
UNIT 4.5Attachment of Reporter and Conjugate
Groups to the 3′ Termini of Oligonucleotides

Applications of oligonucleotide conjugates
encompass mechanistic and hybridization
probes, antisense agents, and sensors. Conse-
quently, methods for their synthesis constitute
an active area of research. This unit focuses on
methods for the preparation of oligonucleotides
conjugated at their 3′ termini (Fig. 4.5.1, S.1).
Conjugation at the 3′ terminus of an oligonu-
cleotide has been noted as being less common
than at other sites within oligonucleotides, be-
cause this position commonly serves as the site
for covalent linkage to the solid phase synthesis
support (Goodchild, 1990); however, the valu-
able physicochemical properties of 3′-oligonu-
cleotide conjugates, such as their ability to
stabilize nucleic acid hybridization complexes
and to retard the activity of exonucleases, pro-
vides strong incentive to develop methods for
their preparation.

The synthesis of 3′-oligonucleotide conju-
gates was included in previous reviews publish-
ed during the past decade, and therefore this
author will try to minimize redundancy. The
reader is referred to these previous reviews for
further information (Goodchild, 1990;
Agrawal, 1994; Beaucage and Iyer, 1993; Fi-
danza et al., 1994). Methods for the synthesis
of 3′-oligonucleotide bioconjugates will be di-
vided into three general categories: preparation
of modified supports and phosphoramidites,
postsynthetic modification of deprotected oli-
gonucleotides, and the recently developed
method utilizing solution phase conjugation of
protected oligonucleotides. The latter two
methods require modified solid phase synthesis
supports which release oligonucleotides con-
taining the appropriate 3′-terminal functional
group. Such supports are described briefly in
this review. The variety of new supports that
produce oligonucleotides containing 3′-hy-
droxyl termini are not included. Due to the
growing importance of nucleopeptides and sur-
face/polymer supported oligonucleotides,
methods for the synthesis of these two general

families of conjugates are presented separately.
A representative, but not exhaustive, set of
examples of each method is presented, and
apologies are extended to any authors whose
work is not cited.

MODIFIED SOLID PHASE
SYNTHESIS SUPPORTS AND
PHOSPHORAMIDITES

Modifying the 3′ termini of oligonu-
cleotides with polymers such as poly-L-lysine
or polyethylene glycol (PEG) is desirable in
order to improve the pharmacological proper-
ties of antisense probes. 3′-PEG-derivatized
oligonucleotides have been prepared from a
specially designed solid phase synthesis sup-
port in which the PEG serves as a linker be-
tween the controlled-pore glass  (CPG) support
and the growing oligonucleotide (Fig. 4.5.2,
S.2; Jaschke et al., 1993). By loading the PEG
onto the solid support as its succinato ester,
3′-PEG-derivatized oligonucleotides are re-
leased under standard aqueous ammonium hy-
droxide deprotection conditions. Succinato de-
rivatives of smaller molecules, such as choles-
terol, have also been used to prepare
3′-oligonucleotide conjugates (Fig. 4.5.2, S.3;
MacKellar et al., 1992).

A variety of solid phase supports have been
prepared from a common amino derivative of
glycerol (Nelson et al., 1992). The masked
nucleophile was originally employed as it N-9-
fluorenylmethoxycarbonyl (Fmoc)–protected
derivatives as a means for introducing 3′-alkyl-
amines into oligonucleotides (Nelson et al.,
1989). In later studies, the support was modi-
fied to contain a longer butylamine linker in
order to alleviate potential steric interactions
between the conjugated moiety and the remain-
der of the oligonucleotide backbone (Fig. 4.5.3,
S.4 and S.5; Nelson et al., 1989). Recently, this
modification was used for preparing double-
dye-labeled oligonucleotides containing tetra-
methylrhodamine at their 3′ termini (Mullah
and Andrus, 1997).

In each of the above examples a new solid
phase synthesis support must be prepared for
each 3′ reporter group or conjugate. Recently,
a method that circumvents this procedure was
reported (Nelson et al., 1997). The method
employs a universal solid phase support (Fig.
4.5.4, S.6) which releases an intermediate 3′-
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tetrahydrofuranyl phosphodiester (Schwartz et
al., 1995; Scheuer-Larsen et al., 1997). This
intermediate undergoes subsequent cyclic
phosphate formation and ultimately releases a
3′-hydroxyl oligonucleotide upon further alka-
line treatment in a manner analogous to RNA
hydrolysis. When a modified phosphoramidite
is the first species coupled to the support, 3′-
modified oligonucleotides containing hy-
droxyl termini are produced upon cleavage.
Although the method still requires the prepara-
tion of the appropriate modified phos-
phoramidite, it has the advantage that the same
amidite can be used for introducing the respec-
tive modification at other sites within the oli-
gonucleotide. Hence, one does not need to
synthesize both a modified support and a modi-
fied phosphoramidite. Furthermore, when used
in conjunction with a more labile diglycolate
linker in lieu of the standard succinato moiety,

the oligonucleotides are cleaved using a mix-
ture of t-butylamine, methanol, and water.

The dye-labeled oligonucleotides prepared
by the above methods have been used for de-
tecting a polymerase chain reaction (PCR)
product in real time (Mullah et al., 1998). In an
earlier oligonucleotide conjugate synthesis
method, attomolar oligonucleotide detection
limits were achieved using multiple nonra-
dioactive labels at the 3′ termini (Haralambidis
et al., 1990a,b). The method relied upon linear
synthesis of a polyamide on CPG, followed by
incorporation of a linker molecule, which al-
lows one to then carry out standard oligonu-
cleotide synthesis. This strategy is useful for
preparing nucleopeptides (see below), but more
relevant to the present discussion is its utility
for preparing oligonucleotides containing mul-
tiple labels via conjugation to alkylamine side
chains of the polyamide portion of the mole-
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Figure 4.5.2 Solid phase supports for attaching polyethylene glycol (S.2) and cholesterol (S.3) to
the 3′ termini of oligonucleotides.
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Figure 4.5.3 Solid support for conjugating biotin (S.4) or other conjugants (S.5) to oligonu-
cleotides at their 3′ termini.
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cule. The labels can be incorporated prior to or
after oligonucleotide synthesis, while the nu-
cleic acid component is on the solid support or
in solution.

In contrast, the thioester support (Fig. 4.5.5,
S.7) enables introduction of conjugation as part
of the main chain of the polymer (Hovinen et
al., 1995). The thioester support was preceded
by other versatile solid phase supports from
which oligonucleotides containing a variety of
3′ termini could be prepared (Hovinen et al.,
1993a,b, 1994); however, by utilizing a
thioester linkage, more homogeneous products
were obtained in good yields using a large
excess of alkylamine nucleophiles (Hovinen et
al., 1995).

SOLID PHASE SYNTHESIS
SUPPORTS FOR PRODUCING
3′-FUNCTIONAL GROUPS
SUITABLE FOR CONJUGATION

In order to carry out postsynthetic conjuga-
tion of oligonucleotides, the biopolymers must
contain a suitable functional group at their 3′
termini. Utilization of the nucleophilicity of
sulfur in conjugation chemistry has resulted in
the preparation of numerous solid phase sup-
ports that release oligonucleotides containing
thiols at their 3′ termini (e.g., Fig. 4.5.6, S.8;
Asseline et al., 1992; Bonfils and Thuong,

1991; Gottikh et al., 1990; Gupta et al., 1990,
1991; Kumar, 1993a,b; Zuckerman et al.,
1987). In some instances the initially cleaved
3′-thiol group is transformed into other func-
tional groups that are also useful for preparing
bioconjugates. These groups include 3′-phos-
phates, 3′-phosphorothioates, 3′-alkylamines,
and 3′-alkyl carboxylic acids (Asseline et al,
1992; Gottikh et al., 1990; Gupta et al., 1991).
3′-Phosphorylated oligonucleotides can be ob-
tained by a variety of supports, some of which
are designed to be compatible with chemically
unstable biopolymers (Gryaznov and Letsin-
ger, 1992; Guzaev and Lönnberg, 1997). Prepa-
ration of oligonucleotides containing 3′-dialde-
hydes are readily prepared by utilizing a solid
phase support containing a ribonucleoside, but
this limits the structure of the tether between
the oligonucleotide and 3′-electrophile. Conse-
quently, supports designed to release alkyl al-
dehydes have been developed (e.g., Fig. 4.5.6,
S.9; Urata and Akagi, 1993). This glyceryl
support is designed to be universal, and to
release a terminal, vicinal diol upon cleavage
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Figure 4.5.4 A universal support for preparing 3′-modified oligonucleotides.
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Figure 4.5.6 Supports for the release of oli-
gonucleotides containing 3′-thiols (S.8) and 3′-
aldehydes (S.9).
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under standard concentrated aqueous ammonia
conditions. Subsequent periodate oxidation
generates the desired 3′-aldehyde.

A versatile family of solid phase supports
that enable one to introduce 3′-alkyl carboxylic
acids, 3′-alkylamines, or 3′-alkyl thiols con-
comitantly with cleavage/deprotection of the
oligonucleotides from the supports has also
been reported (e.g., Fig. 4.5.7, S.10 and S.11;
Hovinen et al., 1993a,b, 1994, 1995). In some
instances differentiation of the cleavage and
deprotection steps can be achieved by employ-
ing a thioester-based support (Fig. 4.5.5, S.7).
An alternative variation that utilizes this con-
cept appeared recently (Lyttle et al., 1997). In
this instance, a common solid phase support
(Fig. 4.5.7, S.12) is modified prior to oligonu-
cleotide synthesis with an appropriate di-
methoxytritylated tether to produce a support
(e.g., Fig. 4.5.7, S.13) that will release oligonu-
cleotides containing the desired 3′-terminal
functional group upon cleavage/deprotection.
In most instances, oligonucleotides are cleaved
from the above supports under conditions that
also result in cleavage of the exocyclic amines
and phosphate diester protecting groups. In
some instances, transamination is a competitive
process (Hovinen et al., 1995).

Orthogonal solid phase supports enable one
to cleave oligonucleotides from the support
without affecting the protecting groups
throughout the biopolymer. These supports
have proven invaluable in developing methods
for bioconjugation using protected oligonu-

cleotides. The first reported series of orthogo-
nal solid phase supports utilized UV-irradiation
to induce cleavage. Oligonucleotides contain-
ing 3′-hydroxyl groups (Greenberg and Gil-
more, 1994; Venkatesan and Greenberg, 1996),
3′-alkyl carboxylic acids (Yoo and Greenberg,
1995), 3′-alkylamines (McMinn and Green-
berg, 1996), and 3′-phosphates (Avino et al.,
1996; Dell ’Aquila et al., 1997; McMinn et al.,
1998; Fig. 4.5.8, S.14 to S.17, respectively)
were obtained using the o-nitrobenzyl photore-
dox reaction. More recently, Pd(0) labile sup-
ports that facilitate the release of 3′-phosphato,
3′-hydroxyl, and 3′-alkyl carboxylic acid con-
taining oligonucleotides have been reported
(Fig. 4.5.8, S.18, S.19, and S.20, respectively;
Greenberg et al., 1998; Matray et al., 1997;
Zhang et al., 1997).

POSTSYNTHETIC CONJUGATION

Conjugation of 3′-Alkylamines
The polyamide methods developed by

Haralambidis (1990a,b) are compatible with
conjugation to alkylamines in solution, follow-
ing oligonucleotide deprotection. Common
means of forming such conjugates involve in
situ activation of carboxylic acids, or the use of
the less reactive but more water tolerant N-hy-
droxysuccinimide esters (NHS-esters) or
isothiocyanates.

Using a support similar to those developed
by the Clontech group (Fig. 4.5.9, S.21),
Thaden and Miller (1993a,b) prepared an oli-
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Figure 4.5.7 Supports for the release of oligonucleotides containing various 3′-functional groups.
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gonucleoside methylphosphonate containing a
3′-rhodamine reporter group. Coupling is
achieved with ∼85% yield by reacting ten molar
equivalents of rhodamine isothiocyanate with
the biopolymer at room temperature for 18 hr
(Thaden and Miller, 1993b). Oligonucleotides
containing 3′-chlorin groups (Fig. 4.5.9, S.22)
were prepared by activating the carboxylic acid
on the chlorin component (Boutorine et al.,
1996). The required alkylamine-containing oli-
gonucleotide was prepared indirectly from the
3′-phosphorylated biopolymer via a redox con-

densation reaction with a diamine. The cou-
pling proceeded in 30% to 40% conversion and,
like the isothiocyanate example above, re-
quired several hours. In another example from
the same contribution to the literature, the 3′-
phosphate of the oligonucleotide was activated
with a symmetrical dihydrazide, and the free
hydrazide was condensed with a chlorin con-
taining an aldehyde (Boutorine et al., 1996).
The resulting hydrazone also was obtained in
modest overall yield.
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Conjugation of 3′-Alkyl Carboxylic
Acids

Oligonucleotides containing 3′-alkyl car-
boxylic acids can be conjugated to amines fol-
lowing activation in situ with standard peptide
coupling agents (Gottikh et al., 1990); however,
one should note that these conditions can give
rise to significant amounts of nonspecific co-
valent modification. One can obtain the requi-
site 3′-alkyl carboxylic acid directly from de-
signed supports, or this functional group can be
introduced postsynthetically. For example,
daunomycin was linked to the 3′ terminus of an
oligonucleotide (Fig. 4.5.10, S.23) via amide
bond formation. The multistep process started
from a disulfide support which yields 3′-phos-
phorylated oligonucleotides (Fig. 4.5.10, S.8;
Gottikh et al., 1990). Activation of the phos-
phate group was followed by reaction with an
amino acid. In this particular instance, activa-
tion/coupling with carbodiimide took place
over 5 hr at 4°C, and yields were not reported.

Conjugation of 3′-Alkyl Thiols
Significant advantage has been taken of the

nucleophilicity of sulfur for preparing oligonu-
cleotide conjugates. As mentioned above, a
variety of supports have been developed that
result in the release of oligonucleotides con-
taining 3′-alkyl thiols. Cleavage of 3′-alkyl

thiolated oligonucleotides from these supports
can be effected under conditions that do not
remove the exocyclic amine and phosphate
diester protecting groups; however, the thiol-
containing oligonucleotides are typically
cleaved/deprotected under reductive condi-
tions in aqueous ammonia, and conjugated in
aqueous solutions using the fully deprotected
biopolymers. Excellent yields of sulfide linked
conjugates are obtained by reacting thiolated
oligonucleotides with α-halocarbonyl-con-
taining conjugants (e.g., Fig. 4.5.11, S.24;
Gupta et al., 1991).

3′-Oligonucleotide conjugates can also be
prepared by reacting 3′-thiolated oligonu-
cleotides with activated disulfides or male-
imides (Gupta et al., 1991; Harrison and
Balasubramanian, 1997; Kumar, 1993b). Reac-
tion with a maleimide proceeds via the forma-
tion of a stable Michael adduct. In one ap-
proach, a variety of biologically useful conju-
gates was prepared in which the Michael
acceptor (maleimide) was covalently attached
to the 3′ terminus of the oligonucleotide, and
the thiol-containing conjugant of interest was
loaded on a solid support (Harrison and
Balasubramanian, 1997). When preparing oli-
gonucleotide conjugates containing 3′-disul-
fides, either the 3′-thiolated oligonucleotide or
the conjugating species can be activated. Disul-
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Supplement 2 Current Protocols in Nucleic Acid Chemistry

4.5.6

Attachment of
Reporter and

Conjugate
Groups to the 3′

Termini of
Oligonucleotides



fide transfer has been used for conjugating
oligonucleotides at their 3′ termini to small or
large molecules and surfaces (Asseline et al.,
1992; Gupta et al., 1991; Harrison and
Balasubramanian, 1997; Kumar, 1993b; Zuck-
erman et al., 1987). For example, hybrid en-
zymes that hydrolyze RNA sequences specifi-
cally have also been prepared via disulfide
exchange (Zuckerman et al., 1988; Zuckerman
and Schultz, 1988).

Conjugation of 3′-Phosphorothioates
Conjugations at phosphorous atoms near the

3′ termini of oligonucleotides have been carried
out by selectively oxidizing an H-phosphonate
linkage with an appropriately substituted amine
(Letsinger et al., 1989). The resulting phos-
phoramidate is carried through a conventional

solid phase synthesis protocol using either
phosphoramidite or H-phosphonate chemistry.
Ammonolysis and chromatographic purifica-
tion give a product containing >50% of the
respective label. A more common approach to
synthesizing 3′-oligonucleotide conjugates
takes advantage of the nucleophilicity of phos-
phorothioates. In one example, 3′-phos-
phorothioate-containing oligonucleotides
were prepared on a solid phase synthesis sup-
port (Fig. 4.5.6, S.8; Asseline et al., 1992).
Following standard oligonucleotide synthesis
and ammoniacal deprotection/cleavage under
reducing conditions, the fully deprotected oli-
gonucleotides were conjugated to halogenated
substrates (Fig. 4.5.12). Conjugation to deriva-
tives of daunomycin, fluorescein, and 1,10-
phenanthroline (S.25) containing alkyl halide
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functional groups are believed to have pro-
ceeded in essentially quantitative yields over
24 hours in either protic organic solvents con-
taining crown ethers to enhance biopolymer
solubility, or mixtures of dimethylformamide
and water. This strategy was utilized recently
in studies on truncated derivatives of the potent
antitumor antibiotics, CC-1065 and the duocar-
mycins, which alkylate deoxyadenosine at N-3
(Lukhtanov et al., 1996). The active pharmaco-
phore, the cyclopropapyrroloindole, was co-
valently linked via an α-bromoacetamido
linkage to a 3′-phosphorothioate in 50% to
60% yield.

Several reports of template-mediated oli-
gonucleotide ligation involving 3′-phos-
phorothioate DNA have also appeared. Oxida-
tive coupling of a 3′-phosphorothioate oligonu-
cleotide to a 5′-phosphorothioated biopolymer
is achieved rapidly (5 min) under mild condi-
tions (0°C) using 1 µM K3Fe(CN)6 (Gryaznov
and Letsinger, 1993a). Little or no coupling is
detected under these conditions in the absence
of a template. In contrast, ligation of a 5′-phos-
phorothioated oligonucleotide to a 3′-bro-
moacetamide-containing oligonucleotide pro-
ceeded in ∼80% yield after 48 hr at 0°C in the
absence of a template (Gryaznov and Letsinger,
1993b). As expected, the presence of a template,
which increases the effective concentration of the
reaction partners, significantly accelerated the
reaction. Essentially quantitative yields of li-
gated product were obtained in only 20 minutes
when a stoichiometric template was present. A
distinct advantage of this latter coupling
method is that the reaction does not require any
exogenous condensing agents. In a subsequent
investigation, autoligation was effectively car-
ried out using reaction partners of the opposite
polarity, 3′-phosphorothioate and 5′-bro-
moacetamide (Fig. 4.5.13; Gryaznov et al.,
1994).

Conjugation to 3′-Aldehydes
Template-mediated synthesis has also been

very useful for the conjugation of oligonu-
cleotides containing 3′-aldehydes (Goodwin
and Lynn, 1992; Zhan and Lynn, 1997). Alde-
hydes are attractive electrophiles with which to
form oligonucleotide conjugates. Condensa-
tion with primary amines under reductive con-
ditions provides secondary amines which are
stable to acid and base. Solid supports that
produce oligonucleotides containing 3′-alde-
hydes directly are unknown. Consequently, 3′-
aldehydes are typically produced via periodate
oxidation of a vicinal diol. A common practice
for preparing 3′-oligonucleotide conjugates via
aldehyde condensation takes advantage of in-
corporating a ribonucleoside at the 3′ terminus
(Fig. 4.5.14; Leonetti et al., 1988). Periodate
oxidation of the oligonucleotide containing a
3′-terminal ribonucleoside produces a dialde-
hyde which under reductive amination condi-
tions generates a morpholine upon reaction
with a primary amine. An often cited applica-
tion of this method concerns the synthesis of
poly-L-lysine conjugates of oligonucleotides
(Leonetti et al., 1988, 1990). Haralambidis et
al. (1994) have utilized this ability to introduce
amino acids at the 3′ termini of oligonu-
cleotides to enable attachment of a substituted
benzaldehyde, which is then conjugated to an
enzyme via reductive amination.

Condensation of a dialdehyde with a pri-
mary amine was also used recently in the seg-
mental synthesis of a biologically active ham-
merhead ribozyme (Bellon et al., 1996). Link-
age of the two segments was carried out in a
loop region of the hammerhead ribozyme
which had been shown to not be crucial for
catalytic activity. One segment was synthesized
so as to incorporate a 5′-alkylamine, while the
other half contained a 3′-terminal uridine which
served as the source of the dialdehyde. Follow-

5'-HO P

O

S
−

OH

N
N

N
H

I
O

5'-HO P

O

S

N
N

N
H

O

oligo O

25

oligo O+
O

−

Figure 4.5.12 Postsynthetic modification of oligonucleotide 3′-phosphorothioates.

Supplement 2 Current Protocols in Nucleic Acid Chemistry

4.5.8

Attachment of
Reporter and

Conjugate
Groups to the 3′

Termini of
Oligonucleotides



ing rapid and quantitative periodate oxidation,
reductive condensation was carried out to 95%
conversion over the course of seven days. In a
more recent study, the electrophilic half of a
ribozyme was synthesized on a glyceryl sup-

port (Fig. 4.5.6, S.9; Bellon et al., 1997; Urata
and Akagi, 1993). In these experiments, conju-
gation of the two halves of a ribozyme within
the loop II region of the unmodified hammer-
head proceeded in as high as 81.2% yield
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(48 hr) when borane pyridine was employed as
a reducing agent.

Solution Phase Conjugation of
Protected Oligonucleotides

The need for orthogonal linkers that enable
the removal of fully protected oligonucleotides
from the support for further elaboration in so-
lution was recognized by at least one leader in
the field of oligonucleotide synthesis a number
of years ago (Zon and Geiser, 1991). The first
reports of conjugating protected oligonu-
cleotides in solution appeared in 1997
(McMinn et al., 1997; also see McMinn and
Greenberg, 1998, 1999). This new method for
synthesizing oligonucleotide conjugates was
made possible by the development of a family
of orthogonal solid phase synthesis supports
(Fig. 4.5.8, S.14 to S.20). Using light or Pd(0),
these supports enable one to release oligonu-
cleotides containing 3′-alkylamines, 3′-alkyl
carboxylic acids, or 3′-phosphate diesters
which retain their exocyclic amine, phosphate
diester, and 5′-hydroxyl protecting groups. One
advantage of this method is that potential dele-
terious side reactions are eliminated by utiliz-
ing protected oligonucleotides. Nonspecific
covalent modifications of unprotected oligonu-
cleotides can be a significant problem when
conjugating biopolymers (Bischoff et al., 1987;
Erout et al., 1996; Ghosh and Musso, 1987;
Lund et al., 1988). In addition, the rates at which
conjugation reactions proceed are considerably
faster than similar bond-forming reactions us-
ing unprotected oligonucleotides. An explana-
tion for this acceleration is uncertain at this
time, but may be related to the solvent condi-
tions. Conjugation reactions of protected oli-
gonucleotides are carried out in aprotic organic
solvents, whereas unprotected oligonu-
cleotides are often conjugated in aqueous sol-
vents. Amide bond formation in aqueous sol-
vents may be adversely affected by stronger
solvation (hydrogen bonding) of the reactants,
as well as a lower effective molarity of amines
due to protonation.

The original report of solution phase conju-
gation of protected oligonucleotides utilized a
redox condensation or a Mukaiyama reaction
to activate carboxylic acids (Fig. 4.5.15;
McMinn et al., 1997; Mukaiyama, 1976). The
oligonucleotides contained 3′-alkylamines.
During the course of developing the conjuga-
tion chemistry, it was discovered that the “fast
deprotecting” amides used to protect de-
oxyadenosine and deoxyguanosine underwent
transamidation with the 3′-terminal alkyl-

amines (McMinn and Greenberg, 1997). Thus,
phenoxyacetyl-protected phosphoramidites
should not be used in conjunction with alkyl-
amine modifiers. The observed transamidation
is of general importance, because of the com-
mercial availability of alkylamine modifiers for
oligonucleotide synthesis. This problem was
overcome by using isobutyryl exocyclic amine
protecting groups for deoxyadenosine, deoxy-
cytidine, and deoxyguanosine. Subsequently, a
variety of biologically relevant reporter groups
such as biotin and acridine were conjugated in
excellent yields (88%) under mild reaction con-
ditions (2 hr at 55°C) using only ten molar
equivalents of carboxylic acids and activating
reagents relative to oligonucleotide substrate.
Only cholesterol coupled in <88% yield (i.e.,
83%), and this may be attributed to difficulties
in isolation of the very nonpolar conjugate.
Optimization of the reaction process revealed
that yields were not diminished by using as few
as five molar equivalents of reagents relative to
3′-functionalized oligonucleotide, and were
unaffected by increasing the length of the
biopolymer (McMinn and Greenberg, 1998).

N-Protected tripeptides also served as suit-
able coupling partners. For example, conjuga-
tion of N-Fmoc-Gly-Gly-His proceeded in 89%
yield (Fig. 4.5.16, S.26) and, in contrast to other
methods, prior chemical elaboration of the
tripeptide were not required in order to intro-
duce this nuclease mimic (McMinn et al., 1997;
Truffert et al., 1996). Coupling under the
Mukaiyama conditions did result in some epi-
merization of the α-amino acid. This limitation
was overcome using benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP) or 2-(1H-benzotriazolyl)-
1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU) as activating agents, with no
detriment to the yields of the conjugates
(McMinn and Greenberg, 1998). The greater
ease of using PyBOP or HBTU also proved
useful for the efficient synthesis of (5′,3′)-bis-
conjugates (Fig. 4.5.16, S.27; Kahl et al., 1998).

Protected oligonucleotides containing 3′-al-
kylamines also proved to be suitable substrates
for isocyanates. Nearly quantitative yields of
alkyl aryl ureas (e.g., Fig. 4.5.17, S.28) were
obtained upon reaction with ten molar equiva-
lents of aryl isocyanates. Coupling of the less
reactive alkyl isocyanate generated slightly
lower yield (88%), despite using twice the num-
ber of equivalents of isocyanate. The ability to
conjugate isocyanates to protected oligonu-
cleotides containing 3′-alkylamines facilitated
the synthesis of oligonucleotide-peptide conju-
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gates in which the 3′ terminus of the oligonu-
cleotide was coupled to the N terminus of a
peptide (McMinn and Greenberg, 1998). Con-
jugate S.29 (Fig. 4.5.17) was obtained in a 70%
yield upon reaction of twenty molar equivalents
of the respective isocyanate for 4 hr at 55°C;
however, the method was limited with respect
to the sequences of peptides that can be em-
ployed. For instance, peptides containing bulky
side chains at their amino termini coupled
poorly. The resulting conjugates contain the
opposite topology between the oligonu-
cleotide and peptide as that obtained from the
amide-forming reaction described in Figure
4.5.18.

Conjugation of the 3′ termini of oligonu-
cleotides to the amine terminus of tripeptides
was achieved in a more general manner by
using protected oligonucleotides containing 3′-
alkyl carboxylic acids (Kahl and Greenberg,
1999). In general, conjugation of protected oli-
gonucleotides containing 3′-alkyl carboxylic
acids to primary alkyl amines proceeded
equally efficiently as analogous reactions in-
volving 3′-alkylamine-containing oligonu-
cleotides. Furthermore, the amide-forming re-
action was essentially unaffected by steric hin-
drance during coupling to the amino termini of
peptides. Conjugation of 3′-alkyl-carboxylic-
acid-containing oligonucleotides to the amino
termini of peptides produces conjugates con-
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taining the same topology as the urea bond-
forming reaction (Fig. 4.5.18). In contrast to
the urea bond-forming method, oligonu-
cleotide-peptide conjugates synthesized in this
manner proceeded efficiently even when the
N-terminal amino acid was sterically hindered.
For instance, S.30 (Fig. 4.5.18) was obtained
in 95% yield via a PyBOP mediated coupling,
whereas the analogous conjugate formed via
coupling of an oligonucleotide amine and iso-
cyanate proceeded in <20% yield (McMinn and
Greenberg, 1998).

The Synthesis of Nucleopeptides
The importance of nucleopeptides and pro-

tein-nucleic acid interactions has provided the
driving force behind several methods for syn-
thesizing these bioconjugates. Consequently,
many of the methods for preparing 3′-oligonu-
cleotide conjugates described above have been
applied to the synthesis of nucleopeptides. Re-
cently, the method involving the solution phase
coupling of protected oligonucleotides con-
taining 3′-alkylamines to carboxyl-protected
peptides was applied to the synthesis of a con-
jugate consisting of the operator site of the λ
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repressor helix-turn-helix protein and a modi-
fied version of the DNA-binding helix of λ
repressor (McMinn and Greenberg, 1999). The
desired bioconjugate (Fig. 4.5.19, S.31) was
obtained in 72% yield using ten molar equiva-
lents of peptide and PyBOP. Attempted synthe-
sis of the related nucleopeptide (Fig. 4.5.19,
S.32) containing the naturally occurring DNA-
binding helix of λ repressor resulted in the
isolation of S.33 (Fig. 4.5.19) in 96% yield. It
was proposed that S.33 was formed via an N-

to O-transacylation during the concentrated
aqueous ammonia deprotection of the initially
formed conjugate. The fact that S.33 was not
observed during the synthesis of S.31 suggests
that even slight steric hindrance prevents the
undesired transacylation process.

Oligonucleotide conjugates of large pro-
teins such as modified serum albumin have
been prepared via disulfide exchange. In this
study, a 3′-thiolated oligonucleotide obtained
from a disulfide support was conjugated to a
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neoglycoprotein which was derivatized
through an alkylamine on its surface with N-
succinimidyl 3-(2-pyridyldithio)propionate
(Bonfils et al., 1992). Alternatively, 3′-thiolated
oligonucleotides were conjugated to peptides
that were derivatized with maleimides (Arar et
al., 1993; Soukchareun et al., 1998). Bioconju-
gates can be formed in high yield by this
method; however, disadvantages include sus-
ceptibility of the thiolated oligonucleotides to
oxidation, and difficulties in reactions with
highly charged peptides due to aggregation
(Soukchareun et al., 1998). Nucleopeptide con-
jugates have also been prepared via displace-
ment of a 3′-iodoacetamide-substituted oli-
gonucleotide by a cysteine-containing peptide
(Tung et al., 1995).

Two general methods have been developed
for the synthesis of oligonucleotide-peptide
conjugates on a single solid phase support.
Bifunctional supports (e.g., Figs. 4.5.3 and
4.5.20, S.5 and S.34, respectively) can be em-
ployed for the synthesis of peptides (using
N-Fmoc chemistry) and oligonucleotides se-
quentially (Basu and Wickstrom, 1995; Juby et
al., 1991). This approach was also used for the
synthesis of peptide libraries in which the oli-
gonucleotide component on the bead served as
a tag for identifying the peptide sequence (Niel-
sen et al., 1993). Alternatively, nucleopeptides
can be synthesized in a linear fashion on a single
support in which the peptide is synthesized
first, followed by coupling of a transitional
linking molecule, and then automated oligonu-
cleotide synthesis (de la Torre, 1994; Souk-
chareun et al., 1995; Truffert et al., 1994, 1996).
Typically, the linking molecule contains a pro-
tected primary alcohol and a carboxylic acid
(or activated ester) at the other terminus.

Finally, a convergent method for the synthe-
sis of 3′-oligonucleotide-peptide conjugates
was reported that takes advantage of a template-
mediated transfer of a peptide from an interme-
diate thioester to a 3′-amine-containing oli-
gonucleotide (Bruick et al., 1996).

Conjugation of Oligonucleotides to
Surfaces Via their 3′ Termini

Usage of surface-bound oligonucleotides in
applications such as sequencing by hybridiza-
tion and as sensors has resulted in a variety of
methods for covalently linking the biopolymers
to surfaces (Drmanac et al., 1993). Methods
have also been developed for in situ synthesis
of oligonucleotides on surfaces (Caviani Pease
et al., 1994; Chee et al., 1996; Cohen et al.,
1997; Maskos and Southern, 1992; McGall et
al., 1996; Southern et al., 1994); however, only
methods which involve conjugation of a pre-
viously synthesized oligonucleotide to a sur-
face will be discussed in this commentary. Fur-
thermore, in keeping with the theme of this
commentary, only those methods that involve
coupling to the 3′ terminus of an oligonu-
cleotide will be presented. As is the case for the
synthesis of nucleopeptides, many of the meth-
ods for synthesizing bioconjugates catalogued
above have been applied to the problem of
preparing surface-bound oligonucleotides.

In one application directed towards detect-
ing hybridization, silica surfaces are activated
with terminal alkyl epoxides (Lamture et al.,
1994). Oligonucleotides containing 3′-alkyl-
amines are then conjugated to the surface via
nucleophilic ring opening of the epoxide. In a
related example, patterned DNA surfaces con-
taining covalently bound oligonucleotides are
also prepared via chemical modification of sil-
ica surfaces (Fig. 4.5.21; Chrisey et al.,
1996a,b). The three step process for immobi-
lizing the oligonucleotides begins with intro-
ducing an alkylamine by modifying the silica
surface with the appropriate trialkoxysilane.
Following derivatization of the alkylamines
with a maleimide, 3′-thiolated oligonucleotides
are conjugated to the surface. When combined
with masks and existing photoresist technol-
ogy, this chemistry is useful for preparing pat-
terned surfaces on the micrometer scale. In
another application directed towards develop-
ing sequencing by hybridization, oligonu-
cleotides containing 3′-dialdehydes or 3′-alkyl-
amines were coupled to acrylamide gels con-
taining the complementary functionality via
reductive amination (Timofeev et al., 1996).

Finally, an extremely sensitive method for
detecting oligonucleotide hybridization was re-
cently reported utilizing thiolated oligonu-
cleotides (5′ and 3′) bound to gold particles
(Elghanian et al., 1997; Storhoff et al., 1998).
Hybridization to target oligonucleotides in so-
lution mediates the formation of networked
gold particle aggregates. Aggregates of the gold
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Figure 4.5.20 Support for the linear synthesis
of nucleopeptides.

Supplement 2 Current Protocols in Nucleic Acid Chemistry

4.5.14

Attachment of
Reporter and

Conjugate
Groups to the 3′

Termini of
Oligonucleotides



particles result in readily measured color
changes on as little as 10 femtomoles of mate-
rial.

SUMMARY
Although the scope of this review was lim-

ited to the synthesis of oligonucleotide conju-
gates through their 3′ termini, it is clear that
there has been significant activity during the
past decade in the development of methods for
the synthesis of oligonucleotide conjugates in
general. As more oligonucleotide-based thera-
peutics enter the clinic, and other applications
such as genome sequencing and gene function
develop, the impetus for the development of
oligonucleotide conjugate synthesis methods
will certainly continue.
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