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S1: Compilation of the reported results for intrinsically disordered proteins (IDPs) under

macromolecular crowding conditions.
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Figure S1. Compilation of the reported results for intrinsically disordered proteins (IDPs)
under macromolecular crowding conditions. The radius of gyration (Rg) of IDPs in the absence
of crowders, Rg(0), is used to normalize the data for IDPs of varying sizes in order to show the
percentage change in Rg with crowder volume fraction. The dotted lines are an indicative envelope

of the reported trends.

S2: Structural consensus and amino acid repeat sequence in recl-resilin.

MHHHHHHPEPPVNSYLPPSDSYGAPGQSGPGGRPSDSYGAPGGGNGGRPS
DSYGAPGQGQGQGQAQGQGGYAGKPSDSYGAPGGGNGNGGRPSSSYGAPGGG
NGGRPSDTYGAPGGGNGGRPSDTYGAPGGGGNGNGGRPSSSYGAPGQGQG
NGNGGRPSSSYGAPGSGNGGRPSDTYGAPGGGNGGRPSDTYGAPGGGNNG
GRPSSSYGAPGGGNGGRPSDTYGAPGGGNGNGSGGRPSSSYGAPGQGQGG
FGGRPSDSYGAPGQNQKPSDSYGAPGSGNGNGGRPSSSYGAPGSGPGGRP
SDSYGPPASG
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Figure S2. Amino acid sequence (single letter code) of Recl-resilin. Recl-resilin is a water

soluble protein consists of 310 amino acid residues containing evolutionarily conserved
oligopeptide repeats consisting of 18 copies of a 15-residue repeat consensus sequence:
GGRPSDSYGAPGGGN.




S3: Structural details of the crowders used and rationale for the selection of the crowders
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Figure S3. Structural details of the crowders used and rationale for the selection of the
crowders. (A) Glucose, the most common monosaccharide. Glucose is essential for all organ
systems because it fuels a variety of mechanisms that perform vital tasks. It is crucial for the
tissues, erythrocytes, skeletal muscles, and brain. (B) Dextran, a complex branched glucan
(polysaccharide derived from the condensation of glucose). Dextran is an important biomaterial
with a very diverse application ranging from vaccines to prodrug nanoparticle /nanogel/
microsphere/micelle carrier for targeting drug delivery systems to infusion fluid. (C) Polyethylene
glycol (PEG)- Applications of PEG include surface modification for controlled therapy release in
medical devices, regenerative medicine, and cell culture. Small molecule drugs are PEGylated to
maintain high drug loads, increase drug release function, slow blood drug clearance, increase full
drug penetration into tumors, and enhance the medication's pharmacokinetic profile. In vitro tests
frequently use PEG as a crowding agent to simulate densely packed cellular environments. PEG-
coated viral vectors are utilised in gene therapy to avoid immune system inactivation. (D)
Glutathione (GSH) is a tripeptide (y-glutamyl-cysteinyl-glycine) glutamate residue. The most

prevalent intracellular thiol (1-10 mmol/L), GSH, detoxifying reactive oxygen species and other



xenobiotics as well as transports amines and peptides through the plasma membrane (E) Ficoll®
is a neutral, highly branched, high-mass hydrophilic polysaccharide. It is synthesized by
crosslinking sucrose and epichlorohydrin, which results in a branching structure. The most popular
application of Ficoll® is as a density gradient medium for the separation and isolation of

eukaryotic cells as well as for the isolation of bacterial cells and organelles.

S4: Hydrodynamic diameter (Dn) and Zeta ({)-potential of D-Recl and crowding agents
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Figure S4. Hydrodynamic diameter and Zeta potential of D-Recl and crowding agents. (A)
Hydrodynamic diameter (Dn) and (B) Zeta ({)-potential of 0.1 wt% D-Recl and crowding agents
in 10 mM phosphate buffered saline (PBS) obtained using DLS. The data are presented as an
average value with standard deviation from three measurement cycles.



S5: SAXS intensity profile (with model function fits) of crowding agents solutions
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Figure S5. SAXS intensity profile with model function fits of 0.5 wt% crowding agents. (A)
glutathione (GSH), (B) polyethylene glycol (PEG3), (C) Ficoll (FIC70) and (D) dextran (DEX70)
in water. (E) Corresponding Kratky plot.



S6: Extended SANS intensity profile (with and without solvent contrast matching) of

crowding agents
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Figure S6. Extended SANS intensity profile with and without solvent contrast matching of
crowding agents. (A) glucose (GLU), (B) glutathione (GSH), (C) polyethylene glycol (PEG3),
(D) Ficoll (FIC70) and (E) dextran (DEX70) in 10 mM PBS at their maximum tested

concentration.



S7: Kratky plot of 3.0 wt% D-Recl SANS data as a function of different crowding agent

-3 -3
o 1071 g 1074
< =
5 5
~ -4 ~ 4
Ny 10 1 o 10 1
* *
= 0 @5%_GLU g O @1%_GSH
- o @10%_GLU - O @5%_GSH
-5 | A @25%_GLU -5 | A @7.5%_GSH
10 v @40%_GLU 10 v @10%_GSH
— —— — ————
10 10 10 10
-1 -1
q/A ql/A
- -3
5 10° o 107
< =
€ €
o o
— -4 — -4
e 10 4 o 10 4 . o
* *
* - —_— [m] @5‘%_F|C?0
= 0 @5%_PEG3 e O @10%_FIC70
- O @10%_PEG3 - & @18%_FICTO
-5 A gzs%_PEGB 5 A @25%_FICT0
10 5 v @40%_PEG3 1075 7 @40%_FICT0
T Av4 ™ v' T T ™ — T T
-2 -1 -2 -1
10 10 10 10
-1 -1
q/A q/A
~ 10°%{ (E)
=t
- S an /ety
o 107 V AR
-
x
o

@10%_DEX70
@25%_DEXT0
@40%_DEX70

q/A"’

10"

Figure S7. Kratky plot of 3.0 wt% D-Recl SANS data as a function of different crowding
agent, with contrast matched to solvent, at different concentration. (A) glucose (GLU), (B)
glutathione (GSH), (C) polyethylene glycol (PEG3), (D) Ficoll (FIC70), and (E) dextran (DEX70).



S8: Polymer excluded volume model fit to SANS data of 3.0 wt% D-Recl as a function of
different crowding agent
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Figure S8. Polymer excluded volume model fit to SANS data of 3.0 wt% D-Recl as a
function of different crowding agent, contrast matched to solvent, at different
concentration. (A) glucose (GLU), (B) glutathione (GSH), (C) polyethylene glycol (PEG3), (D)
Ficoll (FIC70), and (E) dextran (DEX70).



S9: Pair-distance distribution, P(r), curves of macromolecular crowding agents
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Figure S9. Pair-distance distribution, P(r), curves of macromolecular crowding agents. (A)
polyethylene glycol (PEG3), Ficoll (FIC70) and dextran (DEX70) in water. (B) Corresponding ab
initio shape reconstruction (one among an infinite possible ensemble) obtained using the GASBOR

program and visualized (as an envelope structure) using the Chimera program.



S10: Photophysical properties of pure Recl and 8-Anilino-1-naphthalenesulfonic
acid/Recl-resilin (ANS/Recl-resilin) complex at different molar ratios
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Figure S10. Photophysical properties of pure Recl and 8-Anilino-1-naphthalenesulfonic
acid/Recl-resilin (ANS/Recl-resilin) complex at different molar ratios. (A) UV-Vis
absorption spectra of pure Recl-resilin and 8-Anilino-1-naphthalenesulfonic acid/Recl-resilin
(ANS/Recl-resilin) complex at different molar ratios (with increase in ANS concentration). (B)
UV-Vis absorption peak intensity (at 355 nm) plot as a function of ANS concentration at a fixed
Recl-resilin content. The peak intensity is linearly proportional to ANS concentration. (C) UV-
Vis absorption spectra of pure ANS and ANS/Recl complex with increase in Recl-resilin
concentration at different molar ratios. (D) Corresponding UV-Vis absorption peak intensity plot.
It is revealed that Recl-resilin does not influence the peak position and intensity. ANS has been
used to monitor protein conformational changes by binding to the hydrophobic regions of a protein.
The absorption maximum of ANS observed at ~355nm was used as the excitation wavelength for
the experiments.



S11: Assessment of surface hydrophobicity and Binding of ANS to Recl-resilin

The two aromatic rings of ANS promote hydrophobic interactions and attach to hydrophobic
cavities and areas on Recl-resilin. This binding boosts the quantum yield and enhances Amax. The
data were analysed using Scatchard's equation and Hill’s plot. Scatchard equation:

B B RT
e ke tke OO
where ‘B’ is the bound ligand and ‘Lr’ is free ligand; were used for analysis of the binding data.
The plot of B/Lr vs B provides a straight line with Rt/Kq as the Y-intercept, Rt as the X-intercept,
and -1/Kgq as the slope. Kq is the dissociation constant and Rt is the total receptor concentration.
The smaller the dissociation constant, the more tightly bound the ligand is, or the higher the affinity
between ligand and protein. The Hill slope analysis allows for the differentiation of cooperativity
and multiple binding sites. The Hill equation accounts for the possibility that not all receptor sites
are independent. According to Hill’s Plot:

B
Rr—B

log [—] = n[logLr] —log(Kq) (S2),

where, L is the free ligand concentration, ‘Rt’ is the total receptor concentration, and (Rt -8) is
the free receptor concentration, and ‘B’ is the bound ligand and ‘n’ is the slope of the Hill plot and
is also the average number of interacting sites. This equation is plotted as log B/(R T-8) vs. log Lr
where the Y-intercept is -log Kadand the slope n = the Hill coefficient. If the slope >1, the substrate-

ligand interaction is positively cooperative, if the slope = 1, there is a single class of binding sites;
and a slope <1 reflects negative cooperativity of the interaction.
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Figure S11: Surface hydrophobicity of Recl-resilin and binding interaction .of ANS to Recl-
resilin. (A) The surface hydrophobicity (SH) plot of Recl-resilin. Since fluorescence intensity is



an arbitrary unit, the quantity “relative fluorescence” (Fr) defined as Fr = (F — Fg)/Fo is used. The
slope of the curve determined using least-squares linear regression is considered as an index of SH
and appears to be very low. (B) Kyte-Doolittle (K-D) hydrophobicity plot of Recl-resilin using
amino acid sequence (Figure S2) with window size 7. A score of 4.6 is the most hydrophobic and
a score of - 4.6 is the most hydrophilic hydrophobicity score according to the K-D plot. All the
regions of Recl-resilin exhibit values below zero reflecting the high hydrophilicity of the protein
surface and experimentally supports Kyte-Doolittle (K-D) hydrophobicity plot (A). (C) A double-
reciprocal plot of 1/(Amax) vs 1/[C]. The increase in the fluorescence intensity, Amax (AF*) per mM-
ANS bound was calculated using this plot. Using the calibration factor deduced from the curve,
the detected increase in fluorescence intensity (AF) was converted into mM of bound ANS. (D)
Plot of bound ligand (B) vs. total free ligand (Lf). The curve obtained is smooth and has no
inflection points, maxima, or minima and reflects the quality of the data.



S12: Fluorescence titration of various Recl-resilin by ANS both in the presence and in the
absence of different types and levels of crowders
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Figure S12: Fluorescence titration of various Recl-resilin by ANS both in the presence and
the absence of different types and levels of crowders. Fluorescence spectra of (A) pure Recl-
resilin, ANS, (at optimal molar ratio), and crowding agents. Free ANS in aqueous solution displays
a negligible fluorescence intensity with Amax ~543. (B-D) Fluorescence emission spectra of
ANS/Recl-resilin (at fixed molar ratio) as a function of different crowding agent at different
concentration: (B) glucose (GLU), (C) glutathione (GSH), (D) polyethylene glycol (PEG3), (E)
Ficoll (FIC70), and (F) dextran (DEX70). Both restricted mobility and hydrophobicity of the
nearest environment of ANS contribute significantly to the increased fluorescence intensity.



S13: Assessment of the conformational change using Tyr amino acid residue as the
intrinsic fluorescence probe

Rec1-resilin lacks the tryptophan (Trp) amino acid residue, and the fluorescence emission in Recl-
resilin is entirely due to Tyr. In recl-resilin, the natural fluorophore Tyr is present in two major
distinctly different tripeptide environments, which are respectively Ser-Tyr-Gly (Ser21-Tyr22-
Gly23, Ser37-Tyr38-Gly39, Ser52-Tyr53-Gly54, Ser76-Tyr77-Gly78, Ser93-Tyr94-Gly95,
Ser141-Tyr142-Gly143, Ser160-Tyr161-Gly162, Ser206-Tyr207-Gly208, Ser240-Tyr241-Gly242,
Ser258-Tyr259-Gly260, Ser271-Tyr272-Gly273, Ser288-Tyr289-Gly290, Ser303-Tyr304-
Gly305= total 13) and Thr-Tyr-Gly (Thr108-Tyr109-Gly110,Thr123-Tyr124-Gly125,Thrl175-
Tyrl76-Gly177,Thr190-Tyr191-Gly192, Thr221-Tyr222-Gly223= total 5); with one each of
Ser14-Tyrl5-Leul6, and Gly68-Tyr69-Ala70. In the case of Recl-resilin the observation of a
single absorption band with peak at 275 nm confirms the presence of Tyr in the neutral form.
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Figure S13: Assessment of the conformational change using tyrosine amino acid residue
(Tyr) as the intrinsic fluorescence probe. (A) Typical fluorescence quenching experiments of
Recl-resilin using Ficoll (25mg/ml) as crowder and adding acrylamide as an external fluorescence
quencher. The data were analyzed according to the modified Stern-Volmer relation :

%: 1+ KSV[Q] (S3)

where Foand F are the fluorescence intensities in the absence and presence of quencher, [Q] is the
concentration of quencher, and Ksy is the Stern-Volmer constant. (B) Stern-Volmer plots of the
acrylamide quenching of Tyr in pure Recl-resilin in absence of crowder and in (C) presence of a
crowder (25mg/ml Ficoll). The resulting Stern-Volmer plots were linear in all cases and Stern
Volmer quenching constants (Ksv) were calculated from the linear-fits of the data.



S14: Quantitative estimation of the secondary structure(s) from the CD spectra

Table S1. CD spectrum deconvolution fit parameters. The analysis was performed using
DichroWeb with CONTIN algorithm and reference set 7 (containing some unordered model
proteins).

Sample* Helix Strand Turns Unordered
Recl 0.064 0.162 0.136 0.638
Recl@1%GLU 0.048 0.170 0.113 0.668
Recl@2.5%GLU 0.097 0.110 0.160 0.633
Rec1@0.01%GSH 0.056 0.155 0.119 0.670
Recl@0.05%GSH 0.049 0.339 0.186 0.427
Rec1@1%PEG3 0.041 0.215 0.119 0.625
Recl@2.5%PEG3 0.054 0.181 0.125 0.639
Recl@1%FIC70 0.057 0.199 0.137 0.607
Recl@2.5%FIC70 0.061 0.196 0.147 0.596
Recl@1%DEX70 0.069 0.172 0.147 0.612
Recl@2.5%DEX70 0.074 0.200 0.162 0.564

*The analysis could not be performed for samples with high crowder concentration (10% GSH
and 40% for other crowders) as the lowest wavelength datapoint required to perform the analysis
was 190 nm.



S15: Amino acid composition of Recl-resilin

Table S2. Amino acid composition of Rec1-resilin.

Amino acids Symbol No. of units Mol%
Glycine Gly/G 104 335
Alanine Ala/A 19 6.1
Valine Val/V 1 0.3
Leucine Leu/L 2 0.6
‘—g é Isoleucine le/l - -
zg § Meti-uonme Met/M - -
Proline Pro/P 42 13.5
Phenylalanine Phe/F 1 0.3
Tryptophan Try/W - -
Subtotal 169 54.5
Serine Ser/S 44 14.2
o Threonine Thr/T 6 1.9
%_ c Asparagine Asn/N 20 6.4
-§7 f§ Glutamine GIn/Q 13 4.2
E:E é Tyrosine TyrlY 21 6.8
5 Cysteine Cys/C - -
Subtotal 104 335
.% Lysine Lys/K 2 0.6
é Arginine Arg/R 16 5.2
S Histidine His/H 6 1.9
‘—!c:,_ Aspartic acid Asp/D 12 3.9
E’, Glutamic acid GIu/E 1 0.3
S—E Subtotal 37 11.9

Total 310 100




S16: Density values of aqueous crowding agent solutions as a function of solute concentration
used to calculate volume fraction

Table S3. Density values of aqueous crowding agent solutions as a function of solute concentration
used to calculate volume fraction (¢) using the relationship ¢ = (wt%)/(100*density).

Molecule Concentration (wt%) Density (g/cc)

GLU'® 5 1.017
10 1.038
25 1.108
40 1.177
GSH 1 1.004
5 1.019
7.5 1.028
10 1.038
PEG3"’ 5 1.003
10 1.012
25 1.038
40 1.067
FIC7078 5 1.018
10 1.032
18 1.060
25 1.078
40 1.135
DEX7078 5 1.020
10 1.035
25 1.088

40 1.150




S17: Size values of D-Recl and crowder molecules in 10 mM PBS

Table S4. Size values of D-Recl and crowder molecules in 10 mM PBS. The hydrodynamic
diameter (Dn) of all samples (0.5 wt%) were measured using DLS. The radius of gyration (Rg) of
D-Recl (3 wt%) was measured using SANS, and crowder molecules (0.5 wt%) using SAXS.

Rg (nm) obtained from

Molecule Dn (nm)

Model function fits Guinier P(r) function fits
approximation
D-Recl 10.8 +£0.2 6.2+0.1 6.5+0.3 7.4
GLU 1.1+0.1 0.43* 0.43* 0.43*
GSH 43+0.1 1.1+0.1 1.1+0.1 1.1*%*
PEG3 58+0.1 22+0.2 1.7+£0.1 1.8
FIC70 9.8+0.2 44+0.2 41+0.1 4.3
DEX70 13.4+0.4 6.5+0.2 6.3+0.2 6.3

*yalue taken from half the kinetic diameter*? **value from model function fits



S18: Model parameters fitted to the experimental data.

Table S5. Model parameters fitted to the experimental data.

Parameter D7EOX FIC70 PEG3 GSH GLU D-Recl
a - Crowder Size (nm) 6.30 4.30 1.80 1.10 0.43 7.40
n - Density of Crowder Surface Atoms 0.60 0.95 1.30 0.75 0.05 0.35
(#AN2)

k1 - Rate of dielectric constant with 19.00 0.95 0.95 2.00 0.50 0.10
Crowder (-)

¢1 - Multiplier of dielectric constant 2.50 2.20 1.54 2.00 1.50 1.00
with Crowder (-)

k2 - Rate of Crowder-Resilin 0.20 0.15 0.15 0.40 0.20 0.20
Interactions (-)

¢2 - Multiplier of Crowder-Resilin 100.0 7.3 7.3 7.0 10.0 5.0

Interactions (-)

k3 - Rate of Entropy Loss with Crowder 0.005 0.008 0.010 0.015 0.004 0.100
Q)

¢3 - Multiplier of Entropy Loss with 3000 100 130 100 60 28
Crowder (-)

b - Average distance between nodes in 7.64 7.64 7.64 7.64 7.64 7.64
Resilin (A)

Nnodes - Number of nodes in Resilin (#) 11.2 11.2 11.2 11.2 11.2 11.2

€ - Dielectric constant 100 100 100 100 100 100
R2 - Goodness of Fit 09838 0946 0547 0.795 0.512 0.960

RMSE - Root Mean Squared Error 0453 0.651 1935 0.597 0.552 0.257




S19: ESI electrospray ionization time-of-flight mass spectrometry
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Figure S14. ESI-ToF mass spectra of bio-synthesized D-Recl. Molecular weight of D-Recl
(29.5 kDa) is larger than protonated Recl-resilin (28.5 kDa) and indicates deuteration on non-
exchangeable hydrogen positions in the protein.
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