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ABSTRACT: Biopharmaceutical formulations may be compro-
mised by freezing, which has been attributed to protein
conformational changes at a low temperature, and adsorption to
ice−liquid interfaces. However, direct measurements of unfolding/
conformational changes in sub-0 °C environments are limited
because at ambient pressure, freezing of water can occur, which
limits the applicability of otherwise commonly used analytical
techniques without specifically tailored instrumentation. In this
report, small-angle neutron scattering (SANS) and intrinsic
fluorescence (FL) were used to provide in situ analysis of protein
tertiary structure/folding at temperatures as low as −15 °C
utilizing a high-pressure (HP) environment (up to 3 kbar) that
prevents water from freezing. The results show that the α-
chymotrypsinogen A (aCgn) structure is reasonably maintained under acidic pH (and corresponding pD) for all conditions of
pressure and temperature tested. On the other hand, reversible structural changes and formation of oligomeric species were detected
near −10 °C via HP-SANS for ovalbumin under neutral pD conditions. This was found to be related to the proximity of the
temperature of cold denaturation of ovalbumin (TCD ∼ −17 °C; calculated via isothermal chemical denaturation and Gibbs−
Helmholtz extrapolation) rather than a pressure effect. Significant structural changes were also observed for a monoclonal antibody,
anti-streptavidin IgG1 (AS-IgG1), under acidic conditions near −5 °C and a pressure of ∼2 kbar. The conformational perturbation
detected for AS-IgG1 is proposed to be consistent with the formation of unfolding intermediates such as molten globule states.
Overall, the in situ approaches described here offer a means to characterize the conformational stability of biopharmaceuticals and
proteins more generally under cold-temperature stress by the assessment of structural alteration, self-association, and reversibility of
each process. This offers an alternative to current ex situ methods that are based on higher temperatures and subsequent
extrapolation of the data and interpretations to the cold-temperature regime.

KEYWORDS: protein denaturation, folding, conformational stability, subzero temperature, pressure, in situ approaches,
small-angle neutron scattering, fluorescence spectroscopy

1. INTRODUCTION

Cold temperature chains (refrigerated and subzero regimes)
are currently the preferred best option to prolong the shelf-life
of therapeutic protein solutions, as well as to assure protein
stability during the transfer of bulk drug substance to drug
product facilities.1,2 That notwithstanding, cold-induced
denaturation is expected to occur at a sufficiently low
temperature (T) and thereby accelerate unwanted protein−
protein association events over a long-term storage period.3,4

To this end, understanding protein structural changes under
different stresses can be used as an indicator of protein
conformational stability and aggregation propensity during
formulation development stages.5−9

From a practical standpoint, protein conformational stability
under cold-temperature conditions can be marginal, as the free
energy change for for the equilibrium folding−unfolding

transition of a given protein or protein domain (ΔGun, Gunfolded
− Gfolded) may be only tens of kJ/mol (a few kcal/mol) and the
midpoint temperature of cold denaturation (TCD) may not be
far below 0 °C. Measurements of unfolding and structural
changes under cold-temperature conditions are important to
help define a given protein stability curve under selected
storage conditions. This can be difficult to implement at
temperatures where cold unfolding events typically occur (e.g.,
below the atmospheric freezing point for water).4,10−12
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Standard experimental approaches for accelerating aggregation
and assessing conformational stability are often questioned as
they are performed under high-temperature conditionse.g.,
via isothermal chemical denaturation (ICD) and thermal
scanning experimentsand then need to be extrapolated over
large temperature ranges and/or large denaturant concen-
tration ranges to assess conformational stability under cold-
temperature conditions.13,14 This can lead to ambiguous
correlations between protein unfolding and non-native
aggregation under desired storage conditions.15,16 This is also
the case if ICD methods neglect potential aggregation
triggered by partial/full denaturation events (e.g., inaccurate
assumption of a reversible two-state unfolding).17

Protein domains that are prone to unfold or partially unfold
may differ when compared between high- and low-temperature
regimes, as the balance between stabilizing and destabilizing
factors can be different.18,19 Some unfolding states may retain a
higher degree of secondary structure (often called molten
globule states), and this has been associated with the cold-
temperature regime.20,21 This is not always the case as others
have demonstrated that high-temperature stress can also
induce intermediary states with different secondary structural
features.22−24 Furthermore, for multidomain proteins such as
monoclonal antibodies (MAbs), the unfolding process usually
follows multiple cooperative transitions13 (includes interme-
diary unfolded species), which involves independent or
coordinated unfolding of domains.
An in situ approach would enable one to circumvent

extrapolation of analysis of protein unfolding/conformational
states and help to capture intermediary states that may differ
over a broad temperature range. However, being able to
directly track folding equilibria and structural changes under
sub-0 °C conditions requires using an approach that prevents
freezing of the solvent. Particularly, freezing brings many other
complex aspects that may impact protein structure (e.g., ice−
liquid interfacial stress, cryo-concentration, shifts of pH if
buffer species crystallize, etc.).25−29 There are multiple options
to decrease the freezing point of a given protein solution. One
is to increase the concentration of co-solutes (i.e., colligative
effects), while another is to increase the hydrostatic pressure
(P). The latter offers an important advantage as pressure is
usually considered a moderate denaturant. In most cases, for
reasonably stable monomeric proteins, no major changes in the
folding equilibrium are expected at intermediate-pressure
conditions (below ca. 2−3 kbar).30 Nevertheless, both pressure
and cold temperature can induce important subtle protein
structural changes,24,31−33 and deconvolution of each individ-
ual effect may be challenging.
Pressure-mediated unfolding and aggregation have been a

focus of recent and earlier studies, as elevated pressure effects
can shed light into protein structure-related processes such as
(re)folding, ligand binding, misfolding, and dissociation
events.34−36 Pressure-induced unfolding is driven, in part, by
the packing of the protein structure as the solvent-excluded
cavities become solvated.30,37,38 The outcome is disruption of
protein tertiary/quaternary structure at lower pressures, while
secondary structural features are affected at sufficiently higher
pressures.30 The majority of pressure-induced unfolding
studies have focused on globular proteins above 0
°C.24,31,39,40 As noted above, MAbs are more complex than
typical monomeric proteins and typically follow multistate
denaturation processes. The effect of elevated pressure on

MAbs has been explored in a few cases, but typically only near
room-temperature conditions.41

For the present study, two globular proteins (α chymo-
trypsinogen A, aCgn, at pH 4.5, and ovalbumin, Ova, at pH 7
or the equivalent pD value) and a model MAb (anti-
streptavidin IgG1, AS-IgG1, at pH 4, or the equivalent pD
value) were tested systematically for structural changes as a
function of pressure and (cold) temperature. These proteins
are expected to offer different conformational behavior under
high-pressure (HP) and temperature denaturing conditions as
they span from globular to multidomain proteins.42 The range
of acidic to neutral pH to be tested has also shown to
significantly impact protein denaturation states.43−45 Small-
angle neutron scattering (SANS) and intrinsic fluorescence
(FL) techniques were used in situ under pressure conditions up
to 3 kbar and temperatures down to −15 °C. This approach is
shown to be attractive as a means to provide information under
cold-temperature conditions regarding protein conformational
changes. Particularly, in situ experimental methods can probe
partially unfolded states and have the potential to improve
current assessments/predictions of protein stability under cold
storage without the need for extrapolation from higher-
temperature conditions.

2. MATERIALS AND METHODS
2.1. Materials and Solution Preparation. The following

buffers were prepared in distilled, deionized water (Milli-Q,
resistivity 18.2 MΩ·cm, Millipore, Billerica, MA): 10 mM
acetate at pH 4.5, 5 mM citrate at pH 4, 5 mM sodium
phosphate at pH 7 (Fisher Scientific, Fair Lawn, NJ), and 10
mM histidine-HCl at pH 7 (Sigma-Aldrich, St. Louis, MO).
Each buffer solution was titrated to the desired pH (±0.1) with
5 M sodium hydroxide solution (Fisher Scientific) or 5 M
hydrochloric acid (Molecular Biology Grade, Fisher Scientific).
All buffer solutions were filtered prior to use with 0.45 μm
filters (Millipore).
Solutions of aCgn (Worthington Biochemical, Lakewood,

NJ) prepared in sodium phosphate buffer at pH 7 at ∼30 mg/
mL were treated with phenylmethylsulfonyl fluoride (PMSF,
Sigma-Aldrich, St. Louis, MO) to deactivate potential residual
proteases that become active at pH 5−7 in the commercial
aCgn material, as previously described.46 The phosphate buffer
was replaced by 10 mM acetate at pH 4.5 via a dialysis step
carried out for ∼48 h using a 10 kDa molecular-weight cutoff
(MWCO) dialysis membrane (Spectra/Por 7, Spectrum
Laboratories, Rancho Dominguez, CA). The buffer solution
was replaced every 12 h. Afterwards, aCgn solutions were
centrifuged at 3200 RCF for 15 min and filtered with 0.22 μm
filters (Millipore).
Ova solutions were prepared by dissolving the lyophilized

protein powder (Sigma-Aldrich, St. Louis, MO) in 10 mM
histidine buffer at pH 7 at ∼20 mg/mL. A dialysis step was
performed in 10 mM histidine buffer at pH 7. Stock AS-IgG1
solutions were supplied by Amgen (Thousand Oaks, CA) at a
concentration of 30 mg/mL. Stock solution was dialyzed in 10
mM sodium citrate at pH 4. The dialysis procedure is the same
as described above for aCgn solution. No further treatment
steps were performed for both Ova and AS-IgG1 solutions.
Samples of each protein solution were prepared gravimetri-

cally to the desired concentration using the respective buffer
solution. Protein concentration was determined using a UV−
vis spectrometer (Agilent 8453 UV−VIS, Agilent Technolo-
gies, Santa Clara, CA) at 280 nm with standard 10 mm
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cuvettes. An average of three independent measurements were
used to determine the final protein concentration. Extinction
coefficients of 1.97,47 0.716,48 and 1.58649 mL/mg·cm were
used to calculate the concentration of aCgn, Ova, and AS-
IgG1, respectively.
Concentrated urea and guanidine hydrochloride stock

solutions were prepared at 8 and 5 M, respectively, via
dissolution of the denaturant (Fisher Scientific) in sodium
acetate or histidine-HCl buffers. The final pH was adjusted
with 5 M HCl. The refractive index and density of the urea
stock solutions were taken into account to calculate the
solution molarity.50 Solutions of aCgn at 0.025 mg/mL were
prepared with urea concentrations up to ∼7.5 M and incubated
for a minimum of 3 h (time required to reasonably assure a
folding−unfolding equilibrium) at a given temperature before
starting the experiment. Reversibility of unfolding was
evaluated for aCgn solutions at high concentrations of urea:
buffer exchange steps were performed using 10 kDa MWCO
Amicon-Ultra centrifugal tubes (Millipore) to remove the
initial urea present in the solution and samples were retested.
Matching protein stock solutions were also prepared in

deuterium oxide (D2O99.8% Cambridge isotope Lab, Inc.,
Tewksbury, MA) for use in SANS experiments. Buffer
exchange steps were performed with the corresponding
deuterated buffer that match the previously described H2O-
based buffers. The purification and dialysis steps were
performed for aCgn solutions in the respective H2O-based
buffer before replacement by the deuterated buffer.
Buffer exchange steps were performed in Amicon-Ultra

Centrifugal tubes (10 MWCO were used for aCgn and Ova
solutions; 50 kDa MWCO were used for AS-IgG1) under
refrigerated conditions (4 °C) to a final D2O concentration of
∼99%. Final pD values were determined by measuring each
solution pH value and using the following equation: pD = pH
+ 0.4.51,52 Note that small deviations for the correction factor
of 0.4 pH units have been reported and should be considered
when comparing results in D2O buffers.53

2.2. Controlled-Pressure Systems. Two different high-
pressure (HP) cells were used for intrinsic fluorescence (FL)
and small-angle neutron scattering (SANS) measurements.
Structural and thermodynamic data were collected in situ for a
given combination of temperature (down to −15 °C) and
pressure (up to 3 kbar) to prevent water from freezing.

The HP-FL cell unit (ISS model HP-200)54 was designed to
be compatible with a variety of spectroscopic techniques. For
the present work, the HP-FL cell unit was mounted on an
adaptor customized by ISS to fit inside the sample compart-
ment of an in-house Horiba Fluoromax 4 fluorometer (R928P
photon counting PMT emission detector; scanning up to 80
nm/s; accuracy: 0.5 nm). A small-volume round quartz cuvette
(volume requirement of ∼0.75 mL) was used as the sample
container. A Teflon stopper was prepared to fit the cuvette
bottleneck and positioned at 2/3 length from the top to allow
enough travel distance when pressure is applied. The sample
final volume takes into account the space in the stopper, which
increases sample volume requirements to ∼1 mL. The
pressurizing liquid used was ethanol (98% v/v). The
temperature was controlled via an external bath circulator
(PolyScience; model 40-A11B) that was directly attached to
the HP-FL cell body unit; the cooling fluid used was a solution
with a volume fraction of 50% water/ethylene glycol solution
(freezing point is −36.5 °C) to access to the low-temperature
range.
The HP-SANS cell unit used in this project was built at the

National Institute of Standards and Technology (NIST)
Center for Neutron Research (NCNR), in Gaithersburg,
MD. This system is designed for studies of biological
macromolecule solutions (BioSANS) over a broad temperature
range, as described by Teixeira et al.55 The sample volume
requirement is ∼3 mL. Data were collected at a neutron
wavelength of 6 Å and a wavelength spread of Δλ/λ = 0.138,
covering a scattering vector amplitude range of 0.003 < q (Å−1)
< 0.25. Raw scattering data were corrected for transmission
and scattering contributions from the solvent and the empty
cell. The data were reduced to an absolute scale by normalizing
the scattered intensity to the incident beam flux. The scattering
profiles were scaled using the measured transmissions at each
pressure, to account for changes in neutron pathlength (the
HP-SANS cell design uses nonfixed windows) as well as the
increased density of the solution under pressure.56 Data
reduction steps were performed using Igor Pro and the NCNR
SANS reduction macros.57 The cell temperature was
controlled with a surrounding jacket thermalized with
thermoelectric Peltier devices. Temperature profiles were
recorded during the course of each run using four 100 Ω
platinum resistance temperature sensors (Pt-100). Data
collection was carried out in a vacuum-sealed chamber to

Figure 1. (A) Example of P−T profiles recorded during an HP-SANS experiment. Temperature profiles are averaged from probes placed at the
bottom and top of the HP cell, which is surrounded by a metal jacket. The Peltier system is placed at the base of the surrounding metal jacket. (B)
Schematic representation of the P and T phase diagram of H2O and D2O as the solvent, assuming negligible freezing-point depression for the dilute
dissolved solutes.
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prevent water condensation in the pressure cell during
measurements at a low temperature.
An illustrative example of P/T profiles observed during the

experiment is shown in Figure 1A: an equilibration time of
∼2.5 h was required to achieve the lowest temperature setpoint
of −15 °C at 2.2 kbar. Figure 1B illustrates the P/T phase
diagram for H2O and D2O as described elsewhere.56

Combinations of pressure and cold temperature were chosen
to prevent sample freezing. Note that the solid−liquid
equilibrium line is expected to shift ∼3.8 °C for D2O vs
H2O conditions.
For both HP-FL and HP-SANS, holding a given pressure of

interest below −10 °C (P > 1.5 kbar to prevent sample
freezing) is a known technical challenge. The relatively large
volume of the pressure cells requires significant time to cool
down and, as the cells adjusted to the heat removal,
contraction of components occurs. The experiments were
restarted if the system leaked. Detailed information on data
analysis is provided in the Supporting Information.

3. RESULTS AND DISCUSSION
HP-FL and HP-SANS techniques were used to assess protein
unfolding thermodynamics and structural changes as the
temperature was reduced from room-/high-temperature
conditions to sub-0 °C conditions. Three proteins, which
differ in size, structure, and relative (high temperature)
conformational stability, were chosen for comparison at neutral
to acidic solution conditions: aCgn,23,47,58−61 Ova,62−66 and
AS-IgG1.49,67−69

As a first step, changes in protein size were obtained via
determination of the radius of gyration (Rg) from the HP-
SANS scattering profiles for each protein. Figure 2 shows the
average protein size as a function of pressure and temperature
for all conditions tested, based on the Guinier approximation
(see also the Supporting Information) for aCgn (Figure 2A),
Ova (Figure 2B), and AS-IgG1 (Figure 2C). The contour plots
provide a means to map the compactness of a given folding
state for a broad range of pressure and temperature conditions;
the particular combinations of pressure and temperature were
selected so as to prevent sample freezing (the P−T phase
diagram is illustrated in Figure 1B). Complementary HP-SANS

profiles and the corresponding Rg values were also collected for
AS-IgG1 under high-temperature conditions (T up to 50 °C).
The results show that the Rg values increase slightly for aCgn,
and more significantly for Ova and AS-IgG1 compared with
the corresponding native state values. The Rg values for the
native or unstressed conditions (Rg,N) were obtained as a
reference radius for the native solution structure at 20 °C
under atmospheric conditions. The scale shown in Figure 2 is
normalized to a maximum of 1.5-fold increase for Rg/Rg,N.
Overall, the aCgn monomer size remained relatively

unchanged over the range of conditions tested (Figure 2A),
while an increase in protein size is observed for Ova (Figure
2B) and AS-IgG1 (Figure 2C) for pressures higher than ∼2
kbar as temperature decreases to −15 and −10 °C,
respectively. This suggests that conformational changes of
Ova and AS-IgG1 result in a more expanded or unfolded
structure. The same trend was observed for AS-IgG1 over the
high temperature for pressures higher than 2 kbar.
Normalized Kratky plots (NKP)normalized by the

intensities at zero scattering angle, I(0), and scaled by Rg
were used to compare the three different sized proteins in a
common dimensionless scale (Figure 3). Overall, NKP profiles
include information regarding size, shape, volume, and
structure providing structural characterization for each protein
under a given experimental condition.70,71 Figure 3A−C shows
that minor changes are observed in the NKP for all three
proteins, for data collected at 20 °C and a series of pressures
up to 3 kbar: scattering profiles are well conserved and
superimposable with the corresponding nonpressurized
sample. Scattering from each initial nonpressurized sample in
solution was also compared to simulated scattering intensities
from the corresponding crystal structures or homology models.
A reasonable agreement was found between the Cryson72

prediction algorithm and the experimental data for all three
proteins under atmospheric conditions (black solid lines in
Figure 3A−C).
A single peak is observed in the NKPs for both aCgn and

Ova, while multiple peaks are observed for AS-IgG1. The bell-
shaped curves obtained for aCgn solutions allow one to
identify a peak maximum of ∼1.1 at a qRg ∼ √3 ≈ 1.73. This
is in good agreement with structures of other globular

Figure 2. Surface plot representation of the ratio Rg/Rg,N obtained from the Guinier approximation with SANS for each protein in an illustrative P/
T phase diagram form: (A) aCgn, 10 mg/mL in 10 mM acetate buffer pD 4.5; (B) Ova 10 mg/mL in 10 mM histidine buffer pD 7; (C) AS-IgG1 5
mg/mL in 5 mM citrate buffer pD 4. Rg,N values are set as the reference for each protein native state collected at 20 °C under atmospheric
conditions: (A) 16.5 Å; (B) 23.1 Å; and (C) 45.8 Å. The scale is normalized to a 1.5-fold increase on Rg/Rg,N. Black circles represent the data
points measured under a given temperature and pressure condition. The blue area represents the P/T conditions, where a pure D2O solution is
expected to be frozen (not drawn to scale). SP indicates solid phase. N/A indicates nonmeasured conditions.
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proteins.73 Ova has a roughly ellipsoid shape, and this causes
an increase in the NKP peak maximum position compared
with aCgn (Figure 3B). The two main peaks of AS-IgG1 (qRg
∼ 1.5 and 3.1, shown in Figure 3C) are typical of the structure
of IgG1 multidomain proteins. It was demonstrated elsewhere
that other MAbs have a similar profile and these peaks should
match individual Fab and Fc domains. It was also suggested that
these peaks are related with intra/interdomain protein distance
correlations.74−76 At a higher qRg range of ∼7.5, a third peak
appears, which is likely due to the flexible hinge region.77 This
peak seems to become less intense as AS-IgG1 solutions are
pressurized up to 3 kbar, and this suggests that some
conformational distortion may occur at this point. Notably,
the Cryson prediction for the AS-IgG1 profile (black solid line
in Figure 3C) suggests that the peak observed in the high-q
range (qRg ∼ 7.5) for the nonpressurized sample is higher in

intensity than that observed experimentally under a high
pressure in the liquid state. In general, deviations between the
simulated curves and the experimental data are not
unexpectede.g., in a crystal structure or related homology
model, proteins are in a considerably different physicochemical
environment.
As the temperature is lowered to −15 °C and pressure

increases to 3 kbar, NKP changes are noticeable for all three
proteins. Interestingly, aCgn conformational seem to be the
least impacted (Figure 3D). Nevertheless, a slight increase of
the aCgn NKP peak maximum value suggests some minor
native structural alteration. Additional HP-SANS measure-
ments, carried out separately, show that the aCgn globular
structure is also maintained under neutral conditions (data not
shown).

Figure 3. Normalized SANS Kratky plots for various temperature (T) conditions under high-pressure (HP) environments: (A, D) 10 mg/L aCgn
in 10 mM acetate buffer pD 4.5; (B, E) 10 mg/mL Ova in 10 mM histidine buffer pD 7; (C, F) 5 mg/mL AS-IgG1 in 5 mM citrate buffer pD 4.
The conditions tested are labeled for each protein solution: (1) T = 20 °C and a series of P conditionsplots (A), (B), and (C); (2) a series of
low-T conditions down to −15 °C and P = 3 kbarplots (D) and (E); and (3) series of P up to 3 kbar and T = −10 °Cplot (F). A reference
curve obtained for each protein at 20 °C and 3 kbar is shown in plots (D), (E), and (F). Arrows point toward decreasing T at 3 kbarplots (D)
and (E)or increasing P at −10 °Cplot (F). Scattering intensities were normalized to the low-q limit, and the q value was normalized to the Rg
values shown in Figure 2. Black solid lines represent the best-fit curves to I(q) using Cryson software72 with PDB structure files for the respective
proteins.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.1c00604
Mol. Pharmaceutics 2021, 18, 4415−4427

4419

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00604?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00604?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00604?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00604?fig=fig3&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Significant conformational changes were apparent for Ova at
−10 °C and 3 kbar (e.g., NKP plateaus at higher q) as Figure
3E shows. In addition, similar NKP profiles were obtained at
both −10 and −15 °C and seem to be independent of the
particular pressure range tested (data not shown). The results
suggest a minor contribution of elevated pressure to Ova
conformational state variation while cold-temperature con-
ditions seem to have a major role (corroborated also by Figure
2B)i.e., the protein size/structure is maintained for a fixed
low-temperature condition as pressure increases up to 3 kbar.
Preliminary studies were also carried out using a custom-made
HP cell for SAXS, at the Cornell High Energy Synchrotron
Source (CHESS). The SAXS HP cell design and correspond-
ing protein studies under pressure environment have been
described elsewhere.78−80 The results obtained from SAXS
runs show that no significant conformational changes can be
detected for Ova and aCgn (prepared in the corresponding
H2O-based buffer) at a temperature range of ∼20 to −7 °C
and pressures up to ∼3 kbar (data not shown). A lower-
temperature range was not possible to test with the available
SAXS HP cell. Nevertheless, the results are in good agreement
with Rg/Rg,N values and NKP obtained from HP-SANS profiles
(Figures 2 and 3).
Conformational changes were detected for AS-IgG1 at

temperatures near −5 °C as pressure was increased from 1.8 to
3 kbar (NKP is shown for −10 °C conditions, Figure 3F). This
suggests that both high pressure and cold temperature can
work as potential factors to trigger AS-IgG1 structural
modification. Once conformational changes occur, subsequent
self-association steps may be triggered due to the potential
exposure of hydrophobic regions.
Pairwise distribution functions, P(r), were calculated from

the HP-SANS data, including estimation of the maximum
dimension (Dmax) for each protein when P(r) approaches 0.
When aggregation occurs, the P(r) function becomes
broadened and additional peaks may be observed.81,82 For
cases of extreme aggregate polydispersity, P(r) may not even
approach zero at large r values. The results show that only Ova
samples have a significant increase in oligomeric species,
reflected by a significant broadening of the P(r) curve. This is
observed at − 10 °C for all pressure conditions tested (Figure
4). Moreover, distinguishable multiple peaks (blue arrows in
Figure 4) suggest the formation of different populations of
oligomers (e.g., dimers, trimers). The results also show that the
starting Ova solution (obtained under room-temperature

conditions) includes a small population of dimers (green
arrow in Figure 4). As Ianeselli et al. have shown, Ova
molecules tend to associate to form dimers, which are
stabilized by the large hydrophobic interactions.83 The starting
dimers observed at an ambient pressure and 20 °C are likely
dissociated under HP conditions, as oligomeric proteins are
particularly pressure-sensitive. This is demonstrated exper-
imentally as Dmax values decrease when pressure was increased
up to 3 kbar under constant room-temperature conditions
(purple curve in Figure 4).
Complementary data were obtained via FL, focused on

protein conformational stability by following the unfolding
process and comparing to a series of denaturant concentrations
above freezing conditions and then extrapolating to sub-0 °C
conditions.50 Denaturation curves obtained via ICD were used
to detect each protein unfolding transition for a given
temperature of interest. This is illustrated in Figure 5A,B for
aCgn and Ova, respectively: each FL profile shows that λmax
and Δλ increase as the denaturant concentration increases. To
better quantify the spectral shifts of the emission spectra, a plot
of spectral center of mass (COM) as a function of denaturant
concentration was used. In general, the increase of COM
values is an indicator of loss of tertiary features within the
protein structure. This is illustrated in Figure 5C for aCgn
unfolding as the urea concentration was increased. The solid
lines shown in Figure 5C are the best fit to the COM data vs
urea concentration using a two-state model approximation (see
the Supporting Information for details).
Figure 6A shows ΔGun values plotted as a function of

temperature for aCgn: the error bars of aCgn profiles represent
95% confidence intervals for the two-state model fit shown in
Figure 5C; ΔGun values obtained for Ova were previously
reported84 and are also plotted in Figure 6A. The solid lines in
Figure 6A are calculated via the Gibbs−Helmholtz equation
for aCgn and Ova and include the experimental range and the
subzero regime (extrapolation region). See the Supporting
Information for more details on ΔGun calculation via the
Gibbs−Helmholtz equation.
A TCD of −19 °C (± 3) was estimated based on the

extrapolation of the Gibbs−Helmholtz fit for aCgn solutions
for the pH 4.5 condition. The value of TCD previously reported
for Ova solutions under the corresponding pH 7 condition is
−17.4 °C.84 The increasing fraction of unfolded species as
temperature decreases can be estimated, within the two-state
unfolding approximation, for the cold-temperature range as
Figure 6B shows. ΔGun values obtained near Tm for aCgn are
considered in the Gibbs−Helmholtz fit for the entire
temperature range. The experimental thermal scans obtained
via differential scanning calorimetry (DSC) for aCgn solutions
were reversible (up to 80 °C, data not shown), and this is in
agreement with two-state (un)folding models. A two-state
unfolding pathway was shown to be valid for aCgn solutions in
prior work.61 From a statistical standpoint, increasing the
number and range of temperature conditions tested can
improve ΔGun predictions and extrapolations over the cold-
temperature regime. However, experimental ΔGun values were
limited to conditions above 0 °C, and this leads to statistical
uncertainties as the fits are extrapolated to the subzero
conditions (Figure 6B).
Using urea as a denaturant is beneficial over guanidine

hydrochloride as electrostatic protein−protein interactions are
less perturbed, and this leads to improved linear extrapolation
method (LEM) predictions.85 On the other hand, guanidine

Figure 4. Pair distribution function calculated for 10 mg/mL Ova in
deuterated 10 mM histidine buffer pD 7. The conditions for
temperature and pressure tested are labeled in the main panel.
Arrows indicate deviations to the bell-shaped curve of Ova and
suggest the presence of oligomeric states.
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hydrochloride is a stronger denaturant and lower concen-
trations are often required to induce a given unfolded state. In
either case, significant extrapolation is required to obtain ΔGun
values at zero denaturant (e.g., the equilibrium denaturation
transition for aCgn solution starts around 4 M urea). That
notwithstanding, the present folding projections can be used as
a surrogate for protein conformational stability under cold-
temperature conditions.
Under higher-pressure conditions, intrinsic fluorescence

COM profiles reveal a spectral shift of ∼1 and 5 nm for
aCgn and Ova, respectively, at the lowest temperature tested of
−14 °C (Figure S1, Supporting Information). This is
significantly smaller in magnitude compared to that observed
for fully unfolded transitions (Δλ ∼ 15−20 nm) during
chemical unfolding experiments (Figures S1 and 5). This was
taken to indicate that the in situ conformational changes for
Ova (Figure 3E) over the cold-temperature regime are likely to
occur because the temperature is approaching TCD (∼−17 °C,
Figure 6A) rather than a pressure effect (Figures 3B and S1).
Moreover, the sensitivity of the in situ SANS approach enables
detection of shifts in structural conformations, the presence of
unfolded or partially unfolded populations, and oligomeric
states at temperatures below −10 °C.

For AS-IgG1, a different scenario is proposed. That is, the
pressure range required to perturb AS-IgG1 native structures
under cold environment is lower than 3 kbar (Figures 2C and
3F). Additional FL data were collected under high-pressure
conditions to capture tertiary structural changes for AS-IgG1.
Figure 7A/B shows illustrative HP-FL profiles for AS-IgG1
obtained over the lowest (−10 °C)/highest (50 °C)
temperatures tested for a series of pressures up to 3 kbar.
Note that the starting pressure for the −10 °C condition was
1.3 kbar to avoid freezing events. The corresponding COM
data as a function of a given applied pressure are shown for a
series of high-temperature (Figure 7C) and low-temperature
(Figure 7D) conditions: Δλ values of ∼8 and ∼20 nm are
observed at −10 and 50 °C, respectively. Furthermore, the
results show that the unfolding transition at 50 °C seems to be
near complete due to a well-defined sigmoidal curve with large
Δλ and a sharp transition region (Figure 7C). The NKP data
obtained for AS-IgG1 also suggest the presence of an unfolded
state for high-temperature conditions (Figure S2, Supporting
Information). In contrast, the denaturation curves obtained
under sub-0 °C conditions seem to only capture the first
unfolding event for AS-IgG1 (small Δλ and small transition
region). Unfolding intermediates (or “molten globule” states)

Figure 5. (A) Fluorescence intrinsic emission spectra for 0.025 mg/mL aCgn in 10 mM acetate buffer pH 4.5 at 0.5 °C for a series of urea
concentration up to ∼8 M (as the arrows illustrate). (B) Fluorescence intrinsic emission spectra for 0.3 mg/mL Ova in 10 mM histidine buffer pH
7 at 15 °C for a series of urea concentration up to ∼8 M (as the arrows illustrate). (C) Fluorescence spectral center of mass (COM) for aCgn
calculated as a function of urea concentration at various temperatures as labeled. Each COM unfolding profile was measured in duplicate for a given
temperature. The lines are the corresponding fits to the two-state model.

Figure 6. (A) Extrapolation of apparent ΔGun values as a function of temperature to estimate a TCD of −19 °C (±3) for aCgn at atmospheric
pressure using the Gibbs−Helmholtz expression. ΔGun values were calculated for aCgn via thermal unfolding and denaturant-induced unfolding
(filled diamonds) or via differential scanning calorimetry (DSC) (empty diamonds). Error bars represent the 95% confidence intervals for ΔGun
obtained from the two-state model fit. Data points are the mean of two or three measurements. The extrapolation of ΔGun across a range of
temperatures is also shown for Ova (green symbols are experimental data obtained via chemical unfolding, and Tm value was obtained via DSC,
data excerpted from ref 84); the green line shows the best fit using the Gibbs−Helmholtz expression. (B) Unfolded fraction ( f un) was calculated as
a function of temperature for aCgn. The unfolded fraction prediction is also shown for Ova (data excerpted from ref 84).
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have been reported for several globular proteins,10,20,21 unlike
for multidomain proteins such as MAbs.13 However, the
presence of intermediate species within a typical Mab molecule
has typically been tested using high temperatures or high
concentrations of chemical denaturants as the stressing agent,
rather than elevated pressure and/or cold temperatures.
Several studies have reported different structural protein

conformations for high-pressure environments and/or cold-
temperature regimes compared with high-temperature con-
ditions. The former induces the formation of compact
denatured states, whereas the latter may lead to the formation
of more disordered structures.30,42,86,87 As noted above, one
may expect large deviations to the thermodynamic behavior of
multidomain proteins when experiments are simply carried out
ex situ at high temperatures, and thermodynamic parameters
are obtained via extrapolated methods.
The fit parameters obtained for each FL denaturation curve

(solid linesFigure 7C,D) provide information regarding
pressure-induced denaturation for AS-IgG1 (Table 1). The
volumetric changes that occur via pressure unfolding (ΔVun)
indicate at least partly the amount of solvent excluded volume
as the protein unfolds: i.e., ΔVun values increased as
temperature decreases, and this can be directly related to
different expansivity and compressibility effects over both cold-
and high-temperature regimes.88 This effect is also pH-
dependent, as preliminary data show that increasing the pH
of AS-IgG1 by one unit seems to increase the half-denaturation
pressure (pressure required to denature half of AS-IgG1
monomers), P1/2, and the overall conformational resistance to
unfolding (Figure S3, Supporting Information).

It should be highlighted that pH changes can occur over the
pressure−temperature conditions tested. This is relevant as pH
can have a role in the conformational stability of pH-sensitive
proteins. Briefly, both pressure and temperature can lead to
changes in pKa values of buffers and their respective acid
dissociation equilibria. Acid−base equilibria can be shifted
toward positive/negative ΔV (difference in the partial molar
volumes of the neutral and the ionized species in equilibrium),
according to Le Chatelier’s principle.89−92 While ΔV ∼ 0 mL/
mol leads to pressure independence of pH, for some buffers,
ΔV values can be significant (∼− 5 to −20 mL/mol).93

However, the choice of buffers in high-pressure studies can be
quite limited as even with some common examples (e.g., MES,
TRIS, and imidazole) that have been reported to be quite
resistant to pressure changes on pKa values90,94 have an
increase of pH of ca. 0.1−0.3 pH units/kbar.91 In the context
of the current report, citrate buffer used to prepare the ASA-
IgG1 solutions at pH 4 has a ΔV of −12.3 mL/mol for the

Figure 7. Intrinsic fluorescence emission spectra for AS-IgG1 0.15 mg/mL prepared in 5 mM citrate buffer pH 4, recorded as a function of
increasing P (as arrows show) at (A) 50 °C and (B) −10 °C. Spectral center of mass (COM) calculated from the emission spectra as a function of
increasing pressure for a series of high T (C) and low T (D) as labeled in each panel. Solid lines correspond to a two-state unfolding model fit to
obtain estimates of apparent ΔG0,un and Δv0,un values for each condition tested.

Table 1. Apparent Thermodynamic Parameters Associated
with the Pressure Denaturation of AS-IgG1 0.15 mg/mL
Prepared 5 mM Citrate Buffer pH 4 Calculated from a
Folding/Unfolding Two-State Model Fita

T (°C) ΔGun (kJ/mol) ΔVun (mL/mol) P1/2 (kbar)

50 14 (±2) − 86 (±13) 1.59 (±0.05)
35 22 (±3) − 89 (±13) 2.50 (±0.1)
−5 23 (±5) − 135 (±30) 1.70 (±0.06)
−10 21 (±5) − 144 (±37) 1.47 (±0.03)

aThe errors shown correspond to one standard deviation of
uncertainty.
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relevant ionizable group;93 a decrease in pH can be expected to
be up to ∼0.8 pH units for the pressure range tested here.95

Hence, although it is not typically feasible to make a direct
measurement of pH changes under those high-pressure
environments, it is possible that the values of P1/2 obtained
AS-IgG1 in citrate buffer at pD 4 could be different from the
ones measured (Table 1) if pH (or pD) were constant. The
acetate buffer used in the aCgn solutions at pH 4.5 has a ΔV of
−11.2 mL/mol90 and an increase in pH has been reported to
be approximately −0.08 units/kbar.91

Overall, the choice of pressure- and temperature-resistant
buffers is not a straightforward task. Even the best combination
of baroresistant buffers suggested by Quilan and Reinhart91

can remain temperature-sensitive.95 For instance, TRIS is a less
pressure-sensitive buffer (ΔV = 4.3 mL/mol) but has a large

dependence of temperature (0.028 ΔpH unit/°C);95 this can
still lead to higher pH changes if higher-/lower-temperature
conditions are considered. As noted above, citrate buffer has a
higher dependence on pressure; however, it is expected to have
a lower temperature dependence over the range +25 to −30
°C.96 This lower temperature dependence is also observed for
the other buffer systems (acetate and histidine-HCl) selected
for the present study.96

Finally, the reversibility of cold and/or pressure unfolded
states was evaluated. The reversibility analysis was performed
via HP-FL and HP-SANS by comparing unstressed samples
with those that were stressed after they were returned to
ambient temperature and pressure. Figure 8 shows the
corresponding reversibility profiles at the end of each set of
cold-temperature and pressure conditions. The results show

Figure 8. Normalized SANS Kratky plots (A−C) and intrinsic fluorescence profiles (D−F) for a given protein system at a temperature of 20 °C:
aCgn, 10 mg/mL in 10 mM acetate buffer pD 4.5 (A) and (D); Ova 10 mg/mL in 10 mM histidine buffer pD 7 (B) and (E); AS-IgG1 5 mg/mL in
5 mM citrate buffer pD 4 (C) and (F). The conditions shown demonstrate reversibility behavior of each protein (labeled in each main panel): (1)
starting nonincubated samples (NIS) that were not pressurizedgreen symbols (A−C)/green continuous lines (D−F); (2) reference SANS
profiles obtained after a given sample is pressurized up to 3 kbar and cooled down to −15 °C (A and B) or −10 °C (C)light gray symbols; and
(3)SANS and Fl profiles obtained after pressure and temperature stressdark gray symbols (A−C)/dotted lines (D−F). Black solid lines
represent the best-fit curves to NIS using each Protein Data Bank file and Cryson software.72
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that NKP and FL profiles are similar and nearly super-
imposable for aCgn (Figure 8A,D) and Ova (Figure 8B,E)
before and after P/T stress, which suggests that the protein
structure was recovered close to their respective native
(unstressed) conformations.
In contrast, conformational changes were not reversed for

AS-IgG1 solutions. The plateau observed in the NKP profiles
for cold-temperature conditions is maintained (gray symbols in
Figure 8C), and FL profiles also show a significant decrease in
fluorescence intensity (Figure 8F). This suggests that AS-IgG1
adopts an irreversible non-native conformation after cold and
pressure stress. Although it is well known that globular proteins
can reversibly fold when subjected to pressures up to 7 kbar
(under room-temperature conditions),42 limited work has
addressed the specific conformational states of MAbs under
high-pressure conditions. Some have proposed that irreversible
changes are expected to occur at lower pressures than those
required for other globular proteins. For instance, König et
al.41 have shown that irreversible structural changes occur at
∼5 kbar for an IgG under room-temperature conditions, but
the Y-shape conformation is still maintained. In other reports,
Howlett and co-workers97 have shown that a bovine IgG
structure is sensitive to a pressure range of 2−4 kbar and this
was further related with observed aggregation events.
It was out of the scope of the present work to provide an in-

depth thermodynamic analysis of complete unfolding curves,
as that would require higher pressures than were accessible
here to test fully unfolded states. Instead, the present work
focused on high-pressure and cold-temperature ranges needed
to initially perturb the relevant structures for globular and
multidomain proteins. This can potentially provide insights
into the influence of protein thermodynamic stability under
cold-temperature conditions. Rosa et al. proposed that the
pressure effect on a model globular protein (bovine
hemoglobin) in the cold-temperature regime was negligible
by performing isochoric experiments (ex situ approach).80

Both globular proteins tested here have shown to be resistant
to pressures up to 3 kbar under low-temperature conditions,
which is higher than the pressure range associated with
isochoric methods (pressure increases up to ∼1.5 kbar at −15
°C). Instead, Ova structural changes and the first protein−
protein assembly steps detected via in situ HP-SANS below
−10 °C are assumed to be induced solely by cold-temperature
conditions. This is in good agreement with the high
aggregation rates obtained for identical Ova solutions stored
under isochoric conditions below −10 °C.84 AS-IgG1,
however, showed a combination of sensitivity to cold
temperatures and elevated pressures, illustrating that assump-
tions for MAbs concerning the sensitivity to cold temperatures
and/or high pressures that are based on globular proteins
under the same solution conditions may not hold generally
(e.g., may depend on the solution conditions), and globular
proteins may not be good model examples for therapeutic
proteins such as MAbs. This also highlights how unfolding and
association events can be difficult to deconvolute when only an
ex situ approach is considered.
Finally, ex situ approaches are usually followed by quenching

steps, which are intended to arrest a given structural/
aggregation state, but those changes are not static and can
be potentially reversed if the medium conditions change. It is
also possible that the TCD of proteins could be shifted toward
lower values under high-pressure conditions, and this is
proposed here for AS-IgG1 under acidic conditions. As an

alternative, the in situ methods described in this work are a
promising approach to evaluate protein conformational/
structural stability providing a more comprehensive framework
to understand potential pathways for protein non-native
aggregation events.

4. SUMMARY AND CONCLUSIONS
Protein conformational stability evaluation by in situ
approaches under cold conditions (sub-0 °C) is attractive as
it provides capabilities that are not typically accessible with
mainstream analytical techniques, and there are well-known
issues with using high-temperature stability data for interpret-
ing or extrapolating to cold-temperature conditions. To this
end, SANS and FL techniques were combined with high-
pressure experimental configurations to access sub-0 °C
conditions and assess conformational changes and unfolding
for three example systems ranging from small globular proteins
to a large multidomain monoclonal antibody. The results
illustrate that pressures below 3 kbar are generally not enough
to significantly unfold aCgn down to temperatures of −15 °C.
Additionally, structural changes observed for Ova via HP-
SANS seem to be induced by the lower temperatures rather
than the effects of high pressure. It is likely that this reflects the
proximity to the TCD value for Ova based on cold-induced
unfolding extrapolation methods. However, direct evidence of
intermediary unfolded states and the formation of oligomeric
species was observed at −10 °C, and this is outside the
prediction capabilities of standard ex situ methods. Denatura-
tion and conformational changes due to the combined effect of
subzero temperature and elevated pressure were observed for
AS-IgG1 at P ∼ 2 kbar and T of −5 °C. Additional
thermodynamic analysis of HP-FL data suggests that AS-
IgG1 has a larger ΔVun if compared with the two globular
proteins studied here. AS-IgG1 volumetric changes are
suggested to be temperature-dependent, and conformational
states seem to be different in the cold-temperature vs high-
temperature regimes. The present work illustrates in situ HP-
SANS and HP-FL methods that have the potential to improve
protein stability assessments and model predictions based on
structural changes and unfolding thermodynamics without
relying on high-temperature approaches.
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