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Crowder-directed interactions and conformational
dynamics in multistimuli-responsive intrinsically
disordered protein
Rajkamal Balu1, Nisal Wanasingha1, Jitendra P. Mata2, Agata Rekas3, Susan Barrett4,
Geoff Dumsday4, Aaron W. Thornton4, Anita J. Hill4, Namita Roy Choudhury1*, Naba K. Dutta1*

The consequences of crowding on the dynamic conformational ensembles of intrinsically disordered proteins
(IDPs) remain unresolved because of their ultrafast motion. Here, we report crowder-induced interactions and
conformational dynamics of a prototypical multistimuli-responsive IDP, Rec1-resilin. The effects of a range of
crowders of varying sizes, forms, topologies, and concentrations were examined using spectroscopic, spectro-
fluorimetric, and contrast-matching small- and ultrasmall-angle neutron scattering investigation. To achieve
sufficient neutron contrast against the crowders, deuterium-labeled Rec1-resilin was biosynthesized success-
fully. Moreover, the ab initio “shape reconstruction” approach was used to obtain three-dimensional models
of the conformational assemblies. The IDP revealed crowder-specific systematic extension and compaction
with the level of macromolecular crowding. Last, a robust extension-contraction model has been postulated
to capture the fundamental phenomena governing the observed behavior of IDPs. The study provides insights
and fresh perspectives for understanding the interactions and structural dynamics of IDPs in crowded states.
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INTRODUCTION
Macromolecular crowding is a fundamental and universal feature
that governs a variety of vital activities in all living organisms. For
example, eukaryotic cellular environments are highly crowded,
where the estimated total concentration of soluble and insoluble
macromolecules, including proteins, nucleic acids, ribosomes, and
carbohydrates in the cytoplasm ranges from 50 to 400 mg/ml and
may occupy 30 to 40% of the total cell volume (1). Such “macromo-
lecular crowding” conditions can affect the conformational dynam-
ics, molecular diffusion, stability, and functional properties of
proteins (2, 3). The influence of crowding on protein packing is
dominated by two phenomena: (i) hard nonspecific steric effects
that can reduce the space available for protein dynamics via exclud-
ed volume and (ii) soft (or chemical) repulsive or attractive interac-
tions, such as electrostatic, hydrophobic, and van der Waals
interactions that can encourage dynamics (3, 4). Steric repulsion
can provide a stabilizing effect on the native state of the protein in-
directly because of compaction of the denatured states [i.e., entropic
(3)], whereas a large number of attractive or repulsive interactions
can overcome steric stabilization, causing unfolding and exposure
of new protein surfaces [i.e., enthalpic (4)]. The effects of different
crowding agents, such as polyethylene glycol, Ficoll, and dextran, on
the kinetics and thermodynamics of ordered (globular) proteins
have been reported in the literature through both theoretical and
experimental methods (5, 6). However, there have been very
limited studies on the impact of macromolecular crowding on the
dynamic conformational ensembles and stability of intrinsically dis-
ordered proteins (IDPs).

IDPs are abundant in eukaryotic proteomes and have emerged as
a functionally important family of proteins involved in a wide range
of biological tasks, including cell signaling, regulation (7), transcrip-
tion elongation (8), membrane-less organelles (9), and homoeosta-
sis (10). They also play critical roles in different pathological states,
including Alzheimer’s, Parkinson’s, and Huntington’s disease (11).
The pathogenicity and infectivity of viruses like SARS-CoV-2 are
also associated with IDPs/intrinsic disordered regions (IDRs) in
viral proteins. IDPs/IDRs confer viral proteins the ability to easily
and promiscuously bind to the host proteins and play a crucial role
in their antigenic flexibility, immunological evasion, and antibody
escape (12).

IDPs lack stable tertiary structures and are flexible in nature, with
a large ensemble of rapidly interconverting conformations under
nondenaturing conditions. Their corresponding free energy land-
scape is thus characterized by multiple minima. Because of this spa-
tiotemporal heterogeneity and conformational polymorphism, the
study of crowder-dependent conformational dynamics in IDP is
very challenging (13). Computational modeling, using an ensemble
of a coarse-grained IDP, has predicted substantial decreases in the
radius of gyration (Rg) of IDPs under crowding conditions, and re-
pulsive interactions due to crowding agents are suggested to cause
chain compaction (14). Soft interaction effects of crowding agents
on IDPs are more complex because of the conformational freedom
of amino acid sequences and the length of IDPs. Soft interaction
effects on dynamic conformational ensembles of IDPs are largely
unexplored. On the basis of a limited number of available reports,
the structural responses of IDPs under experimental crowding con-
ditions can be grouped into three broad categories, namely, foldable
(at least partially), nonfoldable (does not fold), and unfoldable
(extends) (13, 15, 16). The compiled data on extension and compac-
tion of IDPs under crowding conditions (fig. S1) indicate the fol-
lowing: (i) most studies report no effect or monotonic
compaction due to crowding, (ii) the degree of compaction can
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reach 40% while the degree of extension can reach 20%, (iii) com-
paction may not occur until the crowder volume fraction exceeds 5
to 10%, and (iv) the compaction and preservation pathways do not
have to be monotonic. The experimental data for each crowding
fraction represent a snapshot, based on the measurement method,
of the most populated lowest energy state for the IDP ensemble
of states.

Measuring conformational change of the IDPof interest in dilute
to concentrated solutions/dispersions of macromolecular crowding
agents relevant to cellular environments is an experimental chal-
lenge. The presence of a large ensemble of rapidly interconverting
structures in IDPs precluded the use of conventional structural bi-
ological techniques, such as x-ray crystallography and nuclear mag-
netic resonance (NMR), for resolving their structures (17). As a
result, molecular dynamics simulations have been proposed to
probe structure, dynamics, and interaction-driven change in con-
formational landscape of IDPs (18, 19). NMR relaxation studies
have been advanced to identify dynamic modes and assess
dynamic interaction profile and molecular recognition trajectory
of IDPs (20, 21). Although challenging, experimental identification
of the conformational ensembles of IDPs is of great interest since
they establish the link between their sequences and functions.
This challenge has been previously approached using advanced
low-resolution techniques, including single-molecule fluorescence
resonance energy transfer spectroscopy (16) and small-angle x-ray
scattering (SAXS) measurement (22). SAXS and small-angle
neutron scattering (SANS) are very powerful complementary tech-
niques for determining size, shape, aggregation, and/or hierarchical
arrangements of protein complexes in dilute to concentrated solu-
tions at a mesoscopic scale (22). Particularly, SANS is useful for the
study of biological macromolecules in close to native solutions and
their aggregation behavior in concentrated solution and gel phases
(23, 24). The different interaction of neutrons with hydrogen and its
isotope deuterium provides different neutron scattering length
density (SLD) and thereby offers contrast-matching capability,
which can be applied to specifically study the conformation and
stability of proteins in the presence of crowding agents through
masking the signal of the crowders (25). Moreover, SANS can be
used to identify the conformational changes of proteins due to
soft attraction and/or steric repulsion with crowding agents (17).
In addition, the ultrasmall-angle neutron scattering (USANS) tech-
nique can measure the elastic scattering from nuclei of molecules
and can be used to characterize structures with dimensions of
about 0.1 to 50 μm (26). In the present work, we use a combination
of contrast-matching SANS and USANS to explore the effects of a
variety of crowding agents with varying sizes (1 to 14 nm), forms
(spherical to ribbon), topologies (linear to network), and concen-
trations (up to 40%) on the evolution of conformational ensembles
of a multistimuli-responsive resilin-mimetic IDP, Rec1-resilin, over
four decades of length scale.

Resilin is an elastomeric protein found in many insects and is
currently considered as the most resilient (97%) protein known
(27). In recent years, several resilin-mimetic proteins (RMPs) and
polypeptides, with exquisite control over the amino acid sequence
comprising repeat resilin motifs, have been successfully designed
and synthesized. RMPs have been the subject of significant research
interest for their potential applications in the areas of biotechnol-
ogy, medicine, and nanotechnology (28). Rec1-resilin is the first ge-
netically engineered RMP derived from exon-1 of the fruit fly

Drosophila melanogaster (CG15920 gene), which compositionally
comprises 18 repeats of a 15–amino acid sequence: GGRPSDSY-
GAPGGGN (fig. S2) with a molecular weight of 28.5 kDa (28).
Over the past decade, we and others have extensively investigated
the structure and properties of RMPs (28) and have established
Rec1-resilin to be an IDP (23, 29) exhibiting multistimuli respon-
siveness, including unusual dual phase transition behavior and
pH-responsive photophysical properties (30). Studies using SAXS
have shown that Rec1-resilin can alter its packing to achieve
several reversible states as a function of its environment, including
compacted and extended states, with Rg values ranging from 2.9 nm
[42% compaction at 30 weight % (wt %) self-crowding], 3.6 nm
[27% compaction at lower critical solution temperature (LCST) of
75°C], 4.9 nm (equilibrium state), up to 6.2 nm [27% extension at
upper critical solution temperature (UCST) of 4°C] in 10 mM phos-
phate-buffered saline (PBS) (23). We have also demonstrated pat-
terned surfaces (31), responsive interfaces (32), photocrosslinked
hydrogels (33, 34), and multifunctional soft templates to generate
designer nanobioconjugates and/or metallic nanoclusters (sub-
nano to nanoscale) using Rec1-resilin as a directing agent (35–
39). Such IDPs have markedly altered the structure-function para-
digm of proteins. However, the conformational ensembles and the
dynamics of such multistimuli-responsive IDPs under physiologi-
cally relevant crowded conditions remain unexplored despite their
critical importance (28). To achieve this goal, in this work, we syn-
thesized deuterated Rec1-resilin (D-Rec1) in vitro to perform SANS
and USANS experiments at the crowder contrast-matching point,
which rendered only the protein visible to the neutron beam.
Such a study offers a rare opportunity to examine the conformation-
al dynamics of a prototypical multistimuli-responsive IDP, even at a
very highly crowded condition. In addition, crowder-directed inter-
actions, conformational dynamics, and secondary structural evolu-
tion have also been examined using spectrofluorimetric and circular
dichroism (CD) spectroscopy. To obtain three-dimensional (3D)
models of the IDP structure that exhibited crowder-specific system-
atic extension and compaction with the level of macromolecular
crowding, an ab initio “shape reconstruction” approach was used.
Last, for modeling IDP structures that agree with the experimental
data and represent the basic principles governing the observed be-
havior of the IDP, we proposed a new extension-contraction model.

RESULTS
Size and surface charge of crowding agents
In this work, the crowding experiments were performed using a
small carbohydrate molecule, glucose (GLU; molecular weight,
180 g/mol); a small peptide molecule, glutathione (GSH; molecular
weight, 307 g/mol); and small-to-medium size synthetic macromol-
ecules, polyethylene glycol (PEG3; molecular weight, 3 kDa), Ficoll
(FIC70; molecular weight, 70 kDa), and dextran (DEX70; molecular
weight, 70 kDa) dispersed in 10mMPBS (pH 7.4) at concentrations
in the range of 1 to 40 wt % (i.e., 10 to 400 mg/ml). These crowding
molecules are of significant relevance in biochemistry and cell
biology (section S3 and fig. S3). As the estimated neutron SLDs of
GLU (~1.5 × 10−6 Å−2), GSH (~1.9 × 10−6 Å−2), PEG3
(~0.6 × 10−6 Å−2), FIC70 (~2.3 × 10−6 Å−2), and DEX70
(~1.8 × 10−6 Å−2) are close to that of Rec1-resilin
(2.8 × 10−6 Å−2), D-Rec1 was synthesized and used at 3.0 wt % con-
centration to provide sufficient scattering and neutron contrast
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against the crowding agents. Both GLU and GSH have been report-
ed to exhibit open chain or linear form conformation in an aqueous
medium (6). On the other hand, PEG is a polyether compound that
exhibits a mesh-like structure (above the semi-dilute regime),
whereas FIC and DEX are copolymers of sucrose-epichlorohydrin
and GLU, which exhibit compact spherical-like (relatively less flex-
ible) and ribbon-like (relatively more flexible) morphologies, re-
spectively, in an aqueous medium (6). The zeta (ζ) potential and
hydrodynamic diameter (Dh) of D-Rec1 and crowding agents at
0.5 wt % concentration in 10 mM PBS were measured using the
dynamic light scattering (DLS) technique (section S4 and fig. S4).
All the samples exhibited a negative net surface charge (ζ potential),
which indicates good aqueous solubility of the molecules and mu-
tually repulsive intermolecular forces. Such repulsive interactions
have been theoretically predicted to cause chain compaction of
IDPs under crowding conditions (12). D-Rec1 exhibited ζ potential
and Dh values of −8.5 ± 0.4 mV and 10.8 ± 0.2 nm, respectively, in
10 mM PBS, which are in good agreement with values previously
reported for hydrogenated Rec1-resilin at physiological pH (23,
30). The GLU, GSH, PEG3, FIC70, and DEX70 exhibited Dh
values of 1.1 ± 0.1, 4.3 ± 0.1, 5.8 ± 0.1, 9.8 ± 0.2, and 13.4 ± 0.4
nm, respectively, which are in general agreement with literature
reports (2).

SANS intensity profile of D-Rec1 under different contrast-
matching conditions
The SANS data of 3.0 wt % D-Rec1 in 10 mM PBS under different
contrast-matching conditions are shown in Fig. 1A. As expected,
the characteristic scattering profile of D-Rec1 is observed to be
similar to that of Rec1-resilin (23), exhibiting a Porod
(0.02 < q < 0.5 Å−1; high q) and a Guinier (0.006 < q < 0.02 Å−1;
low q) region, where q is the scattering vector (22). The unsup-
pressed scattering profile of D-Rec1 exhibiting both Porod and
Guinier regions in 48% deuterium oxide (D2O) [solvent with
neutron SLD matching Rec1-resilin (23)] demonstrates successful
deuteration in the protein. In contrast-matching SANS experi-
ments, the concentration (C ) normalized scattering intensity at
zero angles, I(0), calculated using the Guinier approximation, de-
creases with the decrease in the contrast between the solute mole-
cules and the solvent. The I(0)/C plot as a function of % of D2O in
the solvent (Fig. 1B) provides an experimental estimate of the pro-
tein’s match point at around 75% D2O, which indicates about 70%
deuteration on nonexchangeable hydrogen positions in the protein.
The Porod region in SANS intensity profiles fundamentally de-
scribes the nature of the interface and structure of the scattering
unit, whereas the Guinier region describes the size in terms of the
Rg (40). A Porod slope of 1.85 ± 0.01 obtained for D-Rec1 using a
power-law fit at high q region (0.06 < q < 0.22 Å−1) is a signature of
swollen polymer coils in theta solvents and is consistent with values
previously reported for Rec1-resilin (23). The intrinsically disor-
dered nature of D-Rec1 was also established using the Kratky plot
(Fig. 1C), which demonstrates an initial monotonic increase in
I(q)*q2 at low q followed by a plateau at high q, a typical character-
istic of IDPs (23). The shape-independent Gaussian coil model
function (40), which describes the scattering from polymer chains
in theta solvents, was fitted to the D-Rec1 scattering data (Fig. 1D)
to obtain the Rg value. Moreover, Guinier approximations (40) also
allow us to estimate (from small q values at low q) the overall size
(Rg) of randomly oriented macromolecules. The Gaussian coil fit

revealed an Rg of 6.2 ± 0.1 nm for D-Rec1, which is close to the
value (6.5 ± 0.3 nm) estimated by Guinier approximation. The Rg
values of D-Rec1 obtained from SANS data are in general agreement
with values previously reported for Rec1-resilin (23). Moreover, the
theoretical structure profile of Rec1-resilin (Fig. 1E) generated using
a database of disordered protein predictions (D2P2) platform (com-
prising some of the commonly available tools for predicting intrin-
sic disorder propensity) also provides evidence for Rec1-resilin to
be predominantly disordered in nature (41).

SAXS and SANS intensity profile of crowding agents
Figure S5 (A to D) shows the SAXS data of 0.5 wt % crowding agents
in 10 mM PBS. The structural information of the GLU could not be
measured as the size of the molecule falls below the SAXS instru-
ment measurement range (1.6 to 62.8 nm). The size of the GLU
molecule can be estimated from the kinetic diameter, σ, of 0.86
nm (42). The scattering profile of other crowding agents exhibited
both Porod and Guinier regions in the measured experimental
range. A power-law fit in the high q (0.1 < q < 0.25 Å−1) scattering
region of GSH, PEG3, FIC70, and DEX70 revealed Porod slope
values of 1.71 ± 0.05, 2.00 ± 0.04, 2.61 ± 0.01, and 1.89 ± 0.01, re-
spectively, which correspond to polymer coils for GSH, PEG3, and
DEX70 (slope between 1.65 and 2.00) and mass fractal for FIC70
(slope between 2 and 3) (40). The degree of flexibility of the crowd-
ing agents was further analyzed using the Kratky plot (fig. S5E),
which showed an unfolded structure for GSH, PEG3, and DEX70
and a partially folded/compact structure for FIC70 (43). On the
basis of the above details, a shape-independent Gaussian coil
model function was used to fit the GSH, PEG3, and DEX70 scatter-
ing data (44). Conversely, a shape-independent polymer-excluded
volume model function, which describes the scattering from
polymer chains as mass fractals, was fitted to the FIC70 scattering
data (44). The model function fits (fig. S5, A to D), with all param-
eters set free, returned Rg values of 1.1 ± 0.1, 2.2 ± 0.2, 4.4 ± 0.2, and
6.5 ± 0.2 nm for the GSH, PEG3, FIC70, and DEX70, respectively,
which is marginally higher than values estimated by Guinier ap-
proximation (section S4). The different sizes, ζ potential, structure,
morphology, and concentration or volume fraction of crowding
agents are expected to affect the packing of D-Rec1.

Figure S6 shows the SANS intensity profiles of pristine crowding
agents at their maximum tested concentration (40 wt %) in 10 mM
PBS with and without solvent contrast matching. The GLU and
GSH exhibited very poor or no scattering at low q, suggesting a
lack of clustering or network formation for these small molecules.
Conversely, the scattering intensity upturn observed at low q for the
PEG3, FIC70, and DEX70 can be attributed to clustering or network
structures formed at 40 wt % for these macromolecules (45). The
structure of the formed network was determined to be that of a
mass fractal with a power-law fit at extended low q
(0.0007 < q < 0.005 Å−1), returning a Porod slope value in the
range of 2.46 to 2.79 (40). However, it can be observed that under
contrast-matching conditions, the scattering intensity from the
crowding agents was effectively suppressed or masked (fig. S6)
and markedly lower than pristine D-Rec1 in 48% D2O (Fig. 1A),
thereby providing the opportunity to measure/study scattering
from D-Rec1 in the presence of the crowding agents even at high
concentrations. The crowding agents under contrast-matching con-
ditions exhibited very poor or no scattering for q < 0.006 (fig. S6).
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Crowder-directed conformational dynamics of D-Rec1
Figure 2 (A to E) shows the SANS intensity profiles of 3.0 wt % D-
Rec1 with different types and levels (1 to 40 wt %) of contrast-
matched crowding agents. The scattering profiles of the samples
crowded with GLU (Fig. 2A) and GSH (Fig. 2B) are observed to
be similar or close to that of pristine D-Rec1 over all the tested con-
centration levels. The presence of up to 5 wt % concentration of
PEG3 (Fig. 2C), FIC70 (Fig. 2D), and DEX70 (Fig. 2E) also exhib-
ited pristine D-Rec1–like scattering profiles with distinctive Porod
and Guinier regions. However, in these systems, with an increase in
crowder concentration beyond 5% (i.e., 10 to 40 wt %), the turnover
point of the respective Guinier region was observed to shift toward a
higher q value, concurrent with a decrease in the scattering intensity
in the Guinier region. A further increase in the scattering intensity
at low q to form a new Porod-like region is also evident. The Kratky
plots of the samples (fig. S7) show a plateau region in the high q
regime, suggesting that the protein retains its disordered structure
even under highly crowded conditions (23). As the protein is sub-
jected to excluded volume effects under crowding conditions, a

shape-independent polymer-excluded volume model function was
fitted to the scattering data (fig. S8) to obtain the respective Porod
slope and Rg values. The fits revealed Porod slope values between
1.85 and 2.0 (the signature of a swollen polymer Gaussian coil)
for all the samples, which further confirms that the disordered or
random-coil nature of the protein is conserved even in highly
crowded environments (40). The Rg values of D-Rec1 estimated
from the excluded-volume effects model function fit are presented
in Fig. 2F. The fit revealed an Rg of 6.2 ± 0.1 nm for D-Rec1, which is
consistent with the value obtained from the Gaussian coil fit
(Fig. 1D). A systematic decrease in the Rg of D-Rec1 is observed
in the presence of GLU. An initial net 4.7% increase in the Rg of
D-Rec1 is observed at lower GSH concentrations (1 to 5 wt %),
which is followed by a net 8.1% decrease in the Rg at relatively
higher GSH concentrations (5 to 10 wt %). In the presence of mac-
romolecular crowders PEG3, FIC70, and DEX70, the Rgs of D-Rec1
are observed to increase significantly (by 50.2, 44.5, and 87.4%, re-
spectively) at lower crowder concentrations (5 to 10 wt %), whereas
with further increase in concentration (10 to 40 wt %), a systematic
decrease in the Rg values to net 50.5, 41.6, and 73.1%, respectively, at
40 wt % crowding agent is observed.

For IDPs, single Rg values obtained from Guinier approximation
or model function fits (Fig. 2F) are often reported to be an under-
estimation, or inaccurate, because of the presence of conformational
heterogeneity in IDPs (46). Therefore, to establish the trend in Rg
distribution of D-Rec1 in the presence of crowders, a model-inde-
pendent pair-distance distribution function, P(r), fit was also per-
formed (40). The P(r) function estimates the real-space Rg by
inverse Fourier transform of the I(q) taking a histogram of all of
the interatomic distances (r) within the molecule. Figure 3 (A to
E) represents the P(r) distribution curves of 3.0 wt % D-Rec1 in
the presence of GLU, GSH, PEG3, FIC70, and DEX70 at different
concentrations (1 to 40 wt %). The asymmetric nature of all the
curves indicates an elongated shape of D-Rec1, which is consistent
with previously reported profiles of Rec1-resilin (23). The real-space
Rg of D-Rec1 in the presence of crowders estimated from the P(r) fit
is presented in Fig. 3F. The Rg of D-Rec1 (in the absence of crowder)
obtained from the P(r) fit was 7.4 nm, which is larger than the values
estimated from the Gaussian coil fit and Guinier approximation
(Fig. 2F). The observed trend in Rg of D-Rec1 with increase in
crowding agent concentration is similar to that of polymer-exclud-
ed volumemodel fit results (Fig. 2F). The change in Rg of D-Rec1 in
the presence of GLU and GSH is more prominent for the P(r) fit
results (compare Fig. 3F and Fig. 2F). A systematic decrease in the
Rg of D-Rec1 is observed up to 31.2% in the presence of 40 wt %
GLU. An initial net 26.1% increase in the Rg of D-Rec1 at lower
GSH concentrations (1 to 5 wt %) followed by a net 20.2% decrease
in the Rg at relatively higher GSH concentrations (5 to 10 wt%) is
observed. In the presence of macromolecular crowders PEG3,
FIC70, and DEX70, the Rg of D-Rec1 is observed to increase sub-
stantially (by 46.0, 31.6, and 91.8%, respectively) at lower crowder
concentrations (5 to 10 wt %), whereas with further increase in con-
centration (10 to 40 wt %), a systematic decrease with Rg values to
net 60.3, 66.4, and 59.4%, respectively, at 40 wt % crowding agent is
observed. In addition, the P(r) fits (fig. S9A) revealed real-space Rg
values of 1.8, 4.3, and 6.3 nm for neat PEG3, FIC70, and DEX70,
respectively. The P(r) function did not produce a satisfactory fit
for the GSH data. However, the Gaussian coil fit and the Guinier
approximation yielded an identical Rg value of 1.1 nm for GSH,

Fig. 1. SANS results of synthesized pure D-Rec1. (A) SANS intensity profile of D-
Rec1 at 3.0 wt % and (B) concentration normalized zero scattering intensity as a
function of D2O%. (C) Corresponding Kratky plot. (D) Model fits to SANS data pre-
sented with intensity offset for clarity. (E) Intrinsic disorder profile of Rec1-resilin
generated by a database of disordered protein predictions (D2P2) platform. The
nine color bars at the top represent disordered regions in Rec1-resilin sequence
predicted by different disorder predictors (Espritz, IUPred, etc.). The green bar at
the bottom represents predicted disorder region agreement between the nine
predictors. The yellow bar at the bottom corresponds to disorder-based binding
sites known as molecular recognition features (MoRFs).
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and a value of 0.43 nm can be estimated for the Rg of GLU (which is
half the kinetic diameter) (42). These P(r) fit results for Rg and best
Rg estimates (for GLU and GSH) will be used for further analysis in
this work.

Evolution of 3D conformation ensembles of D-Rec1 with
crowding environment
To assess the change in domain structure of D-Rec1 with crowding
environment, ab initio 3D structures were reconstructed from the
P(r) fit results using the GASBOR program (47). About 310
dummy residues (representing the total number of amino acid res-
idues in Rec1-resilin) were used to fit the data to create chain-like
ensemble structures (one among an infinite possible ensemble),
which are presented in Fig. 4 in the form of an envelope structure
using the Chimera program (48). Ab initio envelope structures of
PEG3, FIC70, and DEX70 are also shown in fig. S9B.

Crowder-induced aggregation behavior beyond SANS
length scale
To gain insight into crowder-induced aggregation in the system, low
q SANS data (0.00004 < q < 0.001 Å−1) of D-Rec1 were acquired in
the presence of crowders and combined with the respective SANS
data. Crowding environment–dependent optical density (OD)

fluctuations were also studied to assess microaggregate formation.
The crowder concentration–dependent increase in the OD of D-
Rec1 aggregates is presented in Fig. 5A. No significant change in
OD of D-Rec1 was observed in the presence of GLU at all concen-
trations, whereas a peak in ODwas observed in the presence of GSH
at 1 wt %. No significant change in OD of D-Rec1 was observed in
the presence of PEG3, FIC70, and DEX70 up to 5 wt %, whereas a
systematic increase in OD was observed with further increase in
crowding agent concentration (10 to 40 wt %). These results are
supported by optical observation of turbid dispersions (Fig. 5B),
whereas pristine D-Rec1 (3.0 wt %) and pristine crowding agents
(at the highest concentrations used) showed clear solutions. The ob-
servations indicate that crowding agents as small as GSH induce ag-
gregation of D-Rec1 with optical observation of turbid dispersions,
which could scatter neutrons beyond the above measured SANS q-
range. The size of the aggregates could not be estimated using DLS
as they were beyond the instrument measurement range (0.3 nm to
10.0 μm). Figure 5C shows the extended low q SANS data
(0.0007 < q < 0.006 Å−1) of D-Rec1 in the presence of PEG3,
FIC70, and DEX70 at 40 wt % (highest OD measured), which
reveals a new Porod-like region with increased scattering intensity
and no apparent Guinier region, supporting the presence of large
structures/aggregates in the sample on length scales extending
beyond the measured SANS range. Such a feature was also observed
for D-Rec1 in the presence of 1 wt % GSH, but not for GLU, even at

Fig. 2. SANS results of D-Rec1 under macromolecular crowding conditions.
SANS intensity (normalized) profile of D-Rec1 at 3.0 wt % as a function of
different crowding agents (contrast matched to solvent) at different concentra-
tions: (A) glucose (GLU), (B) glutathione (GSH), (C) polyethylene glycol (PEG3),
(D) Ficoll (FIC70), and (E) dextran (DEX70). (F) Estimated radius of gyration (Rg)
of D-Rec1 (using the polymer excluded volumemodel fit) as a function of crowding
agent concentration.

Fig. 3. Distance distribution results of D-Rec1 under macromolecular crowd-
ing conditions. P(r) curve of D-Rec1 at 3.0 wt % as a function of different crowding
agents (contrast matched to solvent) at different concentrations: (A) GLU, (B) GSH,
(C) PEG3, (D) FIC70, and (E) DEX70. (F) Estimated Rg of D-Rec1 (using the polymer
excluded volume model fit) as a function of crowding agent concentration.
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40 wt % (Fig. 5C). Moreover, the observed strong upturn in extend-
ed low q SANS data of D-Rec1 in the presence of GSH, PEG3,
FIC70, and DEX70 does not reach a Guinier region, suggesting
the size of aggregates to be beyond the measured SANS length
scale range. The very low q USANS data (0.00004 < q < 0.001
Å−1) of D-Rec1 in the presence of GSH, PEG3, FIC70, and
DEX70 were measured and combined with respective SANS data
(Fig. 5C) that expand the total experimental q range over four
decades. All USANS data exhibited a power law behavior of ∼q−4,
which is a characteristic of spherical morphology and/or smooth in-
terface (40).

Spectrofluorimetric assessment of the crowder-directed
interactions and conformational dynamics
The changes in the exposed surface hydrophobicity of Rec1-resilin
in the presence of crowder were assessed using 8-anilino-1-naph-
thalenesulfonic acid (ammonium salt) (ANS) as an extrinsic fluo-
rescence probe. ANS displays a distinct absorption maximum at
~355 nm (fig. S10), which is not affected by the presence of Rec1-
resilin and was used as the excitation wavelength for all the exper-
iments. When the unbound ANS dye is excited at 355 nm, a mini-
mally fluorescent spectrumwith an emission maximum at ~543 nm

is produced. Figure 6A displays a typical fluorescence titration curve
of Rec1-resilin with ANS, and an enhancement in the fluorescence
quantum yield due to ligand-substrate interaction (ANS-Rec1-
resilin) is observed. The progressive change in fluorescence peak in-
tensity (λmax at ~543 nm) with an increase in ANS concentration is
shown in Fig. 6B. The distinctive hyperbolic shape of the titration
curve suggests the saturation of ligand binding sites on Rec1-resilin
with increasing ANS content. The maximum fluorescence was ob-
served at a dye-to-protein ratio of ~42.7. With a further increase in
dye concentration, the peak intensity is reduced, which is related to
the self-aggregation of ANS. Figure 6C displays the ANS fluores-
cence emission spectra when a fixed amount of ANS is titrated
with an increasing amount of Rec1-resilin. The binding of ANS
to the hydrophobic surface cavity of Rec1-resilin results in an en-
hanced λmax, along with a progressive blue shift in the wavelength
of peak emission (543 to 523 nm with an increase in Rec1-resilin)
and a broadening of the emission curves (spectral full width at half
maximum). The index of surface hydrophobicity of Rec1-resilin
appears to be very low (fig. S11A). This is also reflected from the
Kyte-Doolittle hydrophobicity plot of amino acid sequence of
Rec1-resilin (fig. S11B). A double reciprocal plot (fig. S11C) of
λmax with protein concentration was used to establish a quantitative
relationship between fluorescence intensity change and bound ANS
(49). A smooth, inflection-free, plateaued plot of the bound ligand
(B) versus total free ligand (LF) (fig. S11D) indicates the presence of
minimal nonspecific binding component. To define the ligand-re-
ceptor interactions, we attempted a number of data analysis tech-
niques. A sigmoidal curve with an inflexion point that
corresponds to the Kd (dissociation constant) and the upper asymp-
tote RT (the total receptor concentration) is obtained from the Klotz
plot (Fig. 6D), which indicates the sufficiency of the data range and
the quality.

The Scatchard equation (section S11 and eq. S1) was used to cal-
culate the affinity of the receptor (hydrophobic cavity of Rec1-
resilin) for ligand ANS. The Scatchard plot B/LF versus B

Fig. 4. Ab initio shape simulations of D-Rec1 under macromolecular crowding
conditions.One among infinite possible ensemble shapes of D-Rec1 as a function
of different crowding agents, such as GLU, GSH, PEG3, FIC70, and DEX70 at
different concentrations, is presented. Reconstruction was performed using the
GASBOR program with the pair-distance distribution output and visualized
using the Chimera program. The results of 20 independent simulations were aver-
aged and filtered to give themost probable shape shown as an envelope structure.

Fig. 5. Crowder-induced aggregation results of D-Rec1. (A) Optical density
(OD), (B) optical images, and (C) combined SANS and USANS intensity profile of
pristine D-Rec1 at 3.0 wt %, crowding agents (GLU, GSH, PEG3, FIC70, and
DEX70), and their mixtures as a function of crowding agent concentration.
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(Fig. 6E) provides a straight line with RT/Kd as the Y intercept, RT as
the X intercept, and −1/Kd as the slope. The Kd value of 58.82 μM
and an RT of 0.02941 μM are obtained for the binding between the
ANS and Rec1-resilin. The Kd value obtained for the binding
between the Rec1-resilin and ANS reflects a low-affinity interaction
under the experimental condition compared to other proteins, such
as human αB (n = 0.97, Kd = 1.78 μM) (50), bovine serum albumin
(n = 10, Kd = 1.085 μM), ovalbumin (n = 1, Kd = 1.321 μM), lyso-
zyme (n = 3, Kd = 13.003 μM), and porcine somatotrophin (n = 10,
Kd = 1.219 μM) (49). The linear regression value obtained was 0.91,
indicating a non-perfect data fit, and initially, a concave-up followed
by a concave-down trend is reflected from the plot (Fig. 6E). A Hill
plot (Fig. 6F) of the data was used for the assessment of the coop-
erativity (section S11 and eq. S2). Such plot returns a Kd value of
53.77 and Hill’s coefficient n = 0.9387. The ANS binding sites per
molecule of Rec1-resilin are indicated by the n value of Hill’s plot,
and the associated negative cooperativity (n < 1) indicates that the
occupancy of some of the sites affects the ligand’s affinity for open
sites. Hydrophobic exposure of Rec1-resilin in the presence of the
crowder was also probed by fluorescence titration of Rec1-resilin by
ANS both in the presence and in the absence of different types and
levels of crowders (fig. S12). Figure 6G shows the enhancement in

fluorescence spectra due to ANS bound to Rec1-resilin in the
absence and presence of a different crowder in a very high concen-
tration level of 400 mg/ml. Even at very high crowder concentra-
tions, Rec1-resilin exhibits modest surface modifications in the
presence of GLU and GSH (100 mg/ml), while macromolecular
crowders PEG, Dextran, and Ficoll are observed to be more
effective.

Quenching studies of the intrinsic fluorescence properties of Tyr
amino acid residue in proteins/peptides are strongly dependent on
the internal changes of the buried Tyr group and can be used as a
sensitive probe of the conformational state. Rec1-resilin lacks the
Trp amino acid residue, and the fluorescence emission in Rec1-
resilin is entirely due to Tyr (section S13). A typical fluorescence
quenching experiment of Rec1-resilin using Ficoll (25 mg/ml) as
a crowder is shown in fig. S13A. We quantified the fluorescence
quenching of Rec1-resilin by acrylamide in the presence and
absence of the crowders to identify the change. The data were ana-
lyzed using the Stern-Volmer equation (51), which enabled us to
calculate the quenching constant (KSV) (eq. S3). Stern-Volmer
plots of the acrylamide quenching of Tyr in Rec1-resilin in the
absence of a crowder (fig. S13B) and in the presence of a crowder
(fig. S13C) were linear, and KSV values were calculated from the

Fig. 6. Spectrofluorimetric assessment of the effect of crowders on conformational adjustment and surface hydrophobicity change using ANS as the extrinsic
fluorescence probe and Tyr as the intrinsic fluorescence probe. (A) Steady-state fluorescence emission spectra of pure Rec1-resilin and ANS/Rec1-resilin complexes at
various molar ratios. (B) Change in λmax with increase in concentration of ANS in fixed Rec1-resilin. The maximum fluorescence intensity for the complex was observed at
approximately ~42.7:1 ANS/Rec1-resilin ratio. (C) Fluorescence spectra of pure ANS and ANS/Rec1 complex with increasing Rec1 concentration. (D) Klotz plot: binding
isotherm representing the number of moles of ANS bound per mole of protein. (E) Scatchard treatment of the ANS binding data. (F) Hill plot of the binding data. (G)
Enhancement in fluorescence intensity (ΔF ) due to ANS bound to Rec1-resilin. (H) Effect of type and level of crowder on the Stern-Volmer quenching constants, KSV. a.u.,
arbitrary units.
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linear fits of the data. Figure 6H shows that, except for GSH-0.5, the
presence and absence of crowders have no significant impact onKSV
(within ≤10%), confirming the notion that the buried Tyr environ-
ment remains unaffected. An appreciable difference in the solvent
exposure of Tyr is observed only in GSH-0.5, which displays a ~25%
increase of the KSV value, reflecting less shielding of Tyr from the
polar but noncharged water-soluble acrylamide quencher. The
time-resolved fluorescence of ANS and Tyr can offer a more thor-
ough description of the complex systems with hydrophobic sites or
Tyr associated with different degrees of solvent exposure; however,
this is outside the scope of the current work and will be a subject of
future study.

CD spectroscopic assessment of the effect of crowders on
the secondary structural dynamics
To fully comprehend the secondary structural nature of Rec1-resilin
as well as the impact of the type and concentration of crowders on
the secondary structure of Rec1-resilin, neat Rec1-resilin and
crowded Rec1-resilin solutions were experimentally studied using
CD spectroscopy. The secondary structure of proteins can be iden-
tified using CD spectra in which α helices, β sheets, and random
coils exhibit distinctive spectra at wavelengths between 190 and
250 nm (52). The CD spectra of neat Rec1-resilin resemble those
of unfolded global proteins, and the pure crowders exhibit no
unique conformation (Fig. 7A). Irrespective of the type and the
level of the crowders' presence, the CD spetrum of Rec1-reslin es-
sentially exhibits the characteristics of an unfolded protein(Fig. 7 B
to F ). The results corroborate the SANS observation and support
the theoretical assessments obtained via protein secondary structure
prediction routines (Fig. 1E) and confirm that Rec1-resilin is largely
disordered in aqueous solution at physiological pH with marginal
contributions from the helix and modest contribution from β
sheets. The CD spectrum of a typical protein is assumed to be a
unique structural fingerprint made up of all of its constituent sec-
ondary structural components. Thus, secondary structure deconvo-
lution fits were used to attempt quantitative estimation of the
secondary structure(s) from the CD spectra using the Dicroweb
online tool (53), and the results are shown in table S1. The results
confirm that the overall secondary structural nature of Rec1-resilin
is marginally affected by the presence of the type and the quantity of
experimental crowders, and only GSH at higher concentration
(~10%) reflects marginal change in the secondary structural
organization.

DISCUSSION
The aqueous solubility, molecular geometry, and surface chemistry
of proteins depend on their amino acid composition and sequence,
as well as on the solution environment, including pH, temperature,
ion concentration, and presence of crowders. Rec1-resilin is a multi-
stimuli-responsive IDP whose amino acid sequence is composed of
54.5 mole percent (mol %) nonpolar, 33.5 mol % uncharged polar,
and 11.9 mol % charged polar amino acid residues (table S2). The
solubility of Rec1-resilin in aqueous solutions is a complex phe-
nomenon as the protein exhibits an experimental isoelectric point
(where net surface charge is zero) at pH 4.9 compared to the theo-
retical value of pH 9.2 (30). At physiological pH, Rec1-resilin exhib-
its an IDP structure with negative ζ potential (large number of polar
groups exposed to the surface and nonpolar groupsmostly buried in

the core) stabilizing the protein (29). It has previously been estab-
lished that in addition to the frequently reported excluded volume
effects, inert molecular crowders also play an essential role in
solvent characteristics and molecular diffusion via physical and
soft chemical interactions with proteins (54, 55). The soft interac-
tions can be nonspecific and/or native-state interactions, and it has
been shown that they can fully compensate for the effects of exclud-
ed volume (56). Therefore, both hard-core steric repulsions and soft
interactions (attractive and repulsive), along with molecular diffu-
sion, need to be carefully taken into account when attempting a
complete assessment of molecular crowding effects on proteins
(57). Spectrofluorimetric assessment of the crowder-directed inter-
actions and conformational dynamics, and (CD) spectroscopic
analyses of the effect of crowders on the secondary structural dy-
namics confirm that Rec1-resilin largely remains an IDP even at a
highly crowded state.

The present work reveals SANS evidence of both extension and
compaction of D-Rec1 under crowding conditions. To compare D-
Rec1 behavior with that reported in other IDPs (13), the SANS in-
tensity normalized data from Fig. 2 (A to E) can be plotted as a func-
tion of crowder volume fraction (ϕ), as shown in Fig. 8A, where ϕ
was calculated from table S3. Similarly, the SANS data of Fig. 3F can
be plotted as the Rg scaled to the pristine protein [i.e., Rg/Rg] as a
function of ϕ, as shown in Fig. 8B. The Rg/Rg(0) data of Rec1-resilin
(protonated Rec1-resilin) from self-crowding experiments [from
our previous work (23)] are also presented in Fig. 8B for compari-
son. In the absence of crowders, D-Rec1 exhibited an I(0)/C value of
0.038 liters cm−1 g−1. Figure 8 indicates initial increases in I(0)/C
and Rg/Rg(0) of D-Rec1 at low ϕ of crowding agents (GSH, PEG3,
FIC70, and DEX70) followed by decreases at higher ϕ to I(0)/C and
Rg/Rg(0) values lower than that of the pristine D-Rec1 protein. The
I(0)/C values of D-Rec1 observed above >0.038 liters cm−1 g−1 at
lower crowder ϕ indicate soft attraction between the protein and
crowding agents (GSH, PEG3, FIC70, and DEX70), whereas a re-
pulsion [I(0)/C < 0.038 liters cm−1 g−1] at higher crowder ϕ is
evident (Fig. 8A). D-Rec1 exhibits only compact conformations
with an increase in ϕ of the crowding agent GLU. When Rec1-
resilin crowds itself, the Rg/Rg(0) of Rec1-resilin does not change
up to a self-crowding ϕ of 0.09; it then systematically decreases
with a further increase in ϕ, as shown in Fig. 8B.

It is tempting to hypothesize that GLU is so small and has such a
small negative ζ potential in 10 mM PBS (fig. S4B) that it is unable
to extend the conformation of D-Rec1; however, Rec1-resilin (and
D-Rec1) are larger molecules with substantial negative ζ potential
and are unable to cause self-extension on self-crowding. For the
moment, it can be postulated that on initial introduction of crowd-
ing molecules, with some combination of relative size and interac-
tion parameter, long-range soft attractive interactions between the
protein and the crowding agent begin to cause extension of the IDP
conformation (55, 56). Such attractive interactions overcome the
stabilizing charge-charge repulsion of the protein molecules, pro-
viding an enthalpic contribution to the free energy of the system,
which has been previously reported for other proteins and inert
crowding agents (58, 59). At pH 7.4, three amino acids of D-Rec1
are positively charged: lysine (Lys, 0.6 mol %), arginine (Arg, 5.2
mol %), and histidine (His, 1.9 mol %), and thus, the hydrophilic
surface is expected to be Arg-rich. Attractive (electrostatic) long-
range interactions between the positively charged amino acids
(Lys, Arg, and His; 7.7 mol % in total) of the protein and the
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negatively charged surfaces of the crowding agents in PBS extends
the molecular geometry of D-Rec1, resulting in an increase of the
Rg. At higher concentrations of crowders, excluded volume effects
provide an entropic contribution to the system free energy as the
volume packing fraction continues to increase. The increase in con-
centration of GSH, PEG3, FIC70, and DEX70 means the protein
and crowding molecules are eventually pushed inside each other’s
excluded volume regions via the osmotic pressure. The progressive
decrease in I(0)/C and Rg/Rg(0) of D-Rec1 at higher concentrations
of crowders, along with the increase in OD (aggregation), can be
attributed to the excluded volume effects and solvent depletion
around protein molecules (55, 60). With the increase in concentra-
tion of a crowding agent, the solvent surrounding the D-Rec1 mol-
ecules gets depleted (because of the volume being taken up by
crowding agents), which forces the protein molecules to decrease
their Rg by changing their conformation with more hydrophilic
groups pushed toward the inside (core) and hydrophobic groups
exposed outside (shell). Moreover, hydrophobic interactions
between neighboring protein molecules may lead to protein coacer-
vation or phase separation [consistent with the resulting increased
scattering at very low q in USANS (Fig. 5C) and increased turbidity
(Fig. 5A)] evidenced by the observed USANS power law behavior of
∼q−4 (hydrophilic-hydrophobic interface). These results allow the

postulation of rules of engagement that can be tested by modeling
and further experimentation.

It is likely that the crossover point [Rg/Rg(0) = 1] for each crowd-
ing agent, ϕcrossover, occurs when the entropic-excluded volume
effects (osmotic pressure) begin to balance and then overcome the
long-range enthalpic soft interactions (extension) as a function of
increasing crowder ϕ. The amount of protein compaction achiev-
able for each crowder in our study appears to be limited. Our pre-
vious work (23) has shown that Rec-1 in solution can crowd itself,
resulting in compaction up to 42% of its original size, Rg(0), as a
function of concentration to 30 wt % (or ϕ to 0.27), as shown in
Fig. 8B. The measured contractions of the D-Rec1 IDP in Fig. 8A
are larger than those predicted by the theory of Miller for IDPs of
varying hydrophobicity and crowder molecules of a similar size or
smaller than the protein (61). Miller et al. (61) predicted a
maximum contraction of 40% for a crowder fraction ϕ = 0.4 for pro-
teins with a hydrophobicity of 0.2 to 0.3, with smaller crowders
being more effective. Kang et al. (62) predict that the osmotic pres-
sure begins to reduce Rg when the average distance between crowd-
ing agents, 〈D〉, is less than or equal to Rg(0) of the protein. The
〈D〉 value can be calculated using the relationship provided by
Bansal and Ardell (63). The volume fraction at the peak, ϕpeak, or
the volume fraction at the crossover point [Rg/Rg(0) = 1], ϕcrossover,
for each crowding agent in the present work occurs when the
〈D〉 values are 1.2 to 4.7 nm, much smaller than Rg(0) = 7.4 nm,
supporting the notion of the osmotic pressure as the driving force
for compaction. For GLU, the 〈D〉 values are 0.53 to 0.11 nm over
the range of GLU ϕ, indicating osmotic pressure as the driving force
for compaction. Kang et al. (62) have developed a scaling theory to
predict crowding-induced protein compaction, where the parame-
ter Rg(0)/Rg(crowder) varies, for example, from 0.9 to 6.9, predict-
ing a protein compaction, Rg/Rg(0), of 0.95 to 0.75 (or 5 to 25%),
respectively, as the crowder molecules become smaller; i.e.,
smaller is more effective. Our results do not follow the predictions
of the scaling theory of Kang et al (62). Our examination of the
available models (7, 12, 61, 62,64) has led us to develop a new
model to predict the dominant contributions to free energy that
drive extension and compaction in IDPs as shown in Fig. 8B.

Figure 9A shows a schematic illustration of energy landscapes
and several potential pathways of conformational response to the
environmental variable of interest, which could be crowder
volume fraction, temperature, pH, degree of protein hydration,

Fig. 7. Effect of crowders on the CD spectrum of Rec1-resilin. (A) CD spectrum
of pure Rec1-resilin and pure crowding agents. CD spectra of Rec1-resilin as a func-
tion of different crowding agents at different concentrations: (B) GLU, (C) GSH, (D)
PEG3, (E) FIC70, and (F) DEX70. High concentrations of crowding agents (10% GSH
and 40% others) resulted in high tension (HT) signal greater than 800 V (i.e., the
noise becomes disproportionate to the signal) in the middle-UV range (<240 nm)
for GSH and in the far-UV range (<200 nm) for GLU, PEG3, FIC70, and DEX70.

Fig. 8. Crowder-induced conformational dynamics of D-Rec1. (A) Concentra-
tion normalized zero scattering intensity of D-Rec1 as a function of crowder
volume fraction and (B) Rg scaled to the pristine D-Rec1 protein [i.e., Rg/Rg(0)] as
a function of crowder volume fraction. Self-crowding conformations for Rec1-
resilin protein reported elsewhere (23) are given to indicate known
packing regions.
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etc. Two of the monotonic compaction pathways and one of the ex-
tension pathways mimic the global property, Rg, measured or
modeled in previous studies (fig. S1). However, other pathways in-
volving both extension and compaction are also shown to be possi-
ble in this schematic map of an IDP energy landscape, portending
further experiment and modeling. In this context, an extension-
contraction model has been developed to capture the fundamental
phenomena governing the observed extension and contraction be-
havior of the D-Rec1 molecules under varying concentrations of
crowder molecules. The model was inspired by three publications:
first, Kobayashi and Winkler (65), who developed a node-to-node
mechanical model to understand the expansion and contraction of
hydrogels; second, Zhou et al. (66), who developed the free energy
model by combining enthalpic and entropic terms; and third,
Baowan and Hill (67), who developed the approach of nanome-
chanics for predicting the motion of molecular structures under
the influence of van derWaals and electrostatic forces. The elements
of the model are shown in Fig. 9B. The resilin molecule is represent-
ed as a long chain of nodes linked by rigid segments. A node can
represent a single amino acid or a cluster of amino acids. Nodes in-
teract with each other via van derWaals and electrostatic forces. The
crowder molecule is represented as a uniform sphere that interacts
with the resilin nodes via van derWaals forces. On the basis of these
elements, the contracted and extended state of the resilin can be
modeled as a balance of forces between the nodes and the

crowder molecules. If the attractive forces between the nodes are
stronger than the attractive forces between the nodes and the crow-
ders, then resilin will tend toward the contracted state. Vice versa, if
the attractive forces between the nodes and the crowder molecules
are stronger than the attractive forces between the nodes, then the
resilin will tend toward the extended state.

Node-node interactions consist of van derWaals forces and elec-
trostatic forces, which result in a potential energy (Un-n). The
Lennard-Jones 12-6 potential (68) is used to calculate the potential
energy of the van der Waals forces, while the electrostatic forces are
calculated using Coulomb’s law, as follows

Un� n ¼
A
r12
�
B
r6
�

q
eðfÞr

ð1Þ

where ρ is the distance between the nodes, A (=4εσ6) and B (=4εσ12)
are the Lennard-Jones constants (where ε is the well depth and σ is
the van derWaals diameter), q is the elementary charge of the node,
and ϵ(ϕ) is the dielectric constant of the surrounding medium. The
dielectric constant is a decreasing function of crowder ϕ. Node-
crowder interactions consist of van der Waals forces, which result
in a potential energy (Un-c). Baowan and Hill (67) calculated the in-
teractions between a molecule and a sphere by integrating the van
der Waals forces across the surface of the sphere, resulting in the
following expression

Un� c ¼ hð� AI3 þ BI6Þ ð2Þ

In ¼
pa
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1

ðd � aÞ2ðn� 1Þ
�

1
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ð3Þ

where η is the surface density of atoms for the crowdermolecule, a is
the radius of the crowder molecule, and δ is the distance between
the resilin node and the center of the crowder molecule, which
can be expressed as a function of ρ using geometric principles.
The total potential energy (Utot) is then calculated as a sum of
node-node and node-crowder interactions, as follows

Utot ¼ Un� n þ f ðfÞUn� c ð4Þ

where f (ϕ) is a weighting function of crowder ϕ. Figure 9C depicts
the total potential energy between two nodes of a segment for three
scenarios: (1) in the absence of crowder molecules, (2) in the pres-
ence of few crowder molecules, and (3) in the presence of many
crowder molecules. For scenario (1), there is an attractive potential
energy well at a node-node distance near to 5 Å, followed by the
repulsive forces around 4 and 20 Å due to the interatomic repulsive
forces between the nodes at close distances and the covalent bond
restriction at the fully extended state, respectively. Ignoring kinetic
motion and other forces, the potential energy for scenario (1) sug-
gests that the segment will prefer the natural state, where many
nodes will sit at a distance of around 5 Å. For scenario (2), the in-
troduction of crowder molecules results in an attractive potential
energy well ~19 Å. This means that a number of segments will
extend as a result of the attractive forces offered by the crowder mol-
ecules. For scenario (3), both potential wells remain at higher
crowder ϕ; however, the attractive electrostatic interactions
between nodes become stronger as the crowder molecules reduce
the dielectric constant of the surrounding medium. The Rg of the
resilin molecule is a function of the weighted average of all node-

Fig. 9. Energy landscape, schematic of model elements, and potential energy
for predicted scenarios. (A) Schematic of energy landscape showing known and
possible routes of conformational change in response to the environment. Dotted
lines indicate uniform path of discrete jumps between minimum energy states,
and solid lines indicate ensemble behavior. (B) Depiction of the elements of the
model used. The resilin molecule is represented as a long chain of nodes linked by
rigid segments. A node can represent a single amino acid or a cluster of amino
acids. Nodes interact with each other via van der Waals and electrostatic forces.
The crowder molecule is represented as a uniform sphere that interacts with the
resilin nodes via van der Waals forces. (C) Potential energy between two nodes of a
segment for three scenarios: (1) pristine state with no crowders, (2) extended state
with few crowders, and (3) contracted state with many crowders.
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node distances (ρav), as follows

Rg ¼ Nravv ð5Þ

rav ¼
X

r
e� GkT

1þ e� GkT
=
X e� GkT

1þ e� GkT
ð6Þ

G ¼ Utot � SðfÞT ð7Þ

where N is the number of nodes, ω is a geometric factor related to
the shape and density of the resilin molecule, G is the Gibbs free
energy, k is the Boltzmann constant, T is the temperature, and
S(ϕ) is entropy that decreases with ϕ. The functions for the dielec-
tric constant ϵ(ϕ), weighting function f (ϕ), and entropic function
S(ϕv) are based on the logistic-type equations in the form

f ðfÞ ¼
kf

1þ kf
fmax ð8Þ

where k is the rate constant and ϕmax is the maximum limit of the
function.

Figure 10A depicts the model results and experimental data for
the Rg of D-Rec1 molecules as a function of ϕ of the crowder of in-
terest (GLU, GSH, PEG3, FIC70, and DEC70). Quantitative agree-
ment is found between the model and the experimental data. The
model is capable of capturing the important features including the
nonlinear extension and contraction behavior of the D-Rec1 mole-
cules. Intuitively, the model highlights the balancing forces between
the intermolecular and intramolecular interactions. The parameters
for crowder radius (a) were taken from table S4 (0.43 nm for GLU,

1.1 nm for GSH, 1.8 nm for PEG3, 4.3 nm for FIC70, and 6.3 nm for
DEX70), while the other parameters were fitted. The key parameters
were found to be the crowder radius and the resilin-crowder inter-
action parameter captured by η (0.05 for GLU, 0.75 for GSH, 1.3 for
PEG3, 0.93 for FIC70, and 0.6 for DEX70). The resilin-resilin inter-
action parameter for Rec1 self-crowding, ηs-c, is 0.35 for compari-
son. As can be seen in Fig. 10A, the measured and modeled
extension and compaction behaviors show that D-Rec1 extends
by 92% and compacts by 66% depending on the size of the
crowder and the IDP-crowder interaction approximated using van
der Waals forces. The limit of compaction is governed by the equi-
librium distance between the nodes within the resilin molecule. The
equilibrium distance is a function of the van der Waals radii of the
atoms and the electrostatic interactions. If the dielectric constant of
the surrounding medium is low, then the electrostatic potential
between the atoms can increase, which can result in a larger equi-
librium distance.

Figure 10B shows the calculated free energy, enthalpy, and
entropy for the PEG3 crowding conditions. The model predicts
that the system wants to minimize its free energy at each step, and
the IDP preference is always the contracted state, but the extended
state offers a reasonable alternative, especially at the lower crowder
volume fractions. Additional work can be performed on the model,
where the geometry of the resilin molecule can be improved by
using a variety of segment lengths, and the functions for dielectric
constants and entropy could be improved on the basis of experi-
mental results. The goodness of fit as measured by R2 is largest
for the crowder molecule that causes the largest extension
(DEX70), which is also the only crowder that is larger than the
IDP. R2 values for fits shown in Fig. 10B are as follows: 0.51 for
GLU, 0.80 for GSH, 0.55 for PEG3, 0.95 for FIC70, 0.96 for Rec1
(self-crowding), and 0.99 for DEX70. See table S5 for a complete
list of parameters, including root mean square error for the
model. Figure 10C shows the corresponding total potential energy
between two nodes of a segment of resilin molecule for PEG3
crowding conditions. With an increase in crowder ϕ, both attractive
potential energy wells around 5 and 19 Å, corresponding to the in-
teratomic forces (attractive electrostatic interactions) between the
nodes and covalent bond restriction, respectively, remain.
However, the attractive electrostatic interactions between nodes
become stronger with an increase in crowder ϕ as the crowder mol-
ecules reduce the dielectric constant of the surrounding medium.
The extension-contraction model relies on interactions as a
driving force of protein conformation. Protein-water interactions
and crowder-water interactions can vary the conformation and dy-
namics of macromolecules. In the extension-contraction model, the
crowder molecules can act as shuttles delivering or removing water
from the local protein environment, as driven by the interactions.
The model does not consider the role of water in isolation, rather
the whole system coming to a state of lowest free energy. Moreover,
the values of energy in kilocalories per mole can be translated to
equivalent thermal driving force, indicating that the LCST/UCST
window is available at ambient temperature for D-Rec1 for the
various crowding conditions: UCST at low volume fraction of
crowder and LCST at high volume fraction of crowder. The
results presented suggest additional experimental studies to
measure the variation in USCT and LCST as a function of
crowder volume fraction and to confirm the reversibility of the

Fig. 10. Crowder-induced conformation and energy changes in Rec1-resilin.
(A) Rg of D-Rec1 as a function of crowder volume fraction for different crowders
(GLU, GSH, PEG3, FIC70, and DEX70). Solid color lines represent the model predic-
tions and open symbols represent the respective experimental data. Self-crowding
conformations for Rec1-resilin protein reported elsewhere (23) are given to further
test the model. (B) Model results for an ensemble of states, a snapshot at each
crowder volume fraction, for the crowder PEG3. The enthalpy and entropy are cal-
culated for the extreme cases (i.e., contracted and extended states). (C) Corre-
sponding potential energy of the system obtained from the model.
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states or, in other words, to confirm that the energy landscape path-
ways are reversible.

In summary, we have investigated conformational dynamics and
stability of D-Rec1 under physiologically relevant macromolecular
crowding conditions, using contrast-matching SANS and USANS.
A variety of crowding agents with a wide range of sizes, shapes, and
structures were examined. Compaction of D-Rec1 by 31% was ob-
served with the small monosaccharide GLU molecule as crowder,
whereas the small GSH peptide and the macromolecular crowders
PEG3, FIC70, and DEX70 systematically extended (up to 92%) and
compacted (up to 66%) the conformational ensemble. The increase
in size of D-Rec1 for initial crowding agent packing fraction (0.01 to
0.13) for GSH, PEG3, DEX70, and FIC70, respectively, was attrib-
uted to soft attraction between protein and crowding agents. A sys-
tematic decrease in size with a further increase in crowding agent
packing fraction up to 0.375 demonstrated compaction of the con-
formation attributed to excluded volume effects and depletion in-
teractions between protein molecules. Combined
spectrofluorimetric and CD spectroscopic assessment of the
crowder-directed interactions, conformational dynamics, and sec-
ondary structural evolution revealed the capacity of Rec1-resilin
to evade crowder-induced folding and retain its overall IDP charac-
ter. A computer-generated simulation and visualization of the
change in domain structure of D-Rec1 in the crowding environment
has been successfully attempted using ab initio 3D structure mod-
eling. An extension-compaction model has been developed to un-
derstand the observed behavior of the IDP as a function of crowding
agent packing fraction. The presented results and model contribute
to a more detailed understanding of the conformational dynamics
of stimulus-responsive IDPs in crowded physiological environ-
ments and elucidate the rules of engagement that govern the
packing of such IDPs in crowded conditions. The technique has
great potential in drug therapy, in terms of gaining an in-depth un-
derstanding of the pharmacokinetic and pharmacodynamic profiles
of encapsulated/conjugated small molecular drugs, proteins, or
nanoparticles under crowded conditions.

MATERIALS AND METHODS
Expression and purification of D-Rec1
To achieve sufficient neutron contrast against the crowding agents,
D-Rec1-resilin was biosynthesized. D-Rec1 was overexpressed in
BL21*(DE3) pLysS Escherichia coli strain containing the Rec1-
resilin gene sequence in pET28a plasmid. The cells from single col-
onies were gradually adapted to D2O-based minimal “Mod C1”
media (69) with kanamycin, containing a stepwise increasing con-
centration of D2O from 0 to 100%, and stored as glycerol stock at
−80°C until needed. The starter culture of 100 ml of 90% D2O
minimal medium, OD600 between 0.9 and 1.1, was used to inoculate
2 liters of RTF-5 fermenter bioreactors (Real Time Engineering)
containing 1 liter of the same medium. Cells were cultured at
37°C with automatically regulated pH and dissolved oxygen. Cul-
tures were fed with 20 ml of 66% glycerol in D2O solution about
1 hour before induction, and when the OD600 reached 17 to 18,
they were induced to express the desired protein with 1 mM isopro-
pyl β-D-1-thiogalactopyranoside, and the temperature was lowered
to 30°C. After 15 hours, the biomass was harvested and stored at
−80°C or on dry ice until purification. The obtained cell paste
was resuspended in homogenization/lysis buffer containing 1.7%

sodium chloride, 0.6% tris base, 6.2 mM benzamidine, 10.6 mM
β-mercaptoethanol, 0.01% Triton X-100, 0.04% deoxyribonuclease
I (10 mg/ml), and 0.016% lysozyme. The suspension was passed
through the homogenizer (three times with cooling between
passes) at a pressure of 700 bar. The obtained homogenate was clar-
ified by centrifugation (70). Saturated ammonium sulfate was slowly
added to the supernatant to a final concentration of 20% and stirred
at 4°C overnight. The suspension was centrifuged to pellet the
protein. The protein pellet was resuspended in PBS and stirred over-
night to dissolve. The resulting protein solution was dialyzed over-
night at 4°C against PBS. The dialysate was clarified, and the
supernatant was heated at 80°C for 15 min. The heat-treated
protein solution was centrifuged at 11,419g for 15 min at 20°C to
remove the denatured proteins. The supernatant was concentrated
using an Amicon stirred concentrator cell with a 10K MWCO (mo-
lecular weight cut-off ) membrane. The protein was stored at 4°C,
and a coacervate formed with the lower layer containing the pure
D-Rec1. The bicinchoninic acid assay was performed, and the con-
centration of protein in the lower layer was estimated at 240 mg/ml.
The molecular mass of D-Rec1 measured using electrospray ioniza-
tion time-of-flight mass spectrometry was 29.4 kDa (fig. S14),
which is slightly larger than Rec1-resilin (28.5 kDa) (29) and indi-
cates ~70% deuteration on nonexchangeable hydrogen positions in
the protein.

Dynamic light scattering
The ζ potential andDh of pristine D-Rec1 and crowding agents in 10
mM PBS were experimentally determined using a Zetasizer
(NanoZS, Malvern Instruments Ltd.). The measurements were per-
formed at a fixed temperature of 25°C. The ζ potential values were
determined from the measured electrophoretic mobility (μ) using
the Smoluchowski approximation in the DTSNano software,
which runs an algorithm based on a nonnegative least-squares fit,
as follows

m ¼
z1V
4phD

ð9Þ

where V is the applied voltage, D is the electrode separation, and ε
and η are the dielectric constant and viscosity of PBS, respectively.
ThemeasuredDh and ζ potential values were calculated from cumu-
lative analysis of three cycles.

Small-angle x-ray scattering
SAXS analysis was performed using the bench-top NanoSTAR II
SAXS instrument (Bruker) with a rotating anode Cu Kα radiation
source (1.54 Å) and a 2D detector. The scattering intensity of
samples was collected as a function of the scattering vector q in
the range of 0.01 to 0.39 Å−1 using the below relation (40)

q ¼
4p sinu

l
ð10Þ

where θ is the angle of scattering and λ is the wavelength of neu-
trons. The samples were loaded in a quartz capillary with tempera-
ture maintained at 25°C. In all the cases, the scattering data of the
buffer background were subtracted from the sample for analysis.
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Contrast-matching SANS and USANS
SANS analysis was performed using the Quokka SANS instrument
(71). Three detector distances of 1.3 m (with 300-mm offset), 12 m,
and 20 m, respectively, with an incident neutron wavelength of 5
and 8.1 Å−1 (for 20-m lens optics) were used. The scattering inten-
sity of samples was collected in the q range of 0.0007 to 0.5 Å−1. For
contrast-matching experiments, D2O/H2O mixtures matching
neutron SLD of crowding agents were used as the dispersion
medium. The neutron SLD estimations/calculations were made
using the National Institute of Standards and Technology (NIST)
online neutron activation and scattering calculator (https://ncnr.
nist.gov/resources/activation/). For sample analysis, the prepared
dispersions were loaded into demountable Quokka cells of 20-
mm diameter and 1-mm path length. The cell temperature was
maintained at 25°C for all measurements. The collected SANS
data were reduced using NIST Center for Neutron Research
SANS reduction macros (modified for the Quokka instrument)
using the IGOR Pro software package with data corrected for
empty cell scattering and transmission (72). The data collected
were transformed to absolute scale using an attenuated direct
beam transmission measurement. In all the cases, the appropriate
dispersion medium background was subtracted from the sample
scattering using the PRIMUS program (73). Moreover, the incoher-
ent background scattering from the systems were determined with a
high q power law fit using the SasView program and subtracted
from the respective data for analysis (74). The structural parameters
of the samples were determined by fitting the data with selective
shape-independent model functions using the SasView program.
The ab initio 3D structures of the samples were obtained from
P(r) outputs using the GASBOR program (47) and visualized as en-
velope structures using the UCSF Chimera program (48). The con-
centration normalized I(0) was obtained using Guinier
approximation (in the PRIMUS program), as follows

IðqÞ ¼ Ið0Þexp �
q2Rg

2

3

� �

; ðqmax Rg � 1Þ ð11Þ

USANS analysis was performed using the Kookaburra USANS
instrument (75) with the long neutron wavelength configuration
(λ = 4.74 Å). The scattering data were collected at 25°C in the q
range of 0.00004 to 0.001 Å−1. For sample analysis, the prepared
dispersions were loaded into demountable Kookaburra cells of 40
diameter and 0.5-mm path length. The raw USANS data of
samples were reduced using scattering collected from the empty
cell and converted to absolute scale using python scripts based on
the standard procedure (75). The obtained data were desmeared
using the Lake algorithm, incorporated in NIST USANS macros
using the IGOR Pro software package (72). The structural parame-
ters of the samples were determined by fitting the data with a shape-
independent power law model function using the SasView comput-
er program.

UV-Vis absorption spectroscopy
The absorbance value (at 660 nm) of pristine D-Rec1 and the D-
Rec1/crowding agent mixture in 1 mM PBS was experimentally
measured using a UV-2700 spectrophotometer (Shimadzu Scien-
tific Instruments). The OD values were calculated from the

absorbance values (A) using the below relation

OD ¼ a� t ¼ 2:303ðA=tÞ � t ð12Þ

where α is the absorption coefficient and t is the thickness or cuvette
path length (in centimeters). The ultraviolet-visible (UV-Vis) ab-
sorbance spectrum of pristine Rec1, Rec1/ANS, and Rec1/acrylam-
ide complexes in the absence and presence of crowders (in 1 mM
PBS) was also recorded in the wavelength range 200 to 500 nm.
The measurements were performed at a fixed temperature of 25°C.

Fluorescence spectroscopy
Crowder-directed change in the surface hydrophobicity of Rec1-
resilin was measured using spectrofluorimetric assessment. The in-
teraction of the fluorescent dye (ANS) and fluorescent quencher
(acrylamide) with protein was analyzed using a Cary Eclipse fluo-
rescence spectrophotometer (Varian Inc., USA). The ANS/Rec1-
resilin and Rec1-resilin/acrylamide complexes and their mixtures
with different crowders were equilibrated in the dark for ~1 hour
before fluorescence measurements. Samples were equilibrated at
25°C and loaded in a quartz cuvette of 1-cm path length for fluores-
cence measurement. The excitation wavelength was fixed at 355 nm
for samples with ANS and 275 nm for samples with acrylamide. The
emission spectrum was collected in the wavelength range of 370 to
800 nm for samples with ANS and 290 to 350 nm for samples with
acrylamide. The emission spectra were recorded at 1-nm incre-
ments with excitation and emission slit widths of 5 nm and a
scan rate of 60 nm/min. The fluorescence measurements were cor-
rected for primary absorbance effects. Sample spectra were also cor-
rected for the background fluorescence of ANS and acrylamide in
the absence of Rec1-resilin.

CD spectroscopy
The secondary structure of Rec1-resilin in the crowding environ-
ment was measured using CD spectroscopy. CD spectra were re-
corded (at 25°C) in the wavelength range 190 to 260 nm using a
JASCO spectropolarimeter (Jasco J-150, Jasco, Japan) connected
to a Jasco MCB-100 Mini Circulation Bath. A UV quartz cuvette
with a path length of 1 mm was used for all the measurements.
The protein concentration used was 0.1 mg/ml, and CD spectra
were measured in 1 mM PBS buffer and crowded conditions (at
concentrations comparable to those used in the SANS experiment).
Before measurements, all systems were stirred (30 min), centrifuged
(12,000g for 2 min), and left to equilibrate for 1 hour. The data pitch
was set at 0.2 nm, at a scanning speed of 20 nm/min, a bandwidth of
0.2 nm, a digital integration time (DIT) of 1 s, and an accumulation
of 10 scans. CD data were analyzed using the CDPro software
package. The online fitting program interface Dichroweb was
used to extract secondary structure information from CD
spectra (53).
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