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ABSTRACT: Antibody drug conjugates (ADCs) are becom-
ing an important new class of therapeutic agents for the
treatment of cancer. ADCs are produced through the linkage
of a cytotoxic small molecule (drug) to monoclonal antibodies
that target tumor cells. Traditionally, most ADCs rely on
chemical conjugation methods that yield heterogeneous
mixtures of varying number of drugs attached at different
positions. The potential benefits of site-specific drug
conjugation in terms of stability, manufacturing, and improved
therapeutic index has recently led to the development of
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several new site-specific conjugation technologies. However, detailed characterization of the degree of site specificity is currently
lacking. In this study we utilize mass spectrometry to characterize the extent of site-specificity of an enzyme-based site-specific
antibody—drug conjugation technology that we recently developed. We found that, in addition to conjugation of the engineered
site, a small amount of aglycosylated antibody present in starting material led to conjugation at position Q295, resulting in
approximately 1.3% of off-target conjugation. Based on our detection limits, we show that Q295N mutant eliminates the off-
target conjugation yielding highly homogeneous conjugates that are better than 99.8% site-specific. Our study demonstrates the
importance of detailed characterization of ADCs and describes methods that can be utilized to characterize not only our enzyme
based conjugates, but also ADCs generated by other conjugation technologies.

B INTRODUCTION

Antibody drug conjugates (ADCs) have emerged as an
important class of therapeutic agents in the treatment of
cancer with increased antitumor efficacy and reduced toxicity
when compared to classic chemotherapy.'”> ADCs are
produced through a covalent linkage of a cytotoxic small
molecule (drug) to monoclonal antibodies that recognize
antigens on the surface of cancer cells."® Traditionally, most
ADCs rely on chemical conjugation methods where a
chemotherapeutic agent is linked to lysines or cysteines on
the antibody.*'*'" In general, these conjugates are heteroge-
neous mixtures of a varying number of drugs attached at
different positions throughout the antibody.'>'

To avoid unfavorable characteristics of ADCs heterogeneity
such as variable stability'*~'¢ and manufacturing inconsistency,
considerable effort in the ADC field has been focused on
developing site-specific conjugation technologies to produce
more stoichiometrically controlled and homogeneous
ADCs.>""~*! While the superiority of site-specific conjugation
has yet to be demonstrated in the clinic, one can hypothesize
that through careful selection of the conjugation site it may be
possible to tune the pharmacokinetics, efficacy, and safety
properties of ADCs, and thereby obtain a better therapeutic
window. For instance, Junutula et al. demonstrated that site-
specific ADCs can improve therapeutic index in animal
models.”” For these reasons, many approaches to obtain site-
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specific antibody—drug conjugates are now being explored.
These efforts include the development of engineered cysteines
and incorporation of unnatural amino acids.”***

We developed an alternative site-specific conjugation
approach that utilizes the transglutaminase (TG) enzyme
from Streptoverticillium mobaraense.”” Similar to mammalian
TG, microbial TG catalyzes the formation of a covalent bond
between a glutamine side chain and a primary amine***’
(Figure la). Conjugation with mTG was previously employed
to PEGylate proteins and to create radioimmuno conju-
gates.”®”” In order to produce site-specific ADCs using
transglutaminase technology we incorporated a glutamine tag
(LLQGA) in a surface accessible region of an antibody and
linked the glutamine in the tag to a cytotoxic drug that contains
a primary amine on the linker. Optimal conjugation positions
were found by introducing engineered glutamine tags at surface
accessible regions of an antibody and testing conjugation
efficiency. As a result, we identified several conjugation
positions that conveyed optimal conjugation efficiency while
retaining favorable antibody biophysical properties. While site-
specific conjugation is becoming increasingly popular for
ADCs, relatively little has been published in terms of
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Figure 1. mTG catalyzed site-specific conjugation of antibody—drug conjugates. (a) Chemical reaction catalyzed by mTG. (b) AmPEG6-MMAD
payload. (c) Positions of glutamine tags in antibody that can be conjugated at high yields.

Table 1. AmMPEG6-MMAD Conjugated Peptides in C16 HC, C16 LC, and C16 LC HC

sequence
C16 HC SLSLSPGLLQ*GA 70.52
EEQ*YNSTYR 59
C16 HC Q295N SLSLSPGLLQ*GA 70.11
C16 LC GECGGLLQ*GA 67
SFNRGECGGLLQ*GA 63.57
EEQ*YNSTYR 59.1
CI6LC GECGGLLQ*GA 67
Q295N SFNRGECGGLLQ*GA 63.50
C16 LC HC SLSLSPGLLQ*GA 70.09
EEQ*YNSTYR 59
GECGGLLQ*GA 67.03
SFNRGECGGLLQ*GA 63.69

retention time (min)

observed mass (Da) theoretical mass (Da) error (ppm)
2331.2793 2331.2864 3
2278.1591 2278.1568 1
2331.275 2331.286 S
2050.0785 2050.0856 3.5
2553.3247 2553.3217 12
2278.1545 2278.1568 1
2050.0737 2050.0856 5.8
2553.3219 2553.3217 0.1
2331.2729 2331.2864 5.7
2278.1511 2278.1568 2.5
2050.0741 2050.0856 5.6
2553.3208 2553.3217 0.4

characterizing the degree of specificity afforded by a given
conjugation methodology. The best-described site-specific
ADC has been a conjugate of cleavable MMAE (maleimide
caproyl—Valine Citruline—PABC—monomethyl auristatin E) to
an engineered cysteine in the heavy chain of an antibody.>**
LC/MS analysis of the fragment antigen binding (Fab)
fragment cleaved from this ADC identified MMAE conjugated
tryptic peptides using a signature in-source fragmentation ion
observed in the mass spectra of drug containing peptides. The
four most intense ions were identified as complete or partial
tryptic cleavage fragments located around the engineered
cysteine. Recently Dai et al. also described a work flow to
characterize sites of bioconjugation by immune-affinity capture
coupled to MALDI-TOF mass spectrometry.”®

In this study we characterized the transglutaminase based
site-specific linkage of the amino-polyethylene glycol-6
propionyl monomethyl auristatin D (AmPEG6-MMAD) pay-
load (Figure 1b) to engineered glutamine tags in the C-
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terminus of heavy chain (C16 HC), C-terminus of light chain
(C16 LC), and to an antibody containing tags in both the light
and heavy chains (C16 LC HC) by high-resolution mass
spectrometry (Figure 1c, Table 1). To characterize the extent of
site specificity, we utilized a combination of intact mass, high-
resolution peptide mapping (LC-MS and LC-MS/MS) and in-
source fragmentation analysis. In addition, we generated
standard curves for quantification purposes using conjugated
peptide standards spiked into unconjugated antibody tryptic
digests. We found that traces of aglycosylated antibody present
in the starting material leads to approximately 1.3% of off-target
conjugation. Based on our detection limits, we also show that
Q295N mutant eliminates the off-target conjugation yielding
highly homogeneous conjugates that are more than 99.8% site-

specific.
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B MATERIALS AND METHODS

LC/MS Intact Mass Analysis of ADC. Prior to LC/MS
analysis, ADCs and antibodies were deglycosylated with
PNGase F (NEB, cat #P0704L) under nondenaturing
conditions at 37 °C overnight. For light chain and heavy
chain analysis, samples were reduced with dithiothreitol (DTT)
20 mM final concentration for 30 min at 60 °C after
deglycosylation. ADCs (500 ng) were loaded into a reverse
phase column packed with a polymeric material (Michrom-
Bruker, cat #CM8/00920/00). LC/MS analysis was performed
using Agilent 1100 series HPLC system, comprising binary
HPLC pump, degasser, thermostatted auto sampler, column
heater, and diode-array detector (DAD), coupled to an
Orbitrap Velos Pro (Thermo Scientific) mass spectrometer
with electrospray ion source. The resulting mass spectra were
deconvoluted using ProMass software (Thermo Fisher
Scientific).

Relative Quantitation of ADC by Intact Mass. Before
intact mass analysis, conjugated and unconjugated C16 HC
were deglycosylated with PNGase F (NEB, cat #P0704L)
under nondenaturing conditions at 37 °C overnight. A total of
1 pg of conjugated/unconjugated C16 HC mixture was injected
on column at decreasing relative percentages of conjugated C16
HC.

LC/MS/MS Analysis of Tryptic and Glu-C Digestion of
ADC. ADCs (100 ug) were solubilized in 0.2% RapiGest
(Waters Corp, 186001861) in 20 mM ammonium bicarbonate.
The samples were then incubated at 80 °C for 1S5 min.
Dithiothreitol (DTT, 20 mM final concentration) was added to
the samples and incubated at 60 °C for 30 min to reduce
disulfide bonds. After the samples were cooled to room
temperature, iodoacetamide (IAA, 15 mM final concentration)
was added and then samples were incubated at room
temperature for 30 min in the dark to alkylate reduced
cysteines. Modified trypsin or GluC (Promega, cat #VS111 or
cat #V1651) was added (1:100 enzyme/substrate) and the
samples were incubated at 37 °C overnight. To hydrolyze the
RapiGest prior to mass spectrometry analysis, TFA was added
to a final concentration of 60 mM, and the solution was
incubated at 37 °C for 45 min, and then centrifuged at 20 800 g
at 4 °C for 30 min. Samples (2.5 pg of digested protein) were
loaded into a Agilent Poroshell 120 C18 column (2.1 X 100
mm, 2.7 um) and eluted at 45 °C with a flow rate of 0.3 mL/
min. LC/MS/MS analysis was performed using Agilent 1100
series HPLC system, coupled to an Orbitrap velos pro
(Thermo Scientific) mass spectrometer with electrospray ion
source. Peptides were separated by gradient elution using water
as mobile phase A and acetonitrile as mobile phase B, both in
0.1% formic acid. The gradient elution used was as follows: 0—2
min 3% B; 2—8S5 min 3—50% B; 83—83.1 min 50—95% B;
83.1—85 min 95% B; 85—85.1 min 95—3% B; and 85.1—90 min
3% B. The Orbitrap Velos was operated in information
dependent acquisition (IDA) mode with CID performed on the
top 10 ions. The MS scan was performed in the orbitrap at 100
000 resolution whereas the fragment spectra were collected in
the low pressure trap. Ion trap and orbitrap maximal injection
times were set to 50 and 500 ms, respectively. The ion target
values were 30000 for the ion trap and 1000000 for the
orbitrap.

Peptide Mass Fingerprint. The high resolution precursor
ion MS data was deconvoluted using Xtract software (Thermo
Scientific) to create a precursor peak list. The peptide mass
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fingerprint analysis was performed using Mascot software. The
database search considered the monoisotopic mass of the
peptide with a mass tolerance of +0.03 Da. and no peptide
missed cleavage. The database included the yeast proteome and
the sequence of the antibody of interest. Carbamidomethyla-
tion of cysteines was searched as a fixed modification while
deamidation and the delta mass that the payload conferred to
the peptide (1089.65 Da for AmPEG6-MMAD) was searched
as a variable modification. The reported proteins had a
significance threshold of p < 0.01.

Protein Purification. Anti M1S1 antibodies were cloned
into in-house expression plasmids. Protein was transiently
expressed from HEK293 cells using standard procedures. C16
LC and C16 LC HC have two glycines before the glutamine tag
(LLQGA) in the C-terminus of the light chain. The heavy chain
of C16 LC has a K222R mutation in the heavy chain.
Conditioned media was applied to Protein-A MabSelectSURE
columns (GE Healthcare, Inc.) and washed with 140 mM
NaCl, 2.7 mM KCl, and 10 mM PO, (1x phosphate buffered
saline) until baseline was reached. Protein was eluted with 100
mM sodium citrate buffer, pH 3.5, and immediately neutralized
with 800 mM sodium phosphate buffer, pH 7.4. Eluted protein
was dialyzed into 1X phosphate buffered saline and stored at 4
°C.

Peptide Standard Conjugation. C16 LC, C16 HC, and
Q295 peptide tags were dissolved at 10 mg/mL in 1% DMSO
and diluted to 1 mg/mL in buffer containing 25 mM Tris-HCI
at pH 8.0 and 150 mM NaCl. AmPEG6-Propionyl-MMAD was
added at a 2.5-fold molar excess over peptide and the enzymatic
reaction initiated by addition of 1% (w/v) mTG. The mixture
incubated at 22 °C for 2 h prior to use.

Conjugated Peptides Detection Limit. The detection
limit of C16 LC, C16 HC, and Q295 conjugated standard
peptides was determined by serial dilution (1:5) of the peptides
in the context of its corresponding unconjugated antibody
tryptic digest (2.5 pg injected on column). The peptide
abundance was measured as the area under the curve (AUC) of
extracted chromatogram corresponding to the most intense
molecular ion for each peptide (+2 for C16 LC, C16 HC and
+3 for Q295). The peptide detection limit was defined as
amount of peptide at which the peptide mass fingerprint
analysis did not detect the conjugated peptide.

Hydrophobic Interaction and Size Exclusion Chroma-
tography of ADCs. The relative distribution of conjugation
products with different drug:antibody stoichiometries can be
determined using hydrophobic interaction chromatography
(HIC). ADCs with zero, one, or two drugs per antibody were
separated using a TSKgel Butyl-NPR column (4.6 mm X 3.5
cm) (Tosoh Bioscience, King of Prussia, PA) on an Agilent HP
1100 HPLC (Agilent, Santa Clara, CA). The HIC method
utilized a mobile phase of 1.5 M ammonium sulfate, 50 mM
potassium phosphate at pH 7 for Buffer A, and 50 mM
potassium phosphate, 15% isopropanol at pH 7 for Buffer B.
Using a flow rate of 0.8 mL/min, 40 ug of ADC in 0.75 M
ammonium sulfate was loaded onto the column and eluted with
a gradient consisting of a 2.5 min hold at 0% B, followed by a
35 min linear gradient to 100% B. The column was washed with
100% Bufter B for 2.5 min and re-equilibrated with initial
conditions for 5 min.

Aggregation was assessed by size exclusion chromatography.
Antibody samples were diluted to 1 mg/mL in phosphate
buffered saline, pH 7.4, and 15 pg injected onto a size exclusion
KW-804 (7 um, 8.0 X 300 mm, Shodex). The mobile phase

dx.doi.org/10.1021/bc4003794 | Bioconjugate Chem. 2014, 25, 240—250
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Figure 2. Intact mass of (a) C16 HC and (b) C16 LC unconjugated and conjugated to AmPEG6-MMAD (right column). The mass difference
between unconjugated and 1 drug conjugated antibody (DAR 1) is 1089 Da, which corresponds to the mass of the cytotoxic drug. The mass
difference between unconjugated and 2 drug conjugated antibody (DAR 2) is 2 X 1089 Da. The masses of the light chain and heavy chain of (a) C16
HC and (b) C16 LC unconjugated and conjugated are shown in the in the middle and left columns, respectively. C16 HC conjugated to one drug in
the heavy chain, while C16 LC conjugated to a drug in the light chain.

consisted of 0.17 M potassium phosphate, pH 7.0, 0.21 M
potassium chloride, 20% 2-propanol, running isocratically at a
flow rate of 0.7 mL/min. The separation was monitored by
absorbance at 280 nm.

Chemical Synthesis. AmPEG6-MMAD was synthesized as
previously described."”

B RESULTS AND DISCUSSION

To characterize the site-specificity of mTG technology, we
selected a C16 antibody against M1S1 antigen with an
engineered conjugation site in the heavy chain (C16 HC),
light chain (C16 LC), and in both chains (C16 HC LC)
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(Figure 1c). For this study, we conjugated the C16 antibody
with AmPEG6-MMAD: a noncleavable linker-payload. We
utilized a combination of intact mass characterization, in-source
fragment extracted chromatograms, and peptide fingerprinting
coupled with standard curves to estimate the levels of site
specificity.

Intact Mass Characterization. The intact mass of C16
HC and C16 LC (unconjugated and conjugated) are shown in
Figure 2a and b. Relative to the corresponding unconjugated
antibodies, C16 HC (upper panel, left column) and C16 LC
(lower panel, left column) conjugates show an increase in
molecular weight by either one or two AmPEG6-MMAD drugs

dx.doi.org/10.1021/bc4003794 | Bioconjugate Chem. 2014, 25, 240—250
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Figure 3. LC/MS chromatogram corresponding to (a) unconjugated and (b) AmPEG6-MMAD conjugated C16 HC tryptic digest. These two
chromatograms show similar peptide elution profile except that there is a late eluting peptide (retention time 70.52 min) present in the conjugated
C16 HC. MS spectra corresponding to retention time 70.52 min from conjugated C16 HC shows +2 and +3 molecular ions of AmPEG6-MMAD
conjugated glutamine tag (SLSLSPGLLQ*GA) (c); this MS spectrum also shows the in-source fragment (m/z 658.40) characteristic of AmPEG6-
MMAD containing peptides. The isotopically resolved +2 and +3 molecular ions are shown in c inset. The in-source fragment extracted
chromatograms (m/z 658.4) for (d) unconjugated and (e) AmPEG6-MMAD conjugated C16 HC show a unique peak in the conjugated C16 HC
that corresponded to the conjugated glutamine tag.

(1089 Da or 2 X 1089 Da). In both cases, most of the antibody of two drugs per antibody with undetectable levels of higher-
is conjugated with two drugs while a small fraction is loaded species. The relative intensities of the drug antibody
conjugated to only one drug. According to the intact mass ratio (DAR) of 0, 1, and 2 can be used to calculate the drug
analysis, both C16 HC and C16 LC show a maximum loading loading of the ADC (Figure 2a and b, lower panel, left column).
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Figure 4. MS/MS spectrum of AmPEG6-MMAD conjugated to SLSLSPGLLQ*GA from (a) tryptic digestion of C16 HC and (b) AmPEG6-
MMAD conjugated to SLSLSPGLLQ*GA synthetic peptide. The fragmentation of the +2 molecular ion (m/z 1116.65) corresponding to these two
conjugated peptides (a, b) produced virtually identical spectra, and the resulting product ions matched the fragmentation of the molecule. MS/MS$
spectra from AmPEG6-MMAD conjugated to EEQ*YNSTYR from tryptic digestion of C16 HC (c). The ion m/z 1124 appears to be [M+2H-
MeOH]** often observed when the parent conjugated peptide loses CH3OH moiety from the payload during MS/MS acquisition. Drug conjugated
peptides (a) SLSLSPGLLQ*GA and (c) EEQ*YNSTYR fragmented at the same positions in the MMAD portion of the molecule producing the

identical fragmented ions m/z 658 and m/z 5SS.

Based on this calculation and a separate hydrophobic
interaction chromatography (HIC) experiments (SI Figure
S1), the DAR is 1.9 and 1.7 for C16 HC and Cl16 LC,
respectively. Considering that the calculated drug loading by
intact mass is in a good agreement with loading determined by
our HIC method, we can assume that intact mass
determination is a good approximation of drug loading.

Light and heavy chains of C16 HC and C16 LC were also
characterized by LC/MS under reducing conditions (Figure 2).
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As expected for site-specific conjugation, we observed
conjugation only to the heavy chain for C16 HC (upper
panel, right column) and only to the light chain for C16 LC
(lower panel, middle column, and SI Table S1). Since we did
not observe any species with higher loading than 2.0 in either
the C16 HC or C16 LC conjugates and we did not see any
unexpected conjugations to the undesired antibody chains in
the reduced samples, we can infer that most of our conjugation
is site-specific.

dx.doi.org/10.1021/bc4003794 | Bioconjugate Chem. 2014, 25, 240—250
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The intact mass characterization method utilized here is the
least susceptible method to ionization efficiency differences
(conjugation of AmPEG6-MMAD changes the molecular
weight of intact antibody only by 1.5% of the total mass);
however, it is also the least sensitive method used in this study.
In an effort to estimate the detection limit of the intact mass
analysis, we spiked decreasing amounts of AmPEG6-MMAD
conjugated C16 HC into an unconjugated C16 HC, and
monitored the DAR 2 peak (SI Figure S2). We found that the
detection limit of DAR 2 was approximately 5% of the total
mixture, suggesting that our conjugation specificity is better
than 95%.

In-Source Fragment lon Extracted Chromatogram. To
test whether the drug conjugation using mTG is specific to the
designed glutamine tag in the heavy chain, C16 HC was
subjected to trypsin digestion and analyzed by LC/MS/MS
(Figures 3 and 4). The chromatograms corresponding to the
unconjugated C16 HC (Figure 3a) and C16 HC conjugated
with AmMPEG6-MMAD (Figure 3b) show comparable peptide
elution profiles. The main difference is the presence of a late
eluting peak in the conjugated C16 HC (retention time 70.52
min; Figure 3b). It has been previously reported that auristatin
conjugated peptides have increase hydrophobicity and tend to
elute at higher organic percentage than its nonconjugated
counterpart.”” The MS spectrum corresponding to retention
time 70.52 min is shown is Figure 3c. The +2 and +3 molecular
ions (m/z 1116.65 and 744.77, respectively) match the
expected precursor ions of SLSLSPGLLQ*GA tryptic peptide
containing the glutamine tag conjugated to AmPEG6-MMAD
(Figure 3c). This MS spectrum also shows an in-source
fragment (m/z 658.40) characteristic of AmPEG6-MMAD
conjugated peptides. A similar in-source fragmentation was
previously reported for the mc-ve-PABC-MMAE drug.**

To analyze the AmPEG6-MMAD containing peptides we
took advantage of this characteristic in-source fragment (m/z
658.40) produced by the cleavage of the peptide bond at the N-
terminus of MMAD molecule (Figure 4). The extracted
chromatograms of MMAD characteristic ion are shown in
Figure 3d and e for unconjugated and conjugated C16 HC,
respectively. The conjugated sample shows a unique peak that
corresponds to SLSLSPGLLQ*GA tryptic peptide containing
the glutamine tag conjugated to AmPEG6-MMAD as
previously determined.

The LC/MS trace of unconjugated and conjugated C16 LC
is shown in SI Figure S3a and S3b, respectively. Once again, the
conjugated peptides elutes at high organic due to their
increased hydrophobicity. The extracted chromatograms of
the MMAD characteristic in-source fragment jon of the
unconjugated and conjugated C16 LC are shown in SI Figure
S3c and S3d. In the case of the Cl6 LC, two peaks
corresponding to the AmPEG6-MMAD conjugated peptides
were found. Both peaks correspond to peptides containing the
designed glutamine tag. The larger peak corresponds to the
tryptic peptide GECGGLLQ*GA conjugated with AmPEG6-
MMAD and the smaller peak corresponds to its missed
cleavage conjugated peptide (SENRGECGGLLQ*GA). MS
spectra corresponding to retention time 67 min from the
conjugated C16 LC (e) shows the +2 and +3 molecular
corresponding to AmPEG6-MMAD conjugated to
GECGGLLQ*GA.

Peptide Mass Fingerprinting. LC/MS data acquisition of
the unconjugated and conjugated C16 HC tryptic digests was
performed in an Obitrap Velos Pro (Thermo Scientific)
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operated at high resolution (100000) and the peptide mass
fingerprint data was analyzed with Mascot. The database was
searched considering delta mass that the payload conferred to
the peptide (1089.65 Da for AmPEG6-MMAD) as a variable
modification of glutamine residues with a tolerance of 0.03 Da.
The sequence coverage of unconjugated and conjugated C16
HC tryptic digests were 94% and 95%, respectively, and
covered all glutamine residues within the antibody sequence. As
expected, no modification was found in the unconjugated C16
HC. The analysis of conjugated C16 HC confirmed the
conjugation of the tryptic peptide containing the engineered
glutamine tag in the C-terminus of the heavy chain
(SLSLSPGLLQ*GA). The identity of this drug—peptide
conjugate was verified by comparing the peptide’s MS/MS
spectra to the spectra of a synthetic SLSLSPGLLQ* GA peptide
standard which was conjugated with AmPEG6-MMAD (Figure
4a and b. respectively). To our knowledge this is the first time
that the MS/MS of a peptide—linker—monomethyl auristatin D
is described. The collision induced dissociation (CID)
fragmentation of the +2 molecular ion (m/z 1116.65)
corresponding to these two conjugated peptides produced
virtually identical spectra, and the resulting product ions
matched the fragmentation of the molecule (see molecular
structure in Figure 4). The MS/MS of the glutamine peptide
tag conjugated to AmPEG6-MMAD reveals a spectrum
dominated by fragmentation of amide bonds in the MMAD
portion of the molecule (including the in-source fragment (m/z
658.40) and few b and y ions from the peptide portion). For
this reason, the analysis of conjugation sites is not suitable for
typical MS/MS database search, as the conjugated peptide
produces low scoring matches.

Similar to the C16 HC, the peptide mass fingerprint
sequence coverage of unconjugated and conjugated C16 LC
tryptic digest was 95% and 96%, respectively, with full coverage
of all glutamine residues. The peptide mass fingerprint analysis
of the conjugated C16 LC tryptic digest confirmed the
conjugation of AmMPEG6-MMAD to the light chain glutamine
tag peptide GECGGLLQ*GA and a missed cleavage of the
same peptide SFNRGECGGLLQ*GA. The identity of
peptide—drug conjugate was verified by comparison of the
MS/MS spectra to synthetic peptide GECGGLLQ*GA
conjugated with AmPEG6-MMAD (SI Figure S4a and S4b,
respectively). The CID fragmentation of the +2 molecular ion
(m/z 1026.05) produced identical spectrum to the conjugated
synthetic peptide and the resulting product ions matched the
fragmentation of the molecule at multiple locations. The
identity of the missed cleavage peptide SEFNRGECGGLLQ*-
GA was also verified by MS/MS (SI Figure S4c). The peptide
mass fingerprint results for conjugated C16 LC and C16 HC
tryptic digest were also reproduced using Glu-C enzymatic
digestion (data not shown).

Specificity of mTG Conjugation. In addition to the
expected designed conjugation sites, peptide mass fingerprint
analysis also revealed that the tryptic peptide EEQ*YNSTYR
was conjugated to AmPEG6-MMAD in both C16 HC as well as
in C16 LC. EEQ*YNSTYR conjugated peptide eluted at 59
min from the HPLC column. The identity of the EEQ*YN-
STYR AmPEG6-MMAD conjugated peptide was confirmed by
MS/MS (Figure 4c and SI Figure S4d). The product ion
spectrum specific to +3 molecular ion (m/z 760.39) was
consistent with the fragmentation of EEQ*YNSTYR con-
jugated to AmPEG6-MMAD (Figure 4c, structural inset). This
tryptic peptide is located in the CH2 region of the heavy chain
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Figure 5. Intact mass deconvolution of C16 LC HC unconjugated and conjugated to AmMPEG6-MMAD (a, first column). Conjugated C16 LC HC is
either 3 X 1089 Da or 4 X 1089 Da heavier than its correspondent unconjugated counter pair. The masses of the light chain and heavy chain of C16
LC HC (unconjugated and conjugated) are shown in the middle and right column, respectively. C16 HC LC conjugates to one drug in the heavy
chain and light chain. In-source fragment (m/z 658.4) extracted chromatogram corresponding to unconjugated (b) and AmPEG6- MMAD

conjugated (c) C16 LC HC.

and encompasses the Fc glycosylation site N297. It has been
reported that mTG can recognize Q295 in deglycosylated IgGs
and conjugation can be achieved at this site.”® When antibodies
are expressed in CHO or HEK293 expression systems, most of
the produced proteins are glycosylated at position N297. The
presence of glycans at position N297 prevents conjugation to
Q295. However, there is typically a small fraction of
aglycosylated antibodies that are also produced. It is this
contaminating aglycosylated antibody fraction, which is suitable
for conjugation at position Q295. The identified EEQYN
sequence does not resemble the LLQGA glutamine tag that we
selected for conjugation, suggesting that transglutaminase has
somewhat promiscuous sequence specificity. The conjugation
specificity of transglutaminase has been studied previously”®~>"
and the data suggest that, in addition to sequence preference,
conjugation by transglutaminase depends on the local three-
dimensional structure and enzyme accessibility.
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To estimate the amount of this off-target conjugation to
Q295 site, we spiked conjugated EEQ*YNSTYR standard
peptide into a fixed amount (2.5 ug) of unconjugated tryptic
digests of C16 HC and generated a standard curve for
quantification. Using the precursor ion extracted chromato-
gram, we were able to estimate that 1.3% of the total injected
Q295 peptide is conjugated with AmPEG6-MMAD in the C16
HC molecule assuming 100% digestion efficiency (SI Figure
SSa). The conjugated EEQ*YNSTYR peptide (elution time $9
min) is not clearly visible in the m/z 658.4 extracted
chromatogram (Figure 3e, and SI Figure S3d). The spike-in
experiments verified that the sensitivity of the m/z 658.4 in-
source fragment ion extracted chromatogram method was
approximately 2% under these conditions (So cutoff), which is
why we could not identify the EEQ*YNSTYR conjugated
peptide in the in-source fragment extracted chromatograms.
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Elimination of Conjugation Byproducts. Although the
majority of the drug conjugated to the designed glutamine tag,
we found an off-target glutamine conjugation at the Q295. To
further improve homogeneity of the ADCs we created a single
point mutant Q295N to abolish the undesired conjugation. As
expected, the peptide mass fingerprint of the Q295N mutant
revealed only conjugation at the designed glutamine tag site for
both C16 LC and C16 HC molecules with no additional
identified sites.

The conjugated peptide detection limits were determined by
its serial dilution into a fixed amount of unconjugated antibody
tryptic digest (SI Figure SS). The detection limit for AmPEG6-
MMAD conjugated peptides EEQ*YNSTYR (Q295),
SLSLSPGLLQ*GA (C16 HC), and GECGGLLQ*GA (C16
LC) was 69, 71, and S fmol injected on column, respectively (SI
Figure S a,b,c), corresponding to between 0.01% and 0.2% of
the total injected peptides (assuming 100% digestion
efficiency). This detection limit was defined as the amount of
peptide at which the peptide mass fingerprint analysis did not
detect the conjugated peptide. The absolute detection limit
based on ion intensity was much lower (0.5, 2.6, and 14 fmol,
respectively) than the detection limit of the entire method,
which does not require manual interpretation of the spectra.

Site Specificity of mTG Conjugation Reaction. Since we
do not detect any off-target conjugated peptides in the C16 HC
Q295N conjugate by any of the methods presented here, it is
difficult to estimate the purity of the conjugate with extreme
levels of accuracy. Based on the intact mass measurements and
extracted in-source fragment ijon, the Cl16 HC Q295N
conjugate is better than 95—98% site-specific. The most
sensitive method used in this study was the peptide mass
fingerprinting coupled with MS/MS. We found the detection
limit of the three identified peptides to be between 0.01% and
0.2% of the total injected peptides. Due to the differences in
conjugated peptide ionization it is not possible to precisely
determine the detection limit of this method. However, if we
assume that the three conjugated peptides are good
representatives of other potentially conjugated peptides, then
the C16 HC Q295N conjugate would be better than 99.8%
site-specific.

Characterization of Higher Loaded Conjugates. We
also wanted to test whether the MS characterization described
here would be applicable to higher loaded species. To that end,
we generated an antibody that carried simultaneously the HC
and LC glutamine tags. The intact mass of C16 LC HC
(unconjugated and conjugated) is shown in Figure Sa, first
column. Most of the ADC is conjugated with four drugs while a
smaller fraction is conjugated to three drugs resulting in DAR
of 3.8 as calculated by HIC chromatography and intact mass
analysis. As expected, in the reduced samples both the light and
heavy chain of C16 LC HC showed conjugation to one drug
(Figure Sa, second and third columns).

In-source MMAD fragment extracted chromatograms of the
unconjugated and conjugated C16 LC HC (Figure Sb and c)
show two major late eluting conjugated peptides in the
conjugated tryptic digest (Figure Sc). The elution times of
these two peptides were identical to the C16 HC and C16 LC
conjugated samples (Figure 3e and SI Figure S3d). The identity
of these peptides was also verified by MS/MS analysis (data not
shown). These results plus peptide mass fingerprint confirmed
the site-specific conjugation of the glutamine tags in the C16
LC HC antibody, and showed that the methods presented here
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can be applied to ADCs that contain more than one site-
specific site.

The in-source fragmentation of auristatins linked to peptides
has been previously described.*”** Junutula et al. used the in-
source fragment (m/z 718.5) extracted chromatogram to
visually characterize MC-vc-PABC-MMAE  containing mass
spectra in a tryptic digest of an ADC (THIOMAB, Thio-3AS).
Alley et al. also reported the in-source fragment (m/z 619.4) in
the collision induced dissociation of a tryptic peptide (T6) from
rat serum albumin conjugated to mc-MMAF. In both cases, in-
source fragmentation was used for qualitative examination and
identification of peptide—auristatin conjugates. In our report,
we used the in-source fragment not only for qualitative
characterization but also to establish limits of quantitation of
the site-specific conjugation produced by transglutaminase
technology. While the in-source fragmentation of auristatins is a
helpful tool to identify conjugated peptides, this approach
might not be applicable to all cytotoxic drugs since some might
not produce it.

Identification of post-translational modification site is
typically achieved by LC/MS/MS experiment followed by
database search. While this approach can work for some ADCs,
the collision induced dissociation of peptide-AmPEG6-MMAD
conjugate produced spectrum dominated by fragmentation of
the payload, yielding very low scoring peptides when using a
database search analysis. This made the use of MS/MS data
acqusition unreliable for the identification of conjugation sites.

To circumvent these limitations, we developed a general
method to identify conjugation sites in antibody—drug
conjugates. This method consists of high-resolution LC/MS
data acquisition followed by a database search of the
deconvoluted precursor ion masses. In this search, we use the
delta mass of the drug to identify conjugation sites and obtain
specificity by the low tolerance allowed in the search (0.03 Da).
This approach is compatible with commercially available
software such as MASCOT. To the best of our knowledge,
no tools to quantify conjugation site specificity of antibody—
drug conjugates have been published. In this report, we used
peptide-payload standards to create standard curves that
allowed us to quantify conjugation site and determine detection
limit for low-level off-target conjugation.

In summary, LC/MS and LC/MS/MS analysis of C16 HC,
C16 LC, and C16 LC HC antibody—drug conjugates reveals
that mTG conjugation technology produces highly site-specific
and homogeneous ADCs (Table 1). The mTG-based method
for antibody—drug conjugation offers versatile and precise
control over the site of conjugation and the drug:antibody ratio,
allowing us to generate homogeneous conjugates in a
reproducible manner. We identified an undesired conjugation
site. (Q295), which carried approximately 1.3% of the
conjugated drug. In a typical antibody, the presence of glycans
at position N297 prevents conjugation to Q29S. However,
during antibody expression a small fraction does not carry
glycans and can therefore be conjugated at this position. We
were able to eliminate this heterogeneity with the Q295N
mutant, and show that once eliminated we do not detect any
undesired conjugation site. We estimate the detection limit of
the described process to be 0.01—0.2% based on our ability to
detect minute amounts of several synthetic conjugated peptides
spiked into samples of digested ADCs. If we assume that
conjugated peptides used in this study are representative of
other potentially conjugated peptides, then the C16 HC
Q295N conjugate would be better than 99.8% site-specific. The
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analytical methods presented here should not only be
applicable to transglutaminse based conjugates, but also be
generalizable for other site-specific conjugation techniques. As
site-specific conjugation methods gain momentum for ADC
production, it will be important to develop further methods
with defined limits of detection for accurate quantification of
low-level impurities that may arise in the course of a given
conjugation.
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