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Glen Research provides linker-, spacer-, and modified base-phosphoramidites to assist researchers 
assembling DNA and RNA oligonucleotide (oligo) bioconjugates. One type of oligo modification, the 
maleimide group, has seen expanded use in bioconjugation owing to its dual utility in bioorthogonal 
reactions, the classical Michael-addition and now in the [4+2] cycloaddition reaction.1 Recently, a 
more comprehensive understanding of the thioether linkage with maleimide offers further improved 
stabilization of this linkage. The maleimide group cannot be directly incorporated into an oligo 
synthesis because it is not stable to the basic ammonium hydroxide deprotection conditions. To 
overcome this limitation, a maleimide-modifier phosphoramidite is provided as a maleimide-2,5-
dimethylfuran cycloadduct that is compatible with oligo synthesis and deprotection (Figure 1). 
Following synthesis, deprotection via a retro-Diels-Alder reaction converts the modification to a 
5’-malemide group available for bioconjugation reactions.

Figure 1. Solid-phase synthesis of 5’-maleimide modified oligonucleotide

An earlier Glen Report and Technical Bulletin described the use of the maleimide modifier with DNA- 
or RNA-containing phosphate or phosphorothioate (PS) linkages and its compatibility with solid phase 
phosphotriester, phosphoramidite, and UltraMild phosphoramidite synthesis. This report expands on 
the “click chemistry” opportunities of maleimide used for chemoselective aqueous bioconjugations. 
Thus the focus will turn towards advances in bioconjugation of maleimide modified oligonucleotides 
with a) thiol- and b) diene-containing reactants, and their two differing click chemistries. Using 
published data, results are highlighted that demonstrate the negligible reactivity of thiophosphates 
with the maleimide group and the additional utility of the maleimide group in the Diels-Alder 
cycloaddition. These results provide support for use of the 5’-maleimide modifier to prepare stable 
ODN-bioconjugates, including therapeutic oligonucleotide conjugates. 

Background
The options for bioconjugation of ODNs with proteins/peptides targeting or imaging agents, labels 
and therapeutics are myriad2 and the selection of an ideal chemistry can depend on many factors 
including the process complexity, reaction rates, chemical efficiency, yield and stability requirements 
(Figure 2), application, and reaction scale. Reaction conditions are more easily manipulated for in 
vitro bioconjugations, and so a larger number of potential chemical modifications are available. These 
modifications can impart undesirable hydrophobic properties to the individual component or to the 
bioconjugate, may not be specific (enough) for singular bioconjugation site attachment, may use 
less-stable reagents, may have a slow bioconjugation reaction rate, may produce low yields, may have 



in-process or longer-term instability, or may have challenging purification requirements, any of which 
may contribute to a suboptimal outcome. Bioconjugation applications that are targeted for use in vivo 
or with otherwise highly complex samples can further constrain the number of useful chemistries.

Figure 2. Some of the many bioconjugate synthesis options

Bio-orthogonal chemistries, in contrast to traditional bioconjugation chemistries, have emerged as a 
preferred mode by improving bioconjugation specificity, minimizing or eliminating potential competing 
reaction sites present on biomolecules. Sharpless’ lab recognized the special characteristics of these 
unique chemical building blocks.3 By definition, click chemistry reactions are wide in scope, have very 
high yields, employ simple reaction conditions (ideally insensitive to O2 and water), use benign or 
no solvent, permit simple removal of inoffensive byproducts and allow for simple product isolation. 
Because of its subsequent broad use, one reaction type is usually thought of when mentioning click 
chemistry: the cycloaddition between an azide and a terminal or strained alkyne. However, Sharpless’ 
team appreciated the click chemistry potential of four general reaction types, 1) the 1,3-dipolar 
and Diels-Alder cycloadditions, 2) nucleophilic strained ring-opening reactions, 3) carbonyl-addition 
chemistry, and 4) addition to carbon-carbon multiple bonds, noting that some of these reactions 
proceed more readily in water than in organic solvent (Figure 3). This note will focus on the maleimide 
group in click chemistry bioconjugation via the Diels-Alder cycloaddition and the Michael addition 
reaction with the carbon-carbon double bond. 



Figure 3. Click chemistry reactions

In 1980 Rideout and Breslow reported orders-of-magnitude rate accelerations of the [4+2] Diels-
Alder cycloaddition in aqueous solution versus organic solvents4, and in 2001 Sharpless described 
this reaction and other’s bioconjugation potential. Chemists began applying [3+2] cycloaddition 
and 1,3-dipolar cycloadditions to their bioconjugation repertoire by adopting a short list of copper-
catalyzed and uncatalyzed reactions of azido- and acetylene-modified reactants (Figure 2, right side). 
Recent research shows that the maleimide group is a chemoselective Diels-Alder dienophile that 
reacts with conjugated dienes under mild aqueous conditions. A typical example is the conjugation 
of diene-modified oligonucleotides and maleimide-derivatized peptides in high yield and purity using 
only a small excess of the maleimide reactant (Figure 4).5

Figure 4. Preparation of peptide–oligonucleotide conjugates by Diels-Alder cycloaddition in water



Additional bioconjugation examples that place the diene on a protein/peptide6 or drug7 are further 
expanding the utility of cycloadditions. 

The broad use of bioconjugation via carbon-carbon multiple-bond addition for therapeutic antibody 
conjugate preparation has resulted in a much improved understanding of thiol-maleimide conjugates. 
The generic reaction, known as the Michael reaction, between a nucleophile and an α,β-unsaturated 
carbonyl compound has an especially useful example in the nucleophilic addition of an alkyl-thiol to 
the C=C double bond of a maleimide-modified reaction partner (Figure 5). In the example an oligo 
containing a primary amino-linker is first reacted with the heterobifunctional reagent sulfo-SMCC to 
attach a maleimide group.8 Subsequently the highly selective electrophilic maleimide alkene reacts 
rapidly and nearly quantitively with thiol-containing molecules to form a thioether-linked conjugate at 
ambient temperature in aqueous solution at neutral pH.9

Figure 5. Preparation of maleimide-ODN and subsequent bioconjugation

The use of 5’-maleimide modifier from Glen Research provides an alternate route to maleimide 
modified ODN. Researchers that use the maleimide-ODN in Michael addition reactions or Diels-Alder 
cycloaddition reactions may encounter improved bioorthogonal conjugation outcomes.

Stability of the Maleimide-Thiol Linkage
Improved understanding of bioconjugate linkage stability has emerged from antibody-drug conjugates 
(ADCs) developed as cancer therapeutics. Examples of FDA-approved ADCs constructed using 
maleimide chemistry include brentuximab vedotin and trastuzumab emtansine, for treatment of 
Hodgekin’s lymphoma and HER2+ breast cancer, respectively. The thiosuccinimide adducts in these 
ADCs are known to undergo retro-Michael reaction and subsequent thiol exchange reactions under 
physiological conditions. The undesired pharmacological outcome of this may include decreased 
targeted cytotoxic activity and off-target toxicity.10

Thus there emerged a strong interest to bring to light the chemical features that control this Michael 
reaction’s reversibility as they relate to drug conjugate stability. The addition product of thiol reaction 
with the maleimide (a) is a succinimidyl thioether (SITE) as depicted in Figure 6, compound b. However 
with time, the 5-membered succinimide ring hydrolyzes open while leaving the thioether bioconjugate 
linkage intact, resulting in a mixture of stable succinamic acid thioether SATE (c) products depending 
on which carbonyl is attacked during hydrolysis. Competing with this stabilizing process is 



Figure 6. Formation of SITE and hydrolyzed SATEs

the reverse or retro-Michael reaction that breaks the bioconjugate linkage and, in vivo, biological thiols 
rapidly trap the liberated maleimidyl molecule (the lower pathway) to liberate potentially toxic drug. 

Fontaine and coworkers11 carried out kinetic studies using nineteen substituted maleimides (maleimide 
a, where R is varied, Figure 6) possessing differing electron-donating and withdrawing characteristics 
and followed the rates of thiol reaction with these maleimides in forming a SITE product (kMA), the 
hydrolysis rate to SATE (kHyd), and estimated the rate of the retro-Michael reaction (kRM). The ring-
opening hydrolysis reaction was found to be strongly subject to inductive effects spanning a 600-fold 
rate range, and thus was much more rapidly hydrolyzed by increasingly electron-withdrawing groups. 
In contrast, the rate of the retro-Michael reactions span only ~30-fold across this series. Fontaine et 
al. described it as competing “β-eliminative thiol loss is less sensitive than SITE hydrolysis to inductive 
effects of N-substituents.” 

The commercial organic reagents frequently used to introduce the maleimide group use a simple alkyl 
chain bridging to the nitrogen of the maleimide ring. To stabilize a bioconjugate one might consider 
pre-hydrolyzing it to SATE products before use. However, Fontaine et al. found that simple alkyl-linked 
thiosuccinimides have a hydrolysis half-life ≥ 200 hr at pH 7.4, 37 °C, requiring well over a month 
of preincubation in the absence of thiol to achieve complete ring-opened stabilization. Their group 
suggested that since hydrolysis is hydroxide ion–catalyzed, the conversion to SATE can be accelerated 
significantly by raising the pH; note that if this is attempted the conjugation partners must also be 
stable to elevated pH. Other researchers have found that ADC SITE hydrolysis can be facilitated using 
a mild procedure and the resulting conjugate had significantly improved safety and efficacy.12 Other 
researchers are exploring alternative maleimide structures with faster SITE hydrolysis13 building on the 
Fontaine group’s physical chemical findings.

Delivery of siRNA and antisense oligonucleotide (ASOs) drugs to specific target organs and cells 
remains a major barrier to obtaining the therapeutic promise for these materials.14 New understanding 
of how to best prepare using orthogonal chemistries and then stabilize these SITE conjugates may 
improve the outcome of some of these studies.



Maleimide Conjugation of Phosphorothioate 
Oligonucleotides
Many oligonucleotide drug platforms include non-natural structures including modified bases, sugars 
and backbones. A widely used backbone modification is the incorporation of phosphorothioate 
(PS) linkages in which a non-bridging oxygen atom of one or more inter-nucleotide phosphate 
groups is replaced with sulfur. This modification confers nuclease stability and imparts increased 
hydrophobic character relative to the corresponding phosphate-linked ODN, among other activity 
and pharmacokinetic effects. Current oligo drug platforms using antisense oligonucleotides (ASOs) 
and the duplex silencers (siRNAs) contain differing numbers and locations of phosphorothioate and 
phosphate linkages within the ODN. Interestingly, the literature contains conflicting reports on the 
reactivity of the internucleotide phosphorothioate sulfur. This was a significant bioconjugation concern 
to the Sanchez lab since using a maleimide SITE coupling or a maleimide-diene cycloaddition might be 
interfered by a competing non-bridging sulfur side reaction.15

Nucleophilic Reactivity of Thiophosphates:  
The potential nucleophilic reactivity of the thiophosphate-linked sulfur with maleimide was examined by 
synthesizing the diastereomeric dimer PS-dT2 and then purifying the individual diastereomers a and b (Figure 
7) by C18 reversed-phase HPLC. The stereochemistry was inferred from the relative retention times.16 

Figure 7. Reaction of phosphorothioate with N-methylmaleimide

Each PS-dT2 and N-methylmaleimide was reacted in 1:10 and 1:100 molar ratios at room temperature 
(RT), pH 7.8 overnight. HPLC and MS revealed only starting oligos a and b in the crude reactions; no 
intermolecular reaction of thiophosphate diesters with methylmaleimide took place under these conditions. 

The Michael-addition of 2-thioethylamine-terminated biotin derivative a and cysteine amino-terminal 
peptide b (Figure 8) occured readily in aqueous buffer at RT in 15 h using a 10:1 molar excess of 
5’-maleimido-[PS-dT10] and 5’-maleimido-[PS-dTCTCCCAGCGTGCGCCAT] containing all internal 
phosphorothioate linkages. The Sanchez lab concluded “that phosphorothioate diesters do not 
interfere with the thiol-maleimide addition.” 



Figure 8. Thiol compounds reacted with maleimide-ODNs

In a separate experiment, the researchers sought to determine whether a 5’-thiophosphate sulfur on 
a phosphorothioate monoester DNA oligo was sufficiently nucleophilic to react with the maleimide 
group. To examine this reactivity 5’-thiophosphate-(dT10) (Figure 9, compound a) was prepared 
by addition of 5’-chemical phosphorylation reagent (10-1900, Glen Research) to resin-bound dT10 
followed by Beaucage reagent sulfurization, deprotection, and semipreparative HPLC. 

Figure 9. Thiophosphate monoester reaction with maleimide

A mixture containing 5’-thiophosphoryl-dT10 (retention time (rt) 16.9 min) and dephosphorylated dT10 
(rt 18.4 min) was used to test the maleimide reactivity the 5’-thiophosphate group (Figure 10, panel 
A). Using the mixture, a 10-fold excess of 5’-thiophosphoryl-dT10 was reacted with maleimido-Lys-Glu-
Thr-Ala-Ala-Ala-Lys-Phe-Glu-Arg-Gln-His-Met-Asp-Ser-Ser-Thr-Ser-Ala-Ala-OH (compound 9b) at RT 
overnight to yield the product mixture in Figure 10, panel B. Thus the reaction didn’t go to completion 
but yielded a single major product, isolated in 43% yield and confirmed as compound 11 by MS. Thus 
unlike unreactive internucleotide non-bridging thiophosphate diesters, the thiophosphate monoester 
reacts sluggishly with maleimide.



Figure 10. HPLC of maleimide reaction of 5'-thiophosphoryl-dT10 

Diels-Alder Cycloaddition of Maleimide-Modified Peptide: 
The Sanchez team also showed that Diels-Alder cycloadditions could be carried out using diene 
modified thiophosphate diester linked ODNs (Figure 11) without maleimide group cross-reaction 
to internal phosphorothioate linkages. The researchers prepared two 5’-diene-terminated 
ODNs, 5’-diene-[PS-dT10] (a) and 5’-5’-diene-[PS-dTCTCCCAGCGTGCGCCAT] (b) containing all 
phosphorothioate linkages using published methods (5b) and reacted these in 1:2 molar ratio with 
mal-peptide 9b (maleimido-Lys-Glu-Thr-Ala-Ala-Ala-Lys-PheGlu-Arg-Gln-His-Met-Asp-Ser-Ser-Thr-Ser-
Ala-Ala-OH) overnight, in water at 37 °C.

Figure 11. Bioconjugation of dienyl-ODN with maleimido-peptide

HPLC analysis of 5'-diene-[PS-dT10] (a) and its crude reaction product mixture are shown in panels 
A and C, respectively, while the corresponding coupling of 5'-diene-[PS-dTCTCCCAGCGTGCGCCAT] is 
in panels B and D. It is apparent that each coupling results in a faster eluting, single major product in 
high yield (98-99% from HPLC data) containing a trace of starting oligo. In each case MS confirmed 
the expected 1:1 cycloaddition product mass and no higher-order conjugate masses were detected 
indicating the high specificity of the reaction.



Figure 12. HPLC of Diels-Alder cycloadditions of dienyl-thiophosphate oligonucleotides

Summary
The coupling and utility of the maleimide group has been enhanced by research on its reaction 
with thiols and the improved understanding of the parameters around stabilization of succinimidyl 
thioether conjugates. The Sanchez group demonstrated that Internucleotide thiophosphate linkages 
in ODNs do not interfere with conjugation via a) the click chemistry thiol addition to maleimide and b) 
the click chemistry Diels-Alder cycloaddition of a conjugated diene to maleimide, expanding the utility 
of these bioconjugations with therapeutic ODNs and potentially aiding drug delivery research. 

Glen Research provides 5’-Maleimide-Modifier Phosphoramidite to introduce the maleimide group 
on ODNs during solid-phase synthesis. The maleimide modifier may be used for synthesis of oligos 
with DNA- or RNA-containing phosphate or phosphorothioate (PS) linkages and is now shown to 
be compatible with solid-phase phosphotriester, phosphoramidite, and UltraMild phosphoramidite 
synthesis. Additional details may be found on our website.

Table 1. Ordering Information

Item Pack Size Catalog No.

5'-Maleimide-Modifier  
Phosphoramidite

0.25g 10-1938-02

100µmol 10-1938-90
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