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Abstract: Aggregation of monoclonal antibodies is often a multi-step process involving structural
alterations in monomeric proteins and subsequent formation of soluble or insoluble oligomers. The
role of local conformational stability and dynamics of native and/or partially altered structures in
determining the aggregation propensity of monoclonal antibodies, however, is not well understood.
Here, we investigate the role of conformational stability and dynamics of regions with distinct sol-
vent exposure in determining the aggregation propensity of an IgG1 and IgG2 monoclonal antibody.
The temperatures employed span the pre-unfolding range (10-40°C) and the onset temperatures
(Tonset) fOr exposure of apolar residues (~50°C), alterations in secondary structures (~60°C) and ini-
tiation of visible aggregate formation (~60°C). Solvent-exposed regions were found to precede
solvent-shielded regions in an initiation of aggregation for both proteins. Such a process was
observed upon alterations in overall tertiary structure while retaining the secondary structures in
both the proteins. In addition, a greater dynamic nature of solvent-shielded regions in potential
intermediates of IgG1 and the improved conformational stability increased its resistance to aggre-
gation when compared to IgG2. These results suggest that local conformational stability and fluc-
tuations of partially altered structures can influence the aggregation propensity of
immunoglobulins.
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The native state conformational stability of proteins
is governed by a combination of intra- and inter-
molecular covalent and non-covalent interactions.'?
The interdependent nature of these interactions
often results in highly cooperative unfolding of
proteins. The unfolding of larger multi-domain pro-
teins, such as natural immunoglobulins or recombi-
nant monoclonal antibodies (mAbs), however, is
accompanied by non-cooperative processes resulting
from formation of intermediates.®* The population,
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relative stability, dynamics, and native/non-native
interactions of such partly structured intermediates
not only reflect the stability of subdomains,®>” but
may also be related to exposure of aggregation prone
regions.®?

Native proteins are commonly kinetically and
thermodynamically resistant to local unfolding of
aggregation-prone regions'®!!, which maintains
their chemical, biochemical, and conformational sta-
bility. The aggregation-prone region(s) in a three-
dimensional native structure of immunoglobulins
can exist in regions with different degrees of solvent
exposure. Such regions in immunoglobulins can
manifest differences in their conformational stabil-
ity'>'* and dynamic'®'° properties in response to
changes in temperature and the presence of stabiliz-
ing or destabilizing cosolutes.'? These variables have
the potential to induce partially folded intermediate
structures, which are less stable than the native
state and more prone to aggregation. For many pro-
teins, such partially folded intermediates are known
to proceed via competing pathways to retain ele-
ments of the native state and can lead to the forma-
tion of native/non-native aggregates.?°>° Higher
resolution analytical and computational methods
such as phi-analysis,?® small-angle X-ray scattering
(SAXS)®! and nuclear magnetic resonance (NMR)>?
coupled with molecular dynamics (MD) simula-
tions®® have been used to provide detailed structural
information concerning native states as well as par-
tially altered intermediate conformations of many
proteins. Experimental limitations such as the size
of proteins, high material requirements, and low
throughput, however, limit their application to rou-
tine analysis of such structures in large proteins
such as mAbs. Limited studies characterizing such
aggregation prone intermediates of immunoglobulins
and/or their fragments have been reported.3*-3¢

Recently, the role of intramolecular dynamics of
regions with distinct solvent exposures in modulating
global conformational stability was investigated using
an IgG1 monoclonal antibody.'® A fluorescence spec-
troscopy based approach employing red-edge excita-
tion (REE) and fluorescence quenching was employed
in these studies. REE, an approach in which the exci-
tation wavelength was increased towards the red
edge of the absorption band, was used to sample and
monitor a fraction of tryptophan (Trp) residues in
environments that were increasingly exposed to sol-
vent. A wide range of temperatures at relatively short
intervals (2.5°C) were studied to evaluate changes in
local conformational stability with increasing temper-
ature. Fluorescence quenching studies, used to probe
protein matrix dynamics, were performed at selected
temperatures including a pre-unfolding temperature
range, an onset temperature (T,,st), and at the appa-
rent thermal melting temperature (T\;a) to obtain a
snapshot of local dynamics of the antibody as a func-
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tion of temperature.'® The effect of sucrose or argi-
nine as representative stabilizing and destabilizing
excipients,'®®” respectively, were also evaluated
under these conditions.'®

The current study is aimed at (1) characterizing
and comparing the conformational stability and
dynamic properties of regions with distinct solvent
exposure at various temperatures using two addi-
tional monoclonal antibodies (an IgGl and IgG2)
and (2) understanding the relevance of local confor-
mational stability and dynamics to the aggregation
propensity of representative IgG1 and IgG2 monoclo-
nal antibodies.

Experimental

Materials

The purified IgGl and IgG2 monoclonal antibody
(mAb) samples, both containing variable domains
that bind to Streptavidin, were supplied by Amgen
Inc. (Seattle, WA) and were stored in the formula-
tion buffer at 4°C. The mAb solutions used for char-
acterization were prepared by dialyzing the protein
stock into 20 mM citrate-phosphate buffer at pH 5
(I=0.1, adjusted using NaCl). All buffer components
and chemicals were purchased from Sigma
(St. Louis, MI).

Methods

Steady-state intrinsic (Trp) fluorescence and
acrylamide quenching upon red-edge excita-
tion. The detailed methodology for these measure-
ments is described elsewhere.’® Briefly, intrinsic Trp
fluorescence spectra were acquired using a peltier
controlled PTI Quanta Master Spectrophotometer
(Lawrenceville, NJ) using 0.1 mg/mL (~6.7 X 10~*
mM) of mAb (IgGl and IgG2) over a temperature
range of 10-40°C (10°C intervals) and 40-90°C (5°C
intervals). An equilibration time of 3 min was used
at each temperature. Samples were excited from 292
to 304 nm at 3 nm intervals (to sample Trp residues
from environments with different degrees of solvent
exposure) and the emission spectra were collected
from 310 to 380 nm. The peak position and peak
intensity were determined by fitting the emission
spectra using a mean spectral center of mass (MSM)
method. The apparent thermal melting tempera-
tures (Tya) were determined using a Sigmoidal-
Boltzmann fit of Trp peak position versus tempera-
ture plots at each excitation wavelength. The mid-
point of such fits was considered to define the Ty
value. The Trp peak intensity in the presence of
varying concentrations of acrylamide (0-0.5 M) was
used to construct Stern-Volmer plots at all of the
excitation wavelengths and temperatures employed
in these studies. Any inner filter effects due to the
presence of acrylamide were corrected as described
earlier.1%:38
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Static light scattering, extrinsic (I-anilino
naphthalene-8-sulphonate) fluorescence, far-UV
circular dichroism and differential scanning
calorimetry. Static light scattering intensity (SLS)
and extrinsic (l-anilino naphthalene-8-sulphonate;
ANS) fluorescence were both performed as a func-
tion of temperature (10-90°C at 2.5°C intervals)
using 0.1 mg/mL of mAb using a PTI Quanta Master
Spectrophotometer. The excitation and emission slit
width were set at 3 nm. Furthermore, the excitation
wavelength, 295 nm for SLS and 375 for ANS, and
emission wavelengths of 280-380 for SLS and 425-
575 nm for ANS experiments were used. The molar
ratio of ANS:protein was maintained at 20:1. An
equilibration time of 3 min was used at each temper-
ature level prior to each measurement. Far-UV cir-
cular dichroism (CD) signals were acquired on a
peltier equipped Jasco J-815 spectrometer (Tokyo,
Japan) using 0.2 mg/mL protein. The CD signal was
monitored at a constant wavelength of 217 nm over
a temperature range of 10-90°C at 2.5°C intervals.
The temperature ramp rate for CD measurements
were 15°C/h. The differential scanning calorimetric
(DSC) experiments were performed using a VP-
capillary DSC equipped with an autosampler
(MicroCal, Northampton, MA) at 1 mg/mL mAb
concentration using a scan rate of 60°C/h. The ther-
mograms were processed by MicroCal routines to
determine the baseline, normalize the trace to the
mADb concentration and fit the processed trace using
a non-two-state unfolding model. Detailed SLS, ANS
fluorescence, CD, and DSC characterization proto-
cols are described earlier.*%1®

Results

Intrinsic Trp fluorescence (peak position and
fluorescence intensity) as a function of
temperature and excitation wavelength

The tertiary structure stability of IgGl and IgG2
mAbs as a function of temperature at pH 5.0 was
evaluated by monitoring Trp peak position (emission
maxima) shifts at various excitation wavelengths
(292-304 nm at 3 nm intervals) [Fig. 1(A-D)]. Within
the pre-unfolding temperature range (10 to ~40°C),
the Trp emission peak position was shifted to a
higher wavelength upon red-edge excitation for both
mAbs [Fig. 1(A,B)]l. In addition, the fluorescence
intensity was progressively lowered as the excitation
wavelength was increased from 292 to 304 nm
[Fig. 1(C,D)]. The higher peak position and lower
fluorescence intensity at 304 versus 292 nm suggests
that red-edge excitation can probe Trp present in
environments with different extents of solvent expo-
sure (i.e., 304 nm probes more solvent-exposed Trp
residues while 292 nm would detect Trp residues rel-
atively more shielded). Furthermore, the apparent
thermal melting temperatures (7T\a) obtained from
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sigmoidal fitting of Trp peak position versus temper-
ature plots were lower for 304 nm than 292 nm exci-
tation for both mAbs [Fig. 1(E)]. The T\a values for
the IgG1l, however, were higher than the IgG2 for
both solvent-exposed and solvent-shielded regions,
suggesting higher overall stability of the IgG1. Such
unfolding behavior for regions with distinct solvent
exposures as a function of temperature was reported
previously for a different IgGl monoclonal anti-
body.'® In addition, within the pre-unfolding temper-
ature range, the Trp peak position shift as a
function of temperature manifested a red-shifted,
curvilinear profile upon excitation at 292 nm
(solvent-shielded region) for both IgGl and IgG2
[Fig. 1(A,B)]. No such curvilinear plots in the pre-
unfolding region were observed for 304 nm excita-
tion (solvent-exposed region) [Fig. 1(A,B)].

Static light scattering, ANS fluorescence,
circular dichroism and differential scanning
calorimetry as a function of temperature

The exposure of apolar patches/regions, changes in
secondary structures and overall conformational sta-
bility of the IgG1 and IgG2 mAbs were determined as
a function of temperature by ANS fluorescence, circu-
lar dichroism and DSC, respectively [Fig. 2(A-C)].
The aggregation propensity of the IgG1l and IgG2 as
a function of temperature were then compared using
static light scattering [Fig. 2(D)]. A well-defined
structural transition was detected for both the IgG1
and IgG2 molecules between 50°C and 75°C with an
onset temperature of ~50°C by monitoring changes
in ANS fluorescence as a function of temperature.
The initial ANS fluorescence intensity in the pre-
unfolding temperature range and extent of ANS fluo-
rescence after the major transition were both greater
for the IgG1 than the IgG2 [Fig. 2(A)]. Furthermore,
an increase (more negative) in CD ellipticity above
60°C for both IgGl and IgG2 indicates secondary
structure transitions, which may further result in
the formation of intermolecular structures [Fig.
2(B)]. No major structural changes in overall second-
ary structure were detected for both proteins in
response to increases in temperature below 60°C
using CD. A decrease in CD signal (more positive)
was observed at >65°C for IgG2 and >70°C for the
IgG1, suggesting differences in dissociation of the
thermally induced intermolecular B-structure. The
SLS data [Fig. 2(D)] does not suggest loss of aggre-
gates from solution in this temperature range. The
formation of intermolecular B-structure-rich species
spanned a wider range of temperature for the IgG1l
(57.5-70°C) than the IgG2 (60-65°C). The tempera-
tures at which initiation of exposure (accessibility) of
apolar regions (ANS data; ~50°C) and alterations in
secondary structure (CD data; ~60°C) occur, how-
ever, is comparable between the two mAbs. Despite
these similarities, the aggregation propensities upon
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Figure 1. Local conformational stability of an IgG1 and IgG2 mAb as a function of temperature as measured by REE fluores-
cence spectroscopy. Intrinsic Trp fluorescence peak position shift as a function of temperature and excitation wavelength for
(A) the IgG1 and, (B) the IgG2. Intrinsic Trp fluorescence intensity at 20°C and pH 5.0 as a function of excitation wavelength for
(C) IgG1 and (D) IgG2. Sub-figure (E) shows the Tya obtained by a sigmoidal fit of peak position versus temperature plots for
both the IgG1 and IgG2 mAbs as a function of excitation wavelength. Each data point represents mean and standard deviation
of three (n = 3) replicates. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

thermal unfolding of the two proteins are different
when monitored by static light scattering measure-
ments [Fig. 2(D)]. The Tynset and Taggregation (from the
midpoints of static light scattering intensity versus
temperature plots) are greater for the IgG1 than the
IgG2 [Fig. 2(C)]. In comparison, three distinct transi-
tions were observed for the IgG1 while the IgG2 ther-
mal unfolding proceeds via two apparent transitions
as seen in the DSC thermograms [Fig. 2(C)].

Acrylamide quenching of tryptophan
fluorescence as a function of excitation
wavelength and temperature

Fluorescence quenching experiments are commonly
used to study alterations in local environments in
proteins surrounding a fluorophore of interest (Trp
in this case). Stern-Volmer plots are constructed by
plotting the extent of quenching of Trp fluorescence
versus increasing concentrations of the quencher
(here acrylamide). A standard Stern-Volmer plot
usually results in a positive slope and such positive
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slopes were observed for all of the Stern-Volmer
plots generated for the IgGl and IgG2 (Fig. 3).
Stern-Volmer plots can be employed qualitatively
and quantitatively to monitor dynamics in Trp envi-
ronments of proteins.!%%®*! Figure 3 presents
Stern-Volmer plots for the IgGl [Fig. 3(A-G)] and
the IgG2 [Fig. 3(H-N)] at various excitation wave-
lengths (292-304 nm at 3 nm intervals) and temper-
atures (10°C, 20°C, 40°C, 50°C, 60°C, 70°C, 80°C).
These span a wide range of temperatures and struc-
tural alterations in the IgG1l and IgG2 over the pre-
unfolding temperature range (for instance, 10°C and
20°C), Tonser (40°C, 50°C, and 60°C) and Tya (60°C,
70°C, and 80°C). The Tynset and Ty values are tem-
perature points at which tertiary structural changes
(intrinsic Trp fluorescence and ANS data), altera-
tions in secondary structure (circular dichroism) and
formation of aggregates (static light scattering) were
detected for both the IgG1l and IgG2 as described in
the preceding section. The wide range of tempera-
tures employed should aid in evaluating the

Local Conformational Stability, Dynamics and Aggregation Propensity of mAbs
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Figure 2. Characterization of the IgG1 and IgG2 conformational stability at pH 5.0 as a function of temperature as measured
by (A) Extrinsic (ANS) fluorescence intensity, (B) Circular dichroism signal at 217 nm, (C) DSC thermograms, and (D) static light
scattering intensity monitored at 295 nm. Each data point represents mean and standard deviation of three (n = 3) replicates.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

characteristics of fluctuations in structure that are
formed and stable at individual temperatures. The
exact nature of these structures, however, cannot be
defined wusing the lower resolution techniques
employed here.

In the pre-unfolding temperature range (for
instance, 10°C and 20°C), it was found that the slope
of Stern-Volmer plots were greater as the excitation
wavelength was increased from 292 to 304 nm
[Fig. 3(A,B,H, and I)] for both proteins. No major
differences were observed between the two mAb’s
quenching patterns as a function of excitation wave-
length in the pre-unfolding temperature range (10°C
and 20°C). At 40°C [representing the T,,et using
Trp peak position versus temperature data, Fig.
1(A,B)] and 50°C [representing To,set from ANS fluo-
rescence vs. temperature data, Fig. 2(A)], tertiary
structure perturbations were detected using static
(time-averaged) techniques as discussed earlier. At
these temperatures, the magnitude of acrylamide
quenching for the solvent-exposed regions (304 nm
excitation) is reduced relative to the solvent-shielded
regions (292 nm excitation) for both the IgGl
[Fig. 3(C,D)] and IgG2 [Fig. 3(J,K)]. These effects
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can be detected when higher acrylamide concentra-
tions are used in the experiments, the potential rea-
son for which is discussed later. The magnitude of
quenching, and hence the dynamic characteristics,
of solvent-shielded regions (292 nm excitation) are
subtly increased at the onset temperature of tertiary
structure alterations (40°C or 50°C). Above 50°C,
notably at 60°C (Tynset from CD data), however, the
magnitude of quenching for solvent-shielded regions
(292 nm excitation) was found to increase consider-
ably compared to 40°C or 50°C [Fig. 3(E,L)] for both
mAbs, albeit to different extents. This temperature
(60°C) represents the initiation of secondary struc-
ture perturbations. No major change was observed
in the dynamics of solvent-exposed (304 nm excita-
tion) regions between 40°C and 60°C. The dynamics/
accessibility of solvent-shielded regions (292 nm
excitation) continues to increase as the temperature
is raised above 60°C [Fig. 3(F,G,M,N)].

The effect of temperature on the dynamics/
accessibility of solvent-exposed and solvent-shielded
regions for the IgG1l and IgG2 are plotted separately
in Figure 4 for better representation of the data.
It was observed that as the temperature increases

PROTEIN SCIENCE ‘ VOL 22:1295-1306 1299
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Figure 3. Stern-Volmer plots for the IgG1 and IgG2 mAbs as
a function of excitation wavelengths at different tempera-
tures. The line connecting the data points are not mathemati-
cal fits but simply connect the mean of the experimental data
points and are used for visual aid purposes only. Samples
were at 0.1 mg/mL in 20 mM citrate-phosphate buffer, pH
5.0. Each data point represents mean and standard deviation
of three (n = 3) replicates. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

from 10°C to 55°C, the local dynamics of solvent-
shielded indole sidechains (probed by 292 nm excita-
tion) were progressively increased for both mAbs
[Fig. 4(A,C)], as represented by increases in magni-
tude of quenching with increases in temperature. In
contrast, the solvent-exposed regions (304 nm excita-
tion) were found to decrease in their accessibility as
indicated by a progressively lower magnitude of
acrylamide quenching with increases in temperature
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from 10°C to 45°C [Fig. 4(B,D); compare Supporting
Information Fig. S1 with S6]. Supporting Informa-
tion Figures S1-S6 can aid in trend analysis of each
of the triplicate individual runs in Figure 4 sepa-
rately as a function of excitation wavelengths. These
results suggests that the solvent-exposed and
solvent-shielded regions in both the IgG1l and IgG2
respond differently to changes in temperature in the
range where major aggregation was not detected by
light scattering (10-55°C).

Since the IgG1l and IgG2 molecules were deter-
mined to have different heat-induced aggregation
propensities, the dynamic nature and accessibility of
different solvent-exposed structures formed in the
temperature range between 55°C and 75°C (at 5°C
intervals) were also studied using the acrylamide
quenching approach. The corresponding Stern-
Volmer plots are compared in Figure 5. This temper-
ature range represents different stages of unfolding
and/or initiation of aggregation processes for both
proteins. At 55°C [before the T,,.; of aggregation as
determined by static light scattering, Fig. 2(D)], the
acrylamide quenching patterns were comparable for
both mAbs at all excitation wavelengths employed
[Fig. 5(A-E)]. At 60°C, however, the magnitude of
the positive slope in the SV plot was greater for
IgG1 than IgG2 [Fig. 5(F-J)], especially for the
solvent-shielded regions (292 nm excitation) [Fig.
5(F)]. This suggests a greater dynamic nature of
such regions in IgG1 than in IgG2 at this tempera-
ture. This is also the temperature at which light
scattering data indicates initiation of significant
aggregation for IgG2 but not IgG1l [Fig. 2(D)]. As
the temperature was raised from 60°C to 65°C (the
Tonset for IgG1l aggregation), the dynamics of more
solvent-shielded regions (292, 295, 298 nm excita-
tion) in the IgG1 was dampened relative to IgG2 as
indicated by the lower magnitude of the acrylamide
quenching profile [Fig. 5(F-H) compared to Fig.
5(K-M)]. These effects are less pronounced for
solvent-exposed regions [Fig. 5(I-J, N-O)]. At 75°C,
the magnitude of quenching is significantly greater
than that at 65°C for both the IgG1l and IgG2 in all
of the regions monitored by the varying excitation
wavelengths [Fig. 5(U-Y)]. This may be due to a
greater number of exposed indole sidechains upon
extensive aggregation, as suggested by the light
scattering intensity at 75°C [Fig. 2(D)].

Discussion

In complex, multi-domain proteins such as immuno-
globulins, many different intermediate conforma-
tions can be populated, which possess different
kinetic and thermodynamic stabilities. In addition to
known experimental limitations of higher resolution
techniques such as NMR and SAXS, the short life-
time and the dynamic nature of energetically similar
conformational microstates within a native state

Local Conformational Stability, Dynamics and Aggregation Propensity of mAbs



35}

3.0F

25}

292.0
FolF

Temperature
(deg C)
-+ 10.0
{4 ==200
- 30.0
40.0
1 -+ 45.0
-+ 50.0
55.0
60.0
—+ 65.0
-+ 70.0

EXCITATION WAVELENGTH (nm)

Temperature
] (deg C)
- == 10.0
—4— 20.0
— 30.0
- 40.0
45.0
—4— 50.0

00 01 02z 03 04 05
ACRYLAMIDE [M]

0.0 0.1 O.EZ O.\3 0:4 0.5
ACRYLAMIDE [M]

Figure 4. Effect of temperature on the acrylamide quenching profiles for the IgG1 and IgG2 plotted at 292 nm (A and C) and
304 nm (B and D) excitation wavelengths. The lines are drawn for visual aid purposes only. Samples were at 0.1 mg/mL in 20
mM citrate-phosphate buffer, pH 5.0. Each data point represents mean and standard deviation of three (n = 3) replicates. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ensemble (and/or partially altered structures) fur-
ther limit their comprehensive characterization over
a variety of solution conditions. Therefore, a comple-
mentary approach using lower resolution techniques
(Table I) was employed to better understand the con-
tributions of regions with distinct solvent exposure
to the overall stability of natively folded and/or par-
tially altered structures of an IgG1l and IgG2 mono-
clonal antibody. Temperature was used to accelerate
the generation of detectable intermediate species.

Local conformational stability of native and
partially altered structures

Higher peak positions and lower fluorescence quan-
tum yields upon red-edge excitation [Fig. 1(A-D)] sug-
gest that Trp containing regions with different
degrees of solvent-exposure can be probed for the
IgG1 and IgG2 used in this study. The stability of the
tertiary structure within different regions with dis-
tinct indole solvent exposure in both mAbs can there-
fore be probed by monitoring changes in Trp peak
position with changes in temperature. In the pre-
unfolding temperature range from 10°C to ~40°C
(before any detectable unfolding), no major differences
were detected in the unfolding pattern based on Trp
peak position shifts. For both mAbs, however, the
solvent-shielded regions (292 nm excitation data)
were found to have a subtle red-shifted curvilinear
shape in peak position shift versus temperature plots
in the pre-unfolding temperature range [Fig. 1(A,B)].
Such a red-shift was not observed in solvent-exposed
regions (304 nm excitation) with increases in tempera-
ture. This response (red-shift in Trp peak position) to
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temperature in the solvent-shielded regions of the
IgG1 and IgG2 is in contrast (blue-shifted Trp peak
position) to that reported for a different IgG1 studied
earlier.'® Increases in apolar interactions with tem-
perature in the low temperature regime were thought
to be responsible for the blue-shifted peak position
reported previously.!® The small red-shifts observed
here suggest that even in the pre-unfolding tempera-
ture range, the local disorder of solvent-shielded
regions may increase. Such an effect can give rise to
an ensemble of temperature induced alterations in the
native structure. It is possible that these structures
are different in their local conformational stability
and/or dynamic behavior especially in their solvent-
shielded regions. The overall secondary structure of
the IgG1 and IgG2, however, was not perturbed in
this temperature range as suggested by circular
dichroism [Fig. 2(B)]. Overall, these results suggest
that in the pre-unfolding temperature range, the terti-
ary structure stability of solvent-shielded regions in
these antibodies is more sensitive to changes in tem-
perature compared to solvent-exposed residues.

Upon increases in temperature from 40°C to
55°C (and above), an initiation in the overall expo-
sure of apolar regions in both mAbs was observed as
suggested by intrinsic Trp fluorescence [Fig. 1(A,B)]
and ANS studies [Fig. 2(A)]. This suggests major
perturbations in tertiary structure stability in all
regions (solvent-exposed and solvent-shielded). No
change in the secondary structure, however, was
observed for either mAb. In contrast, upon major
conformational alterations, the solvent-exposed
regions (excitation at 304 nm) in both mAbs were
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Figure 5. Stern-Volmer plots comparing the IgG1 versus the IgG2 at various excitation wavelength and temperatures (°C). The
lines are for visual aid only. Samples were at 0.1 mg/mL in 20 mM citrate-phosphate buffer, pH 5.0. Each data point represents
mean and standard deviation of three (n = 3) replicates. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

found to be less stable compared to solvent-shielded
regions (292 nm excitation) as shown in Figure 1(E).
Such changes in tertiary structure stability accom-
panied by an overall increase in the exposure of apo-
lar regions with no significant change in secondary
structure is indicative of formation of molten
globule-like intermediates. Upon further increases
in temperature to 60°C, alterations in secondary
structure were observed for both the IgG1 and IgG2
[Fig. 2(B)]. Initiation of aggregation, however, was
only observed for the IgG2 [Fig. 2(D)] at this tem-
perature. In addition, formation of intermolecular
B-structure-rich species was observed for both mAbs
by CD analysis and the IgG1l transition spanned a
wider range of temperatures compared to the IgG2.
In addition, DSC studies also indicate the presence
of an additional transition for the IgG1 in this tem-
perature range compared to the IgG2 [Fig. 2(C)]. It
is therefore possible that the conformational stabil-
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ity and/or dynamics (and hence the accessibility) of
different regions in structures formed between 55°C
and 65°C may determine the distinct aggregation
propensity of the IgGl. To test this hypothesis,
acrylamide quenching studies accompanied by red-
edge excitation measurements were performed over
the temperature range of 55-75°C. The goal here is
to better understand the relative contributions of
dynamics and accessibility of regions with distinct
solvent exposures in the IgGl and IgG2 and their
relevance to differences in their aggregation
behavior.

Effect of temperature on the local dynamic
properties of regions with distinct solvent-
exposures

The local dynamic properties of regions with distinct
solvent-exposures were probed using acrylamide
quenching of Trp fluorescence. Acrylamide is a

Local Conformational Stability, Dynamics and Aggregation Propensity of mAbs



Table I. Structural Transitions Observed by Various Biophysical Techniques Employed in This Study

Sr. no. Technique Type(s) of structural transitions monitored

1 Fluorescence spectroscopy Tertiary structure stability by monitoring Trp peak posi-
tion shifts as a function of an experimental variable(s)

2 Red-edge excitation (REE) Distinct solvent-exposed regions by monitoring Trp peak
position shifts as a function of excitation wavelength
and an experimental variable(s)

3 ANS binding Exposure of apolar regions/patches in proteins by meas-
uring alterations in ANS fluorescence

4 Circular dichroism spectroscopy Alterations in secondary structures by monitoring molar
ellipticity

5 Differential scanning calorimetry Overall conformational (thermal) stability by monitoring
heat absorbed or released during transitions/structural
alterations

6 Static light scattering Aggregation propensity (time-averaged measurement) by
monitoring changes light scattering intensity

7 Stern-Volmer analysis Structural alterations in local environments of fluoro-

phore; qualitative and quantitative analysis of slopes of
plots constructed by plotting extent of quenching ver-
sus quencher concentration

neutral quencher that can diffuse into and through
a protein complex and quench indole fluorescence.
This approach can probe the relative accessibility of
Trp residues, which in turn depends upon the
dynamic nature of the protein’s matrix and local flu-
orophore environment. The magnitude of quenching
of Trp fluorescence can therefore be related to the
dynamics of the protein, and when coupled with red-
edge excitation, should enable the monitoring of dif-
ferent solvent-exposed regions. The deviation from
linearity of Stern-Volmer plots towards the x-axis
(Fig. 3) suggests the expected heterogeneous distri-
bution of Trp residues in immunoglobulins. Quanti-
tative parameters such as Stern-Volmer constants
and/or bimolecular quenching constants cannot be
reliably determined from such non-linear plots. Posi-
tive slopes in Stern-Volmer plots, however, can still
be used as a qualitative indicator of relative
dynamic behavior.

In the pre-unfolding temperature range, the
solvent-exposed regions (monitored by excitation at
304 nm) in both mAbs were found to be more
dynamic relative to solvent-shielded (probed by 292
nm excitation) regions. This is indicated by trends in
Stern-Volmer plots as a function of excitation wave-
length, in which a greater (more positive) slope was
observed for solvent-exposed regions (304 nm data)
when compared to solvent-shielded regions at 10°C
and 20°C [Fig. 3(A,B,H,I)]. The Trp peak position
data at 10°C and 20°C [Fig. 1(A,B)] also suggests
that Trp residues in solvent-shielded regions are rel-
atively more buried compared to higher tempera-
tures within the pre-unfolding temperature range.
Above 40°C (or 50°C), the progressive decrease in the
magnitude of quenching observed primarily for
surface-exposed regions [304 nm data, Fig.
3(C,D,J,K)] suggests that the surface dynamics is
dampened for both mAbs with increases in tempera-
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ture above 40°C. The decrease in magnitude of
quenching for surface-exposed regions suggests that
Trp residues (and apolar residues in this region) are
progressively buried (shielded from solvent) in struc-
tures that are formed at temperatures >40°C. Fur-
ther changes in the magnitude of quenching (and
hence dynamics) was not observed for solvent-
exposed regions, until the mAbs form aggregates
that can be detected by static light scattering [Fig.
4(B,D)]. In contrast, a subtle increase in the magni-
tude of quenching was observed for solvent-shielded
regions [Fig. 4(A,C)] in both the IgG1 and IgG2 mole-
cules as the solution temperature was raised to 50°C.
The need for higher acrylamide concentrations to
observe these effects is presumably due to the com-
plex (opposite) dynamic behavior of solvent-exposed
versus solvent-shielded regions. It does not appear to
be due to any of the known unfolding properties of
acrylamide itself. The increased dynamics of solvent-
shielded regions in conjunction with red-shifted cur-
vilinear plots of Trp peak position versus tempera-
ture [Fig. 1(A,B)] support the idea that even in the
pre-unfolding temperature range minor alterations
in the structure of solvent-shielded regions may give
rise to an ensemble of structures that may be subtly
different from the native structural ensemble of the
protein. Comparison of the dynamic properties of
solvent-exposed and solvent-shielded regions in the
temperature range up to 50°C suggests that the
solvent-exposed regions may precede the solvent-
shielded regions in initiation and subsequent forma-
tion of structures that are potential precursors for
aggregation. For the IgGl and IgG2 of this study,
such a process is initiated in the temperature range
where changes in tertiary structure were observed
whereas no secondary structural alterations were
detected, at least using the techniques employed in
this study [Figs. 1(A,B) and 2(A,B)].
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At temperature >60°C, the dynamics of solvent-
shielded regions were considerably increased for
both mAbs, as indicated by a progressively increased
magnitude of fluorescence quenching upon increases
in temperature [Fig. 3(E-G,L-N)]. This temperature
(~60°C) also represents the T,,. for secondary
structure alterations [Fig. 2(B)]. It is possible that
increases in the dynamics of solvent-shielded regions
may predispose the antibody to alterations in sec-
ondary structure or vice-versa. It is interesting to
note that at 60°C [T,.st of IgG2 aggregation, Fig.
2(D)], the solvent-shielded regions in the IgG1 struc-
tures thus formed were relatively more dynamic
than the corresponding IgG2 structures [see, e.g.,
Fig. 5(F)]. Such an increased dynamic nature of
IgG1 intermediates may prevent it from nucleating
and subsequently aggregating when compared to its
IgG2 counterpart [Fig. 5(F-H)]. At 65°C [T,nset Of
IgG1 aggregation, Fig. 2(C)], the dynamics of IgG1l
intermediates, however, were relatively dampened
compared to that at 60°C. Such a dampening effect
may reflect the behavior of more solvent-shielded
regions in the IgG1 involved in aggregation forma-
tion. These results suggest that the greater dynamic
nature of solvent-shielded regions in aggregation-
prone intermediates of IgGl cause it to be more
resistant to initiation and formation of visible aggre-
gates when compared to that of the IgG2. At temper-
ature >65°C, formation of higher order aggregates,
as suggested by increased light scattering intensity
[Fig. 2(D)], may expose Trp residues to the solvent.
This can result in a greater magnitude of fluores-
cence quenching as seen at 70°C and 75°C in Figure
5 [Fig. 5(U-Y) compared to corresponding sub-
figures at lower temperatures in Fig. 5(A-0)].

Relevance of local conformational stability and
dynamics to the aggregation of the IgG1 and
IgG2

The characterization of local conformation stability
and dynamics of the mAbs using a wide range of
temperatures highlight a few important findings
with regard to aggregate formation. (1) Perhaps not
unexpectedly, the solvent-exposed regions appear to
precede the solvent-shielded regions in thermally
induced unfolding [Fig. 1(E)] and their involvement
in aggregate formation [Figs. 2(D) and 3(C,D,J-L)].
In the IgGl and IgG2 used in this study, this pro-
cess appears to occur over the temperature range
(560-60°C) where the tertiary structure of the protein
was significantly perturbed but the secondary struc-
ture elements primarily remained unchanged, (2)
The dynamics of solvent-shielded regions in key
intermediates may modulate unfolding and the
aggregation propensity of these proteins. In this
study, the greater dynamic nature of solvent-
shielded regions in the temperature induced IgGl
versus IgG2 intermediate structures [e.g., Fig.
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5(F,G)] may explain the higher Tonset and Taggregation
values for aggregate formation of the IgG1 compared
to the IgG2 molecule. The increased dynamic behav-
ior with temperature for the solvent-shielded regions
of the intermediates was observed with correspond-
ing alterations in secondary structure of IgGl and
IgG2 as measured by CD.

The results presented in this manuscript both
confirm and contrast with some of the findings
reported earlier using a different IgG1 antibody.'®
Firstly, the conformational stability of the solvent-
exposed regions was lower in comparison to the
solvent-shielded regions with the IgGl and IgG2
mAbs described in this study and a different IgG1
reported previously.'® Secondly, increases in the
dynamics of solvent-shielded regions, presumably in
the interior of the protein, appear to predispose the
protein to thermal unfolding and subsequent aggre-
gation. These findings are consistent for both the
IgG (1 and 2) molecules used in this study and
the IgG1 reported previously.!® In contrast, within
the pre-unfolding temperature range, the solvent-
shielded regions (predominantly involved in apolar
interactions in the interior of the protein) in multi-
domain immunoglobulins appear to respond differ-
ently to increases in temperature, as observed in
IgG1 and IgG2 in this study when compared to the
previously reported IgG1.%?
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