Biochemistry1999, 38, 9379-9388 9379

Direct Observation of the Self-Association of Dilute Proteins in the Presence of
Inert Macromolecules at High Concentration via Tracer Sedimentation Equilibrium:
Theory, Experiment, and Biological Significance

Germia Rivas? Javier A. FernandeZzand Allen P. Minton®

Centro de Imestigaciones Bidlgicas, CSIC, 28006 Madrid, Spain, and National Institute of Diabetes and Digeastid
Kidney Diseases, National Institutes of Health, Bethesda, Maryland 20892

Receied February 12, 1999; Résed Manuscript Receéd May 3, 1999

ABSTRACT: The technique of tracer sedimentation equilibrium [Rivas, G., et al. (1B8&Hhemistry,
2341-2348 (); Rivas, G., et al. (1996). Mol. Recognit. 931-38 (2)] is utilized, together with an
extension of the theory of sedimentation equilibrium of highly nonideal solutions [Chatelier and Minton,
(1987)Biopolymers 2610971113 @)], to characterize the thermodynamic activity and/or the state of
association of a dilute, labeled macromolecular solute in the presence of an arbitary concentration of a
second, unlabeled macromolecular solute. Experiments are performed on solutions of labeled fibrinogen
(0.25-1 g/L) in bovine serum albumin (0100 g/L) in the presence and absence of divalent cations
(Ca*, Mg?"), and on solutions of labeled tubulin (6-2.6 g/L) in dextran (6-100 g/L). It is found that

in the absence of the divalent cations, the large dependence of the thermodynamic activity of fibrinogen
on BSA concentration is well accounted for by a simple model for steric repulsion. In the presence of the
cations and sufficiently large concentrations of BSA30 g/L), fibrinogen appears to self-associate to a
weight-average molar mass approximately twice that of monomeric fibrinogen. Tubulin appears to self-
associate to an extent that increases monotonically with increasing dextran concentration, reaching a weight-
average molar mass almost 3 times that of difiedimer in the presence of 100 g/L dextran. Possible
biological ramifications are discussed.

It is increasingly appreciated that volume exclusion arising  The measurement of sedimentation equilibrium has be-
from the high total concentration of macromolecules in come widely recognized as one of the most powerful methods
almost all physiological media (“macromolecular crowding”) for quantitative characterization of macromolecular associa-
can have a large qualitative effect upon the equilibria and tions in solution T, 8). The power of the method resides,
kinetics of macromolecular reactions taking place in such first, in the ability of the centrifuge to discriminate between
media @). Simple geometric models for steric repulsion have various molecular species on the basis of differences in
predicted and/or successfully accounted for large changesbuoyant mass (arguably the most fundamental and least
in a broad variety of biochemical reaction rates and equilibria ambiguous property of a given molecular species) and,
that are observed upon addition of “inert” volume-excluding second, in the rigorous thermodynamic formulation of
macromolecules to a reaction mediuB) 6). Intracellular sedimentation equilibrium. Although it has been recognized
reactions and intracellular processes thought to be sensitivethat the analysis of sedimentation equilibrium may be
to volume exclusion effects include protein folding, function- formally extended to take into account nonideality resulting
linked alterations in nucleic acid conformation, and the from nonspecific, predominantly repulsive, interactions
formation of protein and protetmucleic acid complexeg( between macromolecular solute3, O, 10), experimental
6). Theory predicts that many of these changes may beapplication of the technique to characterize such repulsive
attributed to a significant enhancement of macromolecular interactions has been limited1—14). Analysis of sedimen-
associations in the presence of high concentrations of inerttation equilibrium, extended to take nonideal behavior into
macromolecules. While such enhancement has been inferregccount, has been previously utilized to detect weak self-
indirectly from a variety of experimental observations (see association of individual proteins (myoglobin, aldolase, and
Tables 2 and 3 in re6), enhanced association of a dilute ovalbumin) in highly concentrated, and hence highly non-
macromolecular species in the presence of high concentraideal, solutions of that proteirilg, 13).

tions of a second, concentrated species (i.e., in a crowded e here present a reformulation and extension of the
environment resembling that encountered in a physiological theory of sedimentation equilibrium of highly nonideal
medium) has heretofore been inaccessible to direct observaspjutions g, 9) that is especially suited to the detection of

tion. associations of a dilute (labeled) macromolecular component
in the presence of a second inert macromolecular component.

* Centro de Investigaciones Bigizas, CSIC. Experimental measurements of sedimentation equilibrium

8 National Institutes of Health. have been carried out on two systems of biological interest:
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solutions containing a trace amount of labeled cell adhesionconcentration gradient of specip§i.e., My, significantly
protein, fibrinogen, in various concentrations of bovine serum different from 0)3 In what follows we consider four special
albumin (BSA)! and solutions containing a trace amount of cases of eq 3 which are of particular interest to the
labeled tubulin ¢4 dimer) in various concentrations of experimenter.

dextran. As interpreted by the theory presented here, these Special Case 1There are no solute species present that
measurements clearly demonstrate enhancement of selffulfill both of the above-specified conditions, i.e., have both
association of the trace component in the presence of higha concentration sufficiently great to affect significantly the
concentrations of the inert background component. Possibleactivity coefficients of any species present and a concentra-

biological ramifications of these findings are discussed.

THEORY

Thermodynamic Analysis of Sedimentation Equilibrium of

a Solution MixtureConsider a solution containing a mixture
of solute species with molar massdsand partial specific
volumes?;, in a solvent of density,. Let this solution be
centrifuged at angular velocity and absolute temperature
T. At sedimentation equilibrium (the condition of no net flux
of any species), the following fundamental relatiakD)(
applies:

du; . Mi*w2

dr?2  2RT

(1)

wherer denotes the radial positioR,the molar gas constant,
and M the buoyant molar mass of solute spediegiven

by
M= M;(1 — p,)
ui, the chemical potential of specigsis given by

Wi =u’+RTIny, + RTInw,

whereus, vi, andw; denote respectively the standard state
chemical potential, the activity coefficient, and the weight/
volume concentration of species

Let us define the quantity

. _2RT 4w
.app w2 dr2

2

called the apparent buoyant molar massf speciesk.

Equations 1 and 2 may be combined to yield, after some

algebraic manipulation:

P vy

Equation 3 clearly indicates that in order for spedids
affect the equilibrium concentration gradient of specjes
manifested ifM{",p, there must exist a significant interaction
between specieisandj (i.e., the product ofy, andd In yi/
aw; must be significantly different from 0) and a significant

* —_
Mi,app_

3

i,app

1 Abbreviations: VT, virtual tracer; FITC, fluorescein-5-isothiocy-
anate; Fbg, fibrinogen; Heped\-(2-hydroxyethyl)piperazin¥-2-

ethanesulfonic acid; BSA, bovine serum albumin; GTP, guanosine

triphosphate; PIPES, 1,4-piperazinediethanesulfonic acid.

2The reader is reminded that is a measure of the average free
energy of interaction between a molecule of speciesd all other
solute molecules of the same and other species. Hgrise function
of the concentrations of all speci€s, (L5).

tion gradient sufficiently great to have a value M,
significantly different from 0. Under such conditions, eq 3
reduces to

M*

*
iapp I\/Ii

4)
for all i.

While this solution may not be thermodynamically ideal,
the solutes may be said sediment ideallyThe “classical”
sedimentation equilibrium experiment, carried out at rela-
tively low angular velocity on a dilute solution of a protein
or nucleic acid in a buffer containing substantial concentra-
tions of salts and other small molecules, corresponds to
special case 1.

Special Case 2 There exists one and only one solute,
designated species 0, having both a concentration and a
concentration gradient sufficiently great to affect the apparent
buoyant molar mass of any solute. Under these conditions,
eq 3 reduces to

* —
Mi,app_

—) Maapp (5)

which may be rearranged and integrated with respeabto
to yield

wo'i Mik_ Mi*,app(wo) W
M apdWo) °

Inyiwe) = J,

OWO

(6)

where

*= lim M*
I w0 lapp

Note that when = 0, eq 5 reduces to the familiar expression
applicable to a single self-interacting speci&8)(

M 2on= Mg
0aPP™" 1 + wiy(d In yofowy)

Special Case:3As in special case 2, only solute species
0 is present at a concentration and gradient sufficiently great
to affect the gradients of other species. Let comporient
present in trace quantity, exist as a mixture of species
comprised either entirely or partially df, and let the total
concentration ofl be denoted by = > frjw;, wherefy; is
the mass fraction of componenhin species. We define an
experimentally measurable quantity, called the apparent
buoyant molar mass of compon€entas

3 Since the ternspeciesis used here to denote a single chemical
species of specified molar mass, there is by definitiomlinect effect
of specieg uponM;: However, there may exist direct effects of one or
more species upon the concentration gradient obrmponenthat is
present in solution as a mixture of specid$,(17); these will be
considered subsequently.
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oRT dinw; polymer (species 0) as a random matrix of hard rods with
M?appE —5 X —d > (7) radiusro and a specific exclusion volume of. According
w r to this model:
Combination of egs 3 and 7 yields, after algebraic manipula- r\2
tion: Iny, = (1 + r—') VoWo (13)
0
ZfT,iWi(a In /o)
. . . ] and
Tapp MW,T - WOMO,app 8)
T =1+ v (14)
. oW, I

whereM}; + denotes the actual weight-average buoyant molar

The “Virtual Tracer” Approximation.Equation 8 provides
mass ofT: PP d b

a thermodynamically exact relationship between an experi-
zf WM mentally measureable quantityii .,, andMy 1, the weight-
| T average molar mass of a trace solute component. However,
Mi = — 9) evalgation the rightmost. term in this equation requires a
Zf W detailed model for the interaction between each tracer-
: T containing species and the dominant species 0. If no
information is available priori about the size and shape of
Models for Calculation/kzaluation of the Repulsé In- these species, this term would seem to present a formidable
teraction between Macromolecules. (A) Interaction between obstacle to the use of eq 9 for the analysis of experimental
Rigid Proteins Repulsive interactions are modeled using the data. We therefore adopt the following approximation:
scaled particle theory of mixtures of hard convex particles
(19), as described previouslyl®). For the case in which ZfT,iwi(a In y,/dwg)
|

only a single species of macromolecule (species 0) is present ~ dIn yyr 15
at high concentration, the general theoretical expression for - W (15)
In y; reduces to sz,iWi 0
I
Iny;=—1In(1-pVp) +[HS+ SHy +
Y ( poVo) F [HiS + SHo 5 The left-hand side of eq 15 represents the weight-average
Po 2 2 Po value ofd In yi/ow, over all species containing tracer. For
Vil (1 — poVy) TS 2V‘H°S)]2(l_ poVo)? the purposes of calculating the right-hand side via one of
30 0 the models presented in the previous section, we define a
[VH 2 2] Po (10) single species of virtual tracer (VT) with molar mass equal
iHo'S 3(1— P0V0)3 to the weight-average molar mass of all species of actual

tracer and, in the absence of independent structural informa-

wherepo denotes the number density of species 0 (propor- tion, a shape similar to th_at assumed for the monomeric
tional tow), andH;, S, andV; denote respectively the Kihara ~SPecies of tracer.Combination of eqs 8 and 15 yields the
supporting function, surface area, and volume of the equiva- final approximate result:
lent convex particle representing spediefhe values oH, alny
S andV for particles of various shapes are tabulatedL).( M3, = M¥ - — w,M3 _ VT (16)

If w, and p; are specified in units of g/L and crh app PP oWy

respectively, then o ) _ ) o
The validity of this approximate equation, which is central

alny, Na alny; to the analysis of much of the experimental data reported
W, - 1000V X 900 (11) here, was tested by simulation as described in Appendix 1.
Under conditions similar to those encountered in the
where experimental study reported here, eqn 16 was found to be
accurate to a precision of better than 10%.

oo 1= pv, T HSF SHo Vi = oV + MATERIALS AND METHODS
0 070 ~ PoVo
Sedimentation Equilibrium of FibrinogerBSA Mixtures
2
[H2S2 + 2VH,S) Po + [VHSS] Po Materials Na'#l was from Amersham Corp., and lodo-
' no (1 — pVo)® no (1 — poVy)” beads were from Pierce Chemical Corp. The chromophore

(12) fluorescein-5-isothiocyanate (FITC) was obtained from Mo-

lecular Probes Inc. All other chemicals were of analytical

(B) Interaction between a Globular Protein and a “random grade (Merck and Sigma). Human fibrinogen (Fbg) was
coil” Polymer. Repulsive interactions are modeled using the obtained from Kabi or from Sigma. In both cases, it was
available volume theory of Ogsto2(@), in which a protein
of specied is modeled as a hard sphere of radipand the 4 A similar approximation was made earlier 8).(
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more than 90% clottable. Further purification was done microtubules) was based on the protocols describe@by (
according to21) followed by gel filtration through Sephacryl  32) using a phosphate/glycerol assembly buffer (10 mM
S-400 HR (Amersham Pharmacia) in phosphate buffer (50 phosphate, 1 mM EGTA, 6 mM Mggl3.4 M glycerol, 1
mM sodium phosphate, 150 mM NaCl, 1 mM EDTA, pH mM GTP, pH 6.9). The equilibrium buffer was 100 mM
7.0). Bovine albumin was obtained from Sigma as a PIPES, 0.1 mM EGTA, 1 mM MgGJ 0.1 mM GTP, pH
lyophilized powder (minimum 99% pure), essentially fatty 6.5 (PIPES buffer).
acid and globulin free. The proteins were equilibrated in 25  Tracer Sedimentation EquilibriunSedimentation equi-
mM Hepes/HCI, 150 mM NaCl, pH 7.4, with either 0.1 mM librium of chromophorically labeled tubulin was performed
EDTA (Hepes-EDTA buffer) or 1 mM CaC} and 1 mM in solutions containing various concentrations of dextran as
MgCl, (Hepes-Ca buffer). described above, except that the final speed was 12 008 rpm,
Labeling ProceduresFITC labeling of Fbg was done the temperature was 1T (to prevent tubulin assembly),
essentially as described b32). BSA was labeled with FITC ~ and the absorbance gradient was measured at 550 nm.
according to 23). The degree of labeling was less than 4 Solutions of dextran at the same loading concentrations were
mol FITC/mol of protein in all cases. lodination of Fbg was centrifuged separately to sedimentation equilibrium in pre-
performed as described bg4). Specific activity was (+ parative ultracentrifuges and the equilibrium gradients mea-
10) x 10° cpm/mg of Fbg. sured via microfractionation together with measurement of
Tracer Sedimentation EquilibriunExperiments to char- dextr_an C(_)ncentration in each fra_ction using the anthrone
acterize the effect of BSA on the state of association of Fbg colorimetric method 34) to determine total sugar content.
were performed essentially as described 2Zh Solutions RESULTS
were prepared in Hepe€DTA or Hepes-Ca buffer con-
taining chromophorically or radioisotopically labeled Fbg at  Fibrinogen in BSA.Typical equilibrium gradients of
low concentration, and BSA over a broad range of concen- labeled fibrinogen in various concentrations of BSA (Hepes-
trations €100 g/L). EDTA buffer) are plotted in Figure 1A,B, together with the
In the case of FITC-Fbg, solution samples of ca. 1 mm respective calculated best fits of the integrated form of eq
column length were centrifuged to sedimentation equilibrium 7:
at 6000 rpm and 2C0C in a XL-A Optima analytical

ultracentrifuge (Beckman Instruments Inc.) using either _ X.app 2 2
double-sector or six-channel 12 mm epon centerpieces. After (1) = 5(ro) ex 2RT (" =ro) (17)
sedimentation equilibrium was attained (elapsed tirit

h), absorbance gradients were measured at-%98 nm, where sx is the signal proportional tavx and ro is an

where BSA does not absorb. In parallel, absorbance gradientsarbitrarily selected reference position. The combined results
of unlabeled BSA at the same BSA concentrations were are plotted as the dependenceMf.,, (X = Fbg or BSA)
measured at 306310 nm in 3 mm double sector cells, and uponwssa in Figure 2 (top and bottom panels, respectively).
absorbance gradients of trace-labeled FITC-BSA were We first call attention to the fact that the dependence of
measured at 495 nm in 12 mm double sector cells. EstimatesViEsa appUPONWesa reported here agrees well, over the entire
of the buoyant molar mass of each species were obtainedrange of the present study, with that reported earlierlt3y (
using the programs XLAEQ or EQASSOC (Beckman measured at similar pH, temperature, and ionic strength, but
Instruments; see réf5), and converted to molar mass using using a different experimental method altogether.
values of the partial specific volume obtained froB®)( It is also important to note that, to within experimental
When iodinated Fbg was used in the mixtures, @0  Precision, the values dilfsg appobtained from gradients of
samples were centrifuged to sedimentation equilibrium at FITC-labeled and*3-labeled Fbg have the same dependence
6000 rpm in a preparative ultracentrifuge. Gradients of trace UPON Wasa over the entire range of BSA concentrations
radiolabel and total protein (e.g., BSA) were obtained via €xamined, as well as the same value in the limitveé, =
fractionation of tube contents with the BRANDEL FR-115 0. Since the methods of acquiring these results are entirely
centrifuge tube microfractionatof,(2, 27). The 23-Fhg different for the two labels, the close agreement between
gradient was obtained via scintillation counting of fractions, the two sets of results speaks strongly in favor of the validity
and the BSA gradient was determined in separate tubes usin@f both of the techniques used here as well as the results
a colorimetric protein assay (Bio-Rad). The equilibrium oObtained.
gradient of tracer was analyzed as described.ig)to yield The dependence MEsa appandMfog app(in Hepes-EDTA
the apparent weight-average molar mass. buffer) uponwssa may be well described empirically by the
following linear relationships:

Sedimentation Equilibrium of TubulirDextran Mixtures

. . Mgsa,apd 1000=17.81— 0.084355, (18)

Materials The chromophore tetramethylrhodamine suc-

cinimidyl ester was purchased from Molecular Probes. Mfpg apf1000= 93.49— 0.416Wgg, (19)
Dextran T10 K, 10000) was from Pharmacia. GTP
(dilithium salt) was from Boehringer. The rest of the A variety of experimental results indicate that under the
chemicals were of analytical grade (Merck). Tubulin was conditions of these experiments, BSA does not self-associate
prepared from calf brain by the modified Weisenberg (13, 35, 36). If we similarly assume that in the absence of
procedure 28, 29, 30, stored in liquid nitrogen, and
equilibrated in the desired buffer before use. The chro- s ap gverspeedingfa h at 32 000 rpm33) was used to reduce the
mophoric labeling of tubulin in the assembled form (as equilibration time to less than 5 h.
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Ficure 1: (A) Symbols: equilibrium gradients of3-labeled
fibrinogen, as measured by relative activity of radiolabel as a Wesa (9/)
function of radial position, in various concentrations of unlabeled Ficure 3: Solid lines: activity coefficients of Fbg (in Hepes
BSA. Smooth curves: gradients calculated according to eq 17, usingEDTA buffer) and BSA calculated from the experimental data via
the best-fit values oMeng appindicated in the figure. (B) Symbols:  eq 6 as described in text. Dotted lines: best fit of of Bakbbaled
equilibrium gradients of FITC-labeled fibrinogen, as measured by particle theory to experimentally derived dependence, calculated
relative absorbance of FITC label as a function of radial position, using eq 10 with best-fit parameter values given in the text.
in various concentrations of unlabeled BSA. Smooth curves as in
(A). (C) Symbols: equilibrium gradients of unlabeled BSA obtained - assume that under the conditions of the present experiments,
via colorimetric assay of radial fractions as described under Fbg and BSA interact primarily or entirely via steric

Materials and Methods. Smooth curves: gradients calculated X . A .
according to eq 17, using the best-fit valuesMygsn appindicated exclusion. This assumption was tested by constructing a
in the figure. model in which a solution of Fbg in BSA is treated as a
suspension of equivalent hard particles (see above). BSA is

C&" Fbg does not self-associate, then eqs 18 and 19 mayrepresented by an equivalent hard sphere of radigs(5,
be substituted into eq 6, and the resulting expressions can35, 36) and Fbg by an equivalent hard spherocylinder of
be integrated analytically to obtain the dependence of log radiusre,g and lengthlg,g First, scaled particle eq 10 was
vesa and logyrsc UpOnwasa plotted in Figure 3 (solid lines).  fit to the experimentally observed dependence of hgga

The dependence of the activity coefficient of a selected uponwgsa by the method of nonlinear least squares, yielding
solute species upon solution composition is a function of a best-fit value ofgsa = 2.7 nm, which was held constant
the equilibrium average interaction between a molecule of for subsequent calculations. Since fitting of eq 10 to the
that species and all other solute molecul&3).( Let us observed dependence of logyy upon wgsa cannot be
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Ficure 4: Schematic depiction of trinodular model of FI8g)Y
(solid outline) superimposed upon spherocylindrical equivalent hard
particle representing Fbg (dashed outline) yielding best fit of eq
10 to the experimentally determined dependence of Fbg activity
coefficient upon BSA concentration. The lengths of the two model
structures were set equal, and the cylindrical radius of the
spherocylinder was allowed to vary to attain the best fit.
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Weig 9/

FiGurRe 5: Dependence d¥i}; r,g UPONWEyg calculated for various
concentrations of BSA in Hepe€GTA buffer (left panel) and
Hepes-Ca buffer (right panel) as described in the text. BSA
concentration (g/L) is indicated by symbol type: O (circles), 40

Rivas et al.

initially that Fbg does not self-associate in the absence of
calcium, we calculated the dependence of the activity
coefficients of both Fbg and BSA upon the concentration of
BSA, and demonstrated that these dependences could be
accounted for by a simple geometric model for volume
exclusion (see above). Using the same geometric model
together with the approximate eq 16 to relsig appto M rog

in Hepes-EDTA buffer, we demonstrate that this method
of data analysis does indeed correct for nonideal sedimenta-
tion, and yields the expected result, i.e., no Fbg association
in this medium.

The dependence M rng uponwesa in Hepes-Ca buffer,
calculated as described above, is plotted in the right-hand
panel of Figure 5. According to eq 9, the observed increase
of M mng @t high BSA concentration might be attributed (in
the absence of additional information) to either enhanced
self-association of Fbg induced by BSA or hetero-association
of Fbg and BSA. However, significant hetero-association of
Fbg and BSA under the conditions of these experiments has
been ruled out by the experiment described in Appendix 2.
There appear to be two distinct modes of Fbg self-
association: a weak self-association in the absence of BSA,
which is superimposed upon a strong, saturable self-
association to dimer in the presence of BSA at concentrations

(squares), 50 (upward triangles), 80 (downward triangles), and 100 exceeding ca. 40 g/L.

(diamonds).

Tubulin in Dextran. Typical equilibrium gradients of

expected to Simu|taneous|y y|e|d unequivoca| values of either rhodamine-labeled tracer tubulin in different concentrations

of the two highly correlated variablés,g andleyg the value

of Igpg Was constrained equal to 47.5 nm, the length of the
molecule as observed by electron microscd8).(Equation

10 was then fitted with this constraint to the experimental
dependence of loge,g UpONWass, Yielding a best-fit value

of repg = 3.0 nm. The calculated best-fit dependence of log
vesa and log yrsc UPON Wasa is plotted together with the
experimental dependence in Figure 3. In Figure 4, the

effective spherocylinder representing fibrinogen, that best

accounts for the experimental dependence ofjlggn on
Wgsa in the context of SPT, is overlaid on the electron
microscopic model38). In view of the goodness of fit of

of dextran are plotted in Figure 6. Equation 17 was fitted to
these and similar gradients, and the combined results are
plotted in Figure 7. Since association of tubulin is evident
upon examination of the raw data, independent information
regarding the effect of dextran on the activity coefficient of
tubulin is required.

Measurement of the dependence of the solubility of tubulin
upon dextran concentration under similar experimental
conditions 89) provides the following thermodynamic result
applicable to solutions of trace amounts of tubulin in various
concentrations of dextran:

eq 10, and the similarity between the sizes and shapes of

the best-fit equivalent particles and the actual protein
molecules, we may safely conclude that deviations from
thermodynamic ideality are due predominantly (if not
entirely) to simple steric repulsion.

Rather different behavior of the tracer is observed in

Hepes-Ca buffer (Figure 2, center panel). Some association

of the tracer is evident even in the raw data, although
guantitative interpretation requires subtraction of the effect

of nonideal sedimentation. This was accomplished by defin-

ing the virtual tracer to be a spherocylinder with the same
shape (axial ratio) as that determined by the best fit of SP
eg 10 to the nonassociating data obtained in HeTA

IN Y14 = 0.038,,(g/) (20)

Equation 20 is valid for dextran concentrations up to ca. 100
g/L. We model tubulin “monomer” (actually thej het-
erodimer,M = 1 x 1(P) as an effective hard sphere of radius
Fmonomer = 4 x 1077 cm; such a sphere has a radius of
gyration of 3.1x 107 cm, equal to that measured via small-

angle X-ray scatteringQ). By setting equal the right-hand
sides of model eq 13 and experimental eq 20, and substituting

Tin the value of«monomerr assumed above, one obtains a relation

between the specific exclusion volume and effective hard

buffer, but having a mass equal to the weight-average masg0d radius of dextran:

of tracer. Following calculation of the tracer volume from

the assumed mass and effective density, eqs 11, 12, and 16
were then used to calculate an approximate relationship

betweenM7 ,pp and M7, by means of which the value of
M5, could be estimated from the measured valu®gfy,

The left-hand panel of Figure 5 represents a test of internal

_ 40x107
ro(cm) = 38 12
e !
(uo(cmslg))

(21)

self-consistency in the treatment of the data. Having assumedrhe results to be presented subsequently were calculated
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FIGURE 6: (A) Symbols: equilibrium gradients of rhodamine- 2er ///’/g i
labeled tubulin, as measured by relative absorbance of label, in . v a7
various concentrations of unlabeled BSA. Smooth curves: gradients 2 Ll ~ P
calculated according to eq 17, using the best-fit valueSlof aop L5 // ////
indicated in the figure. (B) Symbols: equilibrium gradients of = / -
dextran, measured as described under Materials and Methods, at 5L/ " 7 i
different dextran loading concentrations. Smooth curves: gradients / 2 g ———B
calculated according to eq 17, using the best-fit valuell@f app Y=
indicated in the figure. e 8
0 L [ ] 1 I I I
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usinguo = 0.8 cn¥/g andro = 6.75 x 108 cm, satisfying W (@

eq 21° _
In accordance with the virtual tracer approximation FIGURES: Dependence dilfws uponwiu, calculated for different

) . . ., _concentrations of dextran as described in text. Dextran concentration
described above, it is assumed that the virtual tracer partlcle(g“_) is indicated by symbol type: O (circles), 25 (squares), 50

is a hard sphere with mass equal to the weight-average massgupward triangles), and 100 (downward triangles). Curves are fits
of tracer; i.e.,rvt = Tmonomer X (Mw.tut/Memonomer) ™. of smooth empirical (rectangular hyperbolic) functions.

Equations 14 and 1_6 are then used to estimate the relationshiq_lowever, the weight-average molar mass of tubulin increases
between the experimentally measured quantiiés .,,and monotonically with increasing dextran and tubulin concentra-

M b ) ) tion. In principle, this could be due either to tubulin self-
The dependence &, Uponwip, estimated as described  association or to tubulindextran hetero-association. How-
above, is plotted for different dextran concentrations in Figure ever, hetero-association of dextran and tubulin would imply
8. It is evident that in the absence of dextran, tubulin does an attractive, stabilizing interaction between the two com-
not self-associate under the conditions of these eXperimentSponents that would act to solubilize tubu”n, Contradicting

the experimental observation that dextran reduces the
6 Neitherro nor vo can be independently specified. However, we have Solubility of tubulin (see above). Hence, we conclude that

found that the value ob In yvr/owgex calculated using eq 14 with  dextran is facilitating the formation of soluble oligomers of

different pairs of ro, v} satisfying eq 21 is almost independent of the ; "

particular pair of values dfro, 2o} chosen, so long a% is in the range tubulin under nonassembly conditions.

0.6—1.0 cn¥/g, and the corresponding valuesrgfre thus in the range

(5.5-8.0) x 1078 cm. By fitting the Ogston model to data on the DISCUSSION

partitioning of a variety of macrosolutes between bulk solution and .

dextran gels, Laurent and Killandet1) obtained a comparable value In the present study we have extended theoretical results

of ro =7 x 108 cm. previously obtained by3) and experimental techniques




9386 Biochemistry, Vol. 38, No. 29, 1999 Rivas et al.

previously developed and utilized b%)(and @) in order to Also of possible physiological relevance is the observation
characterize the state of association of a labeled protein,that in Hepes-Ca buffer, which contains CGaand Mg" at
present at trace concentrations (“tracer”), in a solution of roughly the same concentrations found in whole blogi] (
another, unlabeled, macromolecular component at arbitrary43), and BSA concentrations exceeding 40 g/L, the weight-
concentration (“crowder”). Solutions such as these exhibit average molar mass of trace Fbg corresponds to 2 or more
excluded volume effects comparable to those encounteredtimes that of monomeric Fbg. We therefore suspect that the
in biological media. dominant state of association of Fbg in blood plasma may
For the case of noninteracting components, exemplified not be monomeric, and a comparable study conducted in
in the present study by labeled Fbg in’Gdree BSA, the actual plasma or protein-containing plasma-like media is
method has been shown to yield a quantitative, model- strongly indicated. This finding may bear upon our under-
independent determination of the dependence of the ther-standing of the mechanism of hemostadi8 @9), particu-
modynamic activity of both tracer and crowder on the larly in light of prior reports that high concentrations of
concentration of crowder. In the case of an associating tracerunrelated proteins substantially accelerate the formation of
(labeled Fbg in BSA+ C&", labeled tubulin in dextran), fibrin clots (50, 51), and that addition of albumin reduces
the method has been shown to yield a robust quantitativethe solubility of fibrin/fibrinogen complexe$g).
estimate of the extent of association of the tracer thatis only =~ The observation that significant concentrations of dextran,
weakly dependent upon the choice of a model for repulsive a presumably inert polymer, facilitate the formation of
interaction between tracer and crowder and the values ofsoluble oligomers of tubulin under nonassembly conditions
model parameters. Given independent information about theaccords well with reports3@, 53) that dextran facilitates the
nature of the repulsive interaction, the resulting estimate formation of microtubules under assembly conditions. It has
appears to be valid to within a precision of better than 10%, been reportedsd), and we have confirmed (data not shown),
certainly adequate for semiquantitative analysis of the that addition of small molecule cosolutes, such as glutamate,
deduced pattern of association. that are known to facilitate the formation of microtubules
Sedimentation equilibrium is one of three classical meth- under assembly conditions, also facilitates the formation of
ods for the direct measurement of thermodynamic activity soluble oligomers of tubulin under nonassembly conditions.
of macromolecules in solution, the other two being measure- These combined observations suggest the possibility that
ment of osmotic pressure and Rayleigh scattering of light soluble oligomers of tubulin may be precursors to, and/or
(18). However, neither of these techniques appears suitablesignificant intermediates in the formation of, large insoluble
for the measurement of the activity and state of associationarrays of tubulin, including, but not limited to, microtubules
of a trace macromolecule in a solution of a macromolecular (55).
crowder. We believe that the method and analysis presented Although we have not yet attempted to analyze the derived
is uniquely capable of providing such information, and that dependence of tracer self-association upon the concentration
the information so obtained is of importance with respect to of tracer in the context of reaction schemes for equilibrium
a correct understanding of biochemical equilibria and kinetics self-association, we note that such schemes should be
in physiological media, as elaborated below. relatively simple to model for the following reason. Let the
The dependence of the thermodynamic activity of labeled thermodynamic equilibrium association constant for forma-
fibrinogen on the concentration of BSA in €afree buffer tion of theith species of tracer be defined as
(at moderate ionic strength) has been shown to be explicable
quantitatively on the basis of a simple model, in which the
molecular species are represented by hard convex particles
having sizes and shapes similar to those of the the corre-

sponding molecules viewed at low resolution. Models of this At 4 fixed concentration of crowder, the activity coefficients
type have been shown to account well for concentration- ot o gpecies of tracer depend only upon the concentration
dependent properties of solutions of proteins and other ut crowder, i.e., independent of the concentration of any
macromolecules (see réb for a recent review). species of tracer. The apparent equilibrium association
We have found that at a BSA concentration of ca. 80 g/L, ¢onstant for formation of théth species of tracer, defined

roughly the total concentration of protein in blood plasma i, terms of concentrations rather than activities, is given by
(42, 43), the activity coefficient of dilute Fbg is ap-

S _Yn W

o _
KTi = i W
ary Y1 T1

proximately equal to 10. From a functional point of view, Wy,
one might therefore expect soluble Fbg in blood plasma to Ky=—=K3I (23)
bind to surface-immobilized binding sites (on, for example, Wry

the surface of a platelet) with an affinity that is significantly
greater, perhaps by as much as an order of magnitude, tharyvhere
that measured in a buffer of similar pH and ionic strength, i
but lacking the “inert” proteins (see Section Il of ré). It r Y11

is suggested that the influence of volume-excluding “inert” Vi

macromolecules upon the thermodynamic activity of fibrino-

gen, and perhaps other cell adhesion proteins, be taken into Sincel is constant at a fixed concentration of crowder, it
account in the design and optimization of in vitro assays for follows thatKy; is likewise a constant at fixed concentration
platelet antagoniststb, 46, 47). of crowder, and may thus be legitimately used to model self-
association in such a solution, even though the solution may
7 The concentration of albumin alone in blood plasma is ca. 50 g/L. be highly thermodynamically nonideal. Information about
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the nonideal repulsive interaction between the crowder and Tubulin in Dextran When species 0 is a polymer, the
each of the association states of tracer could in principle be effective particle is defined to be a hard rod of specified
extracted from the dependence of the values of the individual radius and exclusion volume, and subsequent calculations
K+i upon the concentration of crowder. of d In yi/owy are carried out using eq 14. A variety of
ensembles of hard spherical tracer particles with arbitrarily
chosen distributions of mass (and volume), with no limitation
on the value ofM,,, were created. For each of these
ensembles, the validity of approximate eq 16 was tested as
described above. It was found that for all ensembles tested,

APPENDIX 1: NUMERICAL TEST OF THE
“VIRTUAL TRACER” APPROXIMATION

The following exercise was undertaken in order to explore
the feasibility of using approximate eq 16 to evaluate the eq 16 estimated the value M, to a precision of better
true buoyant weight-average molar mass of traeirs, from than 2%
the experimentally measured apparent buoyant molar masses '

* * H
of tracer and crowdemt app and Mo app in the absence of  \ppENDIX 20 TEST FOR HETERO-ASSOCIATION

information regarding the relative abundance, size, and shapeOF FIBRINOGEN AND BSA IN THE PRESENCE
of molecular species containing tracer. For a given prese- 5 oAl ENT CATIONS

lected value oM, /M1, a broad variety of model (simulated)

distributions of tracer with that particular value Mg, +/M; A solution mixture containing 10 g/L Fbg, 80 g/L BSA,
were generated, such that for each model distribution the gnd a trace amount é85-BSA was incubated at 26C in
molar mass (and therefore buoyant molar mass), relative Hepes-Ca buffer. An aliquot of the solution was removed
abundance, size, and shape of each tracer-containing speci&®r subsequent measurement of specific radioactivity. The
are specified. (It is assumed throughout that the crowder solution was centrifuged in a TL100 rotor at 100 000 rpm
consists of a single species of known size and shape.) Thusfor 60 min. Under these conditions, Fbg is pelleted into the
for each model distribution, given the experimentally deter- bottom 10% of the tube. Following centrifugation, a second

mined dependence M3 .,,0N W, One can precisely calculate

In yi anda In yi/dwg for all i (eqs 16-12 or egs 13 and 14),
andM7 .pp (€q 8). Next, for identical values ofl,, 1/M; and

Wo, the value oM7 .p,was calculated using the virtual tracer
approximation as described below, and the result was
compared to that of the exact calculation based upon
knowledge of the distribution of molecular species.

Fbg in BSA When species 0 is a globular protein, the
equivalent particle is defined to be a hard sphere of volume
determined by the specified molar mass and specific exclu-
sion volume. Subsequent calculations din yi/ow, are
carried out using eqs 11 and 12. A variety of arbitrary
ensembles (mass distributions) of tracer species represente
by hard spherocylinders of specified volumes and axial ratios,
subject to the conditioM,,t = 2M;,® were created. For each

aliquot of volume equal to the first was removed from the
top of the solution. The fractional reduction in radioactivity
near the solution meniscus following pelleting of Fbg was
1.2% (mean of four replicates). If it is assumed that the
observed depletion was due to sedimentation of Fbg-bound
BSA, then the extent of depletion corresponds to 0.5 mol of
BSA bound/mol of Fbg. In order to account for the increase
of M rpgObserved in the presence of high concentrations of
BSA (results shown in the right panel of Figure 5) on the
basis of hetero-association of Fbg and BSA, it is necessary
to postulate an average value of 5 mol of BSA bound/
mol Fbg at significantly lower concentrations of both Fbg
dnd BSA. The results of the depletion experiment described
here thus demonstrate that the formation of FB$A
complexes cannot account for more than a very small

of these ensembles, the virtual tracer was defined as in thepercentage of the increaseN§; s,y Observed in the presence

text, i.e., as a hard spherocylinder having a volume equal to

of BSA. This increase must therefore be attributed almost

the mass-average volume of tracer particles in the ensemblegentirely to self-association of Fhg.

and an axial ratio equal to that of the monomeric species of
tracer. Then the values of the left-hand side and the right-

hand side of eq 16 were independently calculated as a

function ofwp up to a maximum value of, = 100 g/L. It
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