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► Aggregation of anti-SA IgG1 involves
Fab unfolding to initiate dimer and
soluble aggregate formation.

► Aggregate growth pathways are me-
diated by electrostatic interactions
between aggregates.

► pH and [NaCl] mediate aggregate–
aggregate coalescence and phase be-
havior with a pattern more general
for other proteins.

► Conformational changes detected by
different spectroscopic techniques ap-

pear to be less easily generalized.
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Changes in non-native aggregation mechanisms of an anti-streptavidin (anti-SA) IgG1 antibody were deter-
mined over a wide range of pH and [NaCl] under accelerated (high temperature) conditions, using a combi-
nation of calorimetry, chromatography, static light scattering, dye binding, and spectroscopy (fluorescence,
infra-red, and circular dichroism). Aggregation rates were strongly influenced by conformational stability
of at least the Fab regions, but were only weakly affected by changes in electrostatic colloidal interactions.
This was in contrast to the effects of electrostatic interactions on aggregate growth, as the dominant growth
mechanism shifted dramatically with pH and [NaCl]. Pre-formed aggregates also displayed a reversible
cloud-point boundary that quantitatively aligned with the overall pattern of aggregation mechanisms as a
function of pH and [NaCl], suggesting an underlying thermodynamic transition may dictate whether molec-
ular aggregates will coalesce into macroscopic particles. Structural changes upon unfolding and aggregation
were also sensitive to pH and [NaCl]. Interestingly, Thioflavin T binding was essentially indistinguishable for
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aggregates formed in different pH and [NaCl] conditions, however, the other assays indicated notable differ-
ences across different solvent conditions. This suggests that the overall degree of conformational change dur-
ing aggregation can be influenced by electrostatic interactions, but suggests caution in interpreting whether
available techniques detect changes that are directly relevant to the mechanism(s) of aggregate formation
and growth.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Monoclonal antibodies (mAbs) are an increasingly important class
of biotechnology products, due to their relatively specific interactions
and utility in many applications, such as treating and diagnosing
diseases, and more generally as biochemical diagnostic tools [1,2].
As with other protein-based biotechnology products, antibodies are
prone to both chemical and physical degradation pathways, of which
non-native aggregation is among the most common [3]. Aggregation
must be minimized in the final product for a variety of reasons. Aggre-
gates may lead to loss of efficacy in the final product, and impact
marketability for pharmaceutical products [4,5]. In addition, aggregates
raise concerns regarding possible immunogenic responses for thera-
peutic proteins [6–9]. It has been suggested that the severity and type
of immunogenic response (if any) for protein aggregates depends on
the amount, size, and type of aggregate in solution [10,11].

Nonnative aggregation can occur at many of the steps in the devel-
opment of protein products, at least in part because a number of differ-
ent stresses can promote aggregate formation. These include: [3,4,12]
low pH needed for viral inactivation of pharmaceuticals; elevated tem-
peratures; freezing and thawing of bulk solutions; contact with differ-
ent materials used in manufacturing, storage, or delivery devices; and
agitation. Any of these stresses can, in principle, increase the population
of partially or fully unfoldedmonomers that are often implicated as key
intermediates along non-native aggregation pathways [10,13–16].

Once formed, non-native aggregates (hereafter simply referred to
as aggregates) are typically irreversible under the conditions in which
they were created, and require extreme sample conditions to dissoci-
ate them — for example, concentrated chemical denaturants or high
pressure [16,17]. This may be due, at least in part, to conformational
changes that accompany aggregation. Aggregates of many proteins
have been found to contain increased amounts of intermolecular
beta sheet structures [14,16,18–20], although it is not always clear
how much or what particular structural changes are required within
a given protein in order to facilitate aggregation [1].

In bulk solution, important solvent variables include pH, ionic
strength, salt or buffer type, and the presence and concentration of dif-
ferent excipients. At a minimum, changes to any of these variables can
affect protein conformational stability and/or protein–protein interac-
tions [16,21–23,30,31]. In addition to the rate of aggregation, these vari-
ables can also influence the mechanism of aggregation, and possibly
then the resulting aggregate structure, size, and/or morphology.

Prior work has demonstrated that changes in solvent conditions
can cause the same protein to form aggregates of different sizes,
morphologies, and/or underlying secondary structures. Li et al. [24]
showed that the mechanism of aggregate growth varied as a function
of pH and [NaCl] for a globular protein, alpha-Chymotrypsinogen
A (aCgn), with electrostatic repulsions between aggregates playing
an important role in biasing towards different mechanisms [24]. Sim-
ilarly, alpha-Synucleincan aggregate to form different morphologies,
depending on the solution pH and salt concentration; [25] as can
beta-lactoglobulin [18]. These studies empirically show that pH and
ionic strength can strongly influence the qualitative characteristics
of aggregates that form over time.

For selected conditions, IgG1 and IgG2 antibodies [26,11,27] have
previously been shown to switch aggregate growth pathways based
on changes in pH, and to a some extent based on solution ionic strength.
The present work, to the best of our knowledge, includes the most
systematic report to date of the global aggregation behavior and mech-
anisms of an IgG1 across a broad range of pH and [NaCl] conditions that
are relevant to therapeutic protein products. In addition, the phase be-
havior of aggregates of anti-SA IgG1 is characterized in terms of cloud
points, analogous to what has been shown recently for aCgn, and in
less detail for a different IgG1 and an IgG2 [26,28,29].

The protein used here is anti-streptavidin (anti-SA) IgG1. In prior
work, it was shown that this molecule is aggregation prone, albeit
somewhat less so than its IgG2 version [33], with aggregation acceler-
ated by exposure to elevated temperature, stainless steel [34], or
high levels of silicone oil and/or agitation [35]. In this report, factors
influencing the mechanism(s) of aggregation were experimentally
characterized as a function of pH and [NaCl] under accelerated (ele-
vated temperature) conditions. The results highlight the importance
of competing effects of protein conformational stability and protein–
protein interactions, as well as difficulties regarding the use of common
structural assays to assess the conformational changes that are impor-
tant for mitigating aggregation. Comparison to recent reports for other
proteins over a broad range of pH and [NaCl] illustrates that while
some aspects of aggregation mechanisms may be highly protein specif-
ic, some aspects show promise of generalization based on established
biophysical considerations.

2. Materials and methods

Purified anti-streptavidin (anti-SA) IgG1 antibody was provided
by Amgen as a stock solution (approx. 30 mg/mL protein). The
purities of all stock solutions were confirmed to be greater than 98%
monomer by peak area in size-exclusion chromatography, with the
only other detectable species being dimer (see also below). Buffer
preparation was as described previously [11]. Protein samples were
doubly dialyzed against a given buffer using Spectra/Por 7 dialysis
tubing (10,000 Da molecular weight cutoff, Spectrum Laboratories,
Rancho Dominguez, California) and filtered (0.22 μm syringe filters).
Post-dialysis protein concentration was determined using absorbance
at 280 nmmeasured with a UV–Vis spectrophotometer (Agilent 8453
UV–Vis; Agilent Technologies, Santa Clara, CA). Final protein concen-
trationwas adjusted gravimetrically, as needed, using the corresponding
dialysis buffer. Size exclusion chromatography (SEC) and differential
scanning calorimetry (DSC)measurementswere conducted as described
previously, as was analysis of the data [10,26,36,38,39]. Additional de-
tails regarding SEC and inline multi-angle light scattering are provided
in Supplementary information.

2.1. Aggregation half life versus temperature

The temperature at which the half life for monomer loss was 2 h
(protein concentration=1 mg/mL) was determined as a function of
pH and NaCl concentration, using the methods described in Supporting
Information [40,41]. This corresponds to the point at which the fraction
of initialmonomer (m, defined asmonomer concentration scaled by ini-
tial concentration) is 0.5 for a sample incubated for 2 h.

2.2. Static light scattering (SLS) to assess colloidal monomer interactions

Static light scattering experiments were performed as described
previously [11,29]. Averaged scattered intensities were confirmed as
independent of scattering angle (not shown) and converted to excess
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Rayleigh ratios (Rex) using toluene as a reference, as described previ-
ously [11]. Rex as a function of protein concentration (c) was regressed
using Eq. (1) to determine values of the apparent molecular weight
(Mw) and protein–protein Kirkwood Buff integral (G22) [42] for each
solvent condition tested.

Rex

K
¼ Mwcþ G22c: ð1Þ

2.3. [NaCl]–pH state diagram

Concentrated stock protein solutions were prepared by dialysis
against 5 mM sodium citrate buffers at pH 4, 5, or 6. After dialysis,
protein stock solutions were diluted to 1 mg/mL using a combination
of the dialysis buffer and a corresponding buffer in which 2 M NaCl
was dissolved. The stock protein solution and the buffers, with
and without added NaCl, were combined gravimetrically to reach
the desired concentration of NaCl. Because NaCl was added after pH
adjustment, in some cases this resulted in final pH values (tested in-
dependently) that were slightly lower than samples without added
NaCl, due to shifts in buffer pKa at high ionic strengths.

A state diagram was constructed by categorizing what type of
aggregation mechanism was observed, as a function of pH and added
NaCl, during isothermal aggregation at elevated temperatures similar
to those determined from response surface of T2 h as a function of pH
and [NaCl]. Aggregationwasmonitored by SEC–MALS and visible obser-
vation as a function of incubation time at elevated temperatures; partic-
ular temperature values were chosen as a function of pH and [NaCl] so
as to keep experimental time scales less than a few hours to achieve
one to two half lives of monomer loss. After quenching in an ice-water
bath, each sample was centrifuged at nominally 10,000 g for a mini-
mum of 5 min to remove any insoluble aggregates from solution, and
the supernatantwas assayed on SEC–MALS as described above. Samples
were stored and monitored (SEC–MALS and visible observation) under
refrigerated conditions to confirm that no detectable dissociation or
further aggregation occurred on time scales of days, after initial incuba-
tion at elevated temperature.

2.4. pH titrations for pre-formed aggregates

Cloud points for otherwise soluble aggregates were determined
based on pH titration with small volumes of concentrated base and/or
acid, using methods described previously [26,28]. Additional details
are provided in Supporting information.

2.5. Far-UV circular dichroism (CD)

Far-UV circular dichroism (CD) was used to assess the average
secondary structure of aggregated samples and monomer controls
at selected solution conditions, summarized in Table S1 of Supporting
information. Additional details are as described elsewhere [10]. Themean
residue ellipticity values (MREtot) are reported after first subtracting the
monomer contribution, and normalizing on a per-unit-mass of aggregate
to obtain the aggregate spectra (MREagg).

MREagg ¼ MREtot−m�MREmon

1−mð Þ : ð2Þ

Them values were from SEC for a given for sample, andMREmon is the
corresponding CD spectrum of the monomer control.

2.6. Intrinsic fluorescence

Structural changes with aggregation were evaluated using intrin-
sic fluorescence for the same conditions as for CD spectroscopy.
Methods were otherwise as described previously [10]. The monomer
contributions to the aggregate emission spectra were subtracted, and
then the spectra normalized on an aggregate mass basis, using Eq. (2)
but replacing MRE with the fluorescence intensity at a given wave-
length within the spectrum.

2.7. Thioflavin T binding

Thioflavin T (ThT) binding was measured for the same samples
as described in the preceding subsections, using the fluorescence in-
strumentation described above, and methods described previously
[10,11]. Residual monomer contributions for each ThT emission spec-
trum were subtracted in an analogous manner to that described
above (cf. Eq. (2)).

2.8. Fourier-transform infrared (FTIR) spectroscopy

Secondary structure analysis by infrared spectroscopy was per-
formed using a Vertex 70 spectrometer (BrukerOptik GmbH,
Ettlingen, Germany) with an LN-MCT liquid nitrogen-cooled detector
purged with dry air, and with a BioATR-II multiple-reflection horizon-
tal ATR (attenuated total reflectance) accessory held at room temper-
ature. Spectra were collected using Bruker OPUS software through
averaging of 256 spectral accumulations for each sample over the
range 1000 to 4000 cm−1 (resolution=4 cm−1), and corrected for
baseline and normalized.

3. Results

3.1. Conformational stability by differential scanning calorimetry (DSC)

Relative conformational stability of anti-SA IgG1 monomer was
characterized as a function of pH and added NaCl via DSC, with
the excess heat capacity versus temperature (T) shown in Fig. 1. As
expected from previous studies on the unfolding of an IgG1 [44,45],
DSC scans showed a maximum of three unfolding events. At pH 4,
the unfolding of each of the domains (Fab, CH2, and CH3) appeared
distinguishably as three individual endotherms with the second
peak having the largest area. At pH 5 and 6, only one peak was obvi-
ous, with possibly a shoulder towards lower T for pH 5 conditions. At
high temperatures, the aggregates precipitated at these higher pH
conditions, resulting in strong exotherms in the thermo grams (see
Fig. 1). The pI of this IgG is approximately 9, and therefore as pH
changes from 4 to 6 it is expected that the net charge on the protein
is decreasing (see also Discussion section).

For conditions where more than one peak was clearly distinguish-
able (pH 4), partial DSC scans were performed to determine revers-
ibility of the unfolding events, using the same sample to repeatedly
heat to successively higher T values. As shown in Supporting informa-
tion (Fig. S2), the first endotherm was reversible, while the second
peak was not reversible to a significant degree, and showed signs of
aggregation upon rescanning, in that once the second transition was
scanned partially, a subsequent scan showed a greatly reduced endo-
therm (cf. dashed curve and solid gray curve in Fig. S2). Samples that
were scanned to these temperatures and then quenched and ana-
lyzed by SEC also clearly showed no monomer loss for heating up to
the start of the second endotherm, but dramatic loss once the second
transition region was accessed (data not shown). The magnitude
and location of the endotherm for the third transition was not signif-
icantly affected by the previous heating scans. This pattern in similar
to that seen previously for other IgGs [46,47].

According to previous studies on the conformational stability of
IgG1s, the first, smaller peak is likely the unfolding of the CH2 domain,
and the second, larger peak is the unfolding of the Fab domain [44,45]
at these acidic pH values; with the smaller peak at the highest tem-
perature range corresponding to the CH3 domain [44,45]. This would
indicate that CH2 unfolding is not sufficient to cause non-native



Fig. 2. Contour plot of T2 h (indicated by labels and color code) as a function of pH and
added NaCl concentration based on a face-centered cubic response-surface DOE (see
main text and Supporting information for additional details). Labels on the curves in-
dicate the temperature for a given contour.

Fig. 1. Excess heat capacity from differential scanning calorimetry (DSC). The initial
linear behavior of the cP versus temperaturewas taken as the (extrapolated)nativemono-
mer baseline, and this was subtracted out from the absolute cP to calculate the cP,ex.
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aggregation at these conditions and time scales, but Fab unfolding
is required. It is not possible to discern from these data whether Fc
unfolding may be involved at much lower temperatures where
much longer time scales for aggregation can be accessed (see also,
Discussion). At higher pH values, there was only one visibly discern-
able endotherm, and this was irreversible in all cases based on a single
DSC rescan (not shown).

3.2. T2 h and aggregation rates versus pH and [NaCl]

The relative rates of aggregation as a function of pH and NaCl con-
centration were quantified through a response surface via statistical
design of experiments (DOE) [48]. The response variable in this case
was T2 h, the interpolated temperature at which the half-life for
monomer loss is 2 h. T2 h was chosen because it is a relatively quick
method to compare the rates of aggregation among conditions that
have widely varying half-lives as a function of temperature, anywhere
from seconds to weeks, across the full set of pH and [NaCl] of interest.
Higher T2 h values correspond to longer half-lives if the aggregation
reactions were carried out at the same temperature across the differ-
ent conditions. T2 h values were determined at the particular pH and
[NaCl] values indicated by the filled black circles Fig. 2. Additional de-
tails are given in Supporting information.

Fig. 2 shows the response surface contour plot of T2 h as a function of
pH and [NaCl]. T2 h varied between 44 °C and 66 °C in the experimental-
design space. The lowest T2 h value was at the lowest pH and highest
NaCl concentration, while the highest T2 h value was at the highest
pH and lowest NaCl concentration. This indicates that increasing pH
(towards the pI) and increasing salt concentration have opposite effects
on T2 h, and thus on the relative rates of aggregation. The relative spacing
between the isotherms in the contour plot indicates that the aggregation
rates are more sensitive to changing [NaCl] (with fixed pH) at low pH,
with a shift of ~14 °C from lowest to highest [NaCl] at pH 4, compared
to a shift of ~5 °C at pH 6.
3.3. Colloidal interactions by static light scattering (SLS)

Static light scattering (SLS) was implemented to study the effects
of pH and added NaCl on the net colloidal interactions between native
monomers at room temperature. The SLS data were analyzed using
Eq. (1) (see Materials and methods) based on the model developed
by Blanco et al., which shows that the protein–protein Kirkwood–
Buff (KB) integral, G22, is a more relevant measure of net colloidal in-
teractions obtainable from light scattering than the traditional second
osmotic virial coefficient (B22), especially at higher concentrations
and/or in the presence of strong attractions or repulsions [42].

For readers unfamiliar with Eq. (1), it is a more general form for
Rayleigh scattering as a function of protein concentration than the more
restrictive and conventional form [42]. Unlike the more common expres-
sion, Eq. (1) is not restricted tohighly dilute orweakly attractive/repulsive
conditions, and is not restricted to cases where Donnan equilibria
can be neglected [43].G22 is a quantitativemeasure of protein–protein in-
teractions that is conceptually similar to themore familiar second osmotic
virial coefficient B22 [42], except that it carries the opposite sign as B22 and
in the limit of low c it has double the magnitude (see also, Discussion).
The reduced values (G22*=−G22/2B22,HS) are numerically equivalent to
reduced B22 values (B22*=B22/B22,HS) in the limit of low c and/or condi-
tions of weakly repulsive or attractive conditions; with B22,HS denoting
the steric-only or “hard sphere” value of the second osmotic virial
coefficient (see also Discussion).

The effective hard sphere or steric radius was taken as 5 nm for
this IgG1, based on typical hydrodynamic radii of IgG1 antibodies
[26,49]. Illustrative fits are shown in the Supporting Information
(Fig. S3). The resulting G22* values are plotted as white bars in Fig. 3,
corresponding to the same solvent conditions as the T2 h and Tm values
reported in that figure. Generally, shifts to higher pH and lower NaCl
concentrations corresponded to less repulsive (less negative) G22*
values. None of the conditions were strongly attractive (see also
Discussion).

image of Fig.�1


Fig. 3. Summary of pH and [NaCl] effects on aggregation rates, conformational stability,
and colloidal interactions. The relative aggregation rates are represented by T2 h (gray
bars). Conformational stability is represented by Tm of the Fab or the major endotherm
when those coincided (red bars). Colloidal interactions are represented with −G22

⁎

values (white bars). The error bars are standard deviations in the replicate Tm measure-
ments and in the nonlinear regression to determine T2 h and G22.

Fig. 4. Representative plots (Mw
tot /Mmon vs. (1−m)2) of four aggregation mechanisms

observed at different solution conditions. Red circles illustrate nucleation-dominated
behavior, where aggregates formed, but did not grow greatly beyond dimers and
small oligomers. Black squares show aggregate growth by rapid monomer addition
(chain polymerization). Blue diamonds show aggregate growth by a combination of
chain polymerization and aggregate–aggregate condensation. Gray triangles show
aggregate growth by condensation as soluble species (open triangles) and eventual
precipitation removing aggregates from solution (filled triangles). The dotted lines
are guides to the eye.
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3.4. Qualitative aggregation mechanism as function of pH and NaCl
concentration

Qualitative aggregate growth mechanisms were characterized as a
function of pH and NaCl concentration. The monomer fraction (SEC)
and weight-average molecular weight (inline MALS) were monitored
for samples incubated isothermally at accelerated conditions (elevat-
ed temperature) for slightly longer than one half-life at a given pH
and [NaCl]. The initial protein concentration was 1 mg/mL, and the
temperatures were selected so as to give half-lives that were of the
order of hours.

Fig. S4 (Supporting information) shows representative SEC chro-
matograms overlaid with molecular weight information from the
inline MALS for three conditions that had distinguishable aggregation
growth mechanisms. Under the SEC conditions that were utilized,
monomer eluted at approx. 7.9 min, dimer at approx. 6.8 min, trimer
at approx. 6.3 min, and aggregates larger than trimers coeluted at
approx. 5.7 min, and there was significant overlap with the trimer
peak. The illustrative conditions are where: dimerization (or nucle-
ation) dominated and any growth was slow (Fig. S4A), aggregates
grew to high Mw but remained soluble and co-eluted in the void of
the column (Fig. S4B), or aggregates grew large but eventually precip-
itated or displayed visible haze/cloudiness (Fig. S4C). The fractional
conversion of monomer to aggregate (of any kind) is denoted as 1−m,
with m defined as the monomer concentration divided by its initial
monomer concentration.

While it was relatively simple to identify conditions by visual
inspection of SEC when aggregates remained as dimers and small
oligomers, as opposed to growth to large aggregates, a different rep-
resentation of the SEC–MALS data was needed to determine the
mechanism by which aggregates grew while they stayed in solution.
This is illustrated in Fig. 4. Theweight averagemolecularweight, includ-
ing monomers and aggregates in solution, is denoted by Mw

tot/Mmon,
where theMw

tot was calculated by integratingMw across the entire chro-
matogram of peaks containing protein [10,11,26].Mw

tot is plotted versus
the square of the extent of reaction, (1−m)2, in Fig. 4.

According to theoretical considerations [37,50] (see also Supple-
mentary material), this type of plot shows linear behavior when aggre-
gates grow primarily throughmonomer addition or, equivalently, chain
polymerization (CP). An upturn in these types of plots represents
growth of aggregates by aggregate–aggregate condensation poly-
merization (AP). In addition to these two growth mechanisms, the
nucleation dominated (ND) regime was distinguishable as the condi-
tions where there was a linear relationship between Mw

tot/Mmon and
(1−m)2, but the aggregates did not reach sizes larger than dimers
and small oligomers even as one considered large extents of monomer
loss (i.e., high values of (1−m)2).

The gray triangles in Fig. 4 represent conditions where growth of
soluble aggregates was through a hybrid mechanism: aggregate–
aggregate condensation polymerization to form soluble aggregates
occurred at low extents of monomer loss, but precipitation of at
least the highest Mw aggregates occurred within the first two half-
lives tested for Fig. 4; the solid triangles indicate samples in which
visible aggregation was apparent in such longer-time samples. The
final type of aggregate growth mechanism is one in which visible
haze, particle formation, and/or phase separation (PS) occurred
almost immediately upon detectable monomer loss. Due to the
small or undetectable amounts of soluble aggregates present in such
cases, it was not possible to obtain reliable Mw data from MALS for
those samples, and hence and example of PS behavior is not plotted
in Fig. 4.

The growth mechanism at each pH and NaCl concentration was
categorized using the analysis illustrated in Fig. 4 to create a state
diagram summarizing how the growth mechanism depends on pH
and added NaCl. This diagram is shown in the top panel of Fig. 5.
The temperature at which isothermal incubation was monitored is
marked next to each of the symbols; these align semi-quantitatively
with the T2 h values in Fig. 2, while maximizing the number of sam-
ples that could be incubated simultaneously at the same temperature.
The five types of aggregate growth mechanisms are represented by
the five symbol types and the labels in Fig. 5 (see also Figure caption).

Fig. 5 shows that pH and NaCl concentrations greatly impact
the growth mechanism of aggregates. At low pH, even for conditions
with appreciable salt concentrations (less than approx. 200 mM), lit-
tle growth occurred. At low ionic strength and pH≪pI, increasing pH
first resulted in larger aggregates, growing by chain polymerization.
At higher pH, aggregation resulted in visible haze almost immediately
upon detectable monomer loss. At higher NaCl concentrations and
low pH, aggregates were able to grow quickly to high Mw by conden-
sation to form larger soluble aggregates. Aggregation again resulted

image of Fig.�3
image of Fig.�4


Fig. 5. [Top] State diagram of aggregation mechanisms as a function of pH and NaCl
concentration. The qualitative aggregation mechanism(s) were monitored over slightly
longer incubation times than the first half-life at a given temperatures (indicated by
the number label next to each point in the figure). The different mechanisms are indicat-
ed by the different symbol types: nucleation dominated (open circles); growth via chain
polymerization (filled circles); condensation-dominated growth (squares); condensation
followed by macroscopic precipitation/phase separation (open triangles); aggregate pre-
cipitation/phase separation (filled triangles). [Bottom] Overlay of the boundary between
soluble and phase-separated aggregates (X symbols and dashed line) on the state dia-
gram of qualitative aggregation mechanisms. See main text for additional details. Struc-
tural analyses of the resulting aggregates were performed at conditions indicated with
asterisks, corresponding to the conditions for Fig. 7.

Fig. 6. Illustrative pH titration at room temperature of initially soluble aggregates, pre-
pared as described in Materials and methods. The aggregate concentration was slightly
higher (0.9 mg/mL, with 0.1 mg/mL residual monomer) to make the transition more
visibly pronounced for clarity in the figure. The percent transmittance at 650 nm was
used as a measure of turbidity at each pH step in the titration. The dashed lines are
guides to the eye for identifying the inflection point as the nominal cloud point.
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in visibly hazy and particulate suspensions at sufficiently high pH
(but still well below the pI). In general, addition of NaCl and/or
increased pH led to enhanced aggregate–aggregate coalescence (AP
or PS mechanisms).

3.5. Reversible aggregate phase separation

Previous studies [26,28] indicated that a reversible phase transi-
tion can occur for non-native aggregates (rather than monomers),
and that this may explain the pH and salt dependence of the forma-
tion of haze and macroscopic particles. In order to test this hypothesis
for anti-SA IgG1 aggregates, pH titrations were performed on initially
soluble aggregates under conditions corresponding to the pH and
[NaCl] ranges in Fig. 5, with solutions that contained 50:50 aggregate:
monomer (by mass). This corresponding to samples incubated at
elevated temperatures for 1 half-life, in keeping with the behavior
categorized in the state diagram in Fig. 5.

Fig. 6 shows a representative pH titration of an initially soluble
aggregate sample. As pH was raised, the aggregates phase separated
to form white visible haze (not shown). Then, as the pH was lowered
on the same sample, the suspension dissolved to form a clear solu-
tion. SEC before and after the pH titration showed no change in
monomer content. If the sample was centrifuged prior to lowering
the pH to dissolve the particles, they sedimented readily and the
supernatant was transparent (not shown).The curves in Fig. 6 indi-
cate that there is a hysteresis effect, in that the forward and reverse
pH titrations do not overlay in the transition region. This is expected
based on previous studies [26,28] in which it was found that if one
performed titrations over much longer time scales – of the order of
hours to days for each step in pH along the curve – then the two
curves overlapped. In the present case, samples were only held for
~1 min at each pH, but the curves were reproducible upon cycling
up and down in pH (not shown).

Monomer controls at the same concentration remained transpar-
ent (100% transmission) in all cases, showing that this transition is
due to the aggregates, not an underlying monomer transition. This
indicates that the formation of a suspension of visible or large sub-
visible particles is, at least in part, a result of reversible phase separa-
tion of aggregates; as seen previously for aCgn and for other anti-
bodies [26,28,29]. The pH value at which the initial down turn in %
transmission occurred (i.e., the nominal cloud point) was determined
at a series of NaCl concentrations. These cloud points are shown as X
symbols, connected by a dotted line, in the bottom panel of Fig. 5, to
show where this cloud point boundary lies on the aggregation state
diagram for anti-SA IgG1.

3.6. Structural changes with aggregation

Structural changes accompanying aggregation were characterized
at five conditions corresponding to the five growth mechanisms,
using a combination of spectroscopic techniques that probe second-
ary structure and/or different measures of tertiary structure, relative
to the folded monomer. The conditions chosen for characterization
are marked with asterisks in the bottom panel of Fig. 5, corresponding
to state points that lie within each of the five regimes in the state dia-
gram. These are also summarized in Table S1 (Supporting information).

Solution conditions where the aggregates did not essentially all
precipitate were tested using far-UV CD, intrinsic fluorescence, and
ThT binding. Fig. 7A shows the corresponding spectra after the contri-
bution from residual monomer was subtracted (see Materials and
methods). For clarity, the monomer spectrum is shown for compari-
son to the aggregate spectra in Figs. 7B and 7C show analogous results
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Fig. 7. (A) Far-UV circular dichroism (CD) spectra for aggregates at five different conditions corresponding to different regions of the aggregation mechanism state diagram. Spectra
for aggregates are shown with monomer contributions subtracted from the corresponding full spectrum. The solid line is the average of the monomer spectra, included for refer-
ence. Red dashed: nucleation dominated; black dashed: growth by chain polymerization; blue dashed: growth primarily by condensation; gray dotted: growth by condensation
and then precipitation (unlabeled in figure). (B) Akin to panel A, but for intrinsic fluorescence spectra (no monomer spectrum shown); monomer peak position was essentially
independent of pH and [NaCl] (value indicated by the vertical dashed line), peak height increased from 4×104 (pH 4) to 4.7×104 (pH 5) to 5.6×104 (pH 6), and was only weakly
dependent on [NaCl]. (C) Akin to panels A and B, but for Thioflavin T fluorescence upon binding to aggregates; monomers did not show appreciable binding (D) FTIR spectra anal-
ogous to panel A, but also including the condition where haze and precipitates/phase-separation dominated. Solid curves are the monomer spectra, which are essentially indepen-
dent of solvent condition.
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for intrinsic fluorescence and ThT binding, respectively. Monomer
does not appreciably bind ThT relative to buffer controls (not
shown).The corresponding monomer spectra are not shown in
Fig. 7B for visual clarity. The peak maximum for monomer was at
330 nm (indicated by a vertical dashed line in Fig. 7B). In each case,
there was a red shift in the peak position for the aggregates compared
to monomer, and the fluorescence intensity was greater (per unit
mass) than that of monomer. Fig. 7D shows Amide I FTIR spectra for
aggregated samples (mixture of aggregate and monomer) for each
of the conditions in Table S1, as well as the monomer controls. Mono-
mer spectra were indistinguishable from one another for the range of
conditions tested. These include the conditions in panels A to C, but
also include the PS condition since FTIR is unaffected by scattering
artifacts that otherwise preclude the use of the spectroscopies needed
for panels A to C.

In terms of CD, the aggregates that grew by nucleation dominat-
ed (ND) and chain polymerization (CP) mechanisms appeared to
have the largest changes in their secondary structure; the negative
peak at around 217 nm increased in intensity and width, with a
slight blue shift. The conditions where growth was dominated by
aggregate–aggregate condensation polymerization, whether the
aggregates remained in solution or eventually phase separated,
appeared to have relatively smaller changes in secondary structure
compared to monomer. As noted above, there were no discernable
changes in monomer spectra over the pH and salt conditions tested.

In terms of intrinsic FL, aggregation resulted in larger intensities
and red shifts in the emission spectra, regardless of growth mecha-
nism. This corresponds to greater solvent exposure for at least some
Trp residues, and possibly some quenching of Trp fluorescence in
the folded monomer state, as observed before for aggregation of a dif-
ferent IgG1 antibody, as well as for globular proteins [10,38]. Aggre-
gation at low pH and low [NaCl] (i.e., ND conditions) resulted in the
largest detected change in Trp exposure, followed by slightly higher
pH and NaCl concentration (CP conditions), and finally the smallest
detectable changes at higher pH and/or NaCl concentration (AP and
AP+PS conditions).

ThT binding monitored by fluorescence emission for the same
sample conditions showed aggregated samples bound ThT strongly.
However, unlike the CD and intrinsic FL, the bound spectra are virtu-
ally indistinguishable. From the FTIR second derivative spectra of the
amide I, it was apparent that all but one condition of the aggregated
samples showed a shift from about 1640 cm−1 to ~1620 cm−1 (neg-
ative peaks), indicative of major beta-sheet alteration. For the excep-
tion (PS), there was little alteration in structure. The CP aggregates
seemed to indicate either a partial or two different populations of
beta-sheet aggregates with negative peaks at approximately 1640 cm−1
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and 1620 cm−1. Subtle changes in turn structure (~1660 cm−1 to
1680 cm−1) accompanied these major alterations in beta-sheet
structure.

4. Discussion

4.1. Aggregation rates show opposite correlations with Tm and G22 vs. pH
and [NaCl]

Increasing pH and adding NaCl had significant effects on the con-
formational transitions observed in DSC. With increasing pH, Tm
values of all discernable endotherms shifted to higher temperatures,
indicating increased conformational stability of multiple domains.
This occurred both with and without added NaCl, but transitions oc-
curred at systematically lower Tm values with 100 mM NaCl present
for a given pH. For pH 4 conditions, this resulted in a more distin-
guished CH2 peak. In this case, it was possible to discern more than
one endotherm, and the largest-area endotherm corresponded to
the onset of aggregation during repeated heating; suggesting Fab
unfolding was involved with aggregate formation under those con-
ditions. This was also consistent with previous results for a series of
different IgG1 antibodies [10,11,27].At higher pH values, only one
main endotherm was unambiguously discernable. At these condi-
tions, it is hypothesized that unfolding of multiple domains occurred
simultaneously; this includes the aggregation-prone region(s), as
that single endotherm was not significantly reversible.

The value of G22* is a measure of net colloidal interactions, such as
hydrophobic, van der Waals, and electrostatic interactions. Any value
of −G22* above 1 indicates net repulsive interactions that are greater
than those based solely on steric interactions, and this is typically due
to electrostatic repulsions. Any value below 1 indicates net attractions
relative to steric-only interactions, and may be due to a combination
of electrostatic and non-electrostatic contributions.

Upon increasing pH with pH≪pI (~9), there was a significant de-
crease in−G22* both with and without added salt for anti-SA IgG1. At
the lowest pH and ionic strength conditions, −G22* was significantly
greater than 1, indicating electrostatic repulsions were prominent. At
higher pH, or with 100 mM of added NaCl at all pH values,−G22* was
below 1; indicating reduced, but not necessarily negligible electrostatic
repulsions, and effectively net attractions relative to steric-only interac-
tions. The effects of added NaCl were most pronounced at low pH, and
became effectively negligible aspH increased towards the pI, while
still approximately 3 units below the pI. The salt dependence is consis-
tent with strong electrostatic, repulsive interactions at low pH, with
weak or negligible contributions from electrostatic repulsions or attrac-
tions at higher pHvalues, consistentwith a large reduction in net charge
on the protein surface as acidic residues become charged to counter-
balance the charged basic residues.

In comparing the effects of pH and added NaCl on conformational
stability (Tm), colloidal interactions (−G22*), and relative aggregation
rates (T2 h), it is apparent that aggregation rate is strongly related to
conformational stability. The difference between T2 h and Tm was rel-
atively constant among the six conditions examined. This is apparent
both from inspection of Fig. 3, and by plotting T2 h versus Tm (Fig. S5,
Supporting information). Higher T2 h values indicate relatively lower
aggregation rates if one were to consider a common TbT2 h, and this
correlates quantitatively with increased conformational stability for
anti-SA IgG1 as a function of pH and [NaCl]. Fig. 3 clearly shows that
the opposite trend occurs when comparing T2 h and colloidal interac-
tions (G22*). That is, as T2 h rises (lower relative aggregation rates) the
colloidal interactions become increasingly attractive; this is the oppo-
site of what one anticipates if colloidal interactions were a strong
determinant of aggregation rates [16,22,51].

From a mechanistic perspective, this suggests that the decrease in
concentration of (partially) unfolded monomers, due to increased Fab
Tm values, more than offsets the more attractive colloidal interactions
as pH is increased for anti-SA IgG1. There is also a small increase in
aggregation rates (decreased T2 h) with increasing [NaCl] at fixed
pH, but this is a much less pronounced effect except at low pH. In
that case, added NaCl does cause a large drop in colloidal repulsions,
and this may help to explain the increased aggregation rates. This
illustrates the importance of simultaneously investigating multiple
factors that may determine relative aggregation rates [22], because
different conclusions would have been drawn if only ionic strength
was varied at pH 4. As such, it appears that conformational stability
is a dominant factor controlling aggregation rates for anti-SA IgG1
under most of the conditions considered here, with the exception
being conditions of strong electrostatic repulsions.

4.2. pH and [NaCl] effects on aggregation mechanism and formation of
insoluble aggregates

The state diagram in Fig. 6 indicates that aggregate growth mech-
anism is strongly dependent on pH and [NaCl] at these acidic condi-
tions. At low pH and NaCl concentrations, high net charge of the
protein monomers and minimal shielding of these charges result in
large inter-molecular repulsions. The strongly repulsive electrostatic
interactions resulted in the large repulsive −G22* value observed at
pH 4, 0 mM NaCl, as discussed above. This solution condition also
produced aggregates via nucleation dominated (ND) growth, where
aggregates formed (i.e., “nucleated” as dimers) but did not grow to
a large extent; although dimers did grow slowly to trimers and at
least tetramers, so it is not reasonable to conclude that dimers were
completely incapable of growth. The strong electrostatic repulsions
between monomers and aggregates (dimers, etc.) and between ag-
gregates themselves may provide an explanation for the lack of CP,
AP, or PS under these conditions, and this would be consistent with
the lack of AP or PS mechanisms for a different IgG [10] or for alpha-
chymotrypsinogen A under similar solvent conditions and elevated
temperature [24].

Moving higher in pH and NaCl concentrations, results in apprecia-
ble growth, and thus larger aggregates. Increasing pH towards the pI
(~9) results in lower electrostatic repulsions as the net charge on the
protein decreases. In addition, increasing pH increases the buffer-
salt ionic strength, which shields the net charge of the molecules,
resulting in lower inter-molecular repulsions. Increasing NaCl con-
centration also results in lower electrostatic repulsions via decreased
charge shielding. This further supports the conclusion that electro-
static repulsions (or lack thereof) are important determinants of
aggregate growth mechanisms.

Overlaying the phase and state diagrams in the bottom panel of
Fig. 6 suggests that the kinetics and thermodynamics of forming of
insoluble aggregates are by the same or similar mechanisms. From
the state diagram alone, it appears that beyond a certain regime of
pH–[NaCl] condition the condensation of aggregates was rapid
enough for the formation of visible particles. A similar conclusion is
reached by comparison with the cloud-point boundary. An overlap
of the cloud-point boundary and the shift from soluble to insoluble
aggregates during kinetic measurements was also recently reported
in detail for aCgn aggregates [28], and much less systematically for a
different IgG1 antibody over a similar pH range [10]. This suggests
that the formation of visible particles upon storage or during acceler-
ated kinetic tests may be due to a phase separation driven by rapid
condensation of aggregates, and this may be driven by electrostatic
effects that are akin to those in more well-studied colloidal or poly-
electrolyte systems [28].

4.3. Structural changes during aggregation and possible relation to the
mechanism of aggregation

The assays used here report on changes in the average structure
of proteins that comprise aggregates — that is, they report on both
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misfolded and folded structure simultaneously. The possible excep-
tion to this is ThT binding, as the binding to native or native-like con-
figurations is dramatically less than that for amyloid-like or similar
beta-sheet structure. It is not clear from the present results whether
the structural differences in the aggregates reported by FTIR, CD, or
intrinsic FL are relevant with regard to the observed differences in
the growth mechanisms. Qualitatively, conditions with larger electro-
static repulsions between monomers (based on G22*) correlate to
some degree with the larger degrees of secondary and tertiary struc-
ture change upon aggregation. One hypothesis that may explain
this is that such conditions also have the greatest electrostatic repul-
sion between amino acids within a given a protein chain, making
larger conformational changes (involving multiple regions of the pro-
tein) more favorable than in conditions of weaker electrostatic repul-
sion. Interestingly, there were no distinguishable differences in the
unheated monomer samples at different solvent conditions, so this
effect presumably was manifest as part of the aggregation process
and was not intrinsic to the folded monomer state.

Given the changes in the bulk spectroscopic signals, the lack of dif-
ference in the ThT spectra is rather striking. One interpretation is that
if the dye is binding to the key “hot spots” that make up strong stabi-
lizing inter-protein contacts in the aggregates, then the other struc-
tural changes detected in FTIR, CD, and intrinsic FL might not be
tied strongly to the mechanism(s) by which monomers are converted
to aggregates. That is, one can envision a scenario where different
regions of secondary structure of the protein unfold to a greater extent
at lower pH and ionic strength, prior to aggregate formation. However,
if only certain sequence “hot spots” are the key contacts betweenmono-
mers in the aggregates, then only the structural perturbations that reveal
Fig. 8. Schematic summary of the hypothesized role of interactions between aggregates, com
non-specific colloidal interactions (charge–charge interactions, hydrophobic and/or van d
important in the different processes of non-native protein aggregation. As pH and/or salt co
length are reduced, allowing more non-specific attractions between aggregates to dominate
plicity of representation, only net positive net charges shown for this example with pH
increased. Equivalent arguments hold for acidic proteins with pH>pI, as pH is decreased to
those “hot spots” may be relevant to promoting aggregate formation.
The smaller perturbations observed at higher pH and ionic strength
may simply reflect that smaller structural perturbations are needed in
terms of revealing “hot spots” if monomer–monomer charge repulsions
are weaker, and therefore monomers inherently can more easily come
together. In that case, the differences in overall unfolded structure
observed in the bulk spectroscopies may be misleading in addressing
the question of whether an observed structural change is directly rele-
vant in the aggregation process — this is likely more so the case for
large multi-domain proteins such as antibodies, where unfolding of
only certain domains may be an “on pathway” step in aggregation.

However, as the exact mechanism and location(s) of ThT binding
are unclear, an alternative hypothesis is that ThT binding reports on
only one aspect of the relevant structural change(s) – e.g., forming
only one type of key monomer–monomer contacts –while CD, intrin-
sic FL, and FTIR are capturing other important structural details. For
example, there may be multiple “hot spots” that could form stabiliz-
ing inter-protein contacts, and different structural perturbations
that occur preferentially at different solution conditions then lead to
aggregates with different degrees of unfolding in the constituent
monomers. This would then require that ThT is binding to different
aggregate structures relatively indiscriminately, which is counter to
its historical use as an amyloid-specific dye [5,18]. The present data
cannot resolve these possible interpretations, and to do so will likely
require higher resolution assays that are sensitive to local conforma-
tional differences, for example HDX-MS with partial proteolysis. Such
an approach was useful in previous work (Ref. [32] and references
therein) using reporter peptides to show which small regions of a
given protein were buried from solvent upon aggregation.
pared to those between monomers or monomers and aggregates, highlighting that both
er Waals) and more specific sequence-dependent interactions (indicated in red) are
ncentration are changed, electrostatic repulsions are reduced, net charge and screening
over the specific monomer–monomer and monomer–aggregate interactions. For sim-

bpI, with titration to introduce compensatory negative charges understood as pH is
wards the pI.
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4.4. In vitro global aggregation behavior of related proteins

Overall, the global aggregation behavior anti-SA IgG1 is consistent
with observations in more limited studies for other IgG1 and IgG2
antibodies, as well as more globular proteins from a variety of struc-
tural classes, as a function of pH and ionic strength, in that pH and
ionic strength play a dominant role in determining which aggregate
growth pathway(s) will be followed [10,11,13,18,24,26,27,29]. This
argument is further supported by a recent systematic study of the
aggregate growth kinetics for IgG antibodies over a range of pH and
salt conditions, in which a common quantitative scaling behavior
held for a wide variety of conditions [54,55]. These results suggest
that while the specific amino-acid “hot spots” within a protein se-
quence will differ for different proteins, once aggregates (or nuclei)
are initially formed their subsequent growth pathway(s) may be
more generally understood by considered relatively non-specific
mechanisms based on colloid physics. Physically, this may occur be-
cause the process of “nuclei” formation inherently may bury specific
“hotspots” by forming strong protein–protein interfaces (e.g., as in
the schematic in Fig. 8). The interactions between aggregates – as
opposed to monomers – as they self-associate could then be based
primarily on non-specific interactions such as colloidal electrostatic
repulsions/attractions and hydrophobic/dispersive attractions. In
Fig. 8, the latter process is the self-association of aggregates in the
AP, AP+PS, or PS mechanism, while the former is depicted with
the red “hotspots” becoming strongly correlated between monomers
and other monomers, or monomer and chain polymers with which
they strongly bind. Future work will test this hypothesis by consider-
ing how well the global aggregation behavior of this and other pro-
teins can be predicted based on simple biophysical models that
build upon this premise.

Interestingly, all aggregates of anti-SA IgG1 displayed quantitatively
similar, strong ThT binding, suggesting a common underlying structure
in terms of amyloid-like non-native structure for at least a portion of the
molecule. This is similar to observations for a different IgG1 that aggre-
gated with concomitant Fab unfolding [10], and this potentially pro-
vides support for the use of amyloid-based “aggregation calculators”
in attempting to predict hot-spots for targeting with antibody-
engineering strategies [52]. Interestingly, only Fc unfolding is impli-
cated in aggregation of some IgG1 antibodies if one considers much
lower pH than was tested here [53], and therefore it is also possible
that the role of Fab unfolding in the aggregation process may depend
on the solution conditions of interest. As noted above, given that multi-
ple “hot spots” are likely present in large,multi-domain proteins such as
monoclonal antibodies [52], it is likely that different nucleation path-
ways or key intermediatesmay be possible. As such,while growth path-
ways may be amenable to treatments based on non-specific colloidal
interactions, it appears more likely that the initiation or nucleation
processes will be more protein specific and more challenging to treat
with non-specific models based on colloidal and homopolymer bio-
physical treatments.

5. Summary and conclusions

This report describes a global study on the aggregation of a model
IgG1 as a function of pH and [NaCl]. Both of these variables were
found to strongly influence aggregation rates, mechanisms of aggre-
gate growth, aggregate phase behavior, and the average secondary/
tertiary structure of the resulting aggregates. Varying pH and [NaCl]
resulted in changes in conformational stability and inter-molecular
colloidal interactions that were opposite to one another in most
cases. Aggregate growth mechanisms, and phase behavior of aggre-
gates were sensitive to electrostatic repulsions, with an aggregate–
aggregate phase transition that semi-quantitatively aligned with con-
ditions that produced visibly aggregated samples upon accelerated
storage. Although different structural features were apparent for
aggregates from different solution conditions, in all cases the aggre-
gates bound ThT in a quantitatively and qualitatively similar fashion,
suggesting a common set of underlying structures or interactions,
possibly amyloid in nature, and involving Fab unfolding as a key
step in non-native aggregate formation. The results suggest that
growth mechanisms may be amenable to interpretation based on
relatively non-specific, colloidal models.
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