaw, S., Anderson, W. F.,
Satchell, K. J. F., et al. (2017) New ligation independent cloning vectors
for expression of recombinant proteins with a self-cleaving CPD/6xhis-
tag. BMC Biotechnol. 17, 1

58. Gardner, K. H., and Kay, L. E. (1997) Production and incorporation of
15N, 13C, 2H (1H-δ1 methyl) isoleucine into proteins for multidimensional
NMR studies. J. Am. Chem. Soc. 119, 7599–7600

59. Goto, N. K., Gardner, K. H., Mueller, G. A., Willis, R. C., and Kay, L. E.
(1999) A robust and cost-effective method for the production of val, leu,
ile (δ1) methyl-protonated 15N-, 13C-, 2H-labeled proteins. J. Biomol.
NMR 13, 369–374

60. Tropea, J. E., Cherry, S., and Waugh, D. S. (2009) Expression and purifi-
cation of soluble his(6)-tagged TEV protease.Met. Mol. Biol. 498, 297–307

61. Contreras-Martos, S., Nguyen, H. H., Nguyen, P. N., Hristozova, N.,
Macossay-Castillo, M., Kovacs, D., et al. (2018) Quantification of
intrinsically disordered proteins: a problem not fully appreciated. Front.
Mol. Biosci. 5, 83
10 J. Biol. Chem. (2023) 299(3) 102984
62. Gasteiger, E., Hoogland, C., Gattiker, A., Duvaud, S. E., Wilkins, M. R.,
Appel, R. D., et al. (2005) Protein identification and analysis tools on the
ExPASy server. In The Proteomics Protocols Handbook, Humana Press,
Totowa, NJ: 571–607

63. Zhang, O., and Forman-Kay, J. D. (1997) NMR studies of unfolded states
of an SH3 domain in aqueous solution and denaturing conditions.
Biochemistry 36, 3959–3970

64. Bezsonova, I., Singer, A., Choy, W. Y., Tollinger, M., and Forman-Kay, J.
D. (2005) Structural comparison of the unstable drkn SH3 domain and a
stable mutant. Biochemistry 44, 15550–15560

65. Piszkiewicz, S., Gunn, K. H., Warmuth, O., Propst, A., Mehta, A.,
Nguyen, K. H., et al. (2019) Protecting activity of desiccated enzymes.
Protein Sci. 28, 941–951

66. Ollerenshaw, J. E., Tugarinov, V., and Kay, L. E. (2003) Methyl TROSY:
explanation and experimental verification. Magn. Reson. Chem. 41, 843–852

67. Waudby, C. A., and Christodoulou, J. (2020) NMR lineshape analysis of
intrinsically disordered protein interactions. In Intrinsically Disordered
Proteins, Springer, US: 477–504

68. Pavlovi�c, R. Z., Lalisse, R. F., Hansen, A. L., Waudby, C. A., Lei, Z.,
Güney, M., et al. (2021) From selection to instruction and back:
Competing conformational selection and induced fit pathways in abiotic
hosts. Angew. Chem., Int. Ed. 60, 19942–19948

69. Waudby, C. A., Ramos, A., Cabrita, L. D., and Christodoulou, J. (2016)
Two-dimensional NMR lineshape analysis. Sci. Rep. 6, 24826

70. Kurcinski, M., Pawel Ciemny, M., Oleniecki, T., Kuriata, A., Badaczewska-
Dawid, A. E., Kolinski, A., et al. (2019) CABS-dock standalone: a toolbox for
flexible protein–peptide docking. Bioinformatics 35, 4170–4172

http://refhub.elsevier.com/S0021-9258(23)00116-3/sref54
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref54
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref54
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref55
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref55
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref55
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref55
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref56
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref56
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref56
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref57
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref57
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref57
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref57
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref58
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref58
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref58
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref58
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref58
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref58
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref58
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref59
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref59
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref59
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref59
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref59
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref59
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref59
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref60
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref60
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref61
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref61
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref61
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref61
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref62
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref62
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref62
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref62
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref63
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref63
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref63
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref64
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref64
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref64
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref65
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref65
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref65
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref66
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref66
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref67
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref67
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref67
http://refhub.elsevier.com/S0021-9258(23)00116-3/optcSCdBTIRMA
http://refhub.elsevier.com/S0021-9258(23)00116-3/optcSCdBTIRMA
http://refhub.elsevier.com/S0021-9258(23)00116-3/optcSCdBTIRMA
http://refhub.elsevier.com/S0021-9258(23)00116-3/optcSCdBTIRMA
http://refhub.elsevier.com/S0021-9258(23)00116-3/optcSCdBTIRMA
http://refhub.elsevier.com/S0021-9258(23)00116-3/optZ2hLweru0B
http://refhub.elsevier.com/S0021-9258(23)00116-3/optZ2hLweru0B
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref68
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref68
http://refhub.elsevier.com/S0021-9258(23)00116-3/sref68

	Disordered proteins mitigate the temperature dependence of site-specific binding free energies
	Results
	Discussion
	Experimental procedures
	Construct designs
	Expression and purification
	SH3
	NMR
	NMR titration data analysis
	ITC
	ITC data analysis

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


