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REAGENTS.

Crowding agents. Ethylene Glycol (EG), PEG 400, PEG 600, PEG 1000, PEG

2050, PEG 4600, PEG 8000 and PEG 35000 were purchased from Sigma Aldrich

(USA). PEG 6000 was purchased from Millipore Sigma (USA). PEG 3350 was

purchased from INTEGRA Chemical Company (USA).

Protein and RNA. RNA used in this study was synthesized and purified with HPLC

by IDT technologies (USA). NTDL-RBD and RBDL were expressed, purified, and

labeled as previously described 32,33.

Cuvette for single-molecule experiments. Glass cuvettes were assembled using

glass cylinders from Hilgenberg (Germany), and coverslips from Deckglaser

(Germany), glued together using optical adhesive 61 from Norland (USA), and

PEGylated using amino silane from UCT Specialties LLC (USA), sodium

bicarbonate from Santa Cruz Biotechnology (USA), and mPEG-SVA from Laysan Bio

(USA) as previously described 32.

INSTRUMENTATION AND DATA ANALYSIS.

Single-molecule fluorescence setup. Single-molecule confocal fluorescence

measurements were performed using a Picoquant MT200 instrument (Picoquant,

Germany). Pulsed Interleaved Excitation (PIE) was obtained by synchronizing a

diode laser (LDH-D-C-485, PicoQuant, Germany) and a supercontinuum laser

(SuperK Extreme, NKT Photonics, Denmark), filtered by a z582/15 band pass filter

(Chroma) and pulsed at 20 MHz. Lasers were focused in the sample through a

60x1.2 UPlanSApo Superapochromat water immersion objective (Olympus, Japan)

and emitted photons were collected through the same objective. Separation of
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excitation and emission photons was operated by a dichroic mirror (ZT568rpc,

Chroma, USA), and emitted photons were further filtered by a long pass filter

(HQ500LP, Chroma Technology) to suppress scattering light at wavelength of

excitation and by the confocal pinhole (100 µm diameter). Finally, the emitted

photons were separated into four channels by a polarizing beam splitter (which

differentiate between perpendicular and parallel polarization), followed by a dichroic

mirror (585DCXR, Chroma) for each polarization that further select between donor

and acceptor photons. Donor and acceptor emission is then filtered using band pass

filters, ET525/50m or HQ642/80m (Chroma Technology), respectively, and finally

focused on SPAD detectors (Excelitas, USA). The arrival time of every photon is

recorded with a HydraHarp 400 TCSPC module (PicoQuant, Germany). FRET

experiments are performed by exciting the donor dye with a laser power of 70-100

μW (measured at the back aperture of the objective), whereas acceptor direct

excitation is adjusted to match a total emission intensity after acceptor excitation to

the one observed upon donor excitation (between 50 and 70 μW). Single-molecule

FRET efficiency histograms are acquired at labeled protein concentrations between

50 pM and 300 pM, estimated from dilutions of concentrated samples with known

concentration, where concentration was previously determined via absorbance

measurements.

Measurement conditions. All measurements, unless differently specified, were

performed in 50 mM HEPES, pH 7.4 at 23°C (NaOH), 200 mM mercaptoethanol,

0.001% v/v Tween20 (for surface passivation) and PEG at the reported

concentrations. All measurements were performed in PEGylated glass cuvettes.

Each sample was measured for at least 10 min at 23 ± 0.5 °C unless otherwise
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indicated. Most measurements were performed at least in duplicate (independent

replicates from a new sample preparation) to confirm reproducibility of the results.

Construction of transfer efficiency histograms. Fluorescence bursts were

identified by time-binning photons in bins of 1 ms and accepting bursts whose total

number of photons after donor excitation was larger than at least 15 photons in each

bin and contiguous bins were merged if the total number of photons was larger than

at least 20 photons.

Transfer efficiencies for each burst were calculated according to

Eq. S1𝐸 = 𝑛
𝐴

/(𝑛
𝐴

+ 𝑛
𝐷

)

where and are the numbers of donor and acceptor photons, respectively.𝑛
𝐴

𝑛
𝐷

Reported transfer efficiencies are corrected for background, acceptor direct

excitation, channel crosstalk, differences in detector efficiencies, and quantum yields

of the dyes.

Similarly to transfer efficiency, the labeling stoichiometry ratio S is computed

accordingly to:

Eq. S2𝑆 = 𝐼
𝐷

/(𝐼
𝐷

+ γ
𝑃𝐼𝐸

 𝐼
𝐴

)

where and represent the total intensities observed after donor and acceptor𝐼
𝐷

𝐼
𝐴

excitation and provides a correction factor to account for the differencesγ
𝑃𝐼𝐸

between donor and acceptor in detection efficiency and laser intensities. In the
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histograms, we present the bursts with stoichiometry corresponding to 1:1

donor:acceptor labeling (in contrast to donor and acceptor only populations), which

are selected according to the criterion 0.3 < < 0.7. Variations in the selection𝑆

criteria for the stoichiometry ratio do not impact significantly the observed mean

transfer efficiency (within experimental errors).

Fit of transfer efficiency distributions. To estimate the mean transfer efficiency

and extract multiple populations from the transfer efficiency distributions, each

population was approximated with a Gaussian distribution function. When fitting

more than one peak, the histogram is analyzed with a sum of two Gaussian

functions. In the case of binding of RNA, the two Gaussian distributions associated

with the bound and unbound state are constrained to the values of mean transfer

efficiency and width of the sample in absence of ligand and at saturation of ligand.

Estimate of fraction bound. To estimate the fraction bound and the corresponding

KA, we adopted three independent methods. In the first method, we globally fitted the

distribution of transfer efficiencies with two Gaussian distributions, one with a fixed

conformation determined from the sample in absence of RNA. In the second method,

we fitted the mean transfer efficiency of the distribution as it changes with increasing

ligand concentration. In the third method, we normalized the histogram and subtract

the histogram of the ligand free population from all the subsequent histograms. We

then use the area of the population below a threshold given by the “isosbestic” point

across the RNA titration to evaluate the fraction bound at each concentration. All

three methods provide analogous results on KA as shown in Fig. S11.

Protein dynamics.
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Nanosecond FCS analysis. Autocorrelation of acceptor, donor, and

cross-correlation curves between acceptor and donor channels were calculated as

described previously 56,57. All measurements were performed at single-molecule

concentrations (~300 pM), and donor-only bursts were discarded. Finally, the

correlation was computed over a time window of 5 μs, and characteristics timescales

were extracted according to:

𝑔
𝑖𝑗

(τ ) = 1 + 1
𝑀 (1 − 𝑐

𝐴𝐵
𝐸𝑥𝑝[− (τ − τ

0
)/τ

𝐴𝐵
]) ×  

Eq. S3× (1 + 𝑐
𝐶𝐷

𝐸𝑥𝑝[− (τ − τ
0
)/τ

𝐶𝐷
])(1 + 𝑐

𝑇
𝐸𝑥𝑝[− (τ − τ

0
)/τ

𝑇
])

where M is the mean number of molecules in the confocal volume and and 𝑖  𝑗

indicate the type of signal (either from the Acceptor or Donor channels). The three

multiplicative terms describe the contribution to amplitude and timescale of photon

antibunching (AB), chain dynamics (CD), and triplet blinking of the dyes (T).

Determination of root mean square interdye distances from mean transfer

efficiencies.

Conversion of mean transfer efficiencies to an interdye distance for fast rearranging

ensembles requires the assumption of a distribution of distances. Here we employed

the Gaussian model 58. In the Gaussian model, the conversion rely on one single

fitting parameter, the root mean square interdye distance .𝑟 =  < 𝑅2>1/2 

Estimates of this parameter is obtained by numerically solving:
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Eq. S4< 𝐸 >  =
0

∞

∫ 𝐸(𝑅) 𝑃(𝑅) 𝑑𝑅 

where R is the interdye distance, P(R) represents the chosen distribution, and E(R) is

the Förster equation for the dependence of transfer efficiency on distance R and

Förster radius :𝑅
0

Eq. S5𝐸(𝑅) =  
𝑅

0
6

𝑅
0
6 + 𝑅6

where R0 denotes the Förster distance for the pair of fluorophores employed (5.4 nm

for Alexa Fluor 488/Alexa Fluor 594 in water at 23°C 59). The Gaussian chain

distribution is given by:

Eq. S6𝑃(𝑅) =  4π 𝑅2 3

2π 𝑅
2( )3/2

𝑒𝑥𝑝 − 3 𝑅2

2 𝑅
2( )

Eqs. S5 and S6 are substituted into Eq. S4 and r is numerically optimized such that

it equals the experimentally determined value for mean transfer efficiency.

R0 in Eq. S5 is proportional to the refractive index 60 and therefore, upon𝑟−2/3

addition of EG or PEG of different sizes, it is corrected for changes in refractive index

according to R0,PEG = R0 (rPEG/r0)-⅔, where r0 is the refractive index in absence of

crowders.

Finally, we assessed the effects of crowders on the fluorophore lifetime. As previously

reported14, the effect of PEG on the lifetime of the fluorophores is less than 10% across the

concentration range measured. When comparing measurements performed at 15% w/v of

crowding agents, the difference between samples has a 5% error, within the range of the

error associated to determining the lifetime from burst analysis of multiple measurements. It
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should be noted that even if such changes are taken into account, no clear correlation exists

between the variations in lifetime and the change observed in conformations. In addition, a

correction of 10% in the quantum yield (reflecting the change in lifetime of the donor) would

enter in the Förster radius to the power of 1/6, effectively counting only for approximately a

2% to the overall Förster radius 14.

THEORY.

Protein conformations. To capture the competitive effects of the weak interactions

of PEG molecules with the protein as well as the excluded volume screening effects

due to crowding, we approximated the problem by separating the two contributions.

Although weak interactions are favored by the high concentration of polymers, only a

small fraction of polymers interact with the protein. These weak interactions are

treated analogously to the ones observed for denaturants and osmolytes. By

occupying a large fraction of the available volume, the remaining PEG molecules

cause screening of the excluded volume of the protein and lead to its compaction.

To describe this type of scheme, we used the approach developed in Hofmann et al.

42, where the conformations of the protein are described by the coil-to-globule model

of Sanchez 39, following the work of Sherman and Haran 40 and subsequent

modifications 41. In this framework the degree of compaction of the polymer chain

can be described in relation to the theta state configuration as:

Eq. S7α5 − α3 = 3
14 𝑁 𝑁 𝑏3

𝑅
𝑔
3 1 − ε( ) + 𝑁 𝑏3

𝑅
𝑔
3

𝑁

7α3 
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with being equal to the ratio of the radius of gyration of the protein compared toα 𝑅
𝑔

the radius of gyration of an ideal chain and is the interaction energy, is the𝑅
𝑔θ

ε 𝑁

number of protein monomers, is the length associated with each monomer.𝑏

To be consistent with the definitions used in the renormalization group theory results

25–27 that we will apply later, we define the radius of gyration of the protein in buffer

conditions as:

Eq. S8a𝑅
𝑔0

= 𝐵
𝑁

0. 80.5𝑁0.588

under the assumption that the protein chain is in the good solvent regime. This is the

case for our protein chain, which has more expanded configurations than an ideal

chain because of repulsive electrostatic interactions. The terms summarizes the𝐵
𝑁

specific excluded volume information of the protein chain. We define the ideal

reference state as:

Eq. S8b𝑅
𝑔θ

= 𝐵
𝑁

0. 80.5𝑁0.5

Based on the definitions in Eqs. S7 and S8 we can define an interaction energy for

the reference state that is given by:

Eq. S9ε
0

= 1 +  𝑏−3𝐵
𝑁

3 3.34

𝑁0.236 − 3.34

𝑁0.06( ) + 0. 93𝑏3𝐵
𝑁

−3
𝑁−0.764

The interaction term can be related to the change in the free energy of solvation

through - = .∆ε =ε ε
0

∆𝐺
𝑠𝑜𝑙
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Minimization of Eq. S7 provides the effect of the contribution of weak protein-PEG

interactions to the dimension of the chain, which alters the characteristic excluded

volume parameter as𝐵
𝑁

Eq. S10𝐵
𝑁,𝑤

= α 𝐵
𝑁

 𝑁−0.088

where the subscript is to remember that this quantity is derived in presence of𝑁, 𝑤

weak interactions.

We can define an analogous quantity for PEG, which is given by

Eq. S11𝐵
𝑃

= 𝑅
𝑔
𝑃𝐸𝐺 0. 8−0.5𝑃−0.588

where is the number of Kuhn segments in PEG. is given by𝑃 𝑅
𝑔
𝑃𝐸𝐺

as previously reported in literature 61.𝑅
𝑔
𝑃𝐸𝐺 = 0. 21 𝑀

𝑃
/𝑀

𝑃,𝑚𝑜𝑛( )0.583

As discussed previously 14,15,18, excluded volume screening can be described using

renormalized estimates of the excluded volume parameters for both protein and PEG

as well as their relative interaction. To simplify the case scenario, we will use the

renormalized theory also for short PEG polymers (according to Flory’s criterion):

while this is not necessarily accurate, it does not introduce large deviations in the

expected trend and restricts the number of variables at play.

With these definitions, we can now define the fundamentals parameters for the

renormalized group theory including renormalized values for the number of protein

and PEG Kuhn segments ( and , respectively) concentration of PEG ( ), and𝑁
𝑅

𝑃
𝑅

𝑐
𝑅
𝑃

characteristic renormalized length of the protein Kuhn segment ( ):𝑙
𝑅
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Eq. S12a𝑦 = 𝑃
𝑁

𝐵
𝑃

𝐵
𝑁,𝑤

( )−0.588

Eq. S12b𝑠
𝑃

= 𝑢 𝐵
𝑃
3ϕ𝑏−3𝑃0.76𝑦−0.76

Eq. S12c𝑁
𝑅
−1 + 2 𝑠

𝑃
 𝑁

𝑅
−0.76 = 1 

Eq. S12d𝑃
𝑅

= 𝑦 𝑁
𝑅

Eq. S12e𝑐
𝑅
𝑃 = 1/2 (1 − 𝑁

𝑅
−1)

Eq. S12f𝑙
𝑅

= 𝐵
𝑁,𝑤

(𝑁/𝑁
𝑅

)
0.588

Eq. S12g𝑓
𝑁,𝑃

= 1 ± 𝑙
𝑅

/𝑠
𝑁,𝑃( )−0.4

The interaction between the monomers of PEG and proteins is provided by the 𝑠
𝑁,𝑃

parameter and the associated sign represents compatible vs. incompatible solutions

25,26. In this case we set equal to zero to restrict to the case of pure excluded𝑠
𝑁,𝑃

volume interactions. The parameter is a constant set to be equal to 5.756.𝑢

Finally we can compute the root mean square radius of gyration in presence of the

excluded volume screening effects of PEG as:

Eq. S13𝑅
𝑔
𝑁 = 𝑙

𝑅
2𝑁

𝑅
0. 636 + 0. 165 𝑁

𝑅
0.5 − 0. 292 𝑁

𝑅
0.5𝑓

𝑁,𝑃
𝐺 𝑐

𝑅
𝑃 𝑃

𝑅
 , 𝑁

𝑅
/𝑃

𝑅( )( )( )0.5

where:

Eq. S14a𝐺 𝑊 , 𝑦( ) = 𝑊
0

∞

∫ 𝑧−1/2 𝐵(𝑧)𝐷(𝑧𝑦)
1+ 𝑊𝐷(𝑧𝑦) 𝑑𝑧
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Eq. S14b𝐵 𝑧( ) = 1
6 𝑒−𝑧 − 2𝐷(𝑧) − 8

𝑧 𝐷(𝑧) − 1( ) − 10

𝑧2 𝐷(𝑧) − 1 + 𝑧
3( )

Eq. S14c𝐷 𝑧( ) = 2

𝑧2 𝑒−𝑧 − 1 + 𝑧( )

The set of equations Eqs. S7-S14 is then deployed to fit the experimental dataset

across all molecular weights of PEG, from EG to PEG 35000, and all volume

fractions. Results are displayed in Fig. 3B.

Assuming a relation analogous to the one proposed by Schellman 42,44,45 and

assuming the end-groups of PEG and the backbone of PEG interact with

independent sites on the protein, we can write :

Eq. S15a∆𝐺
𝑒𝑒

= γ
𝑒𝑒

 𝑙𝑛 1 + 2 𝐾
𝑒𝑒

 ϕ
𝑤/𝑣

/𝑀
𝑃,𝑚𝑜𝑛( ) / 𝑀

𝑃
/𝑀

𝑃,𝑚𝑜𝑛
+ 1( )[ ]

Eq. S15b∆𝐺
𝑖𝑛𝑡

= γ
𝑖𝑛𝑡

  𝑙𝑛 1 +  𝐾
𝑖𝑛𝑡

 ϕ
𝑤/𝑣

/𝑀
𝑃,𝑚𝑜𝑛( ) 𝑀

𝑃
/𝑀

𝑃,𝑚𝑜𝑛
− 1( )/ 𝑀

𝑃
/𝑀

𝑃,𝑚𝑜𝑛
+ 1( )[ ]

where here and represent the (fractional) number of binding sites associatedγ
𝑒𝑒

γ
𝑖𝑛𝑡

to each group, is weight per volume concentration, and provide theϕ
𝑤/𝑣

𝐾
𝑒𝑒

𝐾
𝑖𝑛𝑡

association constant in mol-1 units, whereas is the molecular weight of PEG and𝑀
𝑃

is the molecular weight of the monomer of PEG. Here we approximate𝑀
𝑃,𝑚𝑜𝑛

𝑀
𝑃,𝑚𝑜𝑛

to 50 Da. For simplicity in the fit we also assume that and are similar, ~𝐾
𝑒𝑒

𝐾
𝑖𝑛𝑡

𝐾
𝑒𝑒

, and the overall difference is encoded in the relative concentration of ends and𝐾
𝑖𝑛𝑡

backbone segments (as rescaled by the length of the polymer) and a change in the

number of binding sites. In Eq. S15, the volume fraction of the polymer is weighted

by fractional occurrence of the ends and backbone elements. For a given polymer
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there are backbone elements and 2 ends contribution over a total𝑀
𝑃
/𝑀

𝑃,𝑚𝑜𝑛
− 1( )

of interacting element per polymer in the solution.(𝑀
𝑃
/𝑀

𝑃,𝑚𝑜𝑛
+ 1)

These two different contributions to the free energy are included to account on

whether the interaction arises from the PEG end-groups or from the PEG backbone,

as previously proposed by the Record lab 49,50, such that

Eq. S16ε = ε
0

− ∆𝐺
𝑒𝑒

− ∆𝐺
𝑖𝑛𝑡

The linear additivity is a strong simplification of the more complex solvent exchange

model for four components in solutions.

A note regarding the renormalized group theory model. It is important to note

some limitations in the treatment proposed here and corresponding nuances in the

renormalized group theory for the ternary solutions. The renormalized theory was

developed and is strictly valid for a polymer chain in a solution of longer chains.

However, we found that deviations occurring for shorter chains are reasonably small

and the convenience of applying a single theory is of greater benefit when including

and comparing further elements. Importantly, this theory allows for accounting

attractive and repulsive interactions with the crowder. However, we found that the

impact of the interaction with shorter PEG molecules (EG and PEG 400), which are

attractive and expand the chain, could not be reproduced by the theory, or only in

part, using “reasonable” estimates of the interaction parameters. We think this is

possibly an intrinsic limitation of the theory that may arise because experimentally

there is a difference between generally favorable/unfavorable mixing interactions

(implying attractive and repulsive effects) and the physical binding of a ligand to the

chain (which increases excluded volume and alters the chain interactions). For this
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reason, in this work, we have opted for using the renormalization theory only to

establish the pure excluded volume limit and assign to other processes the

remaining changes that are observed in the experiments. This obviously is an

arbitrary choice, but we think choosing the pure excluded volume limit is a

reasonable assumption to provide elements of comparison. This is sustained by the

small contribution to chain dimension of other interactions (beyond the effect of pure

excluded volume screening) when measuring large PEG polymers. Finally, we want

to mention that the theory is solved in the limit of an excluded volume chain and in a

mixture of excluded volume chains. While this applies well for PEG, the disordered

region is not exactly in the excluded volume limit. In future works, we aim to adapt

the theory to capture intermediate regimes between the excluded volume regime and

the theta state conditions.

Flory’s criterion. Application of Flory’s criterion for identifying the regime of long vs

short polymers is partially complicated in this context by the presence of the folded

RBD. We assumed an identical segment length for each PEG element and Cα-Cα

distance 14. The interdye distance measured within NTDL-RBD is N=68 residues,

which results in P=N1/2= 8, equivalent to PEG 400 (assuming a molecular of ~ 50 Da

for each monomer of PEG). If we consider the whole NTDL-RBD region, this

encompasses N = 173 residues, which results in P=N1/2= 13, equivalent to ~ PEG

650. Therefore, we considered PEG 400 and PEG 600 as polymers in the crossover

regime, and PEG 1000 (and higher molecular volumes) as “larger” than the protein.

Protein and nucleic acid binding. Binding of RNA ligands to labeled N protein

constructs in the presence and absence of PEG, was monitored by following the

fraction of bursts associated with the bound and unbound population.
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When the fraction of bound protein is directly estimated from the distribution of𝑓
𝑏

transfer efficiencies, titration curves were analyzed according to:

Eq. S17𝑓
𝑏

=
𝐾

𝐴
[𝑅𝑁𝐴]

𝑡𝑜𝑡

1+ 𝐾
𝐴

[𝑅𝑁𝐴]
𝑡𝑜𝑡

where KA is the association constant and is the total concentration of RNA.[𝑅𝑁𝐴]
𝑡𝑜𝑡

Since the protein and (rU)40 form a complex with a 1:1 stoichiometry 33 and we

measure directly the fractions of free and bound populations not just a signal

variation, we can determine with good accuracy from a few points of the titration.𝐾
𝐴

Note that under all conditions the free RNA concentration is always much higher

than the concentration of a bound complex because of the single-molecule

concentrations of fluorescently labeled protein used in the experiments (~200pM).

Depletion theory.

The impact of crowding on the binding of IDRs to ligands has been previously

demonstrated by Zosel et al. In brief, the variation in the binding free energies in

presence and absence of crowders, and respectively, can be computed by∆𝐺 ∆𝐺
0

comparing the the equilibrium constants and according to:𝐾
𝐴

𝐾
𝐴,0

Eq. S18∆∆𝐺 = ∆𝐺 − ∆𝐺
0

=  − 𝑘
𝐵

𝑇𝑙𝑛
𝐾

𝐴

𝐾
𝐴,0

 

where is the Boltzmann constant and the temperature in Kelvin.𝑘
𝐵

𝑇

The osmotic pressure of the solution is given by , with being the numberΠ = 𝑛 𝑘
𝐵

𝑇 𝑛

density of colloids. The number density is linked to the concentration of colloids𝑛 𝑐
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the concentration by , with being the molar mass of the crowding agents.𝑛 = 𝑐/𝑀 𝑀

The overlap volume of the colloids depletion layers gives rise to a𝑉
𝑜𝑣𝑒𝑟𝑙𝑎𝑝

(𝑟)

distance-dependent attractive interaction potential between the colloids, . For𝑊(𝑟)

two spherical colloidal particles, the binding is equivalent to the interaction∆∆𝐺

potential when the two spheres are brought into contact 62. This can be computed

setting equal to zero in the interaction potential, i.e. , which leads to:𝑟  𝑊(0)

Eq. S19∆∆𝐺 = 𝑊(0) =  − 𝑛𝑘
𝐵

𝑇𝑉
𝑜𝑣𝑒𝑟𝑙𝑎𝑝

(0) =− 𝑐
𝑀 𝑘

𝐵
𝑇𝑉

𝑜𝑣𝑒𝑟𝑙𝑎𝑝
(0)

where the overlap volume is defined by:

Eq. S20𝑉
𝑜𝑣𝑒𝑟𝑙𝑎𝑝

(0) = π(𝑟+𝑅−𝑑)2(𝑑2−3(𝑟−𝑅)2+2𝑑(𝑟+𝑅))
12𝑑

with 63,64

Eq. S21a𝑟 = 𝑅
1

+ δ
𝑠
(𝑅

1
)

Eq. S21b𝑅 = 𝑅
2

+ δ
𝑠
(𝑅

2
)

Eq. S21c𝑑 = 𝑅
1

+ 𝑅
2

Eq. S21d
δ

𝑠

𝑅 = 1 + 3
δ

0

𝑅 + 2. 273
δ

0

𝑅( )2

− 0. 0975
δ

0

𝑅( )3( )3

− 1 

Eq. S21eδ
0

= 1. 07 𝑅
𝑔
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The depletion layer accounts for the “soft” nature of the polymer compared to aδ
0

rigid hard sphere of equivalent radius of gyration .𝑅
𝑔

To account for the crossover of length scales when passing from a dilute to a

semidilute solution, an effective depletion layer is defined as:δ

Eq. S22δ−2 = δ
0
−2 + ξ−2

where is the depletion layer in a dilute solutions and is the average mesh sizeδ
0

ξ 

of the polymer solution in the semidilute regime 65.
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SUPPLEMENTARY FIGURES.
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Figure S1. Mean transfer efficiency at 15% w/v as a function of PEG Molecular

Weight. Line is a guide for the eyes.
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Figure S2. NTDL-RBD dynamics under crowding conditions. Example of

nanosecond-FCS (nsFCS) traces of NTDL-RBD in the presence of 15% w/v PEG

400 (A) and PEG 3350 (B) solutions. Donor-donor, acceptor-acceptor, and

donor-acceptor correlations are shown in green, red, and orange (respectively). Solid

lines report about a global fit to Eq. S3 and corresponding residuals.
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Figure S3. Dilute and semidilute regimes. Schematic of the overlap concentration

as a function of the degree of polymerization (number of monomers) of the PEGϕ*

molecule.
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Figure S4. Temperature dependence of RBDL. Upper panel. Representative

transfer efficiency distributions of RBDL in 50 mM HEPES buffer. Lower panel.

Corresponding contour plot as a function of temperature and transfer efficiency. Solid

lines represent measured temperatures. A transition occurs between 37 and 43 °C

with a clear shift of transfer efficiencies to lower values. The trend is opposite to what

is observed for NTDL-RBD and suggests a conformational change in the RBD. The

specific shift in transfer efficiency is reminiscent of the intermediate state populated

at low denaturant concentrations 32,33.
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Figure S5. NTD-RBD conformations and binding of (rU)40 as a function of

temperature. A-C. Upper panels. Representative transfer efficiency distributions of

the NTDL-RBD in 50 mM HEPES buffer (A), with addition of 20 nM (rU)40 (B), and

with addition of 500 nM (rU)40 (C) as a function of temperature from 10 °C to 56 °C.

Lower panels. Contour plots of the transfer efficiency distributions of NTDL-RBD as a

function of temperature for the corresponding experimental conditions in the upper

panels. D. Plot of the log(KA/nM) as a function of 1/T (K-1). Error bars represent error

of the fit when calculating KA as a function in changes in transfer efficiency. The

linear fit reports about the enthalpy (slope) and entropy (intercept) of binding

according to Eq. 4. Fitting results are reported in Table S7 and S8.
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Figure S6. NTD-RBD conformations and binding of (rU)40 as a function of

temperature in the presence of 15% w/v EG. A-C. Upper panels. Representative

transfer efficiency distributions of the NTDL-RBD in 50 mM HEPES, 15% w/v EG

buffer (A), with addition of 30 nM (rU)40 (B), and with addition of 500 nM (rU)40 (C) as

a function of temperature from 10 °C to 37°C. Lower panels. Contour plots of the

transfer efficiency distributions of NTDL-RBD as a function of temperature for the

corresponding experimental conditions in the upper panels. D. Plot of the log(KA/nM)

as a function of 1/T (K-1). Error bars represent errors of the fit. The linear fit reports

about the enthalpy (slope) and entropy (intercept) of binding according to Eq. 4.

Fitting results are reported in Table S7 and S8.
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Figure S7. NTD-RBD conformations and binding of (rU)40 as a function of

temperature in the presence of 15% w/v PEG 600. A-C. Upper panels.

Representative transfer efficiency distributions of the NTDL-RBD in 50 mM HEPES

buffer (A), with addition of 2.5 nM (rU)40 (B), and with addition of 12.5 nM (rU)40 (C)

as a function of temperature from 10 °C to 37 °C. Lower panels. Contour plots of the

transfer efficiency distributions of NTDL-RBD as a function of temperature for the

corresponding experimental conditions in the upper panels. D. Plot of the log(KA/nM)

as a function of 1/T (K-1). Error bars represent errors of the fit. The linear fit reports

about the enthalpy (slope) and entropy (intercept) of binding according to Eq. 4.

Fitting results are reported in Table S7 and S8.
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Figure S8. NTD-RBD conformations and binding of (rU)40 as a function of

temperature in the presence of 15% w/v PEG 8000. A-C. Upper panels.

Representative transfer efficiency distributions of the NTDL-RBD in 50 mM HEPES

buffer (A), with addition of 20 nM (rU)40 (B), and with addition of 500 nM (rU)40 (C) as

a function of temperature from 10 °C to 37 °C. Lower panels. Contour plots of the

transfer efficiency distributions of NTDL-RBD as a function of temperature for the

corresponding experimental conditions in the upper panels. D. Plot of the log(KA/nM)

as a function of 1/T (K-1). Error bars represent errors of the fit. The linear fit reports

about the enthalpy (slope) and entropy (intercept) of binding according to Eq. 4.

Fitting results are reported in Tables S7 and S8.
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Figure S9. NTDL-RBD conformations as a function of temperature in absence

and presence of 15% w/v PEG solutions. A. Representative histograms of

conformational changes in absence of crowders, 15% w/v EG, PEG 600, and PEG

8000. B. Corresponding mean transfer efficiencies as function of the temperature.

The gray area represents the region where a second conformation is absence of

crowding. Addition of large crowders shifts the transition toward lower temperatures

as indicated by the sudden increase in transfer efficiency at 37 C.
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Figure S10. ΔΔH and -TΔΔS at 15% w/v for EG (red), PEG 600 (yellow), PEG

8000 (gray). Cyan area indicates the region where binding is favored, the white one,

the area where binding is unfavored. The measured values for EG, PEG 600, and

PEG 8000 lie on a line (black line) parallel to the bisectrix (red line). Error bars are

propagated from the errors on ΔH and ΔS.
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Figure S11. Temperature dependence of ln(KA) as estimated from different

fitting models. Here we compared the temperature dependence of ln(KA) based on

different methods of estimation: i) fitting the change in the area of normalized

histograms based on the ; ii) fitting the change in the mean transfer efficiency; iii)

analyzing the change in the area fractions obtained by fitting two Gaussian

distributions on the transfer efficiency distribution. A. Comparison of ln(KA) across

different PEG conditions (as indicated in the legend) for each of the methods. B.

Comparison of ln(KA) for each individual set across the three different determination

methods.
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Figure S12. Binding curves from single-molecule FRET experiments for wild

type Wuhan-Hu-1 and Omicron variants in absence (empty and cyan dots) and

presence (orange and blue dots) of 15% w/v PEG 600.
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Figure S13. Binding curves from single-molecule FRET experiments for RBDL

in absence (empty dots) and presence of 15% w/v EG (red dots) and of 15% w/v

PEG 600 (orange dots).
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Figure S14. Transfer efficiency distributions of the NTDL-RBD as a function of

crowder concentrations (no crowder in white, EG in red, PEG 600 in orange)

highlighting the reversible nature of the thermal response when bound to (rU)40 (at a

concentration of 500 nM).
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SUPPLEMENTARY TABLES.

Table S1. Sequence of WT NTD-RBD.

1 MSDNGPQNQR NAPRITFGGP SDSTGSNQNG ERSGARSKQR RPQGLPNNTA

51 SWFTALTQHG KEDLKFPRGQ GVPINTNSSP DDQIGYYRRA TRRIRGGDGK

101 MKDLSPRWYF YYLGTGPEAG LPYGANKDGI IWVATEGALN TPKDHIGTRN

151 PANNAAIVLQ LPQGTTLPKG FYA
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Table S2. Constructs used in this study. For each construct, we reported the start

and end positions compared to the wild type (WT) sequence, the labeling positions,

and highlighted in purple the portion of the sequence in between the labeling

positions.

Name Sequence Start

Position

(WT)

End

Position

(WT)

Labeling

Positions

(WT)

NTDL-RBD GPCSDNGPQNQRNAPRITFGGPSDSTGSN

QNGERSGARSKQRRPQGLPNNTASWFTAL

TQHGKEDLKFPCGQGVPINTNSSPDDQIGY

YRRATRRIRGGDGKMKDLSPRWYFYYLGT

GPEAGLPYGANKDGIIWVATEGALNTPKDHI

GTRNPANNAAIVLQLPQGTTLPKGFYA

1 173 1, 68

NTDL-RBD

Omicron

(P13L,

Δ31-33)

GPCSDNGPQNQRNALRITFGGPSDSTGSN

QNGGARSKQRRPQGLPNNTASWFTALTQH

GKEDLKFPCGQGVPINTNSSPDDQIGYYRR

ATRRIRGGDGKMKDLSPRWYFYYLGTGPE

AGLPYGANKDGIIWVATEGALNTPKDHIGTR

NPANNAAIVLQLPQGTTLPKGFYA

1 173 1, 68

RBDL HHHHHHHHHLEVLFQGPSWFTALTQHGKE

DLKFPCGQGVPINTNSSPDDQIGYYRRATR

RIRGGDGKMKDLSPRWYFYYLGTGPEAGL

PYGANKDGIIWVATEGALNTPKDHIGTRNPA

NNAAIVLQLPQGTTLPKGFYA

51 173 68,172
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Table S3. PEGs used in this study

Company Catalog Number

EG Sigma-Aldrich 324558-100ML

PEG 400 Sigma-Aldrich 202398-250G

PEG 600 Sigma-Aldrich 87333-250G-F

PEG 1000 Sigma-Aldrich 81189-100G

PEG 2050 Sigma-Aldrich 295906-500G

PEG 3350 INTEGRA Chemical Company P560.31.30

PEG 4600 Sigma-Aldrich 373001-250G

PEG 6000 EMD Millipore Corp. 528877-100GM

PEG 8000 Sigma-Aldrich 89510-250G-F

PEG 35000 Sigma-Aldrich 94646-250G-F

Table S4. Dynamics of the NTDL-RBD in the presence of 15% Crowder.

NTD-RBD

τ
𝐶𝐷

 (𝑛𝑠)

PEG 400 123 ± 4

PEG 3350 119 ± 3
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Table S5. Schellman weak binding model individual fit results. Values of K are

not well defined because of the small amplitude or variation in data points, whereas

value of γ can be determined more robustly from the amplitude change in Δε.

Corresponding values of γ are reported in Fig. 3D.

individual fits K (M-1) γ

EG 1.2 ± 0.4 0.28 ± 0.05

PEG 400 1.9 ± 0.9 0.21 ± 0.05

PEG 600 0.4 ± 0.4 0.3 ± 0.3

PEG 1000 1.6 ± 0.8 0.13 ± 0.03

PEG 2050 50 ± 300 0.02 ± 0.02

PEG 3350 100 ± 300 0.02 ± 0.01

PEG 4600 100 ± 2000 0.008 ± 0.03

PEG 6000 0.6 ± 0.6 0.08 ± 0.05

PEG 8000 100 ± 800 0.01 ± 0.02

PEG 35000 100 ± 5000 0.005 ± 0.05
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Table S6. Schellman weak binding model global fit results. Values of K, γee, and

γii are obtained based on Eq. S12 and are reported in Fig. 3A. Note that Eq. S12

introduces a different definition of the concentrations and therefore the values in

Tables S4 and S5 are not expected to be identical, though trends can be compared.

global fit K (M-1) γee γii

1.3 ± 0.8 0.16 ± 0.03 0.037 ± 0.004

Table S7. Association constants for the binding of NTDL-RBD to (rU)40 in presence

and absence of crowding agents at 23°C in 50 mM HEPES buffer.

15% w/v KA for (rU)40 (nM-1) KA/KA0

no crowders 0.097 ± 0.0061 1

EG 0.08 ± 0.02 0.82 ± 0.21

PEG 400 0.45 ± 0.07 4.6 ± 0.8

PEG 600 0.32 ± 0.04 3.3 ± 0.5

PEG 1000 0.21 ± 0.03 2.16 ± 0.34

PEG 2050 0.16 ± 0.02 1.65 ± 0.23

PEG 3350 0.43 ± 0.06 4.4 ± 0.7

PEG 8000 0.168 ± 0.001 1.73 ± 0.11

PEG 35000 0.098 ± 0.006 1.01 ± 0.09
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Table S8. Association constants for the binding of NTDL-RBD to (rU)40 in presence

and absence of 15% w/v crowding agents at temperatures from 10 °C to 37 °C in 50

mM HEPES buffer. Errors represent the error of the fit when analyzing the areas

from the fraction bound.

(rU)40 KA (nM-1)

15% w/v 10 °C 16 °C 23 °C 30 °C 37 °C

no

crowders

0.24 ± 0.01 0.24 ± 0.01 0.21 ± 0.07 0.11 ± 0.01 0.09 ± 0.01

EG 0.27 ± 0.01 0.15 ± 0.01 0.08 ± 0.01 0.02 ± 0.01 0.01 ± 0.01

PEG 600 0.54 ± 0.01 0.36 ± 0.01 0.43 ± 0.05 0.19 ± 0.01 0.07 ± 0.01

PEG 8000 0.20 ± 0.01 0.13 ± 0.01 0.12 ± 0.03 0.05 ± 0.01 0.028 ± 0.004
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Table S9. Enthalpic and entropic contribution to the binding free energy in presence

and absence of 15% w/v crowding agents at temperatures from 10 °C to 37 °C in 50

mM HEPES buffer. Errors associated with ΔΔHexp and ΔΔSexp are obtained through

propagations of the errors.

ΔH ΔS ΔΔH ΔΔS -TΔΔS at
23C

noPEG

Mean E -13 ± 1 -0.004 ±
0.004

Normalized
Histo

-14 ± 2 -0.008 ±
0.006

Area Fracs -7 ± 2 0.014 ±
0.005

EG

*No 37C *Mean E -29 ± 6 -0.062 ±
0.019

-16 ± 7 -0.06 ± 0.02 17 ± 7

Normalized
Histo

-24 ± 4 -0.047 ±
0.012

-10 ± 6 -0.04 ± 0.02 11 ± 5

Area Fracs -21 ± 2 -0.035 ±
0.007

-14 ± 3 -0.049 ±
0.012

15 ± 4

PEG 600

Mean E -13 ± 3 -0.005 ±
0.011

0 ± 5 -0.00 ± 0.02 0 ± 4

Normalized
Histo

-13 ± 4 -0.005 ±
0.013

1 ± 6 0.00 ± 0.02 -1 ± 6

Area Fracs -12 ± 3 -0.002 ±
0.011

-5 ± 5 -0.016 ±
0.016

4 ± 5

PEG 8000

Mean E -11 ± 4 -0.002 ±
0.014

2 ± 5 0.00 ± 0.02 -1 ± 5

Normalized
Histo

-13 ± 5 -0.009 ±
0.016

1 ± 7 -0.00 ± 0.02 0.0 ± 7

Area Fracs -12 ± 2 -0.006 ±
0.008

-6 ± 4 -0.02 ±
0.013

6 ± 4
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Table S10. Theoretical expectations from depletion theory (ΔΔSdt). ΔΔSdt is

computed assuming an effective radius of gyration for the RNA of 0.8 ± 0.3 nm.

Errors associated with ΔΔSdt are computed from the variation associated with the

effective radius of gyration of RNA.

15% w/v ΔΔSexp

(kcal/mol/K)

ΔΔSdt

(kcal/mol/K)

EG -0.02 ± 0.02 0.0014 (± 0.0003)

PEG 600 0.01 ± 0.01 0.0021 (± 0.0006)

PEG 8000 0.01 ± 0.01 0.0029 (+ 0.001, -0.0014)

Table S11. Association constants for the binding of RBDL to (rU)40 calculated using 

the change in mean transfer efficiencies in absence and presence of crowding 

agents in 50 mM HEPES buffer.

KA (nM-1) KA/KA0

50 mM HEPES 0.0016 ± 0.0004 1

15% EG 0.0012 ± 0.0003 0.8 ± 0.3

15% PEG 600 0.007 ± 0.002 4 ± 2
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