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Abstract—An unnatural, tri-functional amino acid, t-Boc-L-para-amino-phenylalanine (1), was utilized in the design and syntheses
of highly efficient FRET cassettes (4–7) and converted them into 2�,3�-dideoxynucleotide terminators (8–11) for investigating DNA
sequencing potential coupled with a thermostable DNA polymerase, Thermo Sequenase™ II. © 2002 Elsevier Science Ltd. All
rights reserved.

Recently, there has been a substantial interest in devel-
oping FRET-labeled primers1 and dideoxynucleotide
terminators2 for high throughput DNA sequencing.
The initial whole human genome mapping efforts
hinged on the employment of FRET-labeled termina-
tors on the capillary gel based, automated sequencers.
Researchers in the genomics world are directing the
sequencing efforts not only toward finishing the whole
genome sequence and determining polymorphisms, but
also mapping genomes of other organisms for compari-
son. For analysing the order of any piece of DNA using
thermal cycle sequencing,2,3 one needs a target tem-
plate, primer, natural dNTPs, thermally stable DNA
polymerase,4 and four dye labeled-ddNTPs (termina-
tors). FRET labeled-terminators are superior to single-
dye labeled-terminators because they generate highly
sensitized, enhanced fluorescence signals for the four
kinds of DNA sequencing fragments. Each of the four
dye-pair labeled-terminators comprises a common
fluorescein donor dye, different rhodamine acceptor
dye, and ddNTP covalently attached to a core molecu-
lar cassette. A variety of molecular cassettes2 have been
used for the construction of FRET terminators and the
energy transfer efficiency of these depends upon the
type of molecular cassette that serves as a bridge
between the donor and acceptor dyes. FRET-based
terminators coupled with Thermo Sequenase™ DNA
polymerase significantly improve the quality and sensi-
tivity of automated DNA sequencing. In our continued

efforts to improve the quality and sensitivity, we have
synthesized and evaluated yet another set of novel
FRET terminators in a relatively fewer number of steps
starting with a commercially available unnatural amino
acid.

Utilizing t-Boc-para-amino-phenylalanine (1, Scheme
1), an unnatural amino acid, a common, single-dye
labeled-cassette construct (3) was envisaged to be syn-
thesized and converted to the four different dye-pair
cassettes and their corresponding FRET terminators.

Employing 1 in a conjugation reaction with NHS ester
of 5-carboxyfluorescein in pyridine produced 2,5 which
upon TFA induced removal of t-Boc protection from
the �-amino group provided the desired common single
dye cassette 3 in low yield. Obviously, low nucleophilic-
ity of the para-amino (sp2 in nature and participates its
lone-pair of electrons in resonance with the �-electrons)
functional group in 1 towards NHS ester of the fluores-
cein resulted in poor yields of 2. In an attempt to
improve the yield of the single dye cassette, a freshly
prepared acid chloride of the di-piv-carboxyfluorescein
was reacted with 1 in CH2Cl2/pyridine/DMF to obtain
2b in significantly improved 56% yield. Ammonolysis of
compound 2b with 28% aqueous ammonia followed by
treatment with TFA afforded the same single dye
labeled-cassette (3). In order to synthesize the FRET
cassettes, the common single dye-labeled cassette (3)
was individually reacted with isomerically pure NHS
esters of ROX, TAMRA, REG, and R110 dyes in
DMF in the presence of DIPEA to provide the FRET
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Scheme 1. Synthesis of FRET cassettes (4–7) and terminators (8–11).
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dye-pair cassettes (4–7)6 in yields ranging from 70 to
85%. The overall fluorescence quantum yield7 (QE%) of
these FRET cassettes (4–7)—27, 30, 37, and 45%,
respectively—were measured against the PA-phenylala-
nine derived ones—6, 13, 14, and 29%—to display
significantly improved percentages for all the four con-
structs. To help explain the enhanced brightness of the
FRET cassettes and terminators of this study, a molec-
ular modelling analysis was undertaken for ascertaining
relative spatial orientation, distance between the dye
centroids, and intramolecular functional group
interactions.

Thus, using Sybyl molecular modelling program,8 anal-
ysis was particularly carried out on the FRET con-
structs (4 and 4F), in which the absorption spectra of
the acceptor dyes overlapped with the fluorescence
emission spectra of the donor dye to the least extent.
The lowest energy conformations for 4 and 4F showed
electrostatic interaction between the quaternary nitro-
gen of the acceptor, ROX and the 3-carboxyl of the
donor, fluorescien dye moieties as a common feature

(shown as white arrows in Figs. 1 and 2). Additionally,
4 showed hydrogen-bonding interaction between the
3-carboxyl of the acceptor, ROX with para-amide N–H
of the cassette-core (shown as yellow broken line in Fig.
1). While the distances between the dye centroids in
case of 4 with two energy minimized conformations
were measured to be 8.9 (in cyan) and 9.6 (in red) A� , 4F
measured an increased distance of 10.2 A� . In both cases
the dipole-induced dipole orientation was found to be
parallel.

Clearly, shorter distance (Foster distance R0)9 coupled
with the presence of H-bonding in case of 4 compared
to 4F corroborates the enhanced energy transfer or
several-fold brightness demonstrated by the FRET cas-
settes (4–7) and their corresponding terminators (8–11).

For achieving the syntheses of the 2�,3�-dideoxynucleo-
tide terminators (8–11, Scheme 1), the FRET cassettes
(4–7) were individually converted to their correspond-
ing NHS esters employing the previously optimized
DSC/DMAP/DMF/−60°C reaction conditions,2a and in

Figure 1. Overlapped stereo views of the two lowest energy conformations of the para-amino-phenylalanine derived ET cassette
(4 in cyan and red)–overlapping was carried out to see the difference between the two in stereo viewing and all four stereo views
belong to 4.

Figure 2. Stereo view of the lowest energy conformation of the para-propargylamino-phenylalanine derived ET cassette
(4F)—both the stereo views shown belong to 4F.



S. Nampalli et al. / Tetrahedron Letters 43 (2002) 1999–20032002

Figure 3. Electropherogram generated by FRET terminators (8–11) in combination with Thermo Sequenase™ II for sequencing
a plasmid template on the MegaBACE 1000 sequencer. Read-length shown in excess of 650 bases.

situ conjugated with 11-ddNTPs (11-ddCTP, 11-
ddATP, 11-ddUTP, and 11-ddGTP)10 at −30°C to
provide the desired FRET dye-pair labeled-terminators
(8–11)11 in yields ranging from 15 to 20%. The fluores-
cence emission enhancement rates of these ET termina-
tors compared to the corresponding single rhodamine
dye labeled-terminators were found to be 34 (ROX), 8.9
(TAMRA), 8 (REG), and 3 (R110). The QE% of these
FRET terminators (8–11)—36, 22, 43, and 15%, respec-
tively—were measured to be superior to PA-phenylala-
nine derived terminators—19, 16, 26, and 8%.

In order to investigate a four-color DNA sequencing
potential of the synthesized FRET terminators (8–11),
they were tested in sequencing reactions using Thermo
Sequenase™ II DNA polymerase on the MegaBACE™
1000 sequencer. Careful examination of the electro-
pherogram (Fig. 3) revealed that the FRET terminators
(8–11) derived from para-aminophenylalanine indeed
generated high quality data with good peak uniformity,
accuracy and read-lengths in excess of 650 bases (eye-
ball estimation). Based on the comparative gel images
(Fig. 4) created by the 8 and 8F labeled-amplicons from
a slab gel DNA sequencer, the fluorescent signatures of
the former were displayed to be two-fold brighter than
the latter.

In conclusion, an efficient synthetic route has been
developed for a four-color, FRET dye-pair labeled
terminators from a commercially available starting
material, and in combination with a suitable DNA
polymerase, demonstrated their DNA sequencing
potential by generating highly sensitized fluorescence
signals representing the sequential order of the bases
involved. Investigations into the photophysical proper-
ties, molecular modelling, and DNA sequencing ability

of these new FRET terminators, not only offers
another DNA sequencing paradigm, but also shows
useful pointers for further advancements.

Figure 4. Gel image obtained from a slab gel DNA
Sequencer. Ladder 1 generated by 8F and ladder 2 generated
by 8 showing two-fold brighter signals than 8F.
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Glossary of terms: FRET (fluorescence resonance energy
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