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ABSTRACT: We describe investigations to expand the scope
of next generation maleimide cross-linkers for the construction
of homogeneous protein—protein conjugates. Diiodomalei-
mides are shown to offer the ideal properties of rapid
bioconjugation with reduced hydrolysis, allowing the cross-
linking of even sterically hindered systems. The optimized
linkers are exploited to link human serum albumin to antibody
fragments (Fab or scFv) as a prospective half-life extension
platform, with retention of antigen binding and robust serum
stability. Finally, a triprotein conjugate is formed, by linking
scFv antibody fragments targeting carcinoembryonic antigen.
This tri-scFv is shown to infer a combination of greater antigen
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avidity and increased in vivo half-life, representing a promising platform for antibody therapeutic development.

he connection of two or more proteins with different

binding specificities or activities can lead to unique and
powerful systems, with significant potential in therapeutic
applications. A plethora of active bifunctional proteins have
been produced by genetic methods (e.g, fusion via their N- and
C- termini) for various indications, including autoimmune
diseases, inflammatory disorders, tissue repair, and oncology.l_3
For example, the half-life of recombinant factor IX was
extended by fusion to serum albumin, becoming the first
coagulation factor-albumin fusion protein to be clinically
approved (Idelvion) for the treatment of Hemophilia B.*
Furthermore, the production of bispecific antibodies that
simultaneously bind two antigens has drawn considerable
attention, with the most sophisticated design being that of
bispecific T-cell engagers (BiTEs).” These constructs can
retarget T-cells to tumor cells and have shown extreme potency
in the low picomolar range.” However, such recombinant
technologies are not always viable. The modification of the N-
or C- terminus can compromise the proteins’ bioactivities,
while complications during folding and processing often result
in low expression yields, limiting productivity and increasing
costs.””*

An alternative and more versatile approach is offered by
chemical cross-linking. Homobifunctional and heterobifunc-
tional reagents have been developed that target lysine and
cysteine residues, usually through NHS or maleimide
functionalities, respectively.9 Owing to its high natural
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abundance, lysine modification yields heterogeneous products
with inconsistent pharmacological profiles and toxicities.'”'" In
contrast, cysteine residues are rare in proteins and are often
found tied up in disulfide bonds."> Selective modification can
be achieved upon disulfide bond reduction and subsequent
conjugation; however, the structural integrity of the protein is
often compromised.”'* In addition, due to the presence of two
cysteine residues per disulfide bond, it is not possible to obtain
a homogeneous 1:1 protein—protein conjugate using classical
maleimide chemistry.'® Recent advances in bioconjugation have
shown that cysteine-based site-directed mutagenesis or
unnatural amino acid insertion can offer a solution to the
issue of chemoselectivity.lé For example, using the latter
approach Schultz et al. have reported on the formation of
various anti-HER2/anti-CD3 bispecific antibodies in good
yields."” While this method is elegant, it is not always readily
transferable; laborious screening procedures are required to
identify suitable positions for modification and substitution for
the unnatural amino acids can often be incomplete.'®'* Thus,
site-selective methods that are directly applicable to native
proteins and avoid the need for genetic engineering remain

highly desirable.
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The functional rebridging of native disulfide bonds
represents a highly promising strategy to achieving homoge-
neous and structurally intact protein conjugates. We have
previously relz)orted on the use of next generation maleimides
(NGMs)**™** and pyridazinediones (PDs)**™*" as highly
efficient disulfide bridging reagents. Most notably, we have
shown that a bis-dibromomaleimide PEG cross-linker (DBMc;,
Figure 1) can be used to create a bispecific scFv-Fab antibody
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Figure 1. Generation of scFv-Fab bispecific by disulfide bridging using
a bis-dibromomaleimide PEG cross-linking reagent (DBMc,).””

in 52% isolated yield, in a site-specific and homogeneous
manner.”® In addition, relevant work in this area carried out by
Brocchini et al. has shown that by using a PEG-di(bis-sulfone)
reagent, two Fab antibody fragments can be linked together to
create an IgG mimetic by disulfide bridging, albeit in lower
yield (12%).”

In this work, we were interested in extending the application
of these NGM cross-linkers. We identified several challenges
which would further test the scope of the methodology,
including conjugating proteins containing different reactive
handles (ie., a single cysteine to a disulfide), reacting with
sterically hindered conjugation sites, generating protein—
protein conjugates which are robustly stable in serum and
finally linking together three proteins using trifunctional cross-
linkers.

To address these challenges we selected Human Serum
Albumin (HSA) as the ideal cysteine containing protein, since
it contains a single free thiol (Cys-34) available for
conjugation.’”®" The literature suggests that even though the
direct chemical conjugation of HSA to peptides is feasible, there
is a clear challenge in conjugating bigger biomolecules. This can
be attributed to Cys-34 being positioned within a 9.5 A crevice,
which diminishes its solvent accessibility and hence reactivity.*”
HSA has proven to be a valuable clinical tool for extending the
circulatory life span of attached proteins to provide prolonged
therapeutic cover.”” This is due to a combination of its large
size (ca. 66.5 kDa) that is above the renal threshold and
recycling via the neonatal Fc receptor (FcRn). For example,
there has been considerable interest in the generation of
albumin-antibody fragment constructs for therapeutic or
imaging applications with the products exhibiting significantly
increased half-lives in vivo and enhanced tumor-to-blood
ratios.”* Previous approaches to such constructs have relied
on either fusion,> which is not ideal since it can result in
reduction of HSA binding to the FcRn receptor,”® or
suboptimal chemical conjugation affording low yields of the
target conjugate.‘?’7

We chose to evaluate the application of NGM bifunctional
reagents toward the synthesis of albumin-antibody fragment
conjugates by employing two clinically relevant fragments that
contain a single disulfide bond; trastuzumab (Herceptin) Fab,
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which targets the HER2/neu receptor overexpressed in 25—
30% of breast cancers,’® and anti-CEA scFv that targets the
Carcinoembryonic antigen (CEA) present in a wide range of
cancers (particularly colorectal carcinoma).”” We also aimed to
develop trifunctional NGM reagents and apply them to the
construction of protein triconjugates. We identified tri-scFvs as
being ideal targets since they are considered within an optimal
“tumor-target zone”, prospectively offering a good balance
between reduced clearance rates (compared to scFvs) and
increased tumor penetration (compared to intact immunoglo-
bulins).***!

In prior work we had demonstrated that the DBM| reagent
was very efficient in linking scFv and Fab fragments.”® We
began our study toward the synthesis of albumin-antibody
fragment conjugates, by initially employing this reagent. The
choice of a homobifunctional reagent for the conjugation of
different reactive centers (cysteine to disulfide) was made to
preclude issues of regioselectivity. HSA was shown to
successfully react with the DBM;; however upon addition of
reduced scFv or Fab to attempt the cross-linking, only a small
amount of product could be observed by SDS-PAGE, which did
not increase by varying conditions (see SI Figures S7—S8). We
hypothesized that the increased steric hindrance of HSA must
be inhibiting the bioconjugation. Over time, hydrolysis of the
second DBM motif to an unreactive dibromomaleamic acid can
become a competing process, preventing the conjugation.42
The susceptibility of maleimides toward hydrolysis, and the
effect that N-substitution has on its rate, has been well reported
in the literature.”*>** In order to gain a better understanding of
the NGM platform and hence develop robust cross-linking
reagents, it was deemed necessary to study the influence that
the leaving groups have on the rate of hydrolysis. This was
achieved by incubating N-methyl maleimides possessing
different halogen leaving groups at pH 7.4 and monitoring
their absorbance at ca. 300—400 nm over time, which is lost
upon conversion to maleamic acids (Figure 2).** A direct
correlation between increasing electronegativity of the leaving
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Figure 2. Hydrolysis of N-methyl halomaleimide derivatives over time:
a, UV/vis absorbance over time; b, determination of pseudo-first-order
rate constants (k; ) and hydrolysis half-life (t,/,).
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Scheme 1. Synthesis of Bifunctional Diiodomaleimide Cross-Linking Reagents”
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Figure 3. a. HSA-Fab and HSA-scFv conjugation reaction scheme. b. SDS-PAGE analysis of HSA-Fab conjugation: M, Molecular marker; 1, Native
Fab; 2, Reduced Fab (10 equiv TCEP, 1 h, 37 °C); 3, Native HSA; 4, HSA-Fab conjugation mixture (3:1) in buffer containing S00 mM NaCl; S,
Purified HSA-Fab conjugate; 6, Purified HSA-Fab conjugate (reducing gel). c. Sandwich ELISA analysis of HSA-Fab, native HSA, and native Fab. d.
SDS-PAGE analysis of HSA-scFv conjugation: M, Molecular marker; 1, Native scFv; 2, Reduced scFv (20 equiv DTT, 1 h, RT); 3, Native HSA; 4,
HSA-scFv conjugation mixture (3:1); S, Purified HSA-scFv conjugate; 6, Purified HSA-scFv conjugate (reducing gel); e, Sandwich ELISA analysis of
HSA-scFv, native HSA, and native scFv.

group and hydrolysis rate could be clearly observed, consistent with either commercially available PEG(19) diamine or
with the inductive effect activating the carbonyls to nucleophilic synthesized C6-PEG(13) diamine 3, respectively. With both
attack. Notably dibromomaleimide exhibited a short half-life of cross-linkers in hand we set out to explore the conjugation of
17.9 min, which likely explains the poor outcome in the case of HSA to Fab and scFv. We were delighted to observe that
the sterically encumbered HSA-antibody fragment conjugation. conjugation of the Fab to HSA was highly efficient with either
We focused our attention on the use of iodine substituents linker used. To this end, we chose the reagent with the PEG
with the view to developing robust NGM cross-linking spacer to carry out further optimization. In contrast the scFv,
reagents. The diiodomaleimide (DIM) was shown to hydrolyze which contains a more hindered disulfide, necessitated the use
more slowly than the DBM by a factor of 2.7, as evidenced by of the more hydrolytically stable DIMy ¢4 linker in order to
the UV study (see Figure 2). In addition, we have previously achieve high conversion to the target conjugate.
observed, through stopped-flow analysis, DIM to be a faster The optimized conjugation protocols involved HSA initially
conjugation reagent than DBM, suggesting that the decreased reacting with either linker in excess for 15 min at room
mesomeric donation from ijodine into the maleimide ring temperature, with no dimerization of HSA observed under
makes it a better conjugate acceptor."’ these conditions. Following removal of the excess reagent via
We synthesized two bis-DIM PEG cross-linking reagents: ultrafiltration, reduced Fab or scFv were added into the
one that also incorporated a C6 spacer between maleimide and conjugation in a 3:1 ratio (3 equiv HSA to 1 equiv Fab or scFv)

PEG to further increase the hydrolytic stability (reagents at 744 puM. Complete consumption of Fab and scFv was
DIM; and DIM(; g, Scheme 1). The synthesis involved an observed by SDS-PAGE analysis after 1 and 4 h of incubation at

initial Finkelstein-type reaction to afford diiodomaleimide 1, pH 7.4, respectively (Figure 3b, lane 4; Figure 3d, lane 4).
from commercially available dibromomaleimide. This was then Interestingly, during optimization of the HSA-Fab conjugation,
activated with an N-methoxycarbonyl to give 2, and reacted the presence of a second species at ca. 70 kDa was observed on
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Scheme 2. Synthesis of Trifunctional Diiodomaleimide Cross-Linking Reagent”
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Figure 4. a. Tri-scFv conjugation reaction scheme. b. SDS-PAGE analysis of tri-scFv conjugation: M, Molecular marker; 1, Native scFv; 2, Reduced
scFv (20 equiv DTT, 1 h, RT); 3, tri-scFv conjugation mixture; 4, Purified tri-scFv conjugate; S, Purified tri-scFv conjugate (reducing gel). c. ELISA
analysis of tri-scFv and scFv against full length CEA. d. Biodistribution of 1115 Jabeled scFv in BALB\C mice at 3 and 24 h. e. Biodistribution of
111n Jabeled tri-scFv in BALB\C mice at 3 and 24 h. . Blood clearance of tri-scFv and scFv in BALB\C mice. Each data point represents the mean of

3 mice + SD.

the gel, which corresponded to the conjugate lacking a covalent
linkage to the Fab light chain (see SI Figures 12—13). This
incomplete disulfide bridging was solved by performing the
conjugation in buffer containing increased salt concentration
(ie, S00 mM NaCl) with the view to disrupting any
noncovalent interactions that were inhibiting reaction of the
light chain cysteine (Figure 3b, lane 4).

Following conjugation, both reaction mixtures were
incubated at pH 8.0 for 72 h at 37 °C to effect hydrolysis in
order to obtain serum stable conjugates.46 The mixtures were
then purified to afford HSA-Fab and HSA-scFv in 49% and 57%
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yield, with respect to the antibody fragment limiting reagents.
These yields represent a significant improvement over previous
reported yields on the direct conjugation of albumin to larger
proteins.3'7’47

Both HSA-Fab and HSA-scFv conjugates were shown to
retain full binding activity to HER2 and CEA antigens,
respectively, as determined by ELISA (see SI). In addition, a
sandwich ELISA was developed, in order to demonstrate the
bivalent nature of the two conjugates; this involved binding to
HER2 or CEA, followed by detection with an antialbumin
antibody (see SI for further details). As expected, only the

DOI: 10.1021/acs.bioconjchem.7b00795
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HSA-Fab and HSA-scFv conjugates gave a signal, since they can
bind simultaneously to the antigen and antialbumin (Figure 3c
and e). In addition, no evidence of cleavage or aggregation was
observed upon incubation in human serum at 37 °C for 1 week
or storage at —20 °C for 9 months (see SI for further details).

The successful synthesis of conjugates was also confirmed by
LC-MS (see SI Figures S11 and S18). Interestingly, LC-MS
analysis revealed the loss of the second iodine from the
maleimide motif that had reacted with HSA. To gain a better
insight into the reaction and simplify analysis, we reacted HSA
with N-Me diiodo-, dibromo-, and dichloromaleimide. All
dihalomaleimides were shown to react with HSA in identical
manner, i.e., the second halogen was not present, which led us
to postulate that cross-linking with a nucleophilic residue
nearby Cys-34 had taken place. To identify this point of
attachment, we performed a tryptic digest of HSA modified
with commercially available N-Me dibromomaleimide, as well
as a synthesized N-biotin dibromomaleimide. These analyzed
conjugates were constructed under the same conditions as the
cross-linked conjugates, including incubation at pH 8, 37 °C,
for 72 h to infer thiol stability which was essential due to the
presence of DTT in the digest protocol (see SI). LC-MS and
LC-MS/MS analysis of the peptide mixtures post digestion
revealed the point of cross-linking to be Lysine-41 (see SI).
This is consistent with its position 9.5 A from Cys-34 (see SI
Figure S38, PDB file 1A06).

Having successfully identified the appropriate NGM linker
design to promote conjugation of two proteins in a sterically
hindered system, we wished to extend our technology to allow
for the creation of a triprotein conjugate. Rapidly clearing
antibody fragments are considered ideal for tumor imaging,
because they can penetrate tumors well and generate high
tumor to background ratios. However, for tumor therapy, such
fragments are unlikely to §ive sustained effects due to the high
target retention required.” Efforts to reduce blood clearance
have been made by conjugating scFv monomers into
multivalent constructs of increased avidity and size.” scFv
dimers have exhibited increased tumor uptake compared to
monomers, but since their size (ca. 55 kDa) is just below the
renal threshold, their circulating half-life has only been shown
to increase by a factor of ca. 2.5.”°

Higher multimers, such as scFv triabodies (ca. 90 kDa) have
attracted considerable interest recently; their optimal size
precludes fast renal clearance.”’ In addition, the trivalency can
confer a significant increase in avidity, which is particularly
beneficial for low affinity binders, since poor retention can
result in diffusion out of the tumor tissue, requiring higher
concentrations of the antibody in order to bind a significant
fraction of the antigen.”'

We aimed at developing an efficient one-pot procedure to
generate a homotrimer of the low binder anti-CEA shmFe scFv,
by disulfide bridging using the tris-diiodomaleimide PEG cross-
linker tDIM,, which was synthesized over two steps (Scheme
2). The synthesis commenced with a coupling between the
commercially available tri-NHS ester and PEG(7) mono-Boc
protected diamine to afford the trifunctional scaffold 4. After
Boc deprotection, this was reacted with N-methoxycarbonyl
diiodomaleimide 2 to afford trilinker tDIM;.

The optimized conjugation protocol involved initial reduc-
tion of the scFv (20 equiv DTT, RT, 1 h), which after removal
of excess DTT was incubated with 0.33 equiv of linker tDIM¢,
at 37.2 uM (Figure 4). Pleasingly, after 1 h a strong band
corresponding to the target trimer could be observed by SDS-
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PAGE analysis (Figure 4b, lane 3). The reaction mixture was
then buffer exchanged to pH 8.0 buffer and incubated for 72 h
at 37 °C to promote hydrolysis in order to obtain a serum
stable construct. Subsequent purification by size exclusion
chromatography afforded tri-scFv in 30% yield, the successful
formation of which was confirmed by LC-MS (Figure S22).
ELISA analysis of the conjugate (Figure 4c) demonstrated that
trimerization has successfully led to a decrease in the ICs, (ICs,
0.52 nM for trimer vs ICy, 4.18 nM for monomer).

Having successfully synthesized anti-CEA tri-scFv, we
wanted to evaluate its biodistribution in BALB\C mice,
compared to the unmodified monomer, in order to establish
whether the increased molecular weight had conferred slower
blood clearance. Tri-scFv and scFv were conjugated to N-
hydroxysuccinimidyl DOTA for radiolabeling with ['''In].
ELISA analysis after DOTA conjugation demonstrated that
immunoreactivity was identical to that before conjugation (see
Figure S27). In addition, size exclusion chromatograms of tri-
scFv and scFv obtained before and after DOTA-labeling
confirmed that the integrity of the conjugates had been
maintained. Radiolabeling with ['''In] was achieved with 97%
incorporation efficiency. Groups of three mice were sacrificed at
3 and 24 h; the tissues were analyzed and the data for both
conjugates plotted as % ID/g (Figure 4d—f). The monomer
demonstrated rapid uptake in the kidney, reaching 149.2% +
45.4% ID/g in 3 h (Figure 4d). The blood clearance was shown
to be extremely fast (Figure 4f), with the blood level of activity
at 42% + 0.5% ID/g in 3 h. In contrast, tri-scFv showed a
much more even distribution (Figure 4e). Its blood clearance
was markedly reduced (Figure 4f) compared to the monomer,
with the blood level exhibiting a 7-fold increase (29.0% =+ 4.8%
ID/g in 3 h). Kidney accumulation was also observed after 3 b,
with the level of activity being at 44.7% + 4.6% ID/g (ca. 3X
lower than the monomer); however, this seems to be consistent
with previous results observed for fragments labeled with
metallic isotopes, such as "''In.*"

B CONCLUSION

Diiodomaleimide cross-linking reagents have been demon-
strated to offer an optimized platform for the construction of
homogeneous and stable protein—protein conjugates. Due to
their increased hydrolytic stability and rapid reactivity with
cysteine residues they enabled the conjugation of sterically
hindered protein systems, such as HSA to an scFv antibody
fragment, in a highly efficient manner. The products were
obtained in good yields, were stable in serum and retained full
binding affinity to the target antigens. These protein conjugates
also demonstrate the viability of cross-linking between different
reactive handles using homobifunctional NGMs, a cysteine on
one protein to a disulfide bond on another.

The synthesis of a trifunctional diiodomaleimide conjugation
reagent was also developed, which enabled the generation of an
anti-CEA scFv homotrimer in an efficient one-pot procedure.
The trimerization of scFv by disulfide bridging was shown to
significantly increase the circulatory half-life of the construct,
compared to the unmodified monomer. Overall, we believe that
the slower blood clearance of tri-scFv, in combination with the
increase in valency could lead to the development of powerful
constructs for in vivo applications.
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