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The attachment of photolabile “protecting” groups to mask
the activity of biologically active compounds is commonly re-
ferred to as “caging”.[1] The active molecule can be released by
irradiation with the laser of a confocal microscope. The
method provides exact control over the location, dose and
time at which this event occurs. The strengths of this approach
lie, for example, in the arbitrary choice of location where a pro-

[a] Dr. G. Mayer, Dipl.-Chem. L. Krçck, V. Mikat, Dr. M. Engeser, Dr. A. Heckel
Universit t Bonn, Kekul$-Institut f'r Organische Chemie und Biochemie
Gerhard-Domagk-Strasse. 1, 53121 Bonn (Germany)
Fax: (+49)228-73-4809
E-mail : gmayer@uni-bonn.de

heckel@uni-bonn.de

Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.

1966 - 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 1966 – 1970



cess can be triggered in a suitable (light-accessible) model or-
ganism[2] and in the possibility of studying kinetic events after
initiation by a light pulse.[3]

Recently, we have started to prepare DNA and RNA deriva-
tives that bear caging groups on their nucleobases, which pre-
vent them from forming Watson–Crick base pairs. In contrast
to other groups that have chosen to mainly cage backbone
phosphate groups of DNA[4] and RNA,[2,5] we want to introduce
the modifications at specific sites[6]—ideally in any given se-
quence—and produce clean products of established identity
for a better on/off behaviour. This is because it turns out that
not all caged modifications are inactive and not all modifica-
tions in different positions can be removed with equal ease. To
this end, we first prepared a caged analogue of thymidine
(TNPP) that contained a photolabile 2-(2-nitrophenyl)-propyl
group (NPP) and used this to locally destabilize a DNA double
strand, which could be transcribed after triggering with light.[7]

We then used the same residue to sterically block the interac-
tion of a protein with an aptamer and thus made its function
light-triggerable.[8] In this study, we have expanded the reper-
toire of caged deoxynucleosides to include a caged guanosine
(dGNPP) and have used it to trigger the formation of highly or-
dered nucleic-acid secondary structures with light.[9]

Consecutive G-nucleotides in DNA or RNA molecules are
known to form stable G-quadruplex structures that are created
by Watson–Crick and Hoogsteen hydrogen bonding and a cen-
tral monovalent cation (Figure 1a). Such nucleic acid arrange-
ments can be found in nature and are suggested to play fun-
damental roles in several biological processes including modu-
lation of telomere activity,[10] HIV infection,[11] and the activity
of HIV-1 integrase[12] and human nuclear topoisomerase 1.[13]

Besides telomeric regions of chromosomes, quadruplex struc-

tures have also been found to be localized in the promoter
region of the c-myc gene[14] and in the immunoglobulin switch
region[15] where they might be involved in the regulation of
gene expression.[16] Artificially designed or in vitro selected G-
quadruplex molecules have been found to interact tightly with
defined proteins, such as human a-thrombin,[17] STAT3 pro-
tein[18] and nucleolin.[19] They have been successfully used as
antagonists of the cognate-protein function. G-quadruplex
molecules have also been investigated as potential target sites
for small-molecule drugs,[20,21] for example, to inhibit telomer-
ase activity which is up-regulated in about 85% of all can-
cers.[22]

In order to trigger the formation of G-quadruplexes with
light we prepared the caged phosphoramidite 6 (Scheme 1).
Starting with the protected deoxyguanosine (1) an isopropyl-
phenoxyacetyl group was introduced to protect the exocyclic
amino group (!2). This group can be used in the “ultramild”
protecting-group strategy[23] and can be removed, for example,
with dilute ammonia at RT. We chose this group because it is
compatible with the previously introduced TNPP residue[7] and
the NPP group can also be cleaved in the usual DNA solid-
phase synthesis deprotection protocol (concentrated ammonia,
65 8C).[24] After protection of the amine, the NPP group was in-
troduced under Mitsunobu conditions (!3). After deprotec-
tion (!4) and incorporation of the DMTr-group in the 5’-posi-
tion (!5) the phosphoramidite could be introduced (!6).
A common model sequence (7) for studying telomeres is

d(AGGG(TTAGGG)3), which is derived from human telomeric
DNA.[21] This sequence has been shown to fold into the G-
quadruplex structure as represented in Figure 1b.[25] Under var-
ious buffer conditions (high K+ concentration) different G-
quadruplex structures have recently been observed.[26] In order

Figure 1. a) The hydrogen bonding pattern in one layer of a G-quadruplex and the caged guanosine residue dGNPP used in this study. b) Schematic represen-
tation of G-quadruplex structures formed by the human telomere sequence (7) and aptamer 13. c) The deoxyoligonucleotides used in this study. The posi-
tions where nucleotides have been replaced by caged counterparts are indicated with an arrow. The synthesis of TNPP is described in a previous publication.[7]
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to study the light-induced formation of G-quadruplexes we
have replaced different dG nucleotides in 7 with dGNPP residues
(Figure 1). CD spectroscopy was used to evaluate whether G-
quadruplex structure was formed or not (Figure 2). While un-
modified sequence 7 showed the expected[27] CD spectrum, re-
placement of one dG residue at position 9 (!8) was enough

to prevent the formation of a G-quadruplex in solution. The
CD spectrum obtained was almost identical to that of the
parent oligonucleotide 7 in the absence of monovalent ions
that are required for G-quadruplex formation (Figure 2a).[27]

After irradiation of the caged oligonucleotide, the CD spectrum
showed the signal of a normal G-quadruplex, albeit with a

Scheme 1. Synthesis of protected phosphoramidite 6 for the introduction of caged deoxyguanosine residues in deoxyoligonucleotides by using solid-phase
synthesis. Reaction conditions: a) 4-iPr-C6H4-OCH2COCl (iPrPacCl), pyridine; b) 2-(2-nitrophenyl)-propan-1-ol (NPP-OH), diethylazodicarboxylate (DEAD), PPh3;
c) tetrabutylammonium fluoride, HOAc; d) dimethoxytritylchloride (DMTrCl), pyridine; e) (NCCH2CH2O)(NiPr2)PCl, iPr2NEt.

Figure 2. CD spectra of the modified telomere DNA sequences measured at RT. Unless otherwise noted the spectra were measured in PBS buffer (pH 7.4). For
the curves labelled “hn pH 8.0”, only the irradiation was performed at pH 8.0 and the resulting curves were almost identical with that of unmodified oligonu-
cleotide 7.
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somewhat lower amplitude. A slight rise in the pH of the
buffer (only during irradiation) resulted in a CD spectrum that
was practically identical to that of unmodified oligonucleotide
7 (for comments see below). Introduction of more than one
caged dG residue (8, 9) turned out not to be necessary (Fig-
ure 2b and c), but even in these cases uncaging by irradiation
occurred very efficiently.
The choice of the dG residue in the sequence is however im-

portant. Moving the modification only one position towards
the 3’-end (11, dGNPP in position 10) resulted in an oligonucleo-
tide that still formed a G-quadruplex (Figure 2d). Qualitatively,
the same result was obtained upon modification of G3 (12),
which is close to the 5’-end (Figure 2d). Therefore, in order to
destabilize a three-layer G-quadruplex, it is important to
modify a residue that is both in the core of the sequence and
involved in the formation of the middle layer.
The thrombin-binding DNA aptamer 13,[17,28] which we had

used in previous studies,[8] forms only a two-layer G-quadru-
plex structure (Figure 1). Again, modification of only one resi-
due (in position 6) was enough to obtain a caged version (14)
with a CD spectrum identical to that of unmodified aptamer
13 in the absence of buffer salts (Figure 3). Irradiation trig-
gered quadruplex formation, but, in order to obtain a CD spec-
trum identical to that of wild-type 13, the pH of the solution
had to be significantly raised during irradiation. This demon-
strates once more that the uncaging efficiency is, to some
extent, sequence dependent. At present, this problem can be

easily circumvented by the application of a slight excess of
caged molecules; after irradiation, this results in the formation
of enough uncaged material. However, future investigations
will be aimed at modifying the NPP group to improve its de-
protection efficiency and studying the application of different
photolabile groups in these positions in order to obtain caged
building blocks with clean deprotection pathways. A caged
version of 13 with a modified G8 (15) and aptamers 16–18
with caged TNPP residues, resulted in CD spectra that clearly
showed an intact G-quadruplex structure.[27] In filter-binding
studies with caged aptamer 14, no interaction with the target
molecule thrombin could be detected, whereas after irradia-
tion (pH 7.4) a KD of 80�9 nM was determined, which is very
similar to that of unmodified aptamer 13 (99�21 nM; see Sup-
porting Information).[8]

Thus, we have prepared a new caged dGNPP nucleoside for
the modification of DNA oligonucleotides and demonstrated
its use for the light-triggered formation of G-quadruplex struc-
tures. This tool can, for example, be used to monitor the fold-
ing kinetics of G-quadruplex structures in real time and the
spatiotemporal control of gene expression. Furthermore, it will
have important implications for the development of caged ap-
tamers because it might not always be possible to identify and
sterically block the active site, as in our previous study.[8] Identi-
fying important structural elements and modifying them so
that the active conformation cannot be formed could be much
easier and more efficient with the method presented here.
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