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Structural analysis of a therapeutic monoclonal
antibody dimer by hydroxyl radical footprinting
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Hydroxyl radical footprinting is a covalent labeling strategy used to probe the conformational properties of proteins
in solution. We describe the first application of this high resolution technique for characterizing the structure of a
therapeutic monoclonal antibody (mAb) dimer. As monitored by size-exclusion chromatography (SEC), therapeutic
mAbs typically contain small amounts of a dimer species relative to the primary monomeric form in its drug substance or
drug product. To determine its structural orientation, a sample enriched in an IgG1 mAb dimer was oxidized by hydroxyl
radicals generated by exposure of the aqueous solution to synchrotron X-rays in millisecond timescales. The antibody
monomer that served as a control was oxidized in a similar fashion. The oxidized samples were digested with trypsin
and analyzed by RP-UHPLC-MS. The footprinting data show that peptides displaying decreased rates of oxidation (i.e.,
regions of increased protection) in the dimer are localized in the light and heavy chains of the Fab domain. The interface
region for the monomers comprising the dimer was thus inferred to be between their Fab arms, allowing us to model
two possible theoretical dimer orientations: a head-to-head, single arm-bound Fab-to-Fab dimer, and a head-to-head,
double arm-bound Fab'2-to-Fab’2 dimer. Lower resolution fragment-SEC analysis of the dimer and monomer samples
treated with papain or FabRICATOR" enzyme provided complimentary evidence to support the Fab/Fab orientation of

the IgG1 dimer.

Introduction

Monoclonal antibodies (mAbs) have become widely accepted
therapies for various forms of cancer and immunologic dis-
eases.'? For product quality testing, methods for characterizing
mAbs at the primary structure level have been described and are
well established; common post-translational modifications such
as deamidation, oxidation, glycosylation, or fragmentation can
be detected and quantified by various chromatographic or mass
spectrometry-based methods with high sensitivity.” The higher
order structure of the therapeutic mAbs must also be considered
because the activity and stability of the molecules will be influ-
enced by their three dimensional structure. Changes in the man-
ufacturing process, formulation, or storage conditions may affect
higher order structure, thus driving the need to have methods
for its analysis. Such methods may also play a critical role in the
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emerging biosimilars industry, where structural comparability to
originators needs to be assessed.’ Traditional analytical methods
used for structural studies of proteins include analytical ultracen-
trifugation (AUC), FTIR, circular dichroism (CD) spectroscopy,
and fluorescence spectroscopy.®” These methods may have util-
ity for monitoring global changes in higher order structure; they
are, however, not ideal for localizing specific areas or regions of
structural change in the molecule, and can thus be considered
relatively low resolution techniques.

Mass spectrometry (MS)-based methods for analyzing the
higher order structure of proteins have emerged that can offer
higher resolution of structural detail, providing regional (pep-
tide level) or even site-specific (single residue level) information.
Hydrogen-deuterium (H/D) exchange mass spectrometry is a
reversible covalent labeling (CL) technique that has been increas-
ingly employed to study biopharmaceutical products, including

Volume 5 Issue 1

Do not distribute.

I0Science.

©2012 Landes B



mADbs."*"® The method is desirable due its non-invasive nature,
the potential of labeling at almost all amino acids, and the acqui-
sition of structural information at both peptide and residue-
specific levels via “bottom up” analysis. A drawback of the H/D
exchange method is the transient and labile nature of the label-
ing probe, and the possibility that some structural information
can be lost. The required experimental conditions also limit the
choices for enzymatic digestion/peptide mapping to proteases
that are active in acidic conditions (e.g., pepsin). In contrast to
H/D exchange, other covalent labeling methods impart perma-
nent or stable modifications to amino acid side chains for prob-
ing or mapping protein structure. Structural information at both
peptide and residue-specific levels can also be obtained, and a
larger variety of proteases for peptide mapping can be utilized
(e.g., trypsin, Asp-N, Glu-C). However, the modifications and
reaction conditions themselves may perturb the very structure
or conformation that one is attempting to characterize, and care
must be given to ensure that the native structure is preserved dur-
ing the labeling reaction. Various labels can be utilized, including
amino acid side chain-specific labeling reagents such as iodoacet-
amide (cysteines), N-bromosuccinimide (tryptophan), diethyl-
pyrocarbonate (carboxyl acids), and S,S'-dimethylthiobutanoy
lhdroxysuccinimide (lysines).""" Structural information from
these reagents may not be as comprehensive due to their inherent
specificities.

Use of hydroxyl radical footprinting, a stable covalent label-
ing method that can modify a wider variety of side chains, is
becoming more prominent for higher order protein studies. In
this method, hydroxyl radicals produced in situ with the protein
of interest are used to introduce oxidative modifications to its
amino acid chains. The extent of a region’s oxidation reflects its
extent of protection, and this protection level can be defined at
cither the peptide or individual amino acid residue level. The
hydroxyl radicals are non-selective and highly reactive, produc-
ing a stable oxidative modification in milliseconds (ms); this
reaction is kinetically favored over radical-mediated backbone
cleavage or cross-linking.'® The amount or rate of oxidation of
a particular amino acid is ultimately a function of its solvent
accessibility and its inherent reactivity. The rank order of reac-
tivity of the common amino acids used for protein footprinting
studies has been described previously, with sulfur-containing
and aromatic amino acids being the most reactive, followed
by aliphatic amino acids, and then the other charged and neu-
tral amino acids.””?® Hydroxyl radical oxidation typically pro-
duces peptides with mass additions of +16 Da or +14 Da due
to formation of hydroxyl or carbonyl groups in the side chains,
although other mass shifts specific to aromatic side chains are
also possible. Guan and Chance have described the side-chain
products possible from radiolytic footprinting experiments for
twenty amino acids plus cystine,” showing this technique’s high
potential for structural resolution. Once the oxidative labeling
is completed, proteolytic cleavage and tandem MS (MS/MY) is
used to identify and quantitate peptides that have been oxidized.
Relative levels of protection (or accessibility) for each peptide are
determined from their rates or amounts of oxidation. Structural
interpretations can then be made based on differences or changes
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in these protection levels. Oxidative, and thus solvent accessibil-
ity, information at specific residues can also be extracted from
the tandem MS data.

Though there are several methods to generate hydroxyl
radicals in solution for footprinting assays, methods that can
generate radicals in the millisecond or faster timescales are pre-
ferred for protein studies so that native structures under study
are not unduly altered by the oxidative modifications. Recently,
Hambly and Gross developed the Fast Photochemical Oxidation
of Proteins (FPOP) method using an excimer laser to produce
hydroxyl radicals in microsecond timescales from hydrogen per-
oxide added to the protein solution.?>* At this timescale, it has
been shown that the oxidative labeling occurs faster than protein
unfolding.”* The FPOP method was recently applied to thera-
peutic proteins, although the panel of samples consisted of small
proteins rather than mAbs.”® Another fast method to generate
hydroxyl radicals that preceded FPOP, and the method that was
employed in this current study, is the use of synchrotron radiation
to generate radicals directly from water solvent molecules. Mark
Chance and colleagues pioneered the eatly use of this method

for protein footprinting studies,?¢

utilizing synchrotron X-rays
to irradiate aqueous solutions containing the protein of interest,
producing a high flux of radicals in millisecond timescales. In
contrast to FPOP, hydrogen peroxide does not need to be added
to the protein solution. The details of the synchrotron procedure
and its time-resolved methodology have been well documented in
reviews, and in studies focusing on protein folding and dynamics,
and protein-ligand complexes.””** Although longer synchrotron
irradiation times (>50ms) may begin to introduce oxidative-
induced structural changes, the exposure times for this current
study were kept below 20 ms.*

To our knowledge, no studies using hydroxyl radical foot-
printing to characterize the higher order structure of therapeu-
tic mAbs have been previously reported. We report here the first
application of this footprinting method to study the structure of
a therapeutic mAb, specifically a dimeric (or aggregated) form of
the mAb. Therapeutic mADb aggregates, assemblies of mAb mol-
ecules other than the desired monomeric form, can be formed at
different phases of the manufacturing processes, including cell
culture, purification, and formulation.?! These aggregates can be
subvisible or visible, ranging in size from dimers to very large
multimers, and can be influenced by factors such as pH, tempera-
ture, and light exposure.?»* Due to their potential to trigger an
immunogenic response and other adverse effects,’® aggregates are
closely monitored and characterized within the biopharmaceuti-
cal industry by several established analytical methods, including
size-exclusion chromatography (SEC), analytical ultracentrifu-
gation (AUC), capillary electrophoresis (CE-SDS), multi-angle
laser light scattering (MALLS), and dynamic light scattering
(DLS).* These methods, however, do not provide detailed infor-
mation on the conformational properties of mAb aggregates,
thus providing an opportunity to assess the utility of hydroxyl
radical footprinting for this purpose.

For this study, a soluble dimer of a representative therapeutic
IgGl mAb present in low amounts in the final drug substance
relative to the desired monomer was analyzed by hydroxyl radical
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footprinting to determine the probable structural orientation of
its components. The IgGl dimer and monomer fractions were
enriched by SEC, and then labeled by hydroxyl radicals gener-
ated by synchrotron irradiation of their aqueous solutions. The
samples were then subjected to tryptic digestion, reverse-phase
ultra-high pressure liquid chromatography (RP-UHPLC) pep-
tide map analysis, and tandem MS detection. Analysis of the MS
data allowed for detection of oxidized residues, quantification of
peptide oxidation levels, and determination of rate constants that
defined regions of more or less protection in the dimer relative
to the monomer control. Regions of increased protection in the
dimer were observed in the light and heavy chains in the Fab
domain, pointing to the likely interface areas of the two compo-
nent monomeric units, and leading us to model possible struc-
tural orientations. The high resolution footprinting data suggests
that this IgG1 dimer is interfaced through the Fab domains in
either a head-to-head, single-arm Fab-to-Fab orientation or a
head-to-head, double-arm bound Fab’2-to-Fab’2 orientation,
with the main interface regions more localized in the light chains.
Supplementary data from lower resolution fragment-SEC experi-
ments using papain and FabRICATOR® enzymes supported the
Fab/Fab interface model, showing that the hydroxyl radical foot-
printing technique holds promise for characterizing the higher
order structures of therapeutic mAbs.

Results

Enrichment of IgG1 dimer and monomer forms. A IgGl mAb
drug substance in its final formulation was analyzed by SEC to
resolve the minor dimer form, comprising ~4% of the total peak
area, and the primary monomer form, comprising ~96% of the
total peak area (Fig. 1). The drug substance was not subjected
to any forced stress studies (e.g., thermal or pH stress), so this
dimer was considered “native” in that its formation results from
the normal manufacturing process conditions. Size-exclusion
chromatography-multi-angle laser light scattering (SEC-
MALLS) confirmed that the dimer species had a molar mass of
approximately 300 x 10° g/mol, and the monomer species had the
expected approximate molar mass of 150 x 10 g/mol.

The peaks corresponding to the dimer and monomer compo-
nents were enriched via fractionation from SEC. The monomer
served as an experimental control for the footprinting analysis.
Final concentrations for the dimer and monomer were 10 mg/
mL and 30 mg/mL, respectively. Both the enriched dimer and
monomer samples were re-analyzed by SEC to determine final
purity; approximately 92% and 98% purity were achieved for the
dimer and monomer samples, respectively (Fig. 1 and Table 1).
The dimer and monomer samples also had similar non-reduced
CE-SDS profiles (Fig. S1 and Table S1), with comparable percent
main peaks (Table 1). Since CE-SDS is a denaturing method,
the comparable main peaks showed that the dimer was primar-
ily a non-covalent association between two monomeric units.
The majority of the dimer species survived the enrichment pro-
cess without dissociating into monomers, indicating the stabil-
ity of the non-covalent association. The enriched dimer and
monomer samples were also assessed for potency in a cell-based
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Figure 1. SEC chromatograms of enriched fractions. IgG1 bulk drug
substance starting material contains approximately 4% dimer. Enriched
dimer is 92% pure, and enriched monomer is 96% pure.

anti-proliferation bioassay. The results of the potency assay
showed a reduced potency of 42% for the dimer sample, com-
pared to 97% for the monomer control (Table 1).

Enriched fractions were stored frozen until needed for analy-
sis. The enriched dimer was determined to be fairly stable for at
least three freeze/thaw cycles. As determined by SEC re-analysis,
the purity of the enriched dimer was still approximately 88%
after three freeze/thaw cycles (data not shown). The monomer
fraction showed no change in purity. After thawing, the enriched
fractions showed no change in purity after storage at 2-8°C for
one week.

Fragment-SEC analysis of papain digested dimer and mono-
mer samples. As a starting point for our structural studies, we
utilized lower resolution methodologies as a supplementary tool
for studying our therapeutic mAb dimer at the Fab/Fc domain
level. A common strategy employed in previous studies involved
cleaving the dimer with papain or Lys-C, and analyzing its associ-
ated Fab and Fc fragments to determine the domains involved in
the dimer interface.’®¥ Using a similar workflow strategy imple-
3¢ we treated the enriched
dimer and monomer samples with papain and subsequently ana-
lyzed the resulting fragments by SEC, MALLS, and LC-MS.

The SEC chromatograms of the dimer and monomer samples

mented by Remmele and co-workers,

incubated for 2 hours at 37°C with papain are shown in Figure
2A. The three prominent peaks (Peaks 1, 2 and 3) observed in
each chromatogram were characterized by SEC-MALLS, and
by a previously described on-line LC-MS method operating in
a two-dimensional format.*® The characterization data, summa-
rized in Table 2, show that Peak 1 is a non-covalently associated
Fab/Fab dimerized species, Peak 2 is the disulfide-linked intact
Fc species, and Peak 3 is the monomeric Fab species. Peaks 1 and
3 have the same observed mass by LC-MS analysis because the
non-covalently bound Fab/Fab dimerized species of Peak 1 dis-
sociates during the ionization process. No non-covalently Fab/Fc
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Table 1. Characterization data for SEC-enriched IgG1 dimer and monomer samples

. . Approximate molar mass % Purity of Enriched % main peak from
Enriched IgG1 species by SEC-MALLS (g/mol) Fraction by SEC non-reduced CE-SDS LT AL LA AS
Dimer 300 x 10° g/mol 92% 83% 42
Monomer 150 x 10° g/mol 96% 90% 100
A mAUY 23
350 1
Papain digest
300 excipients
250 Monomer Undigested
2 hr papain digest material
200
150 Dimer
2 hr papain digest
100
50
Papain digest blank
0
7.5 10 125 15 175 20 225 25 275 min
mAU mAU
B 1 C 1
400 2 3
Dimer papain digests Monomer papain digests /
350
4 hours 4 hours
300 |
2501 2hours 2 hours /L/\/LL
200
1 hour 1 hour
150 1
100 30 min 30 min
50
ol Blank 0 Blank /L
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unchanged.

Figure 2. Fragment-SEC chromatograms of papain-digested dimer and monomer. (A) Papain digest of dimer and monomer. Peak 1 is a Fab/Fab
associated species, Peak 2 is intact disulfide-linked Fc, and Peak 3 is the monomeric Fab (Table 2). (B) Papain digest incubation time course study

of the dimer. Peak 1 (Fab/Fab species) increases with incubation time, while Peak 3 (Fab) decreases. Peak 2 (intact Fc) remains constant. (C) Papain
digest incubation time course study of the monomer. Peak 1 (Fab/Fab species) increases with incubation time, while Peak 3 (Fab) decreases. Peak 2 is

or Fc/Fc dimerized species were detected in the papain digests of
either the dimer or monomer.

The presence of only Fab/Fab dimerized species (Peak 1)
in the SEC profile of the enriched dimer after papain treat-
ment suggests that the dimer interface is localized in the Fab
region. Due to the stability of the dimer, we expected that most
of the non-covalently interfaced regions of the intact dimer
would survive the papain treatment. It is not surprising that
some of these interface regions dissociated during the process-
ing, thus leading to the presence of monomeric Fab (Peak 2) in
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the dimer’s profile (the small amount of monomer still present
in this enriched fraction also contributes to the amount of Peak
2). Interestingly, though, the chromatograms showed that Peak
1 is notably present in both the dimer and monomer samples
after a 2 hour incubation, leading to the question of why the
monomer sample would also contain a Fab/Fab dimerized spe-
cies. A subsequent study varying the incubation times with
papain at 37°C showed that dimerization of papain-generated
Fab molecules occurs in-situ as the enzymatic reaction proceeds
over time.
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Table 2. Characterization data for papain-generated fragments

Papain-generated fragment
monitored by SEC

Approximate molar mass by SEC-
MALLS (g/mol)

Peak 1 100 x 10° g/mol
Peak 2 55 x 10° g/mol
Peak 3 51 x 10° g/mol

Observed MW by LC-MS (Da) Assigned SEC Peak Identity

48206 Da, 47605 Da *

(mass of Fab: LC + HC 1-230 or
LC + HC 1-225)

Fab/Fab non-covalent dimer

52818 Da (mass of intact

disulfide-linked Fo) Intact disulfide-linked Fc

48204 Da, 47607 Da *

(mass of Fab: LC + HC 1-230 or Fab
LC + HC 1-225)

Peaks 1, 2, and 3 were prominently observed in the papain digests of both the dimer and monomer samples, though there is more pre-existing Peak
1 in the dimer sample prior to papain-driven in situ Fab dimerization. °Non-specific cleavage of the heavy chain hinge region by papain generates Fab
species with two heavy chain fragments differentiated by five residues at their C-terminus. Either Fab form is presumed to be involved in the observed

in situ dimerization.

The products of the papain cleavage at increasing incubation
times of 30 minutes, 1 hour, 2 hour, and 4 hours were moni-
tored by SEC. Figure 2B and C show the chromatograms of
the papain time course experiments for the dimer and mono-
mer samples, respectively. As the incubation time increases, the
Fab/Fab dimerized species (Peak 1) increases, while the corre-
sponding free Fab species (Peak 3) decreases in both samples.
The amount of intact Fc species (Peak 2) remains constant. This
demonstrates that the Fab species resulting from papain diges-
tion have a strong affinity to form homodimers. No heterodi-
mers involving Fab/Fc fragments were observed. The tendency
for the monomeric Fab arms to dimerize suggests that this is
an aggregation-prone region in this IgGl, and lends support to
the Fab’s involvement in the intact dimer’s interface region. It
should be noted that the observed Fab/Fab aggregate never grew
larger than a dimer (i.e., two associated Fab units). Fab trimers
and larger multimers did not form over time; thus, the Fab/Fab
interaction must involve a specific orientation and region that
does not allow for additional Fab molecules to add to the two-
unit structure.

Although the Fab/Fab species (Peak 1) was present in both
the dimer and monomer samples, Peak 1 in the dimer after 30
minute incubation with papain at 37°C was approximately 3
times larger than in the corresponding monomer sample (Fig.
2A). This difference reflects the a priori amount of “native” Fab/
Fab species involved in the dimer interface region that survived
the papain treatment, before in-situ Fab dimerization begins
to occur in solution. The monomeric Fab species (Peak 3) that
was present in the dimer sample after the 30 minute incubation
likely represents the “native” Fab/Fab species that dissociated as
a result of the digestion process. Thus, there appear to be two
competing reactions occurring in solution for the dimer: (1) the
dissociation of “native” Fab/Fab into monomeric Fabs; and (2)
the in-situ (re)dimerization of the monomeric Fabs into Fab/Fab
species. For the monomer, only the in-situ dimerization of the
monomeric Fabs into Fab/Fab species occurred. After 4 hours at
37°C, the amount of Fab/Fab species (Peak 1) and monomeric
Fab species (Peak 3) in both the monomer and dimer samples
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were fairly similar, suggesting that the in-situ dimerization reac-
tion may have approached an equilibrium state.

Fragment-SEC analysis of dimer and monomer samples
treated with FabRICATOR®. In an effort to further investigate
the Fab domain interactions suggested by the papain cleavage
data, we performed a second fragment-SEC analysis using an
alternative enzyme to papain: FabRICATOR® enzyme (Bulldog
Bio).* The products of FabRICATOR® digestion are similar to
those produced by pepsin (i.e., cleavage below the hinge region
disulfides), producing divalent Fab’2 and Fc fragments, instead
of the monovalent Fab fragments and intact, disulfide-linked
Fc produced by papain. Using the same workflow as the papain
digest analysis, dimer and monomer samples were treated with
FabRICATOR® and the resulting fragments analyzed by SEC,
MALLS, and LC-MS.

The SEC chromatograms of the dimer and monomer samples
incubated for 3 hours at 37°C with FabRICATOR® are shown
in Figure 3. The three prominent peaks (Peaks 1, 2 and 3) are
observed in the dimer, whereas only two prominent peaks (Peaks
2 and 3) are observed in the monomer chromatogram. The char-
acterization data are summarized in Table 3, showing that Peak
1 is a non-covalently associated Fab’/Fab’2 dimerized species,
Peak 2 is monomeric Fab’2 species, and Peak 3 is a dimerized Fc/
Fc fragment species. Similar to the papain digest data, Peaks 1
and 2 have the same observed mass by LC-MS since the Fab’2/
Fab’2 dimerized species of Peak 1 dissociates upon electrospray
ionization.

The Fab’2/Fab’2 dimerized species (Peak 1) is prominent only
in the chromatogram of the dimer, clearly pointing to the Fab’2
as indicative of the intact dimer’s interface region; this result
was consistent with the observations from the papain cleavage
analysis. Some monomeric Fab’2 species (Peak 2) was present in
the dimer’s chromatogram, likely due to some dissociation of its
interface region during the enzymatic processing. Interestingly,
the cleaved Fc fragments formed non-covalently associated
homodimers (Peak 3) in solution in both the dimer and monomer
sample; no monomeric Fc fragments were observed. Since Fc/Fc
fragment dimerization was observed equally in both the dimer
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8.75 ms and 17.5 ms at ambient tem-
perature with synchrotron X-rays to
produce a high flux of hydroxyl radi-
cals in situ. The irradiated samples
were then collected in Eppendorf
tubes containing methionine amide;
this served to quench unreacted radi-
cals and prevent secondary oxida-
tion events resulting from hydrogen
peroxide and other oxidative spe-

cies generated during radiolysis.*?
The irradiated samples were frozen

and shipped back to Genentech for
downstream processing.
After receipt, the samples were

mAU
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Monomer

FabRICATOR® digest

100 |
. Undigested
Dimer material

FabRICATOR® digest
50

FabRICATOR® digest blank
0

5 10 15 20 25

. thawed and subjected to a dithioth-
™ reitol (DTT) reduction and iodo-

acetamide carboxymethylation

FabRICATOR’-generated fragments.

Figure 3. Fragment-SEC chromatograms of FabRICATOR -digested dimer and monomer. FabRICATOR®
digest of dimer and monomer samples. Peak 1 is a Fab’2/Fab’2 associated species, Peak 2 is monomeric
Fab’2, and Peak 3 is an Fc/Fc fragment species. Peak 1 is only prominent in the dimer sample. Peak 3 is
equally present in both the dimer and monomer sample. Refer to Table 3 for characterization data for

procedure, followed by digestion
with trypsin. Tryptic peptides were
then separated by reverse-phase ultra-

high pressure liquid chromatography

and monomer, indicating a property inherent to this IgG1, the Fc
is not implicated as an interface region for the intact dimer. We
also observed in an incubation time course study, similar to the
one performed for the papain digestion, that the Fab2 does not
have a tendency to dimerize in-situ over time (data not shown).
Since partial unfolding is believed to play a role in protein aggre-
gation,*>* it is possible that the FabRICATOR®-generated,
native Fab’2 are not afforded a level of unfolding sufficient to
promote self-association, as observed for papain-generated Fabs.
It should be noted that Fc/Fc fragment dimerization also does
not increase or proceed over time, with Peak 3 maintaining a
constant amount regardless of incubation time.

Both the papain cleavage and FabRICATOR® cleavage data
implicate the Fab domain as the region involved in the intact
dimer’s interface. These lower resolution methodologies helped
to localize dimeric interface regions to the domain level (e.g., Fab
and Fc interactions). They also provide good supportive evidence
to higher resolution techniques, such as hydroxyl radical foot-
printing, which can more precisely define structural details down
to peptide or residue levels.

Hydroxyl radical footprinting via synchrotron irradiation.
The enriched IgG1 dimer and monomer samples were kept fro-
zen and sent to the National Synchrotron Light Source (NSLS)
for the hydroxyl radical labeling procedure. Synchrotron irra-
diation was performed by NeoProteomics, Inc. using the X28C
Beamline at the NSLS. Exposure conditions were initially deter-
mined by dose-response analysis of a fluorescent compound
(Alexa 488), as described previously.' Results of the fluorophore
dose analysis are shown in Figure S2. For radiolysis of the dimer
and the monomer, samples were initially thawed and diluted 10x
with a phosphate dilution buffer. The samples were then placed

in a beamline flow set-up,?** and irradiated for 0 ms, 3.75 ms,
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(RP-UHPLC), and detected online
by a Thermo Orbitrap XL mass
spectrometer. No gross peak differences were observed in the
UV chromatograms between the graduated exposure times, sug-
gesting overall low levels of oxidation on a global level (Fig. S3).
Previous studies utilizing synchrotron irradiation have shown
that the extent of total oxidation is expected to be limited due to
the fast timescales involved and the minimized risk of secondary
oxidation reactions.*”* MS and tandem MS data from the tryp-
tic peptide map were used to identify oxidized peptides and their
unmodified, non-oxidized forms.

Mass spectrometry data analysis was primarily carried out
using ProtMap MS, a commercial software package developed
by NeoProteomics specifically for the automated analysis of oxi-
dative footprinting data.” ProtMap MS uses the tandem MS
data for identification of oxidized residues, and extracts the ion
chromatograms from the MS data for quantitation of peptide oxi-
dation. The +16 Da mass shift represented the most commonly
observed, and most abundant oxidative modification. Other
observed modifications include: the +14 Da carbonyl forms,
the +32 Da forms corresponding to two oxidized residues in the
same peptide, and some of the diverse mass shifts associated with
aromatic side chains (e.g., -22 Da, -43 Da).” For each sample
and exposure time, ProtMap MS identified the oxidized peptides
and their unmodified, non-oxidized forms using the tandem MS
data. Tables 4A and 4B summarize the tryptic peptides found to
have oxidized residues in the IgG1 dimer and monomer samples.
Overall sequence coverage by tryptic peptide mapping was 95%.
Of the expected tryptic peptides > 3 residues, 70% were identified
as having oxidized forms resulting from hydroxyl radical expo-
sure. Approximately 15% of the total number of residues were
confirmed by the tandem MS data to be oxidized, with 14 differ-
ent amino acids (Tyr, Pro, Val, His, Glu, Gln, Thr, Ile, Met, Leu,
Ser, Ala, Phe, Asn) comprising the oxidized residue population.
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Table 3. Characterization data for FabRICATOR -generated fragments

FabRICATOR’-generated

fragment monitored by SEC MALLS (g/mol)

Peak 12 200 x 10° g/mol
Peak 2°® 98 x 10° g/mol
Peak 3 ¢ 50 x 10° g/mol

Approximate molar mass by SEC-

Observed MW by LC-MS (Da) Assigned SEC Peak Identity

98767 Da (mass of Fab2: Two

disulfide-linked Fab arms) Fab2/Fab’2 non-covalent dimer

98769 Da (mass of Fab'2: Two disul- Fab2
fide-linked Fab arms)

25232 Da (mass of Fc fragment) Fc/Fc non-covalent dimer

2Peak 1 is only significantly present in the FabRICATOR® digest of the dimer sample. ®Peaks 2 is very prominent in the FabRICATOR’ digest of the mono-
mer sample only; it is seen as a small minor peak in the Fabricator digest of the dimer. ‘Peaks 3 is observed equally in the FabRICATOR® digests of both
the dimer and monomer sample. The Fc/Fc species is inherent to both samples, and is not indicative of the native dimer’s interface region.

Extracted ion chromatograms (EIC) of the oxidized and non-
oxidized peptide forms were derived from MS data, and peak
areas were integrated from the EIC by ProtMap MS. The frac-
tion of the non-oxidized peptide, relative to the sum total area of
all its detected forms, was calculated at each exposure time. An
example EIC data output from ProtMap MS is shown in Figure
S4A and B. A dose response curve was then generated by plot-
ting the fraction of the non-oxidized peptide versus exposure
time; example dose response curves generated by trhe software
are shown in Figure 4. The curve or plot is used to assess and
confirm the pseudo-first order reaction kinetics that the hydroxyl
radical labeling reaction is expected to follow; this reaction is
described by the following equation: y(2) = e, where y(t) is the
fraction of the non-oxidized peptide, k is the rate constant in s,
and t is the exposure time in seconds.’®* The rate constants (k)
were also automatically calculated by the software (Fig. 4).

ProtMap MS assignments of oxidation were verified by man-
ual investigation of the tandem MS data, as were correlations
with retention times (oxidized peptides typically eluted earlier,
and within 2 minutes of their non-oxidized forms), and patterns
of increasing levels of oxidation with increasing irradiation times.
In addition, some oxidized peptides had to be interrogated man-
ually due to inconclusive tandem MS data. For example, very
large peptides or glycopeptides could not be assigned accurately
by ProtMap MS, and were therefore data-processed manually to
derive dose-response curves and rate constants. In these cases,
the EIC and peak integration of the oxidized forms (+16 Da, +14
Da, +32 Da, etc.) and non-oxidized forms were performed man-
ually using Thermo Excalibur software; the rate constants and
dose response curves were then generated via Excel spreadsheets.
It should also be noted that missed cleavage peptides and some
inconsistently recovered tryptic peptides (e.g., one very hydro-
phobic peptide, peptides < 3 residues eluting very early in the
chromatogram) were not considered for structural footprinting
assessments because of the complexities in quantitation.

Ultimately, it is the rate constants of the tryptic peptides that
reflect the susceptibility of different regions in the IgG1 to oxida-
tive labeling. These values provide the basis for inferring struc-
tural data; a ratio between the dimer rate constant (dimer k) and
the monomer rate constant (monomer k) for each tryptic peptide
is the comparator value used for assigning regions of protection
or relative accessibility differences. The individual rate constants
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for the tryptic peptides of the dimer and monomer are shown in
the Tables S4A and S4B. The resulting uncorrected rate constant
ratios between the dimer rate constants and the monomer rate
constants are shown in Table 4A and Table 4B. Comparison of
the rate constant ratios between dimer and monomer, however,
could not be performed without first performing a normalization
step due to the differences in their starting protein concentrations
and small differences in their formulation excipient concentra-
tions. The starting concentration of the monomer was ~3x greater
than the dimer, and there were likely differences in the amounts
of radical-scavenging formulation excipients (e.g., surfactants,
sugars) between samples due to variability of the centrifugal fil-
ter buffer-exchange step. These differences were maintained even
after the 10x dilution with a phosphate buffer performed just
prior to synchrotron irradiation. The effects of these factors were
noted in the preliminary fluorophore dose response analysis, in
which the effective dose for the monomer was observed to be 3—4
times less than the dimer (Fig. S2). Previous oxidative footprint-
ing studies have noted that differences in protein concentration
and levels of radical quenchers affect the labeling reaction, and
446 For this data set, the non-normal-
ized rate constant ratios have a mean value of 2.7, and a median

must be taken into account.

value of 2.5. Using a strategy similar to one used in microarray
analysis or metabolomics to correct for non-biological variations
between samples (e.g., division by central tendency, mean scal-
ing),” 8 we used the average of the mean and the median, 2.6, to
normalize the ratios to a value of 1. A normalization factor of 2.6
also appears to be in line with the 3—4x difference in effective
dose observed between the dimer and monomer. The rate con-
stant ratios were thus divided by 2.6 to produce the normalized,
or corrected, ratios between the dimer and monomer, with mean
and median values of 1.0 (Tables 4A and 4B).

Once the normalized rate constant ratios were calculated,
an assessment of relative protection or accessibility differences
between the dimer and monomer could be made. A normal-
ized rate constant ratio of 1 was considered to be the nominal
value signifying no protection differences between the dimer
and monomer. Tryptic peptides with corrected ratios that devi-
ate by 50% or greater from the value of 1 (< 0.5 or 21.5), were
designated as regions that showed differences in relative protec-
tion levels in the dimer relative to the monomer. Ratios < 0.5
were assigned as peptides with more protection (or slower rates
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Table 4A. Summary of oxidized heavy chain tryptic peptide data

Non-normalized Rate

Normalized Rate Protection Level

Trl;::i:yPg::iZ‘es Dete;:::l dg:is:‘ized .Constant Ratio® .Constant Ratiof Assignment in Dimer Relative
(Dimer k:Monomer k) (Dimer k:Monomer k) to Monomer?
1-19 V(12), P(14), S(17) 2.6 1.0 No change
20-38 Y(13), M(5), W(17) 2.1 0.8 No change
44-65 W(4), W(7),1(8), Y(11) 2.0 0.8 No change
68-76 F(3), S(8) 4.5 1.7 Decreased
77-87 Y(4), Q(6), M(7) 1.3 0.5 Increased
88-98 A(1), A(10) 4.0 1.5 Decreased
99-127° Y(4), H(9), W(10), Y(11), W(15) - - -
128-139¢ F(9), P(6) - - No change
140-153 L(9), V(13) 4.0 1.5 Decreased
154-216¢ Approx. Eight oxidized 3.0 12 No change
residues
229-254 P(5), L(12), P(10) 33 1.3 No change
255-261 M(4) 6.2 2.4 Decreased
262-280 P(2), H(13), P(16) 1.8 0.7 No change
281-294 Y(4), V(8), H(11) 2.6 1.0 No change
299-307 Y(4) 2.6 1.0 No change
308-323 V(2), H(9), W(12) 2.5 1.0 No change
333-340 P(5), E(7) 2.7 1.0 No change
351-361 P(2), Y(5) 2.5 1.0 No change
362-366 M(3) 6.3 2.4 Decreased
367-376 S(4), T(6) 2.0 0.8 No change
377-398 P(4), S(13) 2.6 1.0 No change
399-415 T(1), P(4) 1.8 0.7 No change
423-445 W(1), S(8), M(12) 6.4 2.5 Decreased
446-452 S(5) 33 1.3 No change

Underlined peptides indicate CDR-containing peptides. *Denotes the detected oxidized amino acid residue, and its numerical position within the pep-
tide. Oxidized residues confirmed by tandem MS data. "HC 99-127 non-oxidized parent peptide showed inconsistent recovery in the tryptic digests.
Dose response curves were therefore not considered representative, and the peptide was excluded from structural assessment. ‘HC 128-139 displayed
rate constants (k) of 0 in both the dimer and monomer samples (see Supplementary Files). There is therefore no difference in protection levels, though
a rate constant ratio cannot be calculated. 4Very large tryptic peptides (40-50 residues) with oxidized forms (+16 Da, +14 Da, +32 Da, etc.) observed

by MS data. However, tandem MS data are not able to conclusively confirm the specific sites of oxidation. Based on the average number of oxidized
residues observed for other peptides (approximately 2 out of 10 residues are oxidized per peptide), it is assumed that these very large peptides would
have approximately 8 oxidized residues. ¢Rate constant (k) of dimer divided by the rate constant ratio (k) of the monomer. Mean of all non-normalized
ratios: 2.7. Median of all non-normalized ratios: 2.5. fNormalization factor: 2.6 (average of the mean and median of the non-normalized ratios). Mean of
all normalized ratios: 1.0. Median of all normalized ratios: 1.0. °Normalized ratios from 0.6 to 1.4: No change. Normalized ratios < 0.5: increased protec-

tion. Normalized ratios > 1.5: decreased protection.

of oxidation) in the dimer, whereas ratios 21.5 were assigned as
peptides with less protection (or faster rates of oxidation) in the
dimer. Generation of additional data sets in the future will even-
tually allow for more granular assessment, such that gradients
of relative protection level differences can be established (e.g.,
distinguishing between very small and very large differences).
For the present study, we applied a very conservative 50% devia-
tion from the normalized rate constant ratio of 1 for assigning
protection level differences. The observed variability in rate con-
stants in previous footprinting studies would support this con-
servative approach.®** A recent study by Kiselar and Chance®
noted a ~3% error in rate constants using similar data-dependent
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acquisition methods we employed; the rate constant ratios in our
study with large deviations from the ratio of 1 (< 0.5 or = 1.5)
would not be significantly changed with such levels of variability
in the individual rate constants of the dimer and monomer (Table
S4A and Table S4B).

The normalized rate constant ratios and assignments of more
or less protection in the dimer relative to the monomer are sum-
marized in Table 4A and Table 4B. A color-coded bar graph
representation of the normalized rate constant ratios for the
heavy and light chain peptides is shown in Figure 5. Peptides
that showed no difference are uncolored bars, green bars repre-
sent peptides with more protection in the dimer, and yellow bars
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Table 4B. Summary of oxidized light chain tryptic peptide data

Uncorrected Rate

Corrected Rate Protection Level

LightPC;l:)atiiz::yptic Dete;te:i d(::is:iized Constant Ratio® Constant Ratiof Assignment in Dimer Relative
(Dimer k:Monomer k) (Dimer k:Monomer k) to Monomer?
1-18 Q(3), M(4), S(10), V(15) 0.8 0.3 Increased
19-42 T(4), S(8), Q(9), S(12), W(13) 0.9 0.4 Increased
46-61 Y(4), F(5), V(13), S(15) 2.4 0.9 No change
62-103 Approx. Eight oxidized 20 0.8 No change
residues
109-126 P(5), F(8), S(13) 0.4 0.2 Increased
127-142 Y(14), P(15) 13 0.5 Increased
146-149 W(3) 3.0 1.1 No change
150-169 L(5), S(7), N(9), V(14) 1.9 0.7 No change
170-183 Y(4), S(13), L(12) 2.0 0.8 No change
191-207 H(8), S(12), P(14) 1.7 0.6 No change

Underlined peptides indicate CDR-containing peptides. *Denotes the detected oxidized amino acid residue, and its numerical position within the pep-
tide. Oxidized residues confirmed by tandem MS data. "HC 99-127 non-oxidized parent peptide showed inconsistent recovery in the tryptic digests.
Dose response curves were therefore not considered representative, and the peptide was excluded from structural assessment. ‘HC 128-139 displayed
rate constants (k) of 0 in both the dimer and monomer samples (see Supplementary Files). There is therefore no difference in protection levels, though
a rate constant ratio cannot be calculated. 4Very large tryptic peptides (40-50 residues) with oxidized forms (+16 Da, +14 Da, +32 Da, etc.) observed

by MS data. However, tandem MS data are not able to conclusively confirm the specific sites of oxidation. Based on the average number of oxidized
residues observed for other peptides (approximately 2 out of 10 residues are oxidized per peptide), it is assumed that these very large peptides would
have approximately 8 oxidized residues. ¢Rate constant (k) of dimer divided by the rate constant ratio (k) of the monomer. Mean of all non-normalized
ratios: 2.7. Median of all non-normalized ratios: 2.5. fNormalization factor: 2.6 (average of the mean and median of the non-normalized ratios). Mean of
all normalized ratios: 1.0. Median of all normalized ratios: 1.0. °Normalized ratios from 0.6 to 1.4: No change. Normalized ratios < 0.5: increased protec-

tion. Normalized ratios > 1.5: decreased protection.

represent peptides with less protection in the dimer. Based on
these assignments, it became apparent that trends of increased
protection (slower rate of oxidation) are present in several light
chain tryptic peptides (Fig. 5). Four out of the ten light chain
tryptic peptides oxidized by hydroxyl radicals, encompassing
residues 1-42 and 109-142, showed increased protection in the
dimer (Fig. 5, green bars). One tryptic peptide showing increased
protection, LC 19-42, encompasses CDR 1 (complimentary
determining region) of the light chain. These areas of increased
protection are thus presumed to be involved in the interface
region of the dimer.

A single peptide (HC 77-87) in the heavy chain showed
increased protection in the dimer (Fig. 5, green bar). Although
no consistent trends or extended protected regions were observed
as in the light chain, it is possible that this small region of the
heavy chain in the Fab domain is also involved in the dimeric
interface. There appeared to be some regions in the heavy chain
(HC 88-98 and HC 140-153) that displayed decreased protec-
tion (faster rates of oxidation). Also, three peptides (HC 255-261,
HC 362-366, and HC 423-445) in the dimer displayed apparent
large increases in their rates of oxidation, with corrected rate con-
stant ratios approximately 150% greater than the nominal cor-
rected ratio value of 1 (Table 4A and Fig. 5). These peptides also
showed significant amounts of pre-existing oxidized forms in the
dimer, prior to synchrotron irradiation. These three heavy chain
peptides contained Fc methionine residues (Met258, Met364,
and Met434) that are known to be susceptible to oxidation in

51,52

therapeutic antibodies,”** and upon synchrotron irradiation,
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they oxidized much faster than all other peptides of the dimer. In
a sense, these peptides in the dimer appeared to be already “pre-
disposed” to accelerated hydroxyl radical oxidation. Previous
studies have shown a correlation of oxidation to aggregation in
therapeutic mAbs,” although whether oxidation increases the
propensity for aggregation, or vice versa, has not been estab-
lished. The accelerated rate of oxidation of heavy chain peptides
in the dimer reflects regions of increased solvent exposure, and
may be indicative of partially unfolded local conformations in
the dimer.

Taking into account the observed peptides displaying
increased protection, we can determine that the interface region
between the monomeric subunits of the dimer occurs primar-
ily between their Fab domains. This conclusion is consistent
with the results of the lower resolution fragment-SEC methods
described earlier. The higher resolution afforded by the hydroxyl
radical footprinting method allowed for more precise structural
mapping, wherein the probable dimeric interface points were fur-
ther localized to specific peptidic regions in the light and heavy
chains. The larger regions of increased protection in the light
chain (compared to just a small patch in the heavy chain) suggest
its more prominent involvement in the interface.

Mapping of oxidative footprinting data onto IgG1 homol-
ogy structural models. The regions of more or less protection
were mapped onto a homology crystal structure model of an
IgG1 antibody (Fig. 6A). The IgG1 model was constructed from
representative IgG1 Fab and IgGl1 Fc crystal structures, and the
regions of more or less protection were mapped onto the model
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Figure 4. Examples of dose response curves and rate constants for oxidized tryptic peptides. Data generated by ProtMap MS software. Linear curves
reflect the pseudo first order reaction kinetics of the hydroxyl radical oxidation. Rate constants (k) are also calculated by the software. Blue lines are
point-to-point plots of the rate constants (k) at each exposure time. Red lines represent the lines of best fit.

according to the described color-coding scheme. We considered
two factors in building a proposed dimeric orientation model: (1)
the oxidative footprinting data implicating a dimeric interface
involving the Fab domains; and (2) the native orientation/posi-
tion of the two light chains and heavy chains in the Fab domains
of our IgG1 model structure. A dimeric interface region occur-
ring primarily between the Fab domains can be visualized by two
possible models: a single arm-bound “Fab-to-Fab” dimer orienta-
tion, or a double arm-bound “Fab-to-Fab,” or more appropriately,
a “Fab’2-to-Fab’2” orientation.

The two possible models were further defined as “head-to-
head” configurations due to the three-dimensional orientation of
the light chains and heavy chains in the Fab domain of an IgGl1.
The representative IgG1 model structure shows that the two light
chains and two heavy chains in the Fab regions in a mAb are
arranged in such a way that they are on opposite planes relative
to each other (Fig. 6B). In the case of either the “Fab-to-Fab”

www.landesbioscience.com
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or “Fab’2-to-Fab’2” dimeric model, for the light chains/heavy
chains of one mAb to interface with the light chains/heavy
chains of another mAb, the two mAb units must be in a “head-
to-head” orientation in which their respective Fab or Fab'2
regions are aligned to each other. This orientation allows for the
light chains/heavy chains in the Fab regions to be involved in the
interface. Cartoon models of the head-to head, single arm-bound
Fab-to-Fab and the head-to head, double arm-bound Fab’2-to-
Fab’2 orientations are shown in Figure 7; these represent the two
possible structures of our representative IgG1l dimer that can be
deduced from the oxidative footprinting data. Either orientation
could account for the observed regions of increased protection
observed in the dimer’s Fab domain. Either orientation may also
be expected to produce the observed drop in potency for the
dimer relative to the monomer in the cell killing assay described
earlier, as some of CDRs in the dimer would be at least partially

blocked.
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difference in protection levels between the dimer and monomer.

Figure 5. Bar graphs of corrected rate constant ratios (dimer:monomer). (A) Corrected rate constant (k) ratios of heavy chain tryptic peptides (Table
4A). (B) Corrected rate constant (k) ratios of light chain tryptic peptides (Table 4B). For both panels, yellow bars indicate peptides with decreased
protection in the dimer. Green bars indicate peptides with increased protection in the dimer. Uncolored bars indicate peptides that show no relative

Discussion

In this study, hydroxyl radical footprinting was used, for the first
time, to study the structure of a therapeutic IgGl mAb dimer.
The differential rates of oxidation of the amino acid side chains,
quantified at the tryptic peptide level, were used to delineate the
probable regions of the dimeric interface, and allowed for the
modeling of proposed dimer orientations. Regions of increased
protection (or reduced rates of oxidation) in the dimer’s Fab
domain led to its assignment as the primary interface region. The
high resolution oxidative footprinting data further localized the
likely interface points to more extended tryptic peptide regions
in the light chain (LC 1-42 and LC 62-103), and a short tryptic
peptide region in the heavy chain (HC 77-87), and allowed us
to model two possible orientations: a head-to head, a single-arm
bound Fab-to-Fab dimer, and a head-to head, double arm-bound
Fab’2-to-Fab’2 dimer (Fig. 7). Our lower resolution fragment-
SEC analysis using papain and FabRICATOR® enzymes pro-
vided complimentary evidence to support the Fab/Fab interface
of our IgGl dimer. These orientations, in which some CDRs
would be at least partially blocked, could also help to explain the
dimer’s reduced biological activity.

Previous structural studies on mAbs and other proteins have
also implicated the Fab domain as a likely dimeric interface region.

96 mAbs

Moore et al. postulated the involvement of the Fab domain in
the interface of a therapeutic IgGl1 dissociable dimer based on
competitive binding studies between the dimer and monomer.**
Kanai and colleagues used viscosity measurements to determine
that self-association of a therapeutic IgG1 mAb was due to Fab/
Fab interactions.” The previously cited studies from Amgen
suggested Fab domain participation in their mAb dimers.>*%
Wang et al. used computational methods to predict aggregation
prone regions in commercial therapeutic mAbs.*® According to
their predictive tools, aggregation prone motifs in the variable
domains are primarily found in or adjacent to the CDRs. As our
oxidative footprinting data showed, a tryptic peptide encompass-
ing one CDR in the light chain showed relatively increased pro-
tection, and was implicated as part of the interface region of our
IgG1 dimer (Table 4B and Fig. 5). Light chains, specifically, have
been cited in other protein studies as being involved in aggrega-
tion interface regions. A study on myeloma-derived light chains
(Bence-Jones proteins) revealed their propensity for aggregation
or dimerization,” while a molecular modeling study proposed
dimerization through light chains as the first step in amyloid
fibril self-association.”®

More detailed structural elucidation of therapeutic mAb
dimers has been attempted using other techniques, including
H/D exchange and Transmission Electron Microscopy (TEM).
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Fab region in the dimer interface.
Although the H/D data pointed
to some Fab/Fab interaction for a
forced stress-induced dimer, there
was still probably not enough struc-
tural information to allow for model-
ing of its dimeric orientation.

More recently, Paul et al. used
Transmission Electron Microscopy
(TEM) to visualize the structures
of stress-induced dimers.”® Their
“process stress” dimer, which is
analogous to the native dimer in our

study, appeared to have a “bone-like”

Figure 6. IgG1 homology structure with mapped protection levels. (A) Model of IgG1 constructed using
1BJ1 and 1IGY crystal structures. Colored according to the relative protection levels derived from oxida-
tive labeling. Yellow indicates regions with decreased protection in the dimer. Green indicates regions
with increased protection in the dimer. Uncolored areas indicate regions which show no relative differ-
ence in protection levels between the dimer and monomer. The blue region represents the Asn-linked
Fc glycans typically found in IgG1 therapeutic mAbs. (B) Space-filled cartoon model of the IgG1 with the
heavy chains colored purple and light chains colored red. The light chains of an IgG1 are on opposite
planes with respect with each other. The heavy chains in the Fab region are also on opposite planes.

orientation. This “bone-like” dimer
was depicted with a single arm Fab/
Fab interface region, and approxi-
mates the possible head-to-head,
single-arm bound Fab-to-Fab model
we hypothesized from our oxidative
footprinting data. In addition, their

A

Figure 7. Proposed possible orientations of the IgG1 dimer. Cartoon
representations of proposed possible dimer orientations based on the
hydroxyl radical footprinting data. The bottom mAb has heavy chains
in gray and light chains in black. The top mAb has heavy chains in light
blue and light chains in dark blue. Head-to-head orientation allows for
the light and heavy chains of the dimer to associate with each other in
the interface region. (A) Cartoon depiction of a head-to head, a single-
arm bound Fab-to-Fab dimer. (B) Cartoon depiction of a head-to head,
double arm-bound Fab’2-to-Fab’2 dimer.

Zhang et al. used H/D exchange to probe the structure of thera-
peutic IgG1 dimers induced by freeze-thaw and thermal stress
conditions.”” Their freeze-thaw dimer was composed of “native-
like” monomers, as determined by Trp fluorescence and ANS
binding data. The H/D data for this dimer showed only subtle
changes in protection or solvent accessibility in the heavy chains,
and no distinct regions could be identified as the interface region
of the dimer. The H/D data for their thermally-induced, non-
native dimer did reveal three short pepsin peptides in the CDR
(one light chain and two heavy chain peptides) that showed
increased protection, thus implicating the involvement of the

www.landesbioscience.com
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TEM data for a pH stress-induced
dimer appeared to show a head-to-
head Fab’2-to-Fab’2 orientation similar to the other possible,
footprinting-derived structure we proposed for our dimer. TEM,
however, does not provide detailed structural information at the
peptide or residue level, and it is thus not possible to pinpoint
more specific interaction sites or areas of local conformational
changes (in this sense, TEM can perhaps be considered a medium
resolution technique). The correlation between our proposed
model dimer structures and the structures observed by Paul et al.
suggests that hydroxyl radical footprinting and TEM can be used
together in a complimentary fashion for future structural studies.

Although we propose two possible structures for our IgGl
dimer, the specific orientation and interface regions of dimers
from different therapeutic mAbs will likely vary. Data from
Wang and co-workers™® suggested that sites prone to aggregation
can be sequence specific, while TEM data from Paul et al.,** and
from Roux and Tankersely,® visually show that different dimeric
orientations involving the Fab arms exist. Roux also showed that
the inherent flexibility of an IgG molecule allows different non-
covalent dimeric orientations to exist in equilibrium.®® Other fac-
tors such as concentration, formulation, and the forces driving
the non-covalent associations may also play a role in a dimer’s
structure. Our IgG1 dimeric association appears to be driven by
hydrophobic interactions, as demonstrated by the in-situ dimer-
ization of its papain-generated Fabs persisting in the high salt
conditions of the SEC analysis.

The hydroxyl radical footprinting data seems to provide a level
of sensitivity and structural detail for a therapeutic mAb native
dimer that has not previously been described. The oxidative foot-
printing data delineated specific areas of protection or solvent
accessibility differences in the dimer compared to the monomer
control. The peptide-level solvent accessibility differences we
present here provided sufficient data to identify the likely dimeric
interface regions in the Fab domain. The residue-level solvent
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accessibility differences in the dimer were also captured with this
permanent covalent labeling (CL) technique, and can be more
readily mined for further structural information in the future
as software packages designed for these analyses continue to be
developed. While the Fab domain of mAbs have been implicated
in past studies as interaction sites for dimers, identification of the
discrete regions (and residues) involved in those interactions are
made possible with this higher resolution technique. In addition
to identifying an interface region, other areas of conformational
changes were detected in our dimer. Several heavy chain pep-
tides displayed decreases in protection (faster rates of oxidation),
and may thus indicate localized regions of partial unfolding in
the dimer. This may be supportive of the idea that aggregates
occurring under non-stress conditions are formed from partially
unfolded molecules that are part of the native state population.®
It is possible that a partial unfolding of the Fab domains in our
IgGl is part of the pathway that eventually leads to its dimeriza-
tion through those regions.

We demonstrated here the utility of hydroxyl radical foot-
printing for probing the higher order structure of a therapeu-
tic IgGl mAb dimer. The high resolution information offered
by this covalent labeling (CL) technique can provide orthogo-
nal or complimentary data to those provided by other analyti-
cal methods, such as H/D exchange, TEM, or fragment-SEC
analysis, and may help provide further insights into the structure
and function of mAb aggregates. With its fast reaction times,
apparent sensitivity, and high potential for structural resolution,
hydroxyl radical footprinting holds promise beyond structural
studies of dimers and aggregates, and future work will hopefully
show its applicability to other aspects of therapeutic mAb higher
order structure characterization.

Materials and Methods

Materials. A therapeutic IgG1 mAb produced in Chinese ham-
ster ovary cells was chosen as a model mAb for the hydroxyl
radical footprinting study. Approximately 3 g of the formulated
drug substance of the mAb was obtained for dimer and monomer
enrichment.

Enrichement of IgG1 mAb dimer and monomer samples via
size exclusion chromatography (SEC). For automated fraction
collection, 100 L of undiluted mAb drug substance at 25 mg/
mL were applied per injection onto a Tosoh-Bioscience size exclu-
sion chromatography (SEC) TSKgel G3000SWxl (7.8 x 300
mm, 5 wm) column equilibrated with the mobile phase of 0.2 M
K,HPO,, 0.25 M KCl, pH 6.2. The runtime was 30 minutes, the
flow rate was at 0.5 mL/min, and the column was kept at ambient
temperature. The elution profile was monitored at 280 nm. An
Agilent 1100 HPLC system equipped with an automated fraction
collector was used to collect the peaks corresponding to the dimer
and monomer components into a temperature-controlled sample
compartment. Fractionated dimer and monomer samples were
pooled and concentrated with iCON™ Protein Concentrators
(Pierce). Samples were also buffer-exchanged into its formulation
buffer at the final concentration step. The final concentrations of
the enriched dimer and monomer were ~10 mg/mL and 30 mg/
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mL, respectively. For confirmation of enriched dimer and mono-
mer purities, 25 L of each sample, diluted to 1 mg/mL with
mobile phase buffer, was applied to the TSKgel G3000SWxI
column for analytical-scale analysis. Sample aliquots were kept
frozen until immediately needed for experimental use.

Size-exclusion chromatography with multi-angle laser light
scattering (SEC-MALLS). To measure the average molar mass
of the various sized species, 100 g per sample were injected by
Agilent 1100 HPLC and separated by a Tosoh-Bioscience size
exclusion chromatography (SEC) TSKgel G3000SWxl (7.8 x 300
mm, 5 wm) column at 0.5 mL/min, in series with a multi-angle
laser light scattering instrument (MALLS) (Dawn HELEOS,
Wyatt Technology). Protein concentration was determined by
Agilent HPLC UV absorbance at 280 nm or by refractive index
at 658 nm (Optilab rex, Wyatt Technology). The refractive index
increment (dn/dc) is 0.185. Results were analyzed with Debye
plot using Wyatt Astra software (version 5.3.4).

Hydroxy radical oxidation via synchrotron irradiation.
Synchrotron irradiation was performed by NeoProteomics,
Inc., using beamline X28C of the National Light Synchrotron
Light Source (NSLS) of the Brookhaven National. Details of
the beamline setup and standard irradiation procedures have
been described in detail previously.'®??%6 Briefly, exposure
conditions were predetermined by following the dose-depen-
dent degradation of the fluorescent compound Alexa 488 in
a dilution buffer of 20 mM sodium phosphate, pH 6.5. The
mirror was set to 5.5 mrad and 0 mm focus for dose response
analysis. IgGl dimer and monomer (shipped frozen from
Genentech) were thawed and diluted approximately 10x with
50 mM sodium phosphate, pH 6.2 immediately prior to irradia-
tion. For sample radiolysis, the mirror was set to 5.5 mrad and 6
mm focus, and the beam current was approximately 200 mA. A
steady state concentration of approximately 1 wM of hydroxyl
radicals is generated by synchrotron irradiation. Two-hundred
L of sample was used for each exposure time interval, which
varied from 0 ms to 17.5 ms. Irradiated samples were collected
in Eppendorf tubes with methionine-NH, quench further
hydroxyl radical activity. Samples were then frozen and shipped
back to Genentech.

Tryptic peptide mapping and RP-UHPLC-MS analy-
sis. Synchrotron-irradiated dimer and monomer samples were
received from Brookhaven National Laboratory, and thawed
prior to digestion. Samples were initially buffer-exchanged into
100 mM Tris-HCI pH 8.0, 7.2 M GnCl (guanidine hydrochlo-
ride), 20 mM EDTA using iCON Protein Concentrators (Pierce).
Subsequently, samples were incubated at 37°C for one hour after
addition of DTT to a final concentration of 10 mM, then at
ambient temperature in the dark for 30 minutes after addition
of sodium iodoacetate to a final concentration of 25 mM, and
finally for 15 minutes in the dark after addition of DTT to final
concentration of 50 mM. S-carboxymethylated samples were
loaded onto NAP-5 columns (GE Healthcare) and eluted with
0.5 mL of 50 mM Tris, pH 8.0, 20 mM CaCl,. Samples were
digested at 37°C with 3% trypsin (w/w, Roche recombinant) for
four hours. TFA was added to a final concentration of 0.2% to
stop the digest.
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Tryptic peptides were separated using an Agilent 1200 SL
UHPLC with an Agilent ZORBAX Rapid Resolution HT
SB-C8, 2.1 x 150 mm, 1.8 pm column equilibrated with solvent
A (Water, 0.1% TFA). Initial conditions were held for 4 minutes,
then the chromatogram was developed with a gradient of solvent
B (ACN, 0.1% TFA) of 0.75% solvent B/min for 60 minutes.
The column was washed with 95% solvent B for 5 minutes before
initial conditions were restored. Flow rate was at 0.5 mL/min,
and temperature was at 70°C. Mass spectrometric analysis of
chromatographic peaks observed at 214 nm was performed with
a Thermo Fisher Orbitrap XL operating in the positive ion mode.
Data analysis was performed with ProtMap MS or Thermo
Excalibur software.

IgG1 antibody homology modeling. Two copies of an IgGl
Fab (PDB ID = 1BJ1, Muller 1998) were aligned on to the full-
length structure of Mus musculus IgGl antibody (PDB ID =
1IGY, Harris JMB 1998) using Pymol (DeLano, WL, www.
pymol.org). The root mean square deviation was 2.1 Angstroms
when aligning the Fab onto the IgGl structure. The model
was then orientated manually in Pymol to match the protected
regions on the light chain of one antibody with another antibody
model.

LC-MS operating in a two-dimensional format. The LC-MS
method used for the study has been described in detail by Alvarez
et al.*® Various sized species separated by a Tosoh-Bioscience size
exclusion chromatography (SEC) TSKgel G3000SWxI (7.8 x
300mm, 5 pm) column at 0.5 mL/min were characterized on-
line by LC-MS using a two-dimensional approach. SEC separa-
tion was carried out on a Dionex Ultimate 3000, dual gradient
pump HPLC equipped with two temperature-controlled column
compartments equipped with a set of built-in divert valves. The
system was configured to run two independent gradients, thus
making it suitable for on-line two-dimensional chromatographic
applications, and the second column compartment was equipped
with a set of 7-port, 6-position valves, thus being able to accom-
modate multiple reverse-phase (RP) trap-cartridges. During the
elution of a peak of interest, the SEC flow was diverted onto one
of the available trap cartridges for peak trapping. The process was
repeated until all peaks of interest were trapped as discrete frac-
tions. Trapped fractions were then desalted for a period of 5 min-
utes with 95% solvent A containing 0.1% formic acid in water.
Afterwards, fractions were sequentially step-eluted by ramping
the RP gradient to 65% solvent B containing 0.1% formic acid
in acetonitrile at a reduced flow rate of 100 ul./min for efficient
desolvation and diverting the flow to each trap for a period of 5
minutes per trap. Effluents were directed onto a QTOF-Premier
mass spectrometer operating in a positive ionization mode by
electrospray for detection. Deconvolution of multiply-charged
species was performed using MaxEnt 1 program supplied with
the Waters MassLynx software package. Fraction segments and
trapping times were determined by an initial injection of the
sample prior to on-line LC-MS analysis.

Papain and FabRICATOR® Digestion for Fragment-SEC
analysis. Samples were incubated with papain at an enzyme to
protein weight ratio of 1:100 in a buffer consisting of 100 mM
Tris, 1 mM cysteine, 4 mM EDTA, pH 7.4 at 37°C for 2 hours.
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Antipain was added to a final concentration of 0.4 wM to stop
the digest. For digest time course experiments, incubation times
at 37°C were varied from 30 minutes to 4 hours. Samples were
incubated with FabRICATOR® (Bulldog Bio) at an enzyme unit
to protein ratio of 2.5:1 in a buffer consisting of 50 mM sodium
phosphate, 150 mM NaCl, pH 6.6 at 37°C for 3 hours.

Fragmentspecies generated by either papain or FabRICATOR®
were separated using the TSKgel G3000SWxl column and size-
exclusion chromatography method described above. Peaks sep-
arated by size-exclusion chromatography were analyzed by the
described MALLS and LC-MS methods.

Potency assay. The Human Umbilical Vein Endothelial Cell
(HUVEQC) anti-proliferation bioassay, which has been described
previously,*’ is based upon the ability of the IgGl antibody to
inhibit antigen-induced HUVEC proliferation. The assay was
performed in 96-well tissue culture microtiter plates. In this
assay, varying concentrations of the antibody samples were mixed
with antigen (30 ng/mL final concentration) for 30-90 minutes
at ambient temperature. Fifty pL of the antigen/antibody sample
mixtures were added to the microtiter plates, followed by addi-
tion of 50 pL of HUVEC suspension (10,000 cells/well). The
plates were incubated at 37°C, 5% CO, in a humidified incuba-
tor for four days, after which 25 pL of the redox dye, AlamarBlue
was added. The plates were incubated for six to seven hours at
37°C, 5% CO, in a humidified incubator, and the relative num-
ber of viable cells were quantified indirectly by reading the fluo-
rescence using a 96-well fluorometer with excitation at 530 nm
and emission at 590 nm. AlamarBlue is blue and non-fluorescent
in its oxidized state, but is reduced by the intracellular environ-
ment into a pink form, which is highly fluorescent. The changes
in color and fluorescence were proportional to the number of
viable cells. The results, expressed in relative fluorescence units
(RFU), were plotted against antibody concentrations, and a
parallel line bioassay (PLB) computer program was used to esti-
mate the inhibitory activity of antibody samples relative to the
unfractionated starting drug substance used a reference material.
Inhibition of HUVEC proliferation is proportional to antibody
concentrations.

Non-reduced CE-SDS. The method has been described in
detail previously.® Briefly, samples were labeled with fluorogenic
[3-(2-furoyl)quinoline-2-carboxaldeyde (FQ)] dye according to
the following procedure. IgG1 dimer and monomer samples were
exchanged into sodium phosphate reaction buffer using NAP-5
columns (GE Healthcare) to remove potentially competing for-
mulation constituents. Aliquots of desalted samples were mixed
with N-ethylmaleimide dissolved in 2% SDS and incubated for
5 min at 70°C to control disulfide reshuffling under denatur-
ing conditions. FQ and potassium cyanide (KCN) reagents were
added to the SDS-IgGl solutions, and the final solutions were
incubated for 10 min at 50°C before diluted with 1% SDS to
quench the reaction.

Separation of IgGl1 species was performed with 31.2 cm (20
cm effective length) bare fused-silica capillaries (Polymicro
Technologies) encased in 40°C thermal-controlled cartridges. A
Beckman PA800+ system (Beckman Coulter) was used with 32
Karat versions 9.0 to control the instrument and the LIF detector.
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Fluorescence was excited by a 3.5 mW, 488 nm laser and filtered
with a 600 + 20 nm bandpass filter and 488 nm notch filter.
Voltage was applied in the negative mode. Sample solutions were
introduced electrokinetically at 5 kV for 40 s and separated at

15 kV.
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