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Abstract

A method for rapid detection and characterization of reversible associations of macromolecules in solution is presented. A pro-
grammable dual-syringe infusion pump is used to introduce a solution of time-varying composition into parallel flow cells for con-
current measurement of laser light scattering at multiple angles and ultraviolet–visible absorbance. An experiment lasting less than
15 min produces a large and information-rich set of data, consisting of several thousand values of the Rayleigh ratio as a function of
solute concentration(s) and scattering angle. Using a novel treatment of the data, the entire data set may be equally rapidly analyzed
in the context of models for self-association. Validation experiments conducted on previously characterized nonassociating and self-
associating proteins yielded robust values for molecular weights in the range 10–330 kDa and equilibrium association constants for
dimer formation in the range 2 · 103–6 · 105 M�1.
� 2004 Elsevier Inc. All rights reserved.
The detection and characterization of protein–pro-
tein interactions in solution is an essential component
of overall proteomic strategy [1]. A wide variety of
experimental methods are available for the study of such
interactions, many of which are reviewed in Phizicky
and Fields [1] and Srere [2]. At one end of the spectrum
are high-throughput assays for protein–protein interac-
tions, such as the yeast two-hybrid and tandem pull-
down assays [3], which provide, at best, qualitative
information about strong interactions leading to tightly
bound complexes and no information whatsoever about
weaker interactions and reversible associations associ-
ated with regulatory processes. At the other end of the
spectrum are physical–chemical techniques such as sed-
imentation equilibrium, isothermal titration calorime-
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try, and a variety of spectroscopic assays, which can
provide quantitative information of high resolution
about association equilibria but which are low through-
put and labor intensive as conventionally practiced [2].
We present here a novel implementation of one high-res-
olution technique, light scattering, which greatly acceler-
ates the processes of data acquisition and analysis and
increases precision, sensitivity, and range of applicabil-
ity while substantially decreasing the amount of manual
intervention required of the investigator.

The measurement and analysis of static light scatter-
ing is a classical technique for determination of molar
masses and radii of gyration of synthetic and biological
macromolecules in solution. Basic principles underlying
the method and the first practical means of performing
the required measurements were developed during the
1940s and 1950s [4–7]. The subsequent commercial
availability of flow cells for the measurement of light
scattering and refractive index made possible the estima-
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tion of molecular weights and radii of gyration of mac-
romolecular solutes in individual peaks eluted from
chromatography columns [8,9]; hence permitting rapid
detection and identification of stable macromolecular
complexes present in solution [10,11]. The composition
dependence of the light scattering of a mixture of mac-
rosolutes may be analyzed to yield information about
attractive and repulsive interactions between individual
macrosolute species [7,12,13]. However, acquisition of
such information utilizing conventional batch proce-
dures (see for example Tojo et al. [14]) is a time-consum-
ing and labor-intensive process; hence it is rarely
utilized. In the present work we demonstrate that a com-
mercially available liquid dispensing instrument can be
used in conjunction with flow detectors of light scatter-
ing and absorbance to acquire large quantities of accu-
rate composition-dependent light scattering data
rapidly and automatically. We additionally demonstrate
that with the aid of a new analytical procedure, the data
so acquired may be interpreted equally rapidly to yield
reliable estimates of the molar mass(es) of macrosolute
species and the strength of reversible associations be-
tween them.
Methods

Materials

Albumin (bovine serum monomer), albumin (chicken
egg white), alcohol dehydrogenase (yeast), cytochrome c
(horse heart), fibrinogen (bovine plasma, type IV), pep-
sinogen (porcine stomach), b-lactoglobulin A (bovine
milk), b-lactoglobulin B (bovine milk), lysozyme (chick-
en egg white), and hemoglobin (human) were obtained
from Sigma–Aldrich. Chymotrysinogen A (3· crystal-
lized) was obtained from Worthington Chemical. Except
for hemoglobin, all proteins were used without further
purification. Hemoglobin was converted to cyanmethe-
moglobin as described in Benesch et al. [15].

Sample preparation

Before use, all protein solutions were extensively dia-
lyzed against phosphate-buffered saline (PBS),2 pH 7.2
(Biosource, Biofluids, USA). Hemoglobin solutions pre-
pared in high-ionic-strength buffers were dialyzed
against PBS to which the requisite quantity of NaCl
was added. Buffers were prefiltered through Millipore
0.22-lm filters. Protein solutions were prefiltered
through 0.02-lm Whatman Anotop filters. Immediately
before experiments were performed, buffers and protein
solutions were centrifuged at 1000g for 15 min to
2 Abbreviation used: PBS, phosphate-buffered saline.
remove residual particulates and microscopic bubbles.
All measurements were carried out at 20 �C.

Instrumentation

Solutions dispensed by aHamiltonMicrolab 900 dual-
syringe precision dispenser (Hamilton, Reno, NV) are
delivered through a Whatman Anotop 0.1-lm filter to a
Wyatt DAWN-EOS multiangle laser light scattering
detector (Wyatt Technology, Santa Barbara, CA),
equipped with a temperature-regulated K5 flow cell and
a Milton Roy SM3100 variable-wavelength UV–visible
absorbance detector (Thermo Finnegan, West Palm
Beach,FL), installed inparallel as indicated schematically
in Fig. 1. The analog output of the absorbance detector
(1 V per absorbance unit) is connected to theAUX1 input
of the DAWN-EOS, and data from the scattering and
absorbance detectors are collected simultaneously using
ASTRA software (Wyatt Technology; Release 4.90.04).
Adjustment of the flow rate in each of the parallel flow
paths is necessary to ensure that absorbance measured
at a particular time point corresponds to the composition
of solution scattering light at the same time point.

Refractive increments of proteins were measured
using a thermostatted Leica ARIAS 500 Abbé refrac-
tometer (Reichert Instruments, Buffalo, NY) and cor-
rected for differences between the measurement
wavelengths of the refractometer (589 nm) and the
DAWN-EOS (690 nm) according to Perlmann and
Longsworth [16]. Extinction coefficients of proteins at
the appropriate wavelengths were measured by injection
of protein solutions of known concentration into the
absorbance detector, and applicability of Beers� Law
was confirmed for all proteins examined.

Experimental procedure

A typical experiment is conducted as follows. Follow-
ing baselinemeasurement, the dual-syringe dispenser, un-
der program control, provides a stepwise gradient of
solute concentration that varies roughly linearly either
upward from zero concentration (pure buffer) to the con-
centration of the stock solution or downward from the
concentration of stock solution to zero concentration,
over a period of several (typically 5–10) minutes. A single
gradient in either direction requires as little as 1 ml of
buffer and 1 ml of a stock protein solution with absor-
bance exceeding 0.1 OD units at the selected wavelength.
During this period the relative intensity of light scattered
at 15 angles and the absorbance of the sample are col-
lected at regular intervals of time (typically 0.5–1 s). In
Fig. 2, the relative intensity of 690-nm light scattered at
90� and the relative absorbance of the solution at 280 nm
recorded in a typical experiment are plotted as functions
of time. Raw data are saved in native ASTRA format
and exported as text files for analysis as described below.



Fig. 1. Schematic view of the liquid handling system. (1) Programmable dual-syringe pump; (2) reservoirs for stock solution and solvent; (3)
programmable three-way valves for switching between filling and dispensing modes; (4) stream mixer; (5) three-way valve to facilitate purging/
cleaning of the flow system; (6) inline filter; (7) stream splitter; (8, 9) parallel solution delivery lines to flow cells for measurement of light scattering
and absorbance.

Fig. 2. 90� Light scattering (690 nm, red curve) and absorbance
(280 nm, blue curve) of a solution of hen egg ovalbumin, plotted as a
function of elapsed time through a dilution gradient and measured as
number of collected data points. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version
of this paper.)
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Data analysis

All calculations described below are performed auto-
matically using scripts and functions, written and exe-
cuted in MATLAB (Mathworks, Natick, MA), that
are available upon request.

Using previously measured extinction coefficient(s),
absorbance data are converted into time-dependent con-
centration data and, following procedures provided in
the DAWN-EOS instruction manual, the raw scattering
data are converted to concentration- and angle-depen-
dent values of the Rayleigh ratio for excess (solute) scat-
tering R(h,{w}), where {w} denotes the composition of
the solution specified by the weight/volume concentra-
tion of all solute species. Additionally, the value of the
optical constant K 0 is calculated according to

K 0 ¼ 4p2n2k�4N�1; ð1Þ
o o A
where no denotes the refractive index of buffer, ko is the
wavelength in vacuum of the scattering light (690 nm),
and NA is Avogadro�s number. The value of the
Rayleigh ratio R at zero scattering angle for a mixture
of dilute (ideal) species is given by Stacey [7]

Rð0; fwgÞ ¼ K 0
X
i

dn
dwi

� �2

Miwi; ð2Þ

where wi and dn/dwi denote, respectively, the weight/
volume concentration and the specific refractive incre-
ment of the ith solute species. If, in addition, all scatter-
ing species have the same chemical composition (e.g., a
polymer with a distribution of chain length or a single
protein that self-associates to form different oligomeric
species) then the refractive increment of all species is
equal, and Eq. (2) simplifies to

Rð0;wtotÞ ¼ K
X
i

Miwi ¼ KwtotMW; ð3Þ

where K ” K 0 (dn/dw)2, wtot is the total concentration of
solute, and MW is the weight-average molar mass.

The dependence of R(0,wtot) upon wtot is obtained as
follows. The data points—typically several thousand—
are tabulated as a function of two variables, wtot and
sin2(h/2). A two-dimensional polynomial of the form

Zðh;wtotÞ �
Rðh;W totÞ

K
¼

Ximax

i¼0

Xjmax

j¼1

Cij½sin2ðh=2Þ�iwj
tot ð4Þ

is fit globally to the entire data set by linear least
squares. Combination of Eqs. (3) and (4) yields

MW ¼ Zð0;wtotÞ
wtot

¼
Xjmax

j¼1

C0jwj�1
tot : ð5Þ

The Fisher F test [17] is used to determine the minimum
values of imax and jmax permitting Eq. (4) to describe the
entire data set to within experimental uncertainty. Glob-
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ular proteins whose maximum dimension is less than 1/
20th of the wavelength of scattering light (ca. 35 nm)
should behave as point particles with no angular depen-
dence of scattering [7]. For these solutes a lowest accept-
able value of imax > 0 is indicative of either an
instrumental artifact or the presence of aggregates
formed subsequent to prefiltration of the protein stock
solution.

If the data are described to within experimental pre-
cision by Eq. (4) with imax = 0, jmax = 1, then MW is
independent of concentration over the range of solute
concentrations up to that of the stock solution. This re-
sult is consistent with one of two possibilities. (1) There
exists a single non-self-interacting solute species, with
molar mass M equal to MW (= C01). (2) There exists a
mixture of noninteracting solute species. One cannot
discriminate between these two possibilities on the basis
of a single experiment conducted as described in the pre-
vious section, since a distribution of species (and MW)
would not be altered by simple dilution. However, the
presence of multiple solute species may be revealed by
size exclusion chromatography, native gel electrophore-
sis, and/or sedimentation velocity experiments.

If a satisfactory description of the data according to
Eq. (4) requires C02 to be significantly greater than 0
(i.e., MW increasing with solute concentration), then
the presence of equilibrium association is indicated.
Conversely, if a satisfactory description of the data
according to Eq. (4) requires C02 to be significantly less
than 0 (i.e., MW decreasing with solute concentration),
then the solution is exhibiting nonideal behavior arising
from repulsive solute–solute interaction [7]. In the pres-
ent work we shall consider only self-association of a sin-
gle ideal solute component and defer consideration of
multicomponent and/or nonideal solutions to later pa-
pers in this series.

Characterization of equilibrium self-association

When the multiangle scattering data may be satisfac-
torily described by Eq. (4) with imax = 0, indicating a
lack of angular dependence, a further simplification is
possible. For each time (or concentration) point, the val-
ues of Z (= R/K) obtained at 15 scattering angles are
averaged, and the results are saved as a table of {wtot,
ÆZæ(wtot)}. This process is referred to as ‘‘data condensa-
tion.’’ The dependence of ÆZæ upon wtot is then modeled
in the context of a model for equilibrium self-association
as indicated below.

Consider a monomeric protein A in equilibrium with
one or more oligomeric species Ai. The (equilibrium)
molar concentration of each i-mer is given by

ci ¼ Kici1; ð6Þ
where ci denotes the molar concentration of i-mer. Con-
servation of mass is expressed as
ciot ¼ wtot=M1 ¼
X

ici ¼
X

iKici1: ð7Þ

Eq. (7) may be solved analytically or numerically for c1
as a function of wtot, M1, and the various Ki. Then each
of the ci may be calculated using Eq. (6), and it follows
from Eq. (5) that:

Z ¼ MWwtot; ð8aÞ
where

MW ¼
P

MiwiP
wi

¼ M1

P
i2ciP
ici

: ð8bÞ

The values ofM1 and each Ki (or preferably log10 Ki) are
estimated by nonlinear least-squares fitting of Eqs. (6)–
(8) to the experimentally measured dependence of ÆZæ
upon wtot.
Results

Nonassociating proteins

The results of analysis of data obtained for ovalbu-
min (data shown in Fig. 2) are plotted for different
stages of refinement in Figs. 3A and B. The raw data
set consists of 16,755 values of Z, which are plotted as
a function of wtot and sin2(h/2) in the left panel of Fig.
3A. Also plotted is the best fit of Eq. (4) with imax = 0,
jmax = 1, and C01 = 44,388 ± 22 (95% confidence limits).
The corresponding best-fit residuals are plotted in the
right panel of Fig. 3A. The left and right panels of
Fig. 3B show the results of the same analysis applied
to a filtered subset of the initial data set, obtained by
deleting all of the points in the original data set with val-
ues of the squared best fit residual greater than three
times the value of the mean squared best-fit residual.
This subset has 16,696 data points, and the best-fit value
of C01 = 44,341 ± 8. It may be seen that the filtering
procedure does not significantly alter the result of the
analysis, indicating that the small number of outliers
in the raw data set have no significant effect on the deter-
mination of the molar mass. In Fig. 4, the value of logM
determined for several proteins by the method described
above is plotted against the value of log M for the cor-
responding protein obtained from the literature.

Self-associating proteins

Some of the proteins examined exhibited a significant
improvement in the quality of fit of Eq. (4), as measured
by the magnitude of the sum of squared residuals, when
jmax was increased from 1 to 2, and best-fit values of C02

were found to be significantly greater than zero. A fur-
ther increase of jmax from 2 to 3 did not result in further
significant lowering of the sum of squared residuals.
These data sets were then condensed as described above.



Fig. 3. Stages in processing data obtained from the experiment shown in Fig. 2. In each panel, the lefthand plot indicates experimentally obtained
values of R/K (symbols) and the best fit of Eq. (4) with imax = 0, jmax = 1 (grid lines), plotted as a function of concentration and sin2(h/2). The
righthand plot indicates the difference between experimental and calculated best-fit values of R/K, plotted against the same coordinates. (A)
Unfiltered data; (B) data filtered as described in text.
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Ideal monomer–dimer self-association models based
upon Eqs. (6)–(8) were fit to the condensed data sets
by the method of nonlinear least squares to obtain
best-fit estimates of M1 and log K2 (M�1). Experimen-
tally measured values of ÆRæ/K for b-lactoglobulin are
plotted as a function of wtot in Fig. 5, together with
the best fit of a monomer–dimer equilibrium association
model. Best-fit parameter values for this and other self-
associating proteins are summarized in Table 1.
Discussion

The measurement and analysis of excess static light
scattering of macromolecules in solution has tradition-
ally been carried out in batch mode. A series of solutions
containing a macrosolute at different concentrations is
prepared and then, in sequence, each solution is intro-
duced into the scattering cell and the scattering is
measured at multiple angles. For each solute concentra-
tion, an apparent weight-average molar mass and, for
sufficiently large macrosolutes, the z-average radius of
gyration of the solute are determined by linear regres-
sion of R(h,wtot)/Kwtot or Kwtot/R(h,wtot) [6,7]. The pres-
ence of significant solute–solute interaction under a
particular set of experimental conditions is manifested
as a concentration dependence of the apparent weight-
average molar mass [14,18,19].

The experimental and analytical methods introduced
here improve on the traditional approach described
above in several respects. (1) The total amount of mac-
rosolute required for the complete analysis is many
times smaller. (2) A more complete characterization of
concentration dependence of solution properties is
achieved via a continuous gradient of concentration in
contrast to a few discrete concentrations. (3) The pro-
cess of data acquisition is much more rapid. (4) At-
tempts to model values of R(0,wtot)/Kwtot or Kwtot/
R(0,wtot), which are themselves obtained by regression,
as functions of the independent variable wtot are prob-
lematic both statistically and numerically. These vari-
ables, which are conventionally treated in the context
of regression as nominally dependent variables, are
not dependent variables but rather extremely complex



Fig. 4. Logarithm of molar mass obtained for various proteins by the
procedure described here, plotted against the logarithm of molar mass
for the same proteins obtained from the literature. Dashed line
indicates equal-valued x and y coordinates. Proteins are listed together
with references to published values of the molar mass: (1) fibrinogen
[26], (2) alcohol dehydrogenase [26], (3) bovine serum albumin
[nonequilibrium mixture of monomer + oligomers] [27], (4) hemoglo-
bin, (5) bovine serum albumin [monomer] [28], (6) ovalbumin [26], (7)
pepsinogen [29], (8) b-lactoglobulin [mixture of A and B] [30], (9) b-
lactoglobulin A [20], (10) chymotrypsinogen A [18], (11) lysozyme [26],
and (12) cytochrome c [26].

Fig. 5. ÆRæ/K plotted as a function of wtot for b-lactoglobulin. Points,
experimental data: red solid line, best fit of monomer–dimer model,
calculated with best-fit parameter values shown in Table 1; blue dashed
line, hypothetical dependence of ÆRæ/K upon wtot in the absence of self-
association, calculated using best-fit monomer molecular weight. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this paper.)
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compound variables; moreover, the precision of either
variable diverges in the sought limit of low concentra-
tion. In contrast, in the present analysis, the concentra-
tion dependence of zero-angle scattering is obtained via
robust and essentially instantaneous global modeling of
R(h,wtot)/K at all scattering angles and all concentra-
tions, with no loss of precision beyond that inherent in
the signal/noise ratio of the raw data at low
concentrations.

Previous investigations of the behavior of b-lacto-
globulin [20] and chymotrypsinogen A [18] have estab-
lished that these proteins do self-associate under
conditions comparable to those of the present experi-
ments, but a quantitative comparison between earlier
and present results is not possible due to significant dif-
ferences in temperature, ionic strength, and/or buffer
composition. However, equilibrium constants for di-
mer–tetramer association of oxy- and carboxyhemoglo-
bin, measured previously under conditions almost
identical to those employed here, have been tabulated
[21: Tables 5.11 and 5.12]. Since cyanmet-, oxy-, and
carboxyhemoglobin share the same quaternary structure
[22], their dissociation behavior is expected to be similar.
As shown in Fig. 6, values of the equilibrium association
constant of cyanmethemoglobin obtained in the present
work agree with the tabulated values for oxy- and car-
boxyhemoglobin to within experimental uncertainty at
all three values of the ionic strength.

The analysis of equilibrium self-association presented
here is based upon the assumption that equilibration be-
tween the various associating species is rapid with re-
spect to the rate of change of composition of the
solution. To check the validity of this assumption, a de-
lay time was introduced following the addition of suc-
cessive increments of solution, and the scattering
versus time curve was examined for the appearance of
relaxations that are significantly slower than the mixing
time as monitored by the rate of change of absorbance.
In this manner we observed a significant scattering lag
accompanying the addition of large quantities of buffer
to small quantities of stock b-lactoglobulin, which was
attributed to the time required for protein association
to reequilibrate following rapid dilution. A correspond-
ing lag was not observed in the downward gradient of
concentration, where dilution is gradual rather than
abrupt. We therefore subsequently analyzed only
descending gradients of concentration in the self-associ-
ating protein systems and, for each protein studied, per-
formed experiments at different rates of concentration
change to ascertain that the derived dependence of
ÆRæ/K upon total concentration was independent of this
rate.

There is a close analogy, both thermodynamic and
methodological, between the present approach to mea-
surement and analysis of light scattering and the mea-
surement and analysis of sedimentation equilibrium.



Table 1
Results of modeling light scattering data in the context of a model for ideal monomer–dimer equilibrium self-association

Protein Number of data sets M1 (best-fit) log K2 (M
�1) (best-fit)

b-Lactoglobulin 3 19,600 5.3
[18,800; 20,500] [5.0; 5.7]

Chymotrypsinogen 2 23,600 3.25
[23,100; 24,000] [3.1; 3.35]

Cyanmethemoglobin 1 35,700a 5.8
[NaCl] = 0.15 M [33,900; 38,000] [5.2; 7.1]

Cyanmethemoglobin 2 32,200a 4.7
[NaCl] = 1 M [29,500; 37,000] [4.1; 5.2]

Cyanmethemoglobin 2 33,400a 4.1
[NaCl] = 2 M [29,500; 37,000] [3.8; 4.5]

Bracketed values following best-fit values represent lower and upper 95% confidence limits of estimate.
a The association process characterized corresponds to 2(ab) ¢ a2b2.

Fig. 6. Comparison of equilibrium constants for the association of
cyanmethemoglobin half-molecules determined at several ionic
strengths in the present work (diamonds) and association of carboxy-
and oxyhemoglobin in previous studies (circles), as tabulated in
Antonini and Brunori [21]. Error bars correspond to 95% confidence
limits of estimate.
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In the light scattering experiment, one simultaneously
measures concentration and total solute scattering, a
property that depends upon the product of solute mass
and refractive increment of each solute species and upon
the interactions, both attractive and repulsive, between
solute molecules [7,12]. In the centrifugation experiment,
one simultaneously measures concentration and the
equilibrium gradient of solute(s), a property that de-
pends upon the product of solute mass and density
increment of each solute species and upon the interac-
tions, both attractive and repulsive, between solute mol-
ecules [23–25]. In both types of experiment, information
about solute–solute interactions is obtained from ob-
served differences between the measured property of
the solution and the expected sum of the properties of
isolated (noninteracting) solutes. Our goal is to acquire
information about reversible associations that is compa-
rable in scope and resolution to that currently obtain-
able from sedimentation equilibrium. Since the
methodology introduced here, in contrast to that of sed-
imentation equilibrium, permits extremely rapid acquisi-
tion and analysis of composition-dependent data, it may
in principle be used to characterize reversible associa-
tions evolving with time and at equilibrium and, with
the addition of sample handling robotics, may be uti-
lized in moderately high-throughput assays for revers-
ible macromolecular association.
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