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ABSTRACT: The dimensions that unfolded and intrinsically disordered proteins (IDPs) adopt at low or
no denaturant remains controversial. We recently developed an innovative analysis procedure for small-
angle X-ray scattering (SAXS) profiles and found that even relatively hydrophobic IDPs remain nearly
as expanded as the chemically denatured ensemble, rendering them significantly more expanded than is
inferred from many fluorescence resonance energy transfer (FRET) studies. Here we show that fluor-
phores typical of those added to IDPs for FRET studies contribute to this discrepancy. Specifically, we
find that labeling a highly expanded IDP with Alexa488 causes its ensemble to contract significantly.
We also tested the recent suggestion that FRET and SAXS results can be reconciled if, for unfolded pro-
teins (and as opposed to the case for ideal random flight homopolymers), the radius of gyration (Rg) can
vary independently from the chain’s end-to-end distance (Rec). Our analysis indicates, however, that
SAXS is able to accurately extract Rg, v and Re. even for heteropolymeric, protein-like sequences. From
these studies we conclude that mild chain contraction and fluorophore-based interactions at lower dena-
turant concentrations, along with improved analysis procedures for both SAXS and FRET, can explain
the preponderance of existing data regarding the nature of polypeptide chains unfolded in the absence of
denaturant.

Significance Statement:

Proteins can adopt a disordered ensemble, either prior to folding or as a part of their function. Simula-
tions and fluorescence resonance energy transfer (FRET) studies often describe these disordered confor-
mations as more compact than the fully random-coil state, whereas small-angle X-ray scattering studies
(SAXS) indicate an expanded ensemble closely approximating the dimensions expected for the random
coil. Resolving this discrepancy will enable more accurate predictions of protein folding and function.
Here we reconcile these views by showing that the addition of common FRET fluorophores reduces the
apparent dimensions of a disordered protein. Detailed analysis of both techniques, along with account-
ing for a moderate amount of fluorophore-induced contraction, demonstrates that disordered and un-
folded proteins often remain well solvated and largely expanded in the absence of denaturant, properties
that presumably minimize misfolding and aggregation.

Protein disorder is an essential component of diverse cellular processes (1-4). Unlike well-folded pro-
teins, which populate a well-defined functional state, intrinsically disordered proteins (IDPs) and re-
gions (IDRs) sample a broad ensemble of rapidly interconverting conformations (3-9) with biases that
are poorly understood and difficult to measure. Of particular interest is the extent to which IDPs un-
dergo compaction under physiological conditions (i.e., in the absence of denaturants). Such compaction
would have broad implications for our understanding of protein folding, interactions and stability as
well as the action of denaturants. Moreover, understanding the extent of collapse in disordered ensem-
bles has profound implications for the development of realistic simulations of protein folding and inter-
pretation of SAXS and FRET measurements (10, 11).

Our current understanding of the physiochemical principles that underlie whether a given polypeptide
chain will fold, adopt a collapsed but disordered ensemble, or behave as an expanded, fully-solvated
self-avoiding random walk (SARW) is insufficient to explain the existing data. Most of this understand-
ing is derived from studies of proteins unfolded by high concentrations of chemical denaturants such as
urea and guanidine hydrochloride (Gdn). Under these conditions the consensus is that proteins behave
as SARWs, corresponding to a Flory exponent (v) of 0.60 in the relationship ReocNY (where R, = radius
of gyration and N = polypeptide chain length). Consensus is lacking, in contrast, regarding the behavior
of disordered polypeptide chains at lower or no denaturant. Specifically, while numerous FRET (18-21,
25-35) and computational studies (18-24, 36) have argued that the expanded, disordered ensemble seen
at high denaturant collapses at low or no denaturant (v <0.5) (12-24), almost equally numerous SAXS
studies report no or only minor collapse under these same conditions (11, 37-42).

A variety of recent studies have attempted to reconcile this widely-recognized and seemingly important
discrepancy (Fig. 1A). For example, the application of more realistic simulations and analytical models
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has reduced the denaturant dependence of FRET-derived distances (Fig. 1A, bottom) (41, 43-45). Like-
wise, improved analysis of SAXS data provides evidence for minor contraction when the guanidine hy-
drochloride (Gdn) concentration falls below 2 M (Fig. 1A, bottom), further reducing the apparent disa-
greement between the two methods (46, 47). Significant discrepancies nevertheless persist between the

two techniques, even when the same procedures are used to analyze a single protein by both SAXS and
FRET (Figs. 1A-B, S1-S2; Movie S1).
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Fig. 1. New analysis reduces, but does not eliminate, the discrepancy between SAXS and FRET-
derived measures of IDP dimensions. In all panels, SAXS results are shown in black; FRET results are
in red. (A) R17 SAXS and FRET data (from (44)). Top, comparison of results obtained when FRET data
is fit assuming a Gaussian chain and SAXS data is fit using the Guinier approximation. Bottom, SAXS
and FRET data fit using our new MFF analysis method (46). Black line is best fit hyperbolic trend line;
grey lines are 95% confidence intervals. (B) SAXS profiles for R17 (left, taken from (44)) and N98 (right,
taken from (43)) fit with the MFF are significantly different than the expected behavior using values of v
taken from similar analysis of FRET data. (C) Trends of hydrophobicity (Kyte-Doolittle) versus v in water
for SAXS data of foldable protein sequences fit by applying the MFF to published data (43, 46, 52-67).
Also shown are results from FRET studies calculated as in (31) for published data (31, 43). Red trend line
for FRET results is from (31). Black trend line is best fit to SAXS results shown. Top, histogram of
hydrophobicity of representative proteins in the PDB (dataset from (46)). (D) Cumulative distributions of
v for the representative proteins from the PDB, inferred from the trend lines shown in (C).
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To comprehensively compare results from recent SAXS and FRET analyses of IDPs, we collected pub-
lished datasets for a variety of disordered proteins (Fig. 1C-D; Table S3). When analyzed using our
simulations and molecular form factor (MFF), SAXS studies consistently find v > 0.53 (mean = 0.55)
whereas v derived from FRET studies typically falls below the random walk value of 0.50 (mean =
0.46). This discrepancy of 0.09 is substantial given that the entire range of v varies only from 0.6 (for a
SARW) through 0.5 (for a non-self-avoiding random walk) to 0.33 (for a perfect sphere; it is somewhat
higher for non-spherical compact states). In general, SAXS results suggest that the conformational en-
sembles of a majority of unfolded proteins and IDPs (of protein-like composition) are more expanded
than a non-self-avoiding random walk, whereas FRET suggests otherwise (Fig 1D).

The above and other, similar results have led us and others to consider the factors that might contribute
to the persistent discrepancy between SAXS- and FRET-based views of IDPs (36, 40, 43, 48). One al-
ternative, herein denoted the “heteropolymer-decoupling hypothesis,” posits that the heteropolymeric
nature of proteins leads to variation of the normally fixed relationship between R, and the polypeptide
chain end-to-end distance (Rc.). Specifically, for a homopolymer adopting a SARW the ratio G =
(Ree/Rg)? is expected to be fixed at a value of 6.3 irrespective of the polymer’s length. Recent simula-
tions, however, suggest that, unlike the case for homopolymers, this ratio can vary significantly for het-
eropolymers (36, 40, 43, 44), with this “decoupling” offering a possible explanation for the discrepancy
between SAXS (which measures Rg) and FRET (which measures Ree). In contrast, a second hypothesis,
herein denoted the “fluorophore-interaction hypothesis,” suggests that, in the absence of denaturant, the
FRET fluorophores interact with each other and/or with the polypeptide chain, causing the conforma-
tional ensemble of dye-modified constructs to contract artifactually (10, 46, 48, 49).

To address these hypotheses we have used SAXS to characterize the radius of gyration of fluorophore-
modified IDPs in the presence and absence of dye modification. Doing so we find that labeling with
fluorophores commonly used for FRET studies alters the conformational ensemble populated in the ab-
sence of denaturant, decreasing its SAXS-measured dimensions by 10-20%. When coupled with im-
proved analysis procedures employing realistic ensembles for both SAXS and FRET, this contraction is
sufficient to bring results from SAXS and FRET studies into agreement. In parallel, we present SAXS
measurements on polyethylene glycol (PEG), confirming prior reports that the addition of fluorophores
likewise compacts this otherwise SARW polymer (10), a finding that was recently questioned (43). We
also show that SAXS can extract Rg, v and Ree with an accuracy of better than 3% when analyzed using
a new MFF developed for heteropolymers. These simulations are accurate enough to reproduce scatter-
ing data without the need to select only a sub-ensemble of conformations, as commonly used in other
data fitting procedures. Finally, we demonstrate the extent that one can use small deviations from ideal-
ity in SAXS data to infer biases within the heteropolymer conformational ensemble.

Results

Fluorophore-labeling induces collapse of a highly expanded ensemble. To directly test the fluoro-
phore-interaction hypothesis we have measured SAXS profiles of an unmodified IDP and the same IDP
when site-specifically modified with one or two copies of the commonly employed FRET dye
Alexa488. We chose this dye because it is relatively hydrophilic (44), and thus considered less likely to
form interactions that would alter the conformational ensemble than any of the other commonly used
FRET fluorophores. As our test protein we used PNt, a well-behaved IDP comprising the amino termi-
nal 334 residues of pertactin (50). To produce the mono-dye-modified protein we introduced a cysteine
residue at position 117 and modified it with the appropriate thiol-reactive Alexa488 variant (PNtC-
Alexa488). To produce a dye-pair-modified protein we introduced cysteines at positions 29 and 117
(PNtCC-Alexa488). Alkylation was used to produce dye-free constructs (PNtC-Alkd and PNtCC-Alkd)
that we used as controls, in addition to the unmodified parent protein (PNt).
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The addition of Alexa488 reduces the SAXS-measured dimensions of the IDP under both aqueous and
intermediate denaturant conditions (Fig. 2A, Table S1). Specifically, R; and v decrease nearly twice as
much for PNtCC-Alexa488 than for either PNtCC-Alkd or PNt (Fig. 2B; Table S1). These data indicate
that labeling with Alexa488 leads to increased contraction of the PNt conformational ensemble, imply-
ing that stabilization of fluorophore-mediated interactions within the IDP conformational ensemble. Of
note, whereas the unlabeled protein in 2 M Gdn is in a good solvent condition (v > 0.5), with protein-
protein interactions weaker than protein-solvent interactions, fluorophore-labeling leads to measurable
intramolecular interactions even at this relatively high denaturant concentration. The magnitude of this
denaturant-dependent chain expansion is qualitatively similar to that observed by FRET for a variety of
other proteins, consistent with a common origin (Fig. 1B) (43, 44). We also observed a fluorophore-de-
pendent decrease in average Ry and v for the single-labeled construct PNtC-Alexa488 (Fig. 2). This re-
sult indicates that the PNt conformational ensemble is affected by fluorophore-protein interactions, not
only fluorophore-fluorophore interactions. Of note, this contraction occurs despite the fact that the
steady-state fluorescence anisotropy of PNtCC-Alexa488 is, at 0.11 and 0.08 in 0 and 2 M denaturant,
respectively (Table S2), below the threshold usually used to indicate free rotation of protein-attached
dyes (43, 51).

It thus appears that addition of even relatively hydrophilic fluorophores commonly employed for FRET
measurements can significantly influence the dimensions of disordered polypeptide chains (43, 44, 51).
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Fig. 2. The addition of Alexa488 alters the scattering of PNt. (A) Dimensionless Kratky plots of wild
type PNt (gray), PNtCC-Alkylated (black), PNtC-Alexa488 (single label, red), and PNtCC-Alexa488
(double label blue) in 0.15 M KCl, 2 M Gdn, and 4 M Gdn. Results for alkylated PNt are indistinguishable
from wild type PNt but there are significant differences for PNt labeled with one (blue) or two (red)
Alexa488 fluorophores. (B) Rg and v as a function of Gdn concentration. Gray curves are reproduced from
previous analysis of wild type PNt (46).



PEG dimensions are independent of polymer concentration. In an earlier study we reported that ad-
dition of Alexa488/594 to PEG resulted a denaturant-dependent change in FRET (10), similar to that
seen in FRET measurements of unfolded proteins. No contraction was observed, however, when the
equivalent unlabeled polymer was studied using small angle neutron scattering. It has been proposed
that the high (3 mM) concentrations of PEG used in this scattering study masked what would otherwise
be denaturant-dependent changes in R, (43). To test this, we measured SAXS profiles over a range of
PEG and denaturant concentrations and found no evidence for a significant change in polymer dimen-
sions (Fig. 3). Likewise, under all conditions we observe a Flory exponent of 0.60, further confirming
that PEG behaves as a SARW independent of denaturant concentration. The fluorophore-interaction hy-
pothesis thus remains the simplest interpretation of the denaturant-dependent changes in FRET observed
for fluorophore-labeled PEG (10).

Testing the heteropolymer-decoupling hypothesis. Taken together, the above observations indicate
that fluorophores added to an IDP lead to significant contraction of its conformational ensemble, con-
tributing to the different conclusions drawn from prior SAXS and FRET studies. These observations,
however, do not rule out the possibility that heteropolymer-decoupling also contributes to the SAXS-
FRET discrepancy. To investigate how amino acid sequence composition and pattern can alter the
SAXS profile and test our ability to extract information from such deviations we used our CfB-level pol-
ypeptide chain simulations (46) to simulate the scattering for unfolded ensembles of 50 protein se-
quences of 250-650 residues randomly chosen from the PDB. We treated each sequence as a binary hy-
drophobic/polar (HP) chain, where the only favorable interactions are between Cf3 atoms of aliphatic
and/or aromatic residues. For each of the 50 sequences, 30 different C[ interaction strengths were used.
These simulations yielded a range of deviations from G(v) obtained from homopolymer simulations
(Fig. S4A). From the 1500 resulting ensembles, we determined the Ry, v, and Ree both directly from the
atomic coordinates of the simulated ensemble and by fitting the hydrated SAXS profile (with added re-
alistic random errors) of each ensemble using our MFF. The inferred end-to-end distance (Re.™™") was
determined using the relationship Re.™{(R,, v)=G(v)!?*R,, where G(v) was obtained from homopolymer
simulations.
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Fig. 3. The SAXS profiles of PEG are denaturant independent. (A) Dimensionless Kratky plots of 24 kDa
PEG at 0.5 mM and 0.05 mM in 0.15 M KCI, 2 M Gdn, and 4 M Gdn. The normalized scattering profile
of 24 kDa PEG is unchanged from 0-4 M Gdn over a broad range of PEG concentrations. Scattering
profiles have been offset vertically for clarity. (B) Rg and v as a function of Gdn concentration for 0.5 mM
and 0.05 mM PEG. Open and closed points are offset horizontally for clarity.

Compared to the true values calculated from the atomic coordinates, fits obtained using our MFF yield
values of Ry, v, and Ree with a mean absolute deviation of only 1.3 A, 0.011 and 4.2 A, respectively,
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representing a 3%, 2% and 4% mean absolute error (Fig S3). The largest deviations are observed for more
compact structures; for more extended conformations with v >0.54, there is ~2% error.

To further reduce the small error associated with the application of our MFF derived from homopoly-
mers to the scattering of heteropolymers, we generated a new molecular form factor, MFFre, using the
heteropolymer simulations described above. Application of this slightly modified MFF lowers errors in
fitted Rg, v, and Recto 0.5 A, 0.005 and 2.7 A, respectively, representing 1%, 1% and 2% mean absolute
error (Fig 4A-C). These results demonstrate that SAXS analysis returns accurate values of Ree, in addi-
tion to Ry and v, even for disordered heteropolymers.

Measuring deviations from ideality in heteropolymers. MFF accurately captures the overall dimen-
sions of disordered heteropolymers. Nevertheless, small but measureable deviations are observed for
proteins in our test set with less well-mixed HP patterns (Fig. S4). These differences can be seen in the
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Fig. 4. Fitting simulated SAXS data on realistic heteropolymer sequences demonstrates SAXS pro-
files are a robust measure of Ry, v, and Rce while also informing on the degree of heterogeneity. (A-
C) Comparison of Rg, v, and Re. calculated from coordinates of HP-model simulations versus fit with our
MFFnet(Rg, V) to SAXS profiles with randomly added experimental errors. D) Deviations in Vends are ob-
served for heteropolymers with less well-mixed HP patterns (obtained by a fit to the slope of the depend-
ence of the intra-chain distance, R;j, on sequence separation, |i—j| where |i—j| > N/2). E) Effects of Avend
at different values of v. F) Experimental data fit to MFF(Rg,V, Avend) demonstrates fluorophore labeling
and loop formation via disulfide bonds in PNt induces significant and measurable deviations.

intra-molecular distance distribution plot, where the slope at separation distances |i-j|>N/2 can be differ-
ent than the average slope, which defines the global v value (Fig. 4D). We define change in slope as



Avend (Fig. 4D). Negative values of Aveng correlate with more hydrophobic residues at the ends of the
polypeptide sequences (Figs. 4D, S4C) and with deviations in G(v) (Fig. S4A) (R>~0.84). The SAXS
profile is most sensitive to Avend at low qR (Fig. 4E).

To extract this extra information from the SAXS data we generated a more general three-parameter
form factor, MFF(Rg, v, Avend) (Fig. 4E-F; Movie S2). To demonstrate its ability to yield useful infor-
mation, we fit data from PNt, PNtCC-Alexa488 and a circularized (disulfide-bonded) PNtCC at 2 M
Gdn (Fig. 4F). Avenq decreases from ~0 for PNt to ~ -0.1 for PNtCC-Alexa488 and PNtCC, consistent
with the increase in interactions at the N-terminus of the chain. These data demonstrate that for disor-
dered polymers, SAXS is sensitive to heteropolymer deviations (Fig. 4E-F) while still able to measure
Rg and v accurately (Fig. 4A-C).

Discussion

Labeling with Alexa488, a fluorophore commonly used to support FRET measurements, can alter the
conformational ensemble of a disordered protein, decreasing R, and v even when the fluorescence ani-
sotropy is low relative to accepted limits for free dye rotation (43, 51). In combination with prior studies
(10), similar conclusions can be inferred for PEG, a known SARW. These findings, along with our prior
result that disordered chains undergo a mild expansion in denaturants (46) and improved methods for
extracting Ry values from FRET data, provide a sufficient framework for resolving discrepancies be-
tween SAXS and FRET on the dimensions of disordered proteins.

Consistent with our findings of fluorophore-induced effects, others have found that molecular dimen-
sions inferred by FRET can be dependent on the fluorophore pair used, with more hydrophobic fluoro-
phores suggesting a more collapsed state (44). All-atom molecular dynamics simulations with a
Alexa488/594 fluorophore pair, for example, resulted in a 10% contraction of an IDP even in 1 M urea
(68). Likewise, a recent study found that smFRET signals from both DNA and PEG, which are often
referred to as “spectroscopic rulers,” are dependent on solvent conditions under which the dimensions of
the chains were expected to be invariant (49). In apparent disagreement with our data, however, Fuertes
et al. (43) conducted SAXS measurements on five IDPs with and without Alexa488/594 and concluded
that, on average, the alterations seen upon the addition of fluorophores were minimal. When considered
for each protein separately, however, the differences appear significant relative to the narrow range of
all possible values of v. Specifically, for the five proteins characterized in that study, Vuntabe-Viavel =0.08,
0.03, 0.03, -0.02, -0.04 (or 0.09, 0.06, 0.03, -0.02, -0.08 when analyzed using our procedures). That is,
more than half of these IDPs exhibit a fluorophore-induced contraction similar in magnitude to the con-
traction we observe for fluorophore-labeled PNt in water. Together, these data suggest a consistent pic-
ture of fluorophore-induced contraction contributing to differences in the magnitude and denaturant de-
pendence of R inferred from SAXS and FRET.

The other factor that has been suggested to contribute to the discrepancy between SAXS and FRET re-
sults is deviations from the proportional relationship between Rg and Re. that arise when moving from
homopolymers to heteropolymers (43). Underlying this view is the observation that, if one reweighs the
ensemble (i.e., calculates Rg using only a subset of conformations), many possible values of Ree are con-
sistent with any given Rg (and vice-versa). Rather than selecting a sub-ensemble to fit the data, however,
we have instead taken an alternative approach (46). We generate physically plausible ensembles at the
outset and examine whether they fit the data in their entirety. We find that the MFF derived from our
ensembles accurately matches the entire scattering profile (rather than just the Ry), which provides
strong support for our procedure. Since we can determine the values of Ry and Re. directly from the un-
derlying ensembles, we have a procedure to obtain these two parameters by fitting the SAXS data with
our MFF.

This MFF is imperfect in the sense that slightly different ensembles can be fit using the same Ry and v
parameters. But the error is very low for these two parameters relative to their true values (Fig. 4A-C).
Inclusion of heteropolymer effects does not change this conclusion. From this result, we conclude that



SAXS is well suited to extract both Ry and Re. for disordered heteropolymers, while circumventing po-
tential artifacts due to fluorophore interactions with polypeptide chains. This conclusion does not negate
the potential of FRET to measure dynamics, binding and conformational changes; it does, however, re-
inforce that caution must be exercised when employing FRET to infer quantitative distances in the origi-
nal, unlabeled biomolecule.

Nearly a dozen IDP SAXS datasets reported here and previously (46) have been shown to fit well to our
general MFF (Tables S1, S3). This finding suggests that the interactions that drive chain contraction are
spread along protein sequences. Water-soluble, well-folded protein sequences tend to be well-mixed
heteropolymers, with relatively small stretches of consecutive hydrophobic residues (69). These well-
mixed sequences tend to behave as homopolymers when measured by global, low resolution methods
such as SAXS. Indeed, we have demonstrated that, with sufficient data quality, poorly mixed sequences
can be identified by their deviation from our MFF (Fig. 4D-F). Larger deviations can occur for some
IDPs, especially those with partial folding, unusual sequence patterning (e.g., block copolymers) and/or
under crowded conditions that may serve specific functions (70, 71).

These results and analysis presented here demonstrate that water is a good solvent for many foldable
protein sequences, rendering them expanded with v > 0.54. This property is likely beneficial to the cell
as it helps to reduce misfolding and unwanted associations, while simultaneously facilitating protein
synthesis and transport. Moreover, many proteins fold (in both a thermodynamic and kinetic sense) even
in the presence of modest amounts of denaturants — and some even in 6 M Gdn (42, 72), where v~0.6.
Hence, folding is a robust process that does not critically depend on solvent quality as long as the native
protein structure is stable relative to the unfolded ensemble.

Materials and Methods

Protein purification. PNtCC and PNtC were expressed in E. coli BL21(DE3)pLysS and purified from
inclusion bodies as described previously (46, 50, 73), with the following modifications. After inclusion
body solubilization, PNt constructs were refolded in 50 mM Tris pH 7.2 with 50 mM B-mercaptoethanol
(BME). Prior to the final size exclusion chromatography step, 20 mM BME was added to the protein stock
solution.

Alkylation. Purified PNtCC or PNtC (70 uM) in 50 mM Tris pH 8, 5 mM EDTA was reduced with 5 mM
TCEP for 30 min at room temperature while stirring. Alkylation was initiated by addition of 10 mM
iodoacetamide in water. PNt constructs were incubated for 30 min at room temperature while stirring in
the dark. The alkylation reaction was quenched with the addition of 20 mM fresh DTT. Excess reagents
were removed by size exclusion chromatography (Superdex 16/60 S200). Alkylation efficiency (100%)
was determined by mass spectrometry (MS).

Alexa488 labeling. PNt constructs were reduced as above. Alexa488 C5 maleimide (ThermoFisher Sci-
entific) was resuspended in DMSO to 5 mg/ml and added to the reduced protein dropwise while stirring,
to a final ratio of 5:1 fluorophore:cysteine. The reaction proceeded overnight at 4°C while stirring in the
dark. Free fluorophore was separated from fluorophore-labeled protein by size-exclusion chromatography
(Superdex 16/60 S200), protected from light at all times. Labeling efficiency (100% for PNtCC; >50%
for PNtC) was determined by mass spectrometry.

Steady-state anisotropy. Steady-state anisotropy measurements were performed on a QM-6 T-format flu-
orometer (Horiba) at room temperature in 50 mM Tris pH 7.5 and 2 M Gdn where indicated. Samples
containing 1 uM Alexa-488 were excited with 494 nm vertically polarized light. Anisotropy (r) was cal-
culated using the emission at 516 nm by the equation

=Gl

1,-2GIy



Where G is the instrument correction factor. G was calculated from the emission of free-Alexa488 at 516
nm after excitation with 494 nm horizontally polarized light by the equation

I
G =

Iyy
SAXS. Data were collected at the BioCAT beamline at the Advanced Photon Source (Argonne National
Lab) using a GE Lifesciences Superdex 200 SEC column with the scattering presented as q=4n
sinB/A, where 20 is the scattering angle and A is the X-ray wavelength (1 A).

Code for simulations and fitting scattering data. Code and associated files necessary to produce simula-
tions and the analysis can be accessed at www. (to be added prior to publication). Additionally, our web-
server http://sosnick.uchicago.edu/SAXSonIDPs is available for fitting SAXS data with our MFF(v,Ry).

Simulations and generation of MFF. Calculations were performed at the University of Chicago Research
Computing Center using a version of our Upside molecular dynamics program (arXiv:1610.07277) mod-
ified for CB-level interactions, as done previously (46).
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Figure S1: Comparison of polymer models utilized in SAXS and FRET. (A-D) Comparison of v vs.
various polymer quantities. Black dots and solid lines, ALL-H PNt simulations and resulting trend from
Riback et al., 2017 (46). Purple dots, values from HP-model simulations. Dashed black lines, trends
from HP-model simulations with near-even HP distributions. Red line, trends from Borgia et al., 2016
(44). (B) Dashed red line, trend from Hoffman et al 2012 (31). (C) Comparison of v determined from
the Ryij plot and v approximated assuming Ro=5.5 and the procedure in ref. 31. Black line is an x=y line
for reference. (D) Red line, trend from Zheng et al., 2018 (45). (E-H) Dimensionless (ree/Rec) end-to-end
distribution. Red dashed, SARW model; black dashed Gaussian model; solid red, model from Zheng et
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al., 2018 (45). Solid black, model presented herein based on ALL-H PNt simulations at the noted v val-
ues.
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Figure S2: Comparison of published SAXS and FRET data on the same systems. Legend equivalent
to Figure 1A. R17 and ACTR SAXS and FRET data (from Borgia et al., 2016 (44)). Top, ‘Old Methods’
Comparison between FRET data fit assuming a Gaussian chain and SAXS data fit with the Guinier ap-
proximation. Bottom (filled circles), ‘New Methods’ SAXS and FRET fit with MFF from ref. 46). Lines
shown are best fit hyperbolic trend and mean prediction lines in opaque and slightly transparent, respec-
tively. Open circles are models from Zhang et al 2018 (45). Open triangles correspond to Song et al.,
2017 (40) determined at http://dice.utm.utoronto.ca.
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Figure S4: Heteropolymer simulations. (A) Correlation between Avend with G-G(v) in HP-model sim-
ulations ((G=Ree/Rg)?) where G(v) is the G value expected for a homopolymer at that value of v. Red
line is the best linear fit. (B) Dependence on vendgs With v extrapolated to simulations where G=G(v). (C)
Dependence on Aveng with the average mean squared deviation of hydrophobic residues from the center
of the chain. The x-axis is referenced such that an evenly spaced heteropolymer has a zero x value. The
v values for the three conditions are shown.
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Table S1: SAXS on PNt data fit to our MFFhomopolymer-

0.150M KCI | 2 M Gdn 4 M Gdn
Ry (A): [51.1+0.1 58.7 + 0.1 62.2+05
PNt v: | 0.542+ 0.002 | 0.584+ 0.001 | 0.601+0.008
X 1.11 0.986 0.946
PNtCC- | Ry (A): [51.0+0.2 59.8+ 0.2 62.2+1.0
Alkd v: | 0,541+ 0.003 | 0593+ 0.002 | 0.603 + N/A
X2 | 1.00 1.04 1.10
Ry (A): | 51.8+0.2 60.1+0.5 62.00.8
PNtC-Alkd v: | 0527+ 0.002 | 0.588+ 0.004 | 0.603+ N/A
X | 1.11 0.977 0.996
PNtCC- | Ry (A):|459+0.7 59.6 + 0.4 65.5+2.7
Alexa488 v: | 0.498+ 0.012 | 0.566+ 0.004 | 0.603 + N/A
X2 | 0.995 0.975 0.867
PNtC- | Ry (A):|49.6+0.2 59.8 + 0.6 66.1+1.2
Alexa488 v:| 0521+ 0.003 | 0.576+ 0.006 | 0.593 +0.015
x| 0.892 1.03 1.02
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Table S2: Alexa488 fluorescence anisotropy and lifetime measurements’.

1

[Gdn] (M) Anisotropy Lifetime (ns)
Free Alexad88 0 0.017+ 0.001 4.72
2 0.0304 + 0.0007 4.82
0 0.132 (n=2) 4.67
PNtC-Alexa488 5 0.071 (n=2) 458
PNICC-Alexad8s 0 0.109+ 0.005 4.56
2 0.074+ 0.001 4.59

'Error shown is the SEM of 3 measurements.
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Table S3: Analysis of SAXS data on published IDPs with our MFF!.

Protein Citation R.(A) |error v errors | 2. | q min | g max
ID3 of CBP 53 75.7 0.3 | 0586 [0.001]244 | 0.01 | 0.15
Ash1 54 29.2 0.2 | 0.603 |]0.007]1.04 ] 0.01 | 0.15
Met2 55 52.7 0.1 1 0542 [0.002]10.98 | 0.01 | 0.15
NSP 43 37.3 0.2 | 0.603 [0.006 ]| 1.15 | 0.01 0.1
N98 43 34.3 0.1 | 0.556 [0.002]2.62 | 0.03 | 0.15
IBB 43 33.2 0.1 | 0.538 [0.002]1.05| 0.01 | 0.15
NUS 43 27.3 0.1 | 0.578 |10.010] 1.07 | 0.01 | 0.15
NLS 43 24.3 0.1 | 0.603 [0.006]0.59 | 0.01 | 0.15
N49 43 16.6 0.1 | 0.537 |0.012]0.98 | 0.01 | 0.225
NUL 43 33.3 0.1 | 0.523 |10.004|2.20 ] 0.01 | 0.15
Msh6 NTR 56 61.4 0.2 | 0.547 [0.001]1.93 | 0.01 | 0.15
HMPV (P1-60) 57 26.5 0.1 | 0.603 [0.003]0.80 | 0.01 | 0.15
redAFP 52 22.2 0.1 | 0.550 [0.006|1.00 | 0.01 | 0.225
MeCP2 58,59 59.7 0.9 | 0.550 [0.002] 1.11 ] 0.02 | 0.15
Ki-1/57 58,61 49.5 0.7 1 0539 [0.003]0.34 | 0.01 | 015
CSD1 58,60 32.9 0.5 | 0565 [0.011]0.50 | 0.02 | 0.15
HrpO 58,62 35.3 0.3 10603 [ N/A 10.72]10.01 | 0.15
-1 58,64 38.7 06 | 0.525 [0.005]|0.42 |0.013]0.142
ERM (1-122) 58,63 37.5 0.5 | 0.548 | 0.002]0.14 10.013]0.147
FEZ1 58,65 35.2 0.1 | 0603 [ N/A 10.16 | 0.01 | 0.15
p53 58,66 29.1 0.1 | 0.569 [0.007]0.29 | 0.01 | 0.15
PIR 58,67 26.5 0.2 | 0.553 [0.008]0.10 | 0.01 | 0.15

1q is in units of inverse angstroms. When Ref. 58 is included in citation column, Ref. 58 provided data
obtained from other studies.
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(Initial picture of movie found as attached file ‘MovieS1.avi’)

Movie S1: Disordered homopolymer polymer functions for SAXS and FRET. Running video
changes v of black curve. Red curve is held at v=0.6. Note that the x-axis on the left plot is dimension-
less and is thus scaled during fitting process.
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Movie S2: Disordered heteropolymer polymer functions for SAXS and FRET. Running video
changes Avengs of solid curve. Dashed curves are held at Avends=0.0. Red, black, purple, and orange
curves are held at v=0.6, 0.55, 0.5, and 0.45, respectively. Note that the x-axis on the left plot is dimen-
sionless and is thus scaled during fitting process.
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