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ABSTRACT Diffusion measurements by pulsed-field gradient NMR and fluorescence correlation spectroscopy can be used to
probe the hydrodynamic radius of proteins, which contains information about the overall dimension of a protein in solution. The
comparison of this value with structural models of intrinsically disordered proteins is nonetheless impaired by the uncertainty of
the accuracy of the methods for computing the hydrodynamic radius from atomic coordinates. To tackle this issue, we here build
conformational ensembles of 11 intrinsically disordered proteins that we ensure are in agreement with measurements of
compaction by small-angle x-ray scattering. We then use these ensembles to identify the forward model that more closely
fits the radii derived from pulsed-field gradient NMR diffusion experiments. Of the models we examined, we find that the
Kirkwood-Riseman equation provides the best description of the hydrodynamic radius probed by pulsed-field gradient NMR ex-
periments. While some minor discrepancies remain, our results enable better use of measurements of the hydrodynamic radius
in integrative modeling and for force field benchmarking and parameterization.
SIGNIFICANCE Accurate models of the conformational properties of intrinsically disordered proteins rely on our ability to
interpret experimental data that report on the conformational ensembles of these proteins in solution. Methods to calculate
experimental observables from conformational ensembles are central to link experiments and computation, for example, in
integrative modeling or the assessment of molecular force fields. Benchmarking such methods is, however, difficult for
disordered proteins because it is difficult to construct accurate ensembles without using the data. Here, we circumvent this
problem by combining independent measures of protein compaction to test several methods to calculate the hydrodynamic
radius of a disordered protein, as measured by pulsed-field gradient NMR diffusion experiments, and find the Kirkwood-
Riseman model to be most accurate.
INTRODUCTION

Intrinsically disordered proteins and regions (here collec-
tively termed IDPs) are highly flexible molecules in solution
and they should therefore be described as ensembles of
different conformations. The biological function of IDPs
is often linked to their dynamics and therefore the knowl-
edge of the conformational ensemble can be helpful in un-
derstanding their functions (1,2). Integrative modeling
approaches are often used to study the conformational en-
sembles of IDPs (3–8). Here, experiments typically probe
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ensemble-averaged structural information, and are inter-
preted using computational methods to generate structures
at atomic or coarse-grained resolutions.

A key property that describes the conformation of an IDP is
its average dimension. For example, the expansion of an IDP
determines its ‘‘capture radius’’ for binding (9) and is corre-
lated with its propensity to phase separate (10,11). Until rela-
tively recently, the force fields used in all-atom and certain
coarse-grainedmolecular dynamics simulations led to confor-
mational ensembles that were too compact (12–18). Experi-
mentally, compaction may be probed by, for example, small-
angle x-ray scattering (SAXS) (19), pulsed-field gradient
(PFG) nuclear magnetic resonance (NMR) diffusion experi-
ments (20), fluorescence correlation spectroscopy (21), and
dynamic light scattering (22).
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Calculating hydrodynamic radii for IDPs
Comparison of experiments and simulations is often
based on so-called forward models that enable the calcula-
tion of experimental observables (or close proxies) from
atomic (or coarse-grained) coordinates. Forward models
play a key role in integrative modeling and force field
assessment. Developing accurate forward models for IDPs
is, however, complicated by the lack of precise conforma-
tional ensembles that can be used to train and parametrize
these models (23). Instead, forward models are generally
developed and benchmarked for folded and relatively static
proteins, whose structures may more easily and accurately
be determined, but it is not always clear how well these
models are transferable to highly dynamic, unfolded, and
disordered proteins.

Here, we examine the accuracy of methods to calculate
the hydrodynamic radius ðRhÞ of IDPs from conformational
ensembles and the comparison to PFG NMR diffusion mea-
surements. The Rh is a measure of the overall dimension of a
protein as it represents the radius of a sphere that diffuses
with the same translational diffusion coefficient ðDtÞ of
the protein, and may conveniently be probed via PFG
NMR experiments. In these, Dt is probed via monitoring
the effects of a nonuniform magnetic field (defined by a
gradient strength, G), in a spin echo NMR experiment. De-
pending on how far the protein has moved in the sample dur-
ing a set diffusion time, D, different levels of signal decays
are observed (20,24–26). In practice, this is often detected
by integrating a specific region of the NMR spectrum to
measure the signal intensity, I, and varying the gradient
strength, G. This profile can then be fitted to the Stejskal-
Tanner equation to obtain Dt (20):

I ¼ I0e
�G2g2d2

�
D� d

3

�
Dt

: (1)
Here, g is the gyromagnetic ratio and d is the length of the
gradient. The value of Rh may then be obtained from Dt
either via the Stokes-Einstein equation, when the solvent
viscosity is known:

Dt ¼ kbT

6phRh

; (2)
where kb is the Boltzmann constant, T is the temperature,
and h is the solvent viscosity, or, and most often used, indi-

rectly using an internal reference with known Rh:

RhðproteinÞ ¼ DtðreferenceÞ
DtðproteinÞ RhðreferenceÞ: (3)

Different forward models have been proposed to calculate
Rh from atomic coordinates (27–29). In particular,
HYDROPRO (27) and HYDROPRO-derived models (30)
are widely used to compare Rh values obtained by PFG
NMR diffusion experiments to conformational ensembles
of IDPs from molecular simulations (15,31–35). Despite
this, differences of �20% between the results provided by
different forward models have been observed (30,36).

Given the widespread use of Rh measurements for con-
structing conformational ensembles and the potential for as-
sessing and improving force fields, we decided to assess the
accuracy of different forward models for Rh. Having an ac-
curate forward model, for example, makes it possible to pro-
vide a more fine-grained assessment of force field accuracy.
In the context of integrative modeling, a conformational
ensemble of an IDP can be pushed to be either more
expanded or more compact to fit the experimental data de-
pending on the forward model used. The first step in our
work was thus to generate conformational ensembles of
IDPs that are accurate in terms of reproducing their overall
dimensions, but without using the PFG NMR diffusion mea-
surements. We did so by using state-of-the-art computa-
tional methods for sampling the overall dimensions of
IDPs, and further used SAXS data to benchmark and
improve the agreement with independent experimental
data that also provide information on the average dimension
of proteins in solution (Fig. 1). While SAXS and NMR
diffusion experiments may probe different aspects of
compaction (34), we assume that these differences are small
and would vary between different proteins. Thus, we used
the SAXS-refined conformational ensembles as input to
different forward models for Rh and compared the results
with experiments. As data for benchmarking the forward
models, we chose 11 IDPs with varying lengths (24–441 res-
idues) and amino acid compositions and recorded both
SAXS and PFG NMR diffusion data unless data were
already available in literature. We find that, for this diverse
set of proteins, the Kirkwood-Riseman equation (28) gives a
better agreement between our ensembles and the measured
hydrodynamic radii.
MATERIALS AND METHODS

Protein purifications and experimental conditions

The growth hormone receptor intracellular domain

For SAXS experiments, the growth hormone receptor intracellular domain

(GHR-ICD) (residues 270–620) was expressed and purified as described in

(37). For NMR experiments, GHR-ICD was expressed as a His6-SUMO

fusion protein (His6-SUMO-GHR-ICD) in E. coli BL21(DE3) cells, trans-

formed by heat shock transformation. One liter of LB medium supple-

mented with 50 mg mL�1 kanamycin was inoculated with a preculture,

grown at 37�C. At OD600 of 0.6–0.8, expression was induced by addition

of 1 mM isopropyl b-D-1-thiogalactopyranoside and grown for 4 h. Cells

were harvested by centrifugation at 5000 � g for 15 min at 4�C and the

pellet resuspended in 25 mL lysis buffer (50 mM Tris-HCl, 150 mM

NaCl, 10 mM imidazole, 10 mM b-mercaptoethanol [bME], 1 mM phenyl-

methylsulfonyl fluoride, 1 tablet ethylenediaminetetraacetic acid-free pro-

tease inhibitor [Roche Diagnostics, Copenhagen, Denmark] [pH 8]), and

lysed using a French pressure cell disrupter (Constant Systems MC Cell

Disrupter, Daventry, United Kingdom) at 20 kPsi. Lysate was cleared by

centrifugation at 20,000 � g at 4�C for 20 min. The supernatant was incu-

bated with 2 mL Ni-NTA resin (GE Healthcare, Brøndby, Denmark),
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FIGURE 1 Overview of the approach. For each of the 11 proteins, we computationally generate a conformational ensemble and optimize the weights of

each conformer to get a reweighted ensemble consistent with SAXS data. Then we compute the Rh from the reweighted ensemble with different forward

models and compare the values to the Rh determined experimentally by PFG NMR experiments. To see this figure in color, go online.
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equilibrated with buffer A (50 mM Tris-HCl, 150 mM NaCl, 10 mM imid-

azole [pH 8]) for 1 h at room temperature. The column was washed with

50 mL buffer B (50 mM Tris-HCl, 1 M NaCl, 10 mM imidazole, 10 mM

bME [pH 8]), and His6-SUMO-GHR-ICD was eluted with 15 mL buffer

C (50 mM Tris-HCl, 250 mM imidazole, 10 mM bME [pH 8]). The elution

was kept for further purification, while the flowthrough was reincubated

with 2 mL Ni-NTA resin. His6-SUMO-GHR-ICD was eluted. The His6
-SUMO tag was off cleaved by adding 200 mg of the ULP1 protease and

dialyzed overnight at 4�C against 3 L cleavage buffer (50 mM Tris-HCl,

150 mM NaCl, 10 mM bME [pH 8]). After cleavage, the His-SUMO tag

was separated from GHR-ICD by incubating the sample with 2 mL Ni-

NTA resin for 1 h. The flowthrough was collected and used for further

purification by reversed-phase chromatography using a Resource RPC col-

umn (GE Healthcare), equilibrated in Milli-Q water with 0.08% trifluoro-

acetic acid (v/v),and eluted with a linear gradient from 0 to 100% of 70%

acetonitrile (v/v), 0.1% trifluoroacetic acid (v/v). NMR experiments were

recorded in 20 mM Na2HPO4/NaH2PO4, 150 mM NaCl, 10 mM bME (pH

7.3), 10% (v/v) D2O, 0.25 mM DSS, 0.05% (v/v) dioxane, 0.02% NaN3

and SAXS data in 20 mM Na2HPO4/NaH2PO4, 300 mM NaCl, 10� excess

of DTT, 2% (v/v) glycerol as described, with protein concentration in the

range from 1 to 6 mg mL�1 (38).
The human sodium-proton exchanger 6 intracellular distal
domain

A modified pET-24b vector with an N-terminal His6-SUMO tag was inserted

with the sodium-proton exchanger 6 intracellular distal domain (NHE6cmdd)

sequence (residues 554–669). BL21(DE3) E. coli cells were heat shock trans-

formed with the finalized plasmid and incubated in LB medium for 45 min at

37�C, plated on agar containing 50 mg L�1 kanamycin, and incubated over-

night at 37�C. Preheated LB medium (10 mL) with 50 mg L�1 kanamycin

was inoculated with one colony and incubated overnight at 37�C and

200 rpm. The next day, the culture was added to 1 L of LB medium contain-

ing 50 mg L�1 kanamycin and incubated at 37�C and 200 rpm. For His6
-SUMO-NHE6cmdd expression, b-D-1-thiogalactopyranoside was added to
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a final concentration of 0.5 mM at an OD600 of 0.6–0.8. Cells were harvested

after 4 h by centrifuging at 5000� g for 20 min at 4�C. The cell pellet resus-
pended in 20 mL of Tris-HCl buffer (50 mM Tris-HCl [pH 8.0], 150 mM

NaCl, 10 mM imidazole, 1 mM DTT) and cells lysed by 1 cycle of French

Press at 25 kPsi (Constant Systems MC Cell Disrupter). The lysate was

centrifuged at 4�C and 20,000 � g for 30 min and the supernatant applied

to a gravity flow column with 4 mL preequilibrated Ni-NTA Sepharose resin

(GE Healthcare). The column was washed with 50 mL of high-salt Tris-HCl

buffer (50 mMTris-HCl [pH 8.0], 1 M NaCl, 10 mM imidazole, 1 mMDTT)

and bound protein eluted with 15 mL of high-salt Tris-HCl buffer (50 mM

Tris-HCl [pH 8.0], 150 mM NaCl, 250 mM imidazole, 1 mM DTT). An

aliquot of 100 mg His-ULP-1 was added, and the sample transferred to a pre-

soaked dialysis bag with a 3.5 kDa cutoff, and dialyzed against 2 L of a low-

salt Tris-HCl buffer (50 mMTris-HCl [pH 8.0], 150 mMNaCl, 10 mM imid-

azole, 1 mMDTT) overnight at 4�C while stirred. The sample was applied to

4 mL Ni-NTA Sepharose resin and the flowthrough containing NHE6cmdd

was collected. The NHE6cmdd was concentrated to <2 mL by centrifuging

with 3 kDa cutoff spin filters (Amicon Ultra), before being loaded onto a

3 mL RPC column (Cytiva prepacked 3 mL SOURCE 15RPC) mounted

on an Äkta Purifier system, preequilibrated with 50 mM NH4HCO3 (pH

7.8). A 0–100% linear gradient (20 column volumes) of 50 mM NH4HCO3

(pH 7.8), 70% (v/v) acetonitrile was used to elute the bound NHE6cmdd.

Identity and purity of NHE6cmdd was confirmed by SDS-PAGE analysis

and mass spectrometry. NMR data were recorded in 20 mM Tris-HCl (pH

7.4), 150 mM NaCl, 5 mM DTT, 0.1% (v/v) dioxane, 25 mM DSS, 10%

(v/v) D2O, 15
�C, and SAXS data in 20 mM Tris-HCl (pH 7.4), 150 mM

NaCl, 2% (v/v) glycerol, 5 mMDTT, 15�C. PFG NMR experiments were re-

corded with 150 mM (1.9 mg mL�1) NHE6cmdd, while the SAXS experi-

ments were recorded with 0.7, 1.2, and 1.6 mg mL�1 NHE6cmdd.

Prothymosin-a

Prothymosin-a (ProTa) was produced and purified as described in (39),

where also PFG NMR diffusion experiments are reported. SAXS intensities

were recorded in 1� TBSK (10 mM Tris, 0.1 mM ethylenediaminetetraace-

tic acid, 155 mM KCl [pH 7.4]) and 2% glycerol at 15�C. Protein



Calculating hydrodynamic radii for IDPs
concentrations for SAXS samples were 0.27, 0.74, and 1.6 mg mL�1. Due

to the absence of aromatic residues in the sequence of ProTa, the absor-

bance had to be measured at 214 nm. This was not possible in the TBSK

buffer, where salts absorb most of the light at 214 nm. The concentration

in the most diluted sample is calculated from the elution peak from a chro-

matogram in a reversed-phase run, where the protein is in water and aceto-

nitrile and there is no background absorbance. The eluted fractions are then

lyophilized and resuspended in 1� TBSK, and then concentrated. Due to

the unfeasibility of measuring concentration from absorbance at 214 nm

in TBSK buffer, we recovered the concentrations of the samples at 0.74

and 1.6 mg mL�1 from the intensity of the forward scattering of their

SAXS profiles, using as reference the most diluted sample that had a known

concentration. The intensity of the forward scattering was obtained by

Guinier fit using the ATSAS package (40).

a-Synuclein

a-Synuclein (aSyn) was produced and purified as described in (41).

NMR experiments were recorded in PBS buffer (20 mM Na2HPO4/NaH2

PO4, 150 mM NaCl [pH 7.4]), 2% glycerol 10% D2O, 0.25 mM DSS,

0.02% dioxane, 0.02% NaN3, and recorded at 20�C. SAXS data are from

(42).

ANAC046172–338

The disordered region (residues 172–338) of the Arabidopsis NAC (no api-

cal meristem, ATAF1/2, and cup-shaped cotyledon [CUC2]) transcription

factor, ANAC046, was produced and purified as described in (41). NMR ex-

periments were recorded in PBS buffer (20 mM Na2HPO4/NaH2PO4,

100 mM NaCl, 1 mM DTT, 0.02% dioxane, 0.02% NaN3 [pH 7.0]) at

25�C, and SAXS data in 20 mM Na2HPO4/NaH2PO4, 100 mM NaCl,

5 mM DTT (pH 7.0), same temperature. Protein concentrations for SAXS

samples were 1, 3, and 5 mg mL�1.

Dss1

Deleted in split hand/split foot 1 protein (Dss1) from S. pombe (43) was pro-

duced and purified as in (41) in the presence of 5 mM bME. NMR exper-

iments were recorded in Tris buffer (20 mM Tris, 150 mM NaCl, 5 mM

DTT, 2% glycerol, 10% D2O, 0.25 mM DSS, 0.02% dioxane, 0.02%

NaN3) and recorded at 15�C and SAXS data recorded in 20 mM Tris,

150 mM NaCl 2% glycerol 5 mM DTT (pH 7.4), 15�C, protein concentra-

tions were 1, 1.5, and 3 mg mL�1.

hnRNPA1-LCD

The low complexity domain from hnRNPA1 (hereafter called A1) was pro-

duced and purified as described previously (10,44). NMR experiments were

recorded in 20 mM HEPES, 150 mM NaCl, 0.02% dioxane, 10% D2O at

25�C. Protein concentration was 70 mM.
Diffusion ordered NMR spectroscopy

Translational diffusion constants for each protein (50–150 mM) and the in-

ternal reference were determined by fitting peak intensity decays within 0.5

and 2.5 ppm (where protons belonging to methyl and methylene groups

resonate) (26) from diffusion ordered spectroscopy experiments (45), using

the Stejskal-Tanner equation (20). We used 1,4-dioxane (0.02–0.10% [v/v])

as internal reference, with an Rh value of 2.12 Å (24). Spectra (16 scans for

aSyn, 64 scans for NHE6cmdd and A1, and 32 scans for the other proteins)

were recorded on a Bruker 600 MHz equipped with a cryoprobe and Z-field

gradient, and were obtained over gradient strengths from 2 to 98% (g ¼
26,752 rad s�1 Gauss�1) with a diffusion time ðDÞ of 200 ms (299.9 ms

for GHR-ICD and 50 ms for A1) and gradient length ðdÞ of 3 ms, except

for NHE6cmdd where this was 2 ms, and A1 where it was 6 ms. Diffusion

constants were fitted in Dynamics Center v2.5.6 (Bruker, F€allanden,

Switzerland) and GraphPad Prism v9.2.0. Diffusion constants were used
to estimate the Rh for each protein (46), with error propagation using the

diffusion coefficients of both the protein and dioxane.
SAXS

Samples for SAXS were prepared in the same buffers as for the NMR

experiment, leaving out D2O and DSS, and in some cases adding

2% (v/v) glycerol, and using a range of protein concentrations. The samples

were either dialyzed extensively into the buffer, or a final size-exclusion

step into the buffer was done, and collecting either the dialysate or

the SEC buffer for SAXS analyses. Buffer samples were run before and

after the protein samples. SAXS data on Dss1, ProTa, and NHE6cmdd

were collected at the DIAMOND beamline B21 (London, UK), using

a monochromatic (l ¼ 0.9524 Å) beam operating with a flux of 2�
104 photons/s. The detector was an EigerX 4M (Dectris, Baden,

Switzerland). The detector to sample distance was set to 3.7 m. Samples

were placed in a Ø ¼ 1.5 mm capillary at 288 K during data acquisition.

SAXS data on ANAC046 and GHR-ICD were collected at the EMBL bio-

SAXS-P12 beam line (l¼ 0.124 nm, 10 keV) at the PETRA III storage ring

(Hamburg, Germany) (47). Scattering profiles were recorded on a Pilatus

2M detector (Dectris) (47) following standard procedures and at 298 K.

The resulting scattering curves were analyzed as an average of consecutive

frames recorded for each sample (detected degenerate frames were

removed). The averaged scattering curves of the buffer were subtracted

from the averaged scattering curve of the samples. Finally, we scaled the

buffer-subtracted curves to absolute scale with DATABSOLUTE, part of

the ATSAS package (48), using water and empty capillary measurements,

performed at the same temperature as the experiments.
Conformational ensembles

We generated conformational ensembles with two distinct methods, specif-

ically Flexible-Meccano (hereafter FM) (49) and Langevin simulations

with the CALVADOS (coarse-graining approach to liquid-liquid phase sep-

aration via an automated data-driven optimization scheme) M1 parameters

for a Ca-based coarse-grained model (50).

FM generates conformations for the backbone atoms of IDP sampling

from backbone dihedral potentials derived by disordered regions of entries

in the PDB. We varied the number of conformers produced with the length

of the proteins, to reflect the higher complexity of the ensembles for longer

chains (Table S1).

Langevin simulations with CALVADOS were run for 1 ms with a 10 fs

time step using OpenMM v7.5.1 (51). Trajectories were subsampled taking

a frame every 50 ps according to the shortest observed lag-time resulting in

a close-to-zero autocorrelation function of the Rg (Fig. S1), resulting in

20,000 frames per simulation. Temperatures of the experimental measure-

ments were reproduced in the simulations, as well as the ionic strength, by

means of the Debye-H€uckel potential used in CALVADOS to describe elec-

trostatic interactions.

For both FM and CALVADOS simulations we generated all-atom repre-

sentations for the ensembles before SAXS calculations using PULCHRA

(52) with default settings; these structures were also used to calculate the

hydrodynamic radius when using centers of mass to represent the positions

of the amino acids.
SAXS calculations

We calculated SAXS intensities using Pepsi-SAXS (53) as described

recently (54). The scale factor and constant background were fitted as

global parameters for all the conformers in an ensemble (see below), while

the contrast of the hydration layer and the effective atomic radius were fixed

(respectively, 3.34 e/nm3 and 1.025 � rm, where rm is the average atomic

radius of the protein).
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Ensemble reweighting

We used the Bayesian/maximum entropy (BME) software (3) to improve

the agreement of the conformational ensembles with the SAXS experiments

by minimizing the functional L (4,6):

Lðu1/unÞ ¼ m

2
c2
r ðu1/unÞ � qSrelðu1/unÞ: (4)

Here, m is the number of experimental data points, ðu1/unÞ are the

weights associated with each conformer of an ensemble, c2
r measures the
agreement between the calculated and experimental data, Srel measures

how much the optimized weights (i.e., the posterior distribution) diverge

from the initial weights (i.e., the prior distribution), and q is a parameter

that sets the balance between minimizing c2
r and maximizing Srel. The value

4eff ¼ expðSrelÞ indicates the fraction of the frames that effectively con-

tributes to the averages calculated with the optimized weights. A low 4eff

means a considerable deviation from the initial ensemble and it can indicate

overfitting and artifacts in the reweighted ensemble (3). By scanning

different values for q and plotting c2
r versus 4eff , it is possible to choose

the optimal value for q as the one located at the ‘‘elbow’’ of the curve, where

the c2
r reaches a plateau with the least amount of deviation from the initial

weights.

For SAXS data, the iterative extension of BME (iBME) (54) enabled us

to fit a scale factor (s) and constant background (cst) of the calculated SAXS

profile by iterating least-squares fitting of experimental and calculated

SAXS profiles and BME reweighting until convergence of the c2
r . In this

approach, the c2
r in the L functional is:

c2
r ðu1/un; s; cstÞ¼ 1

m

Xm
q

h�
s
Pn

jujIq
�
xj
�þcst

�
� IEXPq

i2

s2
BIFT;q

;

(5)

where IqðxjÞ is the calculated SAXS intensity at scattering angle q for the

conformer xj, I
EXP
q is the experimental SAXS intensity at scattering angle
q, and sBIFT;q is the error of the experimental intensity at scattering angle

q normalized as described by Larsen and Pedersen (55). The Bayesian in-

direct Fourier transformation (BIFT) was used to compute the pair distance

distribution function pðrÞ from a model SAXS profile by minimizing the

c2
r;BIFT calculated against the experimental SAXS profile and maximizing

a prior on the smoothness of the pðrÞ. Then the experimental errors were

corrected according to sBIFT;q ¼ sq

ffiffiffiffiffiffiffiffiffiffiffiffiffi
c2
r;BIFT

q
. This procedure enabled a

more direct comparison of c2
r values from different systems.
TABLE 1 Data sets used, consisting of 11 IDPs with SAXS and

PFG NMR measurements

Name Length (residues) Rh (nm) SAXS

Hst5 24 1.28 5 0.02 (58) (58)

RS 24 1.19 5 0.01 (59) (15)

Dss1 71 1.70 5 0.06 this study

Sic1 90 2.15 5 0.1 (60) (36)

ProTa 111 2.89 5 0.08 (39) this study
Hydrodynamic radius calculation

We employed four distinct approaches to compute the Rh from a specific

protein conformation:

1. The equation described by Nygaard et al. (30), who derived a sequence-

length-(N)-dependent relationship between the radius of gyration of the

Ca atoms ðRg;Ca
Þ and the Rh:

Rg;Ca

RNyg
h

¼ a1

�
Rg;Ca

� a2N
0:33

�
N0:60 � N0:33

þ a3; (6)

where the fitting parameters are a1 ¼ 0.216 Å�1, a2 ¼ 4.06 Å, and

a3 ¼ 0.821. This expression for RNyg
h was obtained by fitting the Rh calcu-
NHE6cmdd 116 2.67 5 0.02 this study

A1 137 2.29 5 0.06 (44)

aSyn 140 2.79 5 0.03 (42)

ANAC046 167 3.04 5 0.01 this study

GHR-ICD 351 5.08 5 0.02 (38)

Tau 441 5.40 5 0.2 (61) (62)
lated with HYDROPRO (27) as a means to have a more computationally

efficient forward model, and which interpolates between the behavior for

compact and expanded states.

2. The HullRad algorithm (29) that uses the convex hull method to predict

hydrodynamic properties of proteins. The Rh computed with HullRad

will hereafter be referred as RHR
h .
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3. The Kirkwood-Riseman equation (28,56,57): RKR
h ¼ 1=Cr� 1

ij Disj, where

rij is the distance between the Ca atoms i and j. An alternative approach

is to calculate RKR
h employing the center of mass of each residue instead

of the Ca. The two strategies can lead to minor differences in the result-

ing Rh (see results and supporting material).

4. The linear fit proposed by Nygaard et al. (30) to approximate the Rh of

HYDROPRO from RKR
h : RNyg�KR

h ¼ 1:186RKR
h þ 1:03 Å.

Once Rh was calculated for all conformers of an ensemble of size n,

the average Rh ðCRhDÞ was calculated as CRhD ¼ 1=n�1
Pn

i

�
1=Rh;i

�
(31,34).

The transformation of the Rh of each conformer of the ensemble before aver-

aging was done to reflect that the intensities measured by PFG NMR are pro-

portional to expð�R� 1
h Þ (Eqs. 1 and 3). The exponential transformation can be

omitted because it does not change the calculated average (31). For simplicity,

we hereafter refer to CRhD as Rh.

We calculated the c2 to compare Rh calculated with the models above

with experiments across the 11 proteins. The reported errors of the experi-

mentally determined values of Rh varied considerably across the different

experiments. To avoid putting too much weight on a few experiments

with the smallest estimated errors, we instead used the average relative error

of Rh (�2%) in the calculation of c2.

Scripts and data used in this study are available at https://github.com/

KULL-Centre/papers/tree/main/2022/rh-fwd-model-pesce-et-al.
RESULTS AND DISCUSSION

Proteins and experimental measurements

We collected a data set consisting of 11 IDPs of different
lengths (spanning from 24 to 441 residues) and sequence
features (net charge per residue, number of prolines, overall
charge, etc.; see Table S1) with both SAXS and PFG NMR
diffusion measurements. We measured PFG NMR diffusion
and SAXS data for those proteins (see materials and
methods) where data were not already available in literature
(Table 1). We stress that, although different approaches exist
to extract the Rg from a SAXS profile (63–65) (Table S2),
we do not build our ensembles using the SAXS-derived
Rg values; rather we use the SAXS intensities themselves.
We note, however, that the average ratio of the Rg extracted
from SAXS data and the Rh from PFG NMR for the 11 pro-
teins is 1.2 (Table S2), in line with expectations from disor-
dered Gaussian chains (66).

To minimize discrepancies related to the dimensions
of IDPs being influenced by experimental conditions (for

https://github.com/KULL-Centre/papers/tree/main/2022/rh-fwd-model-pesce-et-al
https://github.com/KULL-Centre/papers/tree/main/2022/rh-fwd-model-pesce-et-al
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Calculating hydrodynamic radii for IDPs
example, temperature and ionic strength of the buffer), we
aimed at having SAXS and PFG NMR diffusion measured
in the same buffer and conditions. There are few exceptions,
where we note some differences in the conditions at which
PFG NMR and SAXS measurements were performed
(Table S3). Buffers used for SAXS often contain glycerol
to limit the radiation damage, which might in principle
cause some discrepancies as glycerol was not present in
some of the PFG NMR experiments. Previous work, howev-
er, suggests that small amounts (2%) of glycerol do not
affect the compaction of the IDPs (67,68). Similarly, PFG
NMR experiments of Rh use dioxane as an internal refer-
ence, and potential interactions between dioxane and the
IDPs could also cause discrepancies between NMR and
SAXS experiments. Previous work shows consistency
across different internal reference compounds (69) and
below we find good consistency between SAXS and PFG
NMR data; together these results suggest that protein-
dioxane interactions do not affect the experimental diffusion
measurements. To examine this further, we recorded 1H-15N
HSQC spectra of the 15N-labeled ANAC046 alone and in
presence of different concentration of dioxane. The result-
ing data show no changes in position or intensity of the
peaks in the spectra (Fig. S2). Together, these observations
support the notion that minor discrepancies between exper-
imental conditions in SAXS and NMR experiments do not
cause systematic differences.

We measured SAXS data for Dss1, ProTa, NHE6cmdd,
and ANAC046 at different protein concentrations
(Fig. S3). We then inspected the resulting intensities as a
function of the scattering angle to check for signs of aggre-
gation or interparticle repulsion in the small-angle region
(19). In absence of these effects, we selected the SAXS pro-
files showing the lowest amount of experimental noise.
Therefore, in further analyses we used SAXS data collected
at 3 mg/mL for Dss1, 1.6 mg/mL for ProTa, 1.6 mg/mL for
NHE6cmdd, and 5 mg/mL for ANAC046 (Fig. 2).
FIGURE 2 Experimental SAXS profiles for (a) Dss1, (b) ProTa, (c)

NHE6cmdd, and (d) ANAC046. Experimental intensities are shown as

black squares with gray error bars (representing the experimentally deter-

mined errors rescaled as described in the materials and methods). The in-

serts show the linear fit (red line) in the Guinier region (identified with

the autorg tool of the ATSAS package (40)) for each profile, and the result-

ing Rg value. To see this figure in color, go online.
Agreement of the ensembles with SAXS data

As described above, our approach involved first generating
conformational ensembles that were in agreement with
SAXS data and then assessing four different forward models
by calculating Rh from these ensembles. We based this pro-
cedure on the assumption that conformational ensembles
that are generated by accurate physical models and that
are in agreement with SAXS data will also be in good agree-
ment with measurements of Rh. While there can be differ-
ences in the conformational properties probed by SAXS
and PFG NMR (31,34), we expect that such differences
are generally small and will be ‘‘averaged out’’ when exam-
ining a diverse set of proteins.

We generated ensembles for the 11 proteins using both
FM (49) and Langevin simulations with the CALVADOS
coarse-grained model (50), both of which are known to
generate ensembles in good agreement with SAXS data
(8,50,70–72). Forward models for SAXS data are relatively
consistent with each other and many are based on the
same physical principle and spherical harmonics approxi-
mation (53,73). Moreover, issues related to fitting free-
parameters describing hydration layer and excluded volume
Biophysical Journal 122, 310–321, January 17, 2023 315



FIGURE 3 Results of reweighting the conformational ensembles gener-

ated with FM and CALVADOS against SAXS data. The c2
r of the prior en-

sembles (before reweighting) are shown as partially transparent bars, while

the c2
r of the reweighted ensembles are shown as solid bars (blue for FM and

red for CALVADOS). The horizontal black line delineates c2
r ¼ 1, that,

given the use of scaled errors for experimental SAXS intensities (see mate-

rials and methods), denotes reweighted ensembles in good agreement with

the experimental data and devoid of overfitting. To see this figure in color,

go online.
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in implicit-solvent-based SAXS forward models have
recently been addressed also in the context of IDPs
(54,74). We therefore calculated SAXS data from the
conformational ensembles and compared these with experi-
ments (Fig. 3, partially transparent bars). For both FM and
CALVADOS we found good agreements ðc2

r z1Þ in many
cases. The largest outlier was the highly charged protein
ProTa, where the FM ensemble did not provide as good a
fit to the SAXS data (Figs. 3 and S4). Presumably the differ-
ence in agreement for ProTa arises because CALVADOS
explicitly takes the effect of the charges into account.

We improved the agreement with the SAXS data further
by using BME reweighting of the ensembles against the
SAXS data (Fig. 3, solid bars). For all but the ProTa FM
ensemble this led to excellent agreement with experiments
FIGURE 4 Probability distributions of the Rg calculated from the ensembles ge

and after (solid lines) reweighting the ensembles against SAXS data. To see thi
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with only minor levels of reweighting (Table S4). For the
FM ensemble of ProTawewere also able to obtain a reason-
ably good fit, although at the cost of stronger reweighting
and lower 4eff (Table S4).

We analyzed the effect of the different priors (FM versus
CALVADOS) and reweighting by examining the distribution
of the Rg (Fig. 4). In most cases, we found very similar dis-
tributions both before and after reweighting and with the two
different methods to generate the conformational ensembles.
For the few ensembles with intermediate values of c2

r (in the
range 2–5) before reweighting, we also observe minor ad-
justments in the Rg distributions due to reweighting. In gen-
eral, the fit to the small-angle region of the SAXS profile was
already good in most cases for the CALVADOS prior, indi-
cating that this prior is highly efficient in reproducing the
average chain dimensions (Fig. S5). We note that this is
likely explained—at least in part—by the fact that
CALVADOS was parameterized to reproduce Rg for IDPs.
The deviations responsible for the higher c2

r of ANAC046
and Tau were decreased by reweighting the CALVADOS en-
sembles (Fig. S5).

To summarize, with the only exception of ProTa, the two
priors provided similar levels of agreement with SAXS data
(Fig. 3) and similar distributions of Rg (Fig. 4). Given that the
CALVADOS prior provided a good estimate of the average
chain dimensions even without reweighting and considering
the specific case of ProTa, we below focus our further ana-
lyses on the ensembles generated by CALVADOS.
Comparison of forward models for the Rh

We tested four previously described forward models to
compute Rh from atomic coordinates. These models are
based on different principles, different ways of treating the
hydration of proteins, and were developed for different types
of molecules. We applied these models to the SAXS-re-
weighted CALVADOS ensembles, and compared the result-
ing ensemble-averaged values for Rh to the Rh from PFG
nerated by CALVADOS (in red) and FM (in blue), both before (dotted lines)

s figure in color, go online.



FIGURE 5 Ensemble-averaged Rh values calculated from the SAXS-re-

weighted CALVADOS ensembles, compared with the Rh determined by

PFG NMR diffusion (error bars represent the standard error from fitting

the NMR data). We tested four approaches to calculate the Rh from atomic

coordinates: the Rg-dependent Nygaard equation (RNyg
h , in blue), the

Kirkwood-Riseman equation (RKR
h , in orange), HullRad (RHR

h , in green),

and the Nygaard correction to the Kirkwood-Riseman equation

(RNyg�KR
h , in red). To see this figure in color, go online.

Calculating hydrodynamic radii for IDPs
NMR diffusion experiments (Fig. 5). We find that all four
models led to a high correlation between the calculated
and experimental values of Rh. To quantify the accuracy of
the models, we calculated the c2 across the 11 proteins,
and find the Kirkwood-Riseman equation provided the best
agreement with experiments (Fig. 5), with a c2 of 188.
Indeed, for all but the two longest proteins and Dss1, the
Kirkwood-Riseman equation resulted in very good agree-
ment with experiments.

We generally use distances between the Ca atoms (or
beads) when applying the Kirkwood-Riseman equation to
calculate Rh. We explored the effect of instead using the cen-
ter of mass to represent the position of each amino acid.
Overall, we find very similar results from the two different
approaches for all but the shortest IDPs (Fig. S6). The two
approaches also give very similar agreement with experi-
ments (c2 ¼ 188 for Ca atoms and 232 for centers of
mass); additional work is needed to examine which method
is more accurate for shorter proteins.

The other three forward models (the two equations
described by Nygaard et al. and HullRad) gave c2 values
that are five to eight times greater than that for the
Kirkwood-Riseman equation. For all three models, this
higher c2 is due to an apparently overestimated Rh (Figs.
5 and S7), and we see also that the three models are very
similar to one another. The exception is for the shortest pro-
teins, Histatin 5 (Hst5) and the RS repeat peptide (RS). This
may be because the length of Hst5 and RS is at the limit of
the chain length range the Nygaard equations were parame-
trized for. Despite the overall better agreement when using
the Kirkwood-Riseman equation, the agreement with the
Rh from PFG NMR experiment is not uniform across the
data set and shows a sequence-length-dependent trend
(Figs. 5 and S7). When looking at the two longest proteins,
GHR-ICD (351 residues) and Tau (441 residues) (Figs. 5
and S7), the Kirkwood-Riseman equation apparently under-
estimates Rh, whereas the other three models give values
closer to experiments.

The general picture for the eight shortest proteins (24–
167 residues) is thus that the Kirkwood-Riseman equation
provides an accurate model for Rh, and that the other three
models provide relatively similar values that are generally
greater than the experimental values. For most proteins,
there is thus good agreement between the SAXS-refined en-
sembles and the Rh value calculated from the ensembles us-
ing the Kirkwood-Riseman equation without the need for
any further refinement of the ensembles. In contrast, for
the other three methods, the experimental Rh values lie in
the tail of the Rh distributions (Fig. S7). Thus, while it would
be possible to construct ensembles that simultaneously
agree with both the SAXS and PFG NMR data (31,34),
this would require a greater level of reweighting.

We suspect that the Nygaard equations, which are derived
from HYDROPRO, and HullRad may be less precise for
disordered proteins because the models themselves are
derived to predict the Rh of globular, folded proteins. The
Kirkwood-Riseman equation instead was developed in the
context of theoretical studies on the hydrodynamic properties
of disordered polymer chains. The behavior of these chains is
more similar to that of IDPs compared with folded proteins,
as they exist in an extreme disordered state governed only by
self-avoidance of the component particles. This observation
is supported by calculating the ratio Rg/Rh from the experi-
ments. For globular proteins, this ratio is expected to be
around 0.78 and between 1.2 and 1.5 for disordered chains
(30,34,66,75), and indeed we find the average to be 1.2
with some variation across proteins (Table S3).

In the analyses above, we compared the ensembles with
the estimated values of Rh; however, this value is derived
from fitting the intensity profiles in the PFG NMR experi-
ments. To examine whether a more direct comparison would
give a different picture, we used the predicted values of Rh to
derive the diffusion profiles using Eqs. 1 and 3. We found
that comparing the calculated and experimental diffusion
profiles (for the PFG NMR measurements reported in this
study) gave a similar picture as when comparing the Rh

(Fig. S8).
We also tested the forward models on the ensembles gener-

ated by FM. Since SAXS-refined FM and CALVADOS en-
sembles are similar in terms of the level of compaction
(except ProTa), the results were similar. In particular, we
saw an overall better agreement with experiments using the
Kirkwood-Riseman equation (Fig. S9) and a sequence-
length-dependent discrepancy in this agreement. We also
note that Dss1 appears to be an outlier, since both ensembles
Biophysical Journal 122, 310–321, January 17, 2023 317
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seem to be more expanded than what the PFGNMR diffusion
experiment detects for all forward models for the Rh used.

To find possible reasons for this apparent sequence length
dependency, we looked at different conformational properties
of the ensembles produced with CALVADOS and their rela-
tion to sequence length. We computed the sequence-length-
normalized asphericity (the degree to which a molecule devi-
ates from a fully spherical shape) and the relative shape
anisotropy from the ensembles produced with CALVADOS
to highlight potential differences in the shapes adopted by
short and long chains. Nevertheless, we did not find proper-
ties for which the two longest proteins stood out (Fig. S10).
Expanding the data set

The analyses above were made possible by collecting a set
of proteins for which both SAXS and PFG NMR data had
been measured on the same protein and under comparable
conditions. While the set of 11 proteins covers a wide range
of lengths and sequence properties (Table S1), there are two
areas that are not covered well. First, there are no proteins of
length between 167 and 351 residues (Table S1). Second,
most of the proteins are relatively expanded IDPs, with 9
of the 11 proteins having SAXS-derived scaling exponents
nR 0:55 (Table S2). To complement our analysis described
above we therefore collected data from the literature for an
additional 11 proteins for which Rh had been measured us-
ing PFG NMR, although not in all cases measured using in-
ternal referencing by dioxane (Table S5). We used
CALVADOS to generate ensembles for these 11 proteins
and calculated Rh using the 4 different models (Fig. S11
a). As expected from the fact that the ensembles were not
refined using SAXS data and that the data are more hetero-
geneous, the agreement is more noisy. We find that, within
this set of proteins, the four different approaches perform
comparably well, with c2 values in the range of 606
ðRHR

h Þ to 669 ðRNyg�KR
h Þ (compared with the span of 188–

1406 for the proteins with both SAXS and PFG NMR data).
Comparing the distribution of Rh calculated with the

different methods for these 11 proteins with experiments
shows that the largest discrepancies between experiments
and calculations using the Kirkwood-Riseman model are
for A2, FUS, and SBD (Fig. S12). Both A2 and FUS are
known to form relatively compact ensembles and so we
examined whether there was a relationship between the
compaction of the protein—evaluated by the scaling expo-
nent calculated from the conformational ensembles—and
the accuracy of the values calculated using the Kirkwood-
Riseman model (Fig. S11 b). Overall we find a correlation
between compaction ðnÞ and the error in the calculated
values of Rh. We note, however, that we obtain accurate re-
sults for the two compact disordered proteins Ddx4 and A1,
and note that the experimental measurements of A2 and
FUS did not use internal referencing with dioxane. Finally,
we analyzed simulations of 200-residue-long homopoly-
318 Biophysical Journal 122, 310–321, January 17, 2023
meric peptides to examine whether the calculations of Rh us-
ing the Kirkwood-Riseman model capture the expected
relationship between Rg=Rh and compaction (30,34,66,75).
Indeed, we find a high correlation between the calculated
scaling exponent, n, and the Rg=Rh ratio, so that the most
compact peptides have a ratio < 1 and the most expanded
peptides have ratios approaching 1.4 (Fig. S13).
CONCLUSIONS

Reliable forward models to compare conformational ensem-
bles and biophysical measurements of IDPs are important
both in integrative modeling and for benchmarking and opti-
mizing molecular mechanics force fields. Here, we have
explored the accuracy of forward models to calculate the
Rh from structural ensembles of IDPs. To do so, we first con-
structed conformational ensembles for 11 IDPs, ranging in
length from 24 to 441 residues and diverse in sequence
composition. We then determined and optimized the agree-
ment of these ensembles with SAXS data to reproduce the
average chain dimensions in solution encoded in SAXS
data. Finally, we used four different models to calculate Rh

from the refined ensembles and assessed their accuracy by
comparison to measurements by PFG NMR measurements.
Of the four models that we tested, the Kirkwood-Riseman
equation gives the best overall agreement with experiments.
Nevertheless, we also found that the accuracy of this model
appears to drop in a sequence-length-dependent fashion,
which is evident for GHR-ICD and Tau. It is not clear if
the source of the sequence-length-dependent discrepancy is
due to inaccuracies in the forward model or in the ensembles,
or if it is a property of long IDPs, and further studies are
needed to clarify this.

In addition to collecting additional data for long IDPs,
one approach to get some insight might be to refine the en-
sembles of GHR-ICD, Tau (and other IDPs of similar
length) simultaneously against the Rh and SAXS data.
Indeed, previous studies have demonstrated that it is
possible to combine SAXS and PFG NMR measurements
to refine the distribution of conformations in a disordered
ensemble (31,34,36). Examining whether such a refinement
is possible and which conformations are retained might give
insights into whether the problems are with the ensembles or
the forward model. Nevertheless, a more detailed analysis
would require measurements on several more proteins.

Another issue to consider relates to how the Rh values
have been obtained. In particular, the values depend on the
Rh value for dioxane (2.12 Å from Wilkins et al. (24)) that
is used as a reference in the PFG NMR diffusion experi-
ments. This value, however, comes with some uncertainty.
Specifically, it is based on the assumption that for a globular
protein Rg ¼ ffiffiffiffiffiffiffiffi

3=5
p

Rh and the use of a SAXS-derived value
for Rg for a single protein (24). If the reference Rh used for
dioxane is not exact, the forward models may implicitly
absorb such a scale factor. Given that our calculations predict
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Rh relatively accurately, our results suggest that the estimate
of the Rh for dioxane is probably quite accurate. To examine
to what extent our conclusions depend on the reference value
for dioxane, we analyzed how the c2 of the Rh obtained with
the different models from the CALVADOS simulation would
change if different values for the Rh of dioxane had been
used to obtain the Rh of the proteins from PFG NMR
(Fig. S14). We find that 2.12 Å lies very close to the c2 min-
imum for the Kirkwood-Riseman equation, and that a Rh for
dioxane greater than ca. 2.25 Å would be needed to change
the conclusion that the Kirkwood-Riseman model provides
the better fit to the data (Fig. S14). Additional measurements
on folded proteins as well as measurements using other ref-
erences, such as cyclodextrin (26), might help understand
these issues better. Finally, it has recently been observed
that the Rh of dioxane and other reference compounds may
be pressure dependent (76). This suggests that the value
could also be temperature dependent, and this should be
studied in more detail to help interpret better PFG NMR
diffusion experiments at different temperatures (58).

We also analyzed an additional set of 11 proteins with PFG
NMR measurements. These proteins do not have measured
SAXS data and so we instead rely on the overall accuracy
of the CALVADOS model to capture the expansion of these
proteins. We selected these proteins to include more proteins
with intermediate lengths and to represent proteins with a
wider range of properties. While the results confirmed that
all models perform relatively well, the results are less clear
than for the proteins with consistent SAXS and PFG NMR
data. The results hint at a dependency on the accuracy of
the Kirkwood-Riseman model on the level of compaction
in line with the expectation that this model is expected to
work best for disordered expanded polymers. A more
detailed analysis, however, would ideally be based on a set
of proteins that have been referenced in a consistent way
and for which both SAXS and PFG NMR data have been re-
corded at near identical conditions.

In summary, we present an analysis of 11 proteins for
which we have collected SAXS, PFG NMR, and simulation
data to generate conformational ensembles. We have used
these data to compare different methods to calculate the hy-
drodynamic radius from conformational ensembles of disor-
dered proteins. Overall we find good agreement from all
models, and that the Kirkwood-Riseman model gives the
best overall agreement.
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