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Catalysis of imido group hydrolysis in a maleimide conjugate
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Abstract—Maleimides are often used for biomolecular conjugation with thiols. An underappreciated aspect of the imido group in a
maleimide conjugate is its susceptibility to spontaneous hydrolysis, resulting in undesirable heterogeneity. Here, a chromophoric
maleimide is used to demonstrate that both molybdate and chromate catalyze the hydrolysis of an imido group near neutral pH.
Tungstate and 4-(dimethylamino)pyridine are less effective as catalysts. This work reveals a new mode of chemical reactivity for
molybdate and chromate, and provides a strategy for decreasing the heterogeneity of bioconjugates derived from maleimides.
� 2007 Elsevier Ltd. All rights reserved.
Chemoselective bioconjugation has revolutionized func-
tional genomics, proteomics, and glycomics.1 Reactions,
such as the Staudinger ligation,2 the Huisgen 1,3-dipolar
cycloaddition,3 carbonyl group condensation reactions,4

and maleimide conjugation,5 enable the site-specific
labeling of biomolecules, and their uniform immobiliza-
tion to generate microarrays.

Bioconjugation via maleimides is especially common.
This reaction involves the Michael addition of a biomo-
lecular thiolate, often from the side chain of a cysteine
residue, to a maleimide to form a succinimidyl thioe-
ther6,7 The reaction proceeds rapidly and in high yield
in neutral aqueous solutions at room temperature, mak-
ing it ideal for biological applications.

An underappreciated aspect of maleimides and succini-
mides is the tendency of their imido groups to undergo
spontaneous hydrolysis.8,9 As water can attack either
of the two carbons of the imido group, hydrolysis of a
succinimidyl thioether produces isomeric succinamic
acid thioethers. Accordingly, a thiol-conjugated malei-
mide actually consists of a mixture of many species,
some having an additional carboxylic acid that can ion-
ize near neutral pH. As hydrolysis proceeds over time,
the concentrations of these species change, introducing
yet another complexity.
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The heterogeneity of succinimidyl thioethers can alter
the activity of bioconjugates and convolute the interpre-
tation of experimental data. For example, an N-(1-
pyrene)maleimide conjugate of a,a-tropomyosin was
observed to hydrolyze in aqueous solution, causing a
time-dependent increase in fluorescence.10 The cellular
internalization of some peptides and proteins relies on
their cationic charge,11 and the presence of a hydrolyzed
succinimidyl thioether could complicate data analysis by
reducing that charge. Surface-based assays can be espe-
cially sensitive to heterogeneity within the immobilized
species. For example, the orientation of liquid crystals
near a surface is likely to be highly sensitive to non-uni-
formity.12 Heterogeneity can also affect data analysis in
experiments that are independent of molecular charge.
For example, assays based on mass spectrometry can
be confounded by the additional 18 amu introduced
upon hydrolysis of a succinimidyl thioether.13

We reasoned that the heterogeneity of succinimidyl thi-
oethers could be reduced by intentionally increasing
their rate of hydrolysis. The hydrolysis of maleimides
and succinimides and its catalysis have been studied pre-
viously. In 1955, Gregory reported that the rate constant
for maleimide hydrolysis is considerably less than that
for its reaction with a thiol.7 Subsequently, the hydroly-
sis of both maleimides and succinimides was found to be
catalyzed by base.14 In general, however, bioconjugates
are not stable at elevated pH.

Here, we report on catalysts of imido group hydrolysis
that are effective near neutral pH. As a model system
that enables facile quantitation of the rate of imido
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Scheme 1. Route for the synthesis of succinimide 2.
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group hydrolysis, we chose a maleimide that is activated
for hydrolysis and that undergoes a spectral change
upon hydrolysis: N-(p-nitrophenyl)maleimide (1). We
synthesized a model succinimidyl thioether by reacting
maleimide 1 with ethanethiol to give succinimide 2, as
shown in Scheme 1.15 This conjugate has an absorbance
maximum at 271 nm before hydrolysis that shifts to
319 nm after hydrolysis, enabling a continuous spectro-
photometric assay of hydrolysis.

The molybdate anion is known to act as a nucleophilic
catalyst for the hydrolysis of oxoesters,16,17 thioesters,16

phosphoesters,18 2,4-dinitrofluorobenzene,17 and methyl
iodide.17 The nucleophilicity of molybdate is remark-
able, given its low basicity (pKa 4.1).19 To determine if
molybdate could also act as a catalyst of imido group
hydrolysis, we incubated succinimide 2 with varying
concentrations of Na2MoO4 in 0.50 M Hepes–NaOH
buffer at pH 7.5, containing NaCl (0.10 M).20 The
resulting kinetic traces were indicative of substantial
catalysis (Fig. 1a). Similar kinetic traces were obtained
with maleimide 1. First-order rate constants were de-
rived from exponential fits of the kinetic traces obtained
with different concentrations of molybdate, and were
Figure 1. Molybdate-catalyzed hydrolysis of imido groups. (a) Raw

data for catalysis of the hydrolysis of succinimide 2. (b) Transformed

data for the hydrolysis of maleimide 1 (k2 = 2.5 M�1 min�1) and

succinimide 2 (k2 = 0.28 M�1 min�1).

Figure 2. HPLC analysis of succinimide 2 after incubation for 2 h at

room temperature with a putative catalyst (0.10 M) of hydrolysis. The

twin peaks at �40 min correspond to the hydrolysis products; the peak

at �45 min corresponds to intact succinimide 2.

Figure 3. Comparison of molybdate and chromate as catalysts for the

hydrolysis of succinimide 2. Assays were performed by HPLC, as

shown in Figure 2. Data were fitted to the equation: [hydrolyzed

2]t = [hydrolyzed 2]t=1(1 � e�kt), where k is the apparent first-order

rate constant.



Scheme 2. Putative mechanism for the molybdate- and chromate-catalyzed hydrolysis of succinimide 2.
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plotted versus the molybdate concentration (Fig. 1b).
The ensuing second-order rate constant for the hydroly-
sis of maleimide 1 (k2 = 2.5 M�1 min�1) was 9-fold
greater than that for succinimide 2
(k2 = 0.28 M�1 min�1).

Kinetic analyses were also performed with other group
VI oxometalates, namely, those of chromium and tung-
sten. Chromate has a high absorbance at 271 and
319 nm, obviating the use of the spectrophotometric as-
say. To circumvent this obstacle, an HPLC-based assay
was developed to monitor catalysis by chromate.21 An
aqueous solution of succinimide 2 was incubated with
Na2CrO4 (0.10 M) for 2 h. The reaction mixture was
quenched by extraction, and analyzed by using analyti-
cal HPLC and monitoring at 271 nm. Unhydrolyzed
succinimide 2 elutes at �45 min (Fig. 2); hydrolyzed suc-
cinimide 2 elutes in two closely spaced peaks at �40 min
and was characterized by performing hydrolysis on a
larger scale and isolating the hydrolysis products by
semi-preparative HPLC.22 A solution of Na2SO4

(0.10 M) was used to report on the uncatalyzed rate of
hydrolysis. The data indicated that chromate is a com-
parable catalyst to molybdate, whereas tungstate is a
poor catalyst (Fig. 2).

4-(Dimethylamino)pyridine (DMAP), a common cata-
lyst for acylation reactions,23 accelerated the hydrolysis
to a significantly lesser extent than molybdate or chro-
mate (Fig. 2). To compare catalysis by molybdate and
chromate directly, succinimide 2 was incubated with
molybdate or chromate (0.10 M) for different time peri-
ods, and its hydrolysis was quantitated by peak integra-
tion of HPLC traces. The results indicate that the
apparent first-order rate constant in the presence of
molybdate was 1.3-fold higher than that in the presence
of chromate (Fig. 3).

The mechanism of molybdate-catalyzed ester hydrolysis
has been proposed to proceed via the nucleophilic attack
of a molybdate oxygen on the ester carbon, followed by
the spontaneous hydrolysis of the resulting acid molyb-
date intermediate.16,17 An analogous mechanism for the
molybdate- and chromate-catalyzed hydrolysis of an
imido group is shown in Scheme 2. Why are these two
group VI oxometalates effective catalysts? To search
for a correlation between reactivity and basicity, Um
and coworkers subjected the reaction of p-nitropheny-
lacetate with group VI oxometalates to a Br/nsted anal-
ysis.18 Although tungstate conformed to the expected
trend, molybdate and chromate showed significant posi-
tive deviations. The anomalous nucleophilicity of
molybdate has been attributed to its poor solvation.16

In addition, the high reactivity of molybdate with oxo-
esters and thioesters has been attributed to Lewis acid
catalysis via formation of a transient Mo–O bond with
the non-bridging ester oxygen in a tetrahedral
intermediate.16,17

In conclusion, we have discovered that molybdate and
chromate catalyze the hydrolysis of the imido group of
maleimide conjugates. This discovery adds to the unex-
pected nucleophilic reactivity of molybdate and chro-
mate, and provides a potential strategy for
hydrolyzing the unactivated succinimidyl thioethers
found in bioconjugation reactions.1 These catalysts
contain but five atoms, and are readily separable from
bioconjugates by size-exclusion chromatography, gel-
filtration chromatography, or dialysis. Although chro-
mate reacts with thiols to form chromium(VI) thioes-
ters,24 maleimide conjugates would presumably be
devoid of thiol groups. Finally, we anticipate that
our work will increase awareness of the heterogeneity
of maleimide conjugates and inspire means to diminish
that heterogeneity.
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