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ABSTRACT Intrinsically disordered proteins play important roles throughout biology, yet our understanding of the relationship
between their sequences, structural properties, and functions remains incomplete. The dynamic nature of these proteins,
however, makes them difficult to characterize structurally. Many disordered proteins can attain both compact and expanded con-
formations, and the level of expansion may be regulated and important for function. Experimentally, the level of compaction and
shape is often determined either by small-angle x-ray scattering experiments or pulsed-field-gradient NMR diffusion measure-
ments, which provide ensemble-averaged estimates of the radius of gyration and hydrodynamic radius, respectively. Often,
these experiments are interpreted using molecular simulations or are used to validate them. We here provide, to our knowledge,
a new and efficient method to calculate the hydrodynamic radius of a disordered protein chain from a model of its structural
ensemble. In particular, starting from basic concepts in polymer physics, we derive a relationship between the radius of gyration
of a structure and its hydrodynamic ratio, which in turn can be used, for example, to compare a simulated ensemble of confor-
mations to NMR diffusion measurements. The relationship may also be valuable when using NMR diffusion measurements to
restrain molecular simulations.
INTRODUCTION
Intrinsically disordered proteins (IDPs) and intrinsically
disordered regions (IDRs) of proteins play important roles
in central cellular processes such as cell-cycle regulation
(1), transcription (2), membrane receptor signaling (3,4),
and nuclear transport (5). Thus, despite lacking a globular,
folded structure—and often being substantially disordered
under physiological conditions—they are able to perform
specific and important biological functions (6).

Due to their high flexibility and fast dynamics, IDPs are
difficult to characterize structurally, and are thus often
described through integrative structural biology approaches
(4,7,8). In addition to biophysical experiments, molecular
simulation methods have emerged as central in our ability
to describe disordered proteins and to interpret experimental
data on these complex systems. In particular, much of our
knowledge of the structural properties of IDPs and IDRs
stems from combinations of molecular dynamics (MD) or
Monte Carlo simulations and NMR spectroscopy (9–12).
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Recent years have witnessed dramatic advances in both
the force fields and sampling methods used in MD simula-
tions, and detailed comparisons, e.g., between simulations
and NMR experiments, have shown continued accuracy in
simulations of globular proteins, short, flexible peptides,
and protein folding (13). In contrast, simulations of the
unfolded state of folded proteins or IDPs (10,14–19) have
suggested that many force fields result in overly compact
structures. To help alleviate this problem and enable more
accurate simulations of disordered proteins, several ap-
proaches for force field improvements have been suggested
(15,20–23). Nevertheless, it still remains unclear which
force fields perform best for a given system and molecular
property (16).

Statistical coil models have also been used extensively to
describe IDPs (24–26). Because of their computational effi-
ciencies, thesemodels are particularly attractive for sampling
the many different kinds of structures IDPs may attain.
Further, they have been shown to provide a relatively accu-
rate description of the sequence-local structural properties
aswell as the overall expansion of the polypeptide chain (27).

The biological functions of disordered regions are inti-
mately linked to their dynamical behavior, and the overall
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FIGURE 1 Visual representation of the radius of gyration and hydrody-

namic radius. (Left) The radius of gyration (Rg) of an object can be

calculated as the root mean-square distance between each point in the ob-

ject and its center of mass. Thus, for a protein, it directly reports on the

typical distance between an atom and the center of mass of the protein.

In the case of a solid sphere, Rg ¼ r
ffiffiffiffiffiffiffiffi
3=5

p
. (Right) The Stokes radius or hy-

drodynamic radius (Rh) of a solute is the corresponding radius of a hard

sphere that diffuses at the same rate as that solute. Dt is the translational

diffusion coefficient.

The Hydrodynamics Radius of IDPs
expansion of the polypeptide chain can be important for
its ability to act as scaffolds and choreographers in, for
instance, signaling. Specifically, different IDPs and IDRs
have been found to have varying amounts and types of tran-
sient local structures, and they appear to be differentially
compacted, likely reflecting the distribution of charges
and/or hydrophobic amino acids along the chain (28).

Despite the increased focus on describing the global and
local structural properties of IDPs and the molecular rea-
sons for why individual disordered proteins have different
levels of expansion, we still do not fully understand the
relationship between protein sequence and structural prop-
erties. Similarly, the relationship between the local and
global structural properties remains incompletely under-
stood (29–31). Although computation has proven efficient
in linking sequence with both local and global structure
of IDPs, as well as their functions, the link between
computation and experiment is far from trivial, and there
is a continued need for validation of molecular simulations
against experiments.

Whereas local structural properties can be experimentally
assessed by a variety of NMR properties, including scalar
and residual dipolar couplings and chemical shifts to pro-
vide residue-specific information (11), the overall expansion
of the chain is accessible through other methods, including
small-angle x-ray scattering (SAXS) (32,33), pulsed-field
gradient NMR diffusion measurements (PFG NMR) (34),
size-exclusion chromatography (SEC) (35), or fluorescence
correlation spectroscopy and dynamic light scattering (36).
Although SAXS experiments probe the radius of gyration
(Rg), PFG NMR, SEC, and fluorescence correlation spec-
troscopy depend on the hydrodynamic properties of the
protein chain. In particular, PFG NMR generally reports
on the translational diffusion coefficient (Dt) of a protein,
although rotational motions may contribute under special
conditions (37). Dt is in turn related to the hydrodynamic
radius, Rh, through the Stokes-Einstein equation (38),

Dt ¼ kBT

6phRh

: (1)
cule with known Rh, PFG NMR provides a convenient and

Thus, by measuring Dt for a protein and a reference mole-

accurate method to measure Rh (34).
Although both Rg and Rh depend on the overall expansion

of the polypeptide chain, they do so via different physical
principles (Fig. 1), and they thus contain different informa-
tion about proteins. Furthermore, because of the dynamic
nature of IDPs, measured values of Rg and Rh are averages
over a very large number of individual conformations that
may differ substantially in size and shape. Because SAXS
provides information about <Rg

2> and PFG NMR provides
information on <Rh

�1>, the two experiments effectively
report on different statistical moments of the distribution
of expanded conformations. This effect was elegantly ex-
ploited in a study that combined SAXS and NMR to inves-
tigate the unfolded state of an SH3 domain (39).

To utilize the information available in PFG NMR exper-
iments to validate and determine computationally generated
protein ensembles, it is desirable to have an effective and ac-
curate method for calculating Rh from large conformational
ensembles. Also, when experimental measurements are
available for both Rg and Rh, it would be useful to have a
method that relates the two at the molecular level. One
method currently used to calculate hydrodynamic properties
with substantial accuracy, including Rh and Dt, is provided
by the HYDROPRO program (40,41), which uses a sur-
face-shell model and target-function minimization calcula-
tions. The surface-shell model is created by representing
the molecule’s shape with a number of spheres. As the fric-
tion of the molecule only depends on the molecules in the
solute-solution interface, the spheres inside the molecule
are removed and the hydrodynamic properties are calculated
based on the surface shell. The procedure is repeated for
different levels of fine graining of the shell model and
extrapolated to high resolution. The accuracy of these calcu-
lations, however, comes at a computational cost. Thus, for
example, the calculation of Rh for a single conformation
of a 200 aa residue protein on a single Intel i5 2.7GHz
CPU core takes up to �30 min (depending on the accuracy
required). This may complicate applications on ensembles
that consist of many thousands of conformations, or when
Rh needs to be calculated on the fly when used as a restraint
in structure determination. We therefore sought to combine
the accuracy of HYDROPRO and the ease of calculating the
Rg by developing an efficient and sufficiently accurate
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method to relate Rg and Rh for unfolded and disordered pro-
tein ensembles.

We set out from earlier work (39) that had established an
empirical relationship between Rg and Rh for selected pro-
teins, but noted that the resulting parameters varied between
the different proteins. We sought to expand that work by
explicitly studying the chain-length dependency of the rela-
tionship between the ratio Rg/Rh and Rg. We thus generated
coil models of different chain lengths and sequences, and
used these to derive a relationship that can be used to esti-
mate Rh from Rg (or vice versa) for proteins between 20
and 450 residues in length. The relationship is highly accu-
rate, with a relative error of 3% in the estimated value of Rh,
and it should be directly applicable to validation of struc-
tural ensembles of IDPs using experimental measurements
of hydrodynamic properties.
METHODS

We used Flexible-Meccano (24) with default settings to generate ensembles

of three different types of polypeptide sequences with different chain

lengths for each type (Table 1): 1) poly-valine, 2) polypeptides with a

sequence composition similar to that of IDPs (Table S1) (42), and 3) a

set of 12 IDPs whose Rh has previously been measured by PFG NMR ex-

periments (Table S2) (43). For poly-valine and IDP-like polymers, we

used chain lengths of N ¼ 20, 30, 40, 80, 100, 200, 300, 400, and 450 res-

idues, whereas the experimentally characterized IDPs were of lengths be-

tween 40 and 237 residues (43). The sequences of the random IDP-like

polymers were generated to match the amino acid composition of the Dis-

prot database (42) after removing engineered proteins, variants, fragments

of <15 residues, and duplicate sequences.

For each of the resulting 30 polypeptides, we generated 100 conforma-

tions using Flexible-Meccano. To examine whether our final model for

calculating Rh is biased by the use of Flexible-Meccano to sample the

structures, we also tested it using conformations sampled by all-atom

MD simulations. In particular, we extracted �100 conformers from each

of two previously published (20) very long simulations of HIV1-integrase

and a-synuclein (12 and 20 ms, respectively) performed using the

CHARMM22* force field (44) in conjunction with the TIP4P-D water

model (20).

We used HYDROPRO (40,41) to calculate Dt for each of the structures.

Before the HYDROPRO calculations, we added side chains to the Flexible-

Meccano structures using PULCHRA with default settings (45). As the

number of mini-spheres for calculating the surface-shell mode reached

the upper limit allowed by HYDROPRO for peptides with chain length

>300, we opted to calculate the hydrodynamic properties of these longer

peptides using the coarser-grained ‘‘residue-based’’ model (HYDROPRO

INDMODE 4 with default settings). For peptides with chain length %
300, calculations were generally performed using the ‘‘all-atom’’ IN-

DMODE 1 with default settings, but the values were also calculated using

INDMODE 4 to examine the effect of this coarser model. In all cases, the

resulting Dt values were converted to a Rh using the Stokes-Einstein rela-

tionship at 298 K and with h ¼ 1 cP. For all conformations, we also calcu-
TABLE 1 Overview of Peptides Used in This Study

Ensemble No. of Sequences

Poly-valine 9

IDP-like 9

IDP 12 40,6

See Supporting Material for additional details.
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lated the Rg from the positions of the Ca atoms only, so that the relationship

we have derived can be applied to backbone as well as all-atom models.

We also used the Kirkwood definition (46) to calculate Rh, using the pair-

wise distances, rij, between the Ca atoms only:

R�1
h ¼ �

r�1
ij

�
isj

: (2)

We calculated the asphericity (D) and prolateness (S) using

D ¼ 3

2

tr
�bQ2

�

tr
�bQ�2

(3)

and

S ¼ 27
det

�bQ�

tr
�bQ�3

; (4)

where bQ is a traceless matrix related to the gyration tensor, Q (47).
RESULTS AND DISCUSSION

As the starting point for our approach, we followed previous
work that developed an approximate relationship between
Rg and Rh for specific proteins (9,39). Theory suggests
that in specific limiting cases, there is a simple relationship
between Rg and Rh (48). For an idealized spherical molecule
(representing either folded proteins or compact conforma-
tions of disordered proteins), for example, the ratio

Rg=Rh ¼
ffiffiffiffiffiffiffiffi
3=5

p � 0:78. At the other end of the scale, re-

normalization group theory shows that for a disordered
coil, the same ratio is between 1.2 and 1.6, depending on
whether the chain is self-avoiding or not (49). Thus, the ratio
Rg=Rh depends on shape and compaction.

The fact that the Rg=Rh ratio depends on the level of
expansion is also reflected in the known, experimentally
parameterized scaling laws for proteins that relate the chain
length, N, to Rg and Rh. These generally take the form

Rxs ¼ R0xsN
nxs ; (5)

where x ¼ {g, h} determines whether the relationship refers
to Rg or Rh, and s ¼ {folded, unfolded, IDP} refers to which
of these states the scaling law is meant to describe. Empir-
ically determined values for these parameters (Table 2)
reveal that the scaling exponents ðnxsÞ are �0.33 for folded
proteins and �0.6 for disordered proteins. The value for the
Sequence Length, N Reference

20,30,40,80,100,200,300,400,450 N/A

20,30,40,80,100,200,300,400,450 DisProt

1,92,95,104,110,112,140,189,198,234,237 (43)



TABLE 2 Previously Determined Scaling Laws for Proteins

Rx State R0 (Å) n Reference

Rg folded 2.2 0.38 (56)

Rg unfolded 1.9 0.60 (57)

Rh folded 4.8 0.29 (34)

Rh folded 4.9 0.28 (43)

Rh unfolded 2.2 0.57 (34)

Rh unfolded 2.3 0.55 (43)

Rh IDP 2.5 0.51 (43)

The Hydrodynamics Radius of IDPs
compact state is thus as expected for structures where the
volume scales linearly with the number of monomers. A
scaling exponent of �0.6 for a disordered chain follows
from both basic considerations of polymer chains (50) and
more detailed renormalization group calculations (51).

In contrast to the similar scaling exponents, it is evident
that the scaling factors, R0xs, differ for Rg and Rh, and that
they also depend on whether the protein is compact or
expanded. Thus, as expected from theory, the scaling laws
also show that the ratio Rg/Rh increases substantially in an
expanded state compared to a compact state. Together, these
results reiterate how Rg and Rh contain independent infor-
mation that reports on the overall properties of the chain,
so that their ratio depends on how expanded the chain is.

Based on the considerations outlined above, one might
expect a phenomenological relationship that relates the ratio
Rg/Rh to both the compaction of the chain, e.g., quantified
via Rg as well as chain length, N. Such a relationship could
be very useful to help interpret experimental measurements
of Rg and Rh. At this point, it is, however, worth stressing
that both the experimental and theoretical scaling laws
generally refer to ensemble-averaged quantities. Thus, the
parameters in Table 2 and the theoretical scaling exponents
for disordered polymers refer to averages observed over an
ensemble and are not expected to be directly applicable to
individual conformations. Instead, we aim to fit them by
calculating Rh from the Rg values of single structures.

To calculate Rh from Rg for individual conformations,
Choy et al. (39) developed phenomenological relationships
between the ratio Rg/Rh and the overall chain expansion,
quantified as the Rg for single conformations. In particular,
they created structural models of disordered conformations
of several proteins, with various levels of expansion for each
protein, and calculated Rg and Rh (using HYDROPRO) for
each conformation. They found empirically that for each
protein, the ratio Rg/Rh was well described as a linear func-
tion of Rg as

Rg

�
Rh ¼ aRg þ b (6)
the smallest and largest Rg values converged to the values

(or, equivalently, Rh

�1 ¼ aþbRg
�1), and that the ratios for

roughly expected for a spherical molecule and disordered
state, respectively. Although a roughly linear relationship
was observed for each protein, the values of a and b differed.
Thus, for the shortest protein (crambin; 46 residues) they
found a ¼ 0.034 Å�1 and b ¼ 0.38, whereas for the longest
(reduced lysozyme; 129 residues) they found a¼ 0.015 Å�1

and b ¼ 0.53.
These results suggested that there appears to be a general

theory-based, but phenomenological, linear relationship be-
tween the ratio Rg/Rh and Rg, but that the details of this rela-
tionship depend on the length of the polypeptide chain. This
dependency can be conceptually understood by the fact that
the magnitude of Rg that is needed to be in the coil regime,
and hence for the ratio Rg/Rh to increase, depends on the
chain length.

We sought to extend this work to derive a relationship that
can be used to estimate Rh from the calculated value of Rg

for a given conformation for an unfolded protein of any
length. This is important also because the length span of
IDPs and IDRs is very wide (52). Using Flexible-Meccano
(24), we generated conformational ensembles of three series
of polypeptides (30 peptides in total) and with different
chain lengths between 20 and 450 residues (Table 1; Tables
S1 and S2), giving a total of 3000 individual structures. We
chose this sampling method because it has previously been
shown to provide accurate models of the local structure of
unfolded proteins as well as a reasonably accurate descrip-
tion of the overall expansion of the chain (27). As we use the
conformations simply to relate Rh to Rg, and not to model
other properties of unfolded configurations, we expected
the method to be sufficiently accurate, and validated this
assumption using conformations obtained from state-of-
the-art MD simulations (see below).

To account for potential sequence dependencies, we per-
formed the Flexible-Meccano calculations on 1) poly-valine
homopolymers, 2) sequences with an IDP-like amino acid
composition, and 3) 12 authentic IDPs with measured Rh.
In addition to the IDPs and IDP-like sequences, we chose
to study poly-valine, since this amino acid is expected to
sample expanded conformations similar to unfolded pro-
teins and because it had previously been used as a homopol-
ymeric model of protein conformations (53). Because the
Flexible-Meccano model only has local structural propen-
sities and excluded volume, and, e.g., no hydrophobic effect,
we did not expect that the actual details of the sequence
would have a big effect, nor did we observe such an effect
(see below).

For each of the 100 conformations of the 30 peptides, we
calculated Rh using HYDROPRO and Rg from the Ca

atoms. We found that the Rg/Rh ratio for different individ-
ual peptide conformations spanned roughly the same range
(0.8–1.6) as that suggested by theory for ensembles of
compact globules and expanded chains, respectively
(Fig. 2 A). As short polypeptides obviously are maximally
expanded at a lower value of Rg compared to a long poly-
peptide, the slope depends on the chain length. This is
clearly evident from a more detailed view of the ranges
of Rg and Rh, and of the Rg/Rh ratio, that we sampled for
Biophysical Journal 113, 550–557, August 8, 2017 553
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FIGURE 2 An empirical relationship between Rg and Rh. For each of

30 polypeptides varying in length between 20 and 450 residues, we sampled

100 structures and calculated the hydrodynamic radius (Rh) and radius of

gyration (Rg) for each structure. (A) In line with previous findings, we

observed an approximately linear relationship between the ratio Rg/Rh

and Rg, but with slope and intercept differing between polypeptides of

different lengths (indicated by different colors). We fitted each dataset (indi-

cated by the different shapes: squares for poly-valine; circles for IDP-like;

and triangles for IDPs) to a straight line and observed that both the slope (B)

and the intercept (C) systematically depended on the number of amino acid

residues in the polypeptide. Error bars represent the error of fits. Note that

the different sets of peptides appear to follow the same trends, suggesting

that in this model it is the length of the peptide, not the composition,

that is most relevant. The data for each peptide are shown separately in

Figs. S1, S2, and S3. To see this figure in color, go online.
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each peptide (Figs. S1, S2, and S3), which also shows that
the linear relationship holds for all three classes of pep-
tides. For each peptide, we thus fitted the data separately
to the linear relationship (Eq. 6), with the values of the
two parameters, aN and bN, being different for each poly-
peptide and with the dependency of the chain length, N,
explicitly stated (Fig. 2 A; Figs. S1, S2, and S3).
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The best-fit values of aN (Fig. 2 B) and bN (Fig. 2 C) re-
vealed the expected chain-length dependency of these two
parameters. We also found that the values did not appear
to depend on the sequence of the polypeptide, since peptides
from the three different classes of the same length had
comparable values of aN and bN (Fig. 2, B and C). We
note here that this observation likely just reflects the choice
of sampling model used (Flexible-Meccano), since it only
takes sequence effects into account when modeling the local
structural properties. Thus, in reality, one would expect that
different peptides of the same length could have different
compactions depending on their sequence composition
(28). As the goal here, however, is to ‘‘translate’’ between
Rg and Rh, we focus just on sampling different levels of
compaction for proteins of different lengths.

Based on these data and the finding that the parameters
aN and bN appeared to depend systematically on N, we
aimed to derive a simple relationship to predict Rh from
Rg and N. As a starting point for finding such a relationship,
we used the theoretically and empirically justified scaling
laws (Eq. 5; Table 2). By also assuming the empirically
observed linear relationship (Fig. 2 A; Eq. 6) and making
simplifying assumptions, we obtained the following expres-
sion (see also Supporting Material and Eq. S6), which we
find describes the entire dataset with sufficiently high
accuracy:

Rg

Rh

�
N;Rg

	 ¼ a1

�
Rg � a2N

0:33
	

N0:60 � N0:33
þ a3: (7)

We subsequently fitted the three parameters in Eq. 7 glob-
ally to the full set of Rg and Rh data for the 30 peptides.
As Rh is averaged as <Rh

�1> we fitted (by the least-squares
approach) a form of Eq. 7 expressing Rh

�1 as a function of
Rg, N, and the three parameters and obtained the best-fit pa-
rameters a1 ¼ (0.2165 0.001) Å�1, a2 ¼ (4.065 0.02) Å,
and a3¼(0.821 5 0.002).

As a test of the robustness of the calculations and the
dependency of the types of peptides we used in the fit, we
also performed individual fits to the three peptide sets
(poly-valine, IDPs, and IDP-like polymers). The results of
the three fits were very similar, as evidenced, e.g., by the
very similar models obtained for short, medium, and long
chain lengths (Fig. S4). As a consistency check, we also
compared the Rh values calculated using HYDROPRO
with those calculated directly using the Kirkwood formula
(Eq. 2) using the pairwise distances between the backbone
Ca atoms (Fig. S5). As expected, the values derived by
HYDROPRO, which take solvation effects into account,
were �19% larger than those calculated directly from the
atomic positions. Nevertheless, the two are surprisingly
strongly correlated, suggesting that one may also estimate
Rh using Eq. 2 (Fig. S5).

To visualize the quality of the global fit to Eq. 7, we used
the equation to predict the entire set of Rh values from the
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Ca Rg data and chain lengths, and compared these values to
those obtained directly using HYDROPRO. The results
showed a very good relationship (Fig. 3 A), with a Pearson
correlation coefficient of 0.99, an overall root mean-square
deviation between the two values of 2 Å, and an average
relative error in the predicted Rh of 3% and between 1.7
and 5.9% for the individual peptides. The average signed
error is 0.4%, varying from �3.0 to 4.8% for the individual
peptides, demonstrating that on average the equation pro-
vides an almost unbiased estimate of Rh.

We also analyzed to what extent the errors depended on
the chain length. The results showed that the relative error
was mostly constant for chain lengths between 20 and
300 residues (relative error 1–3%) (Fig. 3 B). For the two
longest peptides (400 and 450 residues), for which the hy-
drodynamic properties were calculated using a coarser-
grained model (see Methods), the errors were slightly larger
(5–6%) with Eq. 7 generally overestimating Rh.

To test whether the differences in model used might be
the cause of this observation, we also compared Rh calcu-
A

B

FIGURE 3 Quality of model for predicting the hydrodynamic radius. We

assessed the quality of the global model (Eq. 7) by back-calculating Rh from

Rg and N, and then compared the resulting values to those obtained by

HYDROPRO. (A) The results show a strong correlation across the entire

range of levels of compactions and chain lengths, with (B) a small increase

in error (unsigned error in black) and a bias (signed error in red) toward

overestimating Rh for the longest peptides (see also main text). Error bars

represent the standard deviation. The differently shaped symbols represent

the different datasets: squares for poly-valine, circles for IDP-like, and tri-

angles for IDPs. To see this figure in color, go online.
lated using the more detailed (atom-based) calculations
with the coarser (residue-based) model for the peptides
(N % 300) where both calculations were possible
(Fig. S6). The results suggest that the residue-based method
underestimates Rh for the longest peptides, suggesting that
the apparent overestimation from Eq. 7 compared to
HYDROPRO for the longest peptides (Fig. 3) might in
part be explained by the HYDROPRO values being underes-
timated in the residue-based model.

We also examined whether particular shapes of the con-
formers caused systematic effects on the error when using
Eq. 7 to predict the Rh value. The asphericity (D) and pro-
lateness (S) parameters have previously been used to
describe the shapes of both folded and unfolded protein
chains (54), and so we calculated these values for each of
the conformations. In particular, we correlated the error
of the predicted Rh values (Eq. 7 versus HYDROPRO)
with the asphericity and prolateness (Fig. S7) and found a
weak correlation between the error and these parameters.

All of the calculations described above are based on con-
formations of disordered protein structures that were gener-
ated by Flexible-Meccano. Because this model only takes
steric repulsion and local structural preferences into ac-
count, we wanted to examine whether the observed relation-
ship between Rg and Rh also holds for conformations
generated by more realistic energy functions. Thus, we ex-
tracted �100 conformations from two previously published
long MD simulations of the disordered apo N-terminal zinc-
binding domain of HIV1 integrase and a-synuclein (20).
These simulations were based on the CHARMM22* force
field in conjunction with the TIP4P-D water model, a com-
bination that has been shown to provide a relatively realistic
description of IDPs (20). We thus compared the Rh values
calculated from Eq. 7 and HYDROPRO, and the results
(Fig. S8) show that for these conformations also there is
very good agreement between the two. Thus, the model
that we obtained appears to be broadly applicable, and we
conclude that overall, Eq. 7 provides a sufficiently accurate
estimate of Rh, with an accuracy comparable to that inherent
in using HYDROPRO (41).
CONCLUSIONS

IDPs are generally characterized by their lack of a well-
defined secondary and tertiary structure and a broad distri-
bution of conformations. Depending on the overall amino
acid composition and sequence patterns, IDPs may also
differ substantially in their compaction (28), which may,
in turn, have important consequences for function and bio-
physical properties (55). Molecular simulations and
modeling offer a unique opportunity to provide a link be-
tween sequence, structural properties, and function, but
experimental validation is still required. Here, we provide
a simple, general, fast, and accurate approach to calculate
the Rh for large ensembles of disordered proteins from their
Biophysical Journal 113, 550–557, August 8, 2017 555
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Rg and chain length, N, and thereby enable comparison of
computationally generated conformational ensembles
against experimental values from, e.g., PFG NMR or SEC
measurements. The model that we derived should also be
useful when constraining, e.g., distributions of Rg using
measurements of the average values of Rg and Rh (39).
Future studies could also explore whether the relationship
may be used for globular proteins with IDRs. The expres-
sion may also potentially be used in methods for restraining
simulations using experimental data (12) and to exploit
more generally the different averaging properties of
SAXS, PFG NMR, and SEC experiments that depend on
both the level of expansion and the shape of the disordered
conformations.
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As starting points for deriving a relationship between Rg 
and Rh we take the scaling laws 

 𝑅𝑥𝑥 = 𝑅0𝑥𝑥𝑁𝜈𝑥𝑥 (S1) 
and the phenomenological linear relationship 

𝑅𝑔
𝑅ℎ

= 𝑎𝑁𝑅𝑔 + 𝑏𝑁 (S2) 

In Eq. S1 x={g,h} determines whether the relationship 
refers to Rg or Rh, and s={folded, unfolded, IDP} refers to 
which of these states the scaling law is meant to describe. 

We proceed by making the assumption that we 
approximately can take the scaling laws for the folded state 
(F) and disordered state (U) to represent the compact and 
expanded regions of the Rg/Rh ratio, and thus obtain the 
following expression for the slope: 
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(S3)  

where the approximation is justified by the experimental 
observation that the scaling exponents are similar for Rg 
and Rh, and depend mostly on whether the protein is 
compact or disordered. 

Taking this expression and substituting in the values for 
compact states into Eq. S2, we obtain an expression for the 
intercept: 
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Putting everything together we end up with: 
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This expression is based on the assumption of a linear 

relationship (Eq. S2) and that the scaling exponents are the 
same for Rg and Rh. Furthermore, we note that the scaling 
laws (Eq. S1), in particular for the highly heterogeneous 
disordered state, are not meant to apply for individual 
structures, adding also to the approximate nature of the 
expression. For the same reason, we do not expect that the 
experimentally determined values for the scaling factors 
(R0xs) will be optimal for describing properties of 
individual structures, and we instead treat these values as 
fitting parameters. Keeping the scaling exponents constant 
(𝜈𝑥𝑥 = 0.33 and 𝜈𝑥𝑥 = 0.6) there are four parameters to be 
determined in Eq. S5. 

Initial attempts to fit these parameters revealed strong 
correlations between the parameters and a large uncertainty 
in particular for R0gU. This observation may also be related 
to empirical observation that all lines in Fig. 2A appear to 
cross near a single point. Assuming, however, that R0gU = 
R0gF we obtained a much more robust fit of almost the 
same quality. With this further approximation we have: 
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(S6) 

where α1, α2, and α3 are the three fitting parameters. As 
described in the main text, non-linear least-squares 
regression resulted in α1=(0.216 ± 0.001)Å-1, α2=(4.06 ± 
0.02)Å, and α3=(0.821 ± 0.002). 

Finally, We note here that a leading-order correction 
term to the scaling laws for the ensemble averaged values 
of Rh and Rg have also been shown to give rise to an 
explicit chain-length dependency of the Rg/Rh-ratio for 
disordered polymers1. 
  

                                                 
 
1 Dünweg, B., Reith, D., Steinhauser, M., & Kremer, K. 
(2002). Corrections to scaling in the hydrodynamic 
properties of dilute polymer solutions. The Journal of 
Chemical Physics, 117(2), 914–924. 
http://doi.org/10.1021/ma001499k 
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N Sequence 

20 DSNRPERCRGGAGVKIKMAR 

30 RQQVRGPLYHLESSAPRVARAESSAAAAEV 

40 YNGQLVTQAGAGINGGDDLVPAPKPPQKSRIEGQQIIQNP 

80 VQSRYYEGKAYRHNANKMPSLIIVLEGPKVTDEILGAQILNKIANSSEQVKYTTTMSIVGVYDANVRRNLKPIVSPAEDE 

100 ENEPNKAAPLEQSQAESEPIHQIDVSWGDKPSSAEPVSRQTTVASTVSRPGNPEPVRWQYCLGTLTAPDLELRKLHPEKSSHGP
HPVMQYEHDTSSSVLF 

200 DEKSGYSDLDMGVQSAKVIQTPETADAESGEMFPFLKNATHAELGHAEVPRTISDHSEFEARDNTQDVSVRGILEDFSVDNPSR
GVKSEWENEKGYYVSFSFVFPDGDPLVKKTKVPVLAKGYKPETGVQDGNIELSGVGAGEASLEGLEDEETSNVMTKDSPIEYES
ISPRRPATTHKGGYTVGGENRAQRELETAEIS 

300 SMEKLAEDGIINDPHALSQPKIATKRGRGIHDEGDLLVLADEYIAEVKQKRDAVLSDQASPNSKTDPGESGPSALPPAKGEPSG
RSTVQSGQGMQHMARETQQAMRVIRKKRGGKAKSDPKNCRDRANEAPLTRKVVQVDSMSPLSCDAEKDQLGQTGDTKAGKNSGP
PRGSVEKYSSDTFRKSVAGNVVTAKNADKMPLQEATLNRSAQRSVNTSMFDLQSGVATRRQILEDSPDGHEGDQPRMRVILAIL
GSGQENTLAPSLRKFACKVVQQAFSPTEKEDPLVGHTHDPGLEAYIES 

400 RQAQSVRWGFQGKSLHSSMWSRLPNSGTGHVRPSRQLPPADGTAGMEEKPLYSGDPVEEHPLQTQDYGVGRIAREANSQQEYNT
LTRQGEEDDELNGMKQVAAVDSRPSIGAQAPDGIKIDQRQIKDEKSVGPEKTDPGPVQSGKYSGGEFLGSKLKSLPDTYHLDKP
EETNSKEKTVRGFAGSVPADTYRKSAPQHESIMPFHTVPASETKEEEGGMGCRHVEADNKAAGLEPELTAFAEPRGVSDKVTTE
AAPNLNPSNSGGDDKYCKKMVAASSSWGQPPFGPNLTVALYSSQENGPPTRSDSKAVKDDLQETKEQAKIIYSFLEAEYGKSKR
ESQTNGASKFDLLDDNDVAGGGPPEESELKVFHAFEESEDPTRLLSIDDAPGLQLFGAANPQDN 

450 RSYDDANPSQAKDKPMYTPLSGLKWVSGQHSKVQISIPLNKDIEQYASGPAAPHWDFTQDVGGRKQLSGAIYVQMGLHGEGETR
VNEPPVQRPALSLKNVAKTTCGEFASGAESLTVGAYSESADEELEVVKYVKRKIGSLPLVRARADVEGGVDLYRLEALEEPPPQ
KAKPEKAADRIEKDSIEGRENLEPVNLDLLVEDQATNQENEEAQEPLSGPLESQPVLNPGKPINMDPVERLGAHPDLEAMCASE
ELGGGEDEGGTTKGVDETEKFMSDSDGHRKENKKMEHPPERGQSLAVTQDISYGEPSLSNVSQLESRVEEGIAEGPRAGRSRDM
ESPKALQLTAEQVVYGQDASFDAGLSNIVQGVNEGHTDGLYAAKRTTKILPDPQVEQAYSFSFAIQQDEAFDALNEILMGAAHN
IFHLHVPEESKSKGRPLEHDESTGMSQGGK 

Table S1. Sequences of scrambled peptides with an IDP-like amino acid composition. 
  



Biophysical Journal 

Biophysical Journal  L03 

Name (N) Sequence 

A-beta (40) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 

SBD (61) GSMMSASSQSPNPNNPAEYCSTIPPLEYCSTIPPLQQAQASGALSSPPPTVMVPVGVLKHP 

CTL9-I98A (92) AAEELANAKKLKEQLEKLTVTIPAKAGEGGRLFGSITSKQAAESLQAQHGLKLDKRKIELADAIRALGYTNVPVKL
HPEVTATLKVHVTEQK 

Hdm2-ADB (95) SSSSESTGTPSNPDLDAGVSEHSGDWLDQDSVSDQFSVEFEVESLDSEDYSLSEEGQELSDEDDEVYQVTVYQAGE
SDTDSFEEDPEISLADYWK 

Sml (104) MQNSQDYFYAQNRCQQQQAPSTLRTVTMAEFRRVPLPPMAEVPMLSTQNSMGSSASASASSLEMWEKDLEERLNSI
DHDMNNNKFGSGELKSMFNQGKVEEMDF 

Prothymosin alpha 
(110) 

MSDAAVDTSSEITTKDLKEKKEVVEEAENGRDAPANGNANEENGEQEADNEVDEEEEEGGEEEEEEEEGDGEEEDG
DEDEEAESATGKRAAEDDEDDDVDTKKQKTDEDD 

TC1 (112) HHHHHHMKAKRSHQAIIMSTSLRVSPSIHGYHFDTASRKKAVGNIFENTDQESLERLFRNSGDKKAEERAKIIFAI
DQDVEEKTRALMALKKRTKDKLFQFLKLRKYSIKVH 

Alpha synuclein 
(140) 

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTKEQVTNVGGAVVTGVTA
VAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA 

CFTR R region 
(189) 

GAMESAERRNSILTETLHRFSLEGDAPVSWTETKKQSFKQTGEFGEKRKNSILNPINSIRKFSIVQKTPLQMNGIE
EDSDEPLERRLSLVPDSEQGEAILPRISVISTGPTLQARRRQSVLNLMTHSVNQGQNIHRKTTASTRKVSLAPQAN
LTELDIYSRRLSQETGLEISEEINEEDLKECLFDDME 

Tau K45 (198) MSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKSPSSAKSRLQTAPVPMPDLKNVKSKIGSTENLKHQPGG
GKVQIINKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKD
RVQSKIGSLDNITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVY 

RYBP (234) HHHHHHMTMGDKKSPTRPKRQAKPAADEGFWDCSVCTFRNSAEAFKCSICDVRKGTSTRKPRINSQLVAQQVAQQY
ATPPPPKKEKKEKVEKQDKEKPEKDKEISPSVTKKNTNKKTKPKSDILKDPPSEANSIQSANATTKTSETNHTSRP
RLKNVDRSTAQQLAVTVGNVTVIITDFKEKTRSSSTSSSTVTSSAGSEQQNQSSSGSESTDKGSSRSSTPKGDMSA
VNDESF 

3D7 6H MSP2 
(237) 

MIKNESKYSNTFINNAYNMSIRRSMAESKPSTGAGGSAGGSAGGSAGGSAGGSAGGSAGSGDGNGADAEGSSSTPA
TTTTTKTTTTTTTTNDAEASTSTSSENPNHKNAETNPKGKGEVQEPNQANKETQNNSNVQQDSQTKSNVPPTQDAD
TKSPTAQPEQAENSAPTAEQTESPELQSAPENKGTGQHGHMHGSRNNHPQNTSDSQKECTDGNKENCGAATSLLNN
SSNHHHHHH 

Table S2. Sequences of IDPs used to generate conformational ensembles. 
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Figure S1. Details of the level of expansion as quantified by Rg and Rh for the individual peptides. The nine upper panels 
show Rh and the nine lower panels show the Rg/Rh ratio, in each case plotted against Rg. This figure shows the data for the 
poly-valine peptides, and each subpanel corresponds to a specific chain length. 
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Figure S2. Details of the level of expansion as quantified by Rg and Rh for the individual peptides. The nine upper panels 
show Rh and the nine lower panels show the Rg/Rh ratio, in each case plotted against Rg. This figure shows the data for the 
peptides with IDP-like sequences, and each subpanel corresponds to a specific chain length. 
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Figure S3. Details of the level of expansion as quantified by Rg and Rh for the individual peptides. The nine upper panels 
show Rh and the nine lower panels show the Rg/Rh ratio, in each case plotted against Rg. This figure shows the data for 
IDPs, and each subpanel corresponds to a specific chain length. 
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Figure S4. Evaluating the effect of the input sequences on the resulting model. We repeated the fitting described in the 
main text using each of the three peptide sets individually. As a method for comparison, the figure shows the resulting 
relationship obtained from these fits and compares it to the fit obtained using the full data. We show the results from three 
representative chain lengths N=40 (blue), N=100 (cyan), and N=300 (red). For each chain length, the four lines correspond 
to the final model obtained using either the full data (full line), only the poly-valine data (dash-dotted line), peptides with 
IDP-like sequences (dots) and IDPs (dashes). Overall, the results show that the fits are very robust to the input data used. 
The biggest discrepancies are observed for the fit to the IDP sequences only and for the longest chain length (N=300), 
though this is likely explained by the fact that the longest protein in this data set is only 237 residues long, thus under-
restraining the fit at longer chain lengths. 
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Figure S5. We compared the value of Rh calculated using the standard Kirkwood formula (main text Eq. 2) with the results 
obtained using HYDROPRO. As expected the values of Rh obtained using only the pairwise distances between protein 
atoms are smaller than those obtained using the full HYDROPRO calculations. Nevertheless, the two are strongly 
correlated, suggesting that it is also possible to estimate Rh using Eq. 2 and the linear fit. The colours correspond to the 
chain length (see right bar). 
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Figure S6. To test for any potential systematic errors caused by the two models used by HYDROPRO, we calculated Rh 
with the course grained INDMODE 4 for all peptides with N≤300 and compared them to the datasets with the Rh calculated 
using the finer grained INDMODE 1. For peptides up to length ~200 residues the two methods give very similar results 
(line corresponds to the diagonal), but for the longest peptides the coarser-grained model underestimates slightly the value 
of Rh compared to the atom-based model. 
  



Biophysical Journal 

Biophysical Journal  L010 

 
Figure S7. We investigated to what extent the prediction error depends on the shape of the conformers, and thus calculated 
the asphericity and prolateness of each conformer. The calculated asphericity (A) and prolateness (B) was plotted against 
the signed error (difference between prediction based on Eq. 7 and the value obtained by HYDROPRO). We found a weak 
correlation between the error (r2 ~0.30 and r2 ~0.28 in panels A and B, respectively). Asphericity values greater than 0 gives 
an indication of the anisotropy of the molecule. Negative values of prolateness correspond to oblate shapes whereas positive 
values correspond to prolate shapes. For perfect spheres both prolateness and asphericity is 0.  
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Figure S8. We examined whether the model that we derived also provides accurate results for conformations generated e.g. 
by all-atom molecular dynamics (MD) simulations. As described in the main text we thus calculated Rh using Eq. 7 and 
compared the results to those obtained using HYDROPRO for two sets of conformations generated by MD. In particular, 
we performed Rh calculations for ~100 conformations of a domain from the HIV1-integrase (N=60) and of α-synuclein 
(N=140). A: We find a strong correlation between the values predicted from Eq. 7 and those obtained directly by 
HYDROPRO for both the domain from HIV1-integrase (blue) and α-synuclein (orange). B: We also calculated the mean 
unsigned (black) and signed (red) error for the two proteins, and found values comparable to those obtained from the 
Flexible-Meccano structures. 
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