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ABSTRACT: Antibody−drug conjugates have become one of the
most actively developed classes of drugs in recent years. Their
great potential comes from combining the strengths of large and
small molecule therapeutics: the exquisite specificity of antibodies
and the highly potent nature of cytotoxic compounds. More
recently, the approach of engineering antibody−drug conjugate
scaffolds to achieve highly controlled drug to antibody ratios has
focused on substituting or inserting cysteines to facilitate site-
specific conjugation. Herein, we characterize an antibody scaffold
engineered with an inserted cysteine that formed an unexpected
disulfide bridge during manufacture. A combination of mass spectrometry and biophysical techniques have been used to understand
how the additional disulfide bridge forms, interconverts, and changes the stability and structural dynamics of the antibody
intermediate. This quantitative and structurally resolved model of the local and global changes in structure and dynamics associated
with the engineering and subsequent disulfide-bonded variant can assist future engineering strategies.

■ INTRODUCTION

Antibody−drug conjugates (ADCs) have become very
promising therapeutics in oncology by combining the high
specificity of a tumor-recognizing monoclonal antibody (mAb)
with the potency of a chemotherapeutic small molecule
(payload).1 Combining two therapeutic molecules into a
single agent reduces the systemic toxicity of small molecule
chemotherapy while facilitating the use of more potent
cytotoxic agents which, if administered alone, would have
significant dose limitation due to toxicity.2−6 ADCs represent a
huge area of research, with currently nine FDA-approved
ADCs on the market, including five within the past year, and
more than 60 ADCs are being clinically evaluated in more than
200 active or recently completed clinical trials7 (Clinical-
trials.gov). In the first generation of ADCs, the payload was
conjugated to lysines, which led to a distribution in number
and position of drugs attached, resulting in variable drug-to-
antibody ratios (DARs).8 The DAR is an important
contributor to the therapeutic index: the dose range within
which efficacy is achieved with an acceptable safety profile and
must be tightly controlled. To do this, the field has iterated
toward the conjugation of payloads to canonical cysteines and
then to strategies that enabled site-specific conjugation,
including non-natural amino acids,9−11 the use of enzymes
such as formylglycine generating enzyme,12 transglutami-

nase13,14 and sortase A,15 as well as point mutations to add
unpaired cysteines for conjugation, either by substitution16 or
by insertion.17 In particular, the addition of a cysteine near the
hinge region of an IgG1 scaffold has been investigated,16−18

and both the substitution at position 239 (Eu mAb
numbering) in the heavy chain (S239C) and the insertion
after that position (C239i) have given promising results:16,17

both cysteines are easily conjugated, provide stability of the
payload over time, decrease FcγR binding, and do not affect
the binding to the neonatal Fc receptor (FcRn), which should
ensure a half-life similar to that of the wild-type scaffold.16,17

During large-scale manufacture (50−500 L) of several C239i
antibodies, we observed that the inserted cysteine could adopt
three distinguishable chemical states. Using nonreduced
peptide mapping, these were characterized as free thiol
(2xSH), capped with cysteine (cysteinylated, 2xCys, forming
commonly on free cysteines in an oxidizing environment where
cysteines are present in the media;19 this is a common
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modification during manufacturing), or forming an additional
disulfide bridge between both C239i residues (iDSB) (Figure
S1 and Figure 1). A fourth state, 1xCys + 1xSH (containing

both free thiol and cysteinylated C239i), was also observed,
although in much smaller proportions. Further analysis
revealed that the proportions of these different thiol states
vary from lot to lot and across different antibodies (Figure
S2A). Interestingly, oxidized thiol states (2xCys and iDSB)
predominate during expression in Chinese hamster ovarian
(CHO) cells under fed-batch culture (Figure S2B), and it is
upon harvest that reduced forms are introduced: 2xSH and
1xCys + 1xSH. The thiol state appears to be largely unaffected
by the subsequent purification steps (Figure S2C), and while
the proportion of iDSB appears to vary between antibodies and
from lot-to-lot, the iDSB was invariably present.
The additional disulfide bridge (iDSB) was confirmed by

tandem mass spectrometry (MS/MS) to be an additional
interchain disulfide bond between the two inserted cysteines,
downstream of the two canonical disulfide bonds that
covalently bond IgG1 heavy chains; no evidence of scrambling
was observed (Figure S3 and Supporting Information section
4.1). The presence of the additional interchain disulfide bridge
is surprising since the α-carbons of the amino acids at position
239 on each heavy chain are 17.2 Å apart from each other in
the crystal structure (PDB: 3AVE), while the distance between
the two α-carbons of the cysteines involved in a disulfide
bridge is 6.4 Å (canonical disulfide bridges in 3AVE). This
raises questions regarding how the iDSB forms and the
resulting structural changes necessary to accommodate it.
In this study, we investigate in detail the structural

consequences of inserting cysteine at position C239i and the
associated thiol states observed during manufacture of the
antibody intermediate. To investigate this systematically, Fc
constructs enriched for each of the three thiol states were
generated (2xSH, 2xCys, and iDSB Fc-C239i), verified, and
quantified by mass spectrometry (Figures S4 and S5 and Table
S1). The Fc constructs were used as surrogates for C239i IgG
since it has been well-established that the antibody binding
fragment (Fab) does not affect the stability of the CH2 and
CH3 domains.20,21 Chemical denaturation experiments, differ-
ential scanning calorimetry (DSC), and millisecond HDX mass
spectrometry22 were used to probe the stability, dynamics, and
structures of the CH2 and CH3 domains in each of the enriched
states. Together, these studies provide insight into the
conditions under which different thiol states interconvert,
their relative stabilities, and the conformational changes that

occur upon formation of an additional disulfide bond. Finally,
we explore the effect of iDSB on the subsequent conjugation of
the antibody intermediate.

■ RESULTS AND DISCUSSION
Interconversion of Unexpected Thiol States. To

understand how the interconversion of the thiol states can
occur, conditions that could induce unfolding and increase the
molecular dynamics were investigated. These stresses can be
heat, low pH, shear stress, or chemical denaturation to name a
few. For this study, chemical denaturant stress was selected.
The evolution of the thiol states was monitored over time
using nonreducing peptide mapping. Under native conditions
and incubation for 7 days at 25 °C, the relative proportion of
all enriched Fc variants did not change significantly (Figure 2A

and Table S2). However, in the presence of chemical
denaturant (3.5 M guanidinium chloride (GdmCl)), both
2xSH and 2xCys converted into the iDSB Fc-C239i (Figure
2A). Moreover, slower conversion of 2xCys to iDSB Fc-C239i
was observed, suggesting that interconversion might not be
direct.
To understand the interconversion in more detail, the

evolution of the thiol states was monitored over a greater range
of denaturant concentrations and time points, again by
nonreduced peptide mapping. The conversion from 2xSH to
iDSB Fc-C239i was almost complete at denaturant concen-
trations over 1 M GdmCl (Figure 2B and Table S3). For
2xCys Fc-C239i under equivalent conditions, the conversion to
iDSB progressed but not to completion, reinforcing the
hypothesis that the doubly cysteinylated form needs to convert
into an intermediate, most probably the singly cysteinylated
form, before converting into the iDSB (Figure 2C and Table
S4). These data are further supported by the observation that
rapid and relatively slow formation of iDSB from 2xSH and
2xCys Fc-C239i, respectively, occur over time at a fixed

Figure 1. Schematic of the Fc domain containing the inserted cysteine
after position 239 (Fc-C239i), in the three predominant forms: (A)
free thiol (2xSH), (B) doubly cysteinylated (2xCys), and (C) forming
an additional disulfide bridge between both C239i residues (iDSB).
Drawn in gray: glycosylation. A partially cysteinylated state, 1xCys +
1xSH (containing both free thiol and cysteinylated C239i), was also
observed during manufacture, although in much smaller proportions
and was not enriched for further characterization.

Figure 2. (A) Effect of the concentration of guanidinium chloride and
incubation time at 25 °C in 20 mM His pH 5.5 on the proportion of
the thiol states for each of the three initially enriched variants (2xSH,
2xCys, and iDSB Fc-C239i). (B) Effect of the concentration of
denaturant after 7 days of incubation at 25 °C on 2xSH Fc-C239i and
(C) 2xCys Fc-C239i enriched starting material. The error bars are too
small to be visible.
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denaturant concentration (1−4 days at 3.5 M GdmCl, Figure
S6 and Tables S5 and S6).
To explain why significant interconversion only occurs in the

presence of denaturant (≥1 M GdmCl), chemical denaturation
unfolding experiments were performed and the thermody-
namic stability of both CH2 and CH3 domains was determined
for each of the Fc-C239i-enriched variants. The fluorescence
derived from solvent-exposed tryptophan was measured after 7
days of incubation in various concentrations of GdmCl, and
the data were analyzed using the average emission wavelength
(AEW, eq 1) and fitted to a three-state model (eq 3). Three
thermodynamic parameters were obtained: ΔGX−Y

H2O, the differ-
ence in Gibbs free energy between two states X and Y in water;
mX−Y, the m value between the two states X and Y, a constant
of proportionality describing how much the ΔGX−Y changes
upon denaturant concentration; and [den]50% X−Y, the
midpoint of denaturation between states X and Y. All Fc
variants showed two unfolding transitions (Figure 3A), with
the first corresponding to unfolding of the CH2 domain and the
second to unfolding of the CH3 domain.23 Reproducibility and
reversibility were demonstrated (Supporting Information
section 4.2, Figures S7 and S8, and Table S9).

The midpoint of denaturation observed for CH2 domain
unfolding in the 2xSH, 2xCys, and iDSB Fc-C239i were 0.58,
0.91, and 0.75 M GdmCl, respectively (Table 1). These low
denaturation midpoints explain why the conversion from 2xSH
and 2xCys to iDSB Fc-C239i starts to occur at 0.5 M and
becomes significant over 1 M GdmCl and suggest the CH2
domain has unfolded, at least in part, under these conditions,
thereby reducing steric constraints and increasing the
frequency of disulfide bond formation at the inserted cysteine.
Formation of iDSB also occurs without chemical denaturant:

when 2xSH IgG-C239i was incubated at 37 °C (in 10 mM
Tris, pH 8.0) for 13 days, the proportion of iDSB increased
from 20 to 100%. The rate of iDSB formation increased further
under heat stress with almost complete (98%) conversion after
incubation at 50 °C for 24 h (Figure S9). Measurement of the
thermal stability of the enriched variants by differential
scanning calorimetry showed that the melting temperature of
the CH2 domain was between 54.8 and 63.6 °C (Figure 3B).
Increasing the temperature may both affect the proportion of
molecules that are in the denatured state (even below the Tm
value) as well as increase protein dynamics and thereby
potentially increase the number of local as well as global
unfolding events. It is not possible to deconvolute these two
effects without further experiments; therefore, it is unclear
whether the iDSB forms in a fully unfolded state resulting from
global unfolding of the CH2 domain or a transiently populated
partially unfolded state. What is clear is that iDSB formation
occurs under physiologically relevant conditions and increases
under any conditions where the stability of the native state is
decreased or there has been an increase in dynamics.
A scheme for the interconversion of the different thiol states

is shown in Figure 4, assuming 1xCys + 1xSH can interconvert
into iDSB Fc-C239i by nucleophilic attack.24,25

Effect of the Cysteine Insertion on the Biophysical
Stability. To determine if the thermodynamic stability of the
antibody had been affected by insertion of the cysteine or the
resultant thiol variants, thermodynamic parameters were
measured from the chemical denaturation unfolding experi-
ments. All enriched variants showed lower denaturation
midpoints for the first transition compared to the wild-type
(Table 1), suggesting that the CH2 domain was destabilized by
the insertion of the cysteine in the upper CH2 domain. The
ΔGI−N

H2O values demonstrate that the CH2 domain of iDSB Fc-
C239i is the least stable, followed by 2xSH Fc-C239i and
finally 2xCys Fc-C239i, which are all significantly less
thermodynamically stable than the wild-type (Table 1). Since
the m values are correlated with the difference in solvent-
accessible surface area26 (ΔSASA) between native and
denatured states, they provide useful information on the effect
of the insertion on the structure. All three variants have a mI−N
value lower than that of the wild-type, showing that the CH2
domain has a more solvent-accessible surface area in the native
state, suggesting that conformational changes have occurred.
Interestingly, the iDSB Fc-C239i has the lowest mI−N value,
demonstrating that either the CH2 domain has an additional
solvent-exposed surface area in the native state or that the
denatured state is more structured. The midpoint of the
second unfolding transition is similar for all constructs,
suggesting that the stability of the CH3 domain is unaffected
by the insertion in the CH2 domain.
DSC was employed to measure the thermal stability of the

different variants. All constructs showed two unfolding
transitions, the first corresponding to unfolding of the CH2

Figure 3. All biophysical experiments on the enriched variants were
carried out in 20 mM His pH 5.5. (A) Unfolding curves of 2xSH Fc-
C239i (orange lozenge), 2xCys Fc-C239i (purple triangles), iDSB Fc-
C239i (dark blue circles), and NIST mAb Fc (light blue squares). In
all cases, the values shown are the average from multiple experiments.
(B) Results from DSC experiments. Thermal stabilities of 2xSH Fc-
C239i (orange, solid line), 2xSH NEM-capped Fc-C239i (red, dotted
line), 2xCys Fc-C239i (purple, dashed line), iDSB Fc-C239i (dark
blue, solid line), and NIST mAb Fc (light blue, solid line). The
experiment was performed in triplicate, but the data shown are only
for one experiment. The Tm values shown are the means. For more
details on the accuracy on these measurements, see Supporting
Information section 4.3. (C) Unfolding kinetics 2xSH Fc-C239i
(orange lozenge), 2xCys Fc-C239i (purple triangles), iDSB Fc-C239i
(dark blue circles), and NIST mAb Fc (light blue squares), measured
in triplicate. The fastest unfolding phases correspond to the CH2
domain unfolding, whereas the slower unfolding phases correspond to
the unfolding of the CH3 domain. The solid line shows the best fit of
the data to eq 5: k k mln ln denkU

den
U
H O2

U
= + [ ][ ] . Error bars represent

the standard deviation from triplicate measurements. In many cases,
they are not visible because they are smaller than the size of the data
point.
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domain and the second to the unfolding of the CH3 domain
(Figure 3B). The thermal stability of the CH2 domain for all
Fc-C329i variants was lower than that of the wild-type, and the
relative thermal stabilities were the same as those determined
using chemical denaturant: iDSB < 2xSH < 2xCys < 2xSH with

NEM (N-ethylmaleimide) < NIST mAb Fc (Figure 3B and
Table S7; the NEM capping of 2xSH prevents the
interconversion of 2xSH into other states). ΔHcal, correspond-
ing to the area under an unfolding peak, is a measure of the
favorable interactions that must be overcome to unfold. ΔHcal
of the first transition for the iDSB Fc-C239i was significantly
lower than all the other Fc variants and wild-type (Table S7),
indicating that some favorable interactions were lost in the
native state of the iDSB Fc-C239i. The peak corresponding to
CH2 unfolding was also broader for the iDSB Fc-C239i (Figure
3B), suggestive of a lower ΔCp, which is also correlated to a
lower ΔSASA.26 This observation is consistent with the m
value of iDSB Fc-C239i from the GdmCl experiments,
suggesting that either the native state of the CH2 domain is
more solvent-accessible than that in the wild-type or that the
denatured state may be more structured. The Tm1 of Fc-C239i
increased when free thiols were capped with NEM, suggesting
that the apparent reduction in relative thermal stability of Fc-
C239i 2xSH may be due to it converting to iDSB at elevated
temperature, consistent with our previous observation (Figure
S9). The melting temperatures of the CH3 domain for all

Table 1. Thermodynamic Parameters Fitted from the Unfolding Curvesa

proteins mI−N (kcal mol−1 M−1) [den]50% I−N (M) ΔGI−N (kcal mol−1) mD−I (kcal mol−1 M−1) [den]50% D−I (M) ΔGD−I (kcal mol−1)

2xSH Fc-C239i 2.5 ± 0.2 0.58 ± 0.02 1.5 ± 0.2 3.1 ± 0.1 2.05 ± 0.04 6.4 ± 0.3
2xCys Fc-C239i 2.099 ± 0.003 0.9060 ± 0.0001 1.902 ± 0.002 5.3 ± 0.6 2.30 ± 0.01 12 ± 1
iDSB Fc-C239i 1.3 ± 0.1 0.75 ± 0.05 1.0 ± 0.1 4.5 ± 0.2 2.272 ± 0.002 10.3 ± 0.5
NIST mAb Fc 3.2 ± 0.1 1.69 ± 0.02 5.45 ± 0.2 3.9 ± 0.5 2.25 ± 0.04 9 ± 1

aThe values are the average of duplicate (2xCys Fc-C239i, iDSB Fc-C239i) and triplicate (2xSH Fc-C239i, NIST mAb Fc) experiments, and the
error is the standard deviation of the repeats. For more details on the accuracy on these measurements, see Supporting Information section 4.2.

Figure 4. Interconversion network between the 2xSH, 2xCys, and
iDSB Fc-C239i variants. N: CH2 domain in the native state. D: CH2
domain in the denatured state or with increased molecular dynamics.
2xCys can interconvert into 1xCys + 1xSH, which can interconvert
into 2xSH from either the native or denatured states, and both 2xSH
and 1xCys + 1xSH can interconvert into iDSB via the denatured state
or with increased molecular dynamics. The 1xCys + 1xSH form could
interconvert to iDSB by nucleophilic attack of the free thiol to the
capped cysteine.

Figure 5. (A) Crystal structure (3AVE) showing the relative change in fractional deuterium exchange represented as a color scale: reduced
exchange (blue), no change (white), increased exchange (red), for the three enriched Fc-C239i variants compared to wild-type and normalized to
iDSB Fc-C239i. (B) Uptake plots for different regions of exchange in the Fc domain: 2xSH Fc-C239i (orange lozenge), 2xCys Fc-C239i (purple
triangles), iDSB Fc-C239i (dark blue circles), and NIST mAb Fc (light blue squares). The error bars represent a Student’s t distribution with 95%
confidence interval, n = 3. (C) Simplified representation of the β-sandwich structure of the CH2 domain, indicating the arrangement of the β-
strands within the β-sheets and tertiary structure. *The crystal structure 3AVE corresponds to the wild-type and does not have an inserted cysteine
at position 239; the annotation shows where the inserted cysteine would be located. For all uptake plots, see Figure S17.
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constructs was very similar, confirming the insertion has no
effect on the stability of this domain.
Unfolding kinetics provide information on the rate (and

therefore frequency) at which a domain unfolds. Natively
folded protein was rapidly diluted into a range of chemical
denaturant concentrations, and the change in intrinsic
fluorescence was measured as a proxy for protein unfolding.
The data for all Fc variants (Figure 3C and Table S8) were fit
with a double exponential function (eq 4) that best describes
both a fast and slower unfolding phase. The unfolding rate
constants of the slower phase were very similar for all variants
(Figure 3C and Table S8), suggesting that this phase
corresponds to the unfolding of the CH3 domain and is in
agreement with the thermodynamic stability (reported here),
as well as the relative kinetic stabilities reported by Sumi and
Hamaguchi.23 The unfolding rates of the CH2 domain for
2xSH and 2xCys Fc-C239i were very similar and faster than
those of the wild-type (Figure 3C), suggesting that the
insertion of a cysteine in the CH2 domain kinetically
destabilizes it. Interestingly, the rate of unfolding of iDSB
was slower than the 2xSH and 2xCys Fc-C239i, indicating a
higher kinetic stability. This is in contrast to the thermody-
namic measurements and is likely due to the unfolding
transition state being more structured than for 2xSH and
2xCys Fc-C239i. A more detailed explanation and representa-
tion are provided in Figure S11.
Effect of the Cysteine Insertion on Structural

Dynamics. To investigate whether the thermodynamic and
kinetic differences associated with the formation of an
intramolecular disulfide bond were related to local changes
in structure or dynamics, hydrogen−deuterium exchange mass
spectrometry (HDX-MS) experiments were conducted. This
implementation of HDX-MS uses a novel fully automated
system capable of measuring hydrogen−deuterium exchange in
the millisecond to minute time scale.22 Postlabeling, online
pepsin digestion was conducted and complete sequence
coverage was achieved in the resulting peptide map (Figure
S12). Interrogation of differences in the rate of deuterium
uptake revealed that insertion of a cysteine at position 239 of
the heavy chain (Fc-C239i) changes the structure and/or
conformational dynamics of the CH2 domain, which is further,
and substantially, disrupted by subsequent formation of an
interchain disulfide bond (Figure 5A). Significant increases (t
test, p value <0.05) in deuterium exchange consistent with
either increased solvent exposure and/or reduced intra-
molecular hydrogen bonding were observed in three locations:
a small increase in exchange between residues Ser254 and
Trp277 that are involved in two β-strands facing each other
(strands B and C in Figure 5B,C); a larger increase in residues
between Val279 and Leu306 which are in a β-strand at the
edge of the β-sandwich and beginning of the next β-strand
(strands D and beginning of E in Figure 5B,C); finally an
increase in exchange takes place in the two last β-strands of the
CH2 domain (strands F and G, Figure 5B,C), where mixed
EX1 and EX2 kinetics are observed for the iDSB (Figure 6).
EX1 exchange kinetics are seldom observed and indicative of a
local unfolding event. This local unfolding can be precisely
localized to amino acids 319−333 in the CH2 domain: EX1
kinetics are observed in peptide 319−348 (Figure 6) and in the
shorter overlapping peptide 319−333 (Figure S15) but not in
the other overlapping peptide 334−348 nor other adjacent
regions. This is consistent with the conclusion that these
antiparallel strands undergo local unfolding, i.e., unzipping and

rezipping without breaking the surrounding H-bonds of the β-
sheet. The H-bonding network involved in the β-strand D has
been greatly destabilized and partly broken, and the β-sheet
composed of the β-strands A, B, and E has also been
destabilized but to a lower extent. The mixed EX1/EX2
kinetics suggest that there is a mixed population of folded and
unfolded forms of the CH2 domain for the iDSB variant
(iDSBD ⇌ iDSBN). In previous studies,27,28 it had been
observed that the β-strand G in the CH2 domain was the most
destabilized by other mutations in the CH2 domain,
demonstrating a lower stability in that specific β-strand.
Modest protection was observed in the lower CH2 domain for
2xCys and iDSB, which suggests it comes from the iDSB form
(as 2xCys contains some) and not the insertion itself,
potentially as a structural compensation of the distortion in
the upper CH2 domain. Overall, our data suggest that the
additional disulfide bridge at the beginning of the CH2 domain
applies strain to a larger region, i.e., across the CH2 domain,
distorting it and opening it up compared to the wild-type. The
2xSH and 2xCys Fc-C239i show an increased exchange in the
same regions but to a lesser extent. The CH3 domain does not
show any significant increase in deuterium exchange for any of
the enriched variants when compared to the wild-type (Figure
5A,C). Gallagher et al.18 showed by X-ray crystallography that
the inserted cysteine after the 239th residue replaces the
position of the serine 239 and affects the preceding residues in
the hinge, resulting in a one-residue upward shift toward the
N-terminus of Ser239, Pro238, and Gly237, with residues after
the insertion maintaining their wild-type positions. These are
rather minimal perturbations that are not consistent with their
HDX-MS results. However, our more detailed HDX-MS
findings are in agreement with theirs and perhaps reflect that
the crystal structure may not represent the true structure in
solution due to the restraints imposed by the crystal lattice.

Impact of the Additional Disulfide Bridge on the
Drug to Antibody Ratio. Conjugation to an unpaired
cysteine requires the functional group of the cysteine be
available to react with the maleimide group of the payload’s
linker. It is therefore well-established that, before conjugation,
the antibody has to undergo a partial reduction to remove
unwanted thiol adducts, followed by a reoxidation to reform all
native disulfide bridges, leaving the substituted/inserted
cysteines as free thiols, available for conjugation (Figure

Figure 6. (A) Crystal structure of the Fc domain showing mixed
EX1/EX2 kinetics in the last two β-sheets of the CH2 domain (red on
the crystal structure), peptide 319−348: YKCKVSNKALPAPIE-
KTISKAKGQPREPQV. Cyan spheres represent C239i. *The crystal
structure 3AVE corresponds to the wild-type and does not have an
inserted cysteine at position 239; the annotation shows where the
inserted cysteine would be located. (B) Uptake plot representing the
percentage in deuterium incorporation for the EX1 exchange (dashed
line), and EX2 exchange (solid line) for the peptide 319−348
(YKCKVSNKALPAPIEKTISKAKGQPREPQV: red regions on the
crystal structure).
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S16). We next investigated if the iDSB, an unexpected thiol
state, can be accommodated by this routine conjugation
approach in order to achieve consistent drug−antibody ratios.
For IgG-C239i, the conjugation was carried out both before

and after these preparatory redox steps to compare the
conjugation efficiencies. When the enriched variants were
conjugated directly without reduction/reoxidation, the con-
jugation efficiency on 2xCys and iDSB IgG C239i was very low
(Table 2). In contrast, when the partial reduction and

reoxidation were carried out on the enriched variants prior
to conjugation, the conjugation results showed good and
consistent conjugation efficiencies resulting in DARs of 1.57,
1.54, and 1.51 for 2xSH, 2xCys, and iDSB Fc-C239i,
respectively (Table 2). To understand why the empirically
determined DAR was lower than the theoretical DAR of 2, the
thiol states from three antibody lots were monitored by
nonreduced peptide mapping in their initial state, after the
reduction and reoxidation steps, and after conditions used for
conjugation (but in the absence of the payload). These data
demonstrate that after exposure to conditions used for
reduction, reoxidation, and conjugation, some iDSB remained
(∼20%) and support the hypothesis that, while consistent
DAR can be achieved, iDSB formation may prevent complete
conjugation to the inserted cysteines (Figure 7).

■ CONCLUSION
Overall, our studies demonstrate that the CH2 domain in all
the enriched variants of Fc-C239i has been destabilized by the
cysteine insertion, whereas the CH3 domain is unaffected.
Previous work on antibodies containing either an insertion
C239i17 or the substitution S239C16 showed that the thermal
stability of the CH2 domain was not affected by the
substitution but was decreased by the insertion. This further

demonstrates that the destabilization comes from the insertion
and not from the nature of the residue. In addition to
confirming that the insertion does indeed confer a modest but
measurable change in structure and dynamics, here we
demonstrate that a much more substantial structural
perturbation can be sustained upon formation of a disulfide
bond between inserted cysteines.
Herein, we have described an unexpected but naturally

occurring state of the C239i mutant containing an additional
disulfide bridge, the conditions under which it forms and how
it affects the antibody’s structure. More specifically, we showed
that the three enriched Fc-C239i variants can interconvert,
2xSH and 2xCys tending toward iDSB. This happens in
conditions where the two heavy chains can come close enough
to form a disulfide bridge (the sulfur atoms need to be 2 Å
apart29). This occurs during expression, and here, we
demonstrated mechanistically that formation is greatly favored
by conditions that either increase the molecular dynamics or
the proportion of molecules where the CH2 domain is in the
denatured state. Chemical denaturant and heat were used as
proxies for any stress that the antibody may experience in its
lifetime, which could also be shear stress or pressure during the
expression and purification steps. When this additional
disulfide bridge is present, it applies an additional destabilizing
strain on the CH2 domain. The significant increase in
hydrogen−deuterium exchange especially in the β-strands C,
F, and G and in the β-strand D is due to H-bonding breakage
and an increase in solvent-accessible surface area in the native
state. This is also shown by the lower mI−N, ΔCp, and ΔHcal
values obtained for iDSB compared to those for 2xSH and
2xCys Fc-C239i. The change in structure of the CH2 domain
upon forming the additional interchain disulfide bridge might
affect not only the native state but also the unfolding transition
state, as the unfolding kinetic experiments showed that the
iDSB Fc-C239i has a kinetic stability greater than that of the
other variants. All of these findings suggest that they are caused
by a distortion of the CH2 domain brought about by the
formation of an additional disulfide bridge.
Our findings show that the formation and reformation (after

the reduction step) of the iDSB influences the efficiency of the
final conjugation step. While iDSB can be effectively reduced,
its formation (∼20% in our studies) during oxidation and
under conditions used for conjugation provide an explanation
for a consistent but lower than anticipated DAR. This
hypothesis is supported by a recent study demonstrating that
iDSB contributes toward under-conjugation of the C239i
antibody.30 The same mutation and similar nearby mutations
previously investigated (C239i, C238i, S239C) also produced
DARs lower than 2 (1.8, 1.44, and 1.9, respectively17). This
work highlights the importance of systematic studies on iDSB
formation for cysteine engineered antibodies in order to fine-
tune conditions to achieve desired conjugation efficiencies.
Despite the iDSB formation, these data also demonstrate that
the C239i scaffold can be consistently conjugated to achieve a
DAR similar to those observed for comparable constructs.
Taken together, these data demonstrate the utility of

combining biophysical techniques with high-resolution mass
spectrometry to provide detailed characterization of the
structure and dynamics of biopharmaceuticals and their
variants. Similar observations are anticipated for other
engineered antibodies where cysteines are introduced close
to the hinge, and the insight provided here serves to guide
future cysteine or site-specific engineering strategies.

Table 2. Drug−Antibody Ratio after Conjugation of the
Different Enriched Variants, Going through the Reduction/
Oxidation Steps

enriched
material

DAR after direct
conjugation

DAR after reduction and reoxidation
prior to conjugation

2xSH 1.75 1.57
2xCys 0.12 1.54
iDSB 0.08 1.51

Figure 7. Proportion of thiol states in IgG-C239i monitored by
nonreduced peptide mapping in their initial state (IS), after partial
reduction and mild reoxidation (Ox) and after conditions used for
conjugation but in the absence of the payload (DMSO).
Approximately 20% of cysteines were in the iDSB state after exposure
to conditions used for conjugation.
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■ EXPERIMENTAL SECTION

Antibody Expression and Purification. The antibodies
used in this study were NIST mAb Fc, the control protein, and
Fc-C239i, a construct described in Dimasi et al.,17 with the
exact same amino acid sequence as NIST mAb but with a
cysteine inserted at position 239 in the CH2 domain. All
antibodies were produced at AstraZeneca. The gene for the
human Fc-C239i (Dimasi et al., 2017) was cloned into a
mammalian expression vector. The Fc-C239i protein was
transiently expressed in Chinese hamster ovary cells under
serum-free conditions. Cleared culture supernatant was loaded
directly onto MabSelect SuRe column equilibrated with PBS
(pH 7.2). Fc-C239i was eluted with 0.1 M glycine pH 2.7.
Pooled fractions were buffer exchanged into PBS.
Measurement of the Thiol States of Fc-C239i-

Enriched Variants in Specific Denaturant Concentra-
tions and Incubation Times. Sample Preparation. For each
of the three variants, 100 μg was prepared in 34 μL, in 0 or 3.5
M GdmCl, in 20 mM His pH 5.5. They were incubated for 0
or 7 days at 25 °C.
Nonreduced Peptide Map Preparation: NEM Capping,

Denaturation, and Lys-C Digestion. After the incubation, the
samples were alkylated by adding 5 μg of NEM and incubated
at room temperature for 20 min. Samples were then buffer
exchanged three times into 7.1 M GdmCl, 5.6 mM phosphate
pH 7.0, and 0.1 M NaCl with 10 kDa Amicon filters and
concentrated to a final volume of 90 μL. Next, 250 μL of 100
mM phosphate buffer pH 7.0, 1 μL of 40 mM EDTA, and 10
μL of 1 mg/mL of endoproteinase Lys-C were added to each
sample and incubated for 2 h at 37 °C. Ten microliters at 1
mg/mL of Lys-C were added again and incubated for another
2 h at 37 °C. After digestion, the material was split in half. Five
microliters of 500 mM dithiothreitol (DTT) were added to 45
μL of digested protein and incubated at room temperature to
reduce. Five microliters of water were added to 45 μL of the
same sample to act as a nonreduced control. Both samples
were run side by side by LC-MS for comparative analysis.
LC-MS Run. The digested samples were analyzed by means

of reverse-phase liquid chromatography (Acquity i-Class
UPLC, Waters, Manchester, UK) coupled to mass spectrom-
etry (Orbitrap Fusion ThermoFisher mass spectrometer).
Reduced and nonreduced samples were compared to identify
disulfide-containing peptides, and identification was performed
using a combination of MS1 and MS2. Peptides were separated
using a Peptide BEH C18 column, 300 Å 1.7 μm, 2.1 mm ×
150 mm (Waters, Manchester, UK) over a 76 min linear
gradient of 5−45% B (mobile phase A: 0.02% TFA in water;
mobile phase B: 0.02% TFA in ACN). MS data were acquired
over a 250−2000 m/z range, using an AGC target of 200000
and a maximum injection time of 50 ms. MS2 was acquired in
the ion trap in centroid mode, using an AGC target of 10000
and a maximum injection time of 35 ms. Fragmentation was
achieved by collision-induced dissociation using a collision
energy of 35%. The data were then processed on the Qual
Browser Thermo Xcalibur 3.0.63 software.
Mass Spectrometry Data Analysis. The peptides corre-

sponding to the hinge region were searched (NEM-capped,
cysteine-capped, and disulfide bridged). The presence of the
variants was quantitated by combining the most intense
isotope on the 4+ m/z and 5+ m/z distribution and then
integrating the area under the obtained peaks on the total ion
count chromatogram.

Results are shown in Figure 2A and Table S2.
Evolution of the Thiol States of Fc-C239i-Enriched

Variants over Time and upon Increasing Denaturant
Concentrations. Sample Preparation. The first set of
experiments consisted of observing the effect of denaturant
concentration after 7 days of incubation at 25 °C on the
inserted cysteine states. For this first set of experiments, 100 μg
of the free-thiol-enriched and doubly capped cysteine-enriched
variants were prepared in 0, 0.5, 1, 1.5, 2, 2.5, 3, and 3.5 M
GdmCl, in 20 mM His pH 5.5 in 34 μL total. They were
incubated 7 days at 25 °C.
The second set of experiments aimed at assessing the effect

of incubation time at 25 °C in 3.5 M GdmCl on the inserted-
cysteine states. For the second set of experiments, 100 μg of
the free-thiol-enriched and doubly capped cysteine-enriched
variants were prepared 3.5 M GdmCl, in 20 mM His pH 5.5 in
34 μL total. They were incubated for 0, 1, 2, 3, and 4 days at 25
°C.

Nonreduced Peptide Map Preparation: NEM Capping,
Denaturation, and Lys-C Digestion. After the incubation, the
samples were alkylated adding 5 μg of NEM, and incubated at
room temperature for 20 min. The samples were buffer
exchanged three times into 7.1 M GdmCl, 5.6 mM sodium
phosphate pH 7.0 and 0.1 M NaCl with 10 kDa Amicon filters,
concentrated to a final volume of 60 μL, and incubated at 37
°C for 30 min. From this volume, 15 μL was taken (25 μg of
antibody) and was then diluted by 4 in 100 mM NaPO4 pH
7.0 containing 0.4% 40 mM EDTA, diluting the guanidinium
chloride concentration to 1.8 M in preparation for digest. An
aliquot of 10 μL (0.5 μg) of Lys-C was added to ∼25 μg of
thiol-capped denatured protein at a 1:50 enzyme/protein ratio,
and the mixture was incubated at 37 °C for 2 h. A further 10
μL (0.5 μg) of Lys-C was added and incubated for a final 2 h.
Samples were then analyzed.

Reversed-Phase LC.Mobile phase A contained 0.1% TFA in
water, and mobile phase B contained 0.1% TFA in 100%
acetonitrile. The following LC conditions were used: flow rate
0.15 mL/min, column temperature 55 °C throughout the
separation with the autosampler maintained at 4 °C. Injections
of 10 μL of 0.42 mg/mL peptide sample were separated using a
UPLC peptide CSH C18, 130 Å pore size, 1.7 μm bead size,
2.1 mm × 150 mm column (Acquity). The gradient started at
0% B until a step up to 24% at 4 min and then gradually
increased to 26% at 8 min, followed by a step up to 80%. The
gradient was dropped back to 100% A to equilibrate for the
next injection. Total run time per samples was 12 min.

Mass Spectrometer Settings. On a Waters Xevo TQS, the
MS desolvation temperature was 600 °C, and source cone
voltage was 40 V, with desolvation gas flow of 400 L/h,
capillary voltage of 3 kV, and Q3 collision energy of 40 eV.
The different variants were targeted according to the values
referenced in Table 3.
Results are shown in Figure 2B and Figure S6.

Table 3. Chromatographic and m/z Parameters for the
Identification of the Variants

compound RT (min) m/z precursor ion m/z fragment ion

iDSB 5.70 ± 0.20 1416.50 566.30
2xCys 5.50 ± 0.20 1476.70 566.30
1xSH + 1Cys 6.20 ± 0.22 1478.20 566.30
2xSH 8.00 ± 0.30 1479.70 566.30
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Measurement of the Thermodynamic Stability of the
Antibodies: Chemical Unfolding and Refolding Curves.
Methods. Chemical unfolding and refolding curves in
guanidinium chloride were performed in duplicate or triplicate.
Each experiment was composed of 41 points (120 μL total
volume) of increasing concentrations of GdmCl from 0 to 3.5
or 4 M final concentration. Next, 110 μL of denaturant
solution was mixed with 10 μL of protein to a final
concentration of 1 μM. For the unfolding curves, the stock
protein solution was made in 20 mM histidine buffer pH 5.5;
for the refolding curves, the protein was first denatured in 5 M
GdmCl for 15 min at room temperature and then dispensed
into the same 41 point denaturant solutions. The solutions
were dispensed with a liquid handling robot (Microlab500
Series, ML541C, Hamilton Company). The denaturant
solutions mixed with the protein were incubated at 25 °C at
different time points until they reached equilibrium (7 days).
Each of the 41 denaturation points was measured in a 100 μL
quartz cuvette (Hellma, Precision Cell in Quartz SUPRASIL,
type no. 105.250-QS, light path: 10 × 2 mm, center: 20 mm).
The fluorescence was recorded with a Cary 400 Eclipse
fluorescence spectrophotometer (Agilent Technologies) ther-
mostated at 25 °C controlled by a heat block. The samples
were excited at 280 nm, and the emission was recorded from
300 to 400 nm, with a scan rate of 300 nm min−1; excitation
and emission band passes were set at 10 nm.

Data Analysis. When the protein is denatured with
increasing concentrations of chemical denaturant, the max-
imum of the fluorescence signal shifts toward red wavelengths.
In the native state, the wavelength of maximum fluorescence
intensity is at approximately 335 nm, and in the denatured
state, the wavelength of maximum fluorescence is around 360
nm. The data were analyzed using an average emission
wavelength (AEW), which is the arithmetic mean of the
wavelengths weighted by the fluorescence intensity at each
wavelength. It is calculated as shown in eq 1:
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where Fi is the intensity of fluorescence at the wavelength i and
λi is the wavelength.
A three-state model in which an intermediate state between

the native and denatured state is sufficiently stable to be
populated and observed was used. The equilibrium between
the different species is as follows:
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The denaturation curves, using the AEW data, were fitted to
a three-state model using eq 3:31,32
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where αN, αI, and αD are the fluorescence of the native,
intermediate, and denatured states in H2O, respectively; βN, βI,
and βD are the slopes of native, intermediate, and denatured
baselines, respectively; mI−N and mD−I are the m values
between the intermediate and native state, and denatured and
intermediate states, respectively; ΔGI−N

H2O, ΔGD−I
H2O, and ΔGD−N

H2O

are the differences in Gibbs free energy between the
intermediate and native states, denatured and intermediate
states, and denatured and native states, respectively; T is the
temperature, and R is the gas constant.
Measurement of the Thermal Stability of the Anti-

bodies: Differential Scanning Calorimetry. Methods. The
thermal denaturation of NIST mAb Fc, 2xSH Fc-C239i, 2xCys
Fc-C239i, iDSB Fc C239i, as well as 2xSH capped by NEM to
avoid interconversion of the cysteine state during the thermal
denaturation was monitored by differential scanning calorim-
etry in triplicate (duplicates for 2xSH NEM capped Fc-C239i),
with a Malvern MicroCal VP-DSC instrument. Five hundred
microliters of protein at 0.5−5 mg mL−1 in 20 mM histidine
pH 5.5 was used for each run. For each protein, the baseline
was measured first, which consists of buffer in both cells
(buffer versus buffer), and then the protein was run (buffer
versus protein). Several cleanup cycles with water and
suitability controls with lysozyme at 3 mg mL −1 in water
were employed before and after the actual experiment with the
antibody. Each protein sample was scanned twice to investigate
the thermal reversibility. The temperature was ramped from 25
to 100 °C, increasing by 95 °C h−1. The prescan thermostat
was set to 2 min, and no postscan thermostat was employed.
All of the different protein constructs were run in triplicate.
The thermal unfolding is not reversible, as the trace of the

reheated sample did not overlap with the initial one (Figure
S10).

Data Analysis. The data were processed with the Origin
version 7.0 SR4 software. The baseline thermogram (buffer
versus buffer) was subtracted from the thermogram of the
protein (buffer versus protein). Two baselines, one at the
beginning and one at the end of the thermogram, were placed
to adjust the data, which was then normalized using the
concentration of the protein. The unfolding peaks were
selected, and the thermogram was fitted to the “Non 2-state”
model to obtain the melting temperatures (Tm) and the
enthalpy of unfolding at the Tm, ΔHcal.

Measurement of the Kinetic Stability of the Anti-
bodies: Unfolding Kinetics. Methods. For the stopped-flow
experiments, the native protein and the denaturant solutions
were mixed in a 1:10 ratio, respectively. Seven stock solutions
of guanidinium chloride (GdmCl) were prepared in 20 mM
histidine buffer pH 5.5 so that the final concentrations range
from 5.5 to 7.0 M GdmCl with an interval of 0.25 M. The
stock solutions are 1.1-fold more concentrated than the final
solutions, as solutions were diluted by a factor of 10/11 in the
rapid mixing step. The protein stock solutions were prepared
between 7 and 11 μM to achieve a final concentration between
0.5 and 1 μM after mixing with the denaturant solutions.
The unfolding kinetics were monitored with a SX20

stopped-flow spectrometer from Applied Photophysics (soft-
ware: SX Spectrometer Control Panel Application version
2.2.27). The temperature of the water bath was set to 25 °C;
the excitation wavelength was set to 280 nm, and both slit
widths were 2 mm. A cutoff filter of 320 nm was used. Three
short time traces were recorded with pressure hold (2 s) to
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accurately measure the fastest unfolding phase, and three
longer time traces (120 s) were acquired to accurately measure
the slower unfolding phase, both at each denaturant
concentration.
Fitting of Unfolding Kinetics. The unfolding curves were

fitted with the software Pro DataViewer version 4.2.27. The
fluorescence signal corresponding to the unfolding was fitted
with a double-exponential function (eq 4).

A t A k t A k t c( ) exp( ) exp( )1 1 2 2= · − + · − + (4)

where A1 and A2 are the amplitudes, k1 and k2 the respective
unfolding rate constants, and c is the offset.
The natural logarithm of the rate constants was then

calculated and plotted versus the corresponding denaturant
concentration, and the data fitted with eq 5.33

k k mln ln denkU
den

U
H O2

U
= + [ ][ ]

(5)

where kU
[den] is the observed unfolding rate constant at the

denaturant concentration [den], kU
H O2 is the unfolding rate

constant in water, and mkU
is the slope of the plot of ln kU

[den]

versus denaturant concentration.
Fast Hydrogen−Deuterium Exchange Mass Spectrome-

try. The peptide map was done on the 2xCys-enriched Fc-
239iC variant, with equilibration buffer (20 mM His pH 5.5 in
H2O), using a data-dependent acquisition (DDA) MS2

approach. MS data were acquired in the Orbitrap Fusion
(ThermoFisher) over a 300−2000 m/z range, using an AGC
target of 200000 and a maximum injection time of 100 ms.
MS2 was acquired in the ion trap in centroid mode, using an
AGC target of 10000 and a maximum injection time of 35 ms.
Fragmentation was achieved by HCD using a collision energy
of 30%. The labeled data on the three enriched variants 2xSH,
2xCys, iDSB Fc-C239i, and the wild-type NIST mAb Fc were
recorded after 1000, 6000, 30000, 60000, 300000, 600000, and
900000 ms of incubation at 20 °C in deuterated buffer (in 20
mM His pD 5.5 in D2O) with a MS1 method (300−2000 m/z
range, AGC target of 200000 and maximum injection time of
100 ms) to avoid scrambling of the deuterations. All data
points were run in triplicate.
O n t h e m s 2 m i n HDX s y s t em 2 2 ( p a t e n t

WO2020074863A1), 10 μL of protein at 5 μM in equilibration
buffer (20 mM His pH 5.5 in H2O) was diluted 20-fold at 20
°C into equilibration or labeling buffer (20 mM His pH 5.1
(pD 5.5) in D2O) to generate a peptide map or labeled data,
respectively. The mixture was then diluted 1:1 with quench
buffer at 2 °C (100 mM His, 8 M urea, 0.5 M TCEP, pH 2.5).
The quench solution was then injected into a Waters
nanoAcquity UPLC system, flowing for 4 min at 50 μL/min
onto the pepsin column at 20 °C for digestion (Waters
Enzymate BEH pepsin column (2.1 × 30 mm, 5 μm)) to the
trap column (Acquity UPLC BEH C18 1.7 μm column P/N
186003975; pushed by LC-MS grade H2O with 0.2% formic
acid) and then eluting from the C18 analytical column
(Acquity UPLC BEH C18 1.7 μm 1.0 × 100 mm column P/N
186002346) for 10 min, from a 5 to 40% organic phase (ACN
with 0.2% formic acid).
The peptide map was generated on BioPharmaFinder from

equilibration data (in 20 mM His pH 5.5 in H2O) acquired
with a MS2 method. The peptides obtained were filtered by
the MS identification method (MS2 only), and the peptide
mass error was lower than 10 ppm. The exported csv with the
peptides as well as that same undeuterated data was imported

into HDExaminer to operate a second filtration of the
peptides: only the charge state with the highest intensity
from the peptide map data was kept per peptide for
comparative accuracy between the charge states, selected
according the highest intensity, the sharpest extracted ion
chromatogram. After the peptide pool was curated, the labeled
data were added, and the D incorporation per peptide data was
then exported as a csv file. Given that the N-terminus of the Fc
domain was different for the wild-type NIST mAb Fc and the
Fc-C239i variants, the first peptides do not exist for the wild-
type, and the data comparison starts at residue Lys 242. We
employed two complementary methods of analysis to identify
which deuterium incorporations were significant to observe the
deuterium exchange for each time point separately and overall.
The data processing method used was first described by

Dobson et al.34 Starting with a csv file containing the D
incorporation data, this Matlab-coded method first assesses if
the incorporation of deuterium per peptide is significant
compared to the wild-type (assessed by a t test, if p value
<0.05) and then sums the significant time points per peptide,
subsequently converts the peptide D incorporation to amino
acid incorporation by dividing the D incorporation by the
maximal number of D that can be exchanged per peptide,
subtracting the D incorporation from the wild-type, and
dividing the amino acid incorporation by the redundancy and
finally normalizing it. The output is the deuterium incorpo-
ration for each individual amino acid. The crystal structure of
the Fc domain (PDB: 3AVE) was colored with the red-white-
blue scale according to the relative incorporation of deuterium
per amino. The additional cysteine was removed from the
incorporation data to map on the structure. The differential
plots obtained are presented in Figure S13, and the summary
HDX-MS parameters are in Table S10. A second method,
developped by Cornwell et al.35 was used and discussed in
Supporting Information section 1.4.

Conjugation Conditions. Two conjugations processes
were used to evaluate the effect the thiol state of the inserted
cysteine had on the DAR or the effect the conjugation process
had on the thiol state. The antibodies were conjugated to a
tubulysin payload via a maleimide-bearing mc-Lys protease
cleavable linker. Antibody intermediate samples were con-
jugated directly by spiking preparations with excess payload
and providing sufficient time for the conjugation to complete.
Alternatively, the antibody intermediate was reduced and
reoxidized prior to conjugation. Reduction was achieved using
TCEP, which was subsequently removed with 3× buffer
exchange steps (10× dilution and reconcentration using 30
kDa amicon spin filters) prior to reoxidizing in dhAA. All
reactions were performed at room temperature, with excess
reactants and sufficient time to allow the reactions to complete.

DAR Measurement by RP-HPLC. Each sample was
normalized to 2 mg/mL in HPLC water. Fifty microliters of
denaturing buffer (8 M guanidine HCl, 160 mM Tris, 1 mM
EDTA, pH 7.6) and 2 μL of DTT were added to 50 μL of each
sample and incubated at 37 °C for 30 min. Ten microliters of
each sample was injected onto a Waters BioResolve RP mAb
polyphenyl column (2.1 × 150 mm, 2.7 μm, 450 Å). Mobile
phase A consisted of 0.1% TFA and water, and mobile phase B
consisted of 0.1% TFA in acetonitrile. A gradient of 32.5 to
46.5% mobile phase B was run from 2 to 30 min at a flow rate
of 0.5 mL/min. The eluted protein was detected by UV
absorbance at a wavelength of 280 nm. DAR and drug-load
distribution were calculated based on peak areas.
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