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ABSTRACT. The sedimentation equilibrium of solutions of immunoglobulin G in saline buffer, over a
concentration range up to 125 g/L, was measured and analyzed in the context of a model that takes into
account the possibility of attractive intermolecular interaction leading to the reversible formation of
oligomeric species and repulsive intermolecular interaction leading to nonideal solution behavior.
Additionally, previously published data on the concentration dependence of the osmotic pressure of
immunoglobulin G under similar conditions, over a concentration range up to 400 g/L, were analyzed in
the context of a newly developed thermodynamic formalism describing the osmotic pressure of a solution
containing multiple nondiffusible solute species at an arbitrary concentration. Both sets of data are
guantitatively accounted for by a model in which 1gG self-associates at very high concentration to form
(predominantly) trimers under the conditions of these experiments.

The study of protein behavior in highly concentrated or maceuticals are engineered monoclonal Ig&s \(Vve have
volume-occupied solutions is essential to a complete under-measured the sedimentation equilibrium of saline solutions
standing of how proteins function within crowded biological of human IgG over a concentration range up to 125 g/L and
fluids (1) and how the stability and efficacy of protein have analyzed the data in the context of a model that takes
biopharmaceuticals may be affected by storage and admin-into account the presence of both attractive interactions
istration of highly concentrated solution®)(The detection leading to reversible association and repulsive interactions
and quantitative characterization of weak associations leadingleading to nonideal solution behavids)( In addition, we
to the formation of protein complexes that may be present reanalyzed previously published data on the concentration
only in concentrated or crowded solutions presents both dependence of the osmotic pressure of solutions of bovine
experimental and theoretical challenges to the investigatorlgG, obtained over a concentration range up to 400 @jL (
because of the enhanced contribution of nonspecific repulsiveand show that these data may be accounted for quantitatively
protein—protein interactions (e.g., steric exclusion) to the by the same model for attractive and repulsive interactions
behavior of proteins in such solutior®) that tend to obscure  that best accounts for our sedimentation equilibrium data.
the presence of the attractive interactions of interest. The
technique of nonideal tracer sedimentation equilibrium was MATERIALS AND METHODS
developed specifically to detect these weak hidden associa-
tions, and the application of this technique has revealed
significant self-association of ovalbumid)( aldolase 4),
ﬁ]ng)lbeosguglfeggeg/ﬁi}:;tdi?e\,?,g?l:b%r\],lg acto(;]%gcrﬁg,[g:)snzt extensive dialysis in phosphate-buffered saline (0.05 M

which most physicatchemical measurements of proteins in  S°dium phosphate and 0.15 M NaCl at pH 7.4).
solution are carried out. Mathematical simulation and modeling were carried out
The properties of concentrated solutions of immunoglobin USINg scripts written in MATLAB (R2006B, Mathworks,
G (IgGY) are of special interest, as many protein biophar- Natick, MA), which are available upon request.
Measurement of Sedimentation EquilibriuaAt.low (<5

" This work was supported in part by Grant BFU2005-04087-C02- g/L) protein concentrations, the sedimentation equilibrium
the Inamural ReSearch Program of the National mettuts of Diabetes &<Periments were performed in an Optima XL-A analytical
and Digestive and Kidney Digseases_ ultracentrifuge (Beckman-Coulter Inc., Fullerton, CA) equipped
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Immunoglobulin G from human serum was obtained from
Sigma-Aldrich as reagent grade lyophilized powder and used
without further purification. The protein was equilibrated by
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FiGURe 1: Representative concentration gradients of IgG at The activity coefficients, which are a measure of the free
sedimentation equilibrium, measured as described in the text, plottedg gy of nonspecific interaction between solute molecules
together with the corresponding best fit of eq ©):( loading o . . -

; ) L ; . arising from volume exclusion and electrostatic repulsion
concentration 25 g/L; best fiM, o, = 34,400. ©): loading between protein molecules bearing like charges, are calcu-
concentration 50 g/L; best fiM,,,, = 29,100. ®): loading lated as a function of solution composition usin re’lationshi S
concentration 100 g/L; best filj, ,,,= 23,000. . . posit 9 nip

obtained from an effective hard particle model described

the equilibrium gradient, the samples were centrifuged at high elsewhereg, 10). According to this model, each macromo-
speed (ca. 50 000 rpm) to deplete the meniscus and estimatéecular species is represented by an equivalent hard convex
baseline corrections. At high#6 g/L) protein concentrations, ~ particle (such as a sphere) whose size is related to its mass
70 uL samples were centrifuged at 2@ and 6000 rpm to  Via a specific volumever, the magnitude of which reflects
sedimentation equilibrium in an Optima Max XL preparative both volume exclusion and nonspecific electrostatic repul-
ultracentrifuge (Beckman-Coulter) using small polycarbonate sions and attractiond). The nonideality correction factors
tubes and a TLS-55 rotor as described earl®r I order I'; approach a value of 1 in the ideal solution limit (low total
to measure the equilibrium gradient of protein immediately protein concentration) but may become substantially greater
after the conclusion of centrifugation, the contents of each than 1 at high total protein concentratia3).(At high total
tube were fractionated with a BRANDEL FR-115 centrifuge protein concentration, the thermodynamic activity and com-
tube microfractionator (BRANDEL Corp. Gaithersburg, MD) position become mutually interdependent, and hence the
as described in Darawshe et &),(and the relative protein ~ composition must be computed iteratively as described
concentration in each fraction was determined by measure-previously by Chatelier and Mintori(), Snoussi and Halle
ment of the absorbance at 280 nm following dilution of the (11), and Zorrilla et al. §). The procedure is summarized as
fractions in buffer to a final absorbance between 0.2 and follows: (1) A value ofves is specified. (2) The value afo
1.0 OD units, as previously describe8).( High-speed s set equal tavie/Ms. (3) Initial values ofK; are set equal
depletion runs were done in parallel to determine baseline to Ki°. (4) The equation of conservation of mass
signals. All experiments were conducted in triplicate. _

The measured equilibrium concentration (signal) gradient Cot=C T+ Z iKic; 4)
obtained for each loading concentration was fit by the .

following equation: o . . .
(where the summation is over all species postulated in a given

M. 2 model) is solved numerically fan, andc; are then calculated
s(r) = s(r,) ex m(ﬂ — rﬁ) (1) via eq 3. (5) The concentration of eacimer is converted
2RT to the number densities (#/émsing the following equation:

wherer, denotes an _arbitrarily selected reference position, p; = ¢, N,/1000 (5)
o the angular velocityR the molar gas constant, the

absolute temperature, ai, ., the apparent weight-aver-  whereN, denotes Avogadro’s number. (6) The values of In
age buoyant molar mass, which is an average over they, are calculated from; andue using relationships specified
solution column and is assumed to be characteristic of the py the effective hard particle model@) with each species
composition of the loading solutiord). Values of My, .., represented as an effective sphere. (7) The apparent equi-
subsequently utilized for analysis as described below werelibrium constants are recalculated according to the following
the mean of the values obtained by independent fitting of equation:

eq 1 to the gradient obtained from each of the three replicate

experiments conducted for a given protein concentration. InK,=1In Ki0 +ilny,—Iny, (6)
Examples of best-fits of eq 1 are plotted together with the
corresponding data sets in Figure 1. Steps 47 are repeated iteratively until the values of @ll

Model Calculation of Concentration Dependence of Solu- converge. Our criterion of convergence is that the concentra-
tion Compositionln the present work, we explicitly consider tions of all species remain constant to within one part in
a solution containing monomer A in equilibrium with one 1000 between successive iterations.
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The concentrations of each species may then may bedependence of the osmotic pressure upon the concentration

expressed in w/v units (g/L). of each nondiffusible species is then given by
w, = ¢ M (7) 9I1 n o [dy
. . || = Zl (13)
Model Calculation of Apparent WeightzArage Buoyant g =1 \9G)g
Molar Mass.The buoyant mass of each species is defined
as follows: where it is assumed that the contribution from the Donnan
effect is negligible, as is the case for proteins in solutions of
|\/| =M (BD) (8) moderate ionic strength. Consider the following conceptual
oW, process for preparlng a solution containing final concentra-
tions of ¢;, C, ..., ¢, of n nondiffusible solutes. First,

whereD denotes the density of the solution, and the subscript
u indicates that the derivative quantity is taken under o ;
conditions such that the chemical potential of all other solutes Si(rJrLUtI? ﬁdd't'o? lrsnpsrflor][r:ﬁd at c?nsrtiarst solurt:gtn vcf;lurr;\;e ml
(e.g., salts) is constant?). Because all macrosolute species 'Sl'helé 2 ggiuess g isoa3 d% d tg ?ﬁep s?(ﬁuzoenqg(?ntai%i% sg fiied
are oligomers of the same proteidP{ow:),, = (dD/0Wia),, P g

which is approximately equal to 0.27 for human IgG3), concentrationc, to a final concentratiorc,. Species 3 is
The apparent buoyant molar mass of each i-mer is then added to the solution contamlng fixed concentrations

species 1 is added to solvent to a final concentration, of

calculated according to the following equatids):( ¢, andc, to a final concentratiore,. In a similar fashion, _
each additional solute species is successively added to its
= A (9a) final concentration. Following this protocol, we calculated
app = the osmotic pressure of the final solution by adding up the
" . changes in osmotic pressure accompanying the stepwise
whereM;,,denotes a column vector bf7,,, M* a column addition of each nondiffusible solute species.
vector of M;, andA a square matrix whose elements are
given by I1(c;,C, ...C ) = Ocl(g—n) de, +
O dlny /2.0
A p, %+ o\ o p, (9b) (@) de, + ...+ OC”(@) dec, (14)
3C2 €1=C1,C3, =0 aCn C1.n-1=Cl.n-1

whereu; denotes the chemical potential of ttih species,

and &; denotes the Kronecker delta (1 if= j and 0 Equations 5, 9b, and 1214 may be combined to yield the
otherwise). The values of the variobiayi/dp; are calculated ~ following explicit expression for the osmotic pressure of a
from p; andue using relationships specified by the effective  solution containing up to three nondiffusible solute species,
hard particle model, with each species represented by anwhere concentration is expressed in units of number density
effective spherel( 5, 10, 14). The apparent weight-average p (Cm™3):

buoyant molar mass measured experimentally is then cal-

i ' i0B) RT100 X
culated according to the following equatiab):( T(p% 0500 = N, 4o it
Wi M:,app .[31n aln
. |Z jg)l(—yl) do, + Opzpz( )/2) dp, +
Mw,app:W— (10) 91 Jp, 0 W2 fp=prp=0
tot . [dInyg
. _ _ fo’”pa( 3 ) dos+ 3 [ ( 5 ) dp, +
Model Calculation of Osmotic Pressure of Nonideal P3 oy =pi, P2 | p=p;05=0
Mixtures of Nondiffusible SoluteAt constant temperature, . ros(@IN V1 -[d1n yz
the Gibbs-Duhem relationship is as follows: Prlo \ a0, dos + sz dos| (15)
P3 P1.7=P1 2 P127P12
n
VdP = Z)Ci du; (11) RESULTS AND DATA ANALYSIS

Sedimentation EquilibriunThe measured dependence of
whereV andP denote the volume and pressure, respectively, My, .., Upon loading concentration is plotted in Figure 2.
of the system, and; denotes the chemical potential of species Each point represents the mean of three replicate determina-
i. Let a solution of compositiofic} be separated from the tions. The strong decreaseMi;’appwith increasing protein
pure solvent (species 0) by a membrane that is permeableconcentration is characteristic of nonspecific repulsive
only to species 0. The osmotic pressure is the difference protein—protein interactions derived primarily from excluded
between the pressure of the solute and solvent compartmentsolume (L5). Attempts were made to fit the observed
at equilibrium (2). dependence of;, ., upon total protein concentration by
N means of nonlinear least-squares minimization, using a
3odl =S¢ du, (12) variety of different selfl—assoua_ltlon 'schemes., together with
0 Zl : the treatment of solution nonideality described above, as
described in Zorrilla et al.5). The two simplest schemes,
where 7o denotes the specific volume of solvent. The no self-association and monomeatimer self-association,
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4
x 10 Table 1: Best-Fit Values of Model Parameters Providing
4 Satisfactory Fits of Eq 15 to the Osmotic Pressure Data of Yousef
et al. () and Eq 10 to the Sedimentation Equilibrium Data
Reported Here, Assuming Various Association Schemes
P . 0 Ueff
§ ’ association scheme experiment 1M logK; (cm?/g)
E; none osmotic pressure 292 000 1
monomer-dimer  osmotic pressure 160 000 3.8 1
(n=2) (constrained)
monomer-trimer  osmotic pressure 160 000 5.45 1.2
(n=23) (constrained)
., sedimentation 160 000 5 13
- equilibrium (constrained)
0 25 50 75 100

w (g/L)
FIGURE 2: Apparent weight-average buoyant molar mass of IgG treatment of nonideality described above. It was possible to
plotted as a function of protein concentration. The solid curve is obtain a satisfactory fit to the data with several different
the best fit of eq 10, assuming only trimer formation, with K& schemes with two variable parameters (Table 1), indicating
= 5.0 andverr = 1.3 cnf/g. Thoe dashed curve is calculated with  hat the osmotic pressure data of this precision do not provide
the same value oferr, settingKs = 0. sufficient resolution to discriminate between association
schemes. The best fit of a monomérimer scheme is plotted
together with the data in Figure 3, and the dependence
calculated using the alternate schemes indicated in Table 1
with their respective best-fit parameter values are indistin-
guishable from the plotted curve at this resolution. Also
plotted in this Figure (dashed curve, magnified inset) is a
hypothetical dependence &f uponw,; assuming that the
160 000 monomer does not self-associate, taking into account
only nonspecific repulsive interactions.

0 DISCUSSION AND SUMMARY
0 100 200 300 400

w(glL) Knowledge of the state of association of a biological
FiGure 3: Osmotic pressure of I9G plotted as a function of protein - macromolecule under a particular set of experimental condi-
concentration. Points: data of Yousef et &). (The solid curve is tions is essential for understanding its time-dependent and

the best fit of eq 15, assuming a monoméimer asssociation, steady-state behavior and function under those conditions
with the best-fit parameter values Id§£ = 5.45 andvess = 1.2 y ’

cm?/g. The dashed curve is calculated with the same valug:of We emphasize tha’g the state of assoc_iation _Of a protein in
settingk? = 0. The best-fit curves calculated for other association cOncentrated solution cannot be reliably inferred from
schemes indicated in Table 1 are almost indistinguishable from those€xperiments conducted in a dilute solution or in a solution
plotted. free of other macromolecular species that might be present
under physiological or formulation conditiong, (3).
were unable to fit the data to within experimental precision.  The most significant finding of the present work is that
The simplest model capable of fitting the data to within the concentration dependence of both sedimentation equi-
experimental precision was a monoméimer self-associa-  |iprium and osmotic pressure are quantitatively consistent
tion scheme, suggesting a cooperative self-association mechyith a single scheme for weak equilibrium self-association
anism? The dependence oMy, .,, UPONn Wy, calculated  of IgG that is detectable only at protein concentrations
using the best-fit parameter values given in the figure caption, exceeding~30 g/L. Fitting of the respective models to each
is plotted together with the data in Figure 2. Also plotted in data set yields similar estimates of the magnitude of repulsive
Figure 2 (dashed curve) is a hypothetical dependence ofnonideal interactions (as parametrized in the value.gf
My, app UPON Wit calculated on the assumption that the and in the value of the monometrimer association equi-
160 000 MW monomer does not self-associate, that is, takinglibrium constants, which differ by less than a factor of 3.

into account only nonspecific repulsive interactions. The best-fit monomertrimer equilibrium association con-
Osmotic PressureYousef et al. {) have measured the stant (-3 x 10° M~?) corresponds to a standard state free
concentration dependence of the osmotic presguiref energy change of ca-8 kcal/mol or a pairwise attractive

bovine 1gG in 0.13 M ClI solution over an extremely broad intermolecular binding energy of ca.4 kcal/mol, which is
range of concentration. Their results are plotted in Figure 3. comparable in magnitude to previously reported free energies
Attempts were made to fit the observed dependencH of  of nonspecific association in aldolase and ovalbumin under
on Wr by means of nonlinear least-squares minimization, similar experimental conditiong). The best-fit value ofe,
using a variety of self-association schemes together with the1.2—1.3 cn#/g, is indicative of a moderate degree of
electrostatic repulsion acting between individual 1IgG mol-
2\While a monomerdimer—trimer self-association scheme could —ecules 16), consistent with a net negative charge due to the
fit the data, species distributions calculated using the best-fit associationdifference between the range of isoionic pH exhibited by

constants indicated that at most, dimers could constit(E# of total polyclonal 1gG (5.8-7.3) (17) and the pH of measurement
protein. Hence, this model is essentially equivalent to a monemer ’ )

trimer model. Models specifying significant quantities of species larger (7-4). We speculate that this combination of weak, nonspe-
than a trimer are incompatible with the data. cific association and electrostatic repulsion may be a fairly
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of antibody aggregation that may result from nonspecific

interaction between antibody and polymeric adjuvants or

serum proteins such as albumin, and studies of these
heterologous interactions are currently underway.
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FiIGURE 4 Weight average degree of association (left panel) and REFERENCES

mass fractions of monomer and trimer (right panel) plotted as a
function of total protein concentration. Solid curves: estimated from
the modeling of osmotic pressure data. Dashed curves: estimated
from the modeling of sedimentation equilibrium data.
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