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Abstract

Riback et al. (Reports, 13 October 2017, p. 238) use SAXS experiments to infer a degree of 

compaction for unfolded proteins in water versus chemical denaturant that is highly consistent 

with the results from FRET experiments. There is thus no “contradiction” between the two 

methods, nor evidence to support their claim that commonly used FRET fluorophores cause 

protein compaction.

Riback et al. (1) have recently presented a “molecular form factor” (MFF) method 

addressing the well-known challenges (2) of analyzing small-angle X-ray scattering (SAXS) 

data for unfolded or intrinsically disordered proteins (IDPs) (3, 4). Combined with the 

precision of SAXS measurements coupled to size exclusion chromatography, they find: (i) 

unfolded proteins in water have a polymer scaling exponent v ≈ 1/2, near the theta-solvent 

condition where protein-protein and protein-solvent interactions are balanced; in denaturant, 

this increases to v ≈ 3/5, the limit where the protein-solvent interactions dominate. (ii) This 

change of scaling exponent is accompanied by an increase in radius of gyration (Rg) of 10–

20 %, depending on the sequence. We are pleased that these findings are in overall 

agreement with SAXS and Förster resonance energy transfer (FRET) studies from our 

laboratories (3, 5, 6) and others (4).

The chain expansion observed by Riback et al. helps to resolve a longstanding controversy 

between SAXS and FRET experiments (7): with increasing denaturant concentration, FRET 
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experiments had generally shown chain expansion, while until recently (3, 4) most SAXS 

studies observed no statistically significant change of Rg (8, ibid.). Their results are 

consistent with our recent collaborative study in which we compared SAXS and FRET 

estimates of Rg for each of two proteins (necessary since chain dimensions can be sequence-

dependent). We found that the results are mutually consistent if both data types are analyzed 

with state-of-the-art methods (3, 6) (Fig. 1). A second study of a large group of IDPs 

reached a similar conclusion (4).

The main reasons for the discrepancy were deficiencies in the analysis of both SAXS and 

FRET data. Earlier SAXS experiments underestimated expansion because the unfolded state 

of the foldable sequences studied could only be accessed above a certain denaturant 

concentration (3), as also pointed out by Riback et al. (1), and challenges in obtaining 

precise and accurate Rg values from SAXS data of IDPs using the Guinier approximation (1, 

3, 4). The former difficulty has been overcome by studying destabilized or intrinsically 

disordered proteins (1, 3, 4), the latter by improved analysis such as Bayesian ensemble 

refinement (3, 4, 6) or the closely related MFF method (1). On the FRET side, interpreting 

experiments using polymer models, such as a Gaussian chain or self-avoiding random walk 

(SARW), can overestimate the change in Rg (3, 9, 10) (Fig. 1), largely because the relative 

change of Rg upon chain expansion is intrinsically less than of the end-to-end distance most 

commonly measured by FRET (3, 4, 9, 10). With ensemble refinement applied to either 

SAXS or FRET, or both combined, the data from both experiments yield consistent 

distributions of conformations, considering statistical error (3, 4, 6) , as shown in Fig. 1 (3).

We therefore dispute the authors’ claim that their results are “in apparent contradiction to a 

variety of FRET experiments”, considering that FRET experiments have not been reported 

on the sequences they study. Their results are consistent with the magnitude of the change in 

both Rg and v with denaturant inferred from recent FRET studies (3, 4), including the larger 

change in Rg below 2 M GdmCl (Fig. 2A). Their v values of 0.48–0.54 in water or low 

denaturant concentration are within the range (reflecting sequence-dependent variation of v) 

obtained based on ensemble refinement of data from previous FRET studies (5)(3, 4, 6) (Fig. 

2B).

Despite this consistency, the authors suggest that “addition of fluorophores with 

hydrophobic character may lead to chain compaction and may contribute to FRET signal 

changes” (1). While some extremely hydrophobic FRET fluorophores can indeed cause 

additional compaction under native conditions, ensemble refinement identified the 

inconsistency of the resulting FRET data with SAXS (3). However, results for the more 

hydrophilic fluorophores most commonly used were in good agreement with SAXS (3) (Fig. 

1). Furthermore, a recent tour-de-force SAXS study of proteins with and without 

fluorophores showed only small perturbations and no systematic changes of Rg and v upon 

labelling (4) (Fig. 2B). The evidence presented by Riback et al. to support their claim comes 

not from a protein but earlier SANS/FRET measurements on polyethylene glycol (PEG) 

(12). PEG lacks complications from a folded state, such as those which previously (13) 

caused these authors to overlook ubiquitin expansion (1). The PEG study, however, used old 

protocols to analyze the data. Applying such earlier methods to a protein lacking a folded 

state, the authors had determined that “fully reduced Ribonuclease A does not expand at 
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high denaturant concentration” (14) – but now find an expansion for the same protein (Fig. 

3C in (1)).

Riback et al. thus do not provide a convincing basis for their assertion that the conclusions of 

FRET and SAXS experiments are contradictory. Rather, their results add to the increasingly 

consistent picture of unfolded and intrinsically disordered proteins that has been emerging in 

recent years.
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Fig. 1. 
Rg from Bayesian ensemble refinement against experimental data for unfolded proteins in 

denaturant using FRET, SAXS or both experiments. Results shown for two proteins (ACTR, 

R17) in urea and guanidinium chloride (GdmCl) (3). Rg from FRET using Gaussian chain or 

SARW models (3) shown for reference.
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Fig. 2. 
Polymer scaling exponents, ν, for unfolded or disordered proteins. (A) Denaturant-

dependent ν from SAXS data of Riback et al. for PNt (red) and P domain (blue) (1) 

compared with those from FRET data for a variety of unfolded and disordered proteins 

(grey) (5) and for the IDP ACTR and a destabilized Spectrin R17 domain (green) (3). 

Exponents were obtained from Bayesian ensemble refinement (3) of primary FRET or 

SAXS data (‘Bayes’), or MFF analysis where indicated. Curves are fits to a binding model 

(5), or a polyelectrolyte model for IN and ACTR (3) . (B) Scaling exponents versus Kyte-

Doolittle hydrophobicity (11) (rescaled between 0 and 1) for the same proteins in water or 

low denaturant concentration, as well as additional data for a set of IDPs in water from 

Best et al. Page 6

Science. Author manuscript; available in PMC 2020 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fuertes et al. (4) Results for MFF (1) and Bayesian ensemble refinement (3) are highly 

consistent. Error bars indicate statistical error.
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