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Abstract Dynamic light scattering (DLS), also known as pho-
ton correlation spectroscopy (PCS), is a very powerful tool for
studying the diffusion behaviour of macromolecules in solu-
tion. The diffusion coefficient, and hence the hydrodynamic
radii calculated from it, depends on the size and shape of mac-
romolecules. In this review, we provide evidence of the useful-
ness of DLS to study the homogeneity of proteins, nucleic
acids, and complexes of protein—protein or protein—nucleic acid
preparations, as well as to study protein—small molecule inter-
actions. Further, we provide examples of DLS’s application
both as a complementary method to analytical ultracentrifuga-
tion studies and as a screening tool to validate solution scatter-
ing models using determined hydrodynamic radii.
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Introduction

Detection of light scattering from matter is a useful technique
with applications in numerous scientific disciplines where, de-
pending on the light source and detector, specific properties of
molecules can be studied. In a typical light-scattering experi-
ment, sample is exposed to a monochromatic wave of light
and an appropriate detector detects the signal. One of the earliest
light-scattering experiments was described by John Tyndall,
which characterized light scattering from colloidal suspensions
(Tyndall effect), where particles are larger than the wavelength
of the incident light (Tyndall 1868). Soon after, Lord Rayleigh
described light scattering from particles that are smaller than the
wavelength of light (Rayleigh scattering), which explained both
that the sky’s blue colour is a result of scattering of light due to
atmospheric particles and that the refractive index of the scatter-
ing medium plays a crucial role in light scattering (Strutt 1871a,
b). In contrast to Rayleigh theory, Gustav Mie (1908) described
a theory (Mie theory) to study the scattering of light from ab-
sorbing and non-absorbing particles that are large compared to
the wavelength of light by taking into account particle shape and
the difference in refractive index between particles and the me-
dium the particles are present in. Peter Debye suggested that
scattering for particles can be studied independently of assump-
tions on mass, size, or shape as a function of angle (Debye
1915), which is often referred as Rayleigh-Debye scattering.
The usefulness of light scattering as a method to character-
ize the diffusion behaviour of particles in solution resulted
from a series of seminal discoveries. Einstein and
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Smoluchowski proposed that liquid should be considered as a
continuous medium where thermal fluctuations create inho-
mogeneities, which result in density and concentration fluctu-
ations (Fluctuation theory of light scattering, Einstein (1910);
v. Smoluchowski 1908). Einstein (1905) also established
Brownian motion theory (named after Robert Brown)
explaining molecular motion of particles. He established that
particles were subjected to random forces due to constant col-
lision with solvent molecules resulting in random walk of
particles, and that the mean squared displacement of
particles due to Brownian motion is proportional to time.
Later, Einstein also established a relationship between the
diffusion coefficient of particles to their translational friction
by including the discovery from Sir George Stokes (1845) that
suggested that the friction exerted by a moving particle is
proportional to its radius and to the viscosity of the solvent
surrounding particles (Einstein 1906). At the same time,
William Sutherland also presented a very similar derivation
of the Stokes—Einstein equation independently (Sutherland
1905). However, until this point the role of optical anisotropy
on angular dependence, intensity, and polarization of scattered
light had not been studied. Cabannes and Rocard (1929) and
Gans (1921; 1923) addressed the theory of optically aniso-
tropic scatters as well as their influence on polarisation of
scattered light. By this time the Rayleigh—Gans—Debye
(RGD) theory was established that included scattering from
large particles; however, Zimm’s (1945; 1948) modifications
to RGD equations led the foundation of modern light-
scattering approaches that are being utilized to determine size,
shape, and molecular weight of macromolecules in solution.
On the other hand, Leon Brillouin (1914; 1922) proposed
formation of two peaks in the frequency distribution of
scattered light caused by the scattering of light by phonons
(quasi-particles of sound), resulting in two peaks in the
Rayleigh (central) line in the frequency spectrum which was
later named as the Brillouin doublet. This phenomenon was
further evaluated by Gross (1930) and Landau and Placzek
(1934), which in conjunction with the development of laser
optics in the 1960s would revolutionize the light-scattering
studies of molecules in liquids. Pecora (1964) established that
the diffusion of macromolecules in solution led to broadening
of the frequency profile of scattered light. Pike and co-workers
developed the first digital autocorrelator in 1969 and performed
experiments on haemocyanin to determine its diffusion coeffi-
cient (Foord et al. 1970). Thus, the relationship between light
scattering and diffusion behaviour of particles was established
and experimentally verified, which eventually allowed charac-
terization of molecules in solution using light-scattering
methods. These events are briefly summarised in Table 1.
Over the years, Pecora, Cummins, Pike and others
(Bloomfield and Lim 1978; Cummins et al. 1964; Fujime
1972; Jakeman and Pike 1969; Pecora 1972; Pike 1972) had
developed various approaches to determine the diffusion
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coefficient of molecules in solution, and ultimately their contri-
butions led to the development of the moderm dynamic light-
scattering (DLS) instrument, with Malvern Instruments
(Malvern, UK) commercializing the first modern DLS instru-
ments followed by Brookhaven (Long Island, USA) and ALV
(Langen, Germany). Since its inception, DLS has proven parti-
cularly popular in determining hydrodynamic behavior of pro-
teins, nucleic acids, and viruses due to its ability to provide infor-
mation on both size and aggregation. There are already a number
of excellent reviews detailing the theory and applications of DLS
(Bloomfield 1981; Fujime 1972; Harding and Jumel 1998;
Harvey 1973; Jamieson et al. 1972; Lorber et al. 2012;
Nieuwenhuysen and Clauwaert 1981; Nobbmann et al. 2007,
Rimai et al. 1970; Schurr 1977; Serdyuk et al. 2007; Van
Holde 1970; Zakharov and Scheffold 2009). Here, our aim is to
provide a brief theoretical background, an update on applications
of DLS in studying proteins, nucleic acids, and their complexes,
and a discussion of the benefits that modern instruments offer.

Theoretical considerations

When a monochromatic beam of light encounters solution con-
taining macromolecules, light scatters in all directions as a func-
tion of the size and shape of the macromolecules. In static light
scattering, the intensity of scattered light is analysed as time-
averaged intensity, which provides useful information on mo-
lecular weight and radius of gyration of macromolecules. On
the other hand, if the intensity fluctuations (caused due to
Brownian motion of macromolecules in solution) of scattered
light is analysed, the diffusion coefficient (D,) that is related to
hydrodynamic size of macromolecules can be obtained.
Dynamic light scattering, also known as photon correlation
spectroscopy or quasi-elastic light scattering, is a technique that
primarily measures the Brownian motion of macromolecules in
solution that arises due to bombardment from solvent mole-
cules, and relates this motion to the size (or D,) of particles.
Such motion of macromolecules depends on their size, tempe-
rature, and solvent viscosity (Harding and Jumel 1998).
Therefore, knowledge of accurate temperature is essential for
DLS measurements, since the viscosity of solvent depends on
the temperature (Harding 1999). When the movement of parti-
cles over a time range is monitored, information on the size of
macromolecules can be obtained, as large particles diffuse
slowly, resulting in similar positions at different time points,
compared to small particles (such as solvent molecules) which
move faster and therefore do not adopt a specific position.

In a dynamic light-scattering instrument, when laser light
encounters macromolecules the incident light scatters in all
directions and scattering intensity is recorded by a detector.
The monochromatic incident light will undergo a phenome-
non called Doppler broadening as the macromolecules are in
continuous motion in solution (Harding and Jumel 1998). The
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Table 1 Timeline of major
events

Historical developments

References

Friction experienced by moving particles is related to its radius
and solvent viscosity
Tyndall effect: light scattering from colloidal suspensions

Rayleigh scattering: blue colour of sky due to the scattering
of light by atmospheric particles, importance of refractive
index in light scattering

Mie scattering: scattering of light from particles larger than
the wavelength of light

Brownian motion theory: collision with solvent molecules
results in random motion of particles

Stokes—Einstein relationship: combines light scattering and
diffusion behaviour of particles

Fluctuation theory of light scattering: thermal fluctuations
result into local inhomogeneities and intensity of scattered
light can be determined by the mean-square fluctuations
in density and/or concentration

Rayleigh—Debye scattering: particles can be studied without
assumptions on mass, size or shape as a function of angle

Theory of optically anisotropic scatters

Brillouin doublet: theory and verification

Siegert relation: relationship between the electric field
correlation and intensity correlation function
Beginning of the modern light scattering approaches

Digital autocorrelator development and diffusion
coefficient measurement of haemocyanin
Cumulant analysis method for monomodal systems

Exponential sampling method

Constrained regularization method for inverting data
Non-negative least squares analysis method
Maximum-entropy method

Singular value and reconstruction method

Stokes (1845)

Tyndall (1868)
Strutt (1871a; 1871b)

Mie (1908)
Einstein (1905)
Einstein (1906), Sutherland (1905)

Einstein (1910), v. Smoluchowski (1908)

Debye (1915)

Cabannes and Rocard (1929), Gans
(1921; 1923)

Brillouin (1914; 1922), Gross (1930),
Landau and Placzek (1934)

Siegert (1949)

Pecora (1964)
Foord et al. (1970)

Koppel (1972)

Ostrowsky et al. (1981)

Provencher (1982a; 1982b)

Morrison et al. (1985)

Livesey et al. (1986) Nyeo and Chu (1989)
Finsy et al. (1992; 1989)

scattered light will either result in mutually destructive phases
and cancel each other out, or in mutually constructive phases
to produce a detectable signal. The digital autocorrelator then
correlates intensity fluctuations of scattered light with re-
spect to time (ns-us) to determine how rapidly the intensity
fluctuates, which is related to the diffusion behaviour of
macromolecules. In a dynamic light-scattering experiment,
we measure the G,(7), an intensity correlation function (or
second-order correlation function) that describes the motion
of macromolecules under investigation and can be
expressed as an integral over the product of intensities at
time ¢ and delayed time (¢ + 7) (Berne and Pecora 1976):

Ga(7) = U(DI(t + 7)) (1)

where, T is the lag time between the two time-points.
The G, (7) can be normalised as:

_ @I+ 7))
gZ(T) = <](t)>2 (2)

The braces in both equations represent averaging of prop-
erties over the duration of the experiment (time £).

In a typical light-scattering experiment, it is not possible to
precisely know how each particle moves in solution; however,
the motion of particles relative to each other is correlated by
means of an electric field correlation function, G;(7), also
known as the first-order correlation function, which illustrates
correlated particle movement and can be defined as:

Gi(7) = (E(E(t + 7)) (3)

where, E(f) and E(#+71) represent the scattered electric fields at
times (¢) and (¢ + 7)
Similarly to equation 2, an equation 3 can be normalized as:

(E(E(t+ 7))
(E(1)E(1))
The g;(1) and g»(7) can be coupled to each other by

the Siegert relation (1949) based on an approximation that
the scattering is homodyne (photodetector detects only

gi(1) = (4)
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scattered light) and that the photon counting is a random
Gaussian process,

& (1) =B+ Blg (7)) (5)

where, B is the baseline (~1) and 3 is the coherence
factor that depends on detector area, optical alignment,
and scattering properties of macromolecules.

For monodisperse particles, the electric field correlation
factor, g;(7) decays exponentially and is dependent on a decay
constant, I, for macromolecules undergoing a Brownian mo-
tion.

gi(r)=e'" (6)
Therefore, equation 5 can be rewritten as:
g(m) =1+ 87 (7)

However, for a polydisperse system, g;(7) cannot be repre-
sented as a single exponential decay but as an intensity-
weighed integral over a distribution of decay rates G(I') rep-
resented as:

&) = |Gt (8)
0

The decay constant, I" in equation 6 is directly related to the
diffusion behaviour of macromolecules (D) as expressed in
the following equation.

I' =-D,¢* 9)

In Equation 9, the Bragg wave vector ¢ is proportional to
solvent refractive index n (Harding 1999).

q :4—Znsin(9/2) (10)

Where, A is the wavelength of incident light and, 6 is angle
at which the detector is placed.
Therefore, equation 7 can be rewritten as:

(1) =1+ fe 2P (11)

Thus, equation 11 connects the particle motion with the
measured fluctuations (Burchard 1983).

DLS instruments employ either a detector at 90 ° (e.g.,
DynaPro® NanoStar® from Wyatt Technology or Zetasizer
Nano S90® from Malvern Instruments) or a backscatter
detection system at 173 © (e.g., Zetasizer Nano S® from
Malvern Instruments) and at 158 ° (DynaPro Plate
Reader® from Malvern Instruments) close to the incident
light of 180 °. Compared to the detection at 90 °, at a high
scattering angle, the contributions of rotational diffusion
effects in the observed autocorrelation profiles can be
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neglected and the D, can be obtained (Harding 1999;
Pusey 1972). As light does not travel through the entire
sample in the cuvette, the backscattering detection system
also allows for measurement of the D, of highly concen-
trated samples since multiple scattering phenomenon (scat-
tering of a photon by more than one particles in contrast to
scattering of a photon by only one particle) of scattered
light can be avoided. Furthermore, large dust particles and
contaminants scatter more light in the forward direction as
their scattering becomes wavelength-independent compared
to smaller size particles (Rayleigh scattering) that have
nearly equal scattering in both directions, scattering contri-
bution of large particles could be avoided in a backscatter
detecting system.

As the translational diffusion coefficient, D, is concentra-
tion-dependent, it should be measured at multiple concentra-
tions and extrapolated to infinite dilution (D’)) as a standard
practice. Furthermore, the DOT can be converted to the stan-
dard solvent conditions (viscosity and temperature of water at
20 °C) to obtain DOTJ(),W (Harding and Jumel 1998; Raltson
1993). The D, is extremely useful in the determination of
other important hydrodynamic parameters. For example, the
hydrodynamic radius (R;,), which can be defined as the radius
of a hypothetical sphere that diffuses at the same rate as par-
ticle under investigation, can be obtained using the Stokes—
Einstein equation (Pusey 1972).

_ ksT
T 6mnR,

(12)

Where kg is Boltzmann coefficient (1.380 x 10723
kg.m®s 2K "), T is an absolute temperature, and 7 is the
viscosity of medium.

Additionally, the translational frictional coefficient, f (F/v,
ratio of frictional force F experienced by moving particles due
to Brownian motion and the velocity v of the particle) that
provides information on the shape of macromolecules can also
be calculated using D, by the following equation.

RT
N 4Dy

/= (13)
Where R is a gas constant (8.314 x 1077 erg/mol.K), T'is an
absolute temperature, and N, is Avogadro’s number
(6.022137 x 10** mol).
The frictional coefficient can also be calculated using R,
and equation (12) (Tanford 1961).

S = 6mnRy, (14)

The translational frictional coefficient can be further used
along with the D, to calculate frictional ratio (f/fy, ratio of
Stokes radius to that of a sphere with the volume of an
unsolvated macromolecule) of macromolecules that can pro-
vide information with regard to the solution conformation of
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macromolecules. For a compact sphere, the frictional ratio is
unity and as the shape of macromolecules deviate from com-
pact sphere, f/f, increases.

Data analysis

Modern instruments are supplied with packages that per-
form data analysis, using various approaches to primarily
evaluate size and homogeneity of macromolecules. In this
section, we provide the background in brief on data anal-
ysis strategies. The correlation function (equation 11) con-
tains information on diffusion behaviour of macromole-
cules under investigation, which in turn has information
on R;, (equation 12). In order to gain reliable information
on diffusion coefficient, primarily two approaches are used
to fit the correlation function — monomodal distribution
and nonmonomodal distribution methods.

Monomodal distribution — cumulant analysis

The cumulant analysis method, also known as the meth-
od that does not require a priori information, provides
mean values of the diffusion coefficient but not the
distribution of diffusion coefficients. Therefore, this
method is only suitable for Gaussian-like distributions
around the mean values. As explained in equation 6,
the electric field correlation factor, g;(7) decays expo-
nentially and is dependent on a decay constant,
I'(I'=—D,q*). For a monodisperse system, the g; (7)
can be treated as a single exponential decay function
to calculate the decay constant and hence the diffusion
coefficient. However, often the experimental system is
polydisperse, which requires the g,;(7) to be treated as
the sum of several exponential decay functions that de-
cays at different rates.

The cumulant analysis method was introduced by
Koppel (1972) which became widely popular due to
its ease and reliability, and was considered as the meth-
od of choice by the International Standards Organisation
(ISO) in 1996 and again in 2008 (ISO 2008). Other
methods including singular value and reconstruction
methods were also developed, however, they are not
as popular for the data analysis (Finsy et al. 1989,
1992). Koppel (1972) derived the cumulative-
generating function K(—7, I') that is related to the loga-
rithm of g;(7) and the m™ cumulant of distribution func-
tion k,,(I'):

_d"K(—T,T)"
- d()

= Ing,(7) (15)

ke (I7) -1 =0 where, K(—7,I")

The £,,(I') can be rewritten to derive moments about the
mean (ly):

i = J G(I)(r-I0)"dr (16)
0
as
b = [Gryrar = 1 Ja(n) = m. k()
0

=3, ka(7) = py=3455... (17)

where, I" is the mean of I' values. Here, based on the
Taylor expansion of K(—7, I') about (7)=0, the Ing;(7)
(see, equation 15) can be rewritten as:

. k» k3 kq
K(7,I)=Ing(r) = —FT-I-sz_ﬁTB' —4—174... (18)
If we now recall equation 5, [Siegert relation (1949)]
and convert it to a logarithmic mode, we can obtain,

In(g,(7)~-B) = Inf + 2Ing, (1) (19)

Finally, by combining equations 18 and 19, we can
obtain:

In(g>(7)=B) = Inf3

_ k k k4
+2 <—FT + 2—?7'2—3—3!7'3 + 57'4-.) (20)

Equation 20 has some useful properties. First of all, the exper-
imentally measured and normalized g,(7) could be plotted
against (7) to fit the parameters on the right-hand side of the
equation. The I" (ky), ko, k5 and k4 represents average, vari-
ance, skewness and kurtosis of measured distributions respec-
tively for the decay rates of the Gaussian distribution. More
importantly, the polydispersity index (PDI) could be derived

by using k»/ I’ relationship. Ideally, parameters above k3
are not used to prevent over fitting of the data. It should
be noted that often data truncation is required (typically
when the autocorrelation function decays~ 10 % of the
maximum value) because as the signal decays into the
baseline, the higher noise could drive signal to negative
values which are not useful as the data processing requires
mathematical treatment of data such as square root and
logarithm. Also, random errors lead to huge variations
fitting of cumulants. For example, with the highly sophis-
ticated instruments, random errors in I" could be as low as
1 % but for k, it could be as high as 20 %. Therefore, the
high-order cumulants are not recommended to be used
(Koppel 1972).
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Non-monomodal distribution methods

Unlike the cumulant analysis, non-monomodal methods do
not assume a certain type of distribution of diffusion proper-
ties, and are more suitable for polydisperse systems. The non-
negative least squares (NNLS) method was developed by
Morrison et al. (1985) for broad monomodal or multimodal
distributions, which involves non-negativity constraints and
the geometrical spacing of the distribution based on the
Laplace transform of equation 8. The NNLS method uses
decay constants I representing decay rates G(I') spaced in a
linear or logarithmic form over a chosen ranges of I'. For I';,
the b; coefficients can be obtained from the best fit to the data
with in the NNLS constraints using following equation.

2

XZ _ Z g (Tj)_z bie(F,Tf)] (21)
=1 =1

Where N is the number of data points and M is the number
of decay constants with the constraint that I';, and b; are zero or
positive values (Hassan and Kulshreshtha 2006).

The main drawback of NNLS is its sensitivity to small
variations in measurements (of both, data and errors). To
address this issue, the maximum-entropy (Livesey et al.
1986) method was developed, which was subsequently
modified to include geometrical spacing (Nyeo and Chu
1989).

Another inversion method that utilizes restraints to specify
the range and values of a set of I';, before data processing, to
obtain a unique set of parameters for a reliable fit, is known as
the exponential sampling method where, I'; values are expo-
nentially spaced (Ostrowsky et al. 1981):

[iyy = Ielrm/oms) (22)

where, Wpay 1s the maximum possible value of w determined
by the experimental noise that does not involve negative
values for b; in equation 21. It is calculated through a trial
and error method by gradually increasing w until negative
values for the distribution coefficients are obtained. Since
each I is related to the R, (equations 9, 10 and 12), a frequen-
cy histogram of the radius distribution can be obtained using
this method.

The constrained regularization method for inverting data
(CONTIN) that also involves Laplase transform was devel-
oped by Provencher (1982a; 1982b; with Stepanek 1996) and
is one of the most popular data analysis methods that does not
involve sequential optimization of wy,,, like the exponential
sampling method. The CONTIN technique uses a modified
version of NNLS equation that includes minimization of
regularised residuals (unlike minimization of residuals in the
NNLS equation) and an appropriate weighing function.

@ Springer

Therefore, a modified expression of equation 21 can be writ-
ten as:

N 2
= Z:j (1 /af) {g.(rj)— J G(F)e(”)df}
+o?||LG(I)|? (23)

Here, « is a regularizer that adds an additional constraint on
the solution while performing data analysis, whereas L is the
operator of regularizer.

The CONTIN method employs a nonlinear statistical tech-
nique to smooth the solution, a regularizer parameter based on
the F-test and a parsimony principle that chooses distribution
function with the least detailed distribution that agrees with
the data, resulting in narrower distributions. The major discov-
eries in data analysis are briefly summarised in Table 1.

Although the DLS measures the PDI (cumulant analysis,

ky/ fz, Equation 20), it should not be compared with the PDI
measured by the static light-scattering method (ratio of
weight-average molar mass to number—average molar mass,

M, /M,) as based on the ky/ T’ ? ratio, PDI from DLS is in the
range of 0—1, where in theory, a value of zero represents a
monodisperse system, whereas that for M,,/M,, would be ~1.
Typically, the cumulant analysis method is suitable for sam-
ples with the PDI of ~0.1, i.e., monodisperse system. The PDI
value of 0.1 to 0.7 represents nearly monodisperse prepara-
tion, whereas PDI >0.7 suggests broad distribution of macro-
molecular sizes in solution and non-monomodal distribution
methods should be considered for data analysis. PDI of < 0.05
is rarely observed in biological systems.

Size distribution of hydrodynamic radius

The methods described in sections 3.1 and 3.2 will provide
distribution of diffusion behaviour, and hence the distribution
of R),. The averaged diffusion coefficient (<D,>) in a given
system can be expressed as:

Z thMilP(q7 R)D‘ri

(D7)
Z iNiva,iP(q’ R)

(24)

where M,, is the molecular weight of N number of particles,
and P(q,R) is the intraparticle interface.

Equation 24 describes the dependence of the diffusion co-
efficient on M,,%, which explains that the technique is inher-
ently biased for molecules with higher molecular weights. It
should also be noted that the scattering of light depends on the
refractive index of macromolecules, and that the term P(q,R)
can be approximated to 1 for molecules sufficiently smaller
than the wavelength of the incident light, resulting in z-aver-
aged D,. Since it is the intensity fluctuations of
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macromolecules that are being collected and analysed in a
DLS experiment, the first-hand information on R, is based
on the intensity-weighted distribution or simply, intensity
distribution that provides z-average R,. As light scattering
depends on the refractive index of macromolecules and sol-
vent viscosity, the z-averaged R, requires input of these two
properties. According to the Rayleigh approximation, the in-
tensity distribution is approximately proportional to (size)° for
small particles (Barnett 1942), as presented in equation 25. It
should be noted that the z-averaged R;, from DLS should only
be compared with R, from other methods if the molecules
under investigation are monodisperse and display monomodal
distribution, particles are spherical in shape, and are solubi-
lized in suitable buffer system, as the intensity distribution
depends on the refractive index of molecules and viscosity
of the medium.

a®N,.100

%, = 2Nl
Naa® + Npb

(25)

Equation 25 describes intensity distribution for a solution
containing N, and N, molecules with size a and b respectively.
The %I, presents intensity-weighted distribution for particles
with size a, based on the relative amount of intensity of mol-
ecules with size a (Malvern 2014).

The intensity-weighted distribution can be converted to
volume-weighted distribution that represents relative propor-
tion of multiple sizes in a particular sample based on their
volume or size but not their intensity, by taking advantage of
the Mie theory. According to the Rayleigh approximation, the
mass of spherical molecules is proportional to (size)’. If the
density of a system is uniform, mass can be approximated to
the volume, implying that the volume-weighted distribution is
proportional to (size)’, which is why the R, from volume
distribution is smaller compared to intensity-weighted
distribution.

a@>N,.100

%, = 4 Nal00
Naa3 + Npb

(26)

Equation 26 describes volume distribution for a solu-
tion containing N, and N, molecules with size a and b
respectively. The %V, presents volume-weighted distri-
bution for molecules with size a, based on the volume
of molecules with size a.

In addition to the knowledge of refractive index and vis-
cosity, volume distribution relies on the assumption that all the
molecules are homogenous and spherical in shape, and that
the intensity distribution has no errors. Because volume dis-
tribution presents distribution of sizes based on volume/mass
of molecules, it is practically more useful.

The intensity-weighted distributions can also be converted
to number-weighted distributions that represent number of
molecules in each bin in a given histogram. Equation 27

presents number distribution for a system containing two mol-
ecules.

%N, = (27)

N a + N b

Where, N, and N, are molecules with size a and b respec-
tively. The %N, presents number-weighted distribution for
molecules with size a based on the number of molecules with
size a.

Standard operating protocol

We have used a Zetasizer Nano S from Malvern Instruments
Ltd. to perform all the experiments described here with low-
volume quartz cuvette ZEN2112 from Hellma Analytics.
However, the approach could be modified to suit any equiva-
lent modern DLS instrument.

Cuvette cleaning

For efficient cleaning, it is recommended to use a dedicated
cuvette washer (e.g., C1295 from Sigma—Aldrich).

*  Wash cuvette with approximately 5 ml of 5 % solution of
Hellmanex™ from Hellma Analytics or similar detergent
solution.

»  Wash cuvette with approximately 5 ml of 5 % acetic acid
solution (ACS grade).

*  Wash cuvette with approximately 10 ml of ultrapure water
(e.g., Type 1 quality water from Milipore Milli-Q
systems).

* Dry cuvette with approximately 5 ml of 70 % ethanol.
Keep cuvette for additional 5 minutes on the cuvette wash-
er to allow sufficient drying.

* Dust particles scatter light that may affect the DLS mea-
surements. A standard check is then performed to ensure
sufficient cleaning using only filtered buffer in the cuvette,
where an error (e.g., insufficient counts to obtain reliable
results) results indicating that the cuvette is clean and con-
tains no particles that can interfere with measurements.

Analysing biomolecular preparations to detect
aggregation

We refer to preparations containing proteins, glycoproteins,
nucleic acids (RNA, DNA), protein—protein complexes
(PPC) or protein—nucleic acids complexes (PNC) as biomo-
lecular preparations. It is important to note that samples sub-
jected to DLS analysis are “polished samples” and not “crude
preparations” meaning that the proteins, nucleic acids, or their
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complexes have been already purified by means of various
forms of chromatography [e.g., affinity chromatography, ion-
exchange chromatography, hydrophobic interaction chroma-
tography, and/or size exclusion chromatography (SEC)] to
achieve a high level of purity. One of the most important criteria
in biomedical sciences is ensuring that the biomolecular prep-
aration is devoid of high molecular weight aggregates
(HMWA), as aggregation can be a major rate-limiting factor
in biochemical, biophysical, and biopharmaceutical studies.
For example, an aggregated and/or inhomogeneous sample will
be difficult to crystallise — an essential step to obtain a high-
resolution structure by X-ray crystallography. Several biophys-
ical techniques such as small-angle X-ray scattering (SAXS)
and small angel neutron scattering (SANS) can only provide
reliable information for monodisperse and homogenous prepa-
rations, as molecules with higher molecular weight (albeit at
extremely low concentration) will scatter heavily thereby af-
fecting the outcomes of these experiments. As a practical com-
mercial example, therapeutic antibodies need to go through a
rigorous analysis that involves investigation of their aggrega-
tion state (amongst other properties including temperature, stor-
age stability, and degradation) before the selection of a lead
antibody candidate for therapeutic applications.

The following is a standard protocol the authors use in their
laboratory for analysis of proteins, antibodies, glycoproteins,
nucleic acids, and their complexes for structure biology
applications.

* Clean cuvette as described in subsection “Monomodal
distribution — cumulant analysis”.

+ Filter the sample through 0.1 um filter (e.g., Ultrafree-MC
VV Centrifugal Filter, Merck Millipore) to remove large
particulates from the preparation.

» Itis critical to study aggregation state at the working con-
centrations (concentrations at which the downstream
study is planned, e.g., crystallization or antibody dose).
Prior to all measurements, concentration for polished sam-
ple should be accurately measured.

»  Often, biological samples are precious since they require
time and resources. To minimise the sample requirement,
we use a cuvette that requires only ~12 pl of filtered con-
centrated sample. However, to avoid air bubbles we load
~20 pl of sample carefully by reaching the bottom of the
cuvette with a straight pipette tip.

* The software package that accompanies modern DLS in-
struments (such as the Zetasizer Nano S software) enables
creation of a standard operating protocol (SOP) for an
individual sample. We recommend that for each particular
sample, a SOP should be prepared that contains essential
information such as the buffer composition and experi-
mental temperature (that in turn will calculate the viscosity
at particular temperature and refractive index of buffer:
essential parameters for reliable DLS measurements).

@ Springer

* Perform the R) distribution measurements at least five
times to obtain reproducible results at high concentration.
In order to study the concentration dependence of R),, we
dilute the preparation by directly adding filtered buffer
into the cuvette containing a high concentration of sample
followed by gentle mixing using pipette and collect data.
We continue this practice for multiple concentrations.

Often, we use well-characterised proteins such as BSA or
ovalbumin as positive controls to ensure that the instrument is
performing as expected. In addition, several NIST (National
Institute of Standards and Technology) standards such as
60 nm or 100 nm polystyrene latex spheres should also be
used to ensure proper instrument function.

The Zetasizer software provides a number of analysis
methods to study aggregation by DLS. Size Distribution by
Intensity and Size Distribution by Volume are the most widely
used methods, whose theories are discussed in the “Data
analysis” section, and usefulness in practice is discussed in
the next sections. The choice of the analysis method will de-
pend on the objective of study. For example, if an analysis is
aimed to study the presence of trace amount of aggregates for
lead therapeutic antibody preparation (to achieve aggregation-
free preparation), the intensity distribution method is more
suitable, as high molecular weight aggregates will dispropor-
tionately scatter light relative to smaller particles enabling de-
tection despite their relatively low concentration in the sam-
ple. On the other hand, if the study is aimed to investigate
homogeneity to set-up crystallization trials or for additional
biochemical/biophysical characterisation using analytical ul-
tracentrifuge, SAXS, etc., purity around 95 % is acceptable
and the volume distribution method can be used.

Applications

The dynamic light-scattering technique has a number of ad-
vantages over other methods. For example, it is possible to
conduct experiments with wide range of sample buffer and
wide range of temperature as well as concentrations. DLS is
also a non-invasive technique that requires comparatively low
amounts of sample and provides reliable estimates of the qual-
ity of preparation rapidly. In the following sections, we de-
scribe applications of DLS to study homogeneity of proteins,
RNA, and their complexes.

Detecting aggregation of recombinant proteins

Probing homogeneity of biomolecular preparations is required
for various types of downstream experiments and applica-
tions. This section focuses on study of a multi-domain extra-
cellular matrix protein (ECM), nidogen-1 (ND-1), and a well-
studied globular protein, ovalbumin.
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ND-1 (139 kDa) is a key basement membrane protein that
primarily interacts with other ECM proteins such as laminin,
perlecan, fibulin, and fibronectin (Gerl et al. 1991; Hsich et al.
1994; Mayer et al. 1993; Sasaki et al. 1995a, b). It is a very
difficult system to study, as it undergoes proteolytic degrada-
tion as well as aggregation. In order to investigate its low-
resolution structure, we required a homogenous preparation
devoid of both degradation and aggregation. Initial expression
and purification trials produced heterogeneous preparations as
presented in Fig. 1a and b; however, subsequent optimization
achieved high quality preparations without significant degra-
dation and with less than 5 % of HMWA as detected by in-
tensity distributions (Fig. 1c). It is important to note that in
Rayleigh scattering, the scattering intensity depends on the 6th
power of the size of molecules (Barnett 1942), and therefore
despite being present in negligible amounts, the HMWA R),
peak intensity is disproportionately represented relative to the
dominant smaller molecular weight monodisperse species in
the same preparation. Therefore, the HMWA peak is absent in
the volume distribution (Fig. 1d). This example clearly

a
15 T T T T
S
S 1o -
5
2
B
kel
2
% s5b i
c
Q
=
1071 100 101 102 108 104
Rp (nm)
(o]
30 T T T T
9
S 20 .
5
Qo
B
kel
2 10b i
C
g
£
0 el AP
107! 100 10? 10° 10*

Rp (nm)

Fig. 1 Evaluating homogeneity of protein solution. a Hydrodynamic
radius distribution by intensity for nidogen-1 (ND-1) at 0.4 mg/ml,
indicating that although there is a major peak for each measurement,
there are multiple peaks visible between 15 nm and 500 nm (x-axis)
suggesting the presence of high molecular weight aggregated species.
Degradation at 4 nm is also visible for one of the measurements in red
colour. b Hydrodynamic radius distribution by volume derived from
intensity profiles for ND-1 at 0.4 mg/ml concentration, suggesting that
volume distribution is not sensitive enough for detecting scant amount of
aggregation. However, peaks from multiple runs do not coincide with
each other: that essentially is a reflection of heterogeneous sample.

highlights DLS as a sensitive tool to screen for even trace
amounts of HMWA in biomolecule preparations.

Figure 2a presents an intensity distribution profile for ov-
albumin (44 kDa) at multiple concentrations, where HMWA
(>100 nm) are visible for each concentration. However, the
volume distribution profiles derived from the intensity infor-
mation for each concentration display a single peak, since the
amount of aggregates is negligible (Fig. 2b). As a volume
distribution profile represents the relative volume of high
and low molecular weight species in a preparation (discussed
in section 3.3), we will mainly focus on the volume distribu-
tion profiles in subsequent sections. Ideally, to report R, value,
it should be first measured multiple times at each individual
concentration followed by calculating mean R), value at each
concentration and plotting against concentration to eliminate
concentration effects, similar to the approach taken with dif-
fusion and sedimentation coefficient measurements. We have
provided an example here with ovalbumin (Fig. 2¢), a practice
that is routinely followed in our approach for proteins and
nucleic acids as well as PPC and PNC to obtain a reliable
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Again, the degradation is visible for the measurement that is clearly
visible for intensity distribution. ¢ Similar to a, the aggregation studies
for ND-1 were performed at 0.5 mg/m for a preparation optimized to
obtain cleaner sample, indicating that compared to a, the level of
aggregation is severely reduced. d Homogeneity of ND-1 reflected by
volume distribution of nearly identical peaks from multiple
measurements, demonstrating highly purified and homogenous
preparation. Recombinant ND-1 (139 kDa) was expressed into 293-
EBNA cells and purified using affinity chromatography, followed by
SEC in 50 mM Tris—HCI (pH 7.5), 200 mM NaCl buffer as described
earlier (Patel et al. 2014)
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Fig. 2 Homogeneity studies of ovalbumin. a and b represents R,
distribution at multiples concentrations for ovalbumin. The intensity
distributions (a) suggest presence of ~5 % aggregated material at
100 nm and above. Those peaks are not present in volume distribution
profiles (b) since the amount of aggregated material is negligible.
However, since large molecules scatter light more strongly, even a trace
amount of aggregation can be detected using intensity distribution. In
both cases, nearly identical positions of peak suggest a homogenous
preparation. For biophysical and structure biology applications, such
preparations are acceptable; however, for therapeutic antibodies, further
optimization may be required. ¢ Plot of R;, vs concentration for ovalbulin,
where the y-axis intercept provides concentration-independent R, of 2.88
+0.06 nm. d Hydrodynamic radius for frequently used molecular weight

estimate of R;,. In addition to ovalbumin, we also evaluated
routinely used molecular weight standards that are globular in
shape at a single concentration to evaluate resolution of DLS
measurements (Table 2). Fig. 2d presents gradual increase in
R, from 1.82 nm for aprotinin with A, of 6.5 kDa to 8.71 nm
for thyroglobulin with A, of 670 nm, suggesting that it is
possible to study macromolecules with a wide range of mo-
lecular weights.

Protein—protein interaction studies

In addition to detection of aggregation in biomolecular prep-
arations, DLS can also be employed to study PPC. Ideally, the
SEC-purified proteins are first studied by DLS alone, follow-
ed by analysis of the complex by DLS after SEC purification.
An example of PPC studies using DLS is provided in Fig. 3a
and b, which presents DLS data for ND-1 (139 kDa), LM -1
(109 kDa), and their complex. LM -1, an interacting partner
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standards to calibrate size exclusion column was measured at single
concentration. The details for molecular weights and concentrations are
provided in Table 2. Note that all of the proteins used here are globular
proteins; therefore, it is possible to compare their R, profiles in terms of
molecular weight. The smallest protein here is aprotinin (Mw 6.5 kDa)
with R, of 1.82 nm, a value that increases with increase in molecular
weight to 8.71 nm for thyroglobulin (Mw 670 kDa). Ovalbumin
(44 kDa) was purchased from Fischer Scientific (BP2535) and
solubilised using 20 mM phosphate buffer (pH 7.0) for DLS
measurements (Scott et al. 2011). The molecular weight standards kit
was purchased from GE healthcare, and DLS data were collected in
50 mM Tris (pH 8.0), 150 mM NaCl buffer

of ND-1 and Net4, plays crucial roles in basement membrane
formation (Breitkreutz et al. 2004; Schneiders et al. 2007) cell
migration, and metastasis (Kuratomi et al. 2002). Single nu-
cleotide polymorphisms in LM -1 gene is linked with pre-
mature ovarian failure (Pyun et al. 2012). Figure 3a presents
the R, distribution data for SEC purified ND-1 and LM ~—1
proteins at single concentration. After studying how individ-
ual proteins behave at multiple concentrations in terms of their
homogeneity by DLS, we also investigated their complex
using DLS (Fig. 3a). The R;, distribution studied at multiple
concentrations suggested that both proteins are highly mono-
disperse in solution, with R;, of 6.80+0.10 nm and 6.40 +
0.05 nm respectively (Fig. 3b). Furthermore, the complex of
ND-1 - LM 71 was also found to be monodisperse with R, of
9.00£0.04 nm (Fig. 3b). This example clearly demonstrates
the strengths of DLS technique — very rapid measurements
and requiring low amounts of purified components to study
protein—protein interactions.
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Table 2 Hydrodynamic radius of routinely used globular proteins

Protein M, (kDa) Conc. (g/l) R;, (nm)*

Thyroglobulin 670 2 8.71+0.21
Ferritin 440 3 7.17+0.24
Aldolase 158 4 4.98+0.08
Conalbumin 75 5 3.72+0.08
Ovalbumin 44 5 2.98+0.04
Carbonic anhydrase 29 6 2.37+0.05
Aprotinin 6.5 8 1.82+0.05

* Determined at a single concentration in 50 mM Tris, 150 mM NaCl at
pH 8.0

Homogeneity of viral RNA molecules

RNA molecules are highly labile, since exposure to trace
amounts of ribonuclease impurities present in aqueous solu-
tions and reagents, air and dust particles, as well as direct
human skin contact with RNA preparations, can result in
RNA degradation. Our dynamic light-scattering instrument
is regularly used to study homogeneity of in-vitro transcribed
RNA. The West Nile virus genome terminal regions (5° and
3”) are recognised by an enzyme called 2’ 5’ oligoadenylate
synthetase 1 (OAS1), which is a part of an innate immune
system. Once viral RNA is recognised, OAS1 synthesises
2’-5’-linked oligoadenylates that ultimately stimulate RNase
L in order to slow viral propagation (Hovanessian and
Justesen 2007). We studied interactions of the 5’ terminal
region (5° TR) with OASI1 as well as 3’ terminal region (3’
TR) using a variety of biochemical and biophysical tools, one
of which was DLS. While interpreting DLS data for RNA
molecules, it should be noted that the folded RNA structures
are typically extended; therefore, the R, of RNA is often ob-
served to be higher compared to a globular protein of similar
molecular weight. This effect has been observed qualitatively
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Fig. 3 Homogeneity of protein-protein complexes. a Hydrodynamic
radius distribution of ND-1, laminin y-1 (LM ~—1) arm, and their
complex at 3 mg/ml indicating purity of individual species as well as
their complex. b Concentration dependence of ND-1, LM 41 arm, and
their complex up to 4 mg/ml (Patel et al. 2014). Recombinant ND-1

by SEC (Kim et al. 2007). Figures 4a and b present a mono-
disperse preparation of the West Nile virus 5’ TR based on
intensity and volume distributions respectively at 3.5 mg/ml,
whereas Fig. 4c and d presents intensity and volume distribu-
tions for 3> TR from West Nile virus at 2.7 mg/ml. Both
distributions for each sample suggest that the 5° TR and 3’
TR RNA are free of any aggregation and suitable for low-
resolution shape determination using SAXS. The DLS data
for 5> TR (47.5 kDa) and 3’ TR (37.5 kDa) were calculated
at multiple concentrations to obtain R;, of 5.1 £0.02 nm and
3.46+£0.06 nm respectively compared to ovalbumin, a glob-
ular protein with M,, of 44 kDa that has R, of ~3 nm, suggest-
ing that both of these RNA has an extended structure in solu-
tion, which was later confirmed by low-resolution solution
scattering studies (Deo et al. 2014, 2015). These examples
clearly establish DLS as an ideal method to study homogene-
ity and conformation of RNA molecules prepared in labora-
tory using in-vitro transcription.

Protein—RNA interaction studies

As with PPC studies, protein-RNA complexes can also be
studied using DLS. We have used DLS to characterise OAS1—
RNA complex and PKR-RNA complexes. In order to study the
homogeneity of complexes, it is ideal to simultaneously study
individual components. Therefore, host OAS1 (41 kDa) protein,
5> TR RNA as well as 3’ TR RNA from West Nile virus were
studied at multiple concentrations. As mentioned above, Fig. 4
displays homogeneity of 5> TR and 3° TR, whereas Fig. 5a
presents DLS data for OAS1 demonstrating monodispersity of
OASI. Additionally, the purity of 5* TR-OAS1 complex and 3’
TR-OASI1 complex is also evident from Fig. 5a. The complexes
(5 TR-OASI1 and 3° TR-OASI) were also studied at multiple
concentrations, similarly to OAS1, 5° TR, and 3’ TR. The DLS
data for individual components and complex suggest that all the
species are highly pure in solution. The R;, values obtained from

Rp (nm)
oo

C(gb)

(139 kDa) and LM -1 (109 kDa) were expressed into 293-EBNA cells
and purified using affinity chromatography followed by SEC. Complex
of ND-1-LM -1 was purified using SEC, and DLS measurements were
performed in 50 mM Tris—HCI (pH 7.5), 200 mM NaCl buffer as
described earlier (Patel et al. 2014)

@ Springer



420

Biophys Rev (2016) 8:409-427

Fig. 4 Evaluating homogeneity a
of viral RNA preparations. 40

Multiple measurements for
intensity distribution (a) and
volume distribution (b) at

3.5 mg/ml suggest that the 5 TR
RNA is highly pure and devoid of
any aggregation. Similarly, 3’
untranslated region (3° TR) from
West Nile virus was also studied
using DLS at 2.7 mg/ml, where a
and b present intensity and
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untranslated regions (5° TR — 40
47.5 kDa, 3° TR — 37.5 kDa)
from West Nile virus were
prepared using an in-vitro
transcription method followed by
purification using SEC and DLS
analysis in 50 mM Tris (pH 7.0),
100 mM NaCl buffer as described
earlier (Deo et al. 2014, 2015)
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multiple concentrations are: OAS1 (3.30+0.3 nm), 5> TR
(5.10+£0.2 nm), 3> TR (3.36£0.06 nm), 5 TR-OASI1
(4.92+0.07) and 3° TR-OAS1 (5.45+0.03). OASI is a
globular-shaped protein (Deo et al. 2014; Donovan et al.
2013), whereas both RNA molecules were found to be extended
in solution. Isothermal titration calorimetry studies for both com-
plexes established 1:1 ration of individual species (Deo et al.
2014, 2015); therefore, a decrease of R;, for 5 TR-OAS1 com-
plex and an increase of R, in 3° TR-OASI1 complex clearly
indicate conformational change in RNA molecules. Overall,
both examples suggest that DLS, in conjunction with other
methods, can be employed to study conformational changes
mediated by interacting partners in solution.

PKR is a major player of innate immunity providing sup-
port against viral infection by recognising viral double-
stranded RNA, and ultimately influences a number of cellular
activities (Garcia et al. 2006). It is composed of two double-
stranded RNA binding motifs (dssSRBM) connected by a flex-
ible linker as well as a kinase domain that is linked to dSSRBMs
by a linker (Dzananovic et al. 2014; McKenna et al. 2007). In
order to study the low-resolution structure of double-stranded
RNA binding domain of PKR (PKR;_;49, 18.8 kDa) in com-
plex with adenovirus VA; RNA that lacks the terminal region
(VAJATS, 32.2 kDa), DLS was employed as a tool to study
homogeneity of PKR;_;¢9, VAJATS and their complex. The
homogeneity of each species and the complex is evident from
Fig. 5c, that essentially has a single peak for each sample
without any HMWA. The DLS data were collected at multiple
concentrations and extrapolated to infinite dilution to obtain
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R;, of 2.80+£0.10 nm for PKR;_;49, 3.30+0.04 nm for
VAJATS and 3.90+£0.2 nm for their complex (Dzananovic
et al. 2014). This example suggests that as above, DLS can
be a powerful tool to study homogeneity of proteins, RNA,
and their complexes. As described in Section 5.6, these R,
values can also used to validate low-resolution structures or
individual components and complexes.

Protein—small molecules interactions

Agrin is a heparin sulphate proteoglycan located in the extra-
cellular matrix, and plays a crucial role in aggregation of neu-
romuscular junction (Nitkin et al. 1987) and formation of syn-
apses (Hilgenberg et al. 2006; Hoover et al. 2003; Khan et al.
2001). It is composed of an N-terminal domain (NtA), a series
of follistatin-like domains (FS), and three laminin G-like C-
terminal domains (G1, G2, and G3) (Mascarenhas et al. 2003;
Stetefeld et al. 2001). The C-terminal G3 domain of agrin is
known to interact with calcium if the alternative amino-acid
splicing site has eight amino-acid inserts present (Stetefeld
et al. 2004). However, we attempted to investigate if the G3
domain without any amino acid present at the splice site can
interact with divalent cations. It should be noted that the G3
domain was expressed as a fusion protein that contains Fc
domain of human IgG (G;BgFc), which facilitates purification
by means of protein A affinity chromatography. For each
measurement, 20 pl of G3BgFc (~1 mg/ml) protein was added
to a clean cuvette and allowed to equilibrate to 20 °C for
5 minutes followed by measurement of R),.
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Fig.5 Homogeneity of protein-RNA complexes. a Homogeneity studies
of OAS1 (2.2 mg/ml), 5> TR-OASI complex (4.0 mg/ml), and 3° TR—
OAS1 complex (3.5 mg/ml). b The concentration dependence of OASI,
57 TR, 3° TR, 5 TR - OASI, and 3° TR-OASI complex. ¢
Hydrodynamic radius distribution for PKR; 160 (3.5 mg/ml), VAJATS
(1.2 mg/ml), and VAJATS-PKR; ;49 complex (1 mg/ml), suggesting
homogeneity of all three species. d Dynamic light scattering data for
PKR; 160, VAJATS, and VAJATS-PKR; ;49 complex are presented at
multiple concentrations. Human OAS1 (41 kDa) was expressed in
BL21(DE3) cells followed by purification by means of affinity and
SEC (Meng et al. 2012). DLS data were measured in 50 mM Tris
(pH 7.5), 100 mM NaCl, 1 mM DTT buffer (Deo et al. 2014). The 5’

As presented in Fig. 6 for each set of experiments, an R,
of ~5 nm was observed for G3BoFc that corresponds to a
monomer as deduced from AUC and DLS experiments
(Patel et al. 2011). After measuring the R, for G3B(F, protein,
CaCl, was added into the cuvette to final concentration of
5 mM followed by temperature equilibrium/incubation for
5 minutes prior to measurement of R, to determine effect of
CaCl, on protein. The procedure was repeated to increase
CaCl, concentration up to 50 mM. Figure 6a demonstrates
the effect of CaCl,, where addition of 5 mM CaCl, led to
formation of a supramolecular complex of G;B(Fc yielding
two peaks (major peak ~ 600 nm) that increased to ~ 800 nm
when CaCl, concentration was increased to 50 mM. Since
EDTA binds to divalent cations, we then added EDTA to final
concentration of 5 mM into the cuvette containing G3B(Fc
protein with 50 mM CaCl,. After 5 minutes of temperature
equilibrium of sample, the DLS measurements were per-
formed, which yielded a peak at~5 nm for G3BoFc that is
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TR-OASI and 3’-TR OASI complexes were purified using SEC and
analysed using DLS in 50 mM Tris (pH 7.5), 40 mM NaCl, and 1 mM
EDTA (Deo et al. 2015). Similarly, the adenovirus VA; RNA lacking the
terminal stem-loop RNA (VAJATS, 32.3 kDa) was prepared by in-vitro
transcription method followed by purification using SEC (Dzananovic
et al. 2014), whereas human protein kinase R (PKR) lacking the C-
terminal kinase domain (PKR; ;49 18.8 kDa) was expressed into
BL21(DE3) cells, purified by means of affinity and SEC followed by
DLS data collection in 50 mM Tris (pH 7.50), 100 mM NacCl, and
5 mM 2-mercaptoethanol (Dzananovic et al. 2013). DLS data for SEC
purified VAIATS-PKR; ;49 complex was collected in 50 mM Tris
(pH 7.50), 100 mM NaCl buffer (Dzananovic et al. 2014)

nearly identical to the first measurement where CaCl, was
absent. Similarly, experiments were performed to study effect
of MnCl, and ZnCl, where the R, for G;BoFc was measured
first followed by addition to MnCl, or ZnCl, to final concen-
tration of only 2 mM, which resulted into supramolecular
complex with peak ~900 nm which could be reduced to the
original size of G3B(Fc upon addition of EDTA to final con-
centration of 5 mM, as presented in Fig. 6b and c. We also
performed similar experiments with MgCl,; however, only
marginal increase in R, for G3BoFc was observed at 50 mM
MgCl, concentration (data not shown). These results demon-
strate that the G; domain of agrin can interact with metal ions
resulting into reversible aggregates of various sizes depending
on the metal ion. However, if such behaviour of G; domain of
agrin in vitro has any biological relevance remains to be dem-
onstrated. It could be argued that the presence of Fc domain
may influence such behaviour of agrin G; protein; however,
we were unable to find such effect of cations on antibodies in
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Fig. 6 Protein—small molecules a
interaction studies. The mouse
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G3BgFc
-| GzBgFc - 5 mM CaCl,
Gg3BgFc - 10 mM CaCl,
Gg3BgFc - 50 mM CaCl,
Gg3BgFc - 50 mM CaCl, - 5 mM EDTA

101 102 108 104
Ry (nm)

of G3ByFc—50 mM CaCl2
to ~ 5 nm that essentially overlays

on G3BgFc data. Similarly, g
addition of only 2 mM MnCl, (b) S 20
and 2 mM ZnCl, (c¢) increases the g
size of G3BgFc from ~ 5 nm £
to ~900 nm, indicating presence ?
of a very heavy aggregate. 5 10
Addition of EDTA (5 mM in both S

cases) again reduces the heavy
complex to monomeric size of

T T GgByFe
—— G3BoFc - 2mM MnCl,
------- G3BoFc - 2 mM MnCl, - 5 mM EDTA

G3ByFc. The C-terminal laminin 10 o1 1(')0
G-like G; domain variant of
chicken agrin without insert of
amino acids at the alternative

(7]

101 102 103 104
Rp (nm)

splice site B (By), G3B, was T
expressed as a fusion protein,
with human Fc domain of IgG—
G;B(Fc being expressed using
HEK293 cells as described
previously (Patel et al. 2011). The
G;BFc protein was affinity
purified, followed by DLS data
collection in 20 mM Tris,

150 mM NaCl at pH 7.2

30+

20+

Volume distribution (%)

T L ] GgBgFe
H —— Gg3BgFc - 2mM ZnCl,
....... GgBgFc -2 mM ZnCl, - 5 mM EDTA

0 1
10~1 100

the literature. Nevertheless, our data shows that it is possible to
study aggregation of macromolecules induced by small mol-
ecules using DLS.

Complementary hydrodynamic methods enhanced
by DLS measurements

Apart from providing information on homogeneity, DLS
can also be employed as a complementary method to
study size and shape of macromolecules. In this section,
we will provide a brief outline of applications of DLS
as a complementary method.

@ Springer
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10! 102 103
Ry (nm)

Molecular weight determination

Molecular weight is one of the most important properties of
any molecule. Comparison of sequence molecular weight of
proteins or nucleic acids with experimentally determined mo-
lecular weight can provide useful information such as their
oligomeric status, degradation, or change in molecular weight
upon interaction between binding partners. There are a number
of methods that can provide molecular weight information. For
example, SEC can, in theory provide molecular weight for
proteins, nucleic acids, or complexes. However, the molecular
weight calculated from SEC relies on the assumption that the
molecular weight standard and biomolecules being studied
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adopt a spherical shape; deviations in shape typically result in
overestimates of molecular weight from elongated structures.
A more reliable method for calculating molecular weight is to
combine sedimentation coefficient data from an analytical
ultracentrifuge and R;, from the dynamic light scattering using
the Svedberg equation (Svedberg and Pedersen 1940),

_ 6mn RN, AngM’

2
= (28)

where, v is the partial specific volume, 7, is the solvent visco-
sity and p,, is the solvent density.

Previously, we have used such an approach to determine
molecular weights of proteins — laminin y-1 arm, Gz domain
of agrin fused with human IgG Fc, N-terminal domain of
RHAU, and OASI, as well as VA; RNA (Deo et al. 2014;
Dzananovic et al. 2014; Meier et al. 2013; Patel et al. 2010,
2011). Thus, Ry, information from DLS can be a very useful
parameter when combined with the sedimentation coefficient
to obtain molecular weight information.

Homogeneity studies of biological samples exposed
to high-energy X-rays

SAXS is a type of static light-scattering technique that utilizes X-
rays to allow determination of low-resolution shape of macro-
molecules in solution. SAXS data can either be collected at the
synchrotron using high-energy X-rays or from in-house sources
where the X-rays source is much weaker. Typically, in-house
SAXS data collection (~20 °C) requires 2—4 hours of sample
exposure time to X-rays, compared to the synchrotron source
that requires only a few seconds. Furthermore, while collecting
SAXS data, the user normally collects data for multiple samples
in a single experimental setup starting from buffer, meaning that
it could take over 10 hours for some samples. Therefore, samples
susceptible to either storage at ~20 °C for extended periods or
radiation damage may alter the homogenous preparation of mac-
romolecules to degraded and/or aggregated states. We routinely
use DLS to determine sample homogeneity of samples after
SAXS data collection of protein, RNA, and their complexes
(Deo et al. 2014, 2015; Dzananovic et al. 2013, 2014; Meier
et al. 2013; Patel et al. 2014).

Furthermore, DLS measurements are an extremely useful
independent crosscheck used to validate ab-initio shape recon-
struction of macromolecules using SAXS data, a heavily com-
putational process. To validate SAXS models without any
bias, we calculate hydrodynamic parameters including R,
and sedimentation coefficient from the models using program
HYDROPRO (Ortega et al. 2011b), and compare them to
experimentally determined properties by DLS and comple-
mentary hydrodynamic techniques. It is also possible to study
DNA and polysaccharides using packages in the HYDRO
family (Amoros et al. 2011; Benitez et al. 2015). We have

followed such practice for proteins, RNA, DNA, and their
complexes (Ariyo et al. 2015; Deo et al. 2014, 2015;
Dzananovic et al. 2013, 2014; Meier et al. 2013; Patel et al.
2010, 2011, 2012, 2014; Vadlamani et al. 2015).

Shape analysis in combination with radius of gyration

The radius of gyration (R,) parameter, defined as an average
root mean squared distance from the centre of the mass of a
macromolecule, can be obtained using static light-scattering
studies where the intensity of scattered light is analysed. For
proteins and nucleic acids, SAXS or SANS methods are
employed to measure R,. The ratio of R, to R;, could provide
indication of conformation of macromolecules in solution. For
globular proteins the ration is ~ 0.70, and it increases as the
shape changes from globular to extended rigid particles
(Burchard 1992). Table 3 summarises the R, and R;, values
of some of the proteins and RNA we have studied previously,
with their Ro/R), ratios. We have used SAXS data to construct
low-resolution structures of these macromolecules, which es-
sentially validated our preliminary shape information of these
macromolecules. Thus, the DLS can be used in conjunction
with static light scattering to deduce shape information.

In order to obtain more reliable and unbiased information
on shape (flexible coil, rods, cylinders, spheres) of macromol-
ecules (DNA, RNA, polysaccharides, proteins, and viruses),
Garcia de la Torre and colleagues (Amoros et al. 2011; Ortega
and Garcia de la Torre 2007) developed a different concept
where instead of using R, and R, as well as their ratios, a
variation of those properties and their ratios were implement-
ed. For example, instead of using R;, or D, equivalent radii, T
that is related to diffusion properties (T = f/671,) can be used.
Similarly, for R,, equivalent radii, G (\/5—7§Rg ) can be used,
which in turn could be utilised to obtain G/T, which is a very
useful ratio indicating solution conformation of macromole-
cules (Ortega et al. 2011a; Ortega and Garcia de la Torre
2007). Typically, the ration of G/T is ~1 for spherical particles
and >1 for elongated macromolecules (Table 3).

Limitations

Although DLS is a highly useful method as discussed above,
it suffers the following disadvantages:

(1) DLS measurements are very sensitive to temperature
and solvent viscosity. Therefore, the temperature must be
kept constant and solvent viscosity must be known for a
reliable DLS experiment.

(i1) DLS is a low-resolution method that often cannot
separate molecules that are closely related (e.g., monomer
and dimer).
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Table 3 Combination of radius of gyration and hydrodynamic radius provides shape information

Samples R, (nm) R;, (nm) R./R), G/T Shape Reference

ND-1 7.20+0.10 6.80+0.10 1.06 1.36 elongated Patel et al. 2014

OASI1 2.28+0.02 3.0+0.03 0.76 0.98 globular Deo et al. 2014
RHAU53_105 2.1+£0.20 1.90+0.03 1.10 1.41 elongated Meier et al. 2013

PKR 69 2.53+0.04 2.80+0.01 0.90 1.16 elongated Dzananovic et al. 2013
3’ TR 4.15+0.03 3.46+0.06 1.12 1.44 elongated Deo et al. 2015

5’ TR 5.10+0.02 5.10+0.01 1.00 1.29 elongated Deo et al. 2014

HIV-1 TAR RNA 2.60+0.05 2.70+0.02 0.96 1.23 elongated Dzananovic et al. 2013
Adenovirus VA; RNA 4.35+0.07 3.84+0.04 1.14 1.47 elongated Deo et al. 2015
Adenovirus VAJATS 3.71+0.06 3.30+0.04 1.12 1.44 elongated Dzananovic et al. 2014
Adenovirus VAJAS 2.45+0.02 2.58+0.05 0.95 1.22 elongated Dzananovic et al. 2013
hTR1-20 RNA quadruplex 1.31+0.08 1.91+0.02 0.68 0.87 disk-shaped Meier et al. 2013

Q2 RNA quadruplex 1.62+0.01 2.01+0.025 0.81 1.04 disk-shaped Ariyo et al. 2015

(iii) Although it is possible to measure the molecular
weight using DLS where intensity of scattered light
[K*c/Rg, where K* is an optical parameter, ¢ is concen-
tration and Ry is an angular dependent light-scattering
parameter, also known as the Rayleigh ratio; see Wyatt
(1993) for more details] is plotted against concentration,
it is not a very reliable and reproducible method. In such
cases, alternate methods such as static light scattering
coupled with multiangle laser light scattering and analyt-
ical ultracentrifuge should be used.

(iv) DLS is also restricted to transparent sample
preparation.

(v) As the scattering intensity depends on the 6th power
of the size of macromolecules (/ proportional d® where d
is a diameter of macromolecule), large aggregates —
even a very small amount will affect the measurements.
Therefore, the sample-holding cuvette must be cleaned
thoroughly and sample must be filtered prior to DLS
measurements.

(vi) The signal from DLS depends on the size and con-
centration of macromolecules. Therefore, to obtain reli-
able measurements, optimization of range of concentra-
tion may be required.

Conclusions

In this review, we have provided a brief historical and theo-
retical background on DLS. The examples for homogeneity
and interaction studies of proteins, nucleic acids, and their
complexes using a highly versatile DLS method are also pre-
sented. Although it suffers from minor limitations as discussed
in section 6, it is gaining popularity in academic and industrial
laboratories. DLS is a non-invasive method that provides fast,

@ Springer

precise, and reproducible quality check to study aggregation
in biomolecular preparation requiring very little amounts of
sample.
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