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ABSTRACT: Engineered cysteine residues are currently used
for the site-specific conjugation of antibody—drug conjugates
(ADC). In general, positions on the protein surface have been
selected for substituting a cysteine as a conjugation site;
however, less exposed positions (with less than 20% of
accessible surface area [ASA]) have not yet been evaluated. In
this study, we engineered original cysteine positional variants
of a Fab fragment, with less than 20% of ASA, and evaluated
their thiol reactivities through conjugation with various kinds
of payloads. As a result, we have identified three original
cysteine positional variants (heavy chain: Hc-A140C, light
chain: Lc-Q124C and Lc-L201C), which exhibited similar
monomer content, thermal stability, and antigen binding
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affinity in comparison to the wild-type Fab. In addition, the presence of cysteine in these positions made it possible for the Fab
variants to react with variable-sized molecules with high efficiency. The favorable physical properties of the cysteine positional
variants selected in our study suggest that less exposed positions, with less than 20% of ASA, provide an alternative for creating

conjugation sites.

B INTRODUCTION

Antibody—drug conjugates (ADCs) are a new class of highly
potent drug formulations designed as a targeted therapy for the
treatment of cancer patients. Targeted delivery of a cytotoxic
drug to the tumor tissue leads to potential reduction in its
toxicity toward healthy cells, and thus expands the therapeutic
window. ADCs have shown significant progress in the clinical
studies and the FDA has recently approved two such drugs,
ado-trastuzumab emtansine (Kadcyla) and brentuximab
vedotin (Adcetris). Furthermore, there are more than 30
ADC drugs in the pipeline that are currently undergoing clinical
studies."

The antibody conjugation methods currently used for the
production of ADCs generally include a chemical reaction of
the lysine e-amino groups or the cysteine sulthydryl groups,
produced by reducing the interchain disulfide bonds.” These
chemical techniques make it difficult to control the site-
specificity and stoichiochemistry, which leads to the production
of heterogeneous products. For instance, as determined by the
peptide mapping, lysine conjugation results in 0—8 drug-to-
antibody ratios (DAR), and about 40 different lysine residues
per antibody are conjugated.” Hamblett et al. have reported that
drug loading plays a dominant role in the pharmacokinetics,
efficacy, and therapeutic index of the resulting ADC.*
Specifically, the ADCs with higher DARs were found to be
cleared faster and exhibited lower in vivo efficacy in comparison
to those with lower DARs.
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One way to overcome these challenges is through the use of
site-specific conjugation, a technique in which a known number
of linker-drug molecules are consistently conjugated to defined
sites.”® Currently, three cutting-edge strategies are available:
insertion of the cysteine residues in the antibody sequence,” "
insertion of an unnatural amino acid with bio-orthogonal
reactivity,lz’13 and enzymatic conjugation.H’15 The engineering
of antibodies with cysteine residues offers a particularly
convenient method, as no cell line engineering and additional
reagents are required. On the other hand, engineered free
cysteine residues present on the surface of a protein could pair
with cysteine residues present on other protein molecules,
resulting in dimers.'® It is also possible that the introduced
cysteines could pair with the native cysteine residues in the
same protein, resulting in protein misfolding.

Earlier studies had explored the surface positions on
recombinant antibodies for the introduction of cysteine
residues.” Junutula et al. reported new engineered cysteine
residues (THIOMAB), which had moderate fractional surface
area and were identified by unique phage display techniques
(PHESELECTOR).” THIOMAB—drug conjugates displayed
minimal heterogeneity with similar in vivo activity, improved
pharmacokinetics, and a superior therapeutic index in
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Scheme 1. Conjugation with Various Kind of Payloads
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comparison to the conventional, randomly conjugated ADCs.*®
Further, Trout et al. reported the implementation of the spatial-
aggregation propensity in order to identify the engineered
cysteine residues with low aggregation and no structural
abnormalities.'!

Conjugation with functional molecules using cysteine at
inaccessible positions is generally considered improper. For
example, granulocyte-colony stimulating factor has a free
cysteine residue at the less exposed position, which results in
reduced PEGylation under physiological conditions.'” Thus,
owing to the above-mentioned factors, until now the approach
for engineering cysteine has been confined to the positions with
high and moderate accessible surface area (ASA). For the first
time, in this study we have conducted an investigation of
engineered cysteine residues at less exposed positions (with less
than 20% of ASA) of the Fab constant region in order to
expand the strategy for site-specific conjugation via engineered
cysteines. In addition, we evaluated the binding capacity for
macromolecules such as PEG, in order to apply our
methodology to various-sized payloads (Scheme 1).

B RESULTS

Selection Strategy for Cysteine Positions. In this study,
trastuzumab was used as a model antibody for selecting the
cysteine positions. Among the positions in the Fab constant
region with less than 20% of ASA, 26 positions (Hc: 12
positions, Lc: 14 positions) were selected for the study, which
were depicted onto the structure of Tra-Fab (Figure S1). In the
first step, cysteine positional variants with more than 90% of
monomer content were selected using nonreducing SDS-PAGE
analysis. Further, cysteine positional variants with thiol activity
over 1.0 (theoretical value for cystein variant) were selected
using a 4,4’-dithiodipyridine (4-PDS) assay. Finally, the criteria
for confirming the reaction capacity of selected cysteine
positions was set to more than 50% of PEGylation efficiency
with 20 kDa PEG-maleimide.
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Identification of Cysteine Positions with High Thiol
Reactivity. All of the selected variants (26 positions) were
expressed, purified by immobilized-metal affinity chromatog-
raphy, and then analyzed using nonreducing SDS-PAGE
(Figure 1A). A band at around 52 kDa was detected in the
Tra-Fab-WT, which corresponds to the monomer, while some
variants containing the Tra-Fab-Hc-L128C showed various
forms. As in the case of the Tra-Fab-Hc-L182C variant, we
found a band at around the 76 kDa protein marker, which
could correspond to the molecular weight of a Fab-dimer
formed due to the intermolecular disulfide bond formation.
Thus, considering these results, 24 variants (Hc: 10 variants,
Lc: 14 variants) that showed more than 90% of monomer
content, such as Tra-Fab-Hc-A140C, were selected for the
study. We checked the thiol reactivity of these variants using 4-
PDS assay, as summarized in Table 1. Tra-WT (theoretical
value: 0) showed 0.36, which was a little higher than expected.
In consideration of this basic value, the positions with thiol
reactivity greater than 1.0 (theoretical value for cystein variant)
were set as criteria and found with a relatively higher rate (14
among 24 positions). The selected variants were conjugated
with linear 20 kDa PEG-maleimide and confirmed using
nonreducing SDS-PAGE, where the bands around 102 kDa
correspond to the PEGylated Fab regions (Figure 1B). We
finally selected three positional variants (Hc-A140C in CHI,
Lc-Q124C and Lc-L201C in Ck), which showed over 50%
PEGylation efficiency. On the other hand, many variants, such
as Tra-Fab-Hc-Al41, showed a very low amount or no
PEGylated products. As compared to Lc-L201C, the Lec-
G200C and Lc-S202C variants, which are located next to the
Lc-L201C variant exhibited higher ASA values (43.2% and
114%) and lower thiol reactivities (0.67 and 0.40).

Stable Thiol Reactivity of Selected Cysteine Positional
Variants. Periplasmic extraction and Protein-G affinity
chromatography were mainly used for preparing the Fab
obtained from E. coli."® We confirmed the thiol reactivity of the
four selected clones (Tra-Fab-WT, -Hc-A140C, -Lc-Q124C,
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Figure 1. Nonreducing SDS-PAGE analysis of cysteine positional
variants. (A) Representative nonreducing SDS-PAGE gels of the
purified Tra-Fabs. Lane M: protein standards. Lanes 1—4: Tra-WT,
Tra-Hc-L128C, -Hc-A140C, and -Hc-L182C. Monomer Tra-Fab
appeared around the 52 kDa protein marker band. (B) PEGylation
analysis using nonreducing SDS-PAGE. Lane M: protein standards.
Lanes 1—4: Tra-Hc-A140C, -Hc-A141C, -Lc-Q124C, and -Lc-L201C.
Left and right gels in each lane show Tra-Fab without or with linear 20
kDa PEG-maleimide. The bands indicated by an asterisk correspond to
PEGylated Tra-Fab. (C) Selected cysteine positional variants of Tra-
Fab and Rit-Fab. Lane M: protein standards. Lanes 1—4: Tra-Fab-WT,
-Hc-A140C, -Lc-Q124C, and -Lc-L201C. Lanes 5—8: Rit-Fab-WT,
-Hc-A140C, -Lc-Q124C, and -Lc-L201C. Monomer Fab appeared
around the 50 kDa protein marker band.

and -Lc-L201C) using this standard purification process. These
clones showed over 90% of monomer content in the
nonreducing SDS-PAGE (Figure 1C). From the result of 4-
PDS assay, Tra-Fab-WT exhibited 0.17, on the other hand, Tra-
Fab-Hc-A140C, -Lc-Q124C, and -Lc-L201C exhibited 1.1, 1.3,
and 1.1 (Table 2). These reactivity values were comparable to
those purified by TALON. Furthermore, Rit-Fab was selected
as an alternative, and we confirmed that Rit-Fab-Hc-A140C,
-Lc-Q124C, and -Lc-L201C exhibited more than 90%
monomer content (Figure 1C) and thiol reactivity of more
than 1.0 (Table 2), as in the case of Tra-Fab.

Physical Properties of Selected Cysteine Positional
Variants. Size exclusion chromatography (SEC)-HPLC is
routinely used to determine the percentage of monomer of a
protein present in aqueous conditions. We confirmed that the
three cysteine positional variants (Tra-Fab-Hc-A140C, -Lc-
QI24C, and -Lc-L201C) existed mainly as monomers (Figure
2A). We tested the thermal stability of the Tra-Fab-WT, -He-
A140C-, -Lc-Q124C, and -Lc-L201C mutants using differential
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Table 1. ASA Values and Thiol Reactivities” of Selected Tra-
Fabs

light chain heavy chain
variant ~ ASA (%) thiol reactivity ~ variant ASA (%) thiol reactivity
WT 0.36
1117C 5.9 0.81 V125C 3.9 0.65
Ql124C 1.1 1.3 L128C 22 N/A
A130C 0 1.0 A129C 8.2 12
S131C 0.9 13 A140C 11.8 1.17
N137C 3.4 13 Al41C 3.6 13
V1s0C 1.3 1.1 K147C 5.3 14
S162C 119 0.96 V154C 10.4 0.78
L175C 22 0.89 V156C 11.1 0.87
S176C 6.0 0.55 L182C 9.3 N/A
S$177C 0 1.1 $183C 4.3 1.0
T178C 14.4 0.35 V188C 7.8 0.95
L181C 10.4 0.77 $192C 11.9 1.0
H198C 7.7 1.1
G200C 43.2 0.67
L201C 13.7 12
$202C 114 0.40

“Thiol reactivity was determined by a 4-PDS assay. All the values of
thiol reactivity represent the mean of two experiments. N/A denotes
not available.

Table 2. Thiol Reactivities” of Tra-Fab and Rit-Fab with
Selected Cysteine Positions

residue Tra-Fab Rit-Fab
WT 0.17 + 0.034 029 + 0.19
Hc-A140C 1.1 + 0.07 1.3 £ 0.08
Lc-Ql124C 1.3 £ 0.01 1.5 £ 0.05
Lc-L201C 1.1 + 0.02 1.3 £ 0.03

“Thiol reactivities of Tra-Fab and Rit-Fab were determined by three
independent assays. The values provided in the table are averages of
three independent determinations with standard deviations.

scanning calorimetry, as shown in Figure 2B. The T, value for
Tra-WT was 82.4 °C, which was comparable to the value
reported by Kelley et al.'” These three cysteine positional
variants showed similar stability toward thermal denaturation
when compared to Tra-WT (Hc-A140C, 82.2 °C; Lc-Q124C,
82.0 °C; and Lc-L201C, 81.8 °C). To determine the
dissociation constant (Kp) and the association (k,) and
dissociation rate constants (k;), CMS sensor chips were
prepared by immobilizing each sample using anti-penta-His
antibody. The sensorgrams of selected clones are shown in
Figure S2, and further, the Kp values for each clone were
determined (Table 3). The binding affinity did not change
among the cysteine positional variants, which was also
confirmed using ELISA (Figure S3).

Site-Specific PEGylation with Branched PEG (20 kDa
x2)-Maleimide. Cimzia (Certolizumab pegol) is an anti-
TNFoa PEGylated Fab’ obtained via the site-specific attachment
of a branched PEG (20 kDa x2) moiety.”® The addition of 40
kDa PEG to Fab confers a serum half-life similar to that of an
IgG.>" To investigate the PEGylation efficiency and the effect
on binding affinity, Tra-Fab-Hc-A140C, -Lc-Q124C, and -Lc-
L201C variants were modified with branched PEG (20 kDa
X2)-maleimide. The bands obtained between 140 and 260 kDa
corresponded to the PEGylated Fab in the nonreducing SDS-
PAGE (Figure 2C). All three variants showed over 50%
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Figure 2. Physical characteristics of selected cysteine positional variants. (A) SEC chromatograms of Tra-Fab-WT, -Hc-A140C, -Lc-Q124C, and -Le-
L201C. Monomer Tra-Fab eluted at 10.6 min. (B) Thermal stability of Tra-Fab-WT, -Hc-A140C, -Lc-Q124C, and -Lc-L201C at a concentration of
0.5 mg/mL in reaction buffer. (C) Nonreducing SDS-PAGE analysis of PEGylated Tra-Fabs. Lane M: protein standards. Lanes 1 and 2: Tra-Fab-
WT. Lanes 3 and 4: Tra-Fab-Hc-A140C. Lanes S and 6: Tra-Fab-Lc-L201C. Lanes 7 and 8: Tra-Fab-Lc-Q124C. Left (lanes 1, 3, S, and 7) and right
(lanes 2, 4, 6, and 8) gels in each variant show Tra-Fab without or with branched PEG (20 kDa X2)-maleimide. The bands indicated with an asterisk

correspond to PEGylated Tra-Fab.

Table 3. Binding Kinetics of Tra-Fabs and PEGylated Tra-
Fabs“

sample k, (x10Y) M~' s kg (X107%) s Ky (kg/k,) nM
Tra-Fab-WT 7.86 4.90 6.24
Tra-Fab-Hc-A140C 7.83 4.84 6.18
Tra-Fab-Lc-Q124C 7.62 4.68 6.13
Tra-Fab-Lc-L201C 7.89 4.74 6.02
Tra-Hc-A140C-PEG 289 4.02 1.39
Tra-Lc-Q124C-PEG 15.7 4.33 2.76
Tra-Lc-L201C-PEG 31.3 3.81 1.22

“Presented values refer to the kinetic Biacore measurements shown in
Figures S2 and SS. These data are representative of two independent
experiments for each sample.

PEGylation efficiency, as in the case of linear 20 kDa PEG-
maleimide in nonreducing SDS-PAGE, while comparatively
reduced PEGylation was observed for Tra-Fab-WT. We further
analyzed the reaction samples using SEC-HPLC (Figure S4)
and calculated the PEGylation efficiency as shown in Table 4.

Table 4. PEGylation Efficiency” (%) of Selected Cysteine
Positional Variants

Tra-Fab- Tra-Fab-Hec- Tra-Fab-Lc- Tra-Fab-Lc-
WT Al140C Q124C L201C
5.8 + 049 88 +£0.3 94 + 0.6 83 + 04

“PEGylation efficiency was determined by using SEC-HPLC. Values
are averages of three independent determinations with standard
deviations.
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All three variants exhibited over 80% of PEGylation efficiency,
with the Tra-Fab-Lc-Q124C variant showing more than 90%
efficiency. We prepared each PEGylated Fab sample and
evaluated its binding affinity. Figure SS shows the sensorgrams
for Tra-Fab-WT, Tra-Fab-Hc-A140C-PEG, -Lc-Q124C-PEG,
and -Lc-L201C-PEG, respectively. The calculated kinetic
parameters by Biacore are summarized in Table 3. All three
PEGylated Fabs displayed nearly equivalent ky values, which
were about the same as that of the non-PEGylated Tra-Fab. In
contrast, we observed that k, values for the PEGylated Fabs
varied in the Biacore analysis depending on the position of the
mutation, and hence, the K values for PEGylated Fabs
decreased 2- to 5-fold compared to the non-PEGylated Tra-
Fab. On the other hand, no significant differences in the antigen
binding affinity were observed in ELISA among the PEGylated
products (Figure S6).

Cytotoxicity of Tra-Fab-MMAE Conjugates. There are
two major groups of tubulin inhibitors that have been
developed for ADCs: auristatins and maytansine derivatives.”
Auristatin  derivative, maleimidocaproyl-Val-Cit-monomethyl
auristatin E (veMMAE), has been designed for linking to
cysteine residues via maleimide. We prepared Tra-Fab-
vcMMAE  conjugates via selected cysteine positions. The
formations of Tra-Fab-Hc-A140C-MMAE, -Lc-Q124C-
MMAE, and -Lc-L201C-MMAE were confirmed using LC-
MS analysis (Figure S7). Tra-Fab-Lc-Q124C-MMAE con-
jugates exerted potential in vitro cytotoxicity against Her2-
amplified breast cancer cell line SK-BR-3, and showed minimal
antiproliferative activity for the breast cancer cell line MCF-7,
expressing normal levels in the concentration range tested
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(Figure 3A,B). Her2-depdendent cytotoxicity was also con-
firmed using a competition assay with excess free Tra-Fab-WT
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Figure 3. In vitro cytotoxicity of Tra-Fab-Lc-Ql24C-MMAE. (A)
Potent cytotoxicity was observed in SK-BR-3 with high levels of Her2
protein. (B) No antiproliferative effect was observed in MCF-7 with
normal/low levels of Her2 protein.

(Figure 3A). Tra-Fab-Hc-A140C-MMAE and -Lc-L201C-
MMAE conjugates also showed similar cytotoxicity against
the SK-BR-3 cell line (Figure S8).

B DISCUSSION

In this study, we successfully found three original cysteine
positions in the Fab fragment (CHI, Hc-A140C; and Ck;, Lc-
QI24C and Lc-L201C), which were located at relatively less
exposed positions and had less than 20% of ASA. In particular,
the Lc-Q124C variant showed the highest thiol reactivity in
spite of having the lowest ASA value of less than 5%. The Lc-
G200C and Lc-S202C positional variants located near the Le-
L201C mutation showed a higher ASA, but lower thiol
reactivity compared to the Lc-L201C variant. In addition, He-
A141C that is located next to Hc-A140C position produced no
PEGylated product. For extended conformations of polypep-
tide chains, residue side chains naturally alternate their
direction from one sequence position to the next, so it is to
be expected that adjacent residues on the surface of a three-
dimensional structure will exhibit behavior that alternates
accordingly. In consideration of these findings, the conjugation
efficiency of engineered cysteine residues was determined not
by the structural region, but by the positions themselves. We
intensively searched for these cysteine positions in the Fab
constant region for the following reasons. First, the Fab
fragment can be easily expressed in E. coli. This is suitable for
evaluating many cysteine positional variants because of the
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rapid growth of bacterial cells, a requirement for simple and
inexpensive media, and an appropriate fermentation technol-
ogy. Second, these cysteine positions in the Fab constant region
have a very low effect on the antigen-binding activity of the
antibody and could be applied to a number of clones. In fact,
the cysteine variants of Tra-Fab exhibited similar binding
affinity as that observed for Tra-Fab-WT, and further the thiol
reactivity was observed to be unchanged between the Tra-Fab
and Rit-Fab. Third, the effector functions such as antibody-
dependent cell-mediated cytotoxicity mediated by the Fc region
would not be affected by the introduction of these cysteine
mutations in the Fab constant region. Finally, these cysteine
positional mutations could also be applied to other molecules
such as IgG, monovalent antibodies,”* and bispecific antibod-
ies,”® which contain the Fab region. Recently, aglycosylated full-
length IgG antibodies have been shown to be produced in the
E. coli periplasmic fraction, as in the case of Fab expression.**
The cysteine positions found in the Fab fragment on the phage
surface were applied to IgG antibodies (THIOMAB) that were
produced in Chinese hamster ovary (CHO) cells.® In
consideration of these facts, the selected engineered cysteine
residues could be used for the design of recombinant IgG
forms.

Nonreducing SDS-PAGE and SEC-HPLC analysis showed
that Tra-Fab-Hc-A140C, -Lc-Q124C, and -Lc-L201C existed
mainly as monomers. In addition, these cysteine variants
showed similar thermal stability in comparison to Tra-WT,
which indicates that the selected cysteine positions do not
disturb the structurally important interactions. These findings
suggest that our selected cysteine positions had no effect on the
physical characteristics of the Fab region, although these
mutations were located at structurally buried positions. On the
other hand, some cysteine variants such as Tra-Fab-Hc-L128C
exhibited several bands on the nonreducing SDS-PAGE gel,
indicating that denaturation was induced due to substitution by
cysteine residues. The dimer content in the engineered cysteine
variants varied depending on the cysteine positions. Consider-
ing these results, our strategy for evaluating the conjugation
efficiency of recombinant Fab was useful for examining the
physical features of the cysteine positional variants and for
elucidating these original cysteine positions; however, these
selection schemes required labor-intensive and time-consuming
efforts.

PEGylation is an attractive strategy used to enhance the
therapeutic efficacy of proteins with a short serum half-life.*®
The obvious trend applied in the development of the
PEGylated therapeutic proteins is a shift from random to
site-specific PEGylation reactions, resulting in homogeneous
products.26 In the case of the production of PEGylated-Fab’
Cimzia, reductive activation of the hinge region cysteine
residues, under mild reducing conditions, was required prior to
PEGylation.”" Disulfide-bridged PEGylation selectively alky-
lates both the sulfur atoms derived from a native disulfide bond;
however, a reductive process prior to PEGylation was also
required.”” In general, thiol PEGylation of cysteine residues
enclosed in less solvent-accessible hydrophobic patches is
difficult to achieve. Veronese et al. reported a negligible degree
of PEGylation for Cysl7 on granulocyte-colony stimulating
factor when PEGylation was carried out under physiological
conditions, whereas successful coupling was obtained under
transient denaturing conditions.'” By contrast, our selected
cysteine positional variants could be efliciently PEGylated in
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the absence of any reductive or denaturing conditions, in spite
of their lower solvent accessibility.

We observed an unexpected 2- to 4-fold increment in the k,
values for PEGylated-Tra-Fabs in comparison to that for the
Tra-Fab-WT, while k; values were unchanged in Biacore
analysis. On the other hand, similar binding curves were
observed for the PEGylated Tra-Fabs in ELISA. Thus, these
results together suggest that PEGylation in the Fab constant
region has no significant effect on the binding affinity.
However, PEGylation in C-turminal of Fab could result in
decreased k, value under the experimental condition of
immobilized antigen and PEGylated Fab in the mobile
phase.”” Hence, further structure-based study is needed to
clarify the positional effect of PEGylation on the binding
affinity.

MMAE is one of the validated payloads as proved by the
FDA approval of Adcetris (anti-CD30 chimeric antibody—
MMAE conjugate).”® All of the Tra-Fab-MMAE conjugates
exerted potent in vitro cytotoxicity on the SK-BR-3 cell line. In
addition, the LC-MS analysis mainly showed conjugated forms,
suggesting that a higher conjugation efficiency was observed
with MMAE without any pretreatment. Our results suggest that
the selected cysteine positional variants could easily produce
site-specific antibody—drug conjugates, although further studies
on the application of IgG format would be required. In
consideration of the binding capacity observed for our cysteine
positional variants toward the macromolecules such as PEG, in
the future, functional macromolecules such as peptides and
nucleotides could also be easily conjugated with these variants.

Serum albumin is one of the known native proteins that has a
single unpaired cysteine residue, similar to our cysteine
positional variants.”” The single thiol group present in human
serum albumin (HSA), Cys34 is the most abundant thiol group
in the plasma. Cys34 forms mixed disulfides with low-
molecular-weight thiols; however, it is mainly present in the
reduced form (75%).*° In addition, purified serum albumin
could be conjugated with various-sized molecules through
Cys34.>"%* We calculated the ASA value for Cys34 based on
the structural information on HSA (PDB: 1A06), using the
same procedure as used in the case of Tra-Fab. It is interesting
to note that the ASA value of Cys34 was found to be low
(0.7%), which is similar to those of our selected cysteine
positions. The crystal structure of HSA* suggests that Cys34 is
located on the surface of domain I; however, the sulfur atom is
oriented toward the interior of the protein and is surrounded
by the side chains of the Pro3S, His39, Val77, and Tyr84
residues, resulting in a lower ASA value. These findings suggest
that the orientation of the side chain, in addition to the position
of engineered cysteine residues, could be responsible for the
thiol reactivity and higher binding capacity of these variants for
various-sized molecules. Further structural analysis of our
cysteine positional variants would enable finding rational
substitutes for cysteine with high thiol reactivity.

To our knowledge, very few reports are available on
engineered cysteine residues present on the less exposed
positions in proteins, including antibodies. We found the
original three cysteine residues present at less exposed
positions, which have never been explored previously. We
could produce site-specific Fab conjugates with various-sized
molecules (from small molecules such as MMAE to high-
molecular-weight PEG) through these cysteine positions. In
addition, cysteine mutations at our selected positions had no
effect on the thermal stability, monomer content, and binding
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affinity. In conclusion, our selected cysteine positions in the Fab
constant region could provide an alternative approach for site-
specific antibody—drug conjugation. Furthermore, our concept
for introducing cysteine residues at less exposed positions on
the protein could be applied to other proteins for site-specific
conjugation via engineered cysteines.

B EXPERIMENTAL PROCEDURES

Materials. 4-PDS was obtained from Nacalai Tesque
(Kyoto, Japan). Linear 20 kDa PEG-maleimide (SUNBRIGHT
ME-200 MAOB) and branched PEG (20 kDa X2)-maleimide
(SUNBRIGHT GL2-400MA3) were purchased from NOF.-
CORPORATION (Tokyo, Japan). The murine anti-penta-His
antibody was obtained from QIAGEN (Hilden, Germany), and
the HRP-conjugate was prepared using the Peroxidase Labeling
Kit-NH, (DOJINDO, Kumamoto, Japan). veMMAE was
purchased from MedChem Express (Monmouth Junction,
NJ). Her2-GST and Her2-flag fusion proteins were made and
validated in-house. The reaction buffer used was composed of
20 mM sodium citrate (pH 6.0) and 150 mM NaCl. Breast
carcinoma cell lines (SKBR-3 and MCF7) and the E. coli strain
W3110 were obtained from American Type Culture Collection
(Manassas, VA).

Vector Design for Fab Expression. The plasmid, pFLAG-
CTS-Fab (Figure S9), was designed to coexpress the light and
heavy chain of the Fab fragment, which was cloned between the
Ndel and Sall sites on pFLAG-CTS (Sigma-Aldrich, St. Louis,
MO). The operon was under the transcriptional control of the
tac promoter (Ptac), which is inducible by isopropyl-f-p-
thiogalactopyranoside (IPTG).*® Each Fab chain was preceded
by a PelB signal sequence to direct the secretion into the
periplasmic space of E. coli.** In order to be used for detection
and affinity purification, the hexa-histidine tag sequence was
added to the C-terminal of the heavy chain. The genes of the
CH1 heavy chain constant region and Ck light chain constant
region were each connected to the genes encoding identical
amino acid sequences of variable regions of therapeutic anti-
ErbB2 antibody trastuzumab®® (Tra-Fab) and anti-CD20
antibody rituximab® (Rit-Fab). The codons for selected
positions in human Ck (defined by Kabat number) or human
CH1 (defined by EU number) constant regions were changed
to cysteine using PCR.

ASA. The ASA was calculated using the DSSP program®’
based on the structural information in the Protein Data Bank
for Tra-Fab (PDB: 1FVD),*® assuming that the cysteine
positional mutant has exactly the same static structure as the
pdb entry. To determine the percentage values, the ASA value
of amino acid X’ of the Ala-X-Ala tripeptide was assigned to a
value of 1.0.

Fab Expression. Fab was expressed in E. coli strain W3110
transformed with plasmid pFLAG-CTS-Fab. Single colonies
were grown overnight at 37 °C in 10 mL of LB medium
containing 100 pg/mL of ampicillin. Overnight cultures were
diluted to 200 mL of Super Broth and incubated at 37 °C until
an ODyg, of 2.0 was obtained, and further incubated at 22 °C
overnight with the addition of 1 mM IPTG. The cells were
pelleted at 5000 rpm and frozen at —80 °C.

Immobilized-Metal Affinity Chromatography. Frozen
cells were resuspended in 20 mL of B-PER Bacterial Protein
Extraction Reagent (Thermo Fisher Scientifec, Waltham, MA),
shaken at room temperature for 10 min, and centrifuged at
7000 rpm for 25 min. The supernatant was applied to a 1 mL
TALON Metal Affinity Resin (Clontech, Mountain View, CA)
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and washed with 10 mL of S0 mM sodium phosphate (pH 6.7)
and 300 mM NaCl solution. The bound Fab was eluted with
1.5 mL of 50 mM sodium phosphate, 300 mM NaCl, and 150
mM imidazole buffer. The buffer exchange into reaction buffer
was accomplished using the Amicon Ultra-0.5 device (Merck
Millipore, Billerica, MA).

Protein G Affinity Chromatography. Frozen cells were
resuspended in 15 mL of reaction buffer, incubated at 60 °C for
1S min, and centrifuged at 7000 rpm for 15 min. The
supernatant was applied to a 1 mL Prosep-G Resin (Merck
Millipore) and washed with 10 mL of reaction buffer. The
bound Fab was eluted with 2 mL of 10 mM sodium citrate (pH
3.0), and neutralized using 1 M Tris-HCI (pH 8.0). The buffer
exchange into reaction buffer was accomplished using the
Amicon Ultra-0.5 device (Merck Millipore).

Thiol Reactivity Analysis by 4-PDS. 4-PDS reacts with
the thiol groups under weak acidic conditions to form 4-
mercaptopyridine with an absorbance at 324 nm.* Purified
Fabs were mixed with the reaction buffer, containing 4-PDS,
such that the final solution contained 10 yuM Fab and 500 yM
of 4-PDS. A standard curve was derived from the titration of N-
acetyl-L-cysteine with 4-PDS. The reaction for 30 min at room
temperature was followed by monitoring the absorption at 324
nm. Thiol reactivity was calculated as the ratio of measured
value and theoretical value at 10 uM of N-acetyl-L-cysteine,
obtained from the standard curve. Theoretically, thiol reactivity
of a molecule with one free thiol is 1.0.

PEGylation with the Linear 20 kDa PEG-maleimide. A
solution of 10 yM Tra-Fab was mixed with a 20-fold molar
excess of linear 20 kDa PEG-maleimide for 2 h at room
temperature in the reaction buffer. Approximately 100 pmol of
reaction mixtures were analyzed using nonreducing SDS-PAGE.
After staining of the gel using Coomassie Blue, protein bands
were visualized using the densitometer. PEGylation efficiencies
were calculated by the comparison of the band densities of each
molecular species.

SEC. SEC was performed using Prominence (SHIMADZU,
Kyoto, Japan). Approximately 200 pmol samples were injected
into the TSKgel G3000SWy; columns (TOSOH, Tokyo,
Japan). The mobile phase was the reaction buffer. The flow rate
was 1 mL/min for 30 min. Detection was conducted by
recording absorbance at 280 nm.

Differential Scanning Calorimetry. Thermal denatura-
tion experiments were performed on a MicroCal VP-Capillary
differential scanning calorimeter (GE Healthcare, Little
Chalfont, United Kingdom). Fab solutions were adjusted to
0.5 mg/mL in reaction buffer and heated to 100 °C in the
calorimeter using a heating rate of 60 °C/min. The observed
melting curves were baseline-substituted and normalized using
the software supplied by the manufacturer.

Binding Analysis by ELISA. The 96-well ELISA plate was
coated with Her2-GST fusion protein (1 pg/mL) and kept
overnight at 4 °C. After washing three times with TBST (TBS
and 0.05% Tween-20), 150 uL of 1% BSA in PBS was added to
each well and incubated for 1 h at room temperature. The wells
were further washed three times with TBST. Samples were
prepared in the reaction buffer at a range of concentrations,
added (50 uL) to each well, and then incubated for 1 h at room
temperature. The wells were then washed three times with
TBST followed by incubation with SO pL of anti-penta-His
antibody HRP conjugate (diluted 1000 or S000 times in 1%
BSA) for 1 h at room temperature. The wells were again
washed three times with TBST, developed using 50 uL of TMB
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for approximately 5 min, and quenched by addition of 50 uL of
0.5 N H,SO,. The absorbance was read using a ARVO X3
(PerkinElmer, Waltham, MA) at 450 nm.

Binding Analysis by Biacore. Binding affinity and kinetics
analyses were conducted using the Biacore T100 (GE
Healthcare). To circumvent errors from different sample
concentrations, Tra-Fab or PEGylated-Tra-Fab was immobi-
lized, then a range of concentrations of Her2-flag were passed
as following procedures. The murine anti-penta-His antibody,
diluted at 30 pyg/mL in 10 mM sodium acetate (pH 5.0), was
immobilized on a CMS sensor chip for 600 s at a flow rate of 10
pL/min via amine coupling. Further, 5 nM Tra-Fab or 250 nM
Tra-Fab-PEG in HBS-EP+ running buffer (10 mM HEPES, pH
7.4, 150 mM NaCl, 3 mM EDTA, 0.005% surfactant P20) were
captured for 45 s at a flow rate of 10 yL/min. A range of
concentrations of Her2-flag (0, 0.34, 1.03, 3.09, 9.26, 27.7, 83.3,
and 250 nM) in HBS-EP+ running buffer were passed over the
immobilized Tra-Fab or Tra-Fab-PEG for 180 s at a flow rate of
30 pyL/min during the association phase. At the dissociation
phases, HBS-EP+ running buffer was exposed for 600 s at a
flow rate of 30 #L/min. Chip regeneration was accomplished
by exposure to 10 mM Gly-HCI (pH 3.0), 1 M magnesium
chloride for 20 s at a flow rate of 10 uL/min. All kinetic
measurements were conducted at 25 °C. Binding kinetic
parameters, including the k,, ky, and Ky, values, were calculated
using Biacore evaluation software.

PEGylated Fab with the Branched PEG (20 kDa x2)-
maleimide. A solution of 50 uM Tra-Fab was mixed with a 10-
fold molar excess of branched PEG (20 kDa X2)-maleimide
and kept overnight at 4 °C. PEGylation efliciencies were
calculated by the comparison of the relative area under the
peaks obtained for each molecular species in SEC-HPLC.
Purification of PEGylated Fab was carried out while monitoring
the absorption value at 280 nm using AKTA purifier (GE
Healthcare) under the following column conditions: Superose
12 10/300GL (GE Healthcare); eluent, reaction buffer; flow
rate, 0.5 mL/min; and temperature, 4 °C.

Preparation of Tra-Fab-vcMMAE Conjugates. Tra-Fabs,
obtained after Protein G purification, were further purified on a
cation exchange column (Mono S 5/50 GL, GE Healthcare)
with mobile phase A, 20 mM sodium citrate pH 6.0; and
mobile phase B. 1 M NaCl and 20 mM sodium citrate pH 6.0.
A linear gradient of 0—100% B was used to remove the
endotoxin from the samples. The buffer exchange into reaction
buffer was accomplished using the Amicon Ultra-0.5 device
(Merck Millipore). Tra-Fab was then conjugated with a 10-fold
molar excess of veMMAE in the reaction buffer, including 20%
acetonitrile, overnight at 4 °C. Further, the removal of the free
vcMMAE and buffer exchange into reaction buffer were
accomplished using the Amicon Ultra-0.5 device (Merck
Millipore). Formation of the Tra-Fab-MMAE conjugate was
evaluated using LC-MS analysis as described below.

Mass Spectrometric Analysis. All experiments were
performed on a Waters Synapt high-definition mass spec-
trometer fitted with an atmospheric pressure ionization
electrospray source (Waters Corporation, Milford, MA) and
coupled with an ACQUITY UPLC BEH200 SEC (Waters
Corporation). The sample separation was conducted under
isocratic conditions at a flow rate of 0.2 mL/min. The mobile
phase was acetonitrile:water (30:70) with 0.1% formic acid and
0.1% trifluoroacetic acid. A positive time-of-flight MS scan was
acquired. Data collection and processing were controlled by
MassLynx 4.1 software.
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In Vitro Cytotoxicity. On the day of plating, 3000 cells/
well were seeded onto the 96 well plates and the cells were
allowed to attach to the plate overnight at 37 °C in a humidified
atmosphere of 5% CO,. A serial dilution of wild-type Tra-Fab
and Tra-Fab-MMAE conjugates were added and the cells were
incubated for 120 h at 37 °C. The same procedure with excess
amount of Tra-WT (10 ug/mL) was used as a competitive
inhibition assay. Cell Titer-Glo Luminescent Cell Viability
Assay (Promega, Madison, MA) reagent was added to the wells
for 10 min at room temperature and the luminescent signal was
measured by the ARVO X3 system (PerkinElmer).
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