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The diverse functional cellular roles played by ribonucleic acids (RNA) have emphasized the need to
develop rapid and accurate methodologies to elucidate the relationship between the structure and func-
tion of RNA. Structural biology tools such as X-ray crystallography and Nuclear Magnetic Resonance are
highly useful methods to obtain atomic-level resolution models of macromolecules. However, both meth-
ods have sample, time, and technical limitations that prevent their application to a number of macro-
molecules of interest. An emerging alternative to high-resolution structural techniques is to employ a
hybrid approach that combines low-resolution shape information about macromolecules and their com-
plexes from experimental hydrodynamic (e.g. analytical ultracentrifugation) and solution scattering mea-
surements (e.g., solution X-ray or neutron scattering), with computational modeling to obtain atomic-
level models. While promising, scattering methods rely on aggregation-free, monodispersed preparations
and therefore the careful development of a quality control pipeline is fundamental to an unbiased and
reliable structural determination. This review article describes hydrodynamic techniques that are highly
valuable for homogeneity studies, scattering techniques useful to study the low-resolution shape, and
strategies for computational modeling to obtain high-resolution 3D structural models of RNAs, proteins,

and RNA-protein complexes.
© 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

RNA-protein interactions play fundamental roles in many bio-
logical processes, such as regulation of gene expression, RNA
splicing, and protein synthesis. The understanding of these pro-
cesses improves as new structures of RNA-protein complexes
are solved and the molecular details of interactions analyzed. As
of November 2016, 1880 macromolecular complexes involving
both protein and RNA components were available in the Protein
Data Bank (PDB), including 1495 solved by X-ray crystallography,
111 by Nuclear Magnetic Resonance (NMR) spectroscopy, 269 by
cryo-electron microscopy, and 5 by other methods. However,
experimental determination of RNA-protein complex structures
at high-resolution that allows the study of position, orientation
and interactions of individual atoms is often time-consuming
and in many cases, not possible due to sample preparation
requirements. As a result, complete high-resolution structures
are not yet available for many complexes that are crucial for
numerous fundamental cellular processes. In addition, several
proteins that interact with nucleic acids are either flexible or dis-
ordered in nature. For example, the N-terminal region of helicase
RHAU that interacts with G-quadruplex is flexible [1]. The protein
kinase R that interacts with viral RNA is composed of a flexible
linker of ~80 amino acids that connects the double-stranded
RNA binding domains with a kinase domain [2]. In addition, the
HMGA2 family of proteins that binds with DNA replication fork
are disordered in nature [3]. Thus, it will be very challenging to
crystallize such proteins and nucleic acids-protein complexes.
Furthermore, even if a high-resolution structure of such system
is obtained, it may not represent the native solution conforma-
tion. Thus, studies on RNA-protein recognition and complex for-
mation present major challenges for macromolecular structural
biology requiring alternate approaches to gain structural informa-
tion of macromolecular complexes.

In the absence of complete high-resolution structures, for many
RNA-protein complexes, partial experimental data is available (e.g.,
high-resolution structures of all or some isolated components).
This fragmentary data can often be supplemented with low-
resolution structural data that provide information about the
shape or the proximities and interactions of components. Given
the scarcity of experimentally determined structures of RNA-

protein complexes and the wide range of heterogeneous informa-
tion from biochemical and biophysical data, computational tech-
niques can be used to integrate existing data, guide structure
elucidation and subsequently determine the mechanisms of action
and interactions between components. This approach is commonly
called a hybrid or an integrative modeling. Theoretical models of
macromolecular structures can assist in understanding and guid-
ing the identification of important interaction surfaces and, more
importantly, can provide a starting point for higher-resolution
descriptions.

Typically, an RNA is prepared using an in vitro transcription
method due to its cost-effectiveness, scalability, and often biologi-
cal relevance of RNA structures over the commercially available
synthetic RNA. The quality of such RNA preparations is scrutinized
by means of denaturing and native polyacrylamide gel elec-
trophoresis to ensure that the RNA is of appropriate length and
that it is in a single conformation. The quality of RNA is also rou-
tinely assessed by the size exclusion chromatography [4]. On the
other hand, a protein is recombinantly expressed in either bacterial
or eukaryotic host, followed by purification using affinity and size
exclusion chromatography. This review provides necessary infor-
mation on biophysical hydrodynamic methods (analytical ultra-
centrifuge and dynamic/static light scattering) that are key to
ensuring the suitability and quality of RNA, proteins and their com-
plexes required for low-resolution structural studies (solution X-
ray and neutron scattering). The benefits and limitations of each
method in studying homogeneity, aggregation state, and low-
resolution shape of macromolecules and macromolecular com-
plexes are also discussed. Furthermore, the introduction to compu-
tational modeling methods and applications of such methods to
obtain detailed 3D structural models of RNA-protein complexes
are also described. More importantly, approaches to combine
experimental data (low-resolution and high-resolution) on
unbound RNA and proteins, as well as their complexes, with com-
putational modeling to obtain high-resolution models of RNA-
protein complexes are discussed. In summary, we provide a
methodological pipeline to determine high-resolution models of
RNA-protein complexes that are not suitable for structural investi-
gation by X-ray crystallography, NMR or cryo-electron microscopy,
but are amenable for low-resolution structural studies in solution
(Fig. 1).
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Fig. 1. Outline of a hybrid approach to study RNA-protein interactions.

2. Methods
2.1. Size exclusion chromatography

Application of size exclusion chromatography (SEC; also known
as gel permeation or gel filtration chromatography) for removal of
aggregated and/or degraded macromolecules to obtain a monodis-
perse preparation of macromolecules (proteins, RNA, DNA and
their complexes) has become a routine in biochemistry and struc-
tural biology methods [1,5-8]. SEC involves a column packed with
porous gel beads designed to enable separation of biomolecules
based on their relative time spent sampling the pores under the
constant flow of mobile phase (appropriate solvent). In a typical
SEC purification step, a buffer solution containing the species of
interest is applied onto the column with larger aggregates/
molecules eluting in less volume than their smaller counterparts,
as smaller components can enter through pores of the beads.
Therefore, separation is based on the hydrodynamic properties of
the macromolecules, which prepares them for subsequent analysis.
Gel electrophoresis of samples is used to assay the purity of the
eluted material. Highly purified preparation of macromolecules
and their complexes is crucial for their biophysical characterization
using the methods discussed in this review article.

2.1.1. Benefits and limitations

In principle, SEC can be used to rapidly estimate the hydrody-
namic (Stokes) radius (Ry) relative to known calibration standards
of similarly shaped molecules. A calibration plot is constructed
from the corresponding elution volumes (V,) for a series of proteins
with known R;, (log R, vs. V,). In cases where one can assume a
spherical shape, molecular weight (M,,) of macromolecules can
also be estimated [9-12]. Ideally, the calibration plot should be
expressed in terms of the R, and not M, [11-14] due to the fact
that the macromolecules are rarely spherical. For example, elon-
gated macromolecules such as RNA stem-loops typically display
significantly larger R, than a protein of the same M,, [15]. There-
fore, caution must be exercised while estimating R, for macro-
molecules that are elongated and flexible (e.g., RNA) using a
calibration plot. In such cases, the dynamic light scattering (DLS)
technique should be employed [16]. Additionally, V. will change
for self-associating macromolecules or for macromolecules that
interact with column packing material. Therefore, while rough
estimates on size can be obtained, SEC should be primarily used
to obtain an aggregation/degradation-free preparation or to purify
relatively stable complexes from a preparation where multiple
complexes exist.

2.2. Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) is widely applied in
biomolecular and pharmaceutical sciences to study homogeneity,
M,,, interaction studies and aggregation/stability analysis of a
range of macromolecules [1,6,8,17-23]. The concept and

development of the analytical ultracentrifuge (AUC) by Svedberg
and co-workers nearly a century ago [24] has progressed to the
modern instrument first introduced in the 1990s by Beckman
Instruments (USA), with on-line data collection and computer-
aided data analysis. AUC experiments can be undertaken in a wide
range of solution conditions in terms of pH, ionic strength, temper-
ature (~4-40 °C) and co-solutes allowing a complete description of
a macromolecular solution characterisation/behavior to be deter-
mined under nearly physiological conditions. In addition to the
information on homogeneity and on the parameters describing
macromolecular size and shape, it is also possible to study interac-
tions with ligands and self-association of macromolecules [25-33].
An outstanding feature of analytical ultracentrifugation is that all
determinations (including M,,) are carried out without calibration
with known standards unlike other techniques, such as SEC
[34,35].

AUC relies on the separation of macromolecules according to
their size and density. Both sedimentation and diffusion behaviors
of macromolecules can be expressed using the Lamm equation [36]
as:

% = <%) {% {rD%} - swzrzc} (1)

where, ¢, t, r and w represent concentration of macromolecules,
time, radius and angular velocity respectively. D is the diffusion
constant and s is the sedimentation coefficient: a parameter that
characterizes the motion of the macromolecule in a centrifugal
field. Interestingly, the first term and (d/dr(rD.dc/dr)) the second
term (sw?r*c) on the right-hand side of the equation describes diffu-
sion and sedimentation process respectively. It is therefore possible
to perform two types of experiments using AUC: sedimentation
velocity (AUC-SV) and sedimentation equilibrium (AUC-SE).

2.2.1. Sedimentation velocity using AUC

AUC-SV experiments provide information on size, shape, con-
formation and interactions of macromolecules. In a typical SV
experiment, a solution containing macromolecules is spun at a
high angular velocity, depending on the mass of macromolecules.
Modern AUCs offer three optical systems-operate on the differen-
tial spectroscopic method to collect/record the difference in optical
properties between a sample solution (containing macromolecules
and solvent) and a reference solution (containing only solvent). For
macromolecules with a chromophore (proteins and nucleic acids),
UV/VIS absorption optics are suitable, whereas all macromolecules
(including fatty acids and polysaccharides) can be studied using
the Rayleigh interference (refractometric) optical system. The fluo-
rescence detection system takes advantage of the attached fluo-
rophore group on macromolecules and provides high-sensitivity
as well as selectivity for data collection. At the beginning of the
centrifugation process (t=0), particles are uniformly distributed
throughout the cell, but at t>0 macromolecules have moved
towards the bottom of the cell under the influence centrifugal force
resulting into a sedimenting boundary. For a monodisperse
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preparation, a single boundary is observed. During the sedimenta-
tion process, macromolecules move at constant velocity because
frictional forces cause particles to quickly attain a terminal velocity
[25,34]. The ratio of the velocity (v) at which the macromolecules
move with respect to the centrifugal field («?r) is termed as the
sedimentation coefficient, s defined by, [37].
LZ _ Mw(l — yp) =5 (2)
w?3r Nf

The term v/w?r is the velocity of the particle per unit gravita-
tional acceleration can also be termed as s (unit of seconds, i.e. 1
S equals to 10~'3s), which depends on size, shape and frictional
properties of macromolecules. 7 is the partial specific volume
(which is a measure of the change in volume of a solution per gram
of macromolecule in that solution [38]) in mL/g, p is the density in
g/mL and r is the radius in cm. The frictional coefficient (f) can be
defined as the proportionality of the frictional force (F) experi-
enced by a moving particle under the influence of external force
or due to Brownian motion, and the velocity (») of particle.

Interestingly, both, thermodynamic and hydrodynamic infor-
mation can be obtained from the sedimentation coefficient [39].
The sedimentation coefficient determined at particular experimen-
tal conditions, is denoted as st where ‘T’ is experimental temper-
ature and ‘b’ represents the solvent. Prior to reporting AUC-SV data,
the sedimentation coefficient is normalized for any contributions
made from solvent density and viscosity in the determination of
the s value, to obtain a sedimentation coefficient corrected to stan-
dard solvent conditions [37].

S20w = STb <11_-#> (%) (3)
20w Th

where, sy, is the sedimentation coefficient expressed in terms of

the standard solvent of water at 20 °C. As the s value is concentra-

tion dependent, it will gradually decrease with increasing concen-

tration for non-associating macromolecules due to non-ideality

effects [37], which is corrected by measuring s»,, at different con-
centrations and extrapolation to infinite dilution to obtain sJ;.,:

S20w = S(Z)O,w(l — ki) (4)

The sy, represents sedimentation coefficient corrected for
standard solvent conditions and for non-ideality by extrapolating
S20 Measured at a series of concentrations and to infinite dilution
(s20w Vs ¢ plot). The concentration dependence of sedimentation
coefficient, Gralén parameter ks is typically small for globular
macromolecules but much larger for random coil or elongated
macromolecules such as RNA. A negative slope on this plot repre-
sents non-interacting behavior whereas the positive slope indi-
cates self-association of macromolecules.

2.2.1.1. Benefits and limitations. Using AUC-SV, the homogeneity,
self-association behavior and aggregation of macromolecules can
be studied over a range of concentrations, temperatures, and buffer
conditions. In addition, information on subunit stoichiometry and
affinity parameters can also be gained. Furthermore, a low-
resolution estimate of macromolecular (or macromolecular assem-
bly) shape in solution can be evaluated. Conformational changes in
macromolecules upon interaction with partners or due to change
in solvent conditions can also be investigated using AUC-SV.
AUC-SV is an ideal technique to study the quality of SEC-purified
macromolecules and their complexes for structural studies using
methods discussed in this review. As a negative, AUC-SV is time-
consuming experiment for simple determination of aggregation.
DLS is an appropriate alternative that requires significantly less
time (~20min vs 6-8h) and sample (~10-20puL vs 400 puL,

Table 1
Summary of biophysical parameters that can be employed for model building and
validation.

Technique Parameters Volume (L) Time

SEC Rn ~50-100 ~45 min
AUC-SV s, My ~400 6-8h
AUC-SE M, ~80 24-48 h
DLS D, Ry ~10-20 ~20 min
SEC-MALLS My, Rg ~50-100 ~1h

SAXS My, Rg, Dimax ~15-50 10 min-1h
SANS My, Rg, Dimax ~15-50 10 min-1h

Table 1) to evaluate the homogeneity of a wide-range of
macromolecules.

2.2.2. Sedimentation equilibrium using AUC

AUC-SE is a thermodynamic, as opposed to hydrodynamic,
method for determination of absolute M,, of macromolecules and
their complexes [25,40-43]. AUC-SE also provides information on
subunit composition for multi-subunit macromolecules, an aver-
age molar mass M for heterogeneous systems, and determination
association/dissociation constants [21,25,44,45]. AUC-SE funda-
mentally differs from AUC-SV in that it requires a lower rotor
speed, less sample (minimum of ~80 pL vs. 400 pL for a single
experiment) and more experimental time (~24-48 h vs. 6-8 h).
In a typical AUC-SE experiment, a dialyzed solution of macro-
molecules is subjected to centrifugation at a low angular velocity.
The sedimentation of macromolecules is balanced by diffusion
forces from the bottom of the ultracentrifuge cell when equilib-
rium is reached, resulting in a steady state concentration gradient
where a lower concentration of the macromolecules occurs at the
meniscus, and increases continuously to a higher concentration
at the bottom [46]. Thus, a time-invariant concentration gradient
develops as the flux of sedimenting macromolecules is exactly bal-
anced by the flux of opposite diffusing macromolecules at each
point across the cell (i.e. a thermodynamic equilibrium is obtained
between sedimentation and diffusion forces) [34]. The Rayleigh
interference optical system can be used to gain a direct and accu-
rate record of sample concentration where, as light waves pass
through reference and sample sectors, waves undergo interference
resulting in light and dark fringes because of the difference in the
refractive index of sample and solvent [37]. It registers the concen-
tration of solution at a given radial position in the cell relative to
the concentration at the meniscus. For absorbance optics, an
appropriate wavelength could be used to detect macromolecular
concentration (e.g. protein and nucleic acids).

The increase in concentration gradient for a monodisperse and
non-interacting, ideal macromolecular preparation can be repre-
sented as:

_9lnj(r)  2RT
"D =) T opwe )

where, J(r) = J(a) + j(r). J(r) is an absolute fringe concentration at the
radial position r and is directly related to the fringe concentration
relative to the meniscus j(r) and absolute meniscus concentration
J(a).

Thus, the Rayleigh patterns can be transformed into the plot of
Inj(r) vs.  (or plot of Inc vs. r? for a UV detection system) to obtain
M,,(1 — p)w?/2RT as a slope that yields the M,, for monodisperse
systems [47]. For heterogeneous systems, molar mass from the
average slope will be a weight average M,, [48]. The M,, obtained
using AUC-SE is known as apparent molecular weight (Mu,app)
meaning that the molecular weight was obtained from an
experiment performed at a finite concentration. Extrapolation of
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apparent molecular weight measured at different concentrations
to zero facilitates measurement of the ideal molecular weight, M,,.

2.2.2.1. Benefits and limitations. The AUC-SE is a very useful tech-
nique to study self-associating systems [26,29,49] and to obtain
information on the dissociation constant, Ky, (10~3 to 10~8 M) that
compares with other techniques such as isothermal titration
calorimetry (107 to 107" M), fluorescence-circular dichroism-
light scattering spectroscopy (10°% to 10~'' M) and differential
scanning calorimetry (10~ to 1072° M) [27]. Information on sub-
unit stoichiometry, macromolecular assemblies, protein-protein
complexes, protein-carbohydrate complexes and protein-nucleic
acid complexes as well as equilibrium constants for hetero-
associating systems can also be obtained using AUC-SE [27,46],
that could be very useful for interpretation of structural-
biophysical data. Thermodynamics, free energy and conforma-
tional changes can also be studied by this technique [27,50]. The
main disadvantage is that AUC-SE is very time-consuming. M,, of
macromolecules and their complexes can be studied more rapidly
using either a combination of sedimentation velocity and dynamic
light scattering methods [1,5,6,17,51,52| or using size-exclusion
chromatography in combination with multi-angle laser light scat-
tering [53-57]. For more information on AUC, readers are advised
to refer additional recent review articles [17,30,58-62].

2.3. Light scattering

The foundation for the application of light scattering to study
biological macromolecules was laid in the 1870s by work from
John Tyndall and Lord Rayleigh [63,64]. Significant contributions
from Mie and Einstein in the early 1900s, who developed Mie the-
ory and Brownian motion/Stokes-Einstein theory respectively, fur-
ther strengthened research in light scattering [65,66]. Eventually,
efforts by a number of researchers led to the development of two
separate fields of light scattering — dynamic light scattering (DLS)
and static light scattering (SLS). The fundamental difference
between the two branches of light scattering is based on the nature
of the scattered light being detected. In DLS, intensity fluctuations
of scattered light caused by the Brownian motion of macro-
molecules in solution are detected as a function of time to provide
information on the diffusion behavior (and ultimately hydrody-
namic size) of macromolecules [67,68]. If the detector detects the
intensity of scattered light as a function of scattering angle that
depends on the size and shape of macromolecules; it is termed
as static light scattering. SLS provides valuable information on
M,, and the radius of gyration (R, average root mean squared
radius from the center of the mass for a macromolecule) of macro-
molecules [69,70]. Depending on the light source, high- or low-
resolution shape information can also be obtained using SLS.

2.3.1. Dynamic light scattering

DLS, also known as photon correlation spectroscopy or quasi-
elastic light scattering, measures diffusion behavior of macro-
molecules undergoing the Brownian motion [69,71,72]. The
macromolecules are in continuous motion in solution due to the
bombardment from surrounding solvent molecules. Large macro-
molecules diffuse slowly, resulting in a smaller diffusion coeffi-
cient, whereas small macromolecules diffuse faster resulting in
higher diffusion coefficients. The diffusion coefficient (D) measured
using the intensity fluctuations of light can be converted to hydro-
dynamic radius (R, radius of a hypothetical sphere that diffuses at
the same rate as particle under investigation), using the Stokes-
Einstein equation [73].

KT
B 67T7’]Rh

(6)

where kg is the Boltzmann coefficient (1.380 x 10723 kg.m?.s 2.
K1), T is an absolute temperature, and 7 is the viscosity.

The determination of D, and therefore R, depends on size and
shape of macromolecules as well as experimental temperature
and solvent viscosity [69], implying that caution should be exer-
cised in solvent selection while performing DLS experiments. The
R, can be utilized to gain shape information of macromolecules
using the following the equation [74].

f=6mnRy (7)

where, f represents the translational frictional coefficient that can
be employed to calculate frictional ratio f/fo (ratio of Stokes radius
to that of a sphere with the volume of an unsolvated macro-
molecule) of macromolecules that is unity for spherical macro-
molecules but increases gradually for elongated and asymmetric
macromolecules.

2.3.1.1. Benefits and limitations. DLS is a non-invasive, rapid, and
reliable method to study homogeneity and aggregation of macro-
molecules and their complexes, which is very useful in prepara-
tions for solution (X-ray and neutron) scattering and X-ray
crystallography studies. It offers a host of benefits that other tech-
niques cannot provide. For example, using DLS, it is possible to
study homogeneity of macromolecules at a wide range of concen-
trations, solvent (salt and additives) conditions and temperatures.
Another advantage of DLS compared to AUC or other methods is
the amount of sample required. For a typical AUC-SV experiment,
~400 pL is required, whereas DLS requires a significantly lower
amount of sample (Table 1). DLS measurements are also rapid
(~20 min) compared to 6-8 h of AUC-SV or ~45 min required for
a typical SEC-MALLS experiment. DLS measurements at multiple
temperatures also enable thermal stability studies, which is useful
in comparing batch-to-batch preparations of macromolecules for
consistency. However, users should also be aware of the limita-
tions of DLS. Similar to AUC, temperature must be kept constant
throughout an experiment and accurate information of solvent vis-
cosity must be known. Extreme caution should be exercised while
interpreting monomer-dimer association of macromolecules, as
dimerization of macromolecules may not lead to a change in Ry
that could be reliably detected. DLS is inherently biased towards
dust particles and high molecular weight aggregates, therefore
the samples must be filtered and cuvette must be cleaned thor-
oughly. For further details on DLS, readers should refer to addi-
tional review articles [16,69,75-79].

2.3.2. Size exclusion chromatography - coupled with multiangle laser
light scattering

In principle, absolute M,, using light scattering can be obtained
if scattering intensity is measured at either sufficiently low angles
(such as SAXS) or if multi-angle detectors are used which facilitates
extrapolation to low-angle intensities. The size exclusion chro-
matography coupled with multiangle laser light scattering (SEC-
MALLS) involves combination of three techniques - size exclusion
chromatography (SEC), a photometer (multi-angle light scattering
detector) and a refractometer (concentration detector) [70,80,81].
In a typical SEC-MALLS instrument, separated macromolecules
from SEC (based on their size) enter, via continuous flow, first into
a light scattering instrument containing multiple detectors (18-20)
at various angles and then to a refractive index (RI) detector. The RI
detector then measures the concentration of SEC separated frac-
tions whose M,, was determined using MALLS. In addition, it is also
possible to connect the UV-detector, viscometer as well as DLS to
SEC-MALLS set-up to obtain concentration using UV-absorbance
method, viscosity as well as R, of macromolecules respectively.
The application of SEC is crucial as the presence of even trace
amount of aggregates will lead to an overestimate of M,. Light
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scattering, like AUC-SE, is one of the few methods widely used for
the absolute determination of M,,, mass distribution and the shape
of macromolecules and their complexes [47,82-85]. SEC-MALLS
has been successfully applied to study M, and stoichiometry of
proteins, RNA and their complexes [56,57,86-91] complementing
structural-biophysical analysis by solution (X-ray and neutron)
scattering, X-ray crystallography and NMR studies. If SEC resolu-
tion is sufficiently high, z-average (M,) and number-average (M,,)
molecular weights can also be estimated, which are useful param-
eters to study polydispersity. SEC-MALLS can also provide radius of
gyration (Rg) for sufficiently large macromolecules (molecules with
size >)/20, where / is the wavelength of the incident light). As SEC-
MALLS uses laser light (wavelength of ~658 nm), R, for biomole-
cules such as proteins and nucleic acids cannot be determined
accurately since they are too small compared to the wavelength
of the incident light. Therefore, other methods such as SAXS are
employed (wavelength of ~0.1-0.3 nm) to obtain R, for proteins,
nucleic acids and their complexes (see Sections 2.3.3 and 2.3.4).
It is important to note that the amount of scattered light is
directly proportional to M,, and (dn/dc)? (refractive index incre-
ment) of macromolecules. Therefore, to determine M, the light
scattering intensity at various angles (measured with MALLS), the
concentration (c) of the macromolecules (measured by the concen-
tration - or refractive index detector), and the specific refractive
index increment (dn/dc) values of macromolecules are required.
The RI detector measures dn/dv, which is the inverse of the change
in voltage the refractometer produces based on the differences in
refractive index between the sample and the reference. Once the
dn/dv is measured, the baseline signal (») can be converted to ¢
by applying the dn/dc value. Typically, the dn/dc values for proteins
range from 0.16 to 0.20 mL/g, for RNA from 0.17 to 0.19 mL/g and
for DNA, 0.17 mL/g. The dn/dc values for many macromolecules
have been provided in Thiesen et al. [92]. The Debye-Zimm method
is primarily used for data analysis [93], as it relates the excess Ray-
leigh ratio Ry, to concentration and weight-average molar mass to
determine the M,, using following equation.
Ry

e = MwP(0) - 2A,cM?P%(0) (8)

Ry is the excess Rayleigh ratio and A; is the second virial coefficient.
The K* is the optical constant, 47252 (dn/dc)*/,*N;", where ny is the
refractive index of the solvent, ¢ is the incident wavelength and NA
is Avogadro’s number. The P() (1 — 212 (Rgz)/3! +...) describes size,
shape and structure of macromolecules where (R§Z> represents the

radius of gyration and u = 4m(sin6/2)//. The reciprocal of equation
(Zimm equation) can be expressed as:

K xc 1 1
R :W(M—W“AZC) ®)

Thus, a linear fit to a plot of K*c/R(6) vs. sin?(6/2) is made for an
ideal system to obtain M,, and <R§Z) from the intercept and slope at
zero angle respectively |74]. This approach, while popular, discards
most of the higher angle data [70,94], and therefore an alternative
method (Debye) [95]) that allows linear fitting of all the light scat-
tering detector data is recommended. In Debye method, a plot of R
(0)/K*c vs. sin®(0/2) is constructed followed by a polynomial fit to
obtain the M,, and (Rﬁz) from the intercept and slope. The Debye

method provides more reliable estimates of M,, and <R§Z> over a
wider range of molecular weight as compared to the Zimm
formalism.

2.3.2.1. Benefits and limitations. Similar to AUC-SV and DLS, SEC-
MALLS is the method of choice to assess homogeneity of individual
species or complexes to ensure high-quality sample preparation

prior to structural studies. Using SEC-MALLS, it is possible to obtain
an absolute weight average molecular weight (M,,), radius or gyra-
tion (Rg), and, the second virial coefficient (A,). Similarities
between AUC-SE and SEC-MALLS include their ability to obtain
an absolute M,, in solution and non-invasive nature of both meth-
ods. However, compared to AUC-SE, a typical SEC-MALLS experi-
ment takes ~1 h to determine the M,,. SEC-MALLS measurements
can be performed under a range of solvent conditions (pH and ionic
strengths), and in the presence or absence of ligands. Although the
SEC column removes supramolecular contamination, it is advisable
to filter the sample and/or clear large aggregates by means of cen-
trifugation prior to light scattering analysis. As the amount of scat-
tered light is proportional to c.M,, (concentration and molecular
weight), for macromolecules <50 kDa, a relatively high concentra-
tion of macromolecules is required to obtain strong signals [70,30].
Additionally, an accurate dn/dc value is also required as determina-
tion of concentration of SEC-separated fractions and of M, is
dependent on errors in (dn/dc)? [70,80]. Further details on SEC-
MALLS can be found in excellent review articles: [69,80,83,96-99].

2.3.3. Small angle X-ray scattering

Small angle X-ray scattering (SAXS), also known as solution X-
ray scattering, is a type of static light scattering that employs
high-energy X-rays as opposed to the laser light that is being uti-
lized in SEC-MALLS. Due to the short wavelength of X-rays (0.1-
0.3 nm), molecular structure and R, of macromolecules and their
complexes can be obtained. However, in contrast to the X-ray
diffraction from macromolecular crystals, only a low-resolution
shape information (~10-20 A) can be obtained using SAXS. SAXS
offers the benefit of studying proteins, RNA and their complexes
in solution. [60,100-104]. Therefore, for a monodisperse and
non-interacting system, scattered light intensity is proportional
to that from a single macromolecule averaged over all orientations.

In a typical SAXS experiment, a solution containing macro-
molecules is exposed to high-energy monochromatic and colli-
mated X-rays, and the scattering intensity (I(q)) is detected as a
function of scattering vector length (q). The high-energy low-
wavelength light is able to penetrate into macromolecules and
interact with the electrons resulting in elastic scattering of light
based on the size and shape of macromolecules. The term ‘small
angle’ is very critical as the detector collects data at only very small
angles (~0.1-10°) that is essential to obtain reliable size and shape
information [102,105,106]. Modern synchrotron facilities employ a
range of sample-to-detector distances resulting in g values from
~0.02 to 8 nm !, covering an R, range of ~1-25 nm. In-house SAXS
instruments (e.g. Rigaku and Anthon Paar) provide measurements
in the range of 0.06-6 nm~’, however, in practice it is very difficult
to gain reliable information beyond ~3.5nm™! using in-house
sources.

The scattering vector length, g, can be defined as:

_ 4msing
i

(10)

where 20 is the angle between incident and scattering radiation
whereas, 4 is the wavelength of the incident light. SAXS data for
both solvent and solvent-solute preparations are collected followed
by data subtraction to eliminate scattering contributions from sol-
vent. The resulting 1D plot represents intensity of scattered light
(I(q)) at scattering angle (q) [102,105,106].

For a monodisperse system, the I(q) depends on a form factor, P
(q) and structure factor, S(q).

I(q) = nAp*V*P(q)S(q) (11)

where, n is the number density of macromolecules (ratio of concen-
tration ¢ to mass, M), Ap is the difference (p(r) — ps) in the average
electron density of solute (p(r)) and solvent (ps), and V is the
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volume of macromolecules (that is proportional to the mass, M of
macromolecules). As expected, higher Ap values provide better
signal-to-noise ratios. Note that the nucleic acids have higher aver-
aged density (~0.51 e"/A®) compared to proteins (~0.44 e~/A®) and
bulk solvent (~0.33 e~/A3), resulting in a stronger signal at similar
concentrations. For monodisperse systems under dilute conditions,
extrapolation of intensities of scattering light to infinite dilution
leads the structure factor to become 1. Therefore, Eq. (11) can be
rewritten as:

I(q) = cMAp*P(q) (12)

Thus, shape information for macromolecules can be obtained
using form factor P(q). The first ideal step towards obtaining struc-
tural information is to determine the R, using Guinier approxima-
tion according to the following equation [107].

Inl(q) = Inl(0) - R2q*/3 (13)

1(0) represents the intensity of scattered light as zero angle. Since it
is practically not possible to collect such information experimen-
tally, a plot of (I(q)) vs. (¢°) is used to obtain I(0). For globular
macromolecules, the Ryq range is from 0.7 to 1.3. Monodisperse
sample preparation will result in a linear Guinier plot, whereas
aggregation results into a nonlinear Guinier plot [105,108].

Alternatively, it is also possible to perform indirect Fourier
transformation and convert the reciprocal-space information of
In(I(q)) vs. (q) into real space distance distribution function (P(r)),
that provides information on maximum particle dimension (D;;qx),
R,, and the shape of macromolecules (Glatter, 1977).

PR .
PO =5z [ 0 S dg (14)
where, P(r) represents the electron pair-distance distribution func-
tion and D is the maximum distance in the scattering macro-
molecule. In addition to providing information on Dy, and Ry, the
shape of the P(r) plot reflects the gross solution conformation of
the macromolecule, and is discussed further in review articles
[102,109,110]. Compared to X-ray diffraction studies, where the
macromolecules are arranged in a fixed position in a crystal lattice
providing information on the directionality of atoms, in SAXS stud-
ies, the macromolecules are in a continuous motion, randomly ori-
ented and positioned, resulting in scattering of X-rays that provides
information on the average solution size of macromolecules. In
addition to the determination of Ry and D,qx, SAXS can also provide
information on M, estimates as discussed in [102,105,108].

SAXS also allows examination of folded/unfolded state of
macromolecules based on the Kratky analysis method, where a
plot of I(q)q* vs. q is constructed. For globular macromolecules
the Kratky plot results in a bell-shaped distribution, whereas for
extended or unfolded macromolecules, the I(q)g? increases with
an increase in g, reaching a plateau [111]. However, the main con-
cern with this method is that the y-axis values (I(q)q?) depend on
the M,, and concentration of macromolecules, which makes it dif-
ficult in the case of comparison of macromolecules with different
sizes. Further, this method may not be suitable to study partially
folded macromolecules that contain certain folded regions. There-
fore, a modified version, known as the normalized or dimensionless
Kratky analysis was proposed [112,113]. In this method, the inten-
sity I(q) is normalized to I(0), and q is normalized to Ry of macro-
molecules to plot (qR2)I(q)/I(0) vs. qR,. The normalized method
of Kratky plot offers two benefits. First, by dividing the I(q) by I
(0) that depends on the M,, of macromolecules, the plot becomes
independent of the M,, of macromolecules. Second, the multiplica-
tion of g with R, gives angular scale that does not dependent on
protein size, compared to the traditional Kratky plot. Ultimately,
this method provides more reliable information on partially

unfolded and disordered proteins as well as allows comparison of
SAXS data for different macromolecules [108,114].

2.3.3.1. Benefits and limitations. SAXS offers many advantages com-
pared to SEC, AUC, DLS, SEC-MALLS and other methods for charac-
terization of macromolecules. For example, it is possible to
determine M,, that does not depend on the shape of calibrant
and of macromolecules under investigation, unlike SEC. SAXS data
can distinguish monomer from dimer, and can perform simultane-
ous shape reconstruction using the program MIXTURE [115],
unlike DLS. AUC provides information on the gross conformation
of macromolecules (i.e. if the macromolecules are globular or
extended); however, SAXS ab initio models can provide a signifi-
cantly more detailed description of macromolecular shape. In addi-
tion, unlike AUC, where it is possible to find out (Yes/No answer) if
conformational changes occur with a particular species, by applica-
tion of SAXS, it is actually possible to visualize conformational
changes that occur [116]. SEC-MALLS is limited to very large
macromolecules or larger macromolecular assemblies in terms of
determining R, and typically not very useful for individual pro-
teins, nucleic acids or smaller complexes. SAXS can provide accu-
rate information on R, for macromolecules down to 1nm. In
addition, many synchrotron light sources now have HPLC-SAXS
instrumentation, which can separate aggregates, degraded prod-
ucts or unbound macromolecules from the complex to provide reli-
able scattering information on a monodisperse fraction.

Although NMR, X-ray crystallography, and cryo-electron micro-
scopy enable determination of structures at the atomic level, flex-
ible regions in macromolecules, large size, and complexes
involving multiple species are some of the challenges both meth-
ods encounter, preventing their application for a particular system.
SAXS in such cases can be used as a complementary method where
a portion of a complex or individual stably folded components can
be studied with NMR/X-ray crystallography/cryo-electron micro-
scopy to obtain high-resolution structure(s). On the other hand,
the entire system can be studied using SAXS to obtain low-
resolution shape information. Finally, both, high-resolution and
low-resolution data can be combined using various data analysis
tools (see Sections 2.4 and 2.5) to obtain a global picture that con-
tains relative positions and orientations of macromolecules in
complexes. Furthermore, a structure determined using X-ray crys-
tallography might have crystal related artifacts, for example, an
oligomeric arrangement that is enforced by crystal packing. SAXS
can also be used to confirm the solution structure of a determined
X-ray crystal structure [117]. Thus, to gain information on size and
shape of macromolecules and their complexes, SAXS is a useful
method that requires very small amount of sample (~15-50 uL,
Table 1) and relatively small amount of experimental time.

SAXS provides an averaged information on macromolecules or
their complex in solution, and therefore sample homogeneity is
the single most important factor influencing the reliability of the
data obtained. The danger with SAXS analysis is that the presence
of high M,, aggregates could lead to a wrong structural interpreta-
tion, especially because the I(0) is proportional to the M2, There-
fore, if the preparation is not monodispersed, misleading
conclusions can be achieved. As the light scattering depends on
the size of macromolecules, as low as 5% high M,, aggregates in
samples can lead to overestimation of Ry and Dpqy. Prior to per-
forming SAXS data collection, homogeneity checks using native
gel electrophoresis, SEC, DLS, AUC-SV and/or SEC-MALLS must be
performed. In the authors’ laboratories, it is a standard practice
to utilize multiple methods prior to data collection to ensure sam-
ple homogeneity and stability. Further, radiation damage of sam-
ples due to application of high-energy of X-rays should be
checked by comparison of sample quality prior to and after SAXS
data collection. Since SAXS is a contrast method, where the
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scattering contributions from the solvent is subtracted before the
data analysis, it is highly recommended that the solvent blank
matches with the solvent that was used to solubilize macro-
molecules. In order to avoid interparticle interactions, SAXS data
should be collected at multiple concentrations and the Rg values
should be checked for each data set prior to merging the data.
Often, SAXS data/models based on single concentration have been
presented and far-reaching conclusions have been made: such
practice should be avoided. As the light scattering also depends
on the concentration of macromolecules in addition to the size,
optimization of concentration range may be required for smaller
macromolecules.

2.3.4. Small angle neutron scattering

Small angle neutron scattering (SANS) employs neutrons rather
than the X-rays to study low-resolution shapes of macromolecules
and their complexes. In combination with SAXS, SANS has emerged
as a powerful technique to study RNA-protein complexes [118-
121]. In contrast to SAXS, in SANS, a solution containing macro-
molecules is exposed to neutrons that interact with the nuclei of
atoms. In X-ray scattering, the scattering length is proportional
to the number of electrons (i.e. atomic number). Therefore, hydro-
gen (H), one of the most common elements in biological systems,
has a very small scattering length (3.8 x 107! cm) resulting in
poor scattering. In addition, elements such as carbon, nitrogen,
and oxygen that are also commonly present in biological macro-
molecules have a highly similar scattering lengths for X-rays
(16.9-22.5 x 10 ' cm). On the other hand, for neutrons, the scat-
tering length for H is —3.74 x 1072 cm. In case of deuterium (D),
the scattering length for X-rays and neutrons is 2.28 x 107> cm
and 6.67 x 10713 cm respectively [122]. Thus, the major difference
between the X-ray and neutron scattering for biological macro-
molecules is the negative value of the scattering length for H for
neutron scattering, that allows neutrons to scatter, from hydrogen
to 180° out of phase. Further, the difference between the scattering
lengths of H and D in neutron scattering implies that the scattering
from H,O and D,0 will be different, unlike for X-rays, where scat-
tering length for H and D is highly similar. Thus, neutron scattering
offers benefit of matching the solvent background with the scatter-
ing from macromolecules, essentially providing a possibility to
“hide” some component(s) of the macromolecular complex and
visualize only selected one(s) by adjusting the ratio of H,0:D,0
mixture (contrast variation method, [123]). Therefore, for a
biomolecular complex composed of protein-nucleic acids or
protein-carbohydrates, neutron scattering can be a highly useful
method since the differences in scattering densities between pro-
teins, nucleic acids, and carbohydrates, due to the differences in
their atomic compositions can be taken advantage of, by mixing
H,0-D,0 at different ration to mask scattering contribution from
one of the two interacting partners. The relationship between neu-
tron scattering length for proteins and nucleic acids in HO and
D,0 is discussed in more detail elsewhere [124]|. SANS data are
processed similarly to the SAXS data. SANS is often being employed
as a complementary technique with other structural biology tech-
niques, NMR, and computational modeling [125-127].

2.3.4.1. Benefits and limitations. As the H,0:D,0 ratio is adjusted to
allow visualization of one type of macromolecules and mask con-
tributions from others, it is possible to investigate conformational
changes that occur by interaction of the binding partner. SANS also
allows application of wider range of buffer components (e.g. high
salt buffers) relative to SAXS. SANS is a gentle technique compared
to SAXS, resulting in significantly less radiation damage of macro-
molecules. However, neutron scattering offers relatively low flux
compared to X-ray scattering, requiring higher concentrations of

samples for data collection. Moreover, neutron sources are highly
expensive, limiting their availability as compared to the SAXS.

2.4. Computational modeling of proteins, RNAs, and their complexes,
with restraints from experimental data

2.4.1. Classification of macromolecular modeling methods

There exist a wide variety of methods for macromolecular 3D
structure prediction that are applicable to nucleic acids, proteins,
and their complexes. They can be classified in various ways. One
classification divides structure modeling methods into those based
on the fundamental laws of physics that govern the process of fold-
ing (i.e. the “Greek science” approach), and all others, which typi-
cally extensively use information about other structures, available
in various databases (i.e. the “Babylonian science” approach)
[128,129]. A number of computational methods based on either
of these approaches may perform model building with the use of
restraints derived from biochemical or biophysical experiments
(i.e. to bias the modeling process to fit the experimental data)
[130-133].

Modeling based on fundamental laws of physics is accurate but
very slow. The function with which to calculate the energy should
be ideally based on quantum-mechanical (QM) description of the
system. However, such calculations are extremely complex, there-
fore they are applicable only to very small molecules. Therefore,
various simplifications are used and typically the system is
described in terms of Newtonian dynamics (e.g., as in Molecular
Dynamics methods), but even then, physics-based methods can
only be used to model relatively small macromolecules. An alter-
native approach is to limit the conformational space by user-
defined restraints. For instance, solution scattering data can be
used as a differentiable energetic restraint in explicit-solvent MD
simulations, with the aim to direct the simulation into conforma-
tions satisfying the experimental data [134]. Molecular dynamics
simulations initiated with experimentally determined structures
and heavily restrained by experimental data have been used to
model the conformational transitions of RNA-containing macro-
molecular complexes as large as entire ribosome [135].

The modeling can be made much faster by further simplifica-
tions. Full-atomic resolution models represented in Cartesian coor-
dinates utilize three degrees of freedom (x, y, z) for each atom,
therefore even for small molecules, the conformational space is
enormous, which is challenging in terms of computational require-
ments to perform a simulation of macromolecular folding or bind-
ing. One way to reduce the number of degrees of freedom is to
restrict bond lengths and/or angles to idealized values to reduce
approximately 10-fold the number of adjustable parameters that
characterize a model. Further simplification can be achieved by
coarse-graining, in which groups of atoms may be treated as single
interaction centers or “pseudoatoms”, so that a smaller number of
elements and interactions is considered [136,137]. The simplifica-
tion can span different levels of detail — from several interaction
centers per amino acid or nucleotide residue to a single pseu-
doatom per element of secondary structure; such approach has
been used, e.g. for the refinement of low-resolution structures of
ribosomal RNAs with restraints from experimental data [138].

The accumulation of experimentally determined structures of
proteins, RNAs, and their complexes has enabled the development
of methods for macromolecular structure prediction that are not
based on first principles, but extensively use the knowledge of
“what the structures should look like”. One type of the
knowledge-based “Babylonian science” approach exploits data-
bases to derive statistical potentials for macromolecular simula-
tions and for scoring of models. The so-called mean force
potentials, compiled by using the Boltzmann’s principle, can take
into account all forces acting between atoms of the molecule under
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study as well as the influence of the environment, without the
need of defining each type of interactions separately [139]. It is
also possible to use existing molecular structures in a different
way: instead of modeling the physical process of macromolecular
structure formation, one can predict how do the macromolecular
structure changes in the course of the evolution. This type of struc-
ture prediction relies on empirical observation that evolutionarily
related (homologous) macromolecules usually retain the three-
dimensional structure despite the accumulation of divergent
mutations [128,140]. Therefore, experimentally determined struc-
tures can be used as “templates” to model structures of macro-
molecules that are expected to be related by homology. This
approach is usually referred to as “comparative modeling”, “ho-
mology modeling”, or “template-based modeling”. A third
knowledge-based strategy is intermediate between the two men-
tioned above: it involves the assembly of macromolecular struc-
tures from fragments that may be taken from experimentally
determined structures or predicted computationally with any
approach. The scoring functions used can utilize physical or statis-
tical potentials or the combinations of both, and they often enable
the use of experimental data from various sources.

2.4.1.1. Benefits and limitations. Physics-based methods for macro-
molecular structure modeling can often yield accurate and reliable
models for relatively small molecules. However, it is still not feasi-
ble to predict, with the use of pure theory, structures of large
macromolecules, unless they have related structures in the data-
base. On the other hand, the use of the knowledge-based approach
is limited only to target macromolecules for which a structurally
similar template exists in the database, but this target-template
relationship must be correctly identified. This limitation can be
partially overcome by incorporation of experimental restraints,
which can be used either explicitly in the modeling process or
for scoring and ranking of alternative models obtained.

One of the problems that plagues computational structure pre-
diction according to the physics-based approach is the large num-
ber of local minima of the scoring function that need to be
sampled, and as a result — a large number of alternative conforma-
tions that have to be analyzed. Force fields derived for coarse-
grained systems typically yield a much smoother energy surface
than those used for all-atom systems. As a result, many local min-
ima are removed, thus reducing the probability that a macro-
molecule is trapped in a suboptimal energy state during the
simulation. However, it must be emphasized that simplifications
of the model representation and the energy function enhance the
modeling speed usually at the cost of accuracy of the structures
obtained. Thus, it is not practical to expect that a folding simula-
tion with a coarse-grained representation would confidently pre-
dict a native-like protein or RNA structure with a precisely
estimated energy. On the other hand, the use of such simplified
methods may be the only practical way to computationally fold a
structure that is too complex for methods utilizing a full-atom rep-
resentation and a physical potential that is more expensive to
calculate.

The two problems of sampling and scoring can be addressed by
using different modeling methods, different representations and
different precisions and weights of structural restraints during dif-
ferent stages of the modeling. For instance, the initial modeling
may be done with template-based “Babylonian science” methods
that can approximate the target structure based on the laws of evo-
lution, which allow to avoid extensive sampling. Alternatively,
coarse-grained methods can be used to generate a large number
of models that approximately satisfy the imposed restraints. Then,
these models can be scored and/or clustered, to find groups of
alternative solutions that appear reasonable and can be used as
starting structures for the next stage of the modeling procedure,

with increased resolution of the representation and with more pre-
cise restraints. For modeling of RNA-protein complexes, this usu-
ally means that structural models of individual components
should be generated first by methods that are dedicated to either
protein or RNA 3D structure prediction. As a second step, compu-
tational RNA-protein docking is performed, usually with structures
of individual components (or at least one of them) modeled as rigid
bodies, and with restraints on RNA-protein interactions obtained
from various sources. Third, details of the complex structures are
optimized. At all stages of modeling, one must be careful to avoid
overfitting, especially with the use of restraints derived from low-
resolution experiments that should not be over-interpreted.

2.4.2. The use of experimental data to guide macromolecular structure
prediction

The restraints can describe various structural parameters of a
macromolecule, such as local conformation (secondary structure),
solvent accessibility, interatomic distances (e.g. tertiary contacts),
detailed structures of individual components, or a 3D shape of
the entire molecule. In each of these categories restraints can be
obtained based on the results of various biophysical and biochem-
ical experiments, and in many cases, they can be also predicted
from additional computational analyses, or both. Here we focus
specifically on the use of solution scattering methods reviewed
earlier in this article, while for the use of other types of methods
we refer the readers to other specialized reviews on approaches
developed for protein structures [137] and nucleic acids structures
[131,141-143].

Restraints on the shape of protein and RNA macromolecules and
their complexes can be obtained from small angle scattering (SAS)
experiments that utilize either X-ray (SAXS) or neutron (SANS)
radiation. SAS data can be used for ranking the model structures
obtained by large-scale computational simulations (e.g., from
RNA-protein docking experiments) to identify structures that best
explain the observed data using, for example, the FOXS server
[144]. The prediction of scattering curves with explicit solvent
Molecular Dynamics simulations can be used to take into account
the hydration layer and the excluded solvent, thereby avoiding any
solvent-related fitting parameters, while naturally accounting for
thermal fluctuations (e.g., as implemented in the WAXSIiS server
[145]). Although the calculation of theoretical scattering curves is
computationally expensive, it can be vastly reduced by employing
proper representation of the atomic model like spherical harmon-
ics or Zernike polynomials expansion (as implemented in CRYSOL
[146] and SASTBX [ 147] respectively). The availability of fast meth-
ods for estimating SAS curves from atomic models also enables
studies of conformationally heterogeneous structures. If a single
model cannot explain experimental data, tools like Minimal
Ensemble Search [148] or Ensemble Optimization Method
[149,150] can be used to identify a small set of most probable com-
ponents from a pool of states generated with bioinformatics mod-
eling tools (see Sections 2.5.2 and 2.5.5). SAS data can also be used
to obtain “ab initio” shape reconstructions at low-resolution, with
several computational methods available for this purpose, e.g.
DAMMIN/F [151,152]. Various modeling programs can be then
used to perform fitting of pre-modeled protein and RNA 3D struc-
tures into these shapes, and best-fitting structures may be selected
as the most promising models, e.g. as it was done for the determi-
nation of a structure of T-box RNA complexed with tRNA [153].

The global shape of large RNA-protein complexes can also be
directly observed using the electron microscopy done in cryogenic
conditions (cryo-electron microscopy). The recent advancements
in instrumentation has allowed investigation of molecules that
are ~100 kDa with a resolution of ~2.3 A [154,155]. The three-
dimensional structure reconstruction is done based on a large
number of collected two-dimensional projections. Cryo-electron
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microscopy has been instrumental for the modeling of RNA struc-
tures in the context of many important RNA-protein complexes, e.
g. Ribosome [156], spliceosome [157,158], or cascade complex
[159].

2.5. Modeling software

2.5.1. Software for modeling of individual protein and RNA 3D
structures

Computational modeling of protein structures is a mature field,
and a large number of prediction methods exist, whose develop-
ment has been fueled by a large amount of experimental data from
structural genomics projects. On the other hand, there are much
fewer structures of RNA, and consequently, fewer modeling meth-
ods. The accuracy of individual programs and prediction
approaches have been compared in community-wide experiments:
Critical Assessment of methods of protein Structure Prediction
(CASP; eg., [160] and references therein) and RNA Puzzles
[161,162].

A subjective short list of methods that perform well according
to benchmarks, are relatively easy to use (often are available both
as a standalone method and as a web server), and have been often
used in the context of RNA-protein complex modeling by the
authors of this article, include: MODELLER [163,164| and SWISS-
MODEL [165,166] for template-based modeling of protein struc-
tures, CABS [167,168], ROSETTA [169,170], and I-TASSER
[171,172] for template-free and hybrid modeling of protein struc-
tures, ModeRNA [173,174] for template-based modeling of RNA
structures, and FARNA [175] and SimRNA [176,177] for template-
free and hybrid modeling of RNA structures. Supplementary Tables
1 and 2 provide a list of packages for protein and RNA structure
prediction respectively, with a brief description and web link for
each package.

2.5.2. Software for 3D shape modeling based on SAS data

Small angle scattering is a low-information content technique.
The actual number of independent observations depends on the
data quality, maximum resolution, shape and size of the studied
particles. Theoretical analysis of the SAS curve information content
for an idealized experimental setup suggests that the number of
independent observations recorded for biological samples is in
the order of few tens [178]. A more accurate estimate for a specific
case that takes into account data quality can be obtained using
recently developed SHANUM program from the ATSAS suite
[179]. Nevertheless, one should always bear in mind that there is
a large danger of overfitting in the macromolecular modeling
based on SAS data. Therefore, the number of parameters of a model
should be reduced as much as possible. In the case of RNA-protein
complexes an optimal strategy is to perform rigid-body docking of
components obtained independently from other sources (see
Section 2.5.3).

The earliest study involving ab initio model reconstruction for
lysozyme was performed in 1998 by Chacon et al. [180]. After a
decade, the same approaches were applied to obtain low-
resolution shape information on nucleic acids [181-183]. The mod-
ern approaches to build low-resolution ab initio models based on
simulated annealing methods with preliminary information on R,
and D4« using programs DAMMIN [152], DAMMIF [151] and GAS-
BOR [184] are discussed by [100,102] and have been extensively
utilized by our group [1,5,6,8,51,116,185-188]. Furthermore, SAXS
data can be used to combine high-resolution structure information
for individual domains to fit in a full-length or a chimeric protein
or to study protein-protein/protein-nucleic acid interactions by
performing rigid-body analysis using programs BUNCH [189],
CORAL [190], SASREF [189], FoXS family packages [191] and SAX-
STER [238]. Application of SAXS data for rigid-body modeling is

rapidly growing in application [5,18,52,192-200]. A list of compu-
tational packages for high-resolution modeling of macromolecules
based on SAXS data is outlined in a recent review by Trewhella
[103]. We have also provided an updated list of packages with their
web link in the Supplementary Table 3. Recently, review articles
describing RNA 3D modeling using SAXS as a complementary tool
[201-203], SAXS analysis of RNA-protein and RNA-RNA complexes
[204,205] and application of NMR in combination with SAXS data
to study the structures of macromolecular assemblies [206-208]
have been published. In addition, readers are also advised to refer
to other excellent review articles for details on theories and appli-
cations of SAXS [60,62,100,102,104-106,109,110].

2.5.3. Software for modeling of RNA-protein complex structures with
the use of experimental data

With atomic models of protein and RNA components one can
proceed with the docking of the two structures in order to build
a complete model of the complex [209,210]. In general, two
approaches are available. One is to generate a large pool of plausi-
ble complex models with docking tools that enable RNA-protein
docking like NPDock [211], PatchDock [212], or HADDOCK [213]
and score them against experimental SAXS data using e.g. FOXS
[144] or CRYSOL [146]. Another possibility is to build complex
models with tools that can directly use SAS data to restrain docking
process. Currently available programs that can be used for that
purpose include IMP [144], pyDockSAXS [214], and FoXSDock
[191] and PyRy3D (developed in the Bujnicki laboratory and avail-
able at http://genesilico.pl/pyry3d). It is worth mentioning that
FoXSDock is the only SAXS-based docking method that additionally
provides multi-state scoring function. It enables modeling of com-
plexes when a sample contains a mixture of monomers and the
complex. Such an approach, however, must be used with care
and one should ensure homogeneity of the sample with the bio-
chemical methods discussed above.

An important issue with the above-mentioned docking methods
is the assumption that complex components conformations are
similar in their free and bound states. Although e.g. HADDOCK
allows for a limited flexibility of docked macromolecules at the
predicted interface it will not allow for larger conformational
changes. In the context of SAS-restrained modeling, it helps to
avoid overfitting but may make building complexes involving large
and flexible RNAs very difficult. For this reason, we have developed
a new protocol for modeling RNA-protein complexes that exploits
modular architecture of RNA. In this approach, individual helices of
RNA (together with hairpin loops at their ends) were modeled as
rigid bodies, restrained at the junction to maintain the continuity
of the nucleotide chain. Such a “marionette” model of RNA can
be modeled together with the protein component (potentially also
divided into small parts) to build a complex that agrees with
experimental data restraints. (Fig. 2) [6]. Initially, we used this
modeling strategy for docking, with the use of PyRy3D, the model
components into low-resolution ab initio reconstructions of the
complex shape (obtained e.g. with DAMMIN program, Fig. 2 panels
3 and 4). With the recent versions of PyRy3D, however, one can use
SAS curve to directly restrain the docking simulation, which is
highly recommended. With that approach, the final atomic model
can be compared with independently obtained low-resolution
shape reconstruction providing an additional quality check of the
results. Moreover, the simulation process is much easier to initiate
making it less error-prone and more accessible for non-specialists.

2.5.4. Software for validation of 3D structure models against SAS data

FoXS (Fast X-ray Scattering) is a web server available with an
intuitive interface at http://modbase.compbio.ucsf.edu/foxs/in-
dex.html. It is used for rapidly computing a SAXS profile of a given
molecular structure and its fit with experimental SAXS profiles if
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Fig. 2. Outline of the semi-flexible modeling of RNA-protein complexes with
PyRy3D. (1,2) Input model preparation. The structural models of complex compo-
nents can be obtained from databases of experimentally-determined structures (in
particular from the PDB) or modeled by computational methods. (3,4) Determina-
tion of ab initio shape reconstruction from SAS data and calculation of pseudo-EM
density map. (5) Restrained docking of the individual components to the low-
resolution map. (6) Geometry refinement of the final model.

provided [144]. The algorithm to compute SAXS profile is based on
the Debye formula. As an input, it takes a mandatory one structure
file in the PDB format (or a zip archive with multiple PDB files) to
compute its SAXS profile. The optional input includes an experi-
mental SAXS profile (as .dat file). Computing SAXS profile of a
molecular structure and its fitting with SAXS experimental profile
is performed rapidly in real time. The output page displays a plot of
the computed profile as well as a plot of the computed profile fitted
to the experimental profile. In addition, the values of fit parameters
(%, excluded volume, hydration layer density) and R, for the cur-
rent profile are displayed. Closer the value of ¢ to 1, better the
molecular structure fits the experimental SAXS profile.

CRYSOL calculates solution scattering profile from the macro-
molecular structure and fits it with the experimental SAXS profile
[146]. The software can be downloaded as an ATSAS package from
https://www.embl-hamburg.de/biosaxs/download.html. Alterna-
tively, CRYSOL web server can be accessed from https://www.
embl-hamburg.de/biosaxs/atsas-online/crysol.php. As an input,
one can use a structure of a protein or a protein-DNA(RNA) com-
plex (in PDB format) and an optional experimental SAXS profile
(as .dat file). CRYSOL uses multipole expansion of the scattering
amplitudes to calculate the spherically averaged scattering pattern
and takes into account the hydration shell. If the SAXS experimen-
tal data is provided, CRYSOL can fit the theoretical scattering curve
by minimizing the discrepancy (2 value). Supplementary Table 3
presents a list of data analysis packages that can be used to vali-
date high-resolution structures against solution scattering data.

2.5.5. Software to study disordered and flexible systems

In a biological system, there are many cases where the RNA,
protein and/or their complexes are flexible in nature. Conversely,
the protein of interest may be disordered in solution. Significant
progress has been made over the last few years to study disordered
and flexible systems. For example, the shape reconstruction based
on SAXS data of disordered and flexible macromolecules can be

performed by means of Ensemble Optimization Method
[149,215] and ENSEMBLE program [216]. The BILBOMB minimal
ensemble search algorithm combines the SAXS data analysis for
disordered and flexible system with molecular dynamics calcula-
tions [114,148]. On the other hand, the Basis-Set Supported SAXS
algorithm SAXS data analysis with coarse-grained analysis can also
be employed [217]. Furthermore, the Bayesian ensemble SAXS
package [218] and Ensemble Refinement of SAXS package [219]
can also be used to obtain structural information on flexible and
disordered systems. In addition, the programs such as MONTEHY-
DRO [220] and SIMUFLEX [221] can be used to calculate hydrody-
namic parameters and scattering intensities from disordered and
flexible macromolecules and their complexes [222].

2.5.6. Application of hydrodynamic properties for model validation

Apart from the application of hydrodynamic methods to study
homogeneity, conformational changes and in some cases M,,
these methods also provide useful parameters such as s, Ry, Rg
and Dy,.x for RNA, proteins, and their complexes. In addition to
the standard crosschecks, each modeling method utilizes, hydro-
dynamic parameters could be used to independently validate
low- and high-resolution models by comparing experimentally
determined and model derived parameters. The HYDRO-family
packages [223,224] and UltraScan Solution Modeler (US-SOMO)
[225,226] are widely used to calculate such hydrodynamic prop-
erties from low- and high-resolution structures. Typically, the
input parameters require structure coordinates file (PDB format),
the molecular weight of samples, density and viscosity of buffer
and experimental temperature. The detailed description of the
hydrodynamic modeling and the approaches these programs
employ to provide information on hydrodynamic parameters are
discussed elsewhere [227-229]. However, their brief description
and web links are presented in Supplementary Table 4. We have
used such approaches to derive hydrodynamic properties from
models calculated using solution scattering data and computa-
tional modeling approaches to validate RNA, protein as well as
RNA-protein complexes to independently validate the hybrid
models [1,5,6,8,23,51,52,116,185,187,230].

3. Case studies
3.1. Pentatricopeptide repeat protein (PPR10) - RNA complex

The pentatricopeptide repeat (PPR) proteins belong to an alpha-
solenoid superfamily, that are found to be present in all eukaryotes
and plants, and are composed of 2-30 tandem repeats of degener-
ate 35 amino acids. The PPR family proteins play vital roles in RNA
editing, maturation, post-transcriptional modifications and stabi-
lization in mitochondria and chloroplast [231-236]. The interac-
tion studies of recombinant PPR10 protein (chloroplast
pentatricopeptide repeat protein 10, residues 69-786, 82.5 kDa)
from Maize (Zea Maize) with 17-nucleotide (nt) (atpH) and 18-nt
(psaJ) RNA oligonucleotides illustrates the methodologies dis-
cussed in previous sections. PPR10 expressed in E. coli was partially
purified using its MBP fusion tag, cleaved, and purified using SEC
[237]. Previous studies suggested that PPR10 self-associates read-
ily [238], and therefore SEC-purified PPR10 was studied by AUC-
SV. A monomer-dimer equilibrium was observed, with a monomer
peak (~5S) gradually decreasing in area relative to a dimer (6.5S)
as PPR10 concentration was increased. Complex formation with
an equimolar concentration of 17-nt RNA (~5 kDa) presented sin-
gle peak at 4.9S, suggesting that the presence of RNA is sufficient to
prevent dimer formation [237]. SEC-purified PPR10 with mutations
designed to prevent disulfide formation (residues 69-786, C256S/
C2795/C430S/C449S) was subsequently crystallized alone or in
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complex with the 18-nt pas/-RPL33 intergenic region [239]. The
crystal structure of PPR10 revealed that although there is only
one molecule of PPR10 present in the asymmetric unit, two
symmetry-related macromolecules were present in an antiparallel
orientation. The antiparallel dimer of PPR10 was observed in com-
plex with psaj. However, the PPR10 undergoes a conformational
change where the N- and C-terminal helices are located towards
the center of the structure resulting in decrease in axial length of
PPR10 by 20 A. Attempts to crystallize a second PPR10 complex
with the atpH RNA were not successful, but AUC-SE experiments
demonstrated that atpH and not psaJ was able to weaken dimeriza-
tion of PPR10 [239]. A third study used HPLC-SAXS experiments to
obtain solution structure of PPR10-atpH (87.8 kDa) at lower con-
centrations [240]. Using PPR10 and atpH high-resolution structures
with SAXS data for the complex as a constraint, the PPR10-atpH
complex was found to be monomeric in solution, as evidenced by
the AUC-SV studies [237]. Therefore, the integrated use of SEC,
AUC-SV, AUC-SE, SAXS, and modeling suggest differences in both
affinities and dimerization of PPR10 with psaJ and atpH.

3.2. Interaction between tRNA-modifying enzymes (MnmE/MnmG)
with GTP

In bacteria, MnmE and MnmG form a complex (MnmE/MnmG)
responsible for the carboxymethylaminomethyl modification of
uridine 34 of tRNA. MnmE contains an N-terminal o-helical
domain (enabling dimerization), and a C-terminal G domain that
toggles between a GDP bound “open state” and a GTP-dependent
“closed state” where interaction of G-domains enables rapid GTP
hydrolysis [241-243]. Based on SEC-MALLS and with SAXS ab initio
modeling [87], MnmE alone is a dimer with the G domains not
interacting, while MnmE in the presence of GDP-AIFx is consistent
with the open state based on a homology model of MnmE [241]|
with the G-domains interacting that could back-calculate SAXS
scattering data. MnmG is composed of an N-terminal FAD-
binding domain and a C-terminal helical domain, and forms a
stable dimer by SEC [244]. HPLC-SAXS studies of A. aeolicus MnmG
displayed self-association at high concentrations and ab initio
structures that agreed well with the dimeric high-resolution struc-
ture [87]. SEC-MALLS studies confirmed a dimer of MnmG.

3.2.1. Only one of the two MnmG interacts with tRNAY* in solution

SEC-MALLS studies of the MnmG-tRNAYS complex yielded a M,,
consistent with one tRNA molecule bound to the MnmG dimer. Ab
initio shape reconstructions of the complex using HPLC-SAXS con-
firmed that only one of the MnmG domains shows presence of
extra volume [87] relative to MnmG alone, and docked models of
the predicted complex (PatchDock [212]) were consistent with
SAXS data (using CRYSOL [146], as discussed in Section 2.5.4)
[87]. The docked model had the anticodon stem-loop of the tRNA
(where uridine 34 is located) localized in the FAD-binding pocket
of MnmG and near two catalytic residues.

3.2.2. Dimeric MnmE/MnmG complex

SEC-MALLS analysis of the MnmE-MnmG complex suggested a
dimer of dimers, with an L-shaped assembly predicted by HPLC-
SAXS. Docked complexes were then scored based on agreement
with SAXS data (using CRYSOL [146]), alignment with the ab initio
models, proximity of active sites and vacancy of the tRNA binding
site on MnmG [87]. This analysis suggested that the C-terminal
domain of an MnmG monomer interacts with the N-terminal
domains of the MnmE dimer, such that the cofactor-binding sites
of MnmE/MnmG are oriented towards each other allowing tRNA
modification by MnmG [87].

3.3. Recognition of the West Nile Virus (WNV) genome by 2'- 5'-
oligoadenylate synthetase 1 (OAS1)

The interaction between human OAS1 and the double-stranded
RNA (dsRNA) terminal regions (TR) of the WNV genome was inves-
tigated using a combination of DLS, AUC-SV, SAXS, and computa-
tional modeling [8,51]. OAS1 is a dsRNA-activated enzyme that is
central to the innate immune response to WNV infection, and these
studies sought to determine the recognition site on the viral gen-
ome. The individual 5'- and 3’-terminal regions of the WNV gen-
ome (5-TR and 3'-TR) were investigated because of their dsRNA
character and that they undergo unfolding and the establishment
of new long-range base-pairing interactions between the TR during
viral replication [245]. SEC-purified OAS1 exhibited a single peak
by AUC-SV and DLS measurements, consistent with both the pre-
dicted M,, and ab initio models generated by SAXS [51]. The
high-resolution structure of human OAS1 superimposed well with
the ab initio models as well [246].

Based on RNase probing experiments, the 5-TR of the WNV
genome adopts three distinct dsRNA stem-loops [247]. DLS of the
5-TR suggested suitability for SAXS analysis, and interestingly
two closely-related conformations of the 5'-TR were observed in
ab initio SAXS reconstructions suggesting flexibility of the molecule
in solution [51]. One of the conformations corresponds to the
expected secondary structure, the other lacks definition potentially
capturing a partially unfolded conformation. OAS1 binding does
not significantly perturb the solution structure of the 5-TR as
determined by SAXS, but instead presents a disc-shaped protrusion
from the RNA, consistent with the human OAS1 structure. Binding/
enzymatic studies confirmed the requirements of specific stem-
loops in the 5-TR for OAS1 interaction.

The 3'-TR studied by SAXS adopts an extended dsRNA confor-
mation in solution, and was cross-validated by DLS. Computational
models using the SAXS data and RNA secondary structural data as

A

Fig. 3. Computational modeling of protein-RNA complexes with the use of Small
Angle Scattering data. (A) Atomic model of human OAS1 and 3’-terminal regions of
the WNV with the corresponding ad-initio reconstruction. (B) Atomic model of the
RNA binding domains of PKR and VAIATS built based on the ab initio reconstruc-
tions of protein (light gray) and RNA (dark gray) components of the complex.



158 T.R. Patel et al./Methods 118-119 (2017) 146-162

restraints (using SimRNA/PyRy3D modeling pipeline) suggested a
bent and extended A-RNA helical structure with the bottom of a
long and short-stem loop stacking on each other. OAS1-3’-TR com-
plex formation studied by SAXS and computational modeling of
the existing 3D structure of OAS1 was consistent with biochemical
data demonstrating interaction with the long stem loop, and does
not significantly perturb the RNA structure (Fig. 3). The experimen-
tally determined structure of OAS1 [246] and refined model of the
3’-TR RNA were treated as rigid bodies and additional restraints
were used to keep OAS1 residues involved in protein-RNA interac-
tions close to the RNA chain.

3.4. Solution conformation of adenovirus associated RNA-I (VA;)

During the late stages of adenovirus infection, VA; RNA
(~160 nt) accumulates to high concentration to help enable effi-
cient translation of viral mRNA in part by inhibition of the RNA-
dependent protein kinase (PKR) [248-250]. VA, consists of dsRNA
with an apical stem-loop (AS), a central stem-loop, (CS), and a ter-
minal stem (TS) meeting at a three-way junction (3wj) [251]. Using
a combination of DLS, AUC-SV, SAXS, and computational modeling,
the solution structure of VA, and its interaction with a protein
binding partner (RNA-dependent protein kinase, PKR) was deter-
mined [6]. VA, preparations were monodisperse, with DLS, AUC-
SV, and SAXS analysis yielding results consistent with an extended
RNA structure. SAXS analysis of VA|ATS revealed a P(r) distribution
plot with a skewed bell shape at short radii with an extended tail
suggesting an elongated RNA, and this was confirmed by ab initio
solution structures and DLS measurements. Complex formation
between the tandem RNA binding domains of PKR (dsRBMs; resi-
dues 1-169) and dsRNA stem-loops, including VA|ATS, have been
studied using similar approaches [6,116]. SAXS analysis of VA|ATS
and dsRBMs alone enabled deconvolution of the ab initio model of
the complex formed between them. Computational approaches
were then used to predict the tertiary structure of the complex.
The existing high-resolution structure of the dsRBMs [252],
SimRNA-predicted VA|ATS structure, known regions of flexibility
in the protein, and the SAXS ab initio reconstructions were used in
rigid-body modeling of the complex using PyRy3D (Fig. 3). Both
dsRBMs mediated the interaction with the AS, with the first dSRBM
interacting with the loop of the AS and the second dsRBM contact-
ing the AS at is base near the 3wj. The high-resolution models also
demonstrated that the CS of VA, does not participate in interaction
with dsRBMs [6].
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