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Abstract

The stability and aggregation of NIST monoclonal antibody (NISTmAb) were

investigated by hydrogen/deuterium exchange mass spectrometry (HDX-MS),

differential scanning calorimetry (DSC), and nano-differential scanning fluo-

rimetry (nanoDSF). NISTmAb was prepared in eight formulations at four dif-

ferent pHs (pH 5, 6, 7, and 8) in the presence and absence of 150 mM NaCl

and analyzed by the three methods. The HDX-MS results showed that

NISTmAb is more conformationally stable at a pH near its isoelectric point (pI)

in the presence of NaCl than a pH far from its pI in the absence of NaCl. The

stabilization effects were global and not localized. The midpoint temperature

of protein thermal unfolding transition results also showed the CH2 domain of

the protein is more conformationally stable at a pH near its pI. On the other

hand, the onset of aggregation temperature results showed that NISTmAb is

less prone to aggregate at a pH far from its pI, particularly in the absence of

NaCl. These seemingly contradicting results, higher conformational stability

yet higher aggregation propensity near the pI than far away from the pI, can be

explained by intramolecular and intermolecular electrostatic repulsion using

Lumry-Eyring model, which separates folding/unfolding equilibrium and

aggregation event. The further a pH from the pI, the higher the net charge of

the protein. The higher net charge leads to greater intramolecular and inter-

molecular electrostatic repulsions. The greater intramolecular electrostatic

repulsion destabilizes the protein and the greater intermolecular electrostatic

repulsion prevents aggregation of the protein molecules at pH far from the pI.

Abbreviations: CH, heavy chain constant domain; CL, light chain constant domain; DSC, differential scanning calorimetry; DSF, differential
scanning fluorimetry; Fab, antigen binding fragment; Fc, crystallizable fragment; FPXIII, protease from Aspergillus saitoi; HEPES, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; LC, liquid chromatography; mAb, monoclonal antibody; MS, mass spectrometry; MS/MS, tandem mass
spectrometry; NaOH, sodium hydroxide; pf, protection factor; pI, isoelectric point; Tagg, onset of aggregation temperature; TCEP, tris(2-carboxyethyl)
phosphine hydrochloride; TFA, trifluoroacetic acid; Tm, midpoint temperature of protein thermal unfolding transition; type XIII, HDX, hydrogen/
deuterium exchange; VH, heavy chain variable domain; VL, light chain variable domain.
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1 | INTRODUCTION

Therapeutic monoclonal antibodies (mAbs) are the larg-
est sector in the biotherapeutic space and the market is
expected to near US$200 billion in worldwide sales by
2022.1 While mAbs and their derivatives are expected to
be the focus of the biotherapeutic industry and vast
improvements have been made in characterization,
manufacturing, and storage of mAbs, there are still many
technical challenges.2 One of the major challenges for
therapeutic proteins is to maintain structural integrity,
especially their higher order structure, throughout pro-
duction and storage. A battery of biophysical assays is
performed during development to assure structural integ-
rity. However, it is possible for individual therapeutic
assay results to pass with little understanding as to the
inter-relatability and connectivity of the data.

An IgG antibody, the most common scaffold used for
antibody-based therapeutics, consists of two heavy chain and
two light chains connected by disulfide bonds. One heavy
chain includes one variable domain (VH) and three constant
domains (CH1, CH2, and CH3) while one light chain includes
one variable domain (VL) and one constant domain (CL).
One mAb has two antibody-binding fragments (Fabs) and
one crystallizable fragment (Fc). One Fab is made up of one
each of VH, VL, CH1, and CL domains with two variable
domains packed together and two constant domains packed
together, whereas one Fc is formed by two closely packed
CH2 domains and two closely packed CH3 domains.

The NIST monoclonal antibody (NISTmAb) reference
material, RM8671, is a recombinant humanized IgG1κ
expressed in murine suspension culture.3 NISTmAb is
available from NIST and is intended for investigating bio-
chemical and biophysical attributes of mAbs as well as
for evaluating the biochemical and biophysical methods
for mAbs. Extensive biochemical and biophysical charac-
terizations of this material is available.4–6

Hydrogen/deuterium exchange mass spectrometry
(HDX-MS) is an analytical tool to study protein's
dynamic properties.7–9 HDX-MS employs the unique
combination of high-resolution (in a few amino acid resi-
dues), quick turnaround time (in days), and wide applica-
bility to scientific questions. Although X-ray
crystallography and nuclear magnetic resonance (NMR)
have high resolution, they have limited applicability and
the time requirements, which are often inhibitory to

addressing questions in an expeditious fashion in drug
discovery. While the majority of other commonly accessi-
ble biophysical tools, such as circular dichroism
(CD) and ultraviolet (UV), have quick turnaround time,
they do not have the resolution to provide detailed infor-
mation into a molecule's structure and structural pertur-
bations upon change in solution environment.

HDX-MS has been used to study the change in the
dynamic properties of mAbs after various perturbations.
One type of perturbation is covalent modifications of
mAbs themselves, such as amino acid mutations,10

deglycosylation,11 oxidation,12,13 Fc glycan variations,14

disulfide bond isoforms,15 and the presence of extra light
chains.16 In these studies, the location of the modifica-
tions is known prior to the HDX-MS analysis. HDX-MS
localized the changes in the dynamic properties of the
mAbs near the modifications to understand the conse-
quences of the modifications. The other type of perturba-
tion is the change in the environment of a mAb as a
result of formulation, including salts,17 excipients,18,19 as
well as the conditions the mAb is exposed to, such as
thermal stress20 and dimerization.21 In these studies, the
presence and the location of the changes in HDX-MS pat-
terns are unknown prior to the analysis. The HDX-MS
changes observed in these studies tend to be subtler than
those observed in the covalent modifications of mAbs.

In this article, we studied the stability and aggrega-
tion propensity of NISTmAb at four different pHs (5, 6,
7, and 8) with or without NaCl using HDX-MS, differen-
tial scanning calorimetry (DSC) and nano-differential
scanning fluorimetry (nanoDSF). HDX-MS and DSC are
used for determining free energy of folding (ΔG) and
midpoint temperatures of thermal unfolding (Tms) of
individual domains, respectively. NanoDSF is used for
determining both Tm as well as the onset of aggregation
temperature (Tagg) of NISTmAb. The data were inter-
preted cohesively by intra- and inter-molecular electro-
static repulsions using the Lumry-Eyring model.

2 | EXPERIMENTAL

2.1 | Materials

All reagents were obtained from Sigma-Aldrich
(St. Louis, MO) except the following items: Pierce
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premium grade TCEP-HCl was purchased from Thermo
Fisher Scientific (Waltham, MA). Urea was purchased
from VWR (Radnor, PA). Water and acetonitrile were
HPLC grade from Honeywell (Charlotte, NC).

2.2 | Preparation of formulated
NISTmAb

The NISTmAb sample (Table S1 in Supplemental Infor-
mation) was first dialyzed into a low-ionic strength buffer
(5 mM Acetate/5 mM Histidine pH 6.2) using a Slide-A-
Lyzer MINI dialysis device, 10 K MWCO, 2 ml (Thermo
Fisher Scientific). After determining post-dialysis concen-
tration, protein was diluted fivefold or higher into each of
the test buffers for DSF and HDX-MS to a final concen-
tration of 1 mg/ml. For DSC, protein was further dialyzed
into test buffers using a fresh Slide-A-Lyzer MINI dialysis
membranes. DSC experiments setup at 0.5–1 mg/ml
(Table 1). All protein concentrations were determined
using the Lunatic instrument (Unchained Labs; Pleasan-
ton, CA) in triplicates.

The NIST Fab was generated using the Pierce Fab
Preparation Kit (Thermo Fisher Scientific) and the proto-
col was followed as per manufacturer's suggestion, with
one modification—Fab purification was done using
HiTrap MabSleect SuRe (GE Life Sciences; Marlborough,
MA) to capture digested/undigested Fc as per the
manufacturer's protocol. After measuring protein concen-
trations of flow-through (Fab alone), fractions were
pooled and dialyzed into the low-ionic strength buffer as
indicated for NISTmAb above. Further sample prep
followed similar protocol as NISTmAb.

2.3 | Conformational stability
determination by DSC

DSC experiments were performed using a MicroCal Auto
VP-capillary DSC system (GE Healthcare; Chicago, IL) in
which temperature differences between the reference and
sample cell were continuously measured and converted
to power units. Samples were heated from 25 to 110�C at
a rate of 1�C/min. A pre-scan time of 15 min and a filter-
ing period of 10 s were used for each run. DSC measure-
ments were made at a NISTmAb concentration of 0.5–
1 mg/ml in each of the eight buffer conditions in dupli-
cates, with a preceding buffer background scan taken
before the sample scans. Data analysis was performed
using MicroCal Origin 7 software and fitted with the
“non-two-state” function analysis model.

2.4 | Conformational and colloidal
stability determination by NanoDSF

The thermal unfolding of NISTmAb in different buffers
was determined by nanoDSF on the Prometheus NT.Plex
instrument (NanoTemper Technologies; Munchen, Ger-
many). Measurements were made by loading samples
into Standard Capillaries (NanoTemper Technologies)
from a 384 well sample plate. Duplicate or triplicate runs
were performed. Thermal unfolding was monitored in a
1�C/min thermal ramp from 20 to 95�C. Thermal inflec-
tion temperatures (Tms) and Tagg were determined auto-
matically by PR. ThermControl Software (NanoTemper
Technologies) and further analyzed using the PR.Stability
Analysis Software (NanoTemper Technologies).

TABLE 1 Tm and Tagg of NISTmAb measured by nanoDSF and DSC in eight different formulations (�C)a

10 mM
buffer pH

150 mM
NaCl

Tagg
b

DSF
Tm1

b

DSF (CH2)
Tm1

b

DSC (CH2)
Tm2

b

DSC (CH3)
Tm3

b

DSC (fab)
Tm

c

DSC fab

Acetate 5.0 � >95.0 67.0 67.4 85.0 93.3 93.4

Acetate 5.0 + 89.4 63.3 64.1 84.7 92.6 92.5

Histidine 6.0 � >95.0 67.5 69.4 (69.2)d 85.0 (83.1)d 93.0 (93.4)d 93.2

Histidine 6.0 + 88.8 64.9 66.8 (67.0)d 84.8 (81.4)d 92.7 (92.3)d 92.4

Phosphate 7.0 � 81.4 70.2 70.7 84.9 88.7 89.1

Phosphate 7.0 + 84.6 69.3 69.9 84.2 88.7 89.2

HEPES 8.0 � 82.3 70.5 69.8 84.6 88.3 88.7

HEPES 8.0 + 83.9 69.4 70.3 84.0 88.2 88.3

Abbreviations: DSC, differential scanning calorimetry; DSF, differential scanning fluorimetry; Fab, antigen binding fragment; HEPES, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid.
aValues are averages of duplicate or triplicate measurements.
bPlease see Figures S3–S5 for the profiles of DSF and DSC data.
cTm of the isolated Fab domain of NISTmAb.
dThe values in parenthesis are measure in 25 mM histidine instead of 10 mM histidine.5
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2.5 | On-exchange experiment for
HDX-MS

The on-exchange reaction was initiated by mixing 10 μl
of formulated NISTmAb with 10 μl of D2O (D2O with
150 mM NaCl was used when the formulation has
150 mM NaCl). The reaction mixture was incubated for
15, 50, 150, 500, 1,500, 5,000, 15,000, 50,000, and
150,000 s at 23 C (Table S2). All time points were dupli-
cated. The on-exchanged solution was quenched by the
addition of 30 μl of chilled 8 M urea, 1 M TCEP, pH 3.0
(pH was adjusted with aqueous sodium hydroxide
[NaOH]) and immediately analyzed.

2.6 | Non-deuterated experiment for
HDX-MS

A non-deuterated sample was prepared by mixing 10 μl
of NISTmAb and 10 μl of H2O. An aliquot of 20 μl of
non-deuterated sample was mixed with 30 μl of 8 M urea,
1 M TCEP, pH 3.0 and immediately analyzed.

2.7 | Fully deuterated experiment for
HDX-MS

A fully deuterated sample was prepared by incubating a
mixture of 25 μl of NISTmAb and 25 μl of 100 mM TCEP
in D2O at 55�C for 2 hr. After the fully deuterated sample
was cooled down to 23�C, a 30-μl aliquot of 8 M urea,
1 M TCEP, pH 3.0 was added to 20 ul of the fully deuter-
ated sample and immediately analyzed.

2.8 | General procedure for HDX-MS
data acquisition

HDX-MS analysis was performed using an automated
HDx3 system (LEAP Technologies, Morrisville, NC) sys-
tem analogous to previously described9,22 except the pro-
tease column was placed outside of the cold box.

The columns and pump configuration was as follows:
protease, pepsin/protease type XIII (protease from Asper-
gillus saitoi, type XIII) column (wt/wt, 1:1; 2.1 � 30 mm2)
(NovaBioAssays Inc., Woburn, MA);23 trap column,
Acquity UPLC BEH C18 VanGuard Pre-column (Waters,
Milford, MA); analytical column, Accucore Vanquish
C18 (2.1 � 100 mm2, 1.5 μm) (Thermo Fisher Scientific);
and LC pump, Vanquish (Thermo Fisher Scientific). The
loading pump (from the protease column to the trap col-
umn) was set at 600 μl/min with 1% acetonitrile, 0.1%
formic acid in water. The gradient pump (from the trap

column to the analytical column) was set from 8 to 33%
acetonitrile in 0.1% aqueous formic acid in 20 min at
100 μl/min.

2.9 | MS data acquisition

Mass spectrometric analyses were carried out using an
LTQ Orbitrap Fusion Lumos mass spectrometer (Thermo
Fisher Scientific) with the capillary temperature at 275�C,
resolution 120,000, and mass range (m/z) 300–1,500.

2.10 | HDX-MS data extraction

BioPharma Finder 2.0 (Thermo Fisher Scientific) was
used for the peptide identification of non-deuterated sam-
ples prior to the HDX experiments. HDExaminer version
2.4 (Sierra Analytics, Modesto, CA) was used to extract
centroid values from the MS raw data files for the HDX
experiments.

The deuteration level (D%) at each segment at each
time point was calculated using Equation (1) in Excel.

D%¼M ONð Þ –M NDð Þ
M FDð Þ –M NDð Þ , ð1Þ

where M(ON) is the centroid value of on-exchanged
experiment, M(ND) is the centroid value of non-
deuterated experiment, and M(FD) is the centroid value
of fully deuterated experiment.7 In this equation, the
number of deuterium incorporated in on-exchanged
experiment was divided by the number of deuterium
incorporated in fully deuterated experiment.

The deuteration level (D%) of sub-localized segment
was calculated using Equation (2).

D%¼ M ONð Þa –M NDð Þa
� �

– M ONð Þb –M NDð Þb
� �

M FDð Þa –M NDð Þa
� �

– M FDð Þb –M NDð Þb
� � , ð2Þ

where a indicates the centroid value of the larger seg-
ment used for sub-localization (e.g., segment 1–10) and b
indicates the centroid value of the smaller segment used
for sub-localization (e.g., segment 1–9). In this equation,
the number of the deuterium incorporated at the sub-
localized segment (e.g., residue 10) after on-exchanged
experiment was divided by the number of deuterium
incorporated at the sub-localized segment after fully deu-
terated experiment.

All experimental exchange times were converted into
those at pH 7 and 23�C (Figure 2, Figure S2, and
Table S2).24–26
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2.11 | HDX-MS data analysis

Excel was used to further process and present the data.
All HDX data were fitted with stretched exponential
curve (Equation (3)),27

D tð Þ¼ 1 – exp – ktð ÞB
h i

, ð3Þ

where k is rate factor which becomes larger when HDX
rates in the segment is faster and B is stretch factor which
becomes larger when the HDX curve is steeper.

For the curve fitting of eight formulations for each
segment, a common B was used, because the deuterium
buildup slopes of various formulations were very similar
for each segment (Figure 2 and Figure S2).

A protection factor (pf ), between two stretched expo-
nential curves were calculated by Equation (4a) (Stretched
exponential Analysis in Supporting Information).

pf ¼ kb log2:3ð Þ1=Ba
ka log2:3ð Þ1=Bb

, ð4aÞ

where a and b indicate two different sets of stretched
exponential curves.

Equation (5) can convert a pf to the free energy
change between the two states when EX2 is

applicable.9,26,28 Using Equations (4a) and (5), the cur-
rent HDX data can be compared with intrinsic exchange
rates to yield the free energy change from unstructured
state (ΔG in Figure 2 and Table 2). ΔG in this study was
obtained by comparing with the calculated exchange rate
of unstructured polyalanine.29

The pf between two different formulations for one
segment is simply,

pf ¼ kb=ka, ð4bÞ

ΔG¼ –RTln pfð Þ: ð5Þ

where a and b indicate two different formulations. In this
case, the log portion of Equation (4a) is canceled out to
become Equation (4b), because a common B is used.
Equations (4b) and (5) can yield the free energy change
between the two formulations (ΔΔG in Figures 1 and 2).

3 | RESULTS

3.1 | Digestion and sub-localization of
NISTmAb

The sequence coverage of NISTmAb was 94% when
quenched with 8 M urea, 1 M TCEP, pH 3.0 and digested

TABLE 2 Average folding free energy, ΔG, and average relative free energy, ΔΔG, of NISTmAb in eight different formulations

(kcal/mol)

pH 150 mM NaCl mAb Fab VH–VL CH1–CL CH2 CH3

5.0 � �4.1 �4.3 �4.8 �3.8 �3.1 �4.8

5.0 + �4.6 �4.7 �5.1 �4.4 �3.8 �5.1

6.0 � �5.3 �5.5 �5.9 �5.1 �4.6 �5.9

ΔG 6.0 + �5.5 �5.6 �6.0 �5.2 �4.9 �5.8

7.0 � �5.7 �5.8 �6.3 �5.3 �5.5 �6.0

7.0 + �5.9 �6.0 �6.5 �5.6 �5.6 �6.1

8.0 � �6.5 �6.6 �7.0 �6.2 �6.4 �6.8

8.0 + �6.7 �6.8 �7.2 �6.3 �6.5 �6.9

5.0 � +1.9 +1.8 +1.7 +1.8 +2.5 +1.3

5.0 + +1.4 +1.3 +1.4 +1.3 +1.9 +1.1

6.0 � +0.6 +0.6 +0.6 +0.5 +1.1 +0.2

ΔΔG 6.0 + +0.5 +0.5 +0.5 +0.4 +0.7 +0.3

7.0 � +0.2 +0.3 +0.2 +0.3 +0.1 +0.1

7.0 + 0.0 0.0 0.0 0.0 0.0 0.0

8.0 � �0.6 �0.5 �0.5 �0.6 �0.8 �0.6

8.0 + �0.8 �0.7 �0.7 �0.7 �0.9 �0.7

Note: Please see Figure 2 for the definitions of ΔG and ΔΔG.
Abbreviations: CH, heavy chain constant domain; CL, light chain constant domain; Fab, antigen binding fragment; mAb, monoclonal antibody; VH, heavy

chain variable domain; VL, light chain variable domain.
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with pepsin/protease type XIII mixed bed column
(= 626/663; Figure S1). This sequence coverage is good
enough to assess the folding free energy of entire
NISTmAb. There are more peptides covering the constant
regions (CH1, CH2, CH3, and CL) of both heavy and light
chains than the variable regions (VH and VL).

NISTmAb was dissected into 140 individual segments
(Figure 3 and Figure S2) by using small peptic fragments
and a sub-localization strategy (see Section 2) to achieve
approximately four residues per segment resolution on
average. Additional 101 segments were also analyzed to
check the data consistency (Table S3, S4 and Figure S2).

FIGURE 1 Isotope envelopes of peptides in HDX-MS analysis. (a) Imaginary isotope envelopes of non-deuterated, on-exchanged, and

fully deuterated isotope envelope in EX1 mechanism and EX2 mechanism. (b) Observed isotope envelopes of non-deuterated, 15-s on-

exchanged, and 5,000-s on-exchanged experiments in various segments at pH 8 in 90% D2O
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The resolution of the constant domains was higher than
that of the variable domains in general, because there are
more smaller peptides and overlapping peptides covering
the constant domains (Figure S1).

3.2 | Confirming EX2 mechanism for
NISTmAb

Prior to HDX analysis of NISTmab in various formula-
tions, it is checked if the backbone amide hydrogens of
NISTmAb exchange via EX1 mechanism or via EX2
mechanism. In slightly different experimental conditions,
NISTmAb was incubated in 20 mM Tris, 150 mM NaCl,
pH 8 in 90% D2O. If a protein exchanges via EX1 mecha-
nism, a partially deuterated isotope envelope should be
bimodal and the ratio of the low-m/z lobe and the high-
m/z lobe should increase with a longer exchange time
(Figure 1a).30,31 One the other hand, if a protein
exchanges via EX2 mechanism, a partially deuterated iso-
tope envelope should be monomodal and the envelope
should shift toward right with a longer exchange time
(Figure 1a). The reaction mechanism was checked at only
pH 8, the highest pH used in the following formulation
study. Because the higher the pH is, the more likely to
exchange via EX1, the backbone amide hydrogens of
NISTmAb exchange via EX2 at all pHs used if they
exchange via EX2 at pH 8.

The backbone amide hydrogens in all six NISTmAb
domains exchange via EX2 mechanism at pH 8. The iso-
tope envelopes of non-deuterated, 15-s on-exchanged,
and 5,000-s on-exchanged experiments from 16 different
segments from all six NISTmAb domains were monitored
(Figure 1b). All of the partially deuterated (15-s on-

exchanged) isotope envelopes were monomodal, indicat-
ing that all segments exchanged via EX2 mechanism.
This result ensures that the conversion of HDX-MS data
to the free energy described in HDX-MS Data Analysis
section is valid.

3.3 | Fitting HDX-MS data with
stretched exponential curves

A set of eight deuterium buildup curves of a NISTmAb
segment was fitted with eight stretched exponential cur-
ves simultaneously with a common stretch factor,
B (Figure 2 and Figure S2). In this analysis, eight rate fac-
tors, k's, and one stretch factor, B, were optimized using a
set of eight deuterium buildup curves for each segment.
It was clear from a visual inspection that the slopes of the
eight-deuterium buildup curves for each segment are
very similar (Figure S2). This approximation simplifies
the calculation of pfs among the formulations and rela-
tive free energy changes (ΔΔG).

3.4 | Folding free energy (ΔG) of
NISTmAb by HDX-MS analysis

Most segments of NISTmAb exchange at significantly
slower rates than unstructured polyalanine at all eight con-
ditions, indicating NISTmAb is well-structured at all eight
formulation conditions (Figure 3a). NISTmAb does not
contain a long patch of disordered structure, which should
appear as �1 kcal/mol or higher in folding free energy.29

The HDX data show that the CH3 domain and the
VH–VL domain are more stable than the CH2 domain and

FIGURE 2 A representative deuterium buildup curve (segment 254–255 from peptide 252–255). All exchange times are converted to

pH 7, 23�C equivalent using Table S2. The deuteration level (D%) at each time point at each condition is indicated with a colored diamond.

The eight sets of deuterium buildup curves for this segment were fitted with eight sets of Equation (3) with a common stretch factor, B (eight

k's and one B were optimized at the same time). The optimized B for segment 254–255 was 0.91. ΔG is the free energy change for each

formulation compared with unstructured polyalanine using Equation (4a). ΔΔG is the relative free energy in each formulation compared

with that for pH 7, 150 mM NaCl obtained by Equation (54b)
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the CH1–CL domain (Table 2, Figures 3a and 4a). This is
consistent with the observation that CH2 domains usually
have the lowest Tm among the IgG domains for many
IgGs.5 Approximately 50 residues did not exchange at all
in the time window employed in this study and about
40% of these very stable residues are located in the CH3
domain. The folding free energy of these segments were
not possible to calculate and were estimated as
< �10 kcal/mol (Figure 3a and Table S3).32,33

3.5 | Relative free energy (ΔΔG) of
NISTmAb by HDX-MS analysis

The relative free energy of NISTmAb decreases in the
order of pH 5, 0 mM NaCl > pH 5, 150 mM NaCl > pH 6,
0 mM NaCl > pH 6, 150 mM NaCl > pH 7, 0 mM NaCl >
pH 7, 150 mM NaCl > pH 8, 0 mM NaCl > pH 8,
150 mM NaCl (Table 2). This trend is almost uniform
throughout the molecule (Figures 3b and 4b, Table S4).
All deuterium buildup curves from the eight formula-
tions should be on top of each other in Figure 2 and
Figure S2 when the difference in intrinsic exchange rates
at various pHs is considered (Table S2) and if the
dynamic properties of the protein stay the same in those
formulations.24–26 In most cases here, however, this is

not observed. The HDX rates were slower at a higher pH
and in the presence of NaCl (Figure 2 and Figure S2),
indicating that NISTmAb has lower free energy (= is
more stable) at higher pH and in the presence of NaCl.

3.6 | Thermal stability (Tm) of NISTmAb
by DSC

NISTmAb exhibits three distinct transitions around
70, 85, and 90�C, which, based on IgG structure and
enthalpy change values, can be assigned to CH2, CH3,
and Fab domain unfolding transitions, respectively
(Table 1 and Figure 5b). The thermal stability properties
of NISTmAb have been studied by DSC in histidine
buffer systems5 and have been known to exhibit a favor-
able stability profile, especially in terms of Fab stability.
Our data are consistent with these observations, and fur-
ther expand the data to additional buffer conditions.

The Tm1 of NISTmAb increases with pH in general,
indicating the CH2 domain is more stable at higher pH
(Table 1 and Figure 5b). On the other hand, the Tm3 of
NISTmAb decreases at a higher pH. The Tm3 of NISTmAb
matches very well with the Tm of isolated Fab domain of
NISTmAb, confirming that the Tm3 of NISTmAb describes
the thermal stability of the Fab (Table 1). The Tm2 of

FIGURE 3 (a) The folding free

energy and (b) the relative free energy of

NISTmAb segments in eight

formulations. Each colored line indicates

the free energy change in the segment

spanning the corresponding residues.

Please see Figure 2 for the definitions of

ΔG and ΔΔG
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NISTmAb appears almost insensitive to pH (Table 1 and
Figure 5b).

3.7 | Thermal stability (Tm) of NISTmAb
by DSF

NanoDSF data of NISTmAb shows one clearly defined
first thermal transition (Tm1) corresponding to the CH2
domain. The other two thermal transitions were however
not well defined, due to the unusually high-Fab
unfolding transition of NISTmAb and instrument limita-
tions (upper limit of 95�C).

NanoDSF data shows that the higher the pH is, the
higher the Tm1 of NISTmAb was in the pH range
employed in this study (Table 1 and Figure 5b). This is in
accordance with the observation that NISTmAb is more
stable at a higher pH by HDX-MS, because a higher Tm

implies more conformationally stable protein.

The Tm1 of NISTmAb was slightly higher in the
absence of NaCl (Table 1). This agrees with the Tm

behaviors of NISTmAb determined with DSC by others
and us.5 On the other hand, this disagreed with the NaCl
effects on relative free energy observed by HDX-MS
analysis.

3.8 | Aggregation (Tagg) of NISTmAb
by DSF

Tagg of NISTmAb was the highest at lower pH and in the
absence of NaCl (Table 1 and Figure 5b). Tagg, is a direct
measure of colloidal stability. NISTmAb did not show
any detectable aggregation even at 95�C (the upper limit
of the instrument) at pH 5 or 6 in the absence of NaCl.
The addition of NaCl lowered the Tagg down to a measur-
able range of approximately 89�C at both pH 5 and 6. Tagg

of NISTmAb at a higher pH (pH 7 or 8) was between
81 and 85�C, significantly lower than that at pH 5 or
6 (Table 1 and Figure 5b).

4 | DISCUSSION

4.1 | Global effects of pH on the
conformational stability of NISTmAb

It has been previously established that a protein should
be conformationally most stable at a pH near its isoelec-
tric point (pI).34,35 The net charge of a protein increases
as the pH of the protein solution moves away from its pI
(Figure S6) and the higher net charge leads to greater
intramolecular electrostatic repulsion (Figure 6a, purple
arrows). The increased intramolecular electrostatic repul-
sion destabilizes the folded protein, because the charge
density on the folded molecule is higher than that on the
unfolded molecule. It may be worth pointing out that
most intrinsically disordered proteins have high-net char-
ges, presumably due to intramolecular electrostatic repul-
sion.36 In the free energy diagram, a protein's folding
well is shallower when the pH of a protein solution is fur-
ther from the protein's pI, due to greater intramolecular
electrostatic repulsion (Figure 6b, purple arrow).

HDX-MS results showed that NISTmAb is more sta-
ble at a pH near its pI than at a pH far from its pI
(Table 2 and Figure 3). Since the pI of NISTmAb is 9.3,37

the net charge of a protein molecule is lower at a higher
pH between pH 5 and 8 (Figure S6) and intramolecular
electrostatic repulsion should be smaller at a higher pH.
Therefore, when the pH is higher, the free energy should
be lower (the protein should be more stable) in the pH
range (Figure 5b). Indeed, the relative free energy of

FIGURE 4 The folding free energy and the relative free energy

of NISTmAb segments overlaid on X-ray crystal structures (5K8A

for Fab and 5VGP for Fc). (a) The folding free energy (ΔG) at
pH 7.0, 150 mM NaCl. (b) The relative free energy (ΔΔG) at pH 5.0,

0 mM NaCl compared with pH 7.0, 150 mM NaCl
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NISTmAb calculated by HDX-MS analysis showed a
lower free energy at a higher pH (Table 2 and Figure 3).

4.2 | Global effects of NaCl on the
conformational stability of NISTmAb

The higher conformational stability of NISTmAb in the
presence of NaCl observed in HDX-MS analysis stems
from the charge screening effects of NaCl (Table 2 and
Figure 3b).32 The presence of NaCl may decrease the free
energy of a protein by shielding the intramolecular elec-
trostatic repulsion. In the current study, the presence of
NaCl decreased approximately 0.5 kcal/mol per residue
of the free energy at pH 5, while the effects were 0.1–
0.2 kcal/mol per residue at pH 6–8 (Table 2). NISTmAb
has more intramolecular electrostatic repulsion at pH 5
than at higher pHs, and thus the stabilization due to the
charge screening effects is larger at pH 5.

4.3 | Global effects of pH on the
aggregation of NISTmAb

It is generally accepted that a protein is least soluble near
its pI in the absence of neutral salts38,39 and that working
a protein near its pI is risky because the protein is prone

to aggregation.40 The presence of net charge in the pro-
tein molecules at a pH far from its pI generates inter-
molecular electrostatic repulsion (Figure 6a, blue arrow)
and reduces the chance of collision and thus aggrega-
tion.41,42 On the other hand, the lack of intermolecular
repulsion near its pI allows the protein molecules to col-
lide and aggregate more easily. In the free energy dia-
gram, the energy barrier to aggregation is higher when
the protein is at pH far from its pI (Figure 6b, blue
arrow).

The Tagg is customarily used in protein formulation
studies.43 Tagg of NISTmAb was lower at a higher pH
(Table 1 and Figure 5b). This observation is consistent
with the consensus that a protein is more prone to aggre-
gation near its pI (9.3 for NISTmAb).37 Consistent with
this theory and with the goal of preventing aggregation
in solution, NISTmAb is formulated in histidine buffer
around pH � 6.3, which is far from its pI.6

4.4 | Global effects of NaCl on the
aggregation of NISTmAb

Tagg of NISTmAb was the highest at a lower pH in the
absence of NaCl (Table 1). This is because NISTmAb
molecules have the greater intermolecular electrostatic
repulsion at a lower pH in the absence of NaCl. A lower

FIGURE 5 (a) Average folding free

energy and (b) Tms and Taggs of

NISTmAb domains at pH 5–8. Light
blue curves are the trend expected for

the HDX-MS determined folding free

energy and the Tm from intramolecular

electrostatic repulsion as depicted in

Figure 6. Light purple curve is the trend

expected for the Tagg from

intermolecular electrostatic repulsion as

depicted in Figure 6. The pHs of plots

are slightly shifted, because the data

points overlapped
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pH increases the net charge on each molecule (Figure S6)
and intermolecular electrostatic repulsion. The absence
of NaCl means no shielding effects to decrease the inter-
molecular electrostatic repulsion.29

4.5 | Average folding free energy of each
domain of NISTmAb

Average folding free energies (ΔG) of CH1–CL and CH2
domains calculated from the HDX-MS data were higher
(less stable) than those of VH–VL and CH3 domains
between pH 5 and 8 (Table 2 and Figures 3a and 4a). This
observation is mostly consistent with the thermal stability
of NISTmAb by DSC (Table 1). The DSC results showed
that the CH2 has the lowest thermal stability and Fab has
the highest thermal stability at all pHs. Both HDX-MS
and DSC results showed that CH2 domain is the least sta-
ble domain of NISTmAb. Although the DSC data

indicated that the Fab domain is more stable than CH3
domains, the folding free energies of the two domains
determined by HDX-MS are very close.

4.6 | Average relative free energy of each
domain of NISTmAb

Average relative free energy (ΔΔG) calculated from the
HDX-MS data showed very similar trend among all
domains with higher pH and the presence of NaCl lower-
ing the free energy of each domain (Table 2 and
Figures 3b and 5a). The coarse uniformity of relative free
energy throughout the molecule suggests that non-local-
ized, global forces are contributing to the relative free
energy among these formulations (vide supra). Among
the domains, the CH2 domain is the most sensitive to the
formulation change with 2.5 kcal/mol less stable at pH 5
without NaCl than at pH 7 with NaCl (Table 2 and

FIGURE 6 (a) Simplified

electrostatic repulsion and (b) simplified

free energy diagram of aggregation

pathway according to Lumry-Eyring

model for a protein near and far from its

pI. In the Lumry-Eyring model, folded

monomer unfolds reversibly and then

the unfolded monomer aggregates

irreversibly. The aggregation step is

usually expected to be the rate-

determining step in a non-accelerated

storage condition54
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Figures 4b and 5a). Domain specific net charge calcula-
tions at different pHs on molecular operating environ-
ment (MOE)44 molecular modeling interface using
NISTmAb structural data (PDB ID 5VGP for CH2 and
PDB ID 5K8A for Fab) showed a steep decline of net
charge with pH increase for the CH2 domain while the
changes for the Fab domain were only modest (Figure S6
in Supplemental Information). These are consistent with
an earlier work, which showed Fc domain being more
pH sensitive than Fab domain.45,46

4.7 | Aggregation mechanism of
NISTmAb and electrostatic repulsion

Protein aggregation is a complicated phenomenon with
various possible pathways and influencing factors.47–49

While many protein aggregation models were devised to
untangle the situation,42,50–54 most of them are variations
of Lumry-Eyring model which is based on the following
simple scheme:50,51

Folded Monomer⇄UnfoldedMonomer!Aggregation:

In this model, irreversible protein aggregation involves
two steps: (i) reversible partial or full unfolding of the
folded monomer and (ii) irreversible aggregation of par-
tially or fully unfolded monomer. The free energy dia-
gram of this scheme is shown in Figure 6b.

The Lumry-Eyring model can provide a cohesive view
for seemingly contradicting results that NISTmAb is con-
formationally more stable (the folding free energy is
lower) yet is more prone to aggregation (the Tagg is lower)
near its pI. A virtue of the Lumry-Eyring model is that it
dissects the aggregation process into two steps. In the first
step where unfolding event occurs within a molecule,
intramolecular electrostatic repulsion plays a major role.
Here intramolecular electrostatic repulsion, which is
greater at a pH far from the pI destabilizes the protein
(Figure 6, purple arrows). The folding free energy is
expected to be the lowest near the pI where little intra-
molecular electrostatic repulsion is expected (Figure 6b).
In the second step where the aggregation event occurs
between the molecules, intermolecular electrostatic
repulsion plays a major role. Here intermolecular electro-
static repulsion, which is also greater at a pH far from the
pI, prevents the aggregation of the protein molecules
(Figure 6, blue arrows). The Tagg is expected to be the
lowest near the pI where little intermolecular electro-
static repulsion is expected (Figure 6b). In this simplistic
view, intramolecular and intermolecular electrostatic
repulsions work at two different steps of aggregation
process.

4.8 | Interpretation of DSC data

At a glance, the model described above cannot explain
the DSC data which show that Tm2 and Tm3 decrease as
the pH increases while Tm1 increases as the pH increases
(Figure 5b). It is usually assumed that a higher Tm value
indicates a protein with lower folding free energy (a more
stable protein).55 Therefore, the DSC data suggest that
CH3 (implicated by Tm2) and Fab (implicated by Tm3) are
less stable at a higher pH while CH2 (implicated by Tm1)
is more stable at a higher pH. However, according to the
intramolecular electrostatic repulsion consideration
described above and the HDX-MS data, all three domains
should be more stable at a higher pH due to decreasing
intramolecular electrostatic repulsion (Figure 4).

Thermal stability and folding free energy of a protein
can correlate only when the folding/unfolding event is a
two-state equilibrium.55 In the case of NISTmAb, it is rea-
sonable to approximate that Tm1 is primarily monitoring
folding/unfolding equilibrium of CH2 domain, since Tm1

is significantly lower than Tagg in all conditions
employed. Indeed, Tm1 is generally high at a higher pH,
indicating CH2 domain is more stable at a higher pH as
the intramolecular electrostatic repulsion consideration
and the HDX-MS data predict (Figure 5b). On the other
hand, Tagg is lower than Tm3 in most cases and lower
than Tm2 in some cases, especially at pH 7 or 8 (Table 1
and Figure 5b). In such cases, Tm3 and Tm2 may reflect
an irreversible cascade to the aggregation in addition to
the folding/unfolding equilibria of the CH3 and Fab
domains. Therefore, Tm3 and Tm2 may not indicate the
conformational stability (folding/unfolding equilibria) at
ambient temperature and may not agree with the intra-
molecular electrostatic repulsion consideration and the
HDX-MS data.

5 | CONCLUSION

The biophysical characterization and developability
assays for biopharmaceuticals are critical for lead selec-
tion and the prediction of optimal manufacturing proper-
ties. An important property in these characterizations is
the conformational and colloidal stability of the biomole-
cule, as evidenced by Tms and Tagg. However, under-
standing the meaning of the conformational and
colloidal stability measurements at elevated temperatures
is not an easy task despite their relatively simple outputs.
Complicated events appear to happen behind their sim-
ple outputs and extrapolation is required to translate
high-temperature folding/unfolding equilibrium by Tm or
high-temperature aggregation kinetics by Tagg to ambient
temperature properties.55 We used HDX-MS, which can
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measure folding free energy of an analyte protein at room
temperature at high-resolution, to shed light to untangle
the issues and understand the meaning of the measure-
ments. The emerged picture was quite simple: The pro-
tein is more stable (the folding free energy is lower) near
the pI and less stable (the folding free energy is higher)
far away from the pI throughout the molecule. At the
same time, the protein is more prone to aggregation (the
Tagg is lower) near the pI and less prone to aggregation
(the Tagg is higher) far away from the pI. Lumry-Eyring
model which separates folding/unfolding equilibrium
and aggregation event can cohesively explain these seem-
ingly contradicting results.50,51 Near the pI, the net
charge of the protein molecule is low. The low-net charge
leads to weak intramolecular and intermolecular electro-
static repulsions which in turn result in higher conforma-
tional stability34,35 and higher aggregation propensity,
respectively.41,42 On the other hand, far from the pI, the
net charge of the protein molecule is high. The high-net
charge leads to strong intramolecular electrostatic repul-
sion which results in low-conformational stability34,35

and strong intermolecular electrostatic repulsion which
results in low-aggregation propensity.41,42 Also, Tms may
not be a good indicator for conformational stability at
ambient temperature when Tms are close to Tagg.

42 When
Tms are similar to Tagg, the folding/unfolding equilibrium
significantly deviates from the two-state model at the ele-
vated temperature with additional pathway to aggrega-
tion. This can explain the unexpected lower Tm2 and Tm3

near the pI than far away from the pI.
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