Electrocatalytic Reduction of Disulfide Bonds in Antibodies
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ABSTRACT: In most FDA-approved antibody-drug conjugates, cysteines generated through reduction of the native inter-
chain disulfide bonds in monoclonal antibodies (mAbs) are conjugated with maleimide-based cytotoxic payloads. Despite
being key to efficiently producing well-defined conjugates, selective disulfide reduction strategies are severely underdevel-
oped. Herein, we report a vitamin B,,-catalyzed, electrochemically driven protocol that efficiently reduces disulfide bonds
in various aqueous buffers and at a broad pH range. This robust and simple method is suitable for disulfide reductions of
substrates ranging from biologically relevant small molecules to large proteins. Finally, one-pot reduction/conjugation of
disulfide bonds in mAbs was achieved to access antibody conjugates.

Cysteine holds a special place amongst all amino acids, due
to the rich chemistry of its redox active nucleophilic thiol
functional group. Indeed, numerous enzymes leverage the
chemistry of the thiol moiety of cysteine in their active site
to activate substrates.! Moreover, disulfide bonds formed
through the oxidation of two cysteine residues are an es-
sential feature of proteins and play crucial roles in protein
structure, stability, and function.> Outside of metabolic
pathways, the unique chemistry of cysteines is also heavily
leveraged in antibody-drug conjugates (ADCs).>* Covalent
attachment of maleimide-based cytotoxic payloads to cys-
teine residues generated from the reduction of native di-
sulfide bonds in monoclonal antibodies (mAbs) is the pre-
ferred bioconjugation strategy for most FDA-approved
ADCs (A).>7

While a breadth of chemical and enzymatic methods have
been developed for thiol oxidation to disulfides,® the re-
verse reaction of disulfide reduction to thiols has received
very little attention and, to this day, is exclusively achieved
using stoichiometric amounts of reducing agents.” For ex-
ample, reducing the internal disulfide bonds in mAbs for
bioconjugation in ADCs typically requires stoichiometric
reagents such as tris(2-carboxyethyl)phosphine (TCEP)=3
or other water-soluble phosphines (Figure 1B).** The inher-
ent reactivity of these reductants results in poor site-selec-
tivity, and can affect mAbs’ integrity, downstream conju-
gation, and purification.>'® Notably, there are no general
methods to reduce disulfide bonds catalytically for mAbs,
and only very few examples of catalytic hydrogenations of
small molecule disulfides.” Importantly, identifying an ef-
ficient catalyst for disulfide reduction in mAbs could ad-
dress several previously mentioned shortcomings by, for

example, modulating site-selectivity through catalyst de-
sign, or replacing stoichiometric reagents with alternative
driving forces.

Electrochemistry has garnered a lot of interest in synthetic
chemistry as a mean to provide a greener redox driving
force and has even started to appear in large scale pharma-
ceutical manufacturing processes.® The direct electro-
chemical reduction of disulfides such as cystine at various
electrodes has been reported before, albeit under low pH
conditions incompatible with the delicate nature of most
large molecules (e.g. peptides or mAbs).2* Therefore, an
electrocatalytic approach that combines efficient reduc-
tion of a catalyst at the electrode surface with bulk-solution
reaction between the catalyst and the target disulfides un-
der mild aqueous conditions is more likely to succeed.*
Fortunately, singular spectroscopic and electrochemical
studies have shown that metalloporphyrinoids have prom-
ising reactivity towards disulfides (Figure 1C), but have yet
to be translated into a synthetic method.™ Herein, we re-
port a catalytic system for the reduction of disulfide bonds
leveraging the catalytic activity of metalloporphyrinoids
and using electrochemistry as the driving force (Figure 1D).
This system is successful under mild aqueous conditions
compatible with a wide range of substrates, including small
molecules, proteins, and mAbs. We further demonstrate
the use of this method to produce antibody conjugates in
a one-pot reduction/conjugation approach.

We first sought to confirm the electrocatalytic activity of
metalloporphyrins using cyclic voltammetry (CV) and a
small molecule model substrate, namely N,N'-dicarboben-
zoxy-L-cystine (1). The direct reduction of 1 in 100 mM po-
tassium phosphate buffer at pH 7 happens on a glassy
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Figure 1: A) Typical ADC synthesis via a 2-step reduction and bioconjugation. B) Previous state of the art for disulfide
reduction. C) Precents for metalloporphyrin reactivity towards disulfides. D) Summary of this work findings.

carbon working electrode below -1.6 V (vs Ag/AgCl). We
then explored the CV of several metal porphyrinoids (See
SI for details and structures) to search for catalytic waves
in the presence of 1 indicative of catalytic activity.>”*® No-
tably, vitamin B, (VB.), 5,10,15,20-tetrakis(4-sulfona-
tophenyl)porphyrinato iron(III) chloride (FeTPPS), and
hemin all exhibited large catalytic currents at the different
M(IT) to M(I) reduction potentials (-0.89, -0.84, and ~-1.2
V vs Ag/AgCl for VB,,, FeTTPS, and hemin, respectively;
Figure 2A)**93° confirming their catalytic activity for di-
sulfide reduction of 1. Kinetic treatment of the resulting S-
curves afforded large rate constants of 2.8x107 M.s?, 1.5x10°
M.s* and 6.4x10° M.s" for the presumed 2-electron reduc-
tion of 1 catalyzed by VB, FeTPPS, and hemin, respec-
tively.3"3

To further elucidate the mechanism for electrocatalytic di-
sulfide reduction, we focused on VB,, since several poten-
tial catalytic intermediates have been reported.3*3* We ob-
served that the reaction between the electrochemically
generated reduced Co(I) species and excess 1 yields the
previously characterized Co(III)-cysteine adduct by UV-
Vis spectroscopy (Figure 2B).35 Based on the established
VB,, reactivity,3*3® the Co(I) most likely reacts via nucleo-
philic attack on the disulfide, pushing the two electrons of
the disulfide bond to the leaving thiolate. Additionally, the
catalytic wave in the CV shows very little correlation with
pH (see SI), suggesting that proton transfer to either the
disulfide or the reduced thiol is not rate determining.
Therefore, we propose the following mechanism for the
catalytic reduction of disulfide by VB,,: (1) stepwise electro-
chemical reduction of Co(III) to Co(II), then to Co(I) ac-
companied by removal of the cyano ligand, (2) nucleophilic
attack from the Co(I) to the disulfide to form a Co(III)-
thiolate adduct and expulsion of a thiolate, (3) reduction

A 10
10 F
< Co(ll) +e — Co(l)
S 30 |
§ I_‘"}],Cbz
£ 3
HO,C . 2B A
s | et i o
Co(l) + NH
Cbz”
1
-70
-1.8 -14 -1.0 -0.6 -02
Potential / V
B 2
HO,C.__NHCbz
16 j
El
< S
E 1.2 ol
5 P e
5 0.8 0 SHE
2 Co(lll)-cysteine
04
0
300 400 500 600 700 800
Wavelength/nm
€]
C RS- R’S‘stR

CN CN-
' S} H*
N.A N
ok | ]
R\SH
_R
3 S|
R 2e, H" N N

“SH
Figure 2: A) Cyclic voltammetry of VB12 without (=) and
with 1 (=). B) UV-Vis spectrum of Co(I) before (—) and
after adding 1 (=). C) proposed catalytic cycle for VB,
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of the Co(IlI)-thiolate down to Co(I) accompanied expul-
sion and protonation of the thiolate (Figure 2C).

With promising results from the CV and mechanistic in-
sights, we then sought to conduct a synthetic scale bulk
electrolysis reduction of 1 in the presence of metallopor-
phyrinoids exhibiting electrocatalytic activity. We were
pleased to observe complete reduction to N-carbobenzoxy-
L-cysteine 2 with 5 mol% of either VB,, or FeTPPS (con-
stant potential: -0.6 V cell potential for VB,; -0.3 V for
FeTPPS; see Table 1, entries 1 and 3) under a blanket of ni-
trogen, in an undivided cell (glassy carbon cathode, zinc
anode, 50 mM potassium phosphate buffer, 2 equiv EDTA).
In contrast, hemin showed lower performance, due to
competition with hydrogen evolution (entry 4). We de-
cided to focus on VB,,, because of its commercial availabil-
ity as a common food additive. Excitingly, the catalyst load-
ing for VB,, can be further lowered to 0.05 mol% and shows
no decrease in conversion upon an extended reaction time
of 18h (entry 2). The constitution of the anode was found
to be critical. While Mg and Ni anodes show satisfactory
conversion of 95% and 85% (entries 5 and 6), other mate-
rials such as stainless steel (34%), Al (2%) and Cu (8%) led
to poor performance (entries 7, 8, and 9). Zn was ultimately
chosen as the best anode because of its ability to maintain
a constant cell potential (see the SI for details). Other car-
bon-based cathodes such as graphite also show excellent
conversion (99%), even at lower cell potentials of -0.2 V
(entry 10). EDTA was found to be crucial for this reaction
to prevent the buildup of metal salts at the anode or elec-
troplating of the resulting metal salts at the glassy carbon
cathode, which were then undergoing either direct reduc-
tion of the cystine or hydrogen evolution (entry ). Inter-
estingly, there is a slow background reduction of VB,, at the
Zn electrode in the absence of current (entry 12), suggest-
ing that Zn metal or other chemical reductants could po-
tentially be used to drive the VB,,-catalyzed reduction. This
background reaction also explains the high faradaic effi-
ciently of 110% observed. We chose to operate at constant
potential to avoid drifting towards potentials at which hy-
drogen evolution or direct disulfide reduction at the cath-
ode would occur. At much lower potentials (<-1V cell po-
tential), efficient reduction of 1 was indeed observed in the
absence of catalyst. As expected from the well-known O,
sensitivity of Co(I),* an inert atmosphere is crucial and the
presence of air completely shuts down catalysis (entry 14).
We demonstrated compatibility with fourteen different
buffers containing carboxylates (acetate, citrate, malate,
succinate), sulfonates (MES, HEPES, MOPS), imidazoles,
alcohols, and amines (BIS-TRIS, BIS-TRIS propane, TRIS,
bicine, tricine, glycine) functionalities. Moreover, several
organic co-solvents are tolerated, e.g., acetonitrile, ace-
tone, dimethyl sulfoxide, dimethylacetamide (up to 6
vol%), ethanol and isopropanol (tolerated up to 25 vol%)
(see SI for details).

With optimized conditions in hand, we sought to interro-
gate the substrate scope for this reaction. All reactions
were performed in an N,-filled undivided cell consisting of
a graphite cathode and zinc anode in 100 mM potassium
phosphate buffer and in the presence of 10 mM of EDTA

Table 1: Results for the optimization of electrocata-
lytic disulfide bonds reduction of substrate 1 with
metalloporphyrin catalysts.

o H N/Cbz 16}
HOMS/SVYOH VB12 (5 mol%) ) Ho)&ﬂsu
= (+) Zn | Glassy Carbon (-) NH
cbz N1 o 50 mM KPi, pH 7 Cbz”
2eq. EDTA
1 constant potential, air free 2
Entry Conditions Conversion (%)

1 Standard? 99
2 0.05 mol% loading ® 99
3 FeTPPS as catalyst © 95
4 Hemin as catalyst 56
5 Mg anode 99
6 Ni anode 85
7 Stainless steel anode 34
8 Al anode 2

9 Cu anode 8

10 Graphite cathode ¢ 99
1 No EDTA 56
12 No current ? 22
13 No VB.. 1

14 In air 1

2 Reaction time is approximately 3 h or when the current
fell below -0.1 mA. -0.6 V cell potential. ® reaction time: 18h.
€-0.3 V cell potential. ¢ -0.2 V cell potential.

under constant potential at -0.2 V and catalytic VB, (see SI
for details). We first focused on reducing disulfides in an
array of small molecules such as trans-4,5-Dihydroxy-1,2-
dithiane (oxidized dithiothreitol (DTT)) and 2,2’-dipyri-
dyldisulfide. Both are reduced in high yields (88% and 99%
disulfide conversion, respectively; Figure 3A). Biologically
relevant molecules such as dihydrolipoic acid, glutathione
and coenzyme A can be obtained from the corresponding
disulfides with efficient conversions of 94%, 97% and 91%.

In a next step, we decided to test the compatibility of our
new method with a set of biomolecules. Excitingly, we were
able to successfully reduce internal disulfide bonds in me-
dium-sized peptides such as the therapeutic hormone ox-
ytocin (1.01 kDa) and the hormone somatostatin (1.64 kDa)
with 95% and 98% conversion respectively (Figure 3B).
Furthermore, the 3 disulfide bonds in insulin (5.78 kDa)
can also successfully be reduced (99% conversion). This re-
action generates the disconnected A and B peptide chains,
whose presence was confirmed by mass spectrometry and
quantified by reversed phase liquid chromatography
(RPLC). Notably, VB,, is also capable of reducing disulfide
bonds of larger proteins such as lysozyme, a 14.3 kDa pro-
tein containing 4 disulfide bonds*® (77% conversion).
Larger protein assemblies such as fibrinogen, a 340 kDa
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Figure 3: Substrate scope for the VB,, catalyzed disulfide reduction, the percentage represent disulfide conversion by chro-

matography. See SI for details on individual reactions.

dimer containing 29 disulfide bonds between 2 pairs of 3
non-identical chains* can also be reduced efficiently with
97% yield (Figure 3C).The formation of reduced chains was
confirmed by mass spectrometry and RPLC. Importantly,
high concentrations (3 M) of denaturing agents such as
guanidinium hydrochloride are tolerated well; this additive
is required for reactions with insulin and fibrinogen to
avoid aggregation and precipitation of the reduced pro-
teins chains.

To test if the established disulfide reduction protocol
would be a suitable alternative to traditional stoichio-
metric reductants for ADC synthesis, we shifted our focus
to Zilovertamab, an IgG1 antibody (148 kDa) which targets
the tyrosine kinase-like orphan receptor 1 (ROR1). Zilover-
tamab is currently under investigation as part of an ADC
with vedotin for the treatment of lymphoid cancers.#+
When exposed to a slightly modified reaction protocol (See
SI), electrocatalytic reduction of Zilovertamab is observed.
Particularly, reductive cleavage of the internal disulfide
bonds lead to the detection of the mAb light and heavy
chains by mass spectrometry, RPLC, and capillary electro-
phoresis (97% conversion). Electrochemical reduction

followed by bioconjugation with a maleimide N-(Mal-
PEGs¢)-N-bis(PEG;-Boc) in one pot showed the formation
of several new species corresponding to cysteine-malei-
mide adducts by hydrophobic interaction chromatography
(HIC). The ratio of antibody to maleimide, referred to as
drug to antibody ratio (DAR), is a key attribute of ADCs
typically correlated with potency.* Mass spectrometry con-
firmed the formation of the DAR 8 species as the major
species, which confirms that VB,, can reduce all 4 inter-
chain disulfide bonds in IgG1 mAbs successfully, while not
interfering with bioconjugation after electrolysis (Figure
3D). Notably, no DAR o is observed, confirming the high
activity of VB,,. For reference, the distribution from tradi-
tional TCEP reduction protocols yields a relatively compa-
rable distribution of DAR 2: 13.3%, DAR 6: 15.7%, DAR 8:
66.3%, others: 4.7%.

In conclusion, we are disclosing a new method for the elec-
trochemically driven reduction of disulfide bonds cata-
lyzed by metalloporphyrins. The method is simple, robust
across a wide pH window, and compatible with many buff-
ers systems. The method can be applied to various disul-
fide-containing small molecules as well as larger peptides,
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proteins and, importantly, mAbs. The method can be used
to produce antibody conjugates under mild, biocompatible
conditions. We believe this method has potential for future
improvements, especially in the context of ADCs produc-
tion. Further catalyst design could enable higher efficiency
and selectivity, while electrochemistry could replace stoi-
chiometric reducing agents with more benign sacrificial
metal anodes. We therefore believe this method is likely to
have many exciting applications given the ever-increasing
number of ADCs making their way to clinical trials and
FDA approval.
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