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HullRad: Fast Calculations of Folded and
Disordered Protein and Nucleic Acid Hydrodynamic
Properties
Patrick J. Fleming1 and Karen G. Fleming1,*
1T. C. Jenkins Department of Biophysics, Johns Hopkins University, Baltimore, Maryland
ABSTRACT Hydrodynamic properties are useful parameters for estimating the size and shape of proteins and nucleic acids in
solution. The calculation of such properties from structural models informs on the solution properties of these molecules and
complements corresponding structural studies. Here we report, to our knowledge, a new method to accurately predict the hy-
drodynamic properties of molecular structures. This method uses a convex hull model to estimate the hydrodynamic volume
of the molecule and is orders of magnitude faster than common methods. It works well for both folded proteins and ensembles
of conformationally heterogeneous proteins and for nucleic acids. Because of its simplicity and speed, the method should be
useful for the modification of computer-generated, intrinsically disordered protein ensembles and ensembles of flexible, but
folded, molecules in which rapid calculation of experimental parameters is needed. The convex hull method is implemented
in a Python script called HullRad. The use of the method is facilitated by a web server and the code is freely available for batch
applications.
INTRODUCTION
Hydrodynamic properties such as sedimentation and diffu-
sion coefficients and their related hydrodynamic radii are
useful parameters to estimate the size and shape of biolog-
ical molecules in solution (1). Experimental methods such
as analytical ultracentrifugation (2), small-angle x-ray scat-
tering (3), dynamic light scattering (4), fluorescence polari-
zation (5), size exclusion chromatography (6), and NMR (7)
have all been used to measure these hydrodynamic proper-
ties experimentally. Hydrodynamic properties may also be
predicted for three-dimensional structural models of pro-
teins and nucleic acids. Comparisons of these predicted
and experimentally determined hydrodynamic properties
are useful to probe the solution properties of crystalline
structures.

There are several methods available to predict the hydro-
dynamic properties of biological molecules from three-
dimensional models: a boundary element method (BEST)
that uses triangulation of the solvent accessible surface
(8); bead-modeling methods (HYDROPRO, SOMO,
AtoB), as reviewed in (9,10); methods based on the con-
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struction of an ellipsoidal shell (ELLIPS, ELM) (11,12);
and a numerical path integration method (ZENO) (13).
The major disadvantage of the above methods is slow speed.
The HYDROPRO program that implements a bead
modeling algorithm has been most often used to calculate
hydrodynamic properties from protein structures (14).
Several of these methods have been integrated into the
UltraScan analytical ultracentrifugation analysis software
suite (15).

The method described here for predicting hydrodynamic
properties is orders of magnitude faster than other methods.
The method has comparable accuracy with commonly used
methods, it is suitable for both translational and rotational
diffusion, it does not require runtime configuration files, it
works for both folded and disordered proteins and for nu-
cleic acids, and it accepts the largest known molecular struc-
tures without modification of input parameters. The new
algorithm uses a convex hull to model the hydrodynamic
volume of a molecular structure. The convex hull is a
three-dimensional mathematical construct related to Voro-
noi diagrams. It is the smallest convex envelope that con-
tains a set of points. It has been applied to areas such as
cluster analysis, collision detection for robotic systems,
and crystal growth, as well as many other mathematical
problems (16). It also has been used previously to estimate
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HullRad Hydrodynamic Calculations
the particle size and surface roughness of aggregates and
nanomaterials (17,18). The convex hull of a three-dimen-
sional molecular model encapsulates both the overall vol-
ume of the molecule as well as its shape asymmetry and
surface roughness; all characteristics that influence hydro-
dynamic diffusion.

The convex hull method is implemented in a simple Py-
thon script called HullRad. The program code is made freely
available and the method may also be accessed through a
web server.
METHODS

Convex hull transport model

A convex hull is mathematically defined as the smallest convex envelope

that contains a set of points. We implemented calculation of the convex

hull to model the hydrodynamic behavior of a molecular structure in a Py-

thon script entitled HullRad. HullRad reads coordinates of a standard Pro-

tein Data Bank (PDB) file as input; makes a reduced atom model of the

structure (detailed below); calls an open source C-code version of Qhull

(19), which returns the convex hull volume and surface area from the

atom center point set; expands the initial convex hull volume to account

for hydration (discussed below); calculates a shape factor correction based

on an ellipsoid of revolution; and finally calculates the following hydrody-

namic parameters: R0, RT, RR, s, DT, DR, f/f0, and [h], all defined as follows.

R0 is the radius in Å of an equivalent sphere corresponding to the volume

of the anhydrous molecule (Eq. 1),

R0 ¼ R0;calc ¼
ffiffiffiffiffiffiffiffi
3V0

4p

3

r
; (1)

where V0 equals the anhydrous molecular volume in Å3 defined as

V0 ¼ 1024Mv

NA

; (2)

whereM is the molar mass (g mol�1), NA is Avogadro’s number, and v is the

partial specific volume (ml g�1). The anhydrous partial specific volumes of

amino acids were taken from those reported by Cohn and Edsall (20) as cor-

rected by Perkins (21); the volumes of nucleic acids are as reported in (22)

and (23).

RT;calc and RR;calc (Å) are the translational and rotational hydrodynamic

radii calculated from a sphere with the equivalent volume (VTH or VRH) as

the expanded convexhull for a particularmolecule (described below) and cor-

rected by the translational or rotational shape factors FTand FR, respectively.

RT;calc ¼ FT �
ffiffiffiffiffiffiffiffiffiffi
3VTH

4p

3

r
; and (3)

ffiffiffiffiffiffiffiffiffiffi
3V

r

RR;calc ¼ FR � RH

4p

3

: (4)

The hull volume expansion to account for hydration is different for transla-

tional diffusion and rotational diffusion as described below. The frictional

ratio, f/f0, is defined as RT,calc/R0.

A translational diffusion shape factor, FT, is calculated as follows: the

major axis (a) of a prolate ellipsoid of revolution is estimated from the

maximum dimension of the initial convex hull of a molecule. The minor

axis is calculated from Eq. 5, assuming the volume of a prolate ellipsoid

is 4pab2/3.
b ¼
ffiffiffiffiffiffiffiffi
3VH

4pa

2

r
; (5)

where VH is the equivalent volume of the initial convex hull for a partic-

ular molecule. From the axial ratio, a/b, a translational shape factor

based on Perrin’s equation (24) is obtained. A prolate ellipsoid of revo-

lution is used to model the nonsphericity of all molecules. For molecules

with axial ratios less than 5:1, the translational shape factors for prolate

and oblate ellipsoids of revolution are similar within 2%. Rotational

shape factors are more complicated because the effect of shape depends

on the axis of revolution for an ellipsoid and the overall tumbling is

characterized by a rotational diffusion tensor (25). In addition, rotational

shape factors are significantly larger than translational shape factors (1).

However, as described below and in the Supporting Material, we empir-

ically derived a rotational shape factor FR ¼ FT
4 that accurately predicts

the overall rotational hydrodynamic properties of elongated molecules

up to an axial ratio of 2.62, the most nonspherical molecule in our

data set.

The sedimentation coefficient, s, (in units of seconds) is calculated at

20�C in water. HullRad predicts this value from RT;calc using the Svedberg

equation, Eq. 6:

s ¼ scalc ¼ 108
�
M �Mnr20;w

NA6ph0RT;calc

�
; (6)

where r20;w is the water density at 20�C (g mL�1), NA is Avogadro’s num-

ber, h0 is water viscosity at 20
�C (poise), the 108 term converts RT;calc from

Å to cm to convert the answer to the correct order of magnitude for the sedi-

mentation coefficient, and other terms are as previously defined.

DT (cm2 s�1) and DR (s�1) are the translational and rotational diffusion

coefficients calculated from their respective hydrodynamic radii as follows:

DT ¼ DT;calc ¼ kBT

6ph0RT;calc

; and (7)

kBT

DR ¼ DR;calc ¼

8ph0R
3
R;calc

; (8)

where kB is Boltzmann’s constant and other terms are as previously

described. The temperature (T) employed in these calculations is 20�C
because this is the standard used for hydrodynamic modeling.

The intrinsic viscosity, [h], is defined by Eq. 9.

½h� ¼ 10�23NApR
3
T;calc

3M
: (9)

By mathematical definition, the vertices of the convex hull are placed at

the outermost surface atom centers. This has several implications for sub-

sequent hydrodynamic calculations. First, an individual structure file con-

tains a static, snapshot representation of the atomic coordinates. For

proteins, the specific side chain conformations encoded by the PDB

file will influence the corresponding convex hull for a particular protein.

In contrast, side chain motion in solution would lead to an ensemble of

side chain conformations and corresponding variations in the positions

of the convex hull vertices. These alternate positions in turn lead to var-

iations in the hull volumes. To average surface-exposed side chain con-

formations represented in a particular protein coordinate file, each side

chain is represented by a single, unified pseudoatom located along the

Ca – Cb vector. This pseudoatom is displaced outward by a distance

equal to the radius of a sphere corresponding to the respective side chain

volume. To maintain the fold represented in the original PDB file, all
Biophysical Journal 114, 856–869, February 27, 2018 857



FIGURE 1 Sample output for execution of HullRad using the PDB file

for bovine pancreatic trypsin inhibitor.

Fleming and Fleming
backbone atoms, including those that are surface-exposed, are un-

changed. It is this latter pseudoatom model from which the initial convex

hull is created. Images of initial convex hulls shown in the figures were

created by using PyMOL (26).

To improve computational speed, a reduced atom model of nucleic

acids is made by using only the nitrogen and oxygen atoms of the mole-

cule. The difference in the volumes of convex hulls made with the

reduced atom nucleic acid models compared to models that also con-

tained carbon and phosphorus atoms is small. This is because almost

all vertices of the convex hull are determined by either phosphate oxygen

atoms or base nitrogen atoms in nucleic acid structures. The volume dif-

ference for DNA duplexes was 0.5%, for transfer RNA it was 0.8%, and

for 50 s ribosomal subunit it was 0.01%. Interestingly, the sign of the dif-

ference was dependent on the structure, and a variation of this magnitude

is consistent with the averaging effect of pseudoatom side chains in

proteins.

A second issue for hydrodynamic modeling is that proteins and nucleic

acids are hydrated in solution. This aspect is not taken into account when

calculating the initial convex hull above because the input structural model

is anhydrous. To account for hydration, the initial convex hull volume is

increased by expanding the planes of the hull outward. As with other

commonly used hydrodynamic modeling algorithms, the extent of expan-

sion was empirically determined by optimizing agreement of the calculated

parameters with experimental hydrodynamic data. The resulting total

expanded hull volume is assumed to be the hydrodynamic volume of the

molecule. The hydrodynamic radii are calculated from a sphere of volume

equal to that of the expanded convex hull corrected by a shape factor as

described below. Because hydration is manifested differently in transla-

tional and rotational transport, separate hull expansions were empirically

determined and optimized for RT and RR as described in Results and

Discussion.

To take full advantage of experimental hydrodynamic data, we used jack-

knife resampling (27) of the translational protein data set to test for bias

caused by specific proteins during optimization of the hull expansion for

hydration. Following this procedure, each protein in the data set in turn

was omitted during determination of the optimal hull expansion. The RT

of the omitted protein was calculated by using the optimal hull expansion

value determined by using all other proteins in the set. This calculated

RT,calc was compared to experimental RT,exp to estimate the independent

error.
Code execution

The HullRad method is available as a web server (http://www.hullrad.

wordpress.com), and the Python script will be made freely available

on-line upon publication. Qhull is freely available at http://www.qhull.

org. The HullRad code is designed to be user-friendly from the command

line and is suitable for batch calculation of multiple structures. Neither

preparation of a configuration file nor manipulation of the molecular

structure file is necessary. The same fitted parameters are used for all mo-

lecular sizes. A simple command with a PDB file name as input results in

output of the format shown in Fig. 1 (PDB code: 5PTI shown for

example).

An option for code execution includes output of the reduced atom struc-

ture used in construction of the convex hull as a PDB file. The README

file in the code distribution contains instructions for installation, execu-

tion, and convex hull image generation. HullRad has been tested on Win-

dows, Mac, and UNIX platforms. Prior installation of Python 2.7 is

required.
Transformation of experimental coefficients

For ease of comparison between experimental values obtained by using

different methods, all experimental hydrodynamic data were converted to
858 Biophysical Journal 114, 856–869, February 27, 2018
equivalent hydrodynamic radii. Sedimentation coefficients were converted

to equivalent RT,exp (in Å) according to the Svedberg relationship in Eq. 10.

These values were provided in the literature at the standard of 20�C and

pure water.

RT;exp ¼ 108
�
M �Mnr20;w

NA6ph0s20;w

�
; (10)

where the 108 term converts the value from cm to Å and other terms are as

previously defined.

Experimental translational diffusion coefficients, DT, were converted to

equivalent RT,exp (in Å) according to Eq. 11.

RT;exp ¼ 108
�

kBT

6ph0DT

�
: (11)

Similarly, protein rotational correlation times were converted to equivalent

RR,exp in Å by using the following relationship,

RR;exp ¼ 108

 ffiffiffiffiffiffiffiffiffiffiffi
3kBtc
4ph0

3

s !
; (12)

where tc is the overall rotational correlation time (seconds) assuming

isotropic rotation, and the other terms are as previously defined. Correlation

times obtained by NMR are typically reported for the conditions of data

collection and were converted to 20�C by using the known dependence

of water viscosity on temperature by multiplying the experimentally

observed t by the factor h0=hTexp (28,29).

As a measure of protein backbone expansion of intrinsically disordered

proteins (IDPs) (see Fig. 7), we used the radius of gyration calculated

by Eq. 13.

RG;calc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

1 ðmiri � COMÞ2PN
1mi

s
; (13)

where N is the number of atoms, mi represents the mass of each atom, ri
represents the Cartesian position of each atom and COM is the center of

mass of the protein. This is an anhydrous, geometric RG of the protein

atoms alone and is not the same as the radius of gyration determined

by scattering experiments. The radius of gyration determined by x-ray

scattering includes effects from waters of hydration (30) and requires

a consideration of explicit solvent positions for accurate calculation

(31). The convex hull method is an empirical method that does not

consider explicit waters of hydration and therefore does not predict

experimental RG.

http://www.hullrad.wordpress.com
http://www.hullrad.wordpress.com
http://www.qhull.org
http://www.qhull.org
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Bead modeling calculations

Hydrodynamic parameters were independently calculated by using the pro-

gram HYDROPRO Version 10 (14). For most structures, the atomic-level

primary model was used with default values of 2.9 Å for the radius of

the elements in the primary model and s¼ 6. For the large complex of

GroEL (M ¼ 828,989) the atomic level calculation was unsuccessful, and

we therefore used the residue-level primary model with a default radius

of 4.8 Å. We used the default option to estimate s by the program. Residue

level calculations were also carried out for the benchmarking shown in

Fig. 4. We used the default temperature and viscosity values of 20�C and

0.01 poise, respectively.
Protein data sets

Folded protein structures from previous hydrodynamic property predictions

(12,32) were used as a starting point to assemble the sets of proteins em-

ployed. Additionally, larger proteins as well as proteins for which new

experimental data were available were added to the set. When possible, up-

dated experimental results were used. Some proteins were discarded if the
TABLE 1 Translational Hydrodynamic Radii for Folded Proteins

Protein (PDB ID) M (Da) Chains RT,exp
a (Å) RT,cal

BPTI (5PTI) 6518 1 14.5 14

Cytochrome c (1HRC) 11,703 1 17.3c 17

RNase A (8RAT) 13,692 1 18.9 19

Lysozyme (1AKI) 14,315 1 18.6 18

LegHb (1LH1) 16,657 1 21.4 20

Apo-Mb (1MGN) 17,359 1 20.8 19

Soy TI (1AVU)d 19,984 1 22.6 21

Trypsinogen (1TGN) 22,620 1 22.1 22

b-trypsin (1TPO) 23,124 1 22.8 22

a-chymotrypsin (4CHA)d 25,041 1 22.7 22

Chymotrypsinogen (2CGA)d 25,670 1 22.6 23

Carbonic anhydrase (2CAB)d 28,757 1 24.1 23

Superoxide dismutase (2SOD)d 31,089 2 25.9 25

Pepsin (4PEP)d 34,516 1 24.6 26

b-lactoglobulin (1BEB)d 36,606 2 27.4 27

TPI (8TIM) 52,996 2 29.7 30

Hb (CO) (1HCO) 61,942 4 31.5 31

HSA (1AO6) 66,482 1 34.0 35

Alkaline phosphatase (1ALK) 94,082 2 37.6 36

Citrate synthase (1CTS)d 97,835 2 37.0 37

Inorganic PPase (2AU9) 1,17,361 6 37.6 39

Trp. synth. (1KFK) 1,38,595 4 44.4 45

Human IgG (1HZH) 1,433,37 4 55.1 54

Apo-G3PD (2GD1)d 1,43,743 4 42.9 43

Apo-LDH (5LDH)d 1,45,749 4 42.5 42

Aldolase (1ADO)d 1,56,776 4 47.6c 47

Holo calalase (4BLC)d 2,30,321 4 52.3 52

Xanthine oxidase (1FIQ) 2,67,770 6 54.5 54

b-galactosidase (4V40) 4,64,490 4 68.5 67

Apoferritin (3AJO) 5,120,84 24 67.4 64

Urease (3LA4) 5,397,00 6 65.8c 66

GroEL (2CGT) 8,28,989 21 82.8 86

YMV capsid (1AUY) 3,456,960 60 151.2 15

mean % signed error

Hb, hemoglobin; HSA, human serum albumin; IgG, immunoglobulin G; TI, t

synthase; YMV, Yellow Mosaic Virus.
aAll experimental hydrodynamic coefficients as reported in the references were
bAxial ratio of a prolate ellipsoid with volume equal to the initial convex hull v
cAverage value of those reported in cited publications.
dPDB files for these structures provided by Mattia Rocco and Olwyn Byron. M
confidence in experimental values was not high. Some structures used for

translational property calculations had missing residues built in (Table 1),

and these structures were generously provided by Olwyn Byron and Mattia

Rocco. In the case of rotational diffusion, only proteins for which the rota-

tional diffusion was determined by using NMR methods were considered.

For DNA structures, four different lengths of duplexes (8–24 basepair),

for which hydrodynamic properties have been published (33–36) were

used for code validation. RNA molecules in isolation are flexible (37,38),

so we used two different protein-RNA complexes—histidinyl-tRNA syn-

thetase (39,40) and bacterial 50s ribosomal subunit—to test the method

on known structures containing RNA that are expected to be less flexible.

These procedures resulted in three final data sets of folded structures to vali-

date the convex hull method: one data set for which translational hydrody-

namic properties of proteins have been experimentally determined (Table 1),

one data set for which rotational properties of proteins have been experimen-

tally determined (Table 2), and onedata set ofDNAduplexes andRNA-protein

complexes forwhich several types of experimental data are available (Table 3).

In addition, the largest current protein model in the PDB (HIV-1 capsid, PDB

code 3J3Q) was used to test for any size limitations.

For analysis of conformationally heterogeneous proteins, a disordered

state ensemble of a-synuclein (accession number PED9AAC) was
c (Å) % Signed Error % Error (Jackknifed) a/bb Reference(s)

.3 �1.61 �3.41 1.66 (65)

.2 �0.39 �0.56 1.16 (66–68)

.0 þ0.37 þ0.27 1.31 (65)

.5 �0.54 �0.75 1.51 (65)

.2 �5.72 �5.86 1.43 (69)

.9 �4.19 �4.52 1.35 (70)

.9 �3.21 �3.43 1.10 (71)

.1 �0.11 �0.25 1.15 (72)

.2 �2.74 �2.96 1.13 (73)

.9 þ0.80 þ0.72 1.15 (71)

.3 þ2.91 þ2.91 1.08 (74)

.9 �0.71 �0.84 1.36 (75)

.8 �0.58 �0.73 1.59 (76)

.2 þ6.26 þ6.38 1.37 (77)

.3 �0.52 �0.66 1.83 (78)

.5 þ2.42 þ2.39 1.45 (66)

.6 þ0.24 þ0.15 1.11 (79)

.1 þ3.21 þ3.21 1.49 (80)

.5 �2.94 �3.10 1.67 (81)

.7 þ2.06 þ2.03 1.53 (82)

.4 þ4.72 þ4.77 1.23 (81)

.8 þ3.11 þ3.11 2.20 (83)

.9 �0.37 �0.44 2.07 (84)

.3 þ1.00 þ0.95 1.16 (85)

.5 �0.07 �0.14 1.20 (86)

.7 þ0.12 þ0.03 1.30 (87–89)

.4 þ0.17 þ0.11 1.47 (90)

.5 �0.14 �0.21 1.78 (91)

.1 �2.02 �2.10 1.63 (92)

.7 �4.00 �4.11 1.00 (93)

.6 þ1.26 þ1.23 1.13 (94,95)

.3 þ4.26 þ4.27 1.40 (96)

2.4 þ0.28 þ0.28 1.06 (97)

þ0.10 �0.04

rypsin inhibitor; TPI, triose phosphate isomerase; Trp. Synth., tryptophan

converted to RT for comparison.

olume.

issing residues were modeled as described in (32).
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TABLE 2 Rotational Hydrodynamic Radii for Folded Proteins

Protein (PDB ID) M (Da) RR,exp
a (Å) RR,calc (Å) % Signed Error a/bb Reference

BPTI (5PTI) 6518 15.3 15.9 þ3.73 1.66 (65)

Calbindin (1IG5) 8502 17.0 16.6 �2.29 1.10 (98)

Ubiquitin (1UBQ) 8566 16.8 17.3 þ2.68 1.49 (7)

Cytochrome c (351C) 8696 17.1 16.8 �2.22 1.10 (99)

Plastocyanin (1PCS) 10,322 18.0 17.6 �2.06 1.19 (100)

Binase (1GOU) 12,214 19.7 19.3 �2.03 1.27 (101)

Ribonuclease A (1AQP) 13,692 20.0 20.4 þ1.65 1.34 (65)

Azurin (1E5Y) 13,948 19.7 19.7 þ0.25 1.31 (102)

Lysozyme (1AKI) 14,315 19.2 20.1 þ5.06 1.51 (65)

Spo0F (2FSP) 14,230 20.1 20.2 þ0.25 1.24 (103)

DHFR (1DYI) 18,003 22.6 22.0 �2.87 1.20 (104)

b-lactoglobulin (2AKQ) 17,104 22.1 21.3 �3.48 1.21 (105)

Apo-AK (4AKE) 23,589 26.1 26.2 þ0.31 1.43 (106)

Holo-AK (1AKE) 24,616 23.7 23.9 þ0.93 1.14 (106)

mean % signed error �0.08

DHFR, dihydrofolate reductase.
aExperimental hydrodynamic coefficients (tc, DR) as reported in the references were converted to RR for comparison.
bAxial ratio of a prolate ellipsoid with volume equal to the initial convex hull volume.
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downloaded from the Protein Ensemble Database (41). This ensemble con-

tains 575 structures and was generated as described in (42).
Benchmarking

Benchmarking was carried out to measure and compare the execution

speeds for HullRad, HYDROPRO, and SOMO. HYDROPRO speed was

measured on an Intel �64 machine running Ubuntu Linux; SOMO speed

in Ultrascan (15) version 3.3 Rev 2202 was measured on a MacIntosh 2.2

GHz Intel core i7 laptop running OS X 10.11.6; HullRad speed was

measured on both platforms. The following PDB files were used for this

comparison purpose: 5PTI, 1HRC, 1AKI, 1AVU, 4CHA, 1BEB, 1AO6,

1CTS, 1ADO, 1FIQ, and 4V40.
RESULTS AND DISCUSSION

Convex hull method predicts translational
hydrodynamic radius of folded proteins

A convex hull model of molecular structures was imple-
mented in a program entitled HullRad. HullRad predicts
the translational hydrodynamic radius, RT, of folded proteins
TABLE 3 Hydrodynamic Radii for Nucleic Acids and Complexes

Molecule (PDB ID) M (Da) RT,exp
a (Å) RT,calc (Å)

DNA duplex 8merc 4850 14.1 13.8

DNA duplex 12mer (5NT5) 7331 16.6d 16.4

DNA duplex 20mer (5F9I) 12,288 19.7 20.5

DNA duplex 24mere 14,758 22.5 22.6

tRNA-HisRS (4RDX) 70,463 37.4 37.8

Bacteria ribosome 50S (5HKV) 1,263,178f 92.9 95.32

mean % signed error

ND, not determined.
aExperimental hydrodynamic coefficients as reported in the references were co
bAxial ratio of prolate ellipsoid with maximum dimension and volume equal to
cThe structure in PDB file 5NT5 was edited to be equivalent to an 8mer.
dAverage of values reported in cited references.
eThe structure in PDB file 5F9I was used to model a 24mer with the same pitc
fMolar mass of the structure in 5HKV. A reported actual molar mass of 1,364,954

specific volume of 0.614 to calculate RT,exp.
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over a large range of protein sizes (6518–3,456,960 Da) and
shapes. Fig. 2 shows representative images of initial convex
hulls overlaid upon ribbon representations for select pro-
teins spanning a range of molecular mass and shape.
Fig. S2 shows a depiction of the unified side chain model
together with the convex hull construct for the same
proteins.

Table 1 lists the experimental set used to validate folded
protein translational hydrodynamic radii calculations. The
set consists of data derived from 33 nonhomologous pro-
teins and represents independent measurements of sedi-
mentation or diffusion coefficients derived from three
different experimental methods. As described in the
Methods, the joint comparison of these data is easily con-
ducted by using the equivalent RT,exp value for each
observable.

Fig. S3 A shows the optimized hydration shell thickness
for translational diffusion as 2.8 Å. Incorporation of this
expansion on the initial hull results in the final volumes
used in the hydrodynamic calculations. Fig. 3 A shows
% Signed Error RR,exp
a (Å) RR,calc (Å) a/bb Reference(s)

�1.9 14.5 14.8 1.13 (33,65)

�1.2 18.3 18.0 1.61 (33,35,36)

þ4.1 25.0 24.7 2.62 (33)

þ0.4 ND ND 2.92 (34)

þ1.1 ND ND 1.60 (39)

þ2.6 ND ND 1.26 (40)

þ0.85

nverted to RT or RR for comparison.

the respective convex hull.

h.

g mol�1 (107) was used with a sedimentation coefficient of 50.0 and partial



FIGURE 2 Convex hull representations of protein volumes. Four pro-

teins of different sizes and shapes are depicted showing the relationship

of a convex hull model to atomic space filling and backbone ribbon

models. The left vertical column gives the PDB ID and molecular

mass for each protein. The second vertical column shows an atomic

sphere representation; the third column shows backbone cartoon diagram

representations for each protein (blue online) enclosed by its semitrans-

parent initial convex hull (gray online); the right vertical panel shows the

convex hull model as a solid. This figure was created in PyMOL. The

transparent and solid convex hull planes are CGOs created within Py-

MOL by using the convex hull vertices. A PyMOL script to generate

these CGOs is included with the HullRad code. CGO, compiled graphic

object. To see this figure in color, go online.

HullRad Hydrodynamic Calculations
the excellent agreement between experimental and calcu-
lated values for this set. Fig. 3 B and Table 1 show the de-
viations of the calculated values from the experimental
numbers. The percent signed error (100�(RT,calc�RT,exp)/
RT,exp) of HullRad as compared to experimental values
ranges from �5.7 to þ6.3 with a mean value of 0.1. The
mean percent signed error for these independent jackknifed
predictions is �0.04, with a range of �5.9 to þ6.4. These
minimum and maximum percent signed errors increased
only slightly when the jackknife procedure was conducted,
indicating that no one protein overly influences the fit. The
original grouped errors and jackknifed independent errors
are found to not be significantly different when using a
t-test with a t-value of 0.19 and p-value of 0.43. Notably,
all calculated values are well within the accuracy of exper-
imentally determined hydrodynamic properties by analyt-
ical ultracentrifugation (43), one of the most accurate
experimental methods available for determining hydrody-
namic properties.

Fig. 3 B shows for comparison the percent signed devia-
tions of calculated RT from HYDROPRO. This program,
too, has excellent accuracy except for the smallest proteins
in the set where the HullRad method is slightly better when
default values are used in the HYDROPRO program. The
source of the discrepancy for small proteins can be ex-
plained by the default value of 2.9 Å for the primary element
radius in the HYDROPRO program, which is optimized for
a set of proteins with larger sizes than included here; more
accurate calculated values could be obtained with a pro-
tein-size-optimized primary element radius. Rocco and By-
ron have previously shown that the SOMO implementation
in Ultrascan as well as the standalone program ZENO repro-
duce hydrodynamic parameters within similar (�5%) devi-
ation from the experiment (32).
HullRad execution is fast and easy

Given comparable accuracy to other hydrodynamic predic-
tion programs, two main attractions of HullRad are its ease
of use and its speed of execution. Calculations involve
running a simple Python script with a PDB file as input
as described in the Methods. A custom user script can
easily be written to run HullRad on a list of PDB files,
which means that HullRad has the capability to analyze en-
sembles of structures generated, for example, in a molecu-
lar dynamics trajectory or a Monte Carlo simulation that
seeks to explore conformational properties of members of
an ensemble. Thousands of structures could easily be
parsed in a short time as described below in the section
on IDPs. In addition, HullRad handles large files.
Although there is no experimental data for comparison,
we validated the ability of HullRad to calculate hydrody-
namic parameters of very large macromolecular assemblies
using the HIV-1 capsid model, which is currently the
largest atomic structure available in the Research Collabo-
ratory for Structural Bioinformatics with 2,440,801 atoms
(M ¼ 34,795,461; PDB identifier [ID] ¼ 3J3Q). The calcu-
lated RT is 416 Å.

We further demonstrate the execution speed advantage
of the HullRad algorithm by benchmarking its performance
against both HYDROPRO and SOMO. Fig. 4 shows that
HullRad output was generated on the millisecond time
scale irrespective of protein size over the range tested
(6518 to 464,490 Da). HullRad is orders of magnitude
faster than either HYDROPRO or SOMO for all proteins,
except HullRad is only twice as fast as HYDROPRO for
the smallest test example (bovine pancreatic trypsin inhib-
itor [BPTI], M ¼ 6518 Da). HullRad is also much faster
than ZENO, for which calculation times have been
reported to be on the order of minutes for a 100-residue
protein (13).
Convex hull method predicts rotational
hydrodynamic radii of folded proteins

Fig. 5 A shows that the convex hull method also accu-
rately predicts isotropic rotational hydrodynamic radii
Biophysical Journal 114, 856–869, February 27, 2018 861



FIGURE 3 The convex hull method accurately predicts experimental protein translational hydrodynamic radii. (A) HullRad predicted RT,calc for folded

proteins are plotted versus experimental RT,exp values. The black line represents a slope of one and intercept of zero; the correlation coefficient for a linear

regression of the data (data not shown) is 0.998. (B) Percent signed errors of calculated to experimental RT for folded proteins are plotted as bars. Dark gray

(blue online) was calculated with HullRad; light gray (red online) was calculated with HYDROPRO. In this comparison, all HYDROPRO calculations used

atomic-level beads except the structure 2CGT, for which residue level beads were used. Only HullRad was used to calculate hydrodynamic properties for the

largest example, 12AUY. The individual proteins are labeled according to respective PDB IDs; common names, molecular masses, number of chains, and

respective hydrodynamic radii are listed in Table 1. This figure was created in Igor. To see this figure in color, go online.

Fleming and Fleming
for a data set of folded protein structures. The experi-
mental and calculated values are listed in Table 2, in
which the mean percent signed error of calculated to
experimental values is �0.08 with a range of �3.5
to þ5.1. The individual protein prediction errors of calcu-
lated rotational radii to experimental values from the
convex hull and bead modeling algorithms are graphically
compared in Fig. 5 B. Both programs are accurate
within �5% error.

Fig. S3 B shows the optimized hull expansion for
calculation of rotational diffusion properties using a shape
factor correction, FR ¼ FT

4. The optimal hydration
thickness shown in Fig. S3 B (4.3 Å) is larger than that
required to accurately predict translational diffusion
(2.8 Å) in agreement with the theoretical difference
between translational and rotational hydration effect
862 Biophysical Journal 114, 856–869, February 27, 2018
described in the theory section of Supporting Materials
and Methods.
Convex hull method predicts hydrodynamic radii
of nucleic acids and protein-nucleic acid
complexes

Fig. 6 A shows four DNA duplex structures with their respec-
tive initial convex hull representations. HullRad predicts both
the RT and RR of these DNA molecules with excellent accu-
racy as shown in Fig. 6 B and Table 3. Note that accurate pre-
diction of the translational hydrodynamic radii for DNA is
achieved with the same convex hull hydration expansion
used for proteins as expected (44). Furthermore, HullRad pre-
dicts the translational hydrodynamic radii of the protein-RNA
complexes, histidinyl-tRNA synthetase, and bacterial 50s



FIGURE 4 HullRad execution is orders of magnitude faster than other

common hydrodynamic prediction algorithms for most proteins. The red

circles and crosses are data for HullRad measured on an Intel �64 machine

running Ubuntu Linux and a MacOS laptop computer, respectively; the blue

squares and green triangles are HYDROPRO runtimes on Linux using the

default atom and residue options, respectively; black diamonds are SOMO

runtimes on a Macintosh laptop. The points for each series are connected by

lines for clarity. To see this figure in color, go online.
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ribosomal subunit with excellent accuracy as shown in
Table 3. HullRad calculates the hydrodynamic properties of
the 50s ribosomal subunit structure with a molecular weight
of 1.26million in 0.57 s on a laptop computer runningMacOS.
Convex hull method predicts translational
hydrodynamic radii of IDPs

In addition to folded proteins with a defined three-dimen-
sional structure, much of the proteome consists of polypep-
tides that do not form unique native structures (45). These
proteins are referred to as IDPs. Proteins can have both
stable, folded regions as well as intrinsically disordered re-
gions. These intrinsically disordered regions are now recog-
nized to be important for a number of functions: motif
display sites, chaperones, scavengers, complex assembly,
effector ligands, and entropic chains (45).

The sizes and shapes of IDPs are topics of intense interest
(46,47). These proteins exist as conformationally heteroge-
neous ensembles in solution, and there are many efforts to
measure both the average degree of structure and their dy-
namics. Approaches include experimentally measuring spe-
cific residue contacts, residue dipolar couplings, and/or
hydrodynamic properties. Small angle x-ray scattering,
analytical ultracentrifugation, and NMR are techniques
frequently employed for this purpose. However, these exper-
iments report ensemble averaged observables and rely on
models for interpretation (46). The structural disorder
inherent in IDPs creates a challenge to the generation of
such structural models. In particular, large numbers of indi-
vidual structural models may need to be created to accu-
rately construct a distribution of conformations. Even
though molecular simulations are able to generate large
numbers of atomic coordinate models, a rapid method to
calculate the desired physical parameters from this
ensemble of structures is required (47).

The HullRad algorithm has the speed, accuracy, and ease
of use to be well suited for this task. We demonstrate this us-
ing a conformationally heterogeneous ensemble of a-synu-
clein. This protein is a 140-residue (MW 14,462), natively
disordered protein and is present in the protofibrils found
in Parkinson’s disease (48). The experimentally determined
RT for a-synuclein in 100 mM NaCl is 32.0 Å (49), indi-
cating a slightly more compact ensemble than a protein of
the same size denatured in urea (33.0 Å), but more extended
than a premolten globule state (26.4 Å) (50). Allison et al.
(42) used paramagnetic relaxation enhancement NMR spec-
troscopy to obtain 595 intermolecular distances for the
natively unfolded a-synuclein. These inter-residue distances
were used as ensemble-averaged restraints in multiple
FIGURE 5 The convex hull method accurately

predicts experimental rotational hydrodynamic

radii. (A) HullRad-predicted RR for the proteins

listed in Table 2 are plotted versus experimental

RR values (circles). The line represents a slope of

one and intercept of zero; the correlation coeffi-

cient for a linear regression of the data (data not

shown) is 0.993. (B) Percent signed errors of

calculated to experimental RR for the list of pro-

teins in Table 2 are plotted as bars. Dark gray

(blue online) was calculated with the program

HullRad; light gray (red online) was calculated

with HYDROPRO. The individual proteins are

labeled according to respective PDB IDs; common

names, molecular masses, and respective hydrody-

namic radii are listed in Table 2. To see this figure

in color, go online.
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FIGURE 6 The convex hull method accurately

predicts experimental hydrodynamic radii for nu-

cleic acids and protein-nucleic acid complexes.

(A) Shown are convex hull representations of

DNA duplexes used for validation of HullRad.

Each image shows the PyMOL backbone cartoon

representation enclosed by its semitransparent

initial convex hull. The PDB IDs, respective molec-

ular masses, hydrodynamic radii, and ellipsoidal

axial ratios are listed in Table 3. (B) A comparison

of HullRad calculated and experimental hydrody-

namic radii for nucleic acids and protein-nucleic

acid complexes listed in Table 3. The line repre-

sents a slope of one and intercept of zero; the corre-

lation coefficient for a linear regression of the data

(data not shown) equals 0.999. To see this figure in

color, go online.
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replicate molecular dynamics simulations to generate a
disordered state ensemble of 575 structures.

Fig. 7 shows a comparison of calculated effective
RT values for this ensemble using both HullRad and
HYDROPRO. The results were sorted by compactness by
using anhydrous RG calculated from the protein atomic co-
ordinates only. The calculated ensemble mean HYDROPRO
hydrodynamic radius is �0.7% larger than the HullRad hy-
drodynamic radius (mean RT,calc ¼ 31.13 vs. 30.90 Å,
respectively). A larger individual difference is apparent for
FIGURE 7 Prediction of hydrodynamic properties for a disordered pro-

tein ensemble. Shown are the effective translational hydrodynamic radii

of disordered protein structures calculated using HullRad (dark gray, blue

online) or HYDROPRO (light gray, red online). The structures are sorted

by compactness using the anhydrous RG calculated using Eq. 13. Three

example structures representing different degrees of compactness are

shown as atomic sphere models. The ensemble contains 575 generated

structures of a-synuclein from the Protein Ensemble Database (accession

number PED9AAC). To see this figure in color, go online.
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the more compact structures. This is expected from the dif-
ferences between these programs for small proteins shown
in Fig. 3 B. The individual RT,calc values from both methods
are highly correlated (see Fig. S4). HullRad processes
these files much more quickly: computer runtimes on a
typical �86 chip for analysis of the 575 structures of a-syn-
uclein are 24 s for HullRad and 27 min for HYDROPRO.

The agreement shown in Fig. 7 and Fig. S4 indicate that
the convex hull method works well even for the unusual,
extended conformations found in such a disordered state
ensemble. HullRad and HYDROPRO are similarly accurate
for disordered structures.

The mean HullRad calculated RT,calc of 30.9 Å for the
a-synuclein ensemble is smaller than the experimentally
determined RT,exp of 32.0 Å. This difference suggests that
modifying the simulation-generated a-synuclein ensemble
to contain a higher proportion of extended structures would
more closely mimic the experimental ensemble. Further
exploration and culling of this ensemble will be easy to
accomplish given the ease of use and execution speed
inherent in HullRad.
Shape factors and ellipsoidal representations

Fig. 8 shows both the initial convex hull and ellipsoid of rev-
olutionmodels for the most elongated protein in our data sets
(tryptophan synthetase) and the longest DNA duplex tested
(24 basepair). The respective ellipsoids of revolution were
constructed with the same maximum length and volume of
the initial convex hull for calculation of a shape factor.

The translational diffusion shape factor used by HullRad
is based on the Perrin equation for a prolate ellipsoid (24).
The Perrin-derived shape factors for prolate and oblate ellip-
soids are different by only 5.5% up to axial ratios of 10:1
(1). This axial ratio represents far more nonsphericity than
encountered for most biomolecules studied by diffusion
measurements. The maximum axial ratio observed in the
above ensemble of intrinsically disordered a-synuclein is
4.62. This fact, together with the significant increase in



FIGURE 8 Comparison of convex hull and ellip-

soid of revolution models. (A) Tryptophan synthe-

tase as atomic spheres (green online). (B) Shown

is a DNA duplex with 24 base pairs as atomic

spheres. Each molecular structure is overlaid with

a semitransparent (gray online) initial convex hull

(left) or prolate ellipsoid of revolution (right) of

volumes and maximum lengths equal to that of

the respective convex hull. To see this figure in

color, go online.
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computing time necessary to calculate the best-fit general
tri-axial ellipsoid of a molecule, led us to use the simple
construction of a prolate ellipsoid described above to esti-
mate the effect of elongation on translational diffusion. As
shown in Tables 1 and 3, this approximation allowed accu-
rate calculation of translational diffusion properties for all
the molecules tested.

Calculation of the rotational shape factors for elongated
molecules is more complicated than the corresponding
translational factors because 1) rotations around different
axes of the molecule can proceed at different rates, and rota-
tion is best described by a rotational tensor (25); and 2) the
rotational tensors are significantly different for prolate and
oblate ellipsoidal shapes (51). HullRad is limited to the
calculation only of isotropic tumbling. We found by empir-
ical comparisons that a rotational shape factor correction,
FR¼ FT

4, allowed accurate prediction of isotropic rotational
diffusion radii for the most elongated, rigid structures
for which experimental data is available (Fig. S5 and
Table S1). Although an anisotropic diffusion model is
required for accurate analysis of NMR rotational relaxation
of highly nonspherical molecules, an isotropic model is suf-
ficient for many biological molecules given the precision of
relaxation data (12). The HullRad code prints a warning to
users when a molecule has an axial ratio larger than 2.62,
which is the largest in the experimental data available for
comparison in this study.
FIGURE 9 The hydrodynamic hydration water in internal cavities and

surface crevices is equivalent. (A) shows apoferritin (PDB ID: 3AJO);

(B) shows urease (PDB ID: 3LA4). In the left vertical panel, molecular sur-

face renderings (green online) with convex hull edges as sticks (orange

online) are shown. In the right vertical panel, 30 Å slabs of the same struc-

tures are shown as atomic spheres instead of molecular surfaces. This figure

was created in PyMOL. To see this figure in color, go online.
Internal cavity and external crevice water are
hydrodynamically equivalent

The convex hull transport model also illustrates the hydro-
dynamic equivalence of internally buried cavity water
and surface crevice water as shown in Fig. 9. Fig. 9 A
(top row) shows apoferritin, which is a hollow protein
sphere containing a large water-filled cavity as illustrated
by the cross-sectional view in the right panel. The hydro-
dynamic RT,exp of apoferritin is 64.71 Å, and the anhy-
drous protein volume R0 is 51.83 Å. Because this
molecule is nearly spherical, the difference in these two
parameters is due to a combination of hydration and hy-
drodynamic water. Hydration water is inherently part of
the diffusing molecule and is frequently modeled by a mo-
lecular surface expansion of 1.1–2.8 Å (8,12). Here, hy-
drodynamic water is that water not considered true
hydration water but rather water that is entrained by the
indentations in the molecular surface or trapped in internal
cavities. Clearly, the water trapped in the cavity of apofer-
ritin is hydrodynamic water in the sense that it diffuses
with the protein even if, dynamically, it is able to ex-
change with bulk water.
Biophysical Journal 114, 856–869, February 27, 2018 865
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Fig. 9 B (bottom row) shows that the structural arrange-
ments and hydration patterns of urease are distinct from
apoferritin, yet the implication for hydrodynamic volume
is the same. Urease is a comparably sized protein with a
similar hydrodynamic radius (RT,exp ¼ 66.58 Å) and anhy-
drous protein volume radius (R0 ¼ 54.09 Å), yet it has no
large internal cavity. In contrast, most of the urease hydro-
dynamic water is in medium-sized surface crevices encapsu-
lated by the convex hull as shown in the right panel of
Fig. 9 B. The observation that the convex hull model accu-
rately predicts the translational diffusion of urease is evi-
dence that the water distributed in surface crevices on this
structure also affects the diffusional volume of the protein
in a manner similar to the internal cavity water of apo-
ferritin. We postulate that this protein-specific inclusion of
different amounts of water in the convex hull transport
model may contribute to its accuracy. A further discussion
of hydration and hydrodynamic water is included in the
Supporting Materials and Methods.

We note that the convex hull transport model recapitu-
lates hydrodynamic properties based only on geometry of
the protein. It does not take into account any of the chem-
ical details of the surface atoms that are also known to
determine the dynamics of hydration shell water (52). As
with most other predictive methods, the convex hull
method smooths and averages the effects of hydration vol-
ume. We recognize that methods to predict location-spe-
cific waters of hydration do exist (53–57), but these are
too time consuming for the purpose of the rapid prediction
discussed here.
CONCLUSIONS

The convex hull volume of a macromolecule accurately
predicts the hydrodynamic volume of that molecule.
A Python script called HullRad is provided, which calcu-
lates sedimentation coefficients, translational and rota-
tional diffusion coefficients, and hydrodynamic radii for
protein and nucleic acid molecules using a convex hull al-
gorithm. The method is orders of magnitude faster than
common methods and works for molecules with signifi-
cant shape asymmetry and surface rugosity, including
the extended structures of a disordered state ensemble.
The same fitted parameters are used for molecules that
extend over two orders of magnitude in size. Application
of this method to the modification of computer-generated
disordered state ensembles should provide a better
agreement of the calculated and experimental ensembles
of IDPs.
SUPPORTING MATERIAL

Supporting Materials and Methods, five figures, and one table are avail-

able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(18)

30065-1.
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1 Theory 
1.1 Stokes-Einstein equations 
 The anhydrous diffusion coefficients of a molecule in solution are related to the 
equivalent size, anhydrous sphere by the Stokes-Einstein equations, 
 

  𝐷" =
$%"

&'()*)
 (S1a) 

 

 𝐷* =
$%"

+'()*),
 (S1b) 

 
where DT is the translational diffusion coefficient, DR is the rotational diffusion coefficient, 
kB is the Boltzmann constant, T is temperature, η0 is the solvent viscosity, and R0 is the 
radius of the equivalent size, anhydrous sphere.  
 For a protein or nucleic acid in solution the operative radius is not the radius, R0, of 
a sphere equivalent to the anhydrous volume of the molecule, but rather the equivalent 
radius, RH, of the hydrated molecule that includes any waters of hydration that transiently 
interact with the molecule and affect its diffusion, times a shape factor, FS, to account for 
non-sphericity. As discussed below, both the hydrated radii and the shape factors are 
different for translational and rotational diffusion.   

1.2 Hydration water considerations 
 The amount of hydration water, and therefore the expansion of RH over R0, has 
been a controversial topic. Kuntz and Kauzmann originally reviewed this topic and 
concluded that proteins may have between 0.3 and 0.6 grams of hydration water per gram 
of protein (1). Importantly, different proteins appear to have different apparent fractions of 
hydration water. This fact means that assumption of a uniform hydration fraction in the 
calculation of hydrodynamic properties would lead to variable errors depending on the 
specific protein. To account for hydration when calculating hydrodynamic coefficients 
from structure, various approaches have been employed, and most use an empirically 
derived best-fit uniform value for the hydration. In the boundary element method, the 
triangulated protein surface is expanded by some thickness optimized for all proteins in a 
data set (2). In the bead-modeling method the size of the beads is expanded to some 
radius also optimized for all proteins in the data set (3, 4) or molecular dynamics 
simulations may be used to identify specific hydration waters that are then used in the 
calculation (5). In an ellipsoid model a hydration layer equal to the diameter of a water 
molecule (2.8 Å) is added to the surface of the ellipsoid (6). And for the numerical path 
integration method individual residues are modeled as expanded spheres to account for 
hydration (7). 
 Such adjustments for hydration water imply that this water is rigidly bound to the 
surface of the protein and increases its apparent size. However, the diffusion rate of 
surface water has been shown by both computational (8) and experimental methods (9) to 
be orders of magnitude greater than the protein. Therefore, significant hydration water is 
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not rigidly bound to the surface of the protein. This apparent paradox may be reconciled 
by assuming that the hydration waters transiently interacting with the protein surface 
experience a modest viscosity enhancement (10).  
 In addition to the hydration waters described above, which may be considered an 
inherent part of the macromolecule, some water is also likely to be hydrodynamically part 
of the diffusing particle due to the shape irregularities of the macromolecule. There is 
evidence that water flow in surface crevices of irregularly shaped particle aggregates 
(analogous to the surface crevices on proteins or the major groove around DNA duplexes) 
is retarded (11). This latter situation would make the fraction of apparent hydration 
partially dependent on the shape and size of surface crevices. As stated by Tanford, 
“…sharp indentations on the surface, will naturally contain solvent, and…this “trapped” 
solvent will travel with the same velocity as the adjoining macromolecular substance…” 
(12) (cf. Figures 2, 8 and 9 in the main text).  

1.3 Effective hydration layers are different for translational and rotational diffusion 
 A frequently unappreciated aspect of hydration water is that the hydration layer has 
different effects on translational and rotational diffusion (1). In order to correctly model the 
hydration layer in calculations of diffusion coefficients this difference must be taken into 
account. Consideration of the varied solvent velocities around a translating and rotating 
sphere explains the origin of this difference (13). The velocity components of a solvent 
molecule for the case of translational diffusion may be visualized as in Supplemental 
Figure 1 (adapted from (13)).  
 The apparent velocity of solvent at any point r around a sphere of radius R during 
translational diffusion at low Reynolds number conditions can be described by two 
vectors, 𝜈.	and 𝜈0, 
	

 𝑣. = 𝑣2 1 − 5
6

*
.
+ 8

6
*
.

5
𝑐𝑜𝑠𝜃   (S2a) 

 𝑣0 = 𝑣2 −1 + 5
=

*
.
+ 8

=
*
.

5
𝑠𝑖𝑛𝜃   (S2b) 

 
where 𝜈2 is either the velocity of the sphere in stationary bulk solvent or the velocity of 
the bulk fluid around a stationary sphere. The relative velocity of fluid at r = R is zero 
(stick boundary conditions), and approaches ν∞ as 1/r moving away from the surface.  
 
 For rotational diffusion only, the solvent angular velocity at point r, relative to the 
sphere surface, is equal to, 
 

 𝑣∅ = 𝜈B𝑅
*D

.D
𝑠𝑖𝑛𝜃  (S3) 

 
where 𝜈B is the angular velocity of the sphere and the relative velocity approaches bulk 
values as 1/r2. Because the solvent velocity field around a rotating sphere decays as 1/r2, 



SI for HullRad (2018) Biophys. J. https://doi.org/10.1016/j.bpj.2018.01.002 

 
4 

but decays as 1/r around a translating sphere, the viscous energy dissipation must occur in 
a thinner shell around a rotating sphere. This results in an apparent increased effect of the 
solvation water on rotational diffusion and must be compensated appropriately when 
calculating hydrated radii for rotational diffusion. 

1.4 The effects of shape are different for translational and rotational diffusion 
 Most proteins are not perfectly spherical in shape and it is common to model this 
non-sphericity with ellipsoids, either ellipsoids of revolution where two axes are identical 
or general tri-axial ellipsoids where all three axes may be of different lengths. For identical 
volumes, an ellipsoid will have more surface area compared to a sphere and will have 
greater friction during diffusion. Analytical expressions for the dependence of the 
diffusional frictional coefficient on the axial ratio of ellipsoids of revolution have been 
worked out for both translational diffusion (14) and rotational diffusion (15, 16). For 
translational diffusion, the friction is averaged over random orientations of the ellipsoid 
and, for example, an axial ratio of 3 results in a ~10% increase in the frictional coefficient; 
similar effects are observed for both prolate and oblate ellipsoids with axial ratios <10 
where the difference between prolate and oblate ellipsoids is 5.5%.  
 For rotational diffusion, the situation is more complex. There are two frictional 
coefficients, one for rotation about the major axis and one for rotation about the minor 
axis. The dependence of these coefficients on axial ratios is significantly different for 
prolate and oblate ellipsoids and the rotational frictional coefficients are generally greater 
than the translational coefficients.  In the case of rotational diffusion, axial ratios of only 
1.5 result in significant increases in friction (17). For elongated molecules, the rotational 
diffusion is better described by anisotropic tumbling rather than axially symmetric 
tumbling. Although it is not possible to analytically define a single rotational frictional 
coefficient, the practical outcome is that for NMR data analysis of small monomeric 
proteins an axially symmetric model is sufficient to describe the measured tumbling (6). 
Such a simplification may not be accurate for multi-domain proteins or very elongated 
structures. Therefore, as stated in the main text, the HullRad program prints a warning to 
the user concerning rotational properties if the axial ratio of a particular molecule is 
greater than that tested here by comparison to experimental data (a/b=2.62). 
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2 Supplemental Figures 
2.1 Supplemental Figure 1 
 

 
 
Supplemental Figure 1. Solvent velocity components around a sphere for flow at low 
Reynolds number. Here the fluid is flowing around a stationary sphere but the relative 
relationships are general and applicable to the case of a sphere diffusing in a stationary 
fluid. Adapted from (13). This figure was created in Microsoft PowerPoint. 
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2.2 Supplemental Figure 2 

   
 
Supplemental Figure 2. Representation of the pseudo-atom side chain protein model. Left 
column: common name, PDB file and molecular mass; Middle column: atomic sphere 
representations; Right column: Unified atom side chain model (green side chain pseudo-
atoms) with convex hull edges (orange sticks). Vertices of the convex hull are at the 
centers of the outer-most backbone atoms and side chain pseudo-atoms of the model.  
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2.3 Supplemental Figure 3 
 

 
Supplemental Figure 3. Optimization of the hull expansion value to account for 
hydration. A. Translational hydrodynamic radii (RT) corrected with a prolate ellipsoidal 
shape factor (FT) were calculated for the proteins listed in Table 1 and the root mean 
squared deviations of convex hull to experimental values for different hydration shell 
thicknesses are shown as black circles. The data were fit to a quadratic expression (red 
line) and the minimum deviation is obtained at 2.83 Å shell thickness. B. Rotational 
hydrodynamic radii (RR) corrected with a prolate ellipsoidal shape factor (FR = FT

4) were 
calculated for the proteins listed in Table 2 and the root mean squared deviations of 
convex hull to experimental values for different hydration shell thicknesses are shown as 
circles. The data were fit to a quadratic expression (red line) and the minimum deviation is 
obtained at 4.30 Å shell thickness. 
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2.4 Supplemental Figure 4 

   
Supplemental Figure 4. Comparison of the effective translational hydrodynamic radii of 
disordered state ensemble protein structures calculated by HullRad and HYDROPRO. 
The red line represents a slope of one and intercept of zero; the correlation coefficient, R, 
for a linear regression of the data (not shown) is 0.95. The HYDROPRO hydrodynamic 
radii are, on average, ~0.7% larger than the HullRad hydrodynamic radii, but this is 
largely due to larger predicted values for compact structures. The ensemble contains 575 
generated structures of α-synuclein from the Protein Ensemble Database (Accession 
number PED9AAC). 
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2.5 Supplemental Figure 5 

   
Supplemental Figure 5. Comparison of calculated to experimental RR using different 
rotational shape factors. The rotational hydrodynamic radius (RR) was calculated using 
HullRad with different rotational shape factors as follows: Open circles, FR = FT

5; red solid 
circles, FR = FT

4; open square, FR = FT
3; solid triangle, FR = FT

2. The red line represents a 
slope of one and intercept of zero. The plotted data are from Supplemental Table 1. 
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3 Supplemental Tables 
3.1 Supplemental Table 1 

 
Shape Factor Correction for Rotational Diffusiona 

 
DNA Duplex 

RR,exp
 

 

RR,calc
b

 

FT5 
RR,calc

c
 

FT4 
RR,calc

d
 

FT3 
RR,calc

e
 

FT2 
Axial 
Ratiof 

  8mer 14.5 14.8 14.8 14.9 15.0 1.13 
12mer 18.3 18.1 18.0 17.9 17.8 1.61 
20mer 25.0 25.6 24.7 23.8 22.9 2.62 

 

aThe rotational hydrodynamic radii for three DNA duplexes were calculated with different 
rotational shape factors. In each case the optimal hydration shell expansion was 
determined for the specific shape factor using the protein data set listed in Table 2 in the 
main text in a manner similar to that shown in Supplemental Figure 3B. 
bA shell expansion of 4.2 Å and shape factor equivalent to FT

5 as the FR was used. 
cA shell expansion of 4.3 Å and shape factor equivalent to FT

4 as the FR was used. 
dA shell expansion of 4.4 Å and shape factor equivalent to FT

3 as the FR was used. 
eA shell expansion of 4.5 Å and shape factor equivalent to FT

2 as the FR was used. 
fAxial ratio of a prolate ellipsoid of revolution with volume equal to convex hull volume of 
the molecule. 
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