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Abstract Along with N-hydroxysuccinimidyl, p-nitrophenyl, and phe-
nylseleno esters, tetra- and penta-fluorophenyl esters were compara-
tively evaluated in term of their reactivity and hydrolytic stability. Their
homobifunctional cross-linkers were prepared to conjugate proteins
with small molecules, including carbohydrates, fluorescent dyes, and
poly(ethylene glycol) monomethyl ether. The conjugations proceeded
under mild conditions, affording the corresponding protein conjugates
with good efficiency.
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Protein conjugation has a variety of applications in life-
science research and assay development.1 The desirable lev-
el of conjugation of small molecules with proteins depends
on the particular application. For the preparation of a semi-
synthetic vaccine,2 a high degree of conjugation is needed
to obtain multivalency of the hapten and to ensure suffi-
cient immunogenicity, whereas for conjugation with an an-
tibody or an enzyme, a low to moderate degree of conjuga-
tion might be optimal to permit retention of the biological
activity of the protein. However, a high efficacy of incorpo-
ration is always desirable, especially in cases where the
small molecule is precious, such as complex oligosaccha-
rides derived from challenging multistep syntheses. There-
fore, choosing an effective protein-conjugation strategy is

important.3 Because of their operational and structural
simplicity, homobifunctional cross-linkers stand out as
valuable tools for bioconjugation practitioners.4

The most important component of a homobifunctional
cross-linker is its terminal reactive functional group, which
establishes the method and mechanism for conjugation.
Given the surface availability of amino groups in many pro-
teins, and because lysine is one of most popular handles for
conjugation, various activated esters have been synthesized
and employed for a wide range of amide-bond-forming
conjugations. Homobifunctional N-hydroxysuccinimidyl
(NHS) esters are widely used, and some are commercially
available. Unfortunately, NHS esters have a short half-life, of
the order of hours at physiological pH values, which occa-
sionally results in lower conjugation efficiencies.4 In addi-
tion, for homobifunctional cross-linkers, a two-step conju-
gation procedure is generally required for effective hetero-
conjugation without the formation of a homodimer or
polymer. But the half-NHS ester, the first-step intermediate,
tends to hydrolyze and to degrade rapidly during purifica-
tion.5

To increase the stability of half-esters, Bundle and co-
workers developed a homobifunctional p-nitrophenyl
(PNP) ester that has been frequently used in syntheses of
neoglycoproteins.6 However, the PNP ester is sometimes too
unreactive to achieve a high degree of conjugation. We have
described a homobifunctional phenylseleno ester (SePh es-
ter) cross-linker7 that demonstrates greater hydrolytic sta-
bility and greater reactivity, permitting highly efficient
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2017, 28, A–E
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conjugation with carbohydrates or peptides. However, due
to its poor solubility in aqueous system, the SePh ester is
not suitable for conjugation of hydrophobic molecules, such
as aflatoxin B1, a highly toxic contaminant in agricultural
commodities.8 Therefore, there is no ‘universal’ activated
ester that is capable of efficiently conjugating all types of
small molecules with proteins. More activated esters need
to be comprehensively studied to meet the demands of con-
jugation in various situations.

As part of a research program toward efficient conjugate
chemistry for glycoconjugates and protein conjugates7,9 and
their applications in fully synthetic vaccines,10 we report
the use of homobifunctional cross-linkers terminated by a
2,3,5,6-tetrafluorophenyl (TFP) or a pentafluorophenyl
(PFP) ester. Our interest in polyfluorophenyl esters arose
from the successful application of TFP and PFP esters in
peptide11 and glycopeptide12 syntheses. It has been report-
ed that TFP esters are as reactive as NHS esters, but demon-
strate greater hydrolytic stability.13 In addition, Huang’s
group reported that pentafluorophenol (PFP-OH), the by-
product of conjugation, is less nucleophilic than NHS and
that PFP-OH does not interfere with the desired product,
which is sensitive to nucleophilic attack.14 In spite of these
advantages, however, TFP and PFP esters have been rarely
used in protein conjugation, particularly in cross-linkers.

We began our investigation by comparing the reactivi-
ties of TFP and PFP esters to those of an NHS ester, a PNP
ester, and an SePh ester at various pH values. As shown in
Scheme 1, 1-NHS, 1-SePh, 1-PNP, 1-TFP, and 1-PFP were
chosen as model compounds, and their reactions with (2-
phenylethyl)amine (2) under mixed solvent/buffer condi-
tions [3:1 v/v 10 mM phosphate-buffered saline
(PBS)/DMF] were examined. 1-TFP and 1-PFP showed a
greater reactivity than 1-SePh or 1-PNP, but less than that
of 1-NHS (Figure 1). 1-PFP was slightly more reactive than
1-TFP. On the other hand, the hydrolytic stabilities were
also evaluated (see Supporting Information). The order of
stability of the five activated esters was 1-NHS > 1-PFP > 1-
TFP > 1-SePh > 1-PNP.

Collectively, in contrast to NHS and PNP esters, TFP and
PFP esters showed a better balance of reactivity and stabili-
ty, displaying a potential for use in protein conjugation.

Consequently, we prepared the corresponding cross-linkers
515 and 616 (Scheme 2). An adipic acid backbone was chosen
as a spacer because of its nonimmunogenic character.17

Scheme 2  Preparation of homobifunctional cross-linkers 5 and 6

Next, we attempted to connect 5 and 6 to various small
molecules to prepare the half-esters 11–14 (Table 1). Four
substrate amines [Tn antigen (7),7 3-(acetylamino)-3-
deoxy-D-glucopyranosylamine (N-GluNAc; 8),9a N-(7-nitro-
2,1,3-benzoxadiazol-4-yl)ethane-1,2-diamine (NBD; 9),7

Figure 1  Reaction curves (yields of 3 versus time) of amide bond formation between (2-phenylethyl)amine (2) and the activated esters 1-NHS, 1-SePh, 
1-PNP, 1-PFP, and 1-TFP at various pH values. The yields were estimated by calculation of the analytic HPLC integrations for 1 and 3. Because of hydro-
lysis, the highest yield of 3 from 1-NHS was slightly lower than those from 1-TFP or 1-PFP.

Scheme 1  Reaction between phenethylamine (2) and the activated es-
ters 1-NHS, 1-SePh, 1-PNP, 1-PFP, and 1-TFP
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and poly(ethylene glycol) monomethyl ether (m-PEG;
10)18] were prepared according to the known procedures
and treated with five equivalents of cross-linker 5 or 6 in
dry DMF, to give the corresponding half-esters 11–14 in
moderate to good yields. The half-esters were purified by
either silica gel chromatograph or trituration with Et2O (see
Supporting Information). The moderate yields of the carbo-
hydrate substrates (Table 2, entries 1 and 2) were mainly
due to the hydrolysis of esters during purification.

The purified half-esters 11–14 were then coupled with
bovine serum albumin (BSA) and ovalbumin (OVA) by incu-
bation for 24 hours in buffer.19 The average degree of incor-
poration was calculated from the increase in the molecular
weight of the BSA and OVA, as determined by MALDI-TOF
MS,20 with sinapinic acid as the matrix. TFP linker 5 and PFP
linker 6 showed a good efficiency, comparable to that of
PNP linker but inferior to that of SePh linker, in the prepara-
tion of neoglycoprotein Tn-BSA (Table 2, entries 1–3 and 6–
8). With regards to PEGylation,21 the TFP ester performed
better than NHS ester (entry 15).22,23 Unexpectedly, the PFP
linker was less effective than SePh linker in the conjugation
of hydrophobic NBD derivatives to BSA (entry 13), even
though 40% DMF was employed in the PBS buffer.

In summary, the reactivities and stabilities of five types
of activated ester were evaluated. Homobifunctional cross-
linkers terminated by tetra- or pentafluorophenyl esters
showed good efficiency in the preparation of protein conju-
gates. Under similar conditions, pentafluorophenyl esters,
such as 11-PFP (15f) and 11-PFP (15g), showed better in-
corporation efficiencies than tetrafluorophenyl esters, such
as 11-TFP (15a), 11-TFP (15b), 12-PFP (16b), or 12-TFP
(16a). The information gained in this study should be help-
ful in considering the types of cross-linkers that might meet
the demands of protein conjugation in various situations.
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