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Abstract While light scattering has long been applied to
the analysis of biomolecular interactions, recent advances
have extended the practical use of light scattering techniques
to cover a rather broad range of phenomena. In this paper I
review essential light scattering theory as applied to specific
interactions under thermodynamically ideal conditions and
present examples showing how light scattering elucidates
the dynamic equilibrium and kinetic behavior of proteins
and other biomacromolecules.
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Introduction

Light scattering (LS) is a versatile tool for characterizing
biomacromolecules and their interactions, affording
solution-based measurements of dynamic equilibrium prop-
erties and kinetic phenomena without recourse to immobi-
lization or labeling. While both flavors of light scattering—
multi-angle static light scattering (SLS or MALS) and dy-
namic light scattering (DLS)—are of great utility, the power
of MALS, in particular for these types of studies, lies in the
combination of practical and conceptual simplicity, theoret-
ical and analytical rigor, and generality.

In vitro interaction measurements comprise two essential
elements: a series of solutions containing the interacting spe-
cies at different concentrations or compositions, and a reporter
signal which is modulated by the degree of interaction. While
most techniques involve reporter signals that are only
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indirectly related to the interaction product (e.g., fluorescence
intensity, ‘response units’, consumed enzyme, etc.), MALS
reports the weight-average solution molar mass M,,, which is
directly connected with the essence of complex formation. To
illustrate, consider the 1:1 association of an equimolar solution
of two proteins, each with molar mass 50 kDa. In the absence
of interaction, M,,=50 kDa, while under stoichiometric asso-
ciation M,,=100 kDa—Ileading to a doubling of the MALS
signal.

With minimal investment in sample preparation, method
development, and data analysis, light scattering yields rich
information, including molar mass, binding affinity, and
absolute stoichiometry of complex interactions, such as
simultaneous homo- and hetero-association or specific
multi-valent complex formation, the magnitude of non-
specific interactions, the size (radius of gyration r, or hy-
drodynamic radius 1) of these complexes, and the quantita-
tive kinetics of binding, aggregation, dissociation or
degradation. The emergence of new instrumentation for
automating and facilitating these types of studies holds
promise for re-invigorating and expanding the use of both
MALS and DLS in biomolecular interaction research, com-
plementing other label-free biophysical techniques.

Qualitative or semi-quantitative turbidity and 90° light
scattering are commonly used to monitor aggregation kinet-
ics and equilibrium. The focus of this review will be quan-
titative analyses of light scattering to determine binding
affinity, stoichiometry and/or detailed kinetics, and in par-
ticular recent developments resulting from automated and
highly sensitive MALS and DLS instruments.

Theoretical background

Biomolecules are subject to various types of interactions.
One important classification divides specific interactions—
those that lead to the formation of well-defined complexes
via site-specific binding—from non-specific interactions
arising from net charge, dipoles, hydrophobic patches, van
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der Waals forces, etc. The thermodynamic (and, consequen-
tially, light-scattering) treatment of specific interactions dif-
fers from that of non-specific interactions. Specific
interactions are considered to produce discrete species,
coexisting in dynamic equilibrium with free monomers
and modeled as a composition-dependent polydisperse so-
lution. Non-specific interactions are modeled as thermody-
namic non-ideality; these are not mutually exclusive and
may occur in tandem. In this section I focus on MALS;
the interested reader is referred to Hanlon et al. (2010) for
the composition-gradient (CG)-DLS theory of specific
binding.

Specific reversible association in the ideal limit

Some examples of modeling static light scattering measure-
ments for specific reversible associations were discussed by
Burchard and Cowie (1972). These were generalized by
Attri and Minton (2005a, b) and are reproduced with minor
notational changes below.

Details of the assumptions incorporated in MALS analysis
appear in Wyatt (1993) and Attri and Minton (2005a). To
summarize, the ‘ideal gas law’ for static light scattering from
a solution comprising multiple, non-interacting species i (i.e.,
species not subject to appreciable non-specific interactions/-
thermodynamic non-ideality), presented in Eq. 1, is simply a
sum of terms, each of which corresponds to the scattered
intensity from an individual species.

0 i(0 n\?
e N

1

R(0) represents the excess Rayleigh ratio (a quantity
related to the time-averaged intensity of light scattered by
the solute) measured at each detector angle 0, and R; is the
excess Rayleigh ratio due to each species in solution. K is a
system-dependent constant. M,, ¢;, and dn/dc; refer to the
molar mass, mass/volume concentration, and refractive in-
crement of each species i, respectively. P(0, rg;) is the
dependence of the scattered light on azimuth angle 0, as

given by Eq. 2.
167212 . 0 . 0
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The quantity r, = <r§> is the molecular mean square

P(0,ry) =1—

radius defined as /[ r>dm/ [dm. For most proteins and

other molecules smaller than a few hundreds of kiloDaltons,
re<< Ag/ng ; P=1 and angular dependence may be ignored.
Otherwise, measurements of P(0) are extrapolated to =0 to
relate R(0) to molar masses.
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Specific binding of up to two distinct biomacromolecules
X and Y is characterized in equilibrium by ideal light scat-
tering (Eq. 3, transformed from Eq. 1) and mass action
(Eq. 4). The solution is considered to consist of a mixture
of discrete macromolecular species: free monomers X
(X;Yp) and Y (XyY;), and one or more complexes X;Y; .
The set of equations describing the association model is
completed by the conservation-of-mass Eq. 5.

R(0) ) dn ) dn\?

A Z (lMXE +]MYE) [Xij] (3)
2y
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Non-specific interactions/non-ideality

Non-specific interactions in biomolecular systems are usu-
ally weak in comparison to specific interactions. Typical
proteins and other compact biomacromolecules exhibit neg-
ligible non-ideality below concentrations of ~1 g/L, al-
though a lower concentration limit for ideal behavior
applies to charged molecules in poorly screened buffers as
well as those presenting diffuse or extended structures.
Optimal CG-MALS measurements cover a concentration
range of ~0.1-10x Kp, corresponding to an upper Kp of
10 uM (for 10-kDa molecules) or 1 uM (for 100-kDa
molecules) that may be characterized entirely in the ideal
limit; the majority of examples in this review fall within this
range. Any analysis of specific binding above the ideal
concentration limit must account for non-ideality; likewise,
non-specific interactions must generally be analyzed at min-
imum concentrations of a few grams per liter.

While CG-MALS is well-suited to the analysis of non-
specific interactions and also to the analysis of specific or
quasi-specific interactions in the presence of thermodynam-
ic non-ideality, the theoretical description is beyond the
scope of this review. For further details, the reader is re-
ferred to Minton (2007) and Fernandez and Minton (2008,
2009).

Quasi-equilibrium techniques

Light scattering measurements are conducted in both frac-
tionated mode and unfractionated or batch mode.
Fractionation, usually accomplished by means of size ex-
clusion chromatography (SEC) or asymmetric field-flow
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fractionation, has the advantage of separating out from the
sample of interest any large aggregates and other particulates
that are highly detrimental to light scattering signals. Wyatt
(1993) reviewed the utility of SEC coupled to MALS for
absolute characterization of molar mass and size distributions,
independent of column calibration. This technique can assess
the stoichiometry of tightly bound complexes that do not
dissociate upon chromatographic dilution or column shear.
For interaction assays the disadvantage of fractionation lies
in the ongoing dilution and separation of molecules that must
occupy the same volume in order to interact. This leads to ill-
defined states in terms of kinetics or dynamic equilibrium, so
that fully quantitative interaction analysis in the fractionated
mode is only possible under certain carefully characterized
conditions: either very rapid or very slow equilibration (on the
time scale of the separation).

Several authors have reported quantifying monomer—dimer
interactions by SEC-MALS. Das et al. (2008) studied SecA
and SecA mutants, analyzing a series of chromatography
peaks injected at successive concentrations, assuming fast
equilibration. Equilibrium dissociation constants (Kp) of less
than 100 nM to over 10 uM were characterized. A similar
analysis was performed by Kapoor et al. (2010) on
nucleobindin-1; these authors also estimated stoichiometry
and binding affinity of nucleobindin-1 with G-protein o« sub-
units by injecting a series of mixtures at the appropriate molar
ratios. Bajaj et al. (2007) demonstrated an integrated LS-UV
cell to overcome the technical problem of inter-detector dilu-
tion, determining the Kp, of (3-lactoglobulin dimerization.

Equilibrium techniques

Ideally, interaction studies should be performed under true
equilibrium, or at least well-defined kinetic states. The series
of batch MALS or DLS measurements over varying compo-
sitions required to analyze affinity and stoichiometry is re-
ferred to as composition-gradient MALS (CG-MALS) or DLS
(CG-DLS). Approaches to batch measurements differ in levels
of automation and the type of non-equilibrium data that may
be acquired on the way to equilibrium. CG-MALS and CG-
DLS require minimal method development. A typical auto-
mated analysis takes 0.5-3 h (depending on equilibration
rates), and usually only one or two such runs are required to
reach full characterization.

Apparatus
Cuvette
Cuvette-based measurements have been the mainstay of

CG-MALS and CG-DLS for decades. Samples are prepared
at the requisite concentrations or compositions, placed in

scintillation vials or square microcuvettes, then measured
individually by placing the cuvette into a MALS or DLS
detector. Concentrations must be measured off-line or on the
basis of accurate dilutions of a known stock. Scintillation
vials afford full multi-angle measurements but require copi-
ous amounts of sample and, due to the poor optical quality
and mechanical tolerances, introduce relatively large uncer-
tainty. High-quality, non-disposable square microcuvettes
may require only a few microliters of sample but are limited
to 90° scattering and also need to be cleaned thoroughly
between samples. In a recent example of cuvette-based CG-
MALS, Scherer et al. (2010) examined the weak self-
association of monoclonal antibodies at high concentration
versus ionic strength. Due to the high viscosity of these
solutions, they were prepared individually and measured in
scintillation vials.

Microbatch

A flow cell provides a controlled and stable environment,
low stray light, and superior optical quality for multi-angle
measurements, making it preferable to most cuvette-based
measurements. In a microbatch experiment, samples are
prepared at the requisite compositions and loaded into sy-
ringes. A general-use syringe pump dispenses the contents
of each syringe through a filter into the MALS/DLS detec-
tor. The in-line filter greatly improves signal-to-noise by
removing dust particles and large aggregates. An additional
advantage of microbatch over cuvette-based measurements
is the option for adding an in-line concentration detector
instead of relying on off-line measurement or dilution
accuracy.

Measurement over a wide range of concentrations is
important to capturing the full behavior and should include
conditions around the onset of association as well as those
producing appreciable oligomer fractions. Woll et al. (2011)
analyzed homodimerization of the ~20-kDa neuronal calci-
um sensor-1 via microbatch measurements with monomer-
equivalent concentrations that ranged from single-digit mi-
cromolar concentrations up to 700 uM in order to quantify
Kp of 10 uM; sedimentation equilibrium (SE) analysis was
within the same affinity range at Kp=2 uM.

The tetrameric form of hemoglobin (Hb) is well-known
and provides the opportunity to test CG-MALS analysis of a
system that exceeds the complexity of simple monomer—
dimer equilibrium. Yamaguchi and Adachi (2002) employed
microbatch measurements to calculate the monomer—dimer
and dimer—tetramer Kp’s of Hb A, Hb F, and also single-
globulin complexes comprising «-, (3- or y-globulins. The
ability to readily distinguish between the solution behavior
of variants suggests that CG-MALS interaction analyses, in
combination with a finite number of site-specific mutations,
can potentially complement atomic-level structure
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calculations to map out the free-energy landscape across the
binding site.

Automated stopped-flow

Automated stopped-flow CG-MALS/DLS incorporates the
advantages of a closed flow-cell-based system with auto-
mated sample preparation and delivery. A stopped-flow CG-
MALS system consists of a multi-angle static light scatter-
ing detector, a composition-gradient delivery system, and an
optional concentration detector (UV/Vis absorption, differ-
ential refractive index, or similar). Since each injection
consists of freshly mixed aliquots, association, dissociation,
or aggregation kinetics may be observed, although in many
systems equilibration occurs too rapidly.

Attri and Minton (2005a, b) described an apparatus uti-
lizing a dual-syringe pump, combining on-the-fly mixing
with in-line filtration. The pump was programmed to draw
on one or two protein stock solutions or buffer to produce a
series of compositions which were delivered to sensitive
MALS and UV/Vis absorption detectors. This work quanti-
fied sub-micromolar to millimolar K and the stoichiometry
of small protein complexes, such as chymotrypsin (CTR)
homodimers and the soybean trypsin inhibitor (STI)-CTR
hetero-association.

Further evolution of the system, described in Some and
Kenrick (2012), has resulted in a commercial triple-
syringe-pump system that extends the range of sensitivity
to sub-nanomolar affinities, bundled with a complete soft-
ware package for experiment design, control, data acqui-
sition, and analysis (Calypso, Wyatt Technology, Santa
Barbara, CA). Much of the work described below
employed either the Attri and Minton configuration or
the Calypso system and software in combination with a
DAWN-HELEOS MALS detector (Wyatt Technology) and
a Waters 2487 UV/Vis absorption detector (Waters Corp,
Milford, MA). Practical considerations regarding detector
and in-line filter configurations are discussed by Some
and Kenrick (2012).

Automated titration

An automated in-place titration setup was reported by
Fernandez and Minton (2008). In this apparatus, the stock
solution is placed in a cuvette directly inside the MALS
detector. A dual syringe pump is programmed to produce a
dilution series through successive steps of removing a vol-
ume of solution from the cuvette, adding an equal volume of
buffer, then mixing by means of a magnetic stir bar.
Concentrations are calculated from the known initial con-
centration and dilution parameters. The same apparatus
includes a thermal jacket for temperature control and rela-
tively rapid temperature jumps.
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Plate reader

Dynamic light scattering measures diffusion constants,
which may be related to an effective size—the ‘hydrody-
namic radius’ r,—via the Stokes—Einstein equation; CG-
DLS relates changes in solution-average 1y, to complex for-
mation although it can also be used to evaluate certain
conformational changes. Plate reader-based CG-DLS is a
quite attractive technique in terms of time, sample quantity,
disposable optical cells (microwell plates), and temperature
control to rapidly assess thermodynamic parameters such as
enthalpy, entropy, and conformational transitions. While
Sharma et al. (2008) employed manual batch CG-DLS to
evaluate stoichiometry and Kp of the fibroblast growth
factor—receptor complex, Hanlon et al. (2010) automated
multiple CG-DLS experiments—with temperature ramps—
by means of a DLS plate reader (Wyatt Technology).

The primary disadvantage of CG-DLS is reduced rigor
in data analysis: the relationship between the diffusion
constants of monomers and their complexes depends
greatly on the specific assembly conformation, unlike the
strict molar mass relationships analyzed in CG-MALS.
CG-DLS covers a smaller range of Kp compared to CG-
MALS and, in a plate reader, all but the slowest kinetics
are lost. Hanlon et al. (2010) performed simultaneous CG-
MALS and CG-DLS measurements to enhance plate
reader-based CG-DLS.

Methods and expected signals

Composition-gradient-MALS quantifies self-association via
the concentration dependence of My, and hetero-association
via the compositional dependence of My,. When necessary,
the two types of analyses may be combined in a single run,
and the total data set is fit to Eqs. 3—5 constructed to
represent all species and complexes present.

Figure 1 illustrates a three-part method comprising con-
centration gradients of each of two proteins individually for
analyzing their respective molar masses and self-
interactions and a composition gradient for analyzing further
hetero-association. Individual segments may be included or
omitted as necessary, and other forms of composition gra-
dients may be desirable under specific circumstances. Self-
association analysis beyond that of the monomer—dimer
requires a greater range of concentrations.

The functional forms expected for different self-
association models corresponding to the gradients of
Fig. 1a, c differ not only in the overall light scattering signal
but also in the shape of the curvature, so that judicious curve
fitting discriminates models that produce overall similar
levels of scattered intensity, as illustrated in Fig. 2a. It
should be noted that the 10 pM monomer—trimer association
differs from the dimer models both in overall height, since
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Fig. 1 Method for analyzing simultaneous self- and hetero-interac-
tions. Solid blue line Protein X, broken red line Protein Y. a self-
interaction of Y, b hetero-interaction X+Y, ¢ self-interaction of X.
After Attri and Minton 2005b

the trimer molar mass exceeds that of the dimer, and in shape,
due to different functional dependences on concentration.

When the molar masses of hetero-associating species do
not differ by more than a factor of ~5-10, a ‘crossover’
composition gradient as in Fig. 1b is optimal in that the
contrast between interacting and non-interacting light scat-
tering signals is prominent and intuitive. As depicted in
Fig. 2b, complex formation leads to a peak in the MALS
signal at the stoichiometric composition ratio; the height of
the peak increases with affinity since a larger mole fraction
of complexes produces higher solution molar mass.
Figure 2c illustrates how the position and height of the peak,
as well as the shape of the curve, correspond to the absolute
complex stoichiometry.

‘When the mass ratio of the interacting species exceeds 5—
10:1, a titration-like gradient—holding the concentration of
the larger molecule constant and increasing concentrations
of the smaller molecule—is preferable to the linear cross-
over, preventing small uncertainties in the concentration of
the larger molecule from overwhelming the change in solu-
tion My, due to binding of a small molecule to a large one.
Composition gradients may be optimized for signal contrast
via simulations, such as using the Calypso software tools.

Results

The experiments reported below all pertain to automated
CG-MALS, usually in the stopped-flow configuration.
They are presented in order of increasing complexity of
association models.

Self-association
Analysis of multiple self-association states can be quite

challenging in that the same concentration dependence
may be fit by more than one model, especially if the data
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Fig. 2 Simulated light scattering (LS) signals for: a single-species
concentration gradients (solid blue line no interaction, dotted green
line monomer—dimer Kp=10 uM, dashed red line monomer—trimer
Kp=10 uM, dash—dot black line monomer—dimer Kp=1 uM), b
crossover gradient of Fig. 1b assuming 1:1 binding at three different
affinities (solid blue line no interaction, dotted green line Kp=100 nM,
dashed red line Kp=10 nM, dash—dot black line Kp=1 nM), ¢ cross-
over gradient of Fig. 1b assuming different stoichiometries (protein X:
protein Y) at constant per-site binding affinity [solid blue line no
interaction, dotted green line 1:1, dashed purple line 2:1, dash—dot
red line 3:1, long-dash-gray line 2:2 (Kp for 2:2 is 10x that of the other
stoichiometries)]

are acquired over a limited concentration range. At such
times all that may be left is to apply Occam’s razor, postu-
lating that the simplest model that fits the empirical data is
usually the correct one. Del Castillo et al. (2011) character-
ized the effect of nucleotides and the M-domain on self-
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association of ClpB, a hexameric molecular chaperon, by
means of CG-SLS, SE, and other techniques. CG-SLS and
SE were in good agreement that the simplest, best-fit model
to this self-association is monomer—hexamer—dodecamer,
and that the addition of ATP and ADP enhanced oligomer-
ization by 5% and 8x, respectively.

FtsZ, a bacterial cell division protein that self-associates to
produce protofilaments in the form of chains and rings, has
been the subject of several CG-MALS studies. Kameyama
and Minton (2006) and Martos et al. (2010) found that FtsZ
oligomerization is best fit to a quasi-isodesmic association
model, meaning that the protein molecules form dimers,
trimers, tetramers, etc., with a nearly constant affinity to bind
new monomers to the growing chain. Exchanging EDTA for
Mg*" in the guanosine 5'-diphosphate (GDP)-containing buff-
er increased the affinity by threefold. The best-fit model and
equilibrium association constants were essentially identical
between CG-MALS and SE.

Guanosine 5'-triphosphate (GTP) induces extensive po-
lymerization of FtsZ. Monterroso et al. (2012a, b) employed
CG-MALS, CG-DLS, sedimentation velocity, and cryo-
transmission electron microscopy (TEM) to investigate fil-
aments formed by FtsZ in the presence of GTP and a
slowly-hydrolyzing GTP analog, GMPCPP, at multiple con-
centrations of Mg?". These authors found that the distribu-
tions of mass and size correlated to a cyclic polymer with a
favored configuration that depended on the specific nucleo-
tide as well as Mg”" concentration; the affinities varied
widely, from ~60 uM to 1 nM. At 5 mMMg**, FtsZ formed
rings with a narrow distribution of sizes, found by CG-
MALS to correspond to 130+20 monomers and an r, of
100£10 nm (GTP), or to 190+20 monomers and an ry of
110+11 nm (GMPCPP). These dimensions correlate well to
the expected size of a ring constructed out of the
corresponding number of monomers. DLS diffusion con-
stants, sedimentation coefficients, and cryo-TEM studies all
supported these findings, as did the atomic force microscopy
images (Mateos-Gil et al. 2012).

As an important biotherapeutic, insulin self-association is
of great practical interest. Attri et al. (2010a, b) characterized

Fig. 3 Multi-angle static light 0.6-
scattering (MALS) signal
showing slow, multi-domain
assembly kinetics. FIiM, FIiG
Multi-domain flagellar motor

0.5 -

/ -3
4 -!EF!\%_/
0 r25

oligomerization of insulin in the presence of and in the ab-
sence of Zn by means of CG-MALS and CG-DLS. In the
absence of Zn, insulin appears to follow an isodesmic associ-
ation model with a minimal Ky, of 40 uM at pH7.2; SE data at
pH7.0 yielded an essentially identical affinity. At pH10 the
best-fit model differed slightly, indicating that the initial dimer
nucleation step is about fivefold weaker than the addition of
subsequent monomers. In the presence of Zn and neutral pH,
insulin is known to form hexamers with the hexamer associ-
ation complete beyond ~0.3 mg/mL (Milthorpe et al. 1977).
The present study shows that insulin hexamers further self-
associate isodesmically with a Kp of just under 100 uM.
Weak self-association that is only evident at concentra-
tions above ~1 g/L requires extended treatment to account
for non-specific repulsion, or ‘thermodynamic non-ideality’.
In addition, making such measurements in a stopped-flow
CG-MALS apparatus may be challenging due to the high
viscosity of concentrated solutions, plugging of in-line fil-
ters, or high sample consumption. Fernandez and Minton
(2009) measured the self-association of chymotrypsin
(CTR) at concentrations up to 70 g/L and various pH values
by means of the in-place titration system described above.
Minton (2007) argued for an analysis which assumes that—
at sufficient ionic strength where long-range electrostatic
repulsion is screened—non-specific/repulsive interactions
can be described by an effective hard sphere model, and
the effective specific volumes of all oligomers are equal to
that of the monomer. While the homodimerization of CTR
had been previously well-characterized up to several grams
per liter, a new, weak self-association state was found to
exist beyond 10 g/L—that of the pentamer or hexamer with
a Kp on the order of several hundred micromoles/Liter.
Small molecule—protein binding is not usually directly
accessible to CG-MALS since the change in the M, of the
solution upon binding will be irresolvable. However, the
effect of small molecules on protein—protein interactions
often can be addressed. Some and Hanlon (2010) monitored
the dissociation kinetics of o-chymotrypsin dimers upon
exposure to AEBSF, a small molecule inhibitor. The initial
concentration of CTR contained about 25 % dimers in
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equilibrium with monomers. Upon introduction of AEBSF,
the dimers slowly dissociated such that the M,, approached
that of a purely monomeric protein solution. The depen-
dence of this dissociation rate on AEBSF concentration led
to determination of the relevant kinetic parameters.

The smallest molecule so far reported to have been char-
acterized for self-association by CG-MALS is insulin (My,=
5700 Da). Work is ongoing to study reversible self-
association of peptides with molar masses of 1-4 kDa.

Hetero-association

Pioneering work in automated CG-MALS of the hetero-
associating proteins CTR and STI was reported by Attri
and Minton (2005b). At pH 7.2 the self-association of
CTR is weak, allowing these authors to ignore homodimers.
However, a complete analysis of the equilibrium states must
include 1:1 and 1:2 complexes and also inactive monomers
of one or both species which, due to misfolding or other
alterations, are incompetent to participate in the interaction.
Fitting to different association models ruled out a simple 1:1
association, while a bivalent model assuming equivalent and
independent (non-cooperative) binding sites did fit the data,
especially when an incompetent fraction of CTR was
allowed. The single-site affinity Kp=330 nM was in good
agreement with SE data acquired under similar conditions,
and the inactive fraction of previously lyophilized CTR was
estimated at 30 %.

Simultaneous self- and hetero-association is amenable to
CG-MALS analysis, as demonstrated by Kameyama and
Minton (2006) for the interaction of CTR with bovine
pancreatic trypsin inhibitor (BPTI) over a range of pH con-
ditions that modulates CTR self-association. CTR and BPTI
form a simple 1:1 complex, but 2:1 complexes due to BPTI
binding to a CTR dimer were ostensibly not observed,
indicating competition for the same site or at least complete
mutual inhibition. Association constants of simultaneously
occurring homodimers and heterodimers were calculated
over the pH range 4.4-8.0.

Excipients that interfere with isothermal titration calo-
rimetry (ITC) may not be detrimental to CG-MALS. Zhu
et al. (2010) studied the interaction between a tau protein
fragment and 7-kDa heparin in the presence of DTT, a
reducing agent that is incompatible with ITC. CG-MALS
indicated a simple 1:1 association with Kp=330 nM,
complementing the results of the ITC analysis in the
absence of DTT.

The bacterial cell division protein FtsZ not only self-
associates reversibly as filaments, but also binds in vitro to
ZipA, a membrane protein believed to be a part of the cell
division machinery. Martos et al. (2010) investigated this
hetero-association by means of a solubilized fragment,
sZipA. The results of both the CG-MALS and SE analyses

support the interpretation that only one monomer of sZipA
binds to any given FtsZ protofilament, giving credence to
the purported role of ZipA as a membrane anchor. The
binding affinity of sZipA to the FtsZ chains was found to
increase by approximately fourfold, from Kp ~6 uM
to ~1.6 uM, when 1 mM EDTA was replaced with 5 mM
Mg”" in the buffer.
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Fig. 4 Typical antibody—antigen binding data. a Composition-gradient
(CG)-MALS data based on the method of Fig. 1. Dotted blue line
Measured LS data, dashed black line injected anti-thrombin immuno-
globulin G (ATI) concentration, solid black line injected o-thrombin
(THR) concentration, solid green line simulated no-interaction LS
signal. b Hetero-association modeling. Black squares LS data points
measured after equilibration, dashed black line best-fit model, 2
(THR):1(ATI) with equivalent and independent binding sites, Kp=
9 nM. Other plots represent LS contributions from the complexes.
Blue triangles 1:1, red circles 2 (THR):1 (ATI). ¢ Mole fraction of
complexes, same symbols as for b. In b and ¢, plots for free monomers
are not shown
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Flagellar motor proteins self-assemble to form a highly
organized motor structure. Kenrick et al. (2012a) investigat-
ed subunit assembly of the multi-domain flagellar motor
proteins FliM and FliG by means of CG-MALS. In isola-
tion, the middle domain of FliG binds to a site on the FliM
middle domain with a Kp=600 uM (confirming nuclear
magnetic resonance analysis by Vartanian et al. 2012), while
the C-terminal domain of FliG binds to a neighboring site on
FliM with a Kp=6 uM. The interactions of both FliG
domains reach equilibrium within less than 20 s, forming
1:1 complexes.

The association between the FliG protein expressed with
both domains and F1liM is qualitatively distinct from single-
domain interactions, illustrating the evolution of a biochem-
ical system from simple precursors to higher-order complex-
ity. Figure 3 presents the CG-MALS data from a fixed
concentration of FliM and varying concentrations of FliG.
The stopped-flow delay time after each injection is 1 h.
Equilibration of the association process is dramatically
slower than the individual FliM domain binding event. A
quasi-equilibrium analysis of the 1-h data points provided a
best-fit model of 1:2+2:3 (FliM:FliG) with average per-site
affinity of 10 uM, as illustrated in Fig. 3 (inset); presumably,
had the reactions been permitted to continue, the complexes
would have consisted of longer FliM—FliG chains. While we
do not expect the observed kinetics to be biologically rele-
vant—the in vivo process of motor assembly could be
assisted by chaperones or otherwise affected by the cellular
environment—it is striking that the C-ring assembly process
initiates in vitro, even in the absence of supporting biolog-
ical machinery and scaffolding.

For best efficacy, biotherapeutics are expected to bind to
their targets with high affinity, generally leading to K, values
in the low nanomolar range and down to the picomolar range.
CG-MALS sensitivity is proportional to molar mass, permit-
ting analysis of sub-nanomolar antibody—antigen or antibody—
receptor interactions when state-of-the-art detectors are com-
bined with well-prepared solutions (smaller proteins, such as
CTR, STI, FtsZ, and sZipA would only be quantifiable down
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Fig. 5 THR-anti-thrombin (AT) binding kinetics, fixed AT concentra-
tion of 60 pug/mL, and varying THR concentrations. Symbols represent
measured values: solid blue diamonds 28 pg/mL THR, red squares
22 ng/mL THR, green triangles 17 ng/mL THR, purple circles 11 pg/
mL THR, open orange diamonds 5.6 ug/mL THR. Lines are best-fit to
second-order kinetics; 1:1 binding with K,,=6.09 % 103s 'M !
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to single-digit nanomolar Kp). We have characterized several
such interactions by CG-MALS, the tightest so far at Kp=
0.3 nM. Of'the non-proprietary samples we have measured, -
thrombin (THR) and anti-thrombin immunoglobulin G (ATI)
have so far presented the highest affinity at 9 nM per binding
site (Fig. 4), comparing favorably to 15 nM determined by
enzyme-linked immunosorbent assay (ELISA) (data available
at: Haematologic Technologies, Essex Junction, VT). In con-
trast to ELISA, surface plasmon resonance (SPR), and most
other techniques suitable for this affinity range, CG-MALS
not only shows unequivocally the 1:2 stoichiometry of an
antibody—antigen interaction (SPR provides, at best stoichio-
metric ratio; see Rich and Myszka 2008 for the ambiguity
inherent in SPR stoichiometry analyses) but also the presence
of, or lack of other complexes such as homo-oligomers of
either species or higher order hetero-complexes.

Kenrick et al. (2012b) extended the THR—ATT analysis to
demonstrate how CG-MALS may characterize a three-body
interaction. Anti-thrombin (AT, Haematologic Technologies)
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Fig. 6 a CG-MALS aptamer—streptavidin (APT-SA data). Solid blue
line Measured LS, dashed purple line simulated no-interaction data, solid
black line injected SA concentration, dotted black line injected APT
concentration. b Hetero-association modeling. Black squares Measured
LS, dashed red line best-fit model of 2 APT:1 SA, equivalent and
independent binding sites, Kp=190 nM, green triangles 1:1, blue dia-
monds 2:1 complex. LS from free monomers not shown. In b lines
(except best-fit model) are guides to the eye, and the self-interaction data
are excluded as no self-association was evident. Conversion of LS signals
to units of kiloDaltons gram per liter is approximate because APT and SA
have different specific refractive index increment (dn/dc) values
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binds irreversibly to THR, potentially inhibiting the interac-
tion with ATI. The concentration-dependent kinetics of THR—
AT complexation were analyzed via CG-MALS (Fig. 5),
exhibiting a 1:1 stoichiometric state with k,,=6.09 x 10° 57!
M, comparable to fluorescence-based measurements of

58x10°s M (Izagulrre et al. 2007) and surface plasmon
resonance measurements of9 x 10°s M (Elg and Deinum
2002). Approximately 23 % of the AT was found to be
inactive, similar to the manufacturer’s data (21 %). For
THR—-AT-ATI interactions, a stock solution of THR-AT
was prepared by incubating AT and an excess of THR for
1 h and then removing the inactive/unbound AT and THR
by size exclusion chromatography. The THR—AT complex
eluent was then combined with ATI to determine the
affinity and stoichiometry of AT-bound THR with ATI.
While the best-fit model was unchanged at 2(THR):1
(ATI), the Kb increased from 9 to 300 nM, indicating a
negative cooperativity most likely due to either steric
hindrance or an allosteric reduction in the active site as

per Gandhi et al. (2008).
CG-MALS works just as well for oligonucleotides and

peptides as for proteins. Bing et al. (2010) identified a 10-
kDa streptavidin-binding DNA aptamer (APT). Since strep-
tavidin (SA) exists as a native tetramer, the APT-SA stoi-
chiometry potentially could be 1:1, 2:1, 3:1, or 4:1—or
larger if APT itself is multivalent or either species self-
associates. Kenrick et al. (2012¢) measured APT—SA inter-
actions in a full CG-MALS gradient, shown in Fig. 6. No
evidence for self-association was found; the hetero-
association data proved the availability of exactly two
equivalent and independent binding sites on SA for APT,
Kp=190 nM. The latter result suggests that SA acts as a
dimer of dimers where APT may bind to the cleft site, as
confirmed by mass spectroscopy (Ruigrok et al. 2012).

/()
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The hetero-association of two multivalent macromolecules
holds the potential for assembly of relatively large complexes.
Figure 7 illustrates some examples of structures that could
form from two bivalent molecules (Fig. 7a) and from one
bivalent and one dimerizing molecule (Fig. 7b). CG-MALS
is well-suited to analyzing these interactions thanks to its
determination of solution molar mass which helps distinguish
complexes with the same stoichiometric ratio but different
absolute stoichiometries. The extended association states can
be modeled as ‘metacomplexes’, i.e., the product of self-
association of hetero-associated base units. For example, the
n:n series of Fig. 7a may be considered (XY);, (XY),, (XY)s,
etc. Often this type of metacomplexation may be modeled
conveniently as an isodesmic self-association of the base
units, either finite (terminating at some n-mer) if there is some
limiting mechanism such as cyclization (ring formation), or
infinite if the metacomplexation is open-ended. The associa-
tion model is described by two ass0c1at10nnconstants
X+ )Y ZEEXY, and XY, + XY+ XY, + . <K_(XY)
where i=j=1 for Fig. 7a, and i=1, j=2 for Fig. 7b. A complete

model should account for the additional complexes shown in
Fig. 7.

Further evidence for the ‘dimer of dimers’ structure of SA,
apparent in the crystallographic structure (Hendrickson et al.
1989), was found in its interaction with anti-streptavadin
immunoglobulin G1 (ASI; kindly provided by S. Cao and J.
Pollastrini, Amgen). CG-MALS data (Kenrick and Some
2012) indicated no self-association and peak SLS signals at
a 1:1 stoichiometric ratio. However, as shown in Fig. 8a, the
total light scattering intensity far exceeded that expected for
the 1:1,2:1, or 1:2 states. In a first-pass analysis the data are fit
well by a model of infinite self-association of 1:1 sub-units,
with an intra-sub-unit Kp, ; of 22 nM and inter-sub-unit Kp »
of 50 nM. One might expect K ;=Kp 5, since the sub-units
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Fig. 7 Molecular networks that may form from multivalent molecules. a Bivalent antibody (Ab) and bivalent antigen (Ag). b Bivalent antibody and

monovalent, self-associating antigen. Stochiometries represent Ab:Ag
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bind at the same sites that participate in intra-unit association.
The lower inter-unit affinity could represent cooperativity that
disfavors larger metacomplexes; back-calculation of the con-
centrations of each metacomplex shows that only
(1SA:1ASI);, (1SA:1ASI),, and (1SA:1ASI); appear at any
appreciable level under these conditions. Further investigation
of this system should include composition gradients at higher
overall concentrations to test for correspondingly higher asso-
ciation states.

A more complete analysis, presented in Fig. 8b, c,
includes the additional n+1:n and n:n+1 complexes that
should exist in these networks alongside n:n complexes.
Inclusion of those terms not only produces a somewhat
better fit—with 1:2, 2:1, and 2:3 terms contributing signif-
icantly to the total light scattering—but the Kp determined
from the associations constants of all complexes converge to
the narrow range of 20 + 5 nM, suggesting no cooperativity.

CG-MALS analysis cannot distinguish conclusively be-
tween possible mechanisms behind the apparent bivalent
nature of tetrameric SA, such as steric inhibition or speci-
ficity of the ASI complementarity-determining region for
epitopes located along SA’s axis of symmetry. On the other
hand, CG-MALS can be a quite powerful tool in confirming
and fleshing out predictions based on structural models of
the individual proteins, such as the expected ‘dimer of
dimers’ behavior of SA (the author is not aware of attempts
to predict this specific interaction).

In our experience metacomplex formation is often ac-
companied by relatively slow kinetics. The SA—ASI inter-
action does exhibit such slow kinetics, clearly evident in
Fig. 8a. At this time we have not attempted to analyze the
kinetics in this rather complicated system; however, the
equilibrium result of essentially a single Kp would suggest
that one association rate and one dissociation rate could
suffice to describe the entire temporal evolution.

CG-MALS is particularly powerful in addressing some of
the quite complex interactions exhibited by biological sys-
tems. We investigated the Cre-/oxP recombination system
(purified enzyme and oligonucleotide kindly provided by K.
Gupta and G.D. Van Duyne, University of Pennsylvania).
Cre recombinase acts on /oxP, a 35-bp sequence from bacte-
riophage P1, to effect site-specific insertions, deletions, trans-
locations, and inversions of DNA in prokaryotic and
eukaryotic cells. Previous work on this system utilizing elec-
trophoretic mobility shifts assays (EMSA; Ringrose et al.
1998) and SPR (Riifer et al. 2002) found that two Cre mole-
cules bind to /oxP with positive cooperativity. Although nei-
ther the protein nor DNA self-associate on their own, two Cre-
loxP units further associate to form a 4:2 synaptic complex
that is necessary for catalysis; this assembly was previously
examined by SE and EMSA (Ghosh et al. 2007).

In a single three-hour CG-MALS run, we reached qual-
itatively similar conclusions as those obtained previously
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through these laborious and time-consuming processes, al-
though a direct quantitative comparison has not yet been
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Fig. 8 a CG-MALS gradient of multi-valent/multi-valent SA+ immu-
noglobulin G interaction. Solid blue line MALS data, dotted red line
simulated LS from 1:2 interaction, solid gray line injected SA concen-
tration, dashed gray line injected antibody concentration. b Hetero-
association fitting. Blue squares LS data from each injection measured
at equilibrium, open red circles best fit to a model assuming the
complexes of Fig. 7a, single-site Kp=20 nM, filled gray diamonds
1:1, filled green circles 2:2+3:3+4:4+..., closed black triangles 1
SA:2 antibody, open purple diamonds 2 SA:1 antibody, open orange
squares 3 SA:2 antibody. ¢ Solution concentrations of the individual
complexes, symbols as in b. Filled green circles represent total mass
concentration of all n:n complexes excluding 1:1. In b and ¢ free
monomer plots not shown, /ines are guides to the eye, and the self-
interaction data are excluded as no self-association was evident
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possible because of variations in the specific oligonucleotide
sequence and length, catalytic mutations, and buffers. CG-
MALS analysis indicated that, at pH 7.5, the first Cre
attaches to JoxP with a Kp;=30-170 nM and the second
Cre binds at an approximately tenfold greater affinity
(4—17 nM), while the final reaction Cre,loxP+Cre,loxP <
CreyloxP; occurs with Kp ¢ynap=380 nM . For comparison,
SPR determined Kp ; on the order of 6.5 nM and Kp, of
mid- to low-pM for ~100-2000x% cooperativity, while
EMSA found a cooperativity factor of only 14; SE and
EMSA determined Kp gynaps in the range of 10-14 nM.
Association kinetics and the r, sizes of the complexes,

g
although available in the LS data, were not analyzed.

Summary

The real power of light scattering for the analysis of biomo-
lecular interactions lies in a very basic yet essential aspect:
the determination of solution molar mass and size, providing
a direct window on simple or complex association states
with minimal guesswork as to the meaning and interpreta-
tion of the observed signals. Future developments can be
expected to include extending the range of equilibrium
models; integrating the analysis of equilibrium and kinetics
in order to further quantify site-specific interactions; inte-
grating CG-MALS with CG-DLS analysis to facilitate low-
volume, rapid determination of thermodynamic parameters
via van t’Hoff analysis in the DLS plate reader

The unique capabilities of CG-MALS and CG-DLS suggest
that these techniques are destined to become essential tools in
the hands of the physical biochemist. Researchers already
utilizing batch light scattering for fundamental physical bio-
chemistry will find that the automated apparatus increases their
productivity and range of applications by an order of magni-
tude, while those utilizing other biophysical techniques, such as
SPR or ITC, will discover the complementarity between these
methods. Given its particular suitability to quantifying multi-
species complexes, oligomerization, and aggregation under a
large range of solvent conditions, one can envision CG-MALS
pervading all fields of biological interactions from essential
genetic manipulation and cellular machinery through the biol-
ogy of disorders, such as beta amyloid aggregation or immune
responses to viral agents.
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