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Given the complexity of proteins, the broad nature of
infrared bands, and the overlap of the HOH bending
mode of water within the 1700–1600 cm−1 spectral region,
it was often considered too difficult to include side-chain
vibrational modes in a description of a protein’s dynamic
behavior in solution. Yet, it is the roles of side-chains that
allow a description of a protein’s dynamics to become a
site-specific understanding of stability and provide a basis
for the development of protein drugs.

This article describes how, in certain cases, site-specific
analysis of protein infrared spectra can be performed
using two-dimensional infrared correlation spectroscopy
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2 INFRARED SPECTROSCOPY

(2D-COS) developed by Dr. Isao Noda. The 2D-COS
algorithm spreads overlapped peaks within a spectral
region of interest into a second dimension that allows for a
complete evaluation of all of the peaks that change during
a perturbation. 2D-COS analysis has been implemented
successfully for the study of proteins under different pertur-
bations such as pressure, chemical, pH, concentration, and
most commonly temperature. Initially, the interest was
in determining conformational changes during thermal
unfolding, which then led to evaluating solvent accessi-
bility through hydrogen/deuterium exchange, leading to
the use of isotope editing to probe local structural changes
and interactions.

Herein, we will explore the extent that both 2D-COS
and two-dimensional co-distribution spectroscopy (2D-
CDS) have been implemented in the study of proteins.
However, we were also keen to include recent advances to
site-specifically monitor protein deamidation in aqueous
solution. Protein deamidation, like oxidation and glyco-
sylation, is one of the processes that can initiate protein
degradation pathways which could lead to decreased
target binding, decreased stability, and possibly aggrega-
tion. These concerns have become part of the critical
quality attributes (CQAs) evaluated during thera-
peutic protein development because they can potentially
impact drug safety and efficacy. To date, tandem liquid
chromatography–mass spectrometry (LC-MS) techniques
have been the primary method used to ascertain the
presence and sites of deamidation in protein samples.
However, the LC-MS process requires multiple steps,
including enzymatic digestion and peptide mapping.
2D-COS and 2D-CDS analyses provide an alternative
that allows the determination of the deamidation sites
and the evaluation of the stability of the protein popu-
lations within a sample without any sample preparation
steps.

The 2D-COS method utilizes an innovative plat-
form comprised of a quantum cascade laser microscope
(QCLM), slide cell array, and software. The QCLM
provides an enhanced signal/noise ratio and real-time
acquisition of hyperspectral images of an array of
proteins in solution under accurate thermal control.
The method monitors the deamidation process during
thermal stress. Spectral data is then subject to 2D-COS
analysis to determine the extent of and site at which
both asparagine and glutamine deamidation occur. In
addition, 2D-CDS analysis allows assessment of changes
in stability in the distributions of the protein popula-
tions during the perturbation. The results presented here
for the deamidation of the NISTmAb have been vali-
dated by LC-MS to evaluate this new analytical tool.
We foresee this approach as a required step in a ther-
apeutic protein’s developability assessment and release
testing.

1 INTRODUCTION TO INFRARED
EVALUATION OF PROTEINS

The infrared (IR) spectra of proteins are complex, and
for many years the focus has been the study of the confor-
mationally sensitive peptide bond carbonyl stretching
mode ν(C O) and N—H deformation mode δ(N—H)
within the amide I band (1700–1600 cm−1).(1–5) Proteins
were studied in both H2O and D2O for validation of the
secondary structure determination.(2,3) Also, the amide
hydrogens of proteins were fully exchanged to deuterium
to allow for the evaluation of the amide I′ and amide
II′ bands (the prime nomenclature denotes the resulting
peak shifts due to the change in reduced mass upon
exchange from δ(N—H) to δ(N—D)). This treatment
of the protein sample would effectively simplify the
amide I band to contain only the peptide bond carbonyl
stretching mode ν(C O), while effectively eliminating
the highly absorbing and overlapping HOH bending
contribution.(2,6) The use of isotope editing was exploited
to study the structural dynamics of a protein or peptide
under thermal stress, which proved effective.(7) The
isotope editing of the peptide bond involved ν(13C O)
with respect to (ν(12C O) or ν(C 18O) with respect
to ν(C 16O) to evaluate defined regions of a protein
or peptide, taking advantage of the reduced mass effect
causing a shift to a lower wavenumber for the stretching
vibration of the secondary structure of interest. Although
isotope editing is an effective tool, it is an expensive
alternative.

2 INTRODUCTION TO 2D CORRELATION
AND CO-DISTRIBUTION
SPECTROSCOPIES

Isao Noda developed two-dimensional correlation spec-
troscopy (2D-COS) to enable spectral interpretation.(8–13)

The essential component of the method is a perturba-
tion (chemical, pressure, thermal, concentration, pH,
among others) of the sample. Given this minimal
experimental requirement, 2D-COS is independent
of any particular analytical tool and has been applied
to many types of spectroscopies. The purpose of the
2D-COS analysis is to understand the causes of peak
changes based on insights from their phase and intensity
changes. 2D-COS has many advantages over tradi-
tional spectroscopy for the study of proteins, including
(i) enhanced spectral resolution allowing for the eval-
uation of side-chain modes critical to the stability of
proteins; (ii) confirm peak assignments within the
spectral region of interest; (iii) temporal resolution
allowing for the description of the sequential order
of molecular events, providing information to support
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the molecular basis of cooperativity, which had eluded
investigators for years; and (iv) the ability to monitor
signature peak intensity changes or peak shifts by sepa-
rating them into two categories based on their phase:
(a) in-phase, observed in the synchronous plot and
(b) out-of-phase, observed in the asynchronous plot.
This last advantage has allowed for definitions and
descriptions of dynamic molecular events within the
protein. We will describe the logical implementation
and progression of the 2D-COS algorithm by scientists
worldwide for the analysis of proteins using a wide range
of perturbations.

The value of 2D-COS(8–13) and two-dimensional co-
distribution spectroscopy (2D-CDS)(14,15) analyses for the
study of proteins cannot be understated. These algorithms
do not require dedicated instrumentation, just a series
of spectra as a function of a sample perturbation. As a
basis for discussion, we include below the mathematical
expressions that define the functionality of the algorithms.

2.1 Two-dimensional Infrared Correlation
Spectroscopy Algorithm

2D-COS has proven helpful in that it provides a detailed
molecular description of the effects of the perturbation
on both the side chains and, in turn, the conforma-
tional stability of the protein. The 2D-COS algorithm(8)

is defined as:

Ã(νj, tk) =

{
A (νj, tk) − Ā(υj) for 1 ≤ k ≤ m
0 otherwise

(1)

Where, Ā(υj) is the initial spectrum of the dataset.
Synchronous 2D correlation intensities of the covariance
spectral data are defined by:

Φ(ν1, ν2) = Ã(ν1, tj) ⋅ Ã(ν2, tj) (2)

The resulting correlation intensityΦ(ν1, ν2) as a function
of two independent wavenumber axes, ν1 and ν2, is the
synchronous plot.

Asynchronous 2D correlation intensities of the covari-
ance spectral data are defined by:

Ψ(ν1, ν2) = Ã(ν1, tj) ⋅ NijÃ(ν2, ti) (3)

The term Nij is the element of the so-called Hilbert-
Noda transformation matrix and is given by:

Nij =

{
0 for i = j

1
π(j−i) otherwise (4)

The cross-correlation function is applied to the differ-
ence spectral dataset, which results in two separate, yet
symmetrical 2D plots. The first plot is referred to as the
synchronous plot. It contains positive peaks on the diag-
onal, known as the auto peaks, and provides the overall
changes observed in the spectral dataset. The relation-
ship established in this synchronous plot relates to the
spectral intensity changes that occur synchronously, hence
the name. The second 2D plot is known as the asyn-
chronous plot. This plot relates the asynchronous inten-
sity changes, resulting in enhanced spectral resolution,
which can be used to correlate out-of-phase peak inten-
sity changes, such as those defined for the deamidation
process (e.g. changes observed for key signature peaks
due to the deamidation of a protein). Both plots contain
off-diagonal peaks, which are referred to as cross peaks;
these peaks correlate with the spectral changes observed
at the frequencies assigned to the various bands (e.g.
backbone and side-chain structural elements). Spectral
intensity changes observed are due to the incremental
thermal perturbation applied to the monoclonal antibody
(mAb) sample. No a priori knowledge of the system is
required for interpretation of the results. The information
in both plots allows for determining the sequential order
of molecular events that occur during the perturbation by
following Noda’s rules.(8–10) These plots are symmetrical,
and for discussion purposes, we will always refer to the
top triangular portion of the plot for analysis. The applica-
tion of Noda’s rules begins with the plot that has the most
significant resolution enhancement (i.e. the asynchronous
plot):

I Asynchronous cross peak ν2: if positive, then ν2 is
perturbed prior to ν1 (𝛎2 → 𝛎1).

II Asynchronous cross peak ν2: if negative, then ν2 is
perturbed after ν1 (𝛎2 ← 𝛎1).

III If the corresponding synchronous cross peak is posi-
tive, then the order of the events is established using
the asynchronous plot (rules I and II).

IV However, if the corresponding synchronous cross
peak is negative and the asynchronous cross peak is
positive, the order is reversed.

Using this process an order of events can be established
for each peak observed on the ν2 axis.

2.2 Two-dimensional Co-distribution Spectroscopy
Algorithm

Whereas 2D-COS analysis provides detailed molec-
ular events that the protein undergoes upon thermal
(or other) stress, 2D-CDS plots reflect the distribu-
tion of the protein ensemble in solution and reveal
the main structural events common to the majority of

Encyclopedia of Analytical Chemistry, Online © 2006–2022 John Wiley & Sons, Ltd.
This article is © 2022 US Government in the US and © 2022 John Wiley & Sons, Ltd in the rest of the world.
This article was published in the Encyclopedia of Analytical Chemistry in 2022 by John Wiley & Sons, Ltd.
DOI: 10.1002/9780470027318.a9792



4 INFRARED SPECTROSCOPY

the proteins in the sample. The spectral correlations
observed can be compared directly between protein
samples, allowing for determinations of relative stability
and aggregation. Used together, the methods can provide
an understanding of the mechanisms of aggregation and
stability within the different structural elements of a
protein.

2D-CDS is especially suited for evaluating the dynamic
elements common to an ensemble of protein structures in
a solution subjected to a perturbation.(14,15) For a set of
m spectra, Ã(υj, tk) are obtained as a function of the spec-
tral variable (υj) with j= 1, 2, … , n and some perturbation
variable t1, with i= 1, 2, … , k at defined intervals between
t1 and tk. In our data, the spectral variable υ is the QCLM
(see Section 11) wavenumber, and the perturbation vari-
able is temperature.

The dynamic spectrum Ã(υj, tk) is defined as:

Ã(υjtk) = A(υj, tk) − A(υj) (5)

with the average A(υj) as the reference spectrum given by:

A(υj) =
1
m

m∑
k=1

A(υj, tk) (6)

The asynchronous 2D-CDS spectrum Δ(υ1, υ2) is
defined as:

Δ(υ1, υ2) =
T(υ1, υ2)
m(m − 1)

m∑
k=1

k

{
Ã(υ2, tk)

A (υ2)
−

Ã(υ1tk)

A(υ1)

}
(7)

The total joint variance T(υ1, υ2) is given by:

T(υ1, υ2) =
√
Φ(υ1, υ1) ⋅Φ(υ2, υ2) (8)

By convention, the value of Δ(υ1, υ2) is set to be zero,
when A(υ1) = 0 or A(υ2) = 0 is encountered, indicating a
lack of spectral intensity at either QCLM wavenumber.
The asynchronous 2D-CDS intensity is a measure of the
difference in the distribution of two spectral signals along
the perturbation variable axis based on the mathematical
tool known as moment analysis.

The interpretation of the 2D-CDS asynchronous
plot is direct. For a positive cross peak Δ(υ1, υ2)> 0,
the presence of the spectral signal at υ1 is distributed
predominantly at an earlier stage, prior to υ2. In the
case of a negative cross peak Δ(υ1, υ2)< 0, the order is
reversed. Finally, when Δ(υ1υ2)≈ 0, the average distri-
butions of the spectral signals are similar, and therefore
they co-exist.

3 TWO-DIMENSIONAL INFRARED
CORRELATION SPECTROSCOPY
ANALYSIS FOR SECONDARY
STRUCTURE DETERMINATION

2D-COS enhances resolution by separating the spectral
data into a second dimension, providing both spatial and
temporal resolution. The only requirement is a gradual
perturbation during spectral acquisition. This has allowed
for the evaluation of proteins under different perturba-
tion conditions such as pressure,(16) ligand binding,(17)

hydrogen/deuterium exchange,(18–23) pH,(23–25) and
concentration,(23–26) with the most commonly used
perturbation being thermal.(24–49) Some of these 2D-
COS experiments determined the minimum number of
carbonyl stretching peaks that contributed to the amide
I and II bands, eliminating the subjectivity associated
with curve-fitting analysis.(17,24,25,27,29,31,32,34–37,40–42) The
minimum number of peaks required for curve fitting
analysis of the amide I and II bands is based on the
number of auto peaks and their position on the diagonal
of the synchronous plots, which provides all of the peaks
changed by the perturbation. Spectral simulations were
employed for comparison with the empirical spectral
data to verify the information gleaned from the interpre-
tation of the synchronous and asynchronous plots while
applying Noda’s rules. The selectivity of the 2D-COS
method was validated using simulation spectra of the
amide I and II bands, providing links to various types of
protein structures.(39–41)

4 SOLVENT ACCESSIBILITY AND PROTEIN
FLEXIBILITY

Several groups have applied 2D-COS to the kinetics
of hydrogen/deuterium exchange of amide bonds
to describe protein solvent accessibility.(18–22,24) The
approach involved attenuated total reflectance (ATR)
IR spectroscopy whereby a thin layer of protein film
was deposited onto a high refractive index ATR crystal
(germanium, ZnSe). The film was then purged with D2O
vapor to allow for the exchange of the ionizable protons
of the protein to exchange while spectral data were
acquired. Different classes of proteins have been subject
to the analysis of the kinetics of hydrogen/deuterium
exchange, allowing for the rate constants to be deter-
mined and classified. The first of such studies was
reported by Nabet and Pézolet.(18) 2D-COS extended
the analysis to allow the determination of regions of the
proteins that were most solvent exposed and their extent
of exchange. The use of hydrogen/deuterium exchange
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has also been employed in the study of protein complexes
to evaluate the changes in solvent accessibility upon
complex formation.

One 2D-COS example is the evaluation of human serum
albumin kinetics of exchange to allow for the separation
of the rates of amide proton exchange based on secondary
structure.(20) Another example is Chlamydomonas rein-
hardtii (Cr) centrin, a highly soluble calcium-binding
protein, where both its full-length form and terminal end
fragments were studied.(21) This combinatorial approach
allowed for the distinction of the different rates of
exchange for a highly symmetrical protein. This definitive
assessment showed a greater solvent accessibility for
the N-terminal fragment (residues 1–94), which exhib-
ited faster kinetics of exchange when compared to the
C-terminal fragment (residues 99–169), while the full-
length protein presented a combination of the two rates
of exchange as a function of time.(21) A third example
is the comparative analysis of hydrogen/deuterium
exchange involving human epidermal growth factor
receptor ligands upon binding to the receptor. These
included epiregulin, EGF, TGF-α, amphiregulin, and
heparin-binding-epidermal growth factor receptor which
were found to have differences in both their exchange
rates and their aqueous accessible surface regions. For
amphiregulin and heparin-binding-epidermal growth
factor receptor, the secondary structure composition was
also determined for the first time.(22)

Hydrogen/deuterium exchange rates associated with
the different structural elements of a pure protein and
for its complex are essential for the determination of a
binding interface. One example is streptavidin and its
complex with biotin, which was used to monitor the
exchanging of amide protons. The slowest exchange rate
was observed for the β-sheets, which occurred on the
order of hours. The binding interface was determined by
the slower rates of exchange when compared to the pure
components’ exchange rates for the same secondary struc-
tural elements.(23,24)

5 SIDE CHAIN VIBRATIONAL MODES AS
INTERNAL PROBES IN PROTEINS

The enhanced spectral resolution and peak corre-
lations from 2D-COS allow side-chain vibrational
mode analysis to improve both spatial and temporal
resolution.(17,25,27,29,31,35–37,40,41,45–49) The peaks associ-
ated with side-chain vibrational modes can serve as
probes of their peptide backbone locations by corre-
lating with the conformationally sensitive ν(C O) in the
asynchronous plot.

5.1 Advantage of H2O Over D2O in Studying Proteins

A fully hydrogen/deuterium exchanged protein requires
the use of D2O at 99.9 atom % D, the number of side-
chain modes within the amide I′ and II′ bands is limited
to four: glutamate ν(COO−), aspartate ν(COO−), argi-
nine νs(CN3H5

+), and the tyrosine ν(C C) ring.(1–5)

The side-chain vibrational modes not observed are due
to decreased absorptivity upon hydrogen/deuterium
exchange of the exchangeable protons and the shifts to
lower wavenumbers that fall outside the spectral region of
1700–1500 cm−1.(3) The four side chains that are observed
prove invaluable in understanding protein dynamics
during thermal stress.(17,25,27,29,31,35,37,46,47) These side-
chain modes can provide information regarding weak
interactions such as hydrophobic, ionic, and hydrogen
bonding interactions. The peaks associated with key side
chains serve as internal probes to provide unequivocal
proof of a molecular event within the protein.

The use of a QCLM and custom slide cells has allowed
for the direct 2D-COS evaluation of an array of proteins
in aqueous (H2O) solution.(48,49) This increases the
number of residues that can be monitored to describe
the behavior of a protein during a perturbation. Now,
10 of the 20 amino acids can be monitored, allowing a
more detailed analysis and description of the behavior
of the protein. These side-chain vibrational modes
are: (i) aspartate ν(COO−) at 1572 and 1567 cm−1 and
ν(COOH) 1725 and 1714 cm−1; (ii) glutamate ν(COO−)
at 1554, 1545, and 1534 cm−1 and ν(COOH) at 1712
and 1704 cm−1; (iii) arginine νas(CN3H5

+) at 1675 cm−1

and νs(CN3H5
+) at 1630 cm−1; (iv) lysine δas(NH3

+) at
1625 cm−1 and δs(NH3

+) at 1525 cm−1; (v) asparagine
ν(C O) at 1678 cm−1 and δ(NH2) at 1622 cm−1 and
1612 cm−1; (vi) glutamine ν(C O) at 1670 cm−1 and
δ(NH2) at 1590–1580 cm−1; (vii) histidine ν(C C) ring at
1600–1609 cm−1; (viii) tyrosine ν(C C) ring at 1518 cm−1;
(ix) phenylalanine ν(C C) ring at 1504 cm−1; and (x)
tryptophan ν(C C) ring at 1496 cm−1. All peak positions
are within ±3 cm−1.(48,49) The ability to study proteins
in a site-specific manner is now possible through the
enhanced temporal and spatial resolution provided by
2D-COS.

5.2 Side Chains as Internal Probes in Proteins

The evaluation of fully hydrogen/deuterium exchanged
model helical peptides during unfolding led to the under-
standing of the role of salt-bridge interactions in the
stability of the helical motif. The peak shifts of the argi-
nine νs(CN3H5

+) from 1582 to 1586 cm−1 and glutamate
ν(COO−) from 1565 to 1572 cm−1 indicated the disruption
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of the salt-bridge interaction that led to the unfolding of
the peptide.(29)

Side-chain modes are also sensitive to the presence of
metal cofactors. As an example, calcium-binding protein
belongs to a highly conserved protein class known as
the EF-hand superfamily. This class of protein shares a
motif that is comprised of a helix-loop-helix structure
with multiple aspartate ν(COO−) modes and at least one
glutamate ν(COO−) mode, which shift upon binding to
calcium.(17,31) The binding of calcium causes structural
stability within the motif, and multiple studies have inves-
tigated the extent to which calcium binding impacts the
stability of the protein.(17,31,35,36,46)

6 THERMAL STABILITY OF PROTEINS
(RANK ORDER)

Three main methods were employed that validated the
2D-COS analysis as an effective tool for the study of
protein stability include the use of (i) comparability
assessment for multiple protein samples that estab-
lished similarities and differences amongst the samples,
(ii) isotope editing to probe conformational changes
during thermal unfolding, and (iii) step analysis, which
separates the pretransition, thermal transition, and post-
transition events that occurred within the full temperature
range studied. The method is a valid approach that can
be customized for each protein studied. Examples of all
three are discussed below.

6.1 Unfolding of Proteins

The chain length dependence of helical stability during
thermal perturbation led to an understanding of the
mechanism of unfolding of helical segments.(27,29) The
onset and thermal transition temperatures can be defined
by monitoring the peptide bond ν(C O) stretching
modes within the amide I band, which are sensitive to
conformational changes as a function of temperature,
resulting in protein unfolding and the ability to rank order
the stability of a series of proteins.(27,29,35,49) The chain
length dependence of a series of synthetic model helical
peptides comprised of the sequence Ac-W(EAAAR)nA-
NH2 (where n= 1, 3, 5, and 7) were studied to rank
order the stability of these peptides.(27) These peptides
were observed to have greater helical content as the
repeating segment increased and the transition from
helical to unfolded state was monitored. These studies
were extended to include several13C isotope-edited
alanine residues for the n= 5 model helical peptide,
allowing for the site-specific monitoring of ν(13C O)
within the helical peptide. The site-specific isotope
editing and 2D-COS enhanced peak-resolving power

revealed that the unfolding of a peptide begins from
the C-terminal end due to the differences in stability
observed for each terminus during the unfolding of
the peptide.(29) In the case of calcium-binding proteins,
glutamates, and aspartates are sensitive to the coordi-
nation of calcium and serve to evaluate the stability of
the EF-hand motif.(17,31) Detailed extensions of 2D-COS
methods established differences in the stability of highly
conserved proteins, such as human centrins (centrin 1,
centrin 2, and centrin 3).(35) Side-chain probes have led
to the possibility of rank ordering highly related proteins
based on their conformational stability during thermal
perturbation.(29,36,49) Side-chain modes have also served
to probe weak interactions during thermal perturba-
tion that, when disrupted, led to the unfolding of the
protein,(29,30,33) hydrogen bonding,(32) and they have been
an indicator of the pH environment for the protein by
virtue of their pKR.(23–25)

The list of proteins studied during thermal perturbation
is extensive and has been reviewed elsewhere.(12,13)

Among other things, these studies examined the
differences between the unfolded CMP kinases from
Escherichia coli and Bacillus subtilis,(28) established the
different sequential molecular events that led to unfolding
of cytochrome c from different mammalian sources,(30)

and correlated the unfolding of methionine adenosyl-
transferase with its enzyme activity.(32) The latter protein
is a dimer with an extensive hydrophobic surface in
which the dimers associate to form the tetramer through
polar interactions. Another protein kinase known as Cα
was subjected to thermal unfolding in the presence and
absence of calcium, ATP, and phospholipids, whereby
less stability was conferred to the helical segments of the
protein when compared to the β-sheets.(33)

Protein domain fragments have also been studied.(37)

Peptides can be used for fragment-based drug design, as
a pharmacologically active molecule to identify potential
binding interfaces for the protein target of interest. In
one example, the FF domain of human Prp40 Homolog
A, a nuclear protein involved in pre-mRNA splicing,
the sequence of the FF3 domain peptide is comprised of
524KQLRKRNWEALKNILDNM541. The FF3 domain
peptide was determined to bind with high affinity to
calcium-binding proteins centrin(47). The molecular
description of the unfolding of the peptide included the
disruption of a salt-bridge interaction between gluta-
mate and arginine as a key event in the unfolding of
the FF3 domain.(37) As a second example, a peptide
based on a GXXG loop motif comprised of the sequence
165KRRQRLIGPKGSTLKALELLTNCY189 for human
Krr1, which contains a KH domain, is present in a wide
variety of nucleic acid-binding ribosomal proteins.(25)

The KH domain comprised of the GXXG loop motif
is highly conserved amongst mammalian organisms.
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The unfolding process was monitored under varying
conditions.(25)

6.2 Weak Interactions and Their Effect on Stability of
Proteins

Human serum albumin consists of three homologous
domains comprised of 67% helical structure, 10% β-turns,
and 23% random coil. The helical segments are ther-
mally stable under varying pH conditions. One study
found that pH-dependent conformational changes and
hydrogen bonding interactions involving glutamates and
aspartates with the backbone of the protein were respon-
sible for the stability of the protein.(23) β-lactoglobulin
serial dilutions were evaluated during thermal perturba-
tion using ATR IR and 2D-COS, which resulted in the
adsorption of the protein at high concentrations.(23)

6.3 The Effect of Posttranslational Modification of
Proteins on Stability

The effect of posttranslational modifications (PTMs)
on protein stability during thermal perturbation has
provided insight into changes in local stability due
to the chemical modification.(17,31,34) The effect phos-
phorylation had on the domain stability of centrin, a
calcium-binding protein with two independent structural
domains, was explored. Although a 1.1 ∘C difference in
the thermal transition temperature was observed for the
phosphorylated (Tm = 111.0 ∘C) and unphosphorylated
(Tm = 112.1 ∘C) protein, as ascertained from differential
scanning calorimetry, the instability of the EF-hand
motif due to the phosphorylation modification was
confirmed by 2D-COS, along with a complete descrip-
tion of the molecular events that led to the unfolding
of the protein.(34) The effect of calcium binding on the
local and overall stability of this conserved protein was
also established through calcium titration of the domain
fragments and the full-length protein. Differences in
calcium binding affinity were correlated to differences in
the molecular behavior of these domains when compared
to each other and the full-length protein.(17,31) Taken
together, these studies show that 2D-COS is not limited
by protein type (aqueous or membrane-bound), size,
structure, or PTM and is therefore an important method
for the evaluation of protein unfolding.

7 CHARACTERIZATION OF
PROTEIN–PROTEIN INTERACTIONS

7.1 Enabling Crystallization of Protein Complexes

The QCLM (further discussion is provided in Section 11)
has proven useful in the evaluation of protein
crystallization screens. The advantages of hyperspectral

(HS) image acquisition, are that it is 200× faster than an
FT-IR microscope, it provides enhanced signal-to-noise
ratio spectral data, that can be used to investigate both
the processes of crystallization and aggregation, and
can help determine whether the crystallized protein is
representative of the protein in solution.

The study of protein complex crystallization (human
centrin (E32A)-Sfi1p32 complex) in its crystallization
solution without isotope editing was recently achieved.
This study highlights 2D-COS’s capability to distinguish
the spectral peaks for each component solely based on
differences in stability and dynamics during the thermal
perturbation.(48) 2D-COS allowed the development of
an understanding of the roles of weak interactions of
the solvent-exposed side chains to enable crystallization.
The approach has the potential to contribute in the eval-
uation of crystallization screens of protein complexes,
thereby increasing the success rate of high-resolution
X-ray structure determinations.

7.2 Validating Potential Drug Targets

Spectroscopically, the evaluation of a complex is chal-
lenging because both proteins will have peptide bonds.
It is necessary to distinguish the carbonyl stretching
vibrations within the amide I band ν(C O) for each
protein, independent of size and structural complexity.
The approach has been to isotope label one of the
protein components with 13C using 13C-enriched minimal
media during the protein expression in cell cultures. The
isotope causes the carbonyl stretching mode ν(13C O)
to shift to lower wavenumbers, for example, from 1645
to 1596 cm−1 (ν(12C O) to ν(13C O), respectively)
for a helical peptide. This shift is due to the reduced
mass and can be calculated for a stretching vibration.
More importantly, isotope editing effectively sepa-
rates the main conformationally sensitive vibrational
modes in a two-component protein mixture. The Cr
centrin–melittin complex at a 1:1 molar ratio was used
as a proof-of-concept model.(46) Centrin is a highly
conserved calcium-binding protein, while melittin is
a well-characterized 26-residue amphipathic peptide.
Melittin is comprised of the sequence GIGAILKVLAT-
GLPTLISWIKNKRKQ, of which the first 20 residues
are hydrophobic and the C-terminal end is positively
charged, providing surface area for interaction with a
calcium-binding protein with EF-hand motifs. The two
types of carbonyl stretching modes, ν(13C O) assigned
to centrin and ν(12C O) assigned to melittin, provided
the opportunity to monitor both protein components
simultaneously. The requirements for peptide binding
were defined to be the recognition of hydrophobic
contacts for specificity, followed by ionic interactions
leading to complex formation within the temperature
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range of 5–60 ∘C; the centrin–melittin complex then
proceeded to dissociate at temperatures of 60–95 ∘C.
Centrin maintained an extended conformation while
interacting with melittin. The centrin–melittin complex
was also validated by isothermal titration calorimetry,
where the interaction was determined to be exothermic
with a Kd = 7.4± 0.07 nmol L−1 at 25 ∘C, and by X-ray
crystallography (PDB ID: 3QRX).(46)

The second case is the centrin–Prp40pA complex.(47)

Prp40A was found to be a centrin target by yeast-two-
hybrid screening assays. This pre-mRNA processing
protein is a component of the spliceosome found in
eukaryotic cells. Prp40 has an essential role in the initi-
ation step of the pre-mRNA splicing process. There
are two homologs, A and B, and homolog A was the
subject of investigation. This protein is comprised of
two WW domains followed by 6 tandem FF domains
(FF1–FF6), which mediate Pro40-target interactions.
Furthermore, human Prp40A has been implicated in
genetic disorders such as Huntington’s disease. Human
centrin 2 is involved in mRNA and protein export from
the nucleus. Also, human centrin 2 shares 70% amino
acid sequence identity with Cr centrin. For this study,
the Prp40 FF3 domain is comprised of the sequence
524KQLRKRNWEALKNILDNM541, which was found
to contain a hydrophobic triad (W1L4L8) as a poten-
tial binding site for centrin. Comparative analysis of
the binding affinity of Cr centrin and human centrin 2
with the FF3 domain of Prp40 using isothermal titra-
tion calorimetry resulted in binding isotherms that
were exothermic, with Kd = 278± 31 nmol L−1 and
588± 69 nmol L−1 for human centrin 2 and Cr centrin,
respectively. 2D-COS was used to define the molec-
ular mechanism of dissociation of the centrin–Prp40Ap
complex (1:1 molar ratio) and unfolding during thermal
stress.

The sequential order of molecular events revealed the
key to complex formation was the intermolecular salt-
bridge interaction between Prp40Ap’s negatively charged
residues, glutamate (E532) at 1541 cm−1 and aspartate
(D539) at 1567 cm−1, and centrin’s arginine (νs(

13C—N)
at 1557 cm−1 and νas(

13C—N) at 1577 cm−1) residues,
as well as the requirement of hydrophobic interaction
within the binding interface. The backbone and side-
chain vibrational modes were crucial to understanding
complex formation and dissociation. Furthermore, the
side-chain modes were used to probe the interactions and
validate the thermodynamic studies performed for the
different protein complexes. 2D-COS analysis defined the
interactions between the proteins through the correlation
of peaks from each protein component during thermal
perturbation by taking advantage of isotope editing of
one of the protein components.

8 MECHANISM OF AGGREGATION

There are multiple mechanisms of protein aggrega-
tion, which can be differentiated by 2D-COS due to its
ability to characterize detailed molecular events during a
perturbation.(25,43–47) These aggregation mechanisms are
diverse and can lead to different manifestations of the
protein’s physical and biochemical state. The list includes,
but is not limited to self-association(25) dominated by
weak interactions (discussed below for the National
Institute of Standards and Technologies (NIST) mAb
in Section 12), the precipitation of the protein leading
to insoluble aggregates,(48) the generation of amyloid
fibrils,(44) and soluble aggregates that can be due to
partial or complete unfolding of the protein that impacts
its function. Soluble aggregates have been induced by
deamidation at high pH and under thermal stress for
clinical mAbs (data not shown). Therapeutic protein
aggregation can lead to unwanted immune responses and
has been reviewed elsewhere.(50–52)

8.1 Determining the Type of Aggregate

2D-COS studies have described the mechanisms of aggre-
gation for a series of proteins, including myoglobin,(43)

cytochrome c,(42) human Krr1 KH domain,(25) the acti-
vation domain of human procarboxypeptidase A2,(44)

methionine adenosyltransferase,(32) insulin,(26) and
melittin within the centrin–melittin complex.(25,26,32,42–45)

For myoglobin, the thermal unfolding of the protein was
studied using step analysis whereby the entire thermal
perturbation range was separated into smaller temper-
ature segments (step analysis) to investigate molecular
events resulting in a clear definition of the conforma-
tional state of myoglobin protein during each phase of the
transition. This analysis provided unequivocal evidence
as to the temperature where the aggregation occurred.(43)

Cytochrome c is a membrane-associated protein and was
studied in the presence of dimyristoylphosphatidylglyc-
erol (DMPG) in a (50:1) lipid:protein, molar ratio. The
reconstituted sample was subject to thermal perturba-
tions from 10 to 65 ∘C, followed by the monitoring of
the reconstituted sample during a 120-min incubation
period at 65 ∘C. A two-step aggregation process was
defined using 2D-COS, which began with self-association
(reversible) leading to thermal unfolding and aggregation
(irreversible).(42)

The KH domain of human Krr1, referred to as the
GXXGlp synthetic peptide (165KRRQRLIGPKGSTLK
ALELLTHCW189), was studied in the presence and
absence of trifluoroacetic acid (TFA), a by-product of
the of solid-phase synthesis. For the purpose of the
aggregation evaluation, GXXGlp samples were at two
different concentrations, 50 and 16 mg mL−1. At the

Encyclopedia of Analytical Chemistry, Online © 2006–2022 John Wiley & Sons, Ltd.
This article is © 2022 US Government in the US and © 2022 John Wiley & Sons, Ltd in the rest of the world.
This article was published in the Encyclopedia of Analytical Chemistry in 2022 by John Wiley & Sons, Ltd.
DOI: 10.1002/9780470027318.a9792



TWO-DIMENSIONAL CORRELATION AND TWO-DIMENSIONAL CO-DISTRIBUTION SPECTROSCOPIES OF PROTEINS 9

higher concentration, self-association, distinct from
aggregation, was observed under thermal perturbation
(5–90 ∘C). Self-association was determined to be due
to an intermolecular salt-bridge interaction between
arginines (R165 and/or R166) and glutamate (E182)
located near the C-terminal end of the peptide.(25)

The formation of amyloid fibrils was observed for
procarboxypeptidase A2 (ADA2h). The loss of structure
with increasing temperature followed by the dramatic
appearance of the aggregation peak at 1619 cm−1 was
observed for the wild-type as well as three variants of
the protein. The only differentiator in the amyloid fibril
formation for ADA2h samples was the kinetics of the
process.(44) The evaluation of the methionine adeno-
syltransferase enzyme under thermal perturbation led
to the determination of protein unfolding leading to
aggregation.(32) The monitoring of insulin for the forma-
tion of fibrils at 74 ∘C required a period of 18 hours.(26)

Finally, the selective aggregation of melittin in the
centrin–melittin complex in the presence of TFA demon-
strated the role of an excipient,(45) a by-product of the
solid phase synthesis of melittin. In this case, melittin
was observed to have increased helicity upon binding
to centrin, and as the thermal perturbation progressed,
the selective aggregation of melittin was observed within
the ternary complex (further discussion in Section 8.3
below).

A QCLM was used for the evaluation of the devel-
opability of a mAb fragment, the IgG CH2 domain. The
IgG1 CH2 domain has the potential to be the basis of a
new class of protein therapeutics, because of its bifunc-
tional role as an effector and biomarker protein. Three
similar mAb fragments (CH2, CH2s, and m01s) comprised
of residues Pro238 to Lys340 of the IgG1 heavy chain
(HC) sequence were studied during thermal perturba-
tion within the temperature range of 28–60 ∘C. Regions
within the protein that were prone to self-association
were identified for CH2 and CH2s. The sequential molec-
ular order of events allowed for a detailed description
of the mechanism of self-association and unfolding for
CH2, CH2s, and m01s. Furthermore, the engineered disul-
fide bond in m01s created a stable protein free of aggre-
gation and consequently the most stable mAb fragment
candidate.(49)

8.2 Determining the Mechanism and Region Prone to
Aggregation

2D-COS provides an in-depth analysis of the spectral data
of proteins during a perturbation, offering an opportu-
nity to understand the mechanism by which the protein
of interest aggregated, but more importantly, to iden-
tify the region within the protein prone to aggregation.
This information enhances our understanding of the risk

factors associated with aggregation and provides valuable
information for the mitigation of the risk of aggregation.
Several case studies will be presented to substantiate this
approach.

The first example is heat-induced aggregation of
glutamyl-tRNA synthetase, both wild-type and a variant
that differs by only one amino acid. The FT-IR study for
both proteins was limited to the amide I band within the
spectral region of 1700–1600 cm−1.(38) The mechanism of
aggregation determined by 2D-COS involved the helical
segments of the protein, thus effectively identifying
the region prone to aggregation within glutamyl-tRNA
synthetase.

Cytochrome c, a peripheral protein involved in elec-
tron transport in the mitochondrial inner membrane,
was investigated to understand its aggregation mech-
anism in the presence of DMPG during thermal
perturbation.(42) The group identified for the first
time that the cytochrome c protein underwent partial
unfolding that led to aggregation. The helical regions
were linked to aggregation via the formation of fibrils
upon incubation at 40 ∘C. The aggregation process was
monitored to track the conformational changes of the
protein. The monitoring of conformational changes
within myoglobin, a well-known heme protein, using
the amide I band led to a description of steps defined
as pretransition (30–58 ∘C), during transition (60–68 ∘C),
and posttransition (70–80 ∘C). This study provided a
complete molecular description of the phases of the
aggregation process during thermal stress of the protein
and gave an unequivocal assessment of the mechanism
of aggregation involving multiple destabilized helical
segments and β-sheets.(43)

The study of amyloid formation has remained a key
interest for protein spectroscopists, resulting in the study
of a well-characterized model for protein folding and
misfolding, known as procarboxypeptidase A2 (ADA2h).
The wild-type and 3 variants were studied to under-
stand the kinetics of fibril formation. The nucleation of
the protein followed by conformational reorganization
rendered the amyloid fibril. The different kinetics of the
processes were dependent on the initial stabilities of each
variant protein when compared to the wild-type.(44)

8.3 The Extent of Aggregation

An understanding of the mechanism of aggregation is
a prerequisite to assessing the extent of aggregation.
Knowledge of the region prone to aggregation within
the protein is also necessary. The secondary structural
segment that becomes unstable leading to the protein’s
structural collapse is the fundamental basis for the deter-
mination of the extent of aggregation. One example is
the case of the centrin–melittin–TFA complex, where
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melittin underwent selective aggregation. The extent
of aggregation was determined to be 12.0%.(45) The
assessment of the molar absorptivity of the aggregate is
difficult, but the cumulative experience describing the
phenomenon of protein aggregation has led to a method
for the determination of the extent of aggregation that is
applicable to any protein and again requires a 2D-COS
analysis.(50,51)

Given the wide variety of 2D-COS studies describing
processes related to protein drugs, this work could focus
on many areas. However, we chose to focus on protein
deamidation because, like oxidation and glycosylation, it
is one of the critical quality attributes (CQAs) evaluated
during therapeutic protein development. By focusing on
deamidation, we will illustrate and validate the applica-
tion of 2D-COS as a site-specific method to study thera-
peutic proteins and formulations.

9 PROTEIN DEAMIDATION

9.1 The Mechanism of Deamidation

Deamidation is a nonenzymatic two-step chemical reac-
tion involving an asparagine or glutamine residue that is
subject to a nucleophilic attack by the amide of the N+ 1
peptide bond on the carbonyl of the side chain to form

a cyclic intermediate. The cyclic intermediate undergoes
hydrolysis, causing ring opening and the generation of
the corresponding carboxylate (aspartate or glutamate,
respectively), effectively introducing a negative charge
in the amino acid sequence of the protein. The deami-
dation event has been observed to occur when the
protein is subject to acidic or basic pH and/or thermal
stress. Furthermore, deamidation has been found to
occur during production, processing, and storage of
proteins.(52) The introduction of a negative charge can
affect the protein’s biological activity, half-life, and
immunogenicity.(53,54)

These significant modifications of a protein’s prop-
erties must be discovered, tracked, and evaluated to
improve drug quality, safety, and efficacy. Protein devel-
opers have categorized deamidation as a product of
a degradation pathway that leads to drug substance
heterogeneity.(55,56) The US Food and Drug Adminis-
tration requires a comprehensive characterization of
PTMs, such as deamidation, and the structural and
compositional heterogeneities they cause in order for a
protein drug substance or biosimilar to become a new
biotherapeutic protein.(52)

The mechanisms of these deamidation processes are
described in Figure 1 for asparagine and Figure 2 for
glutamine.(57,58) Yellow highlights define the peptide
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Figure 1 Schematic representation of the mechanism for asparagine deamidation. Top panel: The backbone is highlighted in yellow.
Bottom panel: Bar graphs correspond to intensity changes for different functional groups (vibrational modes) that are monitored
in real-time during the reaction: (A) Asn and iso-Asn ν(C O) at 1678 cm−1 (red), (B) Asn δ(NH2) at 1612 cm−1 (blue), (C) Asp
and (D) Iso-Asp ν(COO−) at 1576 or 1567 cm−1 (green). The arrows define the direction and the proportionate change in intensity.
Source: Based on Riggs et al.(58)
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Figure 2 Schematic representation of the mechanism for glutamine deamidation. Top panel: The backbone is highlighted yellow.
Bottom panel: Bar graphs correspond to intensity changes monitored in real-time: (A) Gln and iso-Gln ν(C O) at 1670 cm−1 (red),
(B) Gln δ(NH2) at 1581 cm−1 (blue), (C) Glu and (D) Iso-Glu ν(COO−) at 1554 or 1545 cm−1 (orange). Source: Based on Pace et al.(57)

backbones. Temperature, pH, the identities of the
residues near the reacting amino acid, and the higher-
order structure near the reaction site influence the
deamidation reaction rate. In addition to the rate, the
pH of the solution influences which specific reaction
mechanism takes place. At higher pHs, deamidation of
asparagine is base-catalyzed. The reaction involves the
nucleophilic attack of the N+ 1 nitrogen of the protein
backbone on the carbonyl carbon of the asparagine
side chain (Figure 1). The bond formation produces
a cyclic five-membered succinimide intermediate and
releases ammonia. Spontaneous hydrolysis occurs at
either the α or β carbonyl groups to form isoaspartic
acid or aspartic acid in a ratio of approximately 3:1.(59) In
contrast, at lower pH near 5.5 or 6.0, an Asu-mediated (2-
aminosuberic acid) isomerization pathway (not shown) is
accelerated.(60)

Glutamine deamidation occurs by direct hydrolysis
to glutamate under acidic conditions.(60,61) At neutral
or alkaline conditions, glutamine deamidates via a
six-membered glutarimide ring to glutamic acid or α-
glutamic acid (Figure 2), similar to the five-membered
ring mechanism of the asparagine deamidation.(57,60,61)

While deamidation of glutamine is often slower than
asparagine, rates are dependent on many factors beyond
residue identity.(58,62,63)

The rates of both types of deamidation are dependent
on buffer conditions, pH, the amino acids before and after
the glutamine/asparagine residue, and additional higher-
order structural factors. Small charged amino acids on

either side of the asparagine or glutamine residue can
accelerate deamidation.(62) In addition, despite different
rates, both types of deamidation are often observed
together. For example, one previous report described
10 asparagine and 7 glutamine deamidations. Further,
deamidation rates are difficult to predict.(64) For example,
despite reduced and denatured conditions, only 4 of
10 asparagines and 1 of 7 glutamines were significantly
deamidated in Liu.(62)

The deamidation of asparagine or glutamine residues
increases the protein molecular weight by ≈1 Da and
adds one negative charge to the protein by generating an
acidic species.(60) The formation of isoaspartate or aspar-
tate isomerization introduces a carbon into the protein
backbone (Figure 1).(58) These changes introduce hetero-
geneity into the amino acid composition and structure of a
mAb.(64,65) These changes can occur at any time between
molecular synthesis until the antibody leaves the body.
While a complete understanding of all types of PTMs and
the heterogeneities they cause in a protein drug to allow
complete drug formulation, this article focuses on deami-
dation as one of the most prevalent types of PTMs.(66)

9.2 Current Approach to the Evaluation of
Deamidation

The NISTmAb Reference Material (RM) 8671 is
intended to be an industry-standard representative
mAb for precompetitive harmonization of best prac-
tices and designing next-generation characterization
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technologies for identity, quality, and stability testing.(67)

RM 8671 represents a typical therapeutic protein and
is available in a stable format. A stratified sampling
and analysis plan using a series of qualified analytical
and biophysical methods is described that assures RM
8671 meets industry standard criteria.(67) RM 8671 was
verified to be homogeneous both within and between
vialing lots, demonstrating the robustness of the life cycle
management plan.(67) RM 8671 can be compared with
the in-house primary sample 8670 (PS 8670) to produce
lot-to-lot variability studies. The precompetitive nature of
NISTmAb RM 8671 makes it a practical, open-innovation
platform to demonstrate novel analytical and biophysical
technologies.(67) RM 8671 offers an unprecedented oppor-
tunity for developing tools to answer foundational ques-
tions such as determining the presence and site of protein
deamidation. RM 8671 provides a common platform for
integrating, modeling, and data visualization of complex,
multi-approach data to guide the next-generation
biopharmaceutical analytical tools to determine the
developability of a protein candidate. The presence of
a widely available industry-quality material, analyzed
by countless permutations of every new and available
analytical tool, will produce the most comprehensive and
dynamic single protein characterization to date.(67)

While recombinant DNA technology can allow the
production of well-defined proteins with a high level
of consistency, the testing of the product is required to
ensure the proper starting material is selected.(66) Unlike
traditional chemical synthesis, recombinant DNA tech-
nology occurs in living cells, making modifications of the
desired characteristics (modalities) of the therapeutic
protein possible. Newly developed proteins are subjected
to stress conditions during the manufacturing process
that can lead to alterations in the desired protein product.
The structural and compositional complexity requires
new analytical methods to identify and characterize
these alterations. Generally, the first analytical methods
employed are chromatography and electrophoresis,
which allow the separation and quantitation of the major
and minor isoforms.(66)

While necessary, knowledge of the fraction sizes and
biochemical characteristics described by chromatography
and electrophoresis of the intact molecule or its subunits
are insufficient. Information that describes the specific
site of deamidation is desirable. Knowledge of the specific
location of deamidation allows the importance and role of
each deamidation to be determined. For example, deami-
dations that occur in the complementarity-determining
regions (CDRs) of a mAb are possibly more important
than those that occur in the Fc region because they are
more likely to influence antigen binding.(66)

LC-MS-based techniques, described in Guideline Q6B
by the International Conference on Harmonisation

(ICH) of Technical Requirements for Registration of
Pharmaceuticals for Human Use, may be used to estab-
lish the identity of the protein drug substance through
the determination of the amino acid sequence.(52) Once
the amino acid sequence is confirmed, deamidation sites
can be localized to specific residues, but they are still
challenging to characterize.

While there are limits to finding deamidation sites using
top-down MS on the intact protein, it is usually possible
to do so with peptide-level analyses.(68) These sophisti-
cated MS techniques have many strengths that make these
analyses possible and some weaknesses that make them
difficult. For example, absolute differentiation of isomeric
amino acids like isoleucine and leucine is impossible. In
addition, even in complete protein analysis, near-isomeric
compositions cannot be unequivocally differentiated (e.g.
lysine vs. glutamine, leucine/isoleucine vs. asparagine, or
aspartic acid). Further, unequivocal amino acid assign-
ments get more complicated with additional fragment
size; for example, amino acid pairs EG, DA, VS, and single
residue W all have a nominal mass of 186 Da.(52) Finally,
deamidations at low levels may not be observable regard-
less of instrumental resolving power.(52)

Bottom-up MS approaches are commonly used to
localize PTMs to a particular amino acid site.(69) Multiple
sample preparative steps are required that result in the
generation of a plethora of peptides that are expected to
be representative of the full-length protein. Such methods
involve the reduction and alkylation of the protein, then
enzymatic digestion prior to analysis. Trypsin is most
often used for digestion because it, cleaves proteins on
the carboxyl side of arginine and lysine (except when
followed by proline).(67) Since most proteins contain
numerous arginine and lysine residues, the use of trypsin
typically generates an abundance of peptides ideally sized
for MS analysis. In addition, the basic amino acid at the
C-terminus of each peptide allows them to ionize readily
in the MS source. After tryptic peptides are analyzed by
LC-MS, software algorithms are used to identify each
peptide based on the observed mass to charge ratios
(m/z) and their correlation to the theoretical m/z values
calculated from the known protein sequence. Tandem
MS (MS/MS) methods are typically used to fragment,
and essentially sequence, the peptides, which provides
not only identification of the peptide but also localization
of PTMs to a specific residue.(69)

MS signal detected over time as tryptic peptides elute
from the chromatography column and pass through the
detector can be visualized as a chromatographic trace, or
‘peptide map’ can be used for monitoring deamidation
and other PTMs.(52,67,70) The method requires the compar-
ison to a reference peptide map to survey for changes in
peak retention time or peak height, or the appearance of a
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new peak, that would be indicative of sample degradation
(i.e. new or increased levels of PTMs).

Peptide mapping does not always result in full sequence
coverage of the protein, for example typical sequence
coverage for the HC of the NISTmAb has been reported
at 96.89%, thus a modification may be missed if it resides
on an undetected site.(67,52) It can be challenging to detect
a deamidated peptide and localize its deamidation site if it
is not chromatographically resolved from its unmodified
counterpart because their overlapping isotope envelopes
make m/z resolution difficult.(52) Finally, incomplete frag-
mentation of a deamidated peptide during MS/MS may
not provide confident localization of the deamidation site
if multiple candidates are present in the same peptide.

9.3 Implications of Deamidation for Therapeutic
Protein Development

Deamidation can occur in the cells where the protein is
produced, during purification, during storage, and under
different stress conditions. Buffer composition, ionic
strength, pH, and higher-order structure can all affect
the deamidation rate.(60) Structurally, the formation of
isoaspartate or aspartate from asparagine and subsequent
isomerization introduces a carbon atom into the protein
backbone, which is more significant than the addition
of the single negative charge.(52) Deamidation is also
involved in creating charge heterogeneity (gain of nega-
tive charge) of proteins and mAbs.(68,52) Global mapping
of charge isomers can determine the effects of modi-
fications such as deamidation on charge isomers.(71,72)

At the protein level, deamidation is second only to
N-glycoforms containing sialic acid in terms of the effect
on charge isomers. At the peptide level, deamidation is
more critical.(73)

Asparagine deamidation is an almost universal modi-
fication of mAbs.(52) Asparagine residues in the CDR
are inherently susceptible to deamidation because of
their relatively higher flexibility and greater exposure to
solvents than at other locations. In addition to deami-
dation in the CDR, deamidation also occurs in suscep-
tible asparagine residues in the constant region.(74,76) For
example, the most widely observed deamidation sites
are in the amino acid sequence SNGQPENNY, located
in the Fc region. Variants containing deamidation prod-
ucts are less hydrophobic than those with the original
asparagine residues. When measured by differential scan-
ning calorimetry, the antigen-binding (Fab) fragment with
the deamidation product, isoaspartate, is less stable than
Fab with the original asparagine residue.(74)

Deamidation does not always impact in vivo
clearance.(75,78) However, mAbs have long half-lives in
the body, so there is more time for heterogeneity to both
happen and to have an effect. Natural human IgG has

23% deamidation at the conserved site in the Fc region,
which is consistent with the molecule’s in vivo half-
life.(77,78) The presence of such high levels of deamidation
in natural human IgG suggests that deamidation, at least
in the conserved fragment, is not foreign to the immune
system and, therefore, would not present an increased risk
of immunogenicity.(78) On the other hand, a case is known
where the in vivo deamidation of a HC CDR-based
asparagine significantly reduced the drug’s efficacy.(76–78)

Shelf life can be affected by many other factors, deami-
dation is the primary degradation pathway in mAbs,
and deamidation is mainly affected by hydroxide ion
concentration.(57) Knowledge of deamidation under
different forced degradation conditions is commonly
employed to accelerate testing and provide predictive
results for industry formulation screens. It is crucial to
optimize tryptic digestion procedures and distinguish
procedure-induced artifacts from actual alterations for
the accurate determination of deamidation levels.(72) For
example, acidic and basic buffers exhibited different
trends in mAb deamidation rates at 40 and 5 ∘C,
suggesting that a formulation that renders the protein
more stable at 40 ∘C may result in reduced stability at
5 ∘C.(57) The presence of two trends suggests a second
deamidation site tentatively assigned to Asn323 in the
VSNK motif. Combining the two trends suggests that
the deamidation rate is lowest at pH 6.3.(57) A change
in the mechanism of deamidation related to changes in
higher-order structural rigidity rather than a new site
is unlikely because acid-catalyzed mechanisms usually
require close to pH 3.

10 WHERE AND WHEN DOES
DEAMIDATION HAPPEN?

Deamidation modifications occur during production,
processing, and storage.(52) Most modifications are low
abundance minor species. Therefore, modifications must
be discovered, tracked, and evaluated for quality, safety,
and efficacy. Historically, the analytical methods of
chromatography and electrophoresis allow the separa-
tion and quantitation of the major and minor isoforms.
While necessary, knowledge of the fraction, sizes, and
the sequence related to the deamidation site is insuf-
ficient. Therefore, many MS techniques are used to
localize the modifications’ positions in the protein back-
bone. For example, LC-MS peptide mapping produces
a unique chromatographic peptide trace for a particular
protein.(67,79) Then, the mass spectra of each peptide
are used to determine the specific residue undergoing
deamidation.

There are many reports of asparagine deamidation but
fewer reports of glutamine deamidation. There are several
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Table 1 (a) Comparison of relative abundance (%) deamidation for different sites identified using different digestion methods for
NISTmAb (RM 8671) may belong to the LC or HC. (adapted). (b) Comparison of relative abundance (%) deamidation for different
sites identified using different digestion methods for NISTmAb (RM 8671) heavy chain.(51)

Deamidation site Alternative rapid
digestion (n= 6)

SMART digest
45 min (n= 6)

Magnetic SMART digest
45 min (n= 6)

In-solution,
heating (n= 6)

(a)
Q1 0.041 — — 0.041

∼Q36 0.690 1.553 1.440 —
N78 0.116 0.584 0.690 —
Q79 0.380 0.845 1.059 0.477
Q146 0.284 0.724 0.603 0.310
∼Q154 0.517 0.244 0.664 0.464
∼N157 — 1.478 0.977 0.840
Q198 0.367 0.786 0.784 0.544
N209 — 0.195 0.241 0.555

(b)
N289 0.180 1.056 0.869 0.591
N300 — 0.230 0.106 —
N318 — 5.502 3.206 11.942
N328 0.650 0.294 — 2.253
N364 0.040 1.849 0.440 0.288
Q365 0.304 0.853 1.694 0.324
∼Q422 — 0.625 0.353 —

∼The modification was found on the tryptic peptide but could not be localized to a specific amino acid using MS/MS.
Bold font is used to highlight the deamidation sites that have been independently validated by the use of the combination of a Quantum Cascade
Laser Microscope and the Correlation Dynamics software.(51)

of both types of deamidation-prone sites reported in the
NISTmab RM 8671, as shown in Table 1. These sites
come from deamidations of both spontaneous and forced
degradation origins. These analyses of NISTmAb RM
8671 produced excellent quality data with high confi-
dence in the results. Sequence coverage was high, and
sample preparation-induced PTMs, while observed, were
low, except for deamidation of N318 and N387, which are
potentially more susceptible to deamidation.(79–81)

10.1 Prediction of Deamidation Sites

Over the last ten years, substantial efforts have
determined many factors responsible for deamid-
ation.(60,62–64,85) Generally, these studies concentrated
on the structural properties of CDRs, which correlated
with deamidation observed by MS. The deamidation
hot spots generally have conformational flexibility
and certain C-terminal flanking residues within the
sequence. These efforts also strived to determine the
roles of primary sequence, solvent dielectric constant,
temperature and pH.

One of these studies focused on a total of about 20
structural properties.(64) The authors built an in silico
prediction method for CDR degradation by asparagine
deamidation. Data from 37 different mAbs and 60 residue
changes identified 21 hot spots (i.e. residues found to
have >3% modification after stress treatment), 14 weak
spots (1–3% modification), and 24 reactive spots (<1%

modification). All of the hot spots were in CDR loops.
Asparagine residues flanked by glycine, serine, threonine,
asparagine, or histidine were the most likely to deamidate,
with 67% of the NG pairs, followed by 21% of NS pairs,
14% of NN pairs, and 11% at NT pairs being identified as
hotspots. The most degradation-prone site, NG, was found
to be comparatively infrequent in the ImMunoGeneTics
database of human mAb CDRs.(85)

Another study applied machine learning to an LC-
MS/MS dataset comprised of 776 peptides from mAbs
using random decision forest models to predict the likeli-
hood and rates of deamidation.(86,87) The resulting model
predicted the overall observed deamidation rate in the
training set an R2 of 0.96 and is intended to be used for
improving the developability of drug candidates.

LC-MS was employed to aid in the development of
these models to optimize the chemical stability of mAbs
at an early stage of development. In this study, a combi-
nation of low pH, high pH, and heat stresses were applied
to 131 mAbs designed with variable regions representa-
tive of the clinical-stage mAbs. The study was limited to
the tryptic peptide mapping of the CDRs exclusively. The
authors observed high frequency of asparagine deamida-
tions in CDRs H2 and L1. Multiple asparagine sequence
motifs were observed to deamidate. NS, NN and NT
had > 1% modification as compared to 5% modification
for NG based on the total motif occurrence within the
CDRs.(86)
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The extensive experimental study of the deamidation of
the asparagine and glutamine residues in these 131 mAbs
spawned a modeling study to understand and predict
a protein sequence’s propensity for such PTMs and
ultimately help expedite therapeutic protein discovery
and development.(59) To that end, proton-affinity calcula-
tions with semi-empirical quantum mechanics and μs-long
equilibrium molecular dynamics simulations were done to
investigate mechanistic roles of the structural and chem-
ical environment in dictating spontaneous degradation of
asparagine residues in 131 clinical-stage-like therapeutic
antibodies. Backbone secondary structure, side-chain
rotamer conformation, and solvent accessibility were
shown to be three key molecular predictors of asparagine
deamidation.(59) In addition, comparative analysis of
backbone dihedral angles and N–H proton affinity calcu-
lations provided a mechanistic explanation for the strong
influence of the identity of the N+ 1 residue on the rate
of asparagine deamidation. The authors leveraged their
calculations into a minimalistic physics-based classifi-
cation model to predict the deamidation propensity of
therapeutic proteins.

10.2 Developability and Deamidation Hot Spots

The importance of developability is increasing. The
concept of developability relies on the knowledge gained
from the successful development of approximately 80
marketed antibodies and Fc-fusion protein drug products
and the lessons learned from many failed develop-
ment programs over the last three decades. The goal
of developability is to utilize thorough evaluations of
mAb lead candidates at early stages to bring this body
of knowledge into play to avoid delays during late-stage
development.(82–88)

Developability relies on the measurement of attributes
critical to developing protein drug products such as the
sites and extents of protein deamidation.(87,88) Traditional
and state-of-the-art analytical methods to monitor those
attributes are not enough. A practical early developability
assessment will require new analytical methods to charac-
terize protein deamidation. Here we describe our efforts
to apply IR spectroscopy-based methods to improve the
early-stage detection of protein deamidation.

11 METHODS

11.1 HS Image Acquisition

A QCLM allows for the rapid collection of a series of
HS images at different sets of temperatures for a series
of protein samples in a slide array. The advantage is
the real-time comparability assessment of the protein
samples within the spectral range of 1700–1500 cm−1,

which includes both the amide I and II bands, evaluated
under the exact same temperature conditions in H2O. The
QCLM is 200× faster than current FT-IR microscopes.
The QCLs were developed by the Capasso(89) group using
a series of thin semiconductor layers of varying material
composition that, upon the application of an electric field,
inject electrons into the upper state of a quantum well
system. The relaxation of the radiated electron generates
mid-IR photons. A single electron can undergo multiple
radiative transitions, generating the spectral region of
interest. The thickness of the semiconductor layers is used
to define the emission wavelength, allowing for a broad
spectral range of about 100 wavenumbers. This type of
laser is known as an external cavity QCL and has been
designed for the QCLM. The tuning of these lasers using
a diffraction grating relative to the QCL chip, along with
the combination of up to four external cavity QCLs,
provides an increased spectral range of 1000 wavenum-
bers within the mid-IR range (MIRcat-QT from Daylight
Solutions).

To evaluate stability, NISTmAb Primary Sample (PS
8670) was subject to a dilution using 25 mM L-histidine
at pH 6.0. The resulting concentrations were as high
as 100–40 μg μL−1 and as low as 10–2.5 μg μL−1. One
μL of each sample was applied to a predefined well
in a custom milled CaF2 slide array with fixed path-
length from Protein Dynamic Solutions, Inc. (Wakefield,
MA). The slide cell was then placed in a heated acces-
sory with (±0.03 ∘C) thermal control. HS images were
acquired within the temperature range of 28–60 ∘C with
8 ∘C intervals and 4 min equilibration periods using the
ProteinMentor™, a QCL IR transmission microscope
from Protein Dynamic Solutions, Inc. (Wakefield, MA).
The QCLM is comprised of four broadly tunable external
cavity QCLs, a low magnification objective (4×) with a
numerical aperture of 0.3, and a 2× 2 mm2 field of view
providing a pixel size of 4.25× 4.25 μm2 and a linear
response microbolometer focal plane array (480× 480
pixels) detector. The HS images are composed of 223 000
QCLM spectra collected at 4 cm−1 spectral resolution
within the spectral region of 1775–1500 cm−1. The back-
ground was collected at each temperature once thermal
equilibrium (4 min) was achieved. The multiple HS image
acquisitions for an array of mAbs in solution at different
set temperatures were possible due to the real-time HS
image acquisition, the design of the slide cell array, and
the accurate thermally controlled accessory. Furthermore,
a complete HS image is comprised of 223 000 QCL IRM
spectra, requiring just 40 sec per sample.

11.2 HS Image and QCLM Spectral Analysis

The HS images were analyzed using DataPDS™ software
from Protein Dynamic Solutions, Inc. (Wakefield, MA).
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QCLM spectral baseline correction, difference spectra
calculations, overlays, 2D-CDS, and 2D-COS plots were
generated using Correlation Dynamics™ software from
Protein Dynamic Solutions, Inc. (Wakefield, MA). Finally,
the thermal dependence difference spectra and slice plots
were generated using Excel in Microsoft Office Profes-
sional 2016 (Microsoft; Redmond, WA).

12 RESULTS

12.1 HS Images and QCLM Spectra

A series of HS images were acquired at every set temper-
ature for every NISTmAb sample concentration in the
slide cell array. Typical HS images are shown in Figure 3.
These HS images are featureless and aggregate-free at the
spatial resolution of 4.3 μm. Each HS image is comprised
of 223 000 QCLM IR spectra. The spectral overlay for
the different NISTmAb concentrations within the spec-
tral region of 1775–1500 cm−1 is shown in Figure 4. The
relationship between protein concentration and inten-
sity is evident. In addition, the reproducibility and the
high signal-to-noise ratio of the spectra allow the gener-
ation of high-quality difference spectra shown in Figure 5
which allows for the subsequent 2D-COS and 2D-CDS
analysis.

The NISTmAb samples examined were in an aqueous
buffered solution. The HOH bending vibration of water
must be considered due to its high absorptivity of
55.5 M−1 cm−1 at 1643 cm−1, which overlaps with the
protein amide I band within the spectral region of
1700–1600 cm−1.(14) Like any aqueous protein sample,
the protein effectively dilutes the contribution of the
HOH bending mode within the spectral region of

(a)

(c) (d)

(b)

Figure 3 Representative HS images of NISTmAb in 25 mM L-
histidine at pH 6.0. Images were acquired at a spatial resolution
of 4.3 μm at the initial and final set temperature: (a, c) 28 ∘C and
(b, d) 60 ∘C for the high and low concentrations of (a, b) 100 and
(c, d) 2.5 μg μL−1 mAb.

1700–1600 cm−1.(9,12,13) By adequately matching the cell
pathlength to the brightness of the QCL, samples with
high absorptivity’s can be measured using the spectral
difference approach. Difference spectra were generated
by subtracting the initial spectra at low temperature from
all subsequent spectra to effectively subtract the bulk
H2O bending vibrational band that overlaps the amide I
band. This treatment of the spectral data also subtracts
all protein vibrational modes that did not change during
the thermal perturbation. We overcome the common
deterrents of using IR spectroscopy for aqueous samples
in these ways.

QCLM IR peak assignments were based on the 2D-
COS asynchronous correlations, which provide the
highest peak-resolving power. Comparisons to the
synchronous and baseline-corrected spectral overlay
for each data set verified those assignments. We split the
peaks into two categories of vibrational modes: (i) peptide
bonds ν(C O) sensitive to secondary structure changes
and located within the amide I band (1700–1600 cm−1);
and (ii) peaks associated with weak interactions. The
weak interactions include 10 of the 20 amino acid side-
chain modes located within the entire spectral region
studied (1780–1500 cm−1). Table 2 summarizes these
peak assignments.

All peak assignments have been validated by compar-
ison to the available high-resolution structure (PDB ID:

Table 2 Summary of peak assignments for the amide I and II
bands in the spectral region of 1780–1500 cm−1

Peak assignment Vibrational mode Peak position (cm−1)

Asp/Glu ν(COOH) 1725, 1717, 1712, 1704
𝛃-turns Peptide bond 𝛎(C O) 1696, 1684, 1680
Asparagine (Asn) Side chain ν(C O) 1678
Arginine (Arg) νas(CN3H5

+) 1675
Glutamine (Gln) Side chain ν(C O) 1670
Hinge Loop Peptide bond 𝛎(C O) 1663
Helical segments

(𝛑-, 𝛂-)
Peptide bond 𝛎(C O) 1653, 1646

𝛃-sheets Peptide bond 𝛎(C O) 1636
Arginine (Arg) νs(CN3H5

+) 1630
Lysine (Lys) δas(NH3

+) 1625
Aggregation/

self-association
Peptide bond 𝛎(C O) 1616*

Asparagine (Asn) Side chain δ(NH2) 1612
Histidine (His) ν(C C) ring 1606, 1600
C-terminal end ν(COO−) 1595
Glutamine (Gln) Side chain δ(NH2) 1581, 1590
Aspartate (Asp−) ν(COO−) 1572, 1567
Glutamate (Glu−) ν(COO−) 1554, 1545
Lysine (Lys) δs(NH3

+) 1525
Tyrosine (Tyr) ν(C C) ring 1518, 1512
Tryptophan (Trp) ν(C C) ring 1500, 1496
Phenylalanine

(Phe)
ν(C C) ring 1504

Bold font is used to highlight backbone peak assignments.
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Figure 4 QCLM overlayed spectra of NISTmAb in 25 mM L-histidine at pH 6.0. QCL IRM spectra illustrate the region of
1775–1500 cm−1 and a temperature perturbation range of 28–60 ∘C for concentrations of: (a) 100.0, (b) 70.0, (c) 40.0, (d) 10.0,
(e) 5.0, and (f) 2.5 μg μL−1. Vertical dashed lines represent the selected baseline points (1775 and 1500 cm−1) for linear baseline
correction. Furthermore, the intensity differences observed for each sample correspond to the QCLM spectrum obtained for each
set temperature at 8 ∘C intervals.

5K8A and 5VGP)(90,91) for the NISTmAb, its amino acid
sequence, and prior IR assessment of the NISTmAb
standard (RM 8671) and primary sample (PS 8670).(52)

The side-chain mode assignment validation is based on
previous studies.(5,11)

12.2 2D-CDS

Our first approach was to evaluate the population
distributions of NISTmAb in solution under different
concentrations to evaluate colloidal stability and the
weak interactions (Figure 6) using 2D-CDS. For the
100 μg μL−1 sample, the intense cross peaks associated
with salt-bridge interactions were assigned to lysine
residues located within β-sheets and helical regions of
the mAb (1636, 1525 and 1653, 1525 cm−1, respectively,
Table 2) and glutamates and/or aspartates located within
the same secondary structure regions. Hydrogen bonding
interactions involving tyrosines were observed as intense
cross peaks located within β-sheets and helical regions
(1636, 1518 and 1653, 1518 cm−1) and to a lesser extent,
lysines and tyrosines located within the β-turns (1696,
1525 and 1696, 1518 cm−1) that were disrupted during
the thermal perturbation. For the 70𝜇g𝜇L−1 sample, the
cross peaks associated with the salt-bridge interactions
are limited and the hydrogen-bonding interactions

involving the tyrosines and lysines have decreased. These
factors are indicated by the attenuated intensity changes
observed for the corresponding cross peaks (1653, 1518
and 1636, 1525 and 1653, 1525 cm−1, respectively). For
the 40𝜇g𝜇L−1 sample, the cross peaks (1636, 1518;
1653, 1518 and 1636, 1525 and 1653, 1525 cm−1, respec-
tively) associated with the lysine and tyrosine residues
located within the β-sheets and helical regions are now
involved in hydrogen bonding interactions as opposed
to salt-bridging interactions between side chains when
compared to the higher concentration samples. Presum-
ably, these hydrogen bonds are with their aqueous
environment. For the 10𝜇g𝜇L−1 sample, slight intensity
changes are observed for the cross peaks (1636, 1518;
and 1636, 1525 cm−1) assigned to lysine and tyrosine
residues located within β-sheets (1636, 1518 and 1636,
1525 cm−1, respectively). These residues appear to be
exclusively involved in hydrogen bonding interactions.
Meanwhile, at low NISTmAb concentrations (5 and
2.5 μg μL−1), the intensity changes for the cross peaks
associated with the backbone vibrational modes are
observed, suggesting that at these low concentrations
the mAbs are undergoing conformational changes due
to the thermal stress. In summary, two different types of
governing interactions were observed: antibody-antibody
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Figure 5 Overlayed QCLM Difference spectra of NISTmAb in 25 mM L-histidine at pH 6.0 for the spectral region of
1775–1500 cm−1 and within a temperature perturbation range of 28–60 ∘C and 8 ∘C temperature intervals, for concentrations of:
(a) 100.0, (b) 70.0, (c) 40.0, (d) 10.0, (e) 5.0, and (f) 2.5 μg μL−1. The intensity differences observed for each sample correspond
to the QCL IRM spectrum obtained for each set temperature minus the spectrum of the same sample at 28 ∘C.

interactions (100 μg μL−1) and weak interactions between
the antibodies and their aqueous environment (40 and
10 μg μL−1). In contrast, only conformational changes are
observed at low concentrations (5–2.5 μg μL−1).

12.3 2D-COS

A detailed dynamic description of the protein is obtained
by applying 2D-COS analysis to the difference QCLM
IR spectra within the spectral region of 1775–1500 cm−1

(Figure 7).
The synchronous plots contain similarities in the overall

peak pattern at higher concentration 100–40 μg μL−1

(Figure 8), while for the 5 and 2.5 μg μL−1 samples
two isosbestic points could be discerned (Figure 9).
Upon closer examination, the 100 μg μL−1 sample has
a greater degree of perturbation involving certain side-
chain vibrational modes (lysines (1525 cm−1), tyrosines
(1518 cm−1), tryptophans (1504 cm−1), glutamates (1534,
1554 cm−1) and aspartates (1572, 1567 cm−1)), suggesting
perturbations of weak interactions. For the lower concen-
trations (10–2.5 μg μL−1 (Figure 9)) the β-turns were
perturbed to a greater extent when compared to the
higher concentrations (Figure 8).

For the asynchronous plots, differences in dynamics
were observed for the 100 μg μL−1 NISTmAb sample,

including but not limited to glutamine and asparagine
deamidation within the β-turns, that led to self-association
when compared to the samples with lower concentra-
tions. More in-depth discussion regarding the analysis of
the synchronous and asynchronous plots is presented in
Section 12.4 describing the sequential order of molecular
events.

Slice plots shown in Figures 10 and 11 were generated
specifically from the 2D-COS asynchronous analysis
provide additional evidence of the robustness of the
analysis providing confidence in the measurements
performed. These slice plots serve to evaluate the
changes in intensity with respect to each secondary struc-
ture evaluated. These plots serve as a tool to highlight the
key signature peak intensity changes associated with both
deamidation and if present, self-association/aggregation
at high (Figure 10) and low (Figure 11) NISTmab
concentrations.

12.4 Sequential Order of Molecular Events

The sequential molecular order of events allows for
the description of the behavior of the protein during
thermal stress, which includes the deamidation event
and self-association (Figure 12). For NISTmAb at
100 μg μL−1, initially, the perturbation of the β-turns
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Figure 6 Co-distribution analysis for the distribution population of NISTmAb in solution in the spectral region of 1775–1500 cm−1

and within the temperature range of 28–60 ∘C at: (a) 100.0, (b) 70.0, (c) 40.0, (d) 10.0, (e) 5.0, and (f) 2.5 μg μL−1.

(1684, 1680 cm−1) is observed, followed by hydrogen
bonding disruption involving arginine (1676 cm−1) and
glutamine (1581 cm−1), then by glutamine (1581 cm−1)
deamidation within the β-turns, followed by perturba-
tion of negatively charged aspartates (1572, 1567 cm−1)
and glutamates (1554 cm−1). Then the disruption of
hydrophobic (π-π stacking) interactions involving
tyrosines (1518 cm−1) and tryptophans (1504 cm−1)
is observed, followed by the disruption of hydrogen
bonding interactions involving glutamates (1545 cm−1)
and tyrosines (1512 cm−1) and a water molecule, then
by the disruption of salt-bridge interactions involving
lysines (1525 cm−1) and glutamates (1534 cm−1), followed
by the perturbation of the backbone α- and π-helical
segments (1645 and 1653 cm−1, respectively), β-sheets
(1636 cm−1) and the hinge loop region (1663 cm−1).
Next, the disruption of hydrogen bonding interac-
tions occurs, involving lysines (1625 cm−1), arginines
(1630 cm−1), and glutamines (1590 cm−1), followed
by self-association (1616 cm−1), then by disruption of
hydrogen bonding interactions involving glutamines
(1590 cm−1), asparagines (1612 cm−1), and histidines
(1606, 1600 cm−1), and the C-terminal end (1595 cm−1).
Finally, the disruption of hydrogen bonding interactions

of glutamates/aspartates (1725, 1717, 1712, and 1704 cm−1)
with backbone and the surrounding aqueous environ-
ment is observed, which led to the perturbations of the
β-turns (1696, 1684 cm−1).

For the NISTmAb 70 μg μL−1 sample (Figure 12b),
initially the disruption of hydrophobic (π–π stacking)
interactions involving tryptophans (1504 cm−1) and
tyrosines (1518, 1512 cm−1) was observed, followed
by the disruption of weak interactions involving lysines
(1525, 1625 cm−1) and negatively charged residues such as
aspartates (1572, 1567 cm−1) and glutamates (1534 cm−1),
then by the disruption of hydrogen bonding interactions
involving positively charged lysines (1625 cm−1) and
arginines (1630 cm−1) within the β-sheets (1636 cm−1)
and α-helical segments (1645 cm−1). This was followed
by self-association (1616 cm−1), then by disruption of
hydrogen bonding interactions involving asparagines
(1612 cm−1), glutamines (1590 cm−1), and π-helical
segments (1653 cm−1), followed by the disruption
of hydrogen bonding interactions involving π-helical
segments (1653 cm−1) and histidines (1606, 1600 cm−1),
then by the perturbation of the C-terminal end
(1595 cm−1), followed by the perturbation of the hinge
loop (1663 cm−1), then by the perturbation of glutamines
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Figure 7 Schematic representation of the deamidation analysis workflow. From the actual 2D-COS asynchronous plot that is used
to determine the extent of asparagine and glutamine deamidation, we show a representative NISTmAb 2D-COS asynchronous plot
and interpretation of the same for a deamidation event (a). We focus first on the ν2 axis on the β-turn ν(C O) at 1696 cm−1, then
identify the cross peaks associated with asparagine and aspartate on the ν1 axis within the β-turn at 1696 cm−1 (along this slice) of
the ν2 axis. The cross peaks for asparagine deamidation: Cross peaks (1696, 1678 and 1696, 1612 defined as (ν2, ν1)) assigned to the
asparagine ν(C O) at 1678 cm−1 and δ(NH2) at 1612 cm−1 within the β-turn 1696 cm−1, and are highlighted with white circles. For
deamidation to be self-evident, the aspartate cross peaks must have a peak intensity change that is increasing in intensity (see color
bar). The cross peaks associated with the β-turn 1696 cm−1 on the ν2 axis aspartate ν(COO−) at 1572 and 1567 cm−1 on the ν1 axis
(1696, 1572 and 1696, 1567 defined as (ν2, ν1)) have been highlighted with red circles. (b) To confirm deamidation, the aspartate
cross peaks should be increasing in intensity while the asparagine peaks decrease. A bar graph summarizing the cross peak intensity
changes demonstrates that the deamidation event has occurred for an asparagine residue located within the β-turn at 1696 cm−1. The
error propagation is defined in the error bar for each peak intensity change. (c) Both the synchronous (not shown) and asynchronous
2D-COS plots are analyzed using Noda’s rules to define the sequential order of molecular events for the NISTmAb, (d) The cross
peak intensity changes from panel (b) for a deamidation event within a secondary structure are investigated for neighboring residues
that are perturbed during the deamidation process were identified using (c) the sequential order of molecular events. The schematic
representation of the threaded squares are: (white) secondary structures, (green) asparagine residue that is undergoing deamidation,
(blue) positively charged, and (orange) negatively charged residues. This information is used to define the site of deamidation within
the amino acid sequence of the NISTmAb. We also used the available high-resolution structure to generate representative models
of the site of deamidation to confirm the aqueous solvent accessibility required for the second step of the deamidation process.

(1581 cm−1) by deamidation, followed by the pertur-
bation of glutamates (1545, 1554 cm−1) and of β-turns
(1696 cm−1 ). Finally, we see the disruption of hydrogen
bonding interactions involving glutamates/aspartates
(1725, 1717, 1712, and 1704 cm−1) with the protein back-
bone and the surrounding aqueous environment, which
led to perturbations of the β-turns (1696, 1684, 1680 cm−1)
and arginine (1676 cm−1).

For the RM 8670 40 μg μL−1 sample (Figure 12c),
initially the disruption of hydrogen bonding interactions
involving glutamate (1554 cm−1) and tyrosine (1518 cm−1)
through a water molecule was observed, followed by the
disruption of hydrophobic (π–π stacking) interactions

involving tryptophans (1504 cm−1) and tyrosines (1518,
1512 cm−1), then by the disruption of weak interac-
tions involving lysines (1525, 1625 cm−1) and negatively
charged residues such as aspartates (1572, 1567 cm−1)
and glutamates (1534 cm−1), followed by the disruption
of hydrogen bonding interactions involving positively
charged lysines (1625 cm−1) and arginines (1630 cm−1)
with the backbone of the β-sheets (1636 cm−1 ) and
α-helical segments (1645 cm−1). Then, self-association
(1616 cm−1) was disrupted, followed by disruption of
hydrogen bonding interactions involving asparagines
(1612 cm−1), glutamines (1590 cm−1), and π-helical
segments (1653 cm−1), then by the disruption of hydrogen
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Figure 8 2D-COS for NISTmAb at high concentrations in 25 mM L-histidine at pH 6.0 within the spectral region of 1775–1500 cm−1

for the (a–c) synchronous and (d–f) asynchronous plots of (a, d) 100.0 μg μL−1, (b, e) 70.0 μg μL−1, and (c, f) 40.0 μg μL−1, respectively.

bonding interactions involving π-helical segments
(1653 cm−1) and histidines (1606, 1600 cm−1) and by the
perturbation of the C-terminal end (1595 cm−1). Next,
the perturbation of the hinge loop occurred (1663 cm−1),
then the perturbation of glutamines (1581 cm−1) by
deamidation, followed by the perturbation of glutamates
(1545, 1554 cm−1) and of β-turns (1696 cm−1). Finally, the
disruption of hydrogen bonding interactions involving
glutamates/aspartates (1725, 1717, 1712, and 1704 cm−1)
with the backbone and the surrounding aqueous envi-
ronment was observed, which led to perturbations
of the β-turns (1696, 1684, 1680 cm−1) and arginine
(1676 cm−1).

For the 10 μg μL−1 sample (control) shown in
Figure 12(d), initial perturbations of hydrophobic
(π-π stacking) interactions involving tyrosines (1518,
1512 cm−1) and tryptophans (1504 cm−1) were observed,
followed by the disruption of hydrogen bonding inter-
actions involving tryptophans (1504 cm−1) and lysines
(1525 cm−1) and by the disruption of salt-bridge inter-
actions involving lysines (1525 cm−1), glutamates (1534,
1545, 1554 cm−1) and aspartates (1567, 1572 cm−1).
Perturbation of the hinge loops (1663 cm−1) was
observed next, and then the disruption of hydrogen

bonding interactions between glutamines (1581 cm−1)
and the backbone of the hinge loop (1663 cm−1) and
helical structures (1653 and 1645 cm−1), followed by
self-association (1616* cm−1) due to the disruption
of these weak interactions, followed by asparagine
(1612 cm−1) perturbation due to the disruption of
hydrogen bonding interactions within the β-sheets
(1636 cm−1) or deamidation events. Next, we observe
perturbation of the β-sheets (1636 cm−1), followed
by the disruption of the hydrogen bonding between
glutamines (1590 cm−1) and the β-sheets (1636 cm−1)
and histidines (1606, 1600 cm−1), then by the disruption
of hydrogen bonding interactions involving arginines
(1630 cm−1) and lysines (1625 cm−1) with the C-terminal
end (1595 cm−1) and histidines (1600 cm−1), then by the
perturbation of aspartates (1567, 1572 cm−1), then by the
disruption of hydrogen bonding interactions involving
glutamates/aspartates (1726, 1717, 1712 and 1704 cm−1),
arginine (1676 cm−1) and glutamine (1670 cm−1) with
the backbone and the surrounding aqueous environ-
ment. This led to the perturbations of the β-turns (1696,
1684 cm−1), and finally to the perturbation of gluta-
mates (1554, 1545 cm−1) located within the β-turns (1696,
1684 cm−1).
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Figure 9 2D-COS for NISTmAb at low concentrations in 25 mM L-histidine at pH 6.0 within the spectral region of 1775–1500 cm−1

for the (a–c) synchronous and (d–f) asynchronous plots with concentrations of (a, d) 10.0 μg μL−1, (b, e) 5.0 μg μL−1, and (c, f)
2.5 μg μL−1, respectively. The β-turns undergo a greater extent of perturbation when compared to samples at a higher concentration
range.

For NISTmAb at 5 μg μL−1 shown in Figure 12(e),
the initial perturbation involves the disruption of a salt-
bridge interaction involving glutamate (1534 cm−1)
and lysine (1525 cm−1), followed by perturbation
of hydrophobic (π-π stacking) interactions involving
tyrosines (1518, 1512 cm−1) and tryptophans (1504 cm−1),
then by perturbation of negatively charged residues such
as glutamates (1534, 1545, 1554 cm−1) and aspartates
(1567, 1572 cm−1) and by disruption of salt-bridge
interactions involving lysines (1525 cm−1). This is
followed by disruption of hydrogen bonding interactions
involving the glutamines (1581 cm−1) and C-terminal
end (1596 cm−1), other glutamines (1590 cm−1) and
histidines (1600, 1606 cm−1), then by disruption of
hydrogen bonding interactions involving histidines
(1606 cm−1) and asparagine (1612 cm−1), and then by
self-association (1616 cm−1) involving lysine (1625 cm−1)
and arginine (1630 cm−1). Next, we see the perturbation
of the backbone β-sheets (1636 cm−1), α-helical segments
(1645 cm−1), π-helices (1653 cm−1), and the hinge loop
(1661 cm−1), followed by disruption of hydrogen bonding
interactions of glutamates/aspartates (1726, 1717, 1712,
1708, and 1704 cm−1), arginine (1676 cm−1), and glutamine

(1670 cm−1) with the backbone and the surrounding
aqueous environment, which led to the perturbations of
the β-turns (1696, 1684 cm−1), and finally to the perturba-
tion of glutamates (1554, 1545, 1534 cm−1) and aspartates
(1572, 1567 cm−1) located within the β-turns (1696, 1684,
and 1680 cm−1). The greater level of hydrogen bonding
disruption involving charged residues within the β-turns
(1696, 1684, and 1680 cm−1) suggests there may be greater
aqueous solvent accessibility of the diluted mAb. This
relationship may also be observed through the presence
of two isosbestic points at 1665 and 1577 cm−1, which are
not observed at higher mAb concentrations.

For NISTmAb at 2.5 μg μL−1 shown in Figure 12(f),
initially, the negatively charged residues are perturbed,
i.e. glutamates (1554, 1545 cm−1) and aspartates (1567,
1572 cm−1), followed by the disruption of a salt-bridge
interaction involving lysine (1525 cm−1) and glutamate
(1534 cm−1), then by the disruption of hydrophobic
(π-π stacking) interactions involving tyrosines (1518,
1512 cm−1) and tryptophans (1504 cm−1), followed by
disruption of hydrogen bonding interactions involving the
glutamine (1581 cm−1) and C-terminal end (1596 cm−1),
glutamines (1590 cm−1) and histidines (1600, 1606 cm−1).
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Figure 10 2D-COS asynchronous slice spectra NISTmAb at high concentration within the thermal temperature range 28–60 ∘C:
(top row) 100.0, (middle row) 70.0, (bottom row) 40.0 μg μL−1, respectively. Each spectrum shown is comprised of the intensity
changes with respect to each secondary structure component analyzed: (a,f,k) β-sheet at 1636 cm−1 (b,g,l) helical segment 1653 cm−1,
(c,h,m) hinge loops at 1663 cm−1, (d,i,n) β-turn at 1681 cm−1 and (e,j,o) β-turn at 1696 cm−1. Also, observed within these slice plots
are the key signature peaks associated with the deamidation process and self-association/aggregation (1616 cm−1).

Next, we observe disruption of hydrogen bonding inter-
actions involving histidines (1606 cm−1) and asparagine
(1612 cm−1), followed by self-association (1616 cm−1)
involving lysine (1625 cm−1) and arginine (1630 cm−1),
then by disruption of hydrogen bonding interactions
involving positively charged lysines (1625 cm−1) and
arginines (1630 cm−1) with the β-sheets (1636 cm−1)
and helical segments (1645, 1653 cm−1), followed by
backbone perturbations in β-sheets (1636 cm−1 ), α-
helical segments (1645 cm−1), π-helices (1653 cm−1), and
the hinge loop (1661 cm−1). Disruption of hydrogen
bonding interactions involving glutamines (1670 cm−1)
occurs next, followed by the disruption of hydrogen
bonding interactions of glutamates/aspartates (1725,
1717, 1712, and 1704 cm−1) with the backbone and the
surrounding aqueous environment, which led to pertur-
bations of the β-turns (1696, 1684, 1680 cm−1), then by
disruption of weak interactions involving glutamates

(1554, 1545, 1534 cm−1), arginine (1676 cm−1), aspartates
(1572, 1567 cm−1), lysines (1525 cm−1), tyrosines (1518,
1512 cm−1) and tryptophan (1504 cm−1), all located within
the β-turns.

12.5 The Extent of Deamidation

The real-time monitoring of the loss of intensity of side-
chain vibrational modes for asparagine and/or glutamine
(ν(C O), γ(NH2): 1670, 1612 or 1678, 1581 cm−1, respec-
tively) and the gains in the intensity of aspartate and/or
glutamate (ν(COO−): 1572, 1567 or 1554, 1545, cm−1,
respectively) within the thermal perturbation range of
28–60 ∘C allowed for assessment of the risk of deami-
dation. The amount of each type of deamidation for
each NISTmAb sample at high (100–40 μg μL−1) and low
(10–2.5 μg μL−1) concentration range is summarized in
Tables 3–6. The amount of deamidation of glutamine and
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Figure 11 2D-COS asynchronous slice spectra NISTmAb at low concentration within the thermal temperature range 28–60 ∘C:
(top row) 10.0, (middle row) 5.0, (bottom row) 2.5 μg μL−1, respectively. Each spectrum is comprised of the intensity changes with
respect to each secondary structure component analyzed: (a,f,k) β-sheet at 1636 cm−1 (b,g,l) helical segment 1653 cm−1, (c,h,m) hinge
loops at 1663 cm−1, (d,i,n) β-turn at 1681 cm−1, and (e,j,o) β-turn at 1696 cm−1. Also, the aggregation peak at 1616 cm−1 can readily be
observed in these slice plots.

asparagine was determined for each secondary structure
component within the sample.

12.6 Sites of Deamidation

Theoretically, the potential deamidation sites can be eval-
uated by amino acid sequence analysis as defined by
steric hindrance based on the work done by Robinson
and others.(79,61) However, here, the sites of deamidation
were empirically determined by taking into considera-
tion both the extent of deamidation associated with its
secondary structure as summarized in Tables 3–6 and the
sequential order of molecular events to define the neigh-
boring residues. The perturbations to the surrounding
amino acids are significant due to the deamidation process
introducing a negative charge. This cumulative informa-
tion is used to determine the deamidation sites, summa-
rized in Figure 13. In addition, we generated structural

models for the Fab and Fc regions using the available
high-resolution structures PDB ID 5K8A(90) and PDB
ID: 5VGP(91), respectively to highlight the spatial location
of the deamidation sites and their solvent accessibility
Figures 14 and 15.

We show (Figure 13) the different deamidation sites
identified for all of the NISTmAb concentrations studied.
The asparagine deamidation sites are located within the
constant Fc region of the HC N437 near the C-terminal
end and HC N318. For glutamine deamidation, which
resulted in higher deamidation risk, its site(s) within the
HC region were also located within the constant Fc region
at Q421 and/or Q422. A greater risk of deamidation
was observed for glutamine located within the β-turns
exposed to their aqueous environment at 100 μg μL−1 for
the NISTmAb within the conditions evaluated. Further-
more, deamidation risk was also observed for the LC,
including the two glutamines, Q36 and Q154, and a single
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Figure 12 Sequential order of molecular events for the NISTmAb samples within a concentration range of 100–2.5 μg μL−1.
Samples were perturbed within the temperature range of 32–60 ∘C with 8 ∘C intervals for: (a) 100.0, (b) 70.0, (c) 40.0, (d) 10.0,
(e) 5.0, and (f) 2.5 μg μL−1. All charge variant samples exhibit self-association. For the 100 μg μL−1 sample, the β-turns (1684 and
1680 cm−1) were presumably perturbed due to glutamine deamidation events observed within these secondary structures at this
high concentration. For the lower concentrations, weak interactions are perturbed first. Also, a disruption of hydrogen bonding
interactions involving tyrosines (1518, 1512 cm−1) and tryptophans (1504 cm−1) are observed within the β-turns for the 2.5 μg μL−1

sample, presumably due to greater solvent accessibility.

Table 3 Summary of the asparagine/glutamine deamidation per secondary structure for NISTmAb at high concentration range
(100–40 μg μL−1) in 25 mM L-histidine at pH 6.0 as a function of concentration

β-turn β-turn Hinge loop α-helix β-sheet

aa 1696 cm−1 1681 cm−1 1663 cm−1 1653 cm−1 1636 cm−1

Valuea Error Value Error Value Error Value Error Value Error

100 μg μL−1

N 0.33 ±0.02 0.09 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00
Q 1.35 ±0.10 2.01 ±0.24 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00
70𝜇g𝜇L−1

N 0.54 ±0.17 0.14 ±0.01 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00
Q 0.82 ±0.17 0.26 ±0.05 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00
40𝜇g𝜇L−1

N 0.26 ±0.02 0.12 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00
Q 0.78 ±0.08 0.54 ±0.04 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00

aThe number of deamidated residues for the NISTmAb during the thermal perturbation.
Bold font is used to highlights a significant deamidation event.
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Table 4 Summary of the overall extent of deamidation for NISTmAb at high concentration range (100–40𝜇g𝜇L−1) in 25 mM
L-histidine at pH 6.0 as a function of concentration

Deamidation Overall extent of Error
Type deamidationa propagation commentb

100𝜇g𝜇L−1

Asparagine 0.42 ±0.02 No deamidation risk
Glutamine 3.36 ±0.26 Deamidation risk
70𝜇g𝜇L−1

Asparagine 0.68 ±0.17 No deamidation risk
Glutamine 1.08 ±0.18 Deamidation risk
40𝜇g𝜇L−1

Asparagine 0.38 ±0.02 No deamidation risk
Glutamine 1.32 ±0.09 Deamidation risk

aThe sum of the deamidation per secondary structure values.
bThe threshold value for the deamidation risk has been set to ≥1.0.
Bold font is used to highlights a significant deamidation event.

Table 5 Summary of the asparagine/glutamine deamidation per secondary structure for NISTmAb at low concentration range
(10–2.5𝜇g𝜇L−1) in 25 mM L-histidine at pH 6.0 as a function of concentration

β-turn β-turn Hinge loop α-helix β-sheet

aa 1696 cm−1 1681 cm−1 1663 cm−1 1653 cm−1 1636 cm−1

Value Error Value Error Value Error Value Error Value Error

10𝜇g𝜇L−1

N 0.10 ±0.00 0.03 ±0.00 0.08 ±0.01 0.12 ±0.01 0.10 ±0.01
Q 0.10 ±0.02 0.02 ±0.01 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00
5𝜇g𝜇L−1

N 0.16 ±0.02 0.11 ±0.01 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00
Q 0.84 ±0.08 0.60 ±0.05 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00
2.5𝜇g𝜇L−1

N 0.04 ±0.01 0.03 ±0.00 0.01 ±0.00 0.02 ±0.00 0.06 ±0.01
Q 0.17 ±0.01 0.04 ±0.01 0.42 ±0.02 0.00 ±0.00 0.00 ±0.00

Table 6 Summary of the overall extent of deamidation
for NISTmAb at low concentration range (10–2.5𝜇g𝜇L−1) in
25 mM L-histidine at pH 6.0 as a function of concentration

Deamidation
type

Overall extent
of deami-
dation

Error
prop-
agation

Comment

10𝜇g𝜇L−1

Asparagine 0.43 ±0.02 No deamidation risk
Glutamine 0.12 ±0.02 No deamidation risk
5𝜇g𝜇L−1

Asparagine 0.27 ±0.02 No deamidation risk
Glutamine 1.44 ±0.09 Deamidation risk
2.5𝜇g𝜇L−1

Asparagine 0.16 ±0.01 No deamidation risk
Glutamine 0.63 ±0.02 No deamidation risk

Bold font is used to highlights a significant deamidation event.

asparagine, N157, located within the constant and variable
Fab regions of the NISTmAb. Also, no deamidation risk
was observed for the CDRs at the lower concentrations;
therefore, glutamine deamidation does not impact target
binding under the conditions evaluated.

12.7 Does the Deamidation Event Induce
Self-association?

All the 2D-COS plots for NISTmAb, a charge variant
protein, exhibited self-association (1616 cm−1).(25) Upon
closer examination, the self-association was preceded
by deamidation of the glutamine residues (1581 cm−1)
located within the β-turns (1696 and 1681 cm−1). Those
steps led to a perturbation of the secondary structure and
disruption of hydrogen bonding interactions between
positively charged residues, lysines (1625 cm−1) and/or
arginines (1630 cm−1), and glutamine (1590 cm−1) for the
100 μg μL−1 sample. For the 70 and 40 μg μL−1 samples,
the extent of deamidation was smaller; therefore, a
different event, the disruption of salt-bridge interactions
that led to perturbations within the β-sheets (1636 cm−1)
and helical regions (1645 cm−1), led to the self-association
(1616 cm−1). Meanwhile, for the low concentration range
(10–2.5 μg μL−1) samples, the instability caused by the
disruption of weak interactions (salt-bridge and hydrogen
bonding) also led to self-association.
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Legend: Variable fab Constant fab Hinge Constant Fc Secretion signaling sequence
CDR N N-linked glycosylation

1 10 11 20 21 30 QQ QT QS QG NH NN NT NS NG F Y W

Q V T L R E S G P A L V K P T Q T L T L T C T F S G F S L S 0 1 0 0 0 0 0 0 0 3 0 0
31 40 41 50 51 60

T A G M S V G W I R Q P P G K A L E W L A D I W W D D K K H 0 0 0 0 0 0 0 0 0 0 0 4
61 70 71 80 81 90

Y N P S L K D R L T I S K D T S K N Q V V L K V T N M D P A 0 0 0 0 0 0 0 0 0 0 1 0
91 100 101 110 111 120

D T A T Y Y C A R D M I F N F Y F D V W G Q G T T V T V S S 0 0 0 1 0 0 0 0 0 3 3 1
121 130 131 140 141 150

A S T K G P S V F P L A P S S K S T S G G T A A L G C L V K 0 0 0 0 0 0 0 0 0 1 0 0
151 160 161 170 171 180

D Y F P E P V T V S W N S G A L T S G V H T F P A V L Q S S 0 0 1 0 0 0 0 1 0 2 1 1
181 190 191 200 201 210

G L Y S L S S V V T V P S S S L G T Q T Y I C N V N H K P S 0 1 0 0 1 0 0 0 0 0 1 0
211 220 221 230 231 240

N T K V D K R V E P K S C D K T H T C P P C P A P E L L G G 0 0 0 0 0 0 1 0 0 0 0 0
241 250 251 260 261 270

P S V F L F P P K P K D T L M I S R T P E V T C V V V D V S 0 0 0 0 0 0 0 0 0 2 0 0
271 280 281 290 291 300

H E D P E V K F N W Y V D G V E V H N A K T K P R E E Q Y N 0 0 0 0 0 0 0 0 0 1 1 1
301 310 311 320 321 330

S T Y R V V S V L T V L H Q D W L N G K E Y K C K V S N K A 0 0 0 0 0 0 0 0 1 0 3 1
331 340 341 350 351 360

L P A P I E K T I S K A K G Q P R E P Q V Y T L P P S R E E 0 0 0 0 0 0 0 0 0 0 1 0
361 370 371 380 381 390

M T K N Q V S L T C L V K G F Y P S D I A V E W E S N G Q P 0 0 0 0 0 0 0 0 1 1 1 1
391 400 401 410 411 420

E N N Y K T T P P V L D S D G S F F L Y S K L T V D K S R W 0 0 0 0 0 1 0 0 0 2 2 0
421 430 431 440 441 450

Q Q G N V F S C S V M H E A L H N H Y T Q K S L S L S P G K 1 0 0 1 1 0 0 0 0 1 1 1
1 2 1 2 2 1 1 1 2 16 15 10

2 4 2 4 4 2 2 2 4 32 30 20

Legend: Variable fab Constant Fab Hinge Constant Fc Secretion signaling sequence

CDR N N-linked glycosylation

1 10 11 20 21 30 QQ QT QS QG NH NN NT NS NG F Y W

D I Q M T Q S P S T L S A S V G D R V T I T C S A S S R V G 0 0 1 0 0 0 0 0 0 0 0 0
31 40 41 50 51 60

Y M H W Y Q Q K P G K A P K L L I Y D T S K L A S G V P S R 1 0 0 0 0 0 0 0 0 0 3 1
61 70 71 80 81 90

F S G S G S G T E F T L T I S S L Q P D D F A T Y Y C F Q G 0 0 0 1 0 0 0 0 0 4 2 0
91 100 101 110 111 120

S G Y P F T F G G G T K V E I K R T V A A P S V F I F P P S 0 0 0 0 0 0 0 0 0 4 1 0
121 130 131 140 141 150

D E Q L K S G T A S V V C L L N N F Y P R E A K V Q W K V D 0 0 0 0 0 1 0 0 0 1 1 1
151 160 161 170 171 180

N A L Q S G N S Q E S V T E Q D S K D S T Y S L S S T L T L 0 0 1 0 0 0 0 1 0 0 1 0
181 190 191 200 201 210

S K A D Y E K H K V Y A C E V T H Q G L S S P V T K S N R G 0 0 0 1 0 0 0 0 0 0 0 0
211 212

E C 0 0 0 0 0 0 0 0 0 0 0 0
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Figure 13 Schematic representation of the amino acid (AA) sequence along with asparagine and glutamine deamidation sites
for the NISTmAb. Specifically: (purple underline) 100.0, (red underline) 70.0, (orange underline) 40.0, (green underline) 10.0,
(blue underline) 5.0, and (thick black underline) 2.5 μg μL−1, respectively. The 10 μg μL−1 sample also contains the deamidation sites
identified for the sample under varying storage conditions (data not shown). Also shown are tables for the Heavy and Light chain
summarizing the deamidation site sequence selection criteria and aromatic residue composition for the (top right) heavy and (bottom
right) light chain components, respectively.

13 STABILITY

Protein stability involves ‘weak interactions’, including
salt-bridge, hydrogen bonding, and hydrophobic
interactions, that can be destabilized due to a deamidation
which introduces a negative charge into a region of the
protein where there was none. Furthermore, disruption
of weak interactions or the loss of secondary structure
can lead to self-association or aggregation, respectively.

All of these events must be considered to evaluate the
stability of a protein. The most significant contribu-
tion to secondary structure for the NISTmAb arises
from the β-sheets.(92) We compared the stability of the
remaining structural components with respect to the
β-sheets. This assessment was performed using a 2D-COS
asynchronous plot, specifically the slice analysis(23) for
the β-sheet (1636 cm−1) within the temperature range of
28–60 ∘C (Figure 16).
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90° 180°

Figure 14 NISTmAb Fab high-resolution structure representation (PDB ID: 5K8A) is a combined (grey) ribbon and (cyan) solid
surface model generated to highlight the symmetry of the homodimer. In addition, two different shades were used to distinguish
between the (lighter shade) Light chain (LC) and (darker shade) heavy chain (HC). Only one of the dimer components (grey) was
used to highlight: (red) the complementarity determining regions (CDR’s) where antigen binding occurs for the light and heavy
chains and the deamidation sites (green sphere) asparagine (N) and (yellow sphere) glutamine (Q) where found to be limited
to the LC region. Specifically, Fab LC: Q36, Q37 and Q154, and N157 were all aqueous solvent-accessible deamidation sites. The
model representation was generated using the PyMOL Molecular Graphics System, Version 2.3, Schrödinger, LLC. Source: Based
on Gallagher et al.(90)

90° 180°

Figure 15 NISTmAb Fc high-resolution structure representation (PDB ID: 5VGP). The Fc region is comprised exclusively of
the heavy chain (HC) component. The model was generated as a combined (dark grey) ribbon and (dark cyan) solid surface
representation to highlight the symmetry of the homodimer. Also, represented as orange sticks are the glycosylation components
of the NISTmAb. Only one of the dimer components (dark grey) chain A, will be used to highlight the deamidation sites within the
model. The deamidation sites for the Fc region are (green sphere) asparagine (N) and (yellow sphere) glutamine (Q). Specifically,
the Fc HC Q421, Q422, N318, and N437 are all aqueous solvent-accessible deamidation sites. In addition, these asparagine and
glutamine deamidation sites do not impact the CDR regions, yet induce self-association of the NISTmAb. The model representation
was generated using the PyMOL Molecular Graphics System, Version 2.3, Schrödinger, LLC. Source: Based on Gallagher et al.(91)

The bar graphs can be used to represent the inten-
sity changes that occurred for the cross peaks associ-
ated with the secondary structure of the mAb protein.
Negative peaks represent unfolding events, while posi-
tive peaks represent the stable structure or evidence of
aggregation. Evidence of the impact of self-association
during the thermal perturbation was observed for the β-
turns of the NISTmAb within the 100–40 μg μL−1 samples.
A schematic diagram summarizing the key molecular
perturbations for the 100 μg μL−1 sample compared to the
2.5 μg μL−1 sample is shown in Figure 17. The schematic
diagram highlights the molecular events that lead to self-
association, which results from glutamine deamidation.

14 DISCUSSION

The HS images of the NISTmAb in solution were
analyzed using 2D-CDS and 2D-COS to assess further
asparagine and/or glutamine deamidation, aggregation
risk, and its impact on stability. These are key CQAs for
the developability assessment of therapeutic proteins.
2D-COS synchronous and asynchronous plots were used
to determine the concentration effects on the stability
of the NISTmAb, if any, due to its charge variance after
deamidation. We provide a full description of the sequen-
tial molecular order of events, the extent of deamidation,
the identification of the deamidation sites, and their role
in inducing self-association which would lead to altered
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Figure 16 Bar graph summarizing the intensity changes of key asynchronous cross peaks used to evaluate conformational stability
with respect to the β-sheet (1636 cm−1) of NISTmAb: (a) 100.0, (b) 70.0, (c) 40.0, (d) 10.0, (e) 5.0, and (f) 2.5 μg μL−1, respectively;
within the temperature range (32–60 ∘C). Observed differences in stability suggest the extent of glutamine deamidation within the
β-turns.

stability. The spatial and temporal resolution of IR spec-
tral peaks associated with both conformational changes
and the amino acid side chains of proteins obtained by
2D-COS and 2D-CDS has provided an unprecedented
understanding of protein stability. Also, slice representa-
tions of the asynchronous 2D-COS provided confirming
evidence of the spectral changes that occurred with
respect to each secondary structure. The general stability
of the distribution of proteins in solutions was assessed
by 2D-CDS analysis for the NISTmAb under varying
concentrations that led to identifying differences in
the weak interactions for these samples. Two different
types of governing interactions were observed: the first
was intermolecular interactions between NISTmAb
molecules at 100 μg μL−1 and the second was weak
interactions between the NISTmAb and its aqueous
environment at concentrations ≤10 μg μL−1.

The real-time monitoring of both asparagine and
glutamine deamidation during the thermal perturbation
of 32–60 ∘C allowed for assessment of the risk of deami-
dation for the NISTmAb at different concentrations.
The extent of deamidation and sites of glutamine and
asparagine deamidation were determined for each
sample. In addition, we generated models for the
Fab and Fc region using the available high-resolution
structure(90,91) (PDB ID: 5K8A and 5VGP) to highlight
the spatial location of the deamidation sites, evaluate

the impact the deamidation event would have on the
stability, and assess solvent accessibility. In summary, no
deamidation risk was observed for the CDRs, therefore
both glutamine and asparagine deamidation does not
impact target binding under the conditions evaluated.
However, deamidation sites were identified within the HC
including, N318 and N437 near the C-terminal end, and
Q421/422 within the FC region. For the LC, three addi-
tional sites were determined: N157, Q36, and Q154 were
observed within the variable and constant Fab regions.
All sites were validated using LC-MS by independent
groups using multiple instruments and different sample
preparative methods.(52,56,67,78,88–91) The significance of
this result is that our approach did not involve the sample
digestion and separation techniques involving peptide
mapping, but rather the real-time monitoring of eight
key signature peaks involved in the deamidation process
during the thermal perturbation. Through the 2D-COS
analysis, we correlated: (i) the key signature peaks with
(ii) their corresponding secondary structure and (iii)
the identification of neighboring residues that were
perturbed during the deamidation process. These three
results were then used to identify the sites of deamidation
for the full-length protein in its standard formulation.
Deamidation may also lead to self-association due to the
perturbation of the weak interactions, as observed from
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Figure 17 Schematic diagram summarizing the molecular dynamics observed for the NISTmAb during the thermal perturbation
at (a) 100.0 and (b) 2.5 μg μL−1.

the analysis of the sequential order of molecular events
obtained from the analysis of the 2D-COS plots.

15 CONCLUSION

A review of the proven capabilities of both 2D-COS and
2D-CDS to study proteins was presented. For far too
long, only protein secondary structures and conforma-
tional changes have been studied by IR spectroscopy.
Thus, leaving obscured the information in the IR spectral
data that describes all of the changes governed by amino
acid side chains obscured. An analysis of the side-chain
information has been proven possible by taking advan-
tage of the enhanced resolution through 2D-COS. More
importantly, original work toward the understanding
of both glutamine and asparagine deamidation was
presented. Deamidation of asparagine and glutamine
residues in proteins is a concern for both protein devel-
opers and regulatory agencies. Here the direct monitoring
of the deamidation process of the full-length protein in

its formulation without any sample preparative steps,
providing unprecedented understanding of this degra-
dation event. Furthermore, the use of a QCLM and a
slide array allow for minimal sample requirements and
comparability assessment of up to 23 samples in real-time
under controlled thermal conditions. The analysis extends
to the identification of the deamidation sites within the
sequence of the protein and the direct evaluation of the
protein’s stability. We have presented a quantitative and
comprehensive 2D-COS and 2D-CDS evaluation of the
deamidation processes of the NISTmAb validated by LC-
MS. Our results suggest this QCLM-based technology
will be an essential step in establishing protein developa-
bility and comparability, while enabling proteomics and
drug design today and in the future.
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