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The aggregation gi-lactoglobulin (BLG) at ambient temperature was studied using turbidimetry and dynamic light
scattering in the range 3.8 pH < 5.2 in 0.0045 M NacCl, and in the ionic strength range 0.66@% M at fixed
pH = 5.0. The initial rate of aggregation, taken as the initial slope of turbidity vs timé&tje indicated maximum
aggregation near pH 4.6 (below the isoelectric point of 5.2), but the dependence of the initial rate of aggregation on
pH was highly asymmetric. At pH 5.0, €#tlt), strongly increased with a decrease in ionic strehdtbm 0.1 to 0.0045
M and was found to be nearly linear with IDLS measurements revealed an increase in particle size with time, with
the appearance of bimodal distributions in which the fast and slow modes corresponded, respectively, to a BLG dimer
and to larger aggregates in the D0 nm range. At conditions of slower aggregation, DLS revealed the consumption
of dimers to form higher order aggregates with no intermediate species. Computer modeling (Delphi) was used to
visualize the electrostatic potential around the dimer to elucidate the pH and ionic strength dependence of the initial
aggregation rates. The aggregation process appears to comprise an initial fast consumption of the dimer, whose
dependence on pH ahdrises from the interaction of the positive and negative domains of interacting dimers, followed
by the slow formation of much larger aggregates with relatively little sensitivity to pH .ahlde open-ended nature
of BLG aggregation is thought to arise from the asymmetry of the dimer charge distribution.

Introduction hydrophobic surfaces that are normally buried in the protein’s

Protein aggregation is an inevitable consequence of cellular interior, or takes place at the interface of subunits on exposure
existence and is an important factor in a variety of pharmaceutical {0 €xtremes of pH or temperature. The second type of
processes. Almost all proteins tend to aggregate, but in differentPhenomenon, irreversible aggregation, is almost impossible to
ways and to different extents under different conditions. Predict on the basis of protein structure.
Understanding protein aggregation in vivo is importantto obtain ~ The aggregation gf-lactoglobulin (BLG) has been studied
|ns|ght into a range of diseases from sickle-cell anénhia intensively, the results inClUding a range of conditions that
Alzheimer's diseas& From an industrial point of view, protein ~ €ncompass the formation of well-defined multimers, higher order
aggregation is relevant to a variety of biotechnological processesadgregation, phase separation, and gelation. Much of the literature
and pharmaceutical applications including the formation and On the parameters affecting BLG aggregation is inextricably tied
renaturation of inclusion bodies and the formulation and storage in With temperature effects. To a considerable degree, this work
stability of protein drugs. The growing number of protein drugs IS motivated by the consequences for the food industry of high-
as well as the recognition of the importance of protein aggregation temperature aggregation of whey protein, in which BLG is a
in critical disease states thus motivates intense research on botfajor component.While the studies reported here are under
the equilibrium and dynamic aspects of protein aggregation. Nondenaturing conditions, the effects of pH and ionic strength
Included in this effort is the need to understand the forces that central to the current work have also been noted at high
drive protein-protein association and to regulate these forces. temperatures and are therefore worth mentioning. Irreversible

The terms “aggregation” and “association” are often used Protein aggregation often occurs upon heating and has been
interchangeably in the protein literature. Without attempting to Particularly studied with BLG, since this dominates the overall
resolve this ambiguity, one can clearly distinguish between aggregation and gelation behavior of whey protein preparations,
reversible and irreversible phenomena. The former usually startswhich leads to fouling of heat exchangers in dairy processing.
from the native state, which under certain conditions salts out The true physiological function of BLG is still an intriguing
at protein concentrations exceeding the solubility limit, or guestion; however, it has been implicated in the transport of
undergoes “isoelectric precipitation” when the net protein charge etinoP and in the in vitro binding of milk fatty acids and a
is near zero. Irreversible aggregation, on the other hand, occurshumber of other small hydrophobic molecules. BLG inits natural

when misfolded and unassembled proteins inappropriately exposestate consists of two main genetic variants, “A” and “B", and
self-association is more pronounced for BLG-A than for BLG-
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temperature and physiological conditich&LG on heating

dissociates into monomers, which denature irrever$ialyd
aggregat¥1! on increasing the temperature to about &l

Majhi et al.

a dimer, or even an octam&?®8 The monomeric form
predominates below pH83%and above pH 9 but was reported
to coexist in equilibrium with dimers in the pH ranges237

Covalent bond formation during heat-induced aggregation and 5.2-9.032 At intermediate pH values, between 3.7 and 5.2,
involves partial unfolding of monomers, leading to the exposure there are reports of higher order aggregates as3éf,with
of previously buried inner hydrophobic groups and the free thiol some evidence of octamer formation specifically at pH4%E3
group at C121. The occurrence of thiol/disulfide exchange A number of reports conclude that aggregation increases with
reactions and their involvement in heat-induced aggregation anda decrease in ionic strength36-37 However, it is notable that
gelation have been demonstrated in a number of stdéiés. these reports for the most part refer to close-ended association
The mechanism of heat-induced aggregation is also sensitive to(multimerization) as opposed to the open-ended aggregation we
pH: In the early stages of aggregation, it was reported that report here.
disulfide-linked aggregates form on heating at pH 6.7 but notat  In general, it is believed that the screening of electrostatic
pH 4.918The overallimplication is that heat-induced aggregation repulsion is a prerequisite for aggregation for all proteins, and
involves partial denaturation. it has been suggested that the addition of salt bridges stabilizes
Despite its instability at high temperatures, BLG has been the BLG dimer by decreasing electrostatic repulsion between
used as a molecular weight standard, largely because of itsProtomers atpH 3§_Butele_ctr(_)stat|c|nteract|or_15 canthemselves
abundance, ease of purification, and stability as a dimer at roomenhance aggregation, asindicated by theoretical investigations.
temperature and physiological conditidfisBovine BLG has Plazz_aandlacopl?ﬁshowed thatattractlve|r_1teract|ons_|n BLG-A
been the subject of many physicochemical studies. The |argesolut|onscould lead to spontaneousformat'lon oftrgnsentclusters.
amount of literature accumulated over the past 60 years shows! Nese results suggest that electrostatic interactions could play
that BLG has been studied by essentially every biochemical @Significantroleinreversible BLG aggregation. However, despite
technique. For example, measurements by osmotic pre¥sure, Studies such as those noted above, the mechanism of BLG
X-ray diffraction?! sedimentation and diffusiéh and lignt ~ @ggregation under nondenaturing conditions, and more specif-
scattering® all yield a value for the dimer molecular weight ically the role of electrostatics therein, has not been fully
close to 35500. The identification of the dimer as the reactant €lucidated. Here, we examine the effects of pH aranh the

for additional aggregation is central to the present work. initial aggrega;ion rate .of BITG. Two factors distinguish th.is
. . . work from previous studies. First, we work under nondenaturing
As is true for many proteins, BLG aggregation under

nondenaturing conditions is most readily observed at pH close conditions in contrast to other studies mainly concerned with
to the isoelectric point (5.2, but a significant point for the heat-induced aggregation. Second, we focus on pH rieang

current study is the difference between the pH of maximum !OW ! (f.rom 500 to 4'.5 mM), which maximize elec'.[rostatu;
acareqation andipA second point is that most reports refer to interactions. Thus,_whlle the suppression of_aggr(_egatlop at high

gagreg ANdip ndp P saltwas noted by Piazza and co-work&itbey did notinvestigate
specific m”"'”?ers or (_)Ilgomers as _opp(_)sed to open-gnded ionic strengths below 200 m#® or 50 mM3% which, as we
aggregates. It is essential here to dlspngu_lsh among mUItI".]ers’shall see, precludes observation of extensive aggregation atroom
oligomers, and aggregates. Th_e f|rs_t |mplles . symmetrlpal temperature. Similarly, although Renard etéadid examine the
structures, often biologically functional, in which differences in

; o A effects ofl and pH, the latter was fixed at 2, 7, and 9, and
}hedl?termole_cular tafflnltles{_t?lf footst:ed and ||jt?_r|orTsrl]Jrfaces 8onsequently, only dimerization was observed.
r(:‘lersoti s;lpsic(:)lg; Egnsﬁt(;enplilneea r0 | rL]JrW r:al(r: ﬁsr?g(sgrlt?cnljlar 3 esgf;: Be.cause of the .cc.antral role of electrostatics,_ itis importapt to
e ' ’ o consider the conjoint effects of pH and ionic strength in a
of association corresponds to a pronounced energy minimum.

. . systematic way. Here we follow the aggregation of BLG by
The third (the focus of the present work) may not be symmetrlcal, turbidimetry, stopped-flow spectrophotometry, and dynamic light
linear, or close-ended. Naturally, the consequences of intermo-

L . scattering. The observations are explained using electrostatic
lecular association and the particular effects of pH are concen- 9 b g

- . protein modeling (Delphi); while not providing a full description
trfttrl]pnhdep?n_dent, but fV?_n the prﬁpﬁrt'?s 0; BLG gels (fjormed of interprotein potentials, Delphi allows us to visualize the pH
a '95 protein concentration qualtatively Snow some depen- dependence of electrostatic potential domains around the
dencé®on|pH — pl|. Depending on the pH, or salt concentration,

BLG at i wure has b tod to exist Iprotein and correlate those with the measured pH dedendence
atroomtemperature has beenreportedto existas amonomelys e jnjtial rates. These long-range nonspecific electrostatic

forces should be seen for other proteins, and recent results for
the pH and ionic strength dependence of the aggregation of

(8) Surroca, Y.; Haverkamp. J.; Heck, A. J. R Chromatogr., 2002 970,
275.

(9) Casal, H. L.; Kohler, U.; Mantsch, H. HBiochim. Biophys. Actd988
957, 11.

(10) McKenzie, H. AMilk Proteins1971, 2, 257.

(11) Gimel, J. C.; Durand, D.; Nicolai, TMacromoleculesl994 27, 583.

(12) Sawyer, W. HJ. Dairy Sci 1968 51, 323.

(13) Watanabe, K.; Klostermeyer, H. Dairy Res 1976 43, 411.

(14) McSwiney, M.; Singh, H.; Campanella, O.[Fbod Hydrocolloids1994
8, 441.

(15) McSwiney, M.; Singh, H.; Campanella, O. H.; Creamer, LJKDairy
Res 1994 61, 221.

(16) Shimada, K.; Cheftel, J. Q. Agric. Food Chem1989 37, 161.

(17) lametti, S.; Cairoli, S.; Gregori, De. B.; Bonomi.J- Agric. Food Chem.
1995 43, 53.

(18) Surroca, Y.; Haverkamp. J.Chromatogr., A2002 970, 275.

(19) Joss, Lisa. A.; Ralston, Gregory. Bnal. Biochem1996 236, 20.

(20) McKenzie, H. A.Adv. Protein Chem1967, 22, 55.

(21) Green, D. W.; Aschaffenburg, R. Mol. Biol. 1959 1, 54.

(22) Cecil, R.; Ogston, A. GBiochem. J1949 4, 33.

(23) Halwer, M.; Brice, B. AJ. Colloid Sci 1949 4, 439. (37) Vanam, R. Thesis, Purdue University, 2004.

(24) Macleod, A.; Fedio, W. M.; Ozimek, IMilchwissenschaft995 50, 666. (38) Neves-Petersen, M. T.; Petersen, SIrB.J. Biol. Macromol 2003 9,

(25) Stading, M.; Hermansson, A. Mood Hydrocolloids199Q 4, 121-35. 315.

(26) Kumosinski, T. F.; Timasheff, S. N. Am. Chem. Sod 966 88, 2635.

(27) McKenzie, H. A.; Sawyer, W. H. W. HNature 1967, 214, 1101.

(28) Sakurai, K.; Oobatake, M.; Goto, YProtein Sci 2001, 10, 2325.

(29) Timasheff, S. N.; Townend, RobertJJAm. Chem. So4961, 83, 464.

(30) Baldini, G.; Beretta, S.; Chirico, G.; Franz, H.; Maccioni, E.; Mariani,
P.; Spinozzi, FMacromoleculed999 32, 6128.

(31) lametti, S.; Scaglioni, L.; Mazzini, S.; Vecchio, G.; BonomiJFAgric.
Food Chem1998 46, 2159.

(32) Verheul, M.; Pedersen, J. S.; Roefs, S. P. F. M.; de Kruif, Bi@olymers
1999 49, 11.

(33) Townsend, R.; Timasheff, S. N. Am. Chem. Sod96Q 82, 3161.

(34) McKenzie, H. A.; Sawyer, W. H.; Smith, M. BRiochim. Biophys. Acta
1967, 147, 73.

(35) (a) Piazza, R.; lacopini, Eur. Phys. J2002 7, 45. (b) Piazza, R.;
lacopini, S.; GallianoEur. Phys. Lett2002 59, 149.

(36) Renard, D.; Lefebvre, J.; Griffin, M. C. A.; Griffin, W. Gnt. J. Biol.
Macromol 1998 22, 41.



Electrostatically Driven Protein Aggregation Langmuir C

literature on the aggregation of BIEG-17:4%s based on BLG from
Sigma, which is presumed to not be highly denatured, and (3) most
importantly, lots 20K7023, 032K035, and 101K7031 all displayed
the same type of pH and ionic strength dependence of the initial
aggregation rate, the central theme of this paper. This consistency
also militates against the likelihood of contamination by divalent
ions, leading to variable charge states and aggregation rates, as do
the values of pmeasured for several lots by electrophoretic light
scattering, 4.95.1, all within the range of reported values.
Sample Preparation.BLG solutions (2 g/L) were prepared in
NaCl solution at appropriate ionic strength by stirring for at least
15 min and filtering with 0.22m filters (Sartorius AG, Germany)
prior to use. Solutions were then adjusted to pH 9.0 to ensure
formation of a stable monomer. For turbidimetric measurements a
well-defined starting point ¢o”) was established by rapidly mixing
BLG at pH 9.0, in NaCl of the desired molarity, with a solution of
HCI of the same volume and ionic strength containing enough HCI
to bring the pH from 9.0 to the target pH. The concentration of NaCl
formed in this process is & 10°° M, i.e., negligible compared to
the lowest ionic strength of this study, 456103 M. The target pH
was attained within about 5 s, at which point turbidimetric data were
collected with a probe colorimeter (see below). Unless stated
1 otherwise, the initial concentration of BLG at pH 9.0 was 2.0 g/L
" and the final concentration was 1.0 g/L. The procedure for stopped-

Figure 1. SDS-PAGE analysis of BLG: (O) lot 95H7000, (E) lot flow spectrophotometry was essentially identical except that the

101K7031, (R) lot 032K7035, (M) molecular weight marker [Fris target pH was athlned Wlthm. a few seconds.
HCI Ready Gel precast gel (Bio-Rad);45% linear SDS gradient, Methods. Turbidimetry Turbidity measurements were performed

20 uL of 1 mg/mL BLG boiled for 1 min with 25uL of using a Brinkman PC 800 digital display probe colorimeter equipped
B-mercaptoethanol and 47& of Laemmli buffer (75 mM Tris, 192~ With a 1 cm path length probe (420 nm), calibrated to 100%
mM glycine, 0.1% (w/v) SDS at pH 8.3 from Bio-Rad), electro- transmittance with Milli-Q water. The pH was measured with an
phoresed at 200 V]. The bands were visualized by silver-staining. Orion 811 pH meter equipped with a Beckman refillable combination
The lowest band for lots 31 and 35 at 18 kDa is the expected BLG pH electrode and calibrated with pH 7 and pH 4 buffers. The %
monomer, and the band at 36 kDa is the undissociated dimer.  was monitored with time after the target pH was attained using the
sample preparation technique described above. pH drift during the
time course of the experiment was typically about 0.05 pH unit, and
insulin®” demonstrate that they are both general, but at the sameon the order of 0.02 pH unit or less during the time period
time a reflection of protein charge anisotropy. corresponding to the initial rates. The data were reported as-100
%T = 7 (standard deviation im £0.1% transmittance unit), which
is nearly linear with the true turbidity for 106 %T < 10, an
Experimental Section approximation entirely appropriate to our focus on the initial time
dependence of 106 %T at %T > 95. To enhance precision, in

Materials. BLG samples (A&B) (lots 95H7000, 20K7023, SOme situations, an automatic turbidimetric titration system of our
101K7031, and 032K7035) were from Sigma-Aldrich, as were ©Wn design was used. By employing the analog signal from the
samples of BLG-A (lot 031K7052) and BLG-B (lot 011K7032), all colorimeter and averaging sequential readings, the standard deviation

subsequently referred to by the last two digits. Initial studies on the in 7 was reduced by a factor of 3 or 4. .

pH dependence for lot 35 were followed up with ionic strength  StoPped-Flow Spectrophotometiyie stopped-flow experiments
dependence and DLS studies with lots 31 and 23. Discrepancies invere p]?rfosrr;%dlg;(rzoi_m temperature (3%3#' C) with a ::"TPTCh

the absolute rates of aggregation were noted (e.g., faster aggregatio@ C:Jeint'ég Wi ti] 275 W T:r:?)?lylsz;nftoirl)lem_e;:\tljrfarr)ﬁggt(; vl:/zrrler:ngt;(;’e
by lot 23), leading to the screening of all available lots by SDS inqthggbsorbance mode at 420 nr% A solution of 2 g/L BLG at pH
.PAGE. _(see Figure 1), and the rejection of lot 9_5H7000 is due to the 9.0in 0.0045 M NaCl was mixed with an equal volume of 0.0045
impurities such as the band near 66 kDa (possibly BSA) and anothery; \a¢| solution containing the amount of acid calculated to bring
additional band of lower molecular mass than the BLG monomer. ¢ pH to a target value. The data were converted to 206 T

The gel scans of 31 and 35 do not show impurities, but do indicate pefore analysis.

the presence of an undissociated dimer with a molecular mass of ca. Dynamic Light Scattering (DLSPLS measurements were made
35 kDa (about 5-10% by densitometry of the scan). The presence after sample filtration (0.2m), at a 90 scattering angle, using (1)

of this presumably disulfide linked dimer in principle mightberelated 5 Brookhaven Instruments (Holtsville, NY) system equipped with
to variations in the absolute rates of aggregation found among thesea 72-channel digital correlator and an argon ion laser operating at
samples. We note however that the gel scan of a nondenatured488 nm, with a thermostated cell (25), or (2) a Malvern Instruments
chromatographically purified sampfgobtained from C. Schmitt, (Southborough, MA) Zetasizer Nanosystem ZS utilizing backscat-
Nestle, Lausanne, Switzerland) also exhibited a similar ca. 36 kDa tering, with a cell temperature of 2&. The absence of any erratic
band. Thus, Sigma lots 23 and 35 with intermediate aggregation changes in the photon count history indicated the absence of dust.
rates were used for the studies reported here because (1) thelhe distributions of the mean apparent translational diffusion
chromatographically purified BLG also displayed an initial ag-
gregation rate (first 60 s) identical to that of lot 31 and intermediate  (40) (a) Koren, R., Hammes, G. Biochemistryl976 15, 1165. (b) Amyard,

among those of the various BLG lots, (2) the preponderance of P+ Durand, D._; Nicolai. TInt. J. Biol. Macromol 1996 22, 41. (c) van Dijk,
J. A. P.P.; Smit, J. A. MJ. Chromatogr., 2000 867, 105. (d) Schaink, H. M.;
Smit, J. A. M.Phys. Chem. Chem. Phy90Q 7, 1537. (e) Taulier, N.; Chalikian,
T. V. J. Mol. Biol. 2001, 314, 873. (f) Girard, M.; Turgeon, S. L.; Gauthier, S.
(39) Schmitt, C.; Kolodziejczyk, E.; Lesser, M. E. IRood Colloids: F.J. Agric. Food Chen003 51, 4450. (g) Ikeda, Sood Hydrocolloids2003
Interactions, Microstructure and Processirgickinson, E., Ed Royal Society 17,399. (h)Kim, D. A.; Cornec, M.; Narsimhan, G.Colloid Interface Sck005
of Chemistry: Cambridge, 2005; Vol. 298, pp 28300. 285, 100.
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coefficients Dapp Were determined by fitting the DLS autocorrelation 16 " T " T " T i T ]
functions obtained with the Brookhaven system using CONTIN and ] 4.82 |
nonnegative constrained least squares (NNLS). The reliability of 14 4 i
the resultant multimodal distributions depends on many factors, which . 459 ]
we have discussed at length elsewhere for systems comprising two 12 -
species of distinct diffusivitidd or two or three separable diffusive 1

modes*? These analyses lead to the conclusion that distributions — 104 4.457
from the NNLS fit are more robust than those from the CONTIN X g ]
fit for such complex systems. However, in the present case, the | 4.35
autocorrelograms are themselves time dependent; i.e., the distribution 8 6 4
could be changing during the—2 min data acquisition time. A

Therefore, we chose to supplement data acquired with the Brookhaven 44 4.037
system with measurements using the Malvern instrument to assess 1 522
the time course of the aggregation, taking advantage of the short 2‘_ 3.847]
data acquisition times (30 s) possible with the latter instrument. The 04 i
deconvolution of the autocorrelation function in this case, “Multiple : . . . : . :

Narrow Modes”, deals with signal to noise ratio (S/N) problems,
which might be more severe for short acquisition times, by selection
of a fixed parameter used in the minimization of residuals. In either
situation, the distribution of mean apparent translational diffusion
coefficients D) was converted to distributions of apparent Stokes
radii via
Rapp = KT/60t17D 1)

wherek is the Boltzmann constant, is the absolute temperature,
andy is the solvent viscosity, here assumed to be that of water.

Computational Method€omputer modeling allows visualization
of the electrostatic potential around the protein as a function of pH
and ionic strength. In Delphi V98.0 (Molecular Simulations Inc.),
the electrostatic potential around the protein is calculated by nonlinear
solution of the PoissonBoltzmann equatiof® The protein crystal
structures with Protein Data Bank identification 1BEB were taken
from the RCSB Protein Data Bank (http://www.rcsb.org). However,
the deposited structure 1BEB has A variant Val at position 118 and
B variant Gly at position 64, which in fact corresponds neither to
BLG-A (Asp64, Val118) nor to BLG-B (Gly64, Val118). To rectify
this incorrect amino acid sequence, the charge file used for the
electrostatic calculations was modified by replacing Gly64 with
Asp64 to mimic a BLG-A dimer. The BLG-B dimer was not
considered for modeling because the association of the BLG-A dimer
appears to dominate aggregation effects (see below and refs 6 an

7). The amino acid charges were determined using the spherical-

smeared-charged model put forward by Tanftutilizing the protein
titration curve of BLG® as explained in detail elsewhefe.

Results

Effect of pH. Figure 2 shows the turbidimetric time depend-
ences for 1 g/L BLG in 0.0045 M NacCl at various initial pH
values. Time zero corresponds to the time at which the target pH
was attained. In the pH range 4:5.0, the abrupt initial increase
in turbidity is followed by a stable state, but a continual increase
is observed for the more extreme pH values. Our primary focus
here will be on the initial apparent rater(dt)o, obtained as the
tangent to the curve at the position of maximum slope using data
collected over the first 23 min. This initial slope is seen in
Figure 2 to attain a maximum in the vicinity of pH 4.6.

In view of the possibility of large uncertainties inz{dt)o
from turbidimetry, the results in Figure 2 were duplicated by
stopped-flow spectrophotometry and the raw data (not shown)
converted to 106- %T vs time. Values of (d/dt)o, which for

(41) Majhi, P. R.; Dubin, P. L.; Feng, X.; Guo.; Leermarkers, F. A. M.; Tribet,
C.J. Phys. Chem. B004 108 5980.
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5523.
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Figure 2. Turbidity vs time for 1 g/L BLG (lot 032K035)| =
0.0045 M, at the pH values shown.
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Figure 3. Initial rate vs pH for 1 g/L BLG (lot 032K035) dt =
.0045 M for data obtained from turbidimetry (squares) and stopped-
low spectrophotometry (circles).

stopped-flow spectrophotometry could be based on data collected
as rapidly as 10 s after mixing, are shown for both techniques
as a function of pH in Figure 3. The agreement between the two
methods is good and indicates the excellent repeatability of the
initial rate measurements. Taken together the two sets of data
indicate maximum aggregation at pH 4.4.7 and essentially no
aggregationatpkt 5.2 or< 3.8. Amaximum in self-association

at this pH has been noted befbimit is typically referred to as

a “large oligomer”, in part based on the limitations of static light
scattering techniques 45 years ago, leading to the need for
significant approximations in data analy3i3.he large oligomer
was sometimes attributed to an “octamer”, but this association
is quite at odds with our observation of large turbidities and, as
will be shown below, in conflict with DLS modes of very low
diffusivity, both of which are consistent with open-ended
association. The pH dependence of/(it)o is asymmetric: the
effect of pH is stronger in the range 4:3.0 than in the range
4.3—4.6. The pH dependence of aggregation was also followed
by titration of 1 g/L BLG in 10 mM NaCl from high to low pH.
The results are not shown here because they are obviously
dependent on the rate of titration, but the turbidity vs pH curves
were found to be reversible between pH 6 and pH 4.5. Those
curves displayed maxima at pH lower than 4.6, because those
maxima correspond to the pH at which the rates of aggregation
equal those of disaggregation. These findings, together with the
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Figure 4. Turbidity vs time for 1 g/L BLG (lot 20K7023), pH 5.0,
at different ionic strengths (from top to bottoin= 0.0045, 0.006,
0.008, 0.02, 0.1, 0.3, and 0.5 M). The oscillations in lthe 0.02
M curve are due to the instrument.
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Figure 5. lonic strength dependence of initial aggregation rates at

pH 5.0 (from the data of Figure 4). Inset: initial rate 3.

reproducibility of initial rates in Figure 3, strongly indicate that
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Figure 6. Graph showing 106- %T vs time for BLG genetic
variants A and B att=0.0045 M: (1) 0.5 g/L BLG-A brought from
pH 9.0 to pH 4.8, (1) 0.5 g/L BLG-B brought from pH 9.0 to pH
4.8, (Ill) 1 g/L (total concentration) BLG-A+ BLG-B mixture
brought from pH 9.0 to pH 4.8, (IV) 1 g/L (total concentration)
BLG-A + BLG-B mixed at pH 6.0 and then brought to pH 4.8.

Although the A:B ratio was also reported to be close to 1:1 for
all three lots, we decided to look into the effect of variants more
closely; the results may or may not account for the differences
among these lots, but are intrinsically of interest and appear to
support the correlation between charge anisotropy and aggregation
that is the crux of this paper.

BLG variants A and B or mixtures thereof were rapidly brought
to a target pH of 4.8 (close to the pH of maximum aggregation
at low salt; see Figure 2) from an initial pH of 9.0, at which all
proteins are monomers. Results in Figure 6 show rapid aggregation
for BLG-A (1), negligible aggregation for BLG-B (Il), and
intermediate aggregation when BLG-A and -B were mixed at
pH 9.0 before rapid adjustment to pH 4.8 (lll). However, when
the pH of the A/B mixture was held at 6.0 before rapid adjustment
to 4.8, negligible aggregation was observed (1V). Interpretation

the processes studied here do notinvolve a loss of native structuréf these results is informed by the proposal noted above and
and concomitant irreversibility. Interpretation is complicated Substantiated below thatthe reactantatalow degree of aggregation
because the molecular state of the product of aggregation isiS @ dimer. In case Ill, AA, AB, and BB dimers could all be
unknown and may vary with time. However, light scattering Present, and this type of aggregation presumably occurs in all
studies, to be presented below, indicate that the initial reactantthe pH and ionic strength dependence results above in Figures
is mainly a dimer. While the scattering species are not readily 2—5. The strong aggregation of the AA dimer (I) may be consistent
identified, it is quite reasonable to assume that their formation, With the results of Townsend and Timash&fiyho reported the

at least in the first minutes of the aggregation process, is Presence of AA oligomers substantially higher than dimers. On
proportional to the consumption of the reactant, which light the other hand, no aggregation is noticed with the BB dimers

scattering-to be presented belowclearly identifies as a dimer.
The initial slope (d/dt)ois therefore considered to be proportional
to the rate of dimer consumption.

Effect of lonic Strength. The turbidimetric response of 1 g/L
BLG at pH 5.0 for ionic strengthsranging from 0.0045 to 0.5
M is shown in Figure 4. Significant changes in turbidity with
time were not observed for 04 1 < 0.5 M. However, at <

0.1 M a sharp initial increase in turbidity was observed. Figure

5 shows the ionic strength dependence ofdt)o, which is seen

presumably formed in (Il). This important finding points toward
the sensitivity of aggregation to a small structural change. The
two units of the BB dimer both lack the Asp at position 64,
presentin BLG-A. Reported palues, 5.13 for BLG-A and 5.23
for BLG-B,*8reflect this difference, but fail to explain its striking
effect on aggregation. As will be discussed below, these two
acidic amino acids lead to significantly larger negative domains
in the AA dimer at pH 4.8, readily visualized by electrostatic
modeling. On the other hand, the BB dimer’s relatively larger

to increase by nearly an order of magnitude with a decrease inPOsitive domain at this pH can suppress its aggregation. In later

I from 0.1 to 0.0045 M. As shown in the inset of Figure 5,
(dz/dt)eis linear with 11 over the entire ionic strength range. The
significance of this result will be discussed later.

Influence of A and B Variants. Comparison of lots 23, 31,
and 35 showed differences in aggregation rates at Jevith no
obvious correlation to sample age, or reported purit@{%).

discussion we will view the AA dimer, with its small but
significant negative domain and its large positive domain, as an
XY 2 unit (X negative, Y positive) which can interact with three

(47) Townsend, Robert.; Timasheff, Serge. NAmM. Chem. Sod96Q 82,
3168.
(48) Fredriksson, SAnal. Biochem1972 50, 575.
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700 proteins per particle is precluded by an absence of information
600 o A onthe symmetry of these aggregates or their degrees of hydration.
500 UL | 10 Toidentify the state and presence of nonaggregated BLG, and
400 Lo " to avoid long DLS accumulation times which would obfuscate
300 o | s interpretations, measurements were performed at conditions of
E fgg dpu L b4 aa slow association, namely, pH 4.0 and 4.2 dre 0.0045 M,
5 ol . 2 utilizing the Malvern Zetasizer with which autocorrelation
E’ 5 functions can be acquired every 30 s. The small sample volume
g 600¢ i requirement of this instrument also helped to decrease the lag
I 10 time between sample preparation and measurements. Results in
400y P T Figure 8 show the total scattering intensity (count rate, upper
200 - g2 "o 5 curve_-s),the a_pparentdiameters extracted from'ghe aut_o_correlation
o Aﬁm/ functions (middle curves), and the absolute intensities corre-
ola o s s ° 0 sponding to each mode, i.e., the fractional contribution of each
10 20 30 40 10 20 30 40

mode to the total count rate (lower curves). The very short data
collection times do produce more scatter, especially atlow elapsed

Figure 7. Time dependence of the apparent particle size (left) and {jeg where the total scattering is small, but certain features of

corresponding turbidity (right) for 1 g/L BLG (lot 23) at pH 5.2 (top) .
and pH 5.4 (bottom), at = 0.0045 M. Symbols were used to the results cannot be artifactual. The data at pH 4.0, where the

distinguish fast4) and slow () modes. The data are for lot 20K7023. ~ increase in count rate is very slow, correspond to the very early
stages of aggregation and were chosen to clearly capture the

identical dimers. It does so by accommodating the negative (X) Signal from the 6 nm dimer, and this mode is quite evident in
domains of two of the dimers in its large positive;{domain the data at pH 4.2 as well. The dimer, continuously present, must
and accommodating in its negative (X) domain a portion of the P€ Very abundant in number since its scattering intensity per
positive domain of a third AA dimer. In these terms, the BB Particle mustbe quite small relative to that of the larger particles.
dimer is Yz: not only nonreactive, but also able to suppress AA At pH 4.2 one sees the more typical faster aggregation, with the
self-aggregation at the proper stoichiometry. This is seen for count rate leveling off after~25-30 min. The higher order
sample IV, which contains no AB dimer, only AA and BB. agdgregates at pH 4.0 are confined to a ca. 300 nm diameter
These results may explain some of the lot-to-lot variability Mode, while two distinct higher order modes of 6600 and
mentioned above, in that small differences in the A:B ratio could 200-400 nm can be identified at pH 4.2. While resolution of

have a large effect if the BB dimer effectively suppresses the autocorrelation functions with significant scatter into multiple
aggregation of AA, and this explanation should be considered modes must be considered with caution, the entirely reasonable

along with the more frequent attribution of different aggregation value for the fastmode (6 nm dimer) is noteworthy. Nevertheless,
rate variability to varying amounts of denatured material, although N the absence of measurements at multiple angles or of multiple

recent isoelectric focusing results for Sigma A/B BLG indicate @lgorithms to verify the size distributions, we do not speculate
no denatured materias. on the nature of species in the 26800 nm range, but reserve

Time Dependence of the Particle SizeTo follow the our confidence to the presence of the 6 nm dimer and to the

aggregation process, the time dependence of the particle siz&dOWth in size and perhaps number of considerably larger
was monitored by DLS. To avoid multiple scattering effects 2d9regates without intermediate oligomers (although such
arising at high turbidities, conditions were selected corresponding Ntérmediates might be found under conditions of higher ionic
to low aggregation rates, i.e., avoiding the pH range-8.3 in strength). These findings are validated by the gene_ral agreement
which aggregation is maximum. Figure 7 shows the distribution °f measurements on both the BIC system (continuous open-

of apparent particle sizes obtained via NNLS (Brookhaven) at €nded association in the range of 800 nm at pH 5.2) and the
pH 5.2 and 5.4/ = 0.0045 M, along with the corresponding Malvern instrument (aggregation from 100 to 500 nm at pH 4.2)

turbidity curves. At both values of pH, the particle size despite differences in scattering angles and deconvolution
distributions were typically bimodal with a fast mode corre- algorithms. Figures 7 and 8 also indicate that the increase in
sponding to a diameter below ca. 100 nm and a slower mode Scattering during the first minutes of aggregation is attributable
corresponding to diameters in the range o£600 nm. Single to species with diameters of 186@00 nm, and this consistency

values of the diameter reported for pH 5.4 (lower curve) in the Provides some jusiification for the assumption that the initial
range 5-15 min are artifacts arising because fast and slow modes ime dependence of turbidity is proportional to the rate of
are not adequately resolved. The turbidity is seen at both pH consumption of the dimer.

values to follow the growth in size of the larger particles, but ) .

bimodal distributions persist even at long times. While some Discussion

scatter in thg data is evident, mainly due to the need for Sh‘?” Reactant Is a Dimer. The turbidity increase observed in
acquisition times, the robustness of the data and the correlat|on|:igun_:.S 2 and 4 could arise from many events in which the

with turbidity are sufficient to convince us of the presence of & yeactants could be a variety of species of different degrees of
ca. 50 nm radius aggregate at 10 min and the subsequent growtly, o o eqation (tetramers, hexamers, etc). If this were the case, a
of sybstantlally larger particles. It s Important to avoid kinetic interpretation of the change in turbidity would be difficult.
overinterpretation of these values primarily because of the o aver the DLS results of Figures 7 and 8 do not show the
f:nrilLtnll\t/ilt)I/eOf;Z%gsecgsnv:gijatlllfn i?fltohvs le/tﬁcgéggno;nzzgcgﬁgi presence of numerous intermediate species, but reveal instead
uftipie n P y Lo P at low turbidities the predominant contribution of the 6 nm
acquisition times. Furthermore, estimation of the number of diameter dimer. Accompanying the dimer are aggregates with
(49) Valkonen, K. H.; Marttinen, N.; Malinen, H. L.; Jaakola, V. P.; Alatossava diameters on the order of 16800 nm. If the appearance of
T. Bio-Rad Appl. Notel998 2262 1 (also available online from Biocompare - these aggregates is responsible for the initial increase in turbidity,
(technical article from Bio-Rad Inc.)). then the initial slopes of Figures 2 and 4 should provide a measure

Time, min
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Figure 8. Time dependence of DLS for 1 g/L BLG (lot 20K7023);= 0.0045 M, pH 4.0 (left) and 4.2 (right): total count rate (upper),
apparent diameters (middle), absolute scattering intensity corresponding to each mode (lower). Symbols in the middle and lower curves
identify fast ), slow ©), and intermediatel{) modes, corresponding to diameters>600, and 206400 nm, respectively.
of their rates of formation. This apparent initial rate of aggregation,
(dz/dt)o, would be proportional ta if the rate of consumption
of the dimer and if the scattering intensity per aggregate were
constant, so the increaseircould be attributed to an increase
in aggregate weight concentration. DLS results indicate a gradual
increase in the apparent radius of the aggregate from 50 to 10
nm in the first 16-20 min, supporting the assumption of constant
aggregate size during the first few minutes in whick/ddo is
obtained. This kinetic interpretation of #(dit), as the rate of ' S (A)
consumption of the dimer in a distinguishable initial process will
be further justified below.

pH Dependence of the Initial Rate.ln 0.0045 M NaCl, the
initial rate of aggregation is observed to attain a maximum at pH
4.6-4.7 (less than the reported pf BLG of 5.1-5.20) with
extreme pH sensitivity between pH 4.6 and pH 4.9. This
observation, and the dramatic decrease in aggregation rate
0.02 M, is best accounted for on the basis of electrostatic
intermolecular interactions arising from protein charge hetero-
geneity: The asymmetry of charge and potential distributions
leads to attractive forces between the positive and negativeFigure 9. Electrostatic potential contours-Q.5 (red) and—0.5
domains of associating proteins, and these local distributions are(blue) kT/e) around the BLG dimer at ionic strength 0.0045 M, and
strongly influenced by the charge state of particular amino acids. at pH (A) 4.03, (B) 4.59, (C) 4.98, and (D) 5.22.
As will be discussed below, this hypothesis differs from the ) S - ) )
conventional view of isoelectric precipitation. The effects I.\/Iany.protelns exhibit diminished solubility .nearthe!soeleqtr'lc
proposed here are best visualized by electrostatic computerpo'”t; t_hls phenomenon, often refe_rred to as isoelectric precipita-
modeling, which has been used to understand similar intermac-tion* is frequently accounted for in terms of a low protein net
romolecular phenomena related to protein charge heterogenecharge corresponding to the loss of aggregation-inhibiting
ity.5152Here, protein electrostatic potential distributions for the repulsion. However, it is evident here from both modeling and

AA dimer, chosen because of its predominant role in aggregation nic strength dependence that (a) aggregation is promoted by
(see, for example, Figure 6), shown in Figure 9, help in €lectrostaticattractive forces and (b) the net protein charge is not

understanding the pH and ionic strength dependence of ag_highlyrg_levanttothgseforces.Thgs, pH 5.2does notco_rrespond
gregation observed in Figures-. The negligibly small initial  t© conditions of maximum aggregation despite anet protein charge
rate below pH 3.50 seen in Figure 2 is due to a large positive of zero and positive and negative lobes of similar magnitude.
net protein charge, preventing association. At intermediate pH, Maximum aggregation occurs instead at pH-4467, where the
(dr/dt)o decreases 30-fold when the pH increases from 4.7 t0 5.2 net charge is significantly positive. While “protein solubility” is

despite the fact that at pH 5.2= pl, BLG shows approximately ~ 9enerally poorly defined, thermodynamic and rate effects often
equal positive and negative lobes (Figure 9D). being conflated, itis quite generally reported that the “solubility”
of BLG shows a minimum at pH 4.%;55and procedures which

(50) Righetti, Pier, G.; Caravaggio, Tizianh. Chromatogr 1976 127, 1.

(51) Seyrek, E.; Dubin, P, L.; Tribet, C.; Gamble, E.Biomacromolecules (53) Mathews, C. K.; van Holde, K. E.; Ahern, K. Biochemistry 3rd ed.;
2003 4, 273. Addison Wesley Longman: San Francisco, 2000.

(52) Selzer, T.; Albeck, S.; Screiber, Gat. Struct. Bial 200Q 7, 537. (54) Recio, .; Olieman, CElectrophoresisl996 17, 1228
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seek to correlate the presence of denatured proteins in whey
protein (primarily a mixture of BLG and-lactalbumin) advocate

a pH of 4.6 for this purpose. Recognition of the contribution that
might be made by native BLG to limited solubility at pH 4.6 has
led to the suggestion that such tests be carried dut &.1 M55

Still, the contradiction of a maximum in isoelectric precipitation
away from the isoelectric point is often overlooked.

The net charge of BLG at pH 4.6 may be significantly positive,
but more importantly, the electrostatic potential contours are
highly asymmetric. While we can visualize how positive and
negative domains of similar size could support one-dimensional
association, the ability of the large positive lobe in Figure 9B
to accommodate multiple small negative domains of several other
proteins suggests the multidimensional propagation that is
required to account for large aggregates. While the symmetrically 4
opposed positive and negative domains could lead to linear chains
of finite length, electrostatic attraction among highly asymmetric
domains could lead to branching to infinite molecular weight.
This description is analogous to the difference between con- L
densation polymerization of AB type vs condensation withb,AB (C) 0.02 M
monomers$? From an electrostatic perspective, BLG-B dimers '
at pH> 4.7 might closely resemble BLG-A dimers at pH 4.7; ] ]
i.e., the curves of Figure 2 might simply shift to the right. Such Figure 10. Electrostatic potential contours0.5 (red) and-0.5
experiments might in the future be used to verify this analysis. (£!U€) kT/e) around the BLG dimer at pH 5 at the ionic strengths

shown.
The difference between the isoionic point (8°4)nd isoelectric

point (5.2) for BLG is not an uncommon observation; for BSA,
for example, Tanford reported an isoionic point of 5.2, 0.3 unit
above the routinely reported palue of 4.9. Although it is not -
well understood, this observation does raise the possibility of
anion bindingi®particularly as the binding of chloride ion would -
be expected to lower the isoelectric point without a parallel change -
in the isoionic point. To establish whether our neglect of chloride
ion binding could introduce a significant error in our modeling,
we repeated calculations after removing two positive charges,
corresponding to the maximum number of chloride ions bound
As

(A)OSM

(D) 0.0045 M

to BLG .57 No significant effect on the computed positive domain
was observed. This enhances our confidence that the large positive
domain at the pH of maximum aggregation is not susceptible to
diminution by ion binding. For both BSA and BLG, cation binding
near pH= pl is less significant than anion binding.

lonic Strength Dependence of the Initial Rate. The
dependence of the initial aggregation ratel shown in Figure  hypothesis that BLG aggregates most when it has a distinct
5 shows (d/dt), close to zero ak = 0.1 M. Since the addition negative domain and a dominant positive domain.
of salt tends to weaken electrostatic interactions, these results The strong increase in the initial rate of aggregation with a
suggest that the suppression of aggregation atliighresponds  decrease in ionic strength and the linear dependence of the initial
to areduction in favorable attractive interactions due to screeningrate on 1V can be explained by considering protein aggregation
effects. This behavior is also an indication that aggregation is as a diffusion-controlled process. If protein A is diffusing toward
not due to hydrophobic attraction, in which case the addition of protein B (both representing the dimer here) as depicted in Figure
salt would enhance aggregation and little effect would be seen11, the diffusion trajectory of A is given as
atlowl. We might also consider the effect of salt on thegince
the addition of 0.15 M KCI was reported to shift fpom 5.4 to D =yt 2)
5.2%5 However, the effect of salt seen here is predominantly in

the range of IOW_S‘?“' ) ) ) ~ whereygis the velocity and is the distance a protein will travel
The small variation in the electrostatic domains for ionic  pyyior to an effective encounter, requiring the corresponding time
strengths 0.5 and 0.1 M as seen in Figure 10 accounts for they \while it is evident that species much larger than the product
negligible differences in the initial rates at these ipnic strerjgths. of this step are formed at long times, we propose that the initial
As | decreases below 0.1 M, the most dramatic effect is the yates especially as determined by stopped-flow spectrophotom-
expansion of the positive domain and the appearance of stronGatry, relevant to the situation in which the system is essentially
asymmetry between positive and negative regions with regard onjy a dimer, must involve as a first step collisions of dimers.
to both shape and magnitude. Figure 10D strengthens the The probability that the diffusion trajectory of A intersects a
cross-sectional area of B should be giverlbtimes the cross-

Figure 11. A simplified picture of protein dimer A diffusing toward
protein dimer B.

(gg) ‘,1? Witvaj Fl)\l:; K_elssel,f'Fr). \Iﬂ;oodcltydrqcolloidsllsla%g 10, ;;13. it sectional area density of any other protein. The cross-sectional
- 12953‘.’%’5 e gnoples of Polymer Chemisyzomell University: Ithaca, - 4req density is obtained by multiplying the number density of

(57) Barnett, L. B.; Bull, H. BArch. Biochem. Biophy<496Q 88, 328. the proteinsp/V (cm~3) by Ag, whereAg is the cross-sectional
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area (cm) of the positive domain of B that interacts with the
negative domain of A. This probability is therefore given by

NAg
P=D-" ®3)

Since the probability of effective collisions should be equal
to unity, the total probability will be a dimensionless quantity
equal to 1.

P= D$=1= u0t$ (4)

Time(min)

Sincet here is the reciprocal of the number of encounters per

ur?lttlme, the rategfthe Processis proportionaftoand solving g/L) at pH 4.59 and dt= 0.0045 M.T,, is the maximum transmittance
this equality fort™, assumingro and volumeV are constant, (a6 "andK is a constant which is equal to the value of I(%
reveals thatthe rate is directly proportional to the cross-sectionalo4T,.) at time zero. (B) Turbidity vs time for BLG (1 g/L) dt=
areaAg. 0.0045 M at pH values 4.82-¢), 4.59 =), 5.22(---), and 3.84 ¢-).
The data are for lot 032K035.
ratel 1/t O Ag (5)

Figure 12. (A) Exponential fitting for aggregation data of BLG (1

initial aggregation, the time scale within which the first step can

At low ionic strengths, where the Debye lengi¥) is large be observed decreases: it correspondst6®min for pH 4.0
compared to the protein radil® the cross-sectional ardg, and to 6-10 min for pH 4.2, after which larger aggregates appear.
which is proportional toR + «~1)?, is therefore proportional to To test the hypothesis of coupled and sequential aggregation
k2. Sincex 2 is directly proportional to 4, this results in a steps, data obtained at pH 4.59 dret 0.0045 M are plotted
linear relationship between the initial rate of aggregationdhd 1  semilogarithmically in Figure 12A. A single, first-order process
The irregular geometry of the positive domain in Figure 10 would would exhibit a linear fit with a slope proportional to the rate
lead to divergence from the ideal case of a sphere, and theconstant. However, the obvious deviation &5 min indicates
dependence might be in the form ef {)?2, in contrasttothe case  the dominance of an initial mechanism with a higher rate constant.
of a simple sphere, wheee= 2. At high ionic strengths, where  The data of Figure 12, along with the DLS results, suggest that
charges are strongly screened and collisions in the correctwell-defined species may exist (as opposed to a wide distribution
orientation would be necessary, a more detailed treatment wouldof all possible aggregation numbers) and support a two-step
be required. Correct orientation means that the electrostatic forceprocess. The first step, the rapid consumption of dimers to form
must be sufficiently long range so that rapid rotation is altered species on the order of ca. 200 nm (without the formation of
as the interprotein distance falls below the Debye length. This smaller aggregates), is very sensitive to pH and corresponds to
approach is strongly validated by the efficacy of protein the initial turbidity slopes plotted in Figures 3 and 5. The second
electrostatics in rationalizing rates of barnabarstar complex step, in which the 200 nm diameter intermediates form larger
formation as demonstrated by Schreiber and co-woers, aggregates, is relatively slow, but can dominate the scattering.
predicting the rate enhancement of protein complex formation Its diminished sensitivity to pH is seen from the similarity of the
from the electrostatic energy of interaction. slopes of the turbidity curves of Figure 12B for pH 3.84 and 4.82

Aggregation MechanismDLS experiments performedat 0.6  after the initial rapid increase. This second step, which involves
and 0.4 pH unit above and below the maximum aggregation intermediate aggregates as reactants, is unlikely to be sensitive
point (Figures 7 and 8, respectively) reveal important charac- to protein charge heterogeneity, but may depend more on the net
teristics of BLG aggregation. The former, shown in Figure 7, charge of a large cluster. The crossing of the curves of Figure
displayed bimodal distributions for both pH values. For the latter 12 corresponding to different pH values indicates that the fast
case, shown in Figure 8, the presence of a distinct 6 nm modeand slow steps indeed have different pH dependences.
at both pH 4.0 and pH 4.2, and its major contribution to total = The coexistence of dimers and large aggregates could arise
scattering intensity at all times for pH 4.0, and at lower times from some dimers being more reactive than others, but could
for pH 4.2, is evidence that the initial reactant of aggregation is also be explained by analogy to the reaction of a trifunctional
adimer. The absence of aggregates in the size rang2d®nm monomer, AB, in which A reacts only with B. The analogy to
at both of the lower pH values reveals that dimers associate tocondensation polymerization is consistent with the gradual
form higher order aggregates without the formation of inter- increase in aggregate size from 25 to 200 nm hydrodynamic
mediate species. These aggregates appear most prominently inadius seen in Figure 7 and consequently not in agreement with
the 406-600 nm range. An additional and reproducible slow the analogy to a free radical polymerization proposed for the
mode around 700 nm was observed at pH 4.2. Its intensity beginsaggregation of heat-denatured BE&an entirely different case
to increase near the time at which the intensity for the-2400 for which the charge dipoles visualized here would be clearly
nm peak begins to decrease, so that the total count rate stabilizesrrelevant. This multifunctional (branching) polymerization

The foregoing results suggest a two-step mechanism. The firstproduces units of higher order functionality which are thus more
corresponds to consumption of the dimer to form an aggregatereactive, with the very well-established result that “the rich get
of intermediate size whose rate of appearance thus depends omicher”; i.e., the system generates a mixture of high-MW species
electrostatic interactions among dimers. Consequently, thisand monomers beyond the gel pdifin this case, aggregates
process may be elucidated by protein electrostatic modeling. and dimers. The appearance of a dimer even at a high degree of
The second process involves a subsequent higher order associatiomggregation in this case is likely to be due to the nonreactive BB
of this intermediate. As the pH approaches the pH of maximum dimer (see above) rather than retroversion of the distribiion.

(58) Selzer, T.; Schreiber, G@. Mol. Biol. 1999,287, 409 (59) Roefs, S. P.; de Kruif, K. GEur. J. Biochem1994 226, 883.
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This scenario explains the frequently cited observation that the at high ionic strengths arises from the reduction in favorable
increase in turbidity is maximal at a pH 6-8.6 pH unis below attractive interactions due to screening effects. The particle size
the d. Since the aggregating dimers are not la{ret positive increases with time with the appearance of bimodal distributions.
charge), aggregation leads to charge accumulation, and at therhe aggregation mechanism of BLG can be explained by a two-
later stages of this process, aggregates begin to repel each othestep process in which a dimer, the initial reactant, rapidly forms
electrostatically, particularly atthe lowionic strengths emphasized jntermediate aggregates; these aggregates further associate, rather
here. This retardation accounts for the appearance of a secondowly, to form larger clusters. Since this aggregation is not at
kinetic regime at > 4 min in Figure 12A. the isoionic point, the growth of aggregates may be limited by
the accumulation of excess charge. Electrostatic modeling via
Delphiis useful not only in elucidating the pH and ionic strength

~ The aggregation of BLG near but not at its isoelectric point gependence of BLG aggregation but also in understanding the
is governed by electrostatic attraction between complementary mechanism of aggregation.

charge domains among dimers. The pH dependence of the initial
aggregation rate is remarkably strong and asymmetric; this is
because of its sensitivity to local charges in certain electrostatic
domains, which have a particularly significant role in interprotein
forces. Maximum aggregation rates were observed in the pH
range 4.3-4.8, below p, where positive and negative potential
domains are not of equal magnitude. The rate of aggregation
strongly increased with a decrease in ionic strerigind was
found to be nearly linear with I/ suppression of aggregation  LA053528W

Conclusions
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