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nology, and mediciné.In addition, fluorophores are becoming . Wo o
increasingly useful in combinatorial chemistry and biology, both S O Po ‘1 3
as encoders of library members and as reporters of chemical < O O‘O‘ n >
reactiong’ As a result of this greatly expanding use of fluorescence, D ez E bo
there is a corresponding increase in the need for new fluorophores oo

having a wider range of spectral characteristic®®ne way to o ° O C o @8
generate new fluorescence properties is to encourage two dyes to ° ‘O “O‘@ O NH d
interact photophysically. A prominent and useful example of this e O‘ HO g d
is FRET dye paird,which have been instrumental in decoding the v a

human genqme. EIL—T'Ctr.o.nlcaIIy Interacting quorophores ca.m display Figure 1. Structures of “fluoroside” monomers in this study (a) and of a
new properties that individual dyes do not have, including increased ggjacted tetrafluor oligomer (b) having the sequerieBBYD. R = H or
Stokes shifts, specifically tuned excitations, or increased brightness. dimethoxytrityl.

Here we report on a new class of fluorescent molecules that are
composed of multiple individual fluorophores. To encourage various
forms of energy transfer, including the possibilities of FRET,
excimer, exciplex, and charge transfer, we encourage close interac-
tion by mimicking the structure of natural DNA. The individual
fluorophores are constructed as deoxyribosides, with the flat
aromatic fluorophores replacing a DNA base (Figuré These
individually fluorescent molecules are assembled into oligofluor
strings that resemble single-stranded DNA. This strategy not only
allows for ready preparation on a synthesizer, but it also encourages
the closest possible interactions by allowing them to stack, as do
nucleobases in DNA. Finally, the DNA backbone negative charges Figure 2. Fluorescence microscope image from a 256-member tetrafluor
maintain water solubility in what would otherwise be insoluble dyes. library composed of all possible tetrameric combinations of monomers D,

To test whether this potentially stacked oligofluor design would E: Y. Q- Excitation was at 348380 nm. Beads are PEG-polystyrene and

. ; . are dry during image acquisition. At right is a representative spectrum of
result in useful fluorophore interactions, we prepared four fluores- peaq colors and intensities from the library.
cent deoxyribosides (“fluorosides”) as monomeric components of

a combinatorial set. We chose pyrene (Y, a violet fluorophore), W€ then prepared an initial small (16-member) test library
oxoperylene (E, green), dimethylaminostilbene (D, blue), and comprised of these four monomers two units in length, on 480

quinacridone (Q, yellow) as a simple set of test dyes (Figure 1). PEG-polystyrene beads, using standard split-and-mix methods, and

Their synthesis is described in the Supporting Information. We on a 1umol scale. Trityl cation monitoring demonstrated coupling

prepared them as-Bimethoxytrityl-3-phosphoramidite derivatives yields that valre .accep(tjatbhly Eigh d(z;es.%o/cl{)bfor eiCh ofﬂthe four
for automated incorporation into DNA-like strings on a commercial monomers. YVe imaged the bead-based fibrary by epitiuorescence

synthesizer. We also prepared a set of 12 binary encoding microscope, with excitation at 3480 nm. Approximately 810

o variations of intensity and hue were distinguishable by eye. This
compounds, so that individual polyfluorophores could later be . -~ . .

. suggested that neither strong radiationless quenching mechanisms,
decoded after selection.

We characterized the fluorescence properties of the individual nor overwhelming of apparent library color by a single bright dye,

. . . wer minant outcomes for this molecular ign.
monomer fluorosides Y, E, D, and Q (see Supporting Information). ere do outcomes for this molecular desig

They display absorbance maxima ranging from 342 to 509 nm and Encouraged by thls’ we prepared a larger 25§-mgmber binary-
7 . o encoded tetrafluor library composed of all combinations of fluo-
emission maxima from 375 to 541 nm. Molar absorptivities vary

. rosides Y, E, D, and Q. On the basis of the scale of the library,
-1 —1
from 8.8 x 10° fo 4.7 x 10" L mol_ cm - Stokes shifts range each member was represented with an ca. 40-fold redundancy. This
from 17 to 93 nm, and quantum yields (in air-saturated methanol)

. new set of tetrafluors exhibited at least 50 different hues and
vary from 0.055 to 0.81. The properties are close to those of the intensities distinguishable by eye (Figure 2), ranging from violet
parent fluorophores. to yellow-orange in color, and from relatively bright to nearly
completely dark. As an initial sample, we picked and sequenced a
:g?a‘r’]"fgﬁ’é“lfrﬂcgé‘?&”dence should be addressed. E-mail: kool@stanford.edu. gt of tetrafluors based on bright beads of various hues as well as
+University of San Diego. a few especially dark examples. Approximately 90% of 50 selected
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Fluorescent labels are universally applied in biology, biotech- a b o
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b prepared earlier. This is because a greater number of different

fluorophores can be introduced into a smaller molecule and because

. _ we are not limited by commercially available phosphoramidite-

. derivatized dyes. Third, the present tetrafluors are much smaller,

) ! simpler, and less expensive to prepare (previous triple-fluorophore
molecules are a total of 13 nt in lendfth The relatively small

T T T size of the current molecules makes them good candidates for
conjugation to proteins and DNA.

Figure 3. Fluorescence of selected library members. (a) Aqueous solutions

of three tetrafluors having sequenceY®dDD (left), 5'-YEEY (center), and ~ In summary, we have des.cribed anew strategy for the construc-
5-QYYY (right), under UV excitation. (b) Normalized emission spectra tion and screening of a wide variety of discrete, water-soluble
of the same three tetrafluors (excitation 345 nm). fluorescent species from a small set of monomer “fluoroside” dyes.

beads yielded a decodable sequence; a full analysis of properties,[FL:tu;le worl; will bti_a'Tsd at Ch?ractertlzmg propert_lgs of 'm.j'\:'du?l
of some of these tetrafluors is underway. etrafluors from this library, at constructing a wider variety o

Screening of molecules on solid supports does not guarantee thaflonomer dyes and larger _Ilbrarles that contain them, and at
developing methods to conjugate them to other molecules of

they will retain the same properties in solution. In the present case, . . ) )
it is possible that effects arising from the solid-supported methods mte_rest. We expect th?t _ol|gofluor03|_des_ may_flnd use as Iapels
might in some cases affect the outcome. As a test, we synthesizedq‘r"‘.vIng new c_haracte_rlstlcs_ for app_llcatlons n the biomedical
and purified three tetrafluors, identified under the microscope as sciences and in combinatorial encoding and discovery.
bright blue (5-YDDD), green (5-YEEY), and yellow dyes (5 Acknowledgment. This work was supported by a grant from
QYYY) on the bead support. These were conveniently purified by the U.S. Army Research Office and by the NSF. J.G. acknowledges
gel electrophoresis, as if they were oligonucleotides, and were support from a Stanford Graduate Fellowship. We thank Nicholas
characterized by MS and spectroscopically. Results showed thatSalzameda for assistance in synthesis.
the new tetrafluors exhibited the same apparent color in solution
as on the solid support (Figure 3). This does not, of course,
guarantee that other members will not exhibit such methodology-
related effects (we have observed a few cases tHat dowever,
the findings establish that a major fraction of the selected beads in
such a library will yield comparable results in solution. References
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