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ABSTRACT Two new applications of the recently developed technique of composition gradient static light scattering (CG-
SLS) are presented. 1), The method is demonstrated to be capable of detecting and quantitatively characterizing reversible
association of chymotrypsin and bovine pancreatic trypsin inhibitor in a solution mixture and simultaneously occurring reversible
self-association of chymotrypsin at low pH in the same mixture. The values of equilibrium constants for both self- and hetero-
association may be determined with reasonable precision from the analysis of data obtained from a single experiment requiring
,15 min and,1 mg of each protein. 2), Analysis of the results of a single CG-SLS experiment carried out on Ftsz, a protein that
self-associates to form linear oligomers of indefinite size in the presence of guanosine diphosphate, yields the dependence of
the equilibrium constant for monomer addition upon oligomer size.

INTRODUCTION

Quantitative characterization of reversible macromolecular

associations in solution is an essential component of research

aimed at understanding the function of these macromole-

cules in a biological system (1,2). We have recently in-

troduced a light-scattering based method, called composition

gradient static light scattering (CG-SLS), and demonstrated

the capability of this method to rapidly detect and quanti-

tatively characterize limited self-association equilibria in a

solution containing a single protein component (3) and limited

heteroassociation equilibria in a solution containing two

protein components (4). The purpose of this article is to dem-

onstrate two additional capabilities of this method:

1. The simultaneous detection and quantitative characteri-

zation of both self- and hetero-association equilibria in a

solution containing two protein components.

2. The detection and characterization of indefinite self-asso-

ciation in a solution containing a single protein component.

MATERIALS AND METHODS

Materials

Chymotrypsin and bovine pancreatic trypsin inhibitor (BPTI) were obtained

from Sigma (St. Louis, MO), dialyzed against phosphate buffer, 0.05 M Na

Phosphate1 0.2 M NaCl, previously titrated to the indicated pH value, and

used without further purification. FtsZ, prepared in a buffer containing 50

mM Tris-HCl 1 50 mM KCl 1 0.1 mM GDP 1 5 mM MgCl2, pH 7.5 (5),

was a gift from Dr. Germán Rivas, CIB-CSIC. Protein concentrations were

determined from the absorbance at 280 nm using the following standard

values for absorbance in OD units/cm pathlength for a 1 g/l solution:

chymotrypsin, 2.04 (6); bovine pancreatic trypsin inhibitor, 0.658 (7); and

FtsZ, 0.345 (5). Refractive increments were determined as described in Attri

and Minton (3), and found to be equal to 0.1856 0.003 ml/g at 20�C for all

proteins utilized in this study. Immediately before light scattering measure-

ment, solutions were prefiltered and centrifuged as described in Attri and

Minton (3). Measurements of light scattering were carried out at 20�C.

Experimental procedures

Experiments are conducted utilizing the apparatus described in Attri and

Minton (4), and depicted schematically in Fig. 1. The apparatus consists of a

programmable dual-syringe pump (Model No. 541C, Hamilton, Reno, NV)

configured to deliver a solution of time-varying composition—the compo-

sition gradient—to the flow cells of a light scattering detector (DAWN-EOS,

Wyatt Technology, Santa Barbara, CA) and an UV-visible absorbance

detector (Model No. SM5100, Milton Roy, Miami, FL). The two flow cells

are connected in parallel to provide simultaneous measurements of scat-

tering and absorbance of volume elements of solution with identical com-

position throughout the composition gradient.

Experiments on a single protein are performed as described in Attri and

Minton (3). A solution of the protein is loaded into one solution reservoir,

and buffer is loaded into the second. The composition gradient is obtained by

incrementally increasing the flow rate from one syringe and simultaneously

decreasing the flow rate from the second syringe to maintain a constant total

flow rate. At user-specified intervals, the syringe pumps are halted to ensure

equilibration of the mixture. In this fashion, a stepwise gradient of increasing

or decreasing protein concentration is established.

Experiments on mixtures of proteins A and B are performed as described

in Attri and Minton (4). A solution of A is loaded into one reservoir, and a

solution of B is loaded into the second. By simultaneously increasing the

flow rate from one syringe and decreasing the flow rate from the second

syringe, a composition gradient is established in which the concentration of

one protein increases and the second decreases, so that the mole fraction of

one protein in the mixture gradually increases from 0 to 1, as the mole frac-

tion of the second decreases from 1 to 0.

Raw data obtained from these two types of experiments were processed

as described previously, and saved either as files of fwtot, ÆRæ/Kg in the

case of one-component experiments (3), or ffA, ÆRæ/Kg in the case of two-

component experiments (4), where wtot denotes the total concentration of

protein in units of g/l, ÆRæ/K denotes the Rayleigh ratio, averaged from data

obtained by multiple detectors, scaled to an optical constant K defined in

Attri and Minton (3), and fA denotes the fraction of the solution containing
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component A in the two-component solution mixture. Raw data were

acquired using ASTRA (V.4.7, Wyatt Technology), and exported as text

files for subsequent processing and modeling in MatLab (Ver. 7.01, The

MathWorks, Natick, MA). User-written MatLab scripts and functions used

to perform calculations in this work are available upon request.

Modeling the composition dependence of the
scaled Rayleigh ratio

In a solution containing a single protein component, absorbance data were

converted to values of wtot as described in Attri and Minton (3), and in a

solution containing two protein components, absorbance data were converted

to values ofwA,tot andwB,tot as described in Attri andMinton (4). To calculate

the value ofR/K as a function ofwtot in a one-component experiment, orwA,tot

andwB,tot in a two-component experiment, it is necessary to construct amodel

specifying the equilibrium concentrations of all macromolecular solute

species present in detectable quantity as a function of the total w/v con-

centration of each protein component. The general procedure for doing so is

presented in Attri and Minton (4). Here we present two specific models that

were applied to the analysis of the data presented here.

Model 1: chymotrypsin (A) 1 bovine pancreatic
trypsin inhibitor (B)

On the basis of known association properties of these two proteins (8,9), the

following species are postulated: monomeric A, monomeric B, a hetero-

dimer (AB), and a homodimer (AA). In accordance with notation introduced

in Attri and Minton (4), wherein a property of species AiBj is indicated by the

subscript fijg, we define the following equilibrium constants for hetero-

association of A and B, and for self-association of A, respectively:

K11 ¼ c11
c10c01

; (1)

K20 ¼ c20

c
2

10

: (2)

The equations of conservation of mass are then

cA;tot ¼ wA;tot

MA

¼ c10 1 2c20 1 c11 ¼ c10 1 2K20c
2

10 1K11c10c01;

(3)

cB;tot ¼ wB;tot

MB

¼ c01 1 c11 ¼ c01 1K11c10c01: (4)

Given the experimentally determined values of wA,tot, wB,tot, and test values

of MA, MB, K11, and K20, Eqs. 3 and 4 may be solved numerically for the

values of c10 and c01, and c11 and c20 are then obtained via Eqs. 1 and 2. The

scaled Rayleigh ratio is then calculated according to Attri and Minton (4):

R=K ¼ M
2

10c10 1M
2

01c01 1M
2

11c11 1M
2

20c20: (5)

Model 2: indefinite self-association of FtsZ

In the presence of GDP and Mg, FtsZ has been shown to undergo indefinite

self-association to form linear oligomers (5). Accordingly, the following set

of equilibrium constants for stepwise addition of monomer to oligomer are

defined for i $ 2,

Ki [
ci

ci�1c1
; (6)

where ci denotes the molar concentration of i-mer, and K1 [ 1. The

condition of conservation of mass is expressed as

ctot ¼ wtot=M1 ¼ +
i

ici ¼ +
i

iQic
i

1; (7)

where M1 is the molar mass of monomeric protein, and

Qi ¼
Yi

j¼1

Ki: (8)

According to the theory of isoenthalpic linear indefinite self-association of

identical subunits (10), the value of Ki should gradually decrease with

increasing oligomer size and approach a constant value, denoted KN, in the

limit of large oligomer size. Therefore we define a unitless scaling factor Fi

[ Ki/KN for i. 1, such that F2. 1 and Fi/ 1 as i/N, and F1[ 1. Then

Qi ¼ K
i�1

N Zi; (9)

where

Zi ¼
Yi

j¼1

Fj:

We now define the unitless protein concentrations c�tot [KNctot and

c�1[KNc1: It follows then from Eqs. 7–9 that

c
�
tot ¼ +

i

iZic
�i
1 : (10)

Given an experimental value of wtot and test values of M1, KN, and the Zi,

Eq. 10 may be solved numerically for the value of c1*. Then from Eq. 9,

ci ¼ Zi

KN

c
�i
1 ; (11)

and the scaled Rayleigh ratio may be calculated according to

R=K ¼ +M2

i ci ¼
M

2

1

KN

+i2Zic
�i
1 : (12)

It is evident that the above model, which contains an arbitrary number of

independently variable Fi or the equivalent Zi, must be simplified. This is

FIGURE 1 Schematic illustration of instrumentation used to perform

composition gradient light scattering measurements: (1–2) Reservoirs for

solutions A and B. (3) Programmable dual syringe pump. (4) Programma-

ble valves for switching syringes between filling and delivery modes.

(5) T-junction for mixing of input streams from the two syringes. (6) Peristaltic

pump for delivery of buffer in reservoir (7). (8) Valve for switching appa-

ratus input between peristaltic pump (6) and syringe pump (3). (9) Inline
filter. (10) T-junction for splitting solution mixture into parallel streams for

concurrent measurement in absorbance detector flow cell (11) and multi-

angle light scattering detector flow cell (12). Figure reproduced from Attri

and Minton (4).
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done by specifying a simple empirical functional dependence of Fi upon i

obeying the conditions set out in the above definition of Fi. It was shown

previously that so long as the final calculated dependence of experimental

signal upon total protein concentration is in agreement with experiment, the

underlying distribution of species is independent of the precise form of the

empirical function employed (5). We therefore select one of the empirical

forms utilized by Rivas et al. (5) for i . 1:

Fi ¼ 11
J � 1

ði� 1Þa: (13)

Thus, specification of the test values of the empirical parameters J and a

together with KN andM1 permits the calculation of R/K as a function of wtot.

(In the numerical calculation, sums over species indicated above were

evaluated up to i ¼ 100. It was verified that all series converged well before

this limit.)

RESULTS AND DISCUSSION

Chymotrypsin (A) 1 bovine pancreatic
trypsin inhibitor (B)

Experiments were carried out over a range of pH values, in

solutions prepared as described in Materials and Methods.

The dependence of ÆRæ/K on fA obtained at three pH values is

plotted in Fig. 2. Initially, unsuccessful attempts were made

to analyze the composition gradient data in the context of a

simple 1-1 hetero-association model, but it was soon realized

that derived values of the molar mass of chymotrypsin were

dependent upon pH and unrealistically high at low pH

values. Reference to the literature then revealed that chy-

motrypsin is known to dimerize significantly under acid

conditions (8,11). (This is a graphic example of how the

results obtained using the present technique can rapidly

guide the investigator to the correct choice of association

model.) Subsequently, the data were analyzed in the context

of the model described by Eqs. 1–5 above. To obtain the

maximum amount of information about this two-component

system, three separate experiments were carried out on

solutions prepared at each of several different pH values.

Dilution (one-component) experiments of the type described

in Attri and Minton (3) were carried out on solutions of each

of the two proteins, and then the composition gradient (two-

component) experiment described in Attri and Minton (4)

was carried out on a time-varying mixture of the two pro-

teins. Two alternate modeling procedures were then carried

out. In the first procedure (single-scan modeling), only the

results of the two-component experiment were fit by the

model equations. The best fit of the hetero- plus self-

association model obtained in this manner at three pH values

is plotted together with the data in Fig. 2. Using the values of

best-fit parameters, the concentrations of individual species

and the contributions of individual species to the total

scattering may be calculated, and these are plotted in Fig. 3.

In the second procedure (global modeling), a compound

model was constructed to simultaneously fit the results of the

two-component experiment together with the results from

either one or two one-component experiments, to simulta-

neously evaluate best-fit values of MA, MB, log K20, and log

K11. Best-fit values and uncertainties of equilibrium associ-

ation constants determined by single scan and global mod-

eling are presented in Table 1. Best-fit values of equilibrium

constants for hetero- and self-association are plotted as func-

tions of pH in Fig. 4, a and b, respectively.
Although estimates of the association constants obtained

by different treatments of the present data are reasonably

self-consistent, values of log K11 obtained in this study are

systematically 5–10-fold lower at all pH values than those

reported earlier by Vincent and Lazdunski (9), although the

pH dependence is approximately the same. There are at least

two possible explanations for the discrepancy:

1. The difference may be due to the difference in buffers

employed in the two studies. The equilibrium constants

presented by Vincent and Lazdunski (9) were calculated

as the ratio of directly measured association and disso-

ciation rate constants, and dissociation rates were mea-

sured in a buffer containing 50 mM CaCl2 in addition to

NaCl. Substitution of Ca21 for Na1 has been found to sig-

nificantly enhance noncovalent associations of a variety

of other proteins, including the self-association of chymo-

trypsin (see, for example, (11–14)), and we feel that this

is likely to be the case for associations between chymo-

trypsin and BPTI as well.

2. Discrepancy between the actual equilibrium constant and

the apparent equilibrium constant calculated via the ratio

of association and dissociation rate constants may arise

if the complex AB exists as a mixture of two isomers in

rapid equilibrium, only one of which undergoes disso-

ciation. The actual and apparent equilibrium constants

will then differ by a constant reflecting the fraction of AB

existing as the dissociating isomer at equilibrium.

FIGURE 2 ÆRæ/K plotted as a function of fA for a

composition gradient of chymotrypsin (A) and bovine

pancreatic trypsin inhibitor at three pH values. The

curves represent the dependence calculated with the

equilibrium model described by Eqs. 1–5 using best-fit

parameter values listed in Table 1, obtained via global

modeling as described in the text.
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We had hoped that global modeling of multiple experi-

ments would significantly increase the precision of results

obtained from analysis of the combined data, but the results

presented in Table 1 do not fulfill this expectation. We

believe that this is partly due to the fact that the individual

one-component experiments and the two-component com-

position gradient experiments were carried out at different

times, using different protein solutions. In addition to

possible differences between the solutions used in the

individual experiments, there exists also the possibility of

slight changes in instrumental sensitivity. (The light scatter-

ing detector is recalibrated periodically—typically once

every two months—but not before each experiment.) A

protocol for rapid sequential performance of the combined

experiments using the same solutions is under development.

FtsZ

Replicate dilution experiments were carried out as described

previously (3) on the protein solution described in Materials

and Methods. The experimentally measured dependence of

ÆRæ/K upon wtot is plotted in Fig. 5. The model described by

Eqs. 6–13 was fit to the experimental data, fixing the value of

M1 at 40,500 (5). A broad variety of combinations of the

parameters KN, J, and a were found capable of fitting the

data to within experimental precision, indicating that these

parameters are highly correlated, and hence may not be de-

termined individually. One of the (identical) calculated best-

fits is plotted in Fig. 5 together with the data. One can calculate

stepwise equilibrium constants and standard free energies of

stepwise association as functions of oligomer size using each

FIGURE 3 Contributions of individual species to the composition

gradient scattering profile, calculated using parameters obtained from the

best fit of the equilibrium model described by Eqs. 1–5 to the data obtained

at pH 5.4 (center panel of Fig. 1; see also Table 1). (Left) Calculated

concentrations of individual species. (Right) Calculated concentrations of

individual species (solid lines) to the total scattering profile (dotted line).

Individual species are indicated by colors as follows: A, black; B, red; AB,
blue; and A2, magenta.

TABLE 1 Best-fit parameter values obtained from modeling

composition gradients of chymotrypsin (A) and BPTI (B)

pH log K20 log K11 MA /103 MB /103

4.4 4.0 (60.25) 4.5 (60.45) 27.0 (60.35) 5.3 (60.35)

4.3 (60.2) 5.0 (�0.4, 1 0.6) 24.7 (60.15) 5.6 (60.3)

4.9 3.8 (�N, 1 0.5) 5.4 (61.3) 25.4 (60.25) 5.4 (60.7)

4.1 (60.15) 5.85 (�0.5, 1 0.6) 23.9 (60.1) 5.7 (60.2)

5.4 3.7 (60.2) 6.2 (�0.6, 1 1.0) 23.6 (60.1) 6.1 (60.25)
3.5 (60.2) 6.0 (60.5) 24.3 (60.8) 5.9 (60.2)

6.7 3.2 (�0.7, 1 0.2) 6.8 (�0.7, 1 N) 22.9 (60.1) 5.9 (60.3)

2.8 (�N, 1 0.3) 6.4 (�0.4, 1 1.0) 23.5 (60.1) 5.7 (60.2)

7.3 3.2 (60.2) 7.0 (�0.6, 1 N) 23.1 (60.05) 5.9 (60.2)
3.0 (�0.5, 1 0.3) 7.1 (�0.7, 1 N) 23.2 (60.5) 5.9 (60.35)

8.0 3.1 (�N, 1 0.4) 7.2 (�0.9, 1 N) 21.2 (60.05) 5.2 (60.2)

2.7 (�N, 1 0.3) 6.8 (�0.5, 1 N) 21.4 (60.3) 5.2 (60.1)

Values in italics were obtained by modeling the results of a single

composition gradient experiment. Values in Roman font were obtained by

modeling the results of the composition gradient experiment together with

the results of a dilution experiment carried out on a solution of chymo-

trypsin alone and, in some cases, with the results of a dilution experiment

carried out on a solution of BPTI alone.

FIGURE 4 Best-fit values of equilibrium association constants character-

izing hetero-association of chymotrypsin and BPTI (A) and self-association

of chymotrypsin (B), plotted as a function of pH. (A) Circles, values obtained

by modeling a single composition gradient experiment. Squares, values

obtained by global modeling of a composition gradient together with one

or two dilution experiments conducted on individual proteins. Diamonds,

values reported by Vincent and Lazdunski (9), calculated from ratio of

measured association and measured rate constants. Triangle, value reported

by Rigbi, as quoted in Vincent and Lazdunski (9). (B) Triangles, values
obtained from modeling a single composition gradient experiment. Squares,

values obtained from modeling a single dilution experiment conducted

on pure chymotrypsin. Circles, values obtained from global modeling of

composition gradient and dilution experiments. Diamond, value reported by

Aune and Timasheff (8).
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of the sets of model parameters that fits the data to within

experimental precision. In Fig. 6, calculated values are

plotted for a number of such parameter sets, and it is evident

that stepwise equilibrium constants and free energies of

monomer association so calculated are uniquely determined

to high precision, independent of the particular parameter set,

so long as that parameter set is capable of fitting the experi-

mental data to within experimental precision.

Also plotted in Fig. 6 are comparable values obtained from

analysis of sedimentation equilibrium experiments conducted

on FtsZ under nominally identical experimental conditions

(5). In view of the fact that the two sets of measurements were

conducted more than five years apart by different investiga-

tors using entirely different techniques, the agreement be-

tween the stepwise free energies obtained by the twomethods

(generally better than ;0.1 RT) is particularly impressive.

SUMMARY

In this work, the technique of composition gradient static

light scattering, developed recently in our laboratory (3,4) is

shown to be capable of characterizing interacting systems

more complex than those treated in previous publications. In

the first example, the technique successfully detected and

characterized pH-dependent reversible heteroassociation of

chymotrypsin and bovine pancreatic trypsin inhibitor, and

self-association of chymotrypsin taking place in the same

solution under acidic conditions. We are unaware of any

previous report of detection, much less quantitative charac-

terization, of both self- and hetero-association equilibria in

the same solution by any analytical technique. In the second

example, the technique was used to characterize the indef-

inite linear self-association of a protein (FtsZ-GDP) and to

precisely determine standard-state free energies of succes-

sive addition of monomer to growing oligomers. The results

are in excellent agreement with those obtained earlier via

sedimentation equilibrium. We emphasize that the data

shown in Fig. 5 and analyzed in Fig. 6, were obtained in a

single experiment of ,15 min duration, whereas the equiv-

alent information obtained via sedimentation equilibrium

required experiments of several days duration (G. Rivas,

personal communication, 2005).

The success of CG-SLS in resolving association equilib-

ria may be attributed to the high information content of the

composition-dependent scattering profile, which becomes

evident when the contributions of individual species to the

total scattering profile are quantified, as exemplified by the

right-hand panel of Fig. 3. The dependence of equilibrium

concentrations of individual macrosolute species—and hence

the total scattering profile—upon overall solution composi-

tion as it varies along the fA coordinate is extremely sensitive

to differences between alternative reaction schemes and small

changes in equilibrium constants within a particular scheme.
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