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The dynamic multisite interactions between two intrinsically
disordered proteins
Shaowen Wu,[1,3] Dongdong Wang,[1,3] Jin Liu,[1,3] Yitao Feng,[1] Jingwei Weng,*[1] Yu Li,[2] Xin Gao,[2]
Jianwei Liu,*[1] and Wenning Wang*[1]

Abstract: Protein interactions involving intrinsically disordered
proteins (IDPs) comprise a variety of binding modes, from the well
characterized folding upon binding to dynamic fuzzy complex. To
date, most studies concern the binding of an IDP to a structured
protein, while the interaction between two IDPs is poorly understood.
In this study, we combined NMR, smFRET, and molecular dynamics
(MD) simulation to characterize the interaction between two IDPs,
the C-terminal domain (CTD) of protein 4.1G and the nuclear mitotic
apparatus (NuMA) protein. It is revealed that CTD and NuMA form a
fuzzy complex with remaining structural disorder. Multiple binding
sites on both proteins were identified by MD and mutagenesis
studies. Our study provides an atomic scenario in which two IDPs
bearing multiple binding sites interact with each other in dynamic
equilibrium. The combined approach employed here could be widely
applicable for investigating IDPs and their dynamic interactions.

Protein 4.1 is a ubiquitously expressed adaptor protein that
cross-links spectrin/actin cytoskeleton to a wide variety of
membrane proteins.[1] In vertebrates, protein 4.1 family has four
members: 4.1R, 4.1G, 4.1N, and 4.1B. Early studies have
reported that 4.1R/4.1N interacts with NuMA and regulates the
assembly of the mitotic spindle.[2] Recently, 4.1R/4.1G-NuMA
interaction was found to play a major role in the anaphasespecific localization of NuMA in symmetrically dividing Hela
cells,[3] and in the maintenance of NuMA cortical stability and
spindle orientation in asymmetrically dividing keratinocytes. [4]
Protein 4.1 interacts with NuMA’s C-terminal region through its
highly conserved C-terminal domain (CTD) (Figure 1a).[2-5] CTD
is unique for the protein 4.1 family members, and is conserved
through invertebrates to vertebrates.[1] It was first defined as a
22/24 kDa domain by its resistance to chymotryptic digestion of
4.1R.[6] More detailed biochemical characterizations of CTD
showed that a 15-kDa fragment is stable under chymotryptic
digestion and is most likely a globular folded domain. [7] Recent
NMR characterizations of 4.1R-CTD demonstrated that it is most
likely intrinsically disordered or unstructured. [8] On the other
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hand, the C-terminal region of NuMA, which contains binding
sites for several proteins involved in the control of mitosis,[2a, 9] is
also unstructured according to sequence analysis and previous
structural studies.[10] A conventional diagram of IDP interaction
involves a disorder-to-order transition to form a stable structured
complex. Alternatively, recent studies have shown that IDPs
could also form dynamic complex with remaining structural
disorder. However, in most of the cases the binding partner of
IDP is a stably folded protein. It is intriguing that how two IDPs
form specific binding, and what kind of binding model they follow.
A fully quantitative characterization of intrinsically disordered
proteins (IDPs) and their interactions is a big challenge. Each of
the current techniques could only provide limited information on
the heterogeneous conformational states of IDPs. A potentially
applicable approach is combining complementary techniques,
especially experimental and computational ones to decipher the
broad structure ensemble of IDPs and their interactions. In this
work, we combine NMR, MD simulation, and smFRET to
characterize the interaction between 4.1G-CTD and NuMA in
atomic detail. It is shown that 4.1G-CTD and NuMA form a
dynamic complex with both proteins unstructured. The dynamic
multisite interaction mode is characterized in atomic detail.
We started by verifying the direct interaction between the CTD of
4.1G (aa. 886-1005) and the C-terminal region of NuMA (aa.
1788-1832) through GST pull-down (Figure 1b). To find the
optimal binding regions, we purified various fragments of the two
proteins and characterized the binding affinities by isothermal
titration calorimetry (ITC) measurements (Figure 1c). It turns out
that 4.1G868-1005 is sufficient for binding to NuMA1800-1825,
and the C-terminal half of 4.1G (4.1G939-1005) is the major
binding region (Figure 1c,d).

Figure 1. Biochemical characterizations of 4.1G-NuMA interaction. (a) The
domain organization of 4.1G and NuMA. The 4.1G binding motif (aa. 18001825) in NuMA CTD is indicated. (b) GST pull-down assay showing the
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interaction between GST-4.1G-CTD and NuMA 1788-1832. (c) The binding
affinity of NuMA 1800-1825 to various 4.1G segments at the CTD region
measured by ITC. (d) ITC experiments of the interactions of NuMA with
4.1G868-1005 and 4.1G939-1005.

To explore the structural basis of the interaction between CTD
and NuMA, we used NMR spectroscopy to characterize the
4.1G868-1005 fragment. The 1H-15N HSQC spectrum of
4.1G868-1005 displays limited amide proton chemical shift
dispersion (Figure S1), a diagnostic characteristic of intrinsically
disordered proteins. We failed in backbone assignment of
4.1G868-1005 due to protein sample aggregation. Since the
shorter fragment 4.1G939-1005 exhibits comparable affinity for
NuMA1800-1825 (Figure 1c), we characterized this protein in
details. The 1H-15N HSQC spectrum of 4.1G939-1005 also
displays limited chemical shift dispersion, and ~ 60% backbone
assignments were achieved (Figure 2a). The secondary
structure propensity (SSP) values[11] were determined using
chemical shifts. The SSP values demonstrate that although most
regions do not form regular secondary structures, a stretch of
residues between Gln970 and Arg980 has up to 70% weighted
likelihood to form -helix (referred to A hereafter, Figure 2b).
This observation is in agreement with the sequence-based
disorder prediction using PONDR (Figure S2).

Figure 2. 4.1G CTD region is intrinsically disordered. (a) The 1H-15N HSQC
spectrum of 4.1G939-1005 at pH 6.8 shows that the protein is intrinsically
disordered. (b) Secondary structure estimated from the C and C chemical

shifts of 4.1G939-1005. (c) The agreement between the experimental C
chemical shifts (left) and secondary chemical shifts (right) of 4.1G939-1005
with those predicted from the structure ensemble of REMD simulation. (d) The
representative structures of the first 15 clusters of the structure ensemble of
4.1G939-1005 from the REMD simulation.

To obtain the structural ensemble of 4.1G939-1005, we
performed a total of 9.6 s replica-exchange molecular
dynamics (REMD) simulation (see Methods for more details).
The chemical shifts and secondary chemical shifts (SCSs) of C
and C predicted from the MD-derived structure ensemble are in
good agreement with the NMR measurements (Figure 2c and
Figure S3). The agreement here is comparable and even better
than other simulation works.[12] RMSD-based cluster analysis
provides us a clearer picture of the structural ensemble. The top
15 clusters of the conformational ensemble exhibits remarkable
structural heterogeneity (Figure 2d). Nevertheless, consistent
with the NMR experiment, the A helix is remarkably stable in
almost all the clusters (Figure 2d). REMD simulation also
demonstrates that 4.1G-CTD is generally globular. It was
proposed that the low hydrophobicity and a high net change is
an important prerequisite for the absence of a compact
structure.[13] By calculating the charge/hydropathy (C/H) ratios of
4.1G-CTD fragments, we found that 4.1G-CTD is on the edge of
being natively unfolded and folded globular proteins (Figure S4).
This explains why the previous biochemical study has identified
CTD as a globular domain.[7] In the broad spectrum of IDPs,
4.1G-CTD apparently belongs to the partially or weakly folded
proteins rather than the extended coils.
To characterize the NuMA-4.1G interaction interface, we
performed NMR titration experiments. Titration of unlabeled
NuMA1800-1825 step-by-step into 4.1G939-1005 leads to
resonance line broadening for most of the peaks on the 1H-15N
HSQC spectrum (Figure S5). This phenomenon could result
from the increased effective correlation time, restricted
conformational motion, and/or exchange between the free and
bound states on the microsecond to millisecond time scales. All
the peaks did not show obvious chemical shift changes during
titration (Figure S5), suggesting that 4.1G939-1005 remained
structurally disordered upon NuMA binding. In the cases where
IDPs fold into a stable structure upon complex formation, such
as the case of pKID/KIX complex,[14] new NMR peaks appear at
chemical shifts charactering structured proteins upon complex
formation. There is no such evidence in our system. It is most
likely that 4.1G-CTD does not undergo an overall disorder-toorder transition upon NuMA binding and the two proteins form a
dynamic complex without a static conformation. We also
produced a fusion protein by covalently linking NuMA1800-1825
to the C-terminus of 4.1G939-1005. The HSQC spectrum of this
fusion protein also demonstrates characteristics of IDP with
many broadened signals (Figure S6), supporting the above
conclusion.
In order to obtain atomic details of the interaction, we performed
REMD simulation for the 4.1G939-1005/NuMA1800-1825
complex (see Methods for more details). As a control, we also
performed REMD simulation of the isolated NuMA1800-1825
peptide, which exhibits conformational heterogeneity in solution
(data not shown). The simulation results of 4.1G9391005/NuMA1800-1825 demonstrate that complex formation
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does not stabilize the conformation of CTD or NuMA, both of
which exhibit high structural plasticity (Figure 3a). The Nterminal part of NuMA peptide tends to form a short -helix, but
both secondary structure and overall conformation of NuMA
peptide are highly variable among the top 15 clusters (Figure 3a).
The structure features of 4.1G939-1005 in the complex share
similarities with those of the free form 4.1G939-1005. Secondary
structure analysis showed that the content of -helix increases
slightly with respect to the free form 4.1G, while the variation of
-strand contents is less obvious (Figure S7). The A helix is
still very stable in the complex (Figure S7).

Figure 3. The structure basis of the interaction between 4.1G939-1005 and
NuMA1800-1825. (a) The representative structures of the first 15 clusters of
the structure ensemble of the 4.1G939-1005/NuMA1800-1825 complex from
the REMD simulation. NuMA peptide is colored orange. (b) The contact map
between 4.1G939-1005 and NuMA 1800-1825 based on the REMD simulation
trajectory. (c) Mutations on 4.1G or NuMA designed based on the contact map
attenuate or disrupt the interaction between the two proteins.

The overall conformation of 4.1G939-1005 is obviously affected
by NuMA binding. We compared the structures of 4.1G939-1005
in all the 98 clusters of 4.1G/NuMA complex with those of the
isolated 4.1G939-1005 and listed the most similar counterparts
with minimal C RMSDs in Table S1. It turns out that the
RMSDs between these counterpart pairs are all larger than 0.4
nm (Table S1), indicating that NuMA binding modulates the
structure ensemble of 4.1G939-1005 remarkably. The structure
ensemble clearly shows that the interaction between NuMA and

4.1G939-1005 is highly variable with multiple binding sites
(Figure 3a). This is consistent with the NMR observation that
most of the peaks are broadened upon NuMA binding (Figure
S5). We calculated the residue specific contact probabilities
between 4.1G939-1005 and NuMA based on the simulation
trajectories (Figure 3b). The contact map clearly demonstrates
the multivalent nature of the interaction. Both proteins bear
multiple binding sites and interact with each other in dynamic
equilibrium. However, a few binding sites show remarkably high
contact probabilities (Figure 3b), which implicate binding
specificity. One frequently contacting region results from the
hydrophobic interactions between the 988VTRVVV993 motif on
4.1G939-1005 and the 1814IINITM1819 motif on NuMA. In
addition, the negatively charged residues at the C-terminal
region of 4.1G939-1005 interact with the positively charged
residues at the N-terminal region of the NuMA peptide. The
positively charged N-terminus of NuMA also interacts with a
negatively charged motif between Asp9634.1G and Asp9694.1G.
To verify the binding site predictions from the REMD simulation,
we generated several mutations at the sites with high contact
probabilities on both 4.1G and NuMA and measured the binding
affinities of the mutant proteins. All the mutations attenuated or
disrupted the binding between 4.1G and NuMA (Figure 3c).
Therefore, the structure ensemble correctly reflects the binding
mode between 4.1G939-1005 and NuMA peptide. Multivalent
dynamic binding has been revealed previously in the interaction
of IDPs with structured proteins, such as the case of
pSic1/CDC4.[15] The multivalent dynamic binding mode in our
system is more complicated since the two binding partners are
simultaneously
undergoing
significant
conformational
fluctuations.
The severe line broadening on the NMR spectrum prevents us
from further exploring the structural and dynamics information
using NMR spectroscopy. Therefore, we performed smFRET
measurements for 4.1G939-1005 and its complex with NuMA.
We generated two pairs of labelling sites for FRET donor and
acceptor (939/982 and 982/1005) by mutating Thr939, Gln982,
and Asp1005 to cysteine, respectively (Figure 4a). In both
labelling systems (referred to as 4.1G (N) and 41.G (C),
respectively), the FRET efficiency distributions are broad and
apparently could not be described as a single Gaussian peak
(Figure
S8&S9),
suggesting
complex
conformational
heterogeneity. The shot noise contributed a small fraction of the
width of FRET histogram (Table S2 and see methods in SI). The
donor-acceptor orientation, photophysics processing of dye may
also introduce the broadening of FRET histogram that is
common in the smFRET measurement. However, the significant
change of histogram profile upon NuMA binding and their nonuniform shape demonstrated the presence of significant
conformational heterogeneity of 4.1G. To compare smFRET
measurement and MD simulation directly, the FRET efficiency
was converted to inter-dye distance and the donor-acceptor
distances of the MD snapshots were calculated using available
volume method (see Methods).[16] The distance distribution
profiles and their variation shifts upon NuMA binding are
consistent between experiment and simulation (Figure 4b&c). In
both labelling systems, the inter-dye distances increase upon
complex formation. Notably, the distance distributions of
smFRET measurement has a systematic deviation from those of
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the MD simulations (Figure 4b&c). Such discrepancy could be
caused by the errors from both experiment and simulation (see
Methods for more details). However, the qualitative agreement
cross-validates the structure ensembles derived from REMD
simulations.

Figure 5. Conformational fluctuations revealed by transition density plots
(TDPs) based on HMM analysis. TDP of (a) 4.1G(N). (b) 4.1G(N)/NuMA. (c)
4.1G(C). (d) 4.1G(C)...

Figure 4. smFRET experiments of 4.1G939-1005 and 4.1G939-1005/NuMA.
(a) Diagram showing the positions of labeled fluorescence donor and acceptor
on 4.1G939-1005. The donor-acceptor pair on the left is 939-982 and on the
right is 982-1005. (b) Inter-dye distance distributions converted from smFRET
efficiency for the two labelling schemes of both 4.1G and 4.1G/NuMA
complex.. (c) Distributions of the inter-dye distances obtained from the
structure ensemble of REMD simulations.

Examination of the smFRET traces of both 4.1G (N) and 4.1G
(C) systems reveals stochastic transitions between various
FRET efficiencies (Figure S10a-d). This stochastic switching
behaviour was also observed in other compact globular IDPs
distinct from the extended random coils [17] and is remarkably
different from conventional structured proteins (Figure S10e).
We performed hidden Markov model (HMM) analyses of the
trajectories[18] (see Methods for more details), and the transition
density plots are shown in Figure 5. Both 4.1G(N) and 4.1G(C)
undergo conformational transitions between many discrete
states. Notably, NuMA binding changes the pattern of the
transition density maps, but the complex systems still fluctuate
among many states (Figure 5), indicating that the complex
remains the dynamic and unstructured nature of the isolated
4.1G939-1005. This confirms the conclusion derived from the
above NMR experiment and MD simulations. Overall, the
smFRET efficiency distributions cross-validate the MD-derived
structure ensembles, and the HMM analysis of smFRET
trajectories confirms that the 4.1G-CTD and NuMA form a
dynamic complex with similar conformational fluctuations with
that of the isolated 4.1G939-1005.

In summary, we combined NMR, MD simulation and smFRET
methods to characterize the interaction between 4.1G CTD and
NuMA. It has been revealed that the two IDPs form a dynamic
fuzzy complex[19] with both proteins remaining disordered. Both
proteins bearing multiple binding sites interact with each other in
dynamic equilibrium. This extremely dynamic interaction mode
between IDPs has been implicated previously in a few
studies,[20] but to our knowledge, this study characterizes the
detailed molecular mechanism for the first time.
The dynamic nature of the complex may facilitate the
modulation of 4.1G-CTD/NuMA interaction in the functional
context. It has been reported that the cortical localization of
NuMA during anaphase is governed by interaction with
phosphoinositides (PIs) at a region that encompasses the 4.1G
binding site. The fuzziness of 4.1G/NuMA interaction may ease
the competitive binding of PIs to NuMA. Except for NuMA, many
binding partners of 4.1-CTD are C-terminal tails of membrane
proteins, which are mostly disordered or unstructured. Therefore,
forming dynamic fuzzy complex like the case of NuMA may be a
common theme of 4.1-CTD mediated protein-protein interactions.
These highly dynamic protein-protein interactions of IDPs are
quite challenging for conventional biophysical techniques,
thereby the combined approach employed in this study could be
an effective way in studying IDPs and their dynamic fuzzy
complexes.
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