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Abstract: Conjugation to human serum albumin (HSA) has
emerged as a powerful approach for extending the in vivo half-
life of many small molecule and peptide/protein drugs. Current
HSA conjugation strategies, however, can often yield hetero-
geneous mixtures with inadequate pharmacokinetics, low
efficacies, and variable safety profiles. Here, we designed and
synthesized analogues of TAK-242, a small molecule inhibitor
of Toll-like receptor 4, that primarily reacted with a single
lysine residue of HSA. These TAK-242-based cyclohexene
compounds demonstrated robust reactivity, and Lys64 was
identified as the primary conjugation site. A bivalent HSA
conjugate was also prepared in a site-specific manner. Addi-
tionally, HSA-cyclohexene conjugates maintained higher levels
of stability both in human plasma and in mice than the
corresponding maleimide conjugates. This new conjugation
strategy promises to broadly enhance the performance of HSA
conjugates for numerous applications.

P rotein conjugates to therapeutic moieties have been
reported and evaluated in clinical trials.! Compared to the
parental small molecule, protein—drug conjugates offer sev-
eral advantages, including half-life extension, localization to
a target tissue, avoidance of drug—drug interactions, and
reduction of toxicity. Human serum albumin (HSA) has
proven to be a valuable protein for the conjugation of small
molecules, peptides, and proteins. For example, the half-lives
of the small molecules DOXO-EMCH (INNO-206)? and
AWO354P have been dramatically extended by conjugation to
HSA, facilitating their progression into clinical trials for the
treatment of cancer and rheumatoid arthritis, respectively.
Drug conjugation to target proteins is commonly achieved
through maleimide—cysteine chemistry or labeling of lysine
with N-hydroxysuccinimide ester. However, these methods
have several disadvantages, including the formation of
heterogeneous mixtures of protein conjugates!” that have
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varied in vivo efficacies, pharmacokinetics, and toxicities.”! To
overcome this obstacle, we previously reported a serum-
stable alternative to maleimide-based protein conjugation
that allows site-specific labeling of cysteine residues.!”) Addi-
tionally, several compounds, such as fB-lactam-based anti-
biotics, have been reported to react with lysine residues
present on the surface of HSA."! To date, however, none of
these compounds have displayed site specificity for lysine.
Recently, TAK-242 (1, Figure1), a potent Toll-like
receptor 4 (TLR4) inhibitor,” was shown to form a covalent
lysine adduct with both rat and human albumin in plasma
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Figure 1. Structures of TAK-242 (1) and PEG-modified TAK-242 deriva-
tives used for HSA conjugation.

after intravenous dosing.”’ TAK-242 inhibits protein—protein
interactions between TLR4 and its adapter proteins by
associating with a single cysteine residue within an intra-
cellular domain of TLR4.') A covalent binding mechanism
based on Michael addition with cysteine or lysine, and
subsequent elimination of the sulfonamide moiety through
allylic rearrangement has been proposed.”! Based on this
potential mechanism, we hypothesized that linkers derived
from TAK-242 could react with lysine on HSA to enable the
formation of stable conjugates. Thus, we prepared polyethy-
lene glycol (PEG)-modified TAK-242 derivatives using
fluorobenzene sulfonamide as a leaving group to 1) maintain
labeling activity for HSA and 2) reduce TLR4 inhibitory
activity (Figure 1).

We evaluated the HSA reactivity of the TAK-242
analogues Sa—c and compared labeling to that of maleimide
compound 10 (Schemes1 and 2). Recombinant HSA was
incubated with one or two equivalents of Sa—c or 10 at 37°C
for two hours, then a click reaction was performed with the
azide-rhodamine compound 12a to give a fluorescent con-
jugate. Products were resolved by SDS-PAGE, and the
reaction rates were calculated by measuring the fluorescence
intensities of HSA-conjugate bands (Figures2A and S1).
Additionally, we performed conjugation reactions between
HSA and compounds Sa—c¢ or 10 (50 um) in the presence of
human plasma (Figures2B and S2). The PEG-modified
TAK-242 analogues reacted with recombinant HSA at rates
similar to the maleimide compound. Compound Sb, which
contains a 2,4-difluorophenyl sulfonamide, had the highest
reactivity. Following conjugation of 5b with HSA, the by-
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Scheme 1. Synthesis of PEG-linked TAK-242 analogues. Reagents and
conditions: a) Ba(OH), octahydrate, H,0, CH;CN, 60°C, 1 h, 70% 4a,
83% 4b, 64% 4c; b) 6, DEAD, PPh;, THF, 0°C—RT, overnight, 32%
5a, 44% 5b, 42% 5c. DEAD =diethyl azodicarboxylate.
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Scheme 2. Synthesis of comparative compounds for HSA labeling.
Reagents and conditions: a) 6, DEAD, PPh;, THF, 0°C—RT, overnight,
28%; b) triethylamine, EMCS, DMF, RT, overnight, 46 %. DMF = N,N-
dimethylformamide; EMCS = N-(e-maleimidocaproyloxy)succinimide
ester.

product 2,4-difluoroaniline was detected in solution by HPLC
(Figure S3), suggesting that the mechanism of the reaction for
compounds Sa—c with HSA is similar to that of the reaction
with TAK-242 (Scheme S5).

In order to assess specificity for HSA, we incubated our
TAK-242 derivatives in human plasma depleted of HSA
(Figures2C and S4). No proteins in the depleted serum
reacted with the TAK-242 compounds 5a—c (Figure 2C, red
arrow); however, maleimide (10) did react with several
proteins (Figure 2C, yellow arrows). Moreover, inclusion of
saturating amounts of myristic acid had no impact on
recombinant HSA labeling, thereby supporting the use of
cyclohexene compounds for invivo bioconjugation (Fig-
ure S5). Evaluation of TAK-242 analogue stability indicated
that Sb was sufficiently stable for labeling applications
(Figure S6). Furthermore, structure-activity relationship
analyses showed that TLR4 inhibition requires the alkyl
group of the TAK-242 ester moiety and the hydrophilic
chain.®l As expected, none of the cyclohexene compounds
inhibited TLR4 activity (Figure S7).

The simple cyclohexene derivative compound 8 was
incubated with recombinant HSA to confirm the impact of
the sulfonamide group on conjugation (Scheme 2). No label-
ing was observed with this compound (Figure S8), thus
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Figure 2. Conjugation reactions of HSA with cyclohexene compounds
(5a—c) and with the maleimide compound (10). A) Normalized
intensities of conjugation reaction with recombinant HSA. B) Normal-
ized intensities of conjugation reaction with HSA in human plasma.
C) SDS-PAGE of conjugation reaction in HSA-depleted human plasma
(red arrow: HSA conjugate; yellow arrow: other protein conjugates).

indicating that the sulfonamide group of 5b is an important
trigger for conjugation. Compound 13, which was modified to
contain rhodamine, was incubated with recombinant HSA in
various PBS solutions to evaluate dependence on the
pH value (Scheme 3). Conjugation was positively correlated
with the basicity of the solution, as the reaction rate at pH 9
was approximately two times higher than at pH 7.4 (Fig-
ure S9), likely as a result of an increase in amino acid
nucleophilicity.

To measure the equivalence and time dependence of the
labeling reaction, we conjugated HSA with the fluorescent
TAK-242 derivative 13. We calculated the dye/protein molar
ratios from the absorbance values of both the protein and dye,
which demonstrated that use of ten equivalents of compound
13 led to the highest rates of labeling, giving a dye/protein
molar ratio of higher than 1:1 after five hours (Figure S10).
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Scheme 3. Synthesis of functionalized compounds for HSA labeling. Reagents and conditions: a) NEt;, 3-azidopropan-1-amine, CH;CN, RT,
overnight, 51% 12a, 31% 12b; b) 5b, CuSO,, THPTA, sodium ascorbate, tBuOH, H,O, RT, 3 h, 34% 13; 84 % 15; c) N-(2-(2-(2-(2-
aminoethoxy)ethoxy)ethoxy)ethoxy)biotinamide, DMF, RT, 3 h, 46 %. THPTA =tris(3-hydroxypropyltriazolylmethyl)amine.

This result suggests that the TAK-242 analogue may react
selectively with one amino acid residue of HSA, but that large
excesses of the electrophile can lead to labeling at secondary
positions. Our data also indicates that determining the
appropriate number of compound equivalents and reaction
kinetics is critical for sufficiently driving the reaction while
maintaining selectivity. Nonetheless, the cyclohexene linker is
highly site-selective, particularly with regard to the finding
that non-enzymatic glycation of lysine in HSA results in
modification at 21 sites.[']

Next, we blocked the lysine residues of HSA with NHS-
biotin or the cysteine residues with iodoacetamide (IAA), and
then incubated each mixture with 5b to further establish that
TAK-242 reacts specifically with lysine and not cysteine.
After blocking with IA A, no change in labeling was observed
with Sb; however, the rate of conjugation with maleimide
compound 10 was greatly reduced (Figure S11). By contrast,
reaction of §b with HSA was significantly reduced after
blocking with NHS-biotin (Figure S12). Furthermore, mono-
meric amino acids Lys, Cys, Ser, Thr, His, and Trp did not
react with 5b (data not shown), which suggests that the
tertiary structure of HSA is an important factor for conjuga-
tion.

To determine the labeling site, we subjected the HSA-Sb
conjugate to proteolysis and analyzed the digested fragments
by nano LC-MS/MS. One equivalent of Sb was used for the
preparation of the HSA conjugate to limit secondary labeling
(Figure S10). Forty-four unique peptides were identified, and
68% sequence coverage was obtained (Figure S13). The
peptide  containing amino acids 61 to 82
[NCDKSLHTLFGDKLCTVATLRE)] had a 339 Da modifi-
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cation at Lys64 in the sample reacted with 5b (Figure S14).
These findings were confirmed through the presence of b and
y fragment ions in the MS/MS spectrum. Given the stoichi-
ometry of HSA labeling and LC-MS/MS analysis, this data
indicates that Lys64 is the primary site of labeling.

We recently reported a phenyloxadiazole (ODA) com-
pound that efficiently labeled Cys34 of HSA and demon-
strated high stability in human plasma.’’! To test whether
conjugation at both Lys64 and Cys34 is feasible, recombinant
HSA was labeled with rhodamine-linked cyclohexene com-
pound 13 or fluorescein-linked ODA compound, and then
sequentially labeled at the second site with the respective
compound. The increase in fluorescence for the HSA
conjugates treated with both compounds relative to labeling
with 13 or ODA alone confirmed that each site was
conjugated (Figure 3A). To further validate that HSA was
modified at both sites, the fluorescence emission spectra were
collected for HSA conjugated with 13, ODA, or 13+ ODA
(Figure 3B). As anticipated, rhodamine fluorescence was
detected for HSA conjugated with 13 but not with ODA, and
fluorescein signal was observed for the ODA conjugate but
not with 13. Fluorescence for the rhodamine and fluorescein
labels was detected with 13 + ODA, demonstrating that HSA
can be simultaneously conjugated in a site-specific manner.

Finally, we determined the stability of HSA conjugates.
As a preliminary in vitro evaluation, we prepared HSA-
cyclohexene and HSA-maleimide fluorescent conjugates
based on compounds 13 and our previously described
fluorescein-linked maleimide linker,” respectively, and incu-
bated the conjugates in human plasma at 37 °C for one month
(Figure S15). The stability of the HSA—cyclohexene conju-
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Figure 3. Site-specific labeling of recombinant HSA at Lys64 and
Cys34. Conjugation reactions were performed using rhodamine-linked
13 or fluorescein-linked ODA, then the respective second labeling site
was sequentially conjugated. A) SDS-PAGE of HSA dual labeling
reactions. Ratios for normalized fluorescence intensity values relative
to labeling with 13 alone are shown. B) Fluorescence emissions
spectra for HSA conjugates. Fluorescein (shaded green) and rhod-
amine (shaded red) spectra were collected for each conjugate.
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Figure 4. Stability of HSA conjugate in mice. Top: representative
Western blot for cyclohexene (15) and maleimide (17) biotinylated
HSA conjugates. Bottom: averaged remaining biotin conjugate values.

gate (#,,>28 d) proved to be much greater than that of the
corresponding HSA-maleimide conjugate (t,,=7.2+0.4 d).
We next evaluated the in vivo stability of HSA conjugates
prepared with biotinylated compounds 15 and 17 (Scheme 3
and Figure 4). Biotinylated compounds were administered to
BALB/c mice at a single subcutaneous dose of 20 mgkg ™' (n =
3). Blood was collected at 4, 8, 24, 48, 72, 96, and 168 hours,
and samples were analyzed by Western blot. Assuming the
linker did not influence clearance, the biotinylated cyclo-
hexene-HSA conjugate (t,,=39.9+4.4h) was more stable
than the maleimide—-HSA conjugate (¢;, =25.0+2.8 h). Thus,
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the application of cyclohexene compounds for site-selective
lysine conjugation of HSA appears to be a viable means for
improving the therapeutic half-life of drug moieties.

In conclusion, we designed and synthesized TAK-242
derivatives to overcome the limitations of maleimide con-
jugation in preparing HSA conjugates. TAK-242 analogues
possessed high reactivity and specificity for HSA, with Lys64
being identified as the primary labeling site. Additionally, the
HSA conjugates of cyclohexene compounds 13 and 15 showed
excellent stability in human plasma and in mice, respectively.
This conjugation framework should find great utility for the
generation of HSA conjugates with improved serum stability.

Received: June 4, 2014
Published online: September 4, 2014

Keywords: chemoselectivity - drug conjugates -
human serum albumin - lysine labeling -
site-specific conjugation

[1] a) E. L. Sievers, P. D. Senter, Annu. Rev. Med. 2013, 64, 15-29;
b) J. A. Flygare, T. H. Pillow, P. Aristoff, Chem. Biol. Drug Des.
2013, 81, 113-121; ¢) B. Elsadek, F. Kratz, J. Controlled Release
2012, 157, 4-28.

[2] a) F. Kratz, Expert Opin. Invest. Drugs 2007, 16, 855-866; b) C.
Unger, B. Haring, M. Medinger, J. Drevs, S. Steinbild, F. Kratz,
K. Mross, Clin. Cancer Res. 2007, 13, 4858 —4866.

[3] C.Fiehn, F. Kratz, G. Sass, U. Muller-Ladner, E. Neumann, Ann.
Rheum. Dis. 2008, 67, 1188-1191.

[4] a) A.D. Baldwin, K. L. Kiick, Bioconjugate Chem. 2011, 22,
1946-1953; b) S. C. Alley, D. R. Benjamin, S. C. Jeffrey, N. M.
Okeley, D. L. Meyer, R. J. Sanderson, P. D. Senter, Bioconjugate
Chem. 2008, 19, 759-765; c) L. Wang, G. Amphlett, W. A.
Blattler, J. M. Lambert, W. Zhang, Protein Sci. 2005, 14, 2436 —
2446.

[5] B. Q. Shen, K. Xu, L. Liu, H. Raab, S. Bhakta, M. Kenrick, K. L.

Parsons-Reponte, J. Tien, S. F. Yu, E. Mai, D. Li, J. Tibbitts, J.

Baudys, O. M. Saad, S. J. Scales, P. J. McDonald, P. E. Hass, C.

Eigenbrot, T. Nguyen, W. A. Solis, R. N. Fuji, K. M. Flagella, D.

Patel, S. D. Spencer, L. A. Khawli, A. Ebens, W. L. Wong, R.

Vandlen, S. Kaur, M. X. Sliwkowski, R. H. Scheller, P. Polakis,

J. R. Junutula, Nat. Biotechnol. 2012, 30, 184 -189.

N. Toda, S. Asano, C. F. Barbas 3rd, Angew. Chem. Int. Ed. 2013,

52,12592-12596; Angew. Chem. 2013, 125, 12824 —-12828.

[7] a) C. Bertucci, M. C. Barsotti, A. Raffaelli, P. Salvadori,
Biochim. Biophys. Acta Protein Struct. Mol. Enzymol. 2001,
1544,386-392; b) T. Toyo’oka, A. Sano, T. Kuriki, N. Suzuki, J.
Pharmacobio-Dyn. 1983, 6, 139-140; c) J. Wang, X. X. Li-Chan,
J. Atherton, L. Deng, R. Espina, L. Yu, P. Horwatt, S. Ross, S.
Lockhead, S. Ahmad, A. Chandrasekaran, A. Oganesian, J.
Scatina, A. Mutlib, R. Talaat, Drug Metab. Dispos. 2010, 38,
1083 -1093.

[8] M. Yamada, T. Ichikawa, M. Ii, M. Sunamoto, K. Itoh, N.
Tamura, T. Kitazaki, J. Med. Chem. 2005, 48, 7457 -7467.

[9] E. Jinno, T. Yoneyama, A. Morohashi, T. Kondo, S. Asahi,
Biopharm. Drug Dispos. 2011, 32, 408 —425.

[10] a) N. Matsunaga, N. Tsuchimori, T. Matsumoto, M. Ii, Mol
Pharmacol. 2011, 79,34 —-41; b) K. Takashima, N. Matsunaga, M.
Yoshimatsu, K. Hazeki, T. Kaisho, M. Uekata, O. Hazeki, S.
Akira, Y. lizawa, M. i, Br. J. Pharmacol. 2009, 157, 1250-1262.

[11] X. Bai, Z. Wang, C. Huang, L. Chi, Molecules 2012, 17, 8782 —
8794.

[6

[}

Angew. Chem. 2014, 126, 11977-11980


http://dx.doi.org/10.1146/annurev-med-050311-201823
http://dx.doi.org/10.1111/cbdd.12085
http://dx.doi.org/10.1111/cbdd.12085
http://dx.doi.org/10.1016/j.jconrel.2011.09.069
http://dx.doi.org/10.1016/j.jconrel.2011.09.069
http://dx.doi.org/10.1517/13543784.16.6.855
http://dx.doi.org/10.1158/1078-0432.CCR-06-2776
http://dx.doi.org/10.1136/ard.2007.086843
http://dx.doi.org/10.1136/ard.2007.086843
http://dx.doi.org/10.1021/bc200148v
http://dx.doi.org/10.1021/bc200148v
http://dx.doi.org/10.1021/bc7004329
http://dx.doi.org/10.1021/bc7004329
http://dx.doi.org/10.1110/ps.051478705
http://dx.doi.org/10.1110/ps.051478705
http://dx.doi.org/10.1038/nbt.2108
http://dx.doi.org/10.1002/anie.201306241
http://dx.doi.org/10.1002/anie.201306241
http://dx.doi.org/10.1002/ange.201306241
http://dx.doi.org/10.1016/S0167-4838(00)00253-3
http://dx.doi.org/10.1016/S0167-4838(00)00253-3
http://dx.doi.org/10.1124/dmd.110.032292
http://dx.doi.org/10.1124/dmd.110.032292
http://dx.doi.org/10.1021/jm050623t
http://dx.doi.org/10.1002/bdd.769
http://dx.doi.org/10.1124/mol.110.068064
http://dx.doi.org/10.1124/mol.110.068064
http://dx.doi.org/10.1111/j.1476-5381.2009.00297.x
http://dx.doi.org/10.3390/molecules17088782
http://dx.doi.org/10.3390/molecules17088782
http://www.angewandte.de

