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ABSTRACT

Peptide conjugates of the xanthene dye rose bengal (RB) are described featuring sequences that promote DNA binding. The complexation of
these conjugates with DNA causes efficient quenching of the fluorophore singlet state and suppresses singlet oxygen production. When
incubated with human cells, the RB conjugates pass through the cell membrane but are not visualized in the nucleus. This behavior is in stark
contrast to that exhibited by structurally analogous conjugates containing the unhalogenated xanthene dye fluorescein. These results highlight
the marked sensitivity of cell permeability characteristics to subtle structural differences.

Rose bengal (RB) is a xanthene dye with a high efficiency RKKRRQRRR) known to facilitate cellular permeabilfty.
of singlet oxygenY0,) formation, as it readily populates a Here, we monitor the photophysical properties of-REat
triplet state upon photoexcitatidrDue to its photoactivity, conjugates to study the effects of DNA binding and we
RB has been explored as a photodynamic sensitizer forinvestigate the cellular localization of these compounds. Our
cancer chemotherapgnd for inactivation of either virusés,  findings indicate that DNA binding strongly influences the
gram-positive bacteria, or protaZoand can induce photo-  photochemical reactivity of RB. Moreover, the derivatization
hemolysis and photothrombosis. of the Tat peptide with RB alters the cellular permeability
We have prepared a series of novel RBeptide conju-  of this sequence.
gates in order to explore how the xanthene chromophore can A RB derivative suitable for peptide coupling was
be engineered as a DNA-binding and cellular probe. To synthesized using a procedure originally developed by
promote complexation with polyanionic nucleic acids and Neckerset al. (Scheme 1J.RB 5-carboxypentyl ester (2)
cellular uptake, the HIV-1 transactivator of transcription (Tat) was prepared by refluxing RB disodium salt) (with
peptide was selected as the appended sequence. The T&bromohexanoic acid in water/acetone (1:1) for 24 h. The

peptide is a highly basic region of nine amino acids {Jat crude material was purified via flash chromatography to
afford the desired compound in moderate yield.
T These authors contributed equally to this work. Six versions of the Tat peptide were incorporated into the
(1) Golinick, K.; Schenck, G. OPure Appl. Chem1964,9, 507-525.  RB conjugates. The sequences synthesized, in addition to

(2) Bottiroli, G.; Croce, A. C.; Balzarini, P.; Locatelli, D.; Baglioni, P.;
Lo Nostro, P.; Monici, M.; Pratesi, RPhotochem. Photobiotl997, 66,

374—383. (5) Valenzeno, D. P.; Trudgen, J.; Hutzenbuhler, A.; Milne, Rhoto-
(3) Lenard, J.; Rabson, A.; Vanderoef, Roc. Natl. Acad. Sci. U.S.A. chem. Photobiol1987,46, 985—990.

1993,90, 158—162. (6) Vivés, E.; Brodin, P.; Lebleu, Bl. Biol. Chem1997,272, 16010—
(4) Dahl, T. A.; Midden, W. R.; Neckers, D. ®hotochem. Photobiol. 16017.

1988,48, 607—612. (7) Neckers, D. C.; Paczkowski, Tetrahedron1986,42, 4671—4683.
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Scheme 1. Synthesis of RB—COOH and
RB—Peptidoconjugatés
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Figure 1. Normalized absorption spectra and unnormalized emis-
sion spectra fol (solid line) and3a (dashed line) in buffer an8a
in the presence of CT DNA (dotted line).
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a See Supporting Information for synthetic protocols and com-

In contrast, the fluorescence spectra of -Rieptide
pound characterization.

conjugates show a strong dependence on solvent, the
presence of DNA, and the composition of the appended
the Tat sequence, also incorporated a glycine (G), histidine sequence (Figure 1). In methanol, the emission intensities
(H), or tryptophan (W) residue proximaB4—c) or distal  of conjugate8a—f were similar tol (Table 1). The quantum
(3d—f) to the dye. These variants were prepared to evaluateyie|ds of the conjugates are not strongly influenced by the
how single amino acids affected the spectroscopic propertiespeptide sequence. In aqueous buffer, the quantum yields of
of the conjugates. RB conjugat@sa—f were prepared on gl the RB conjugates are reduced relative to that of the parent
Rink amide solid support, and the N-terminus was capped compound. Self-quenching of RB in aqueous solution has
with the RB derivative2 using standard solid-phase Fmoc  peen observed previously and was attributed to aggredation.
chemistry and cleaved from Fhe resin (Scheme 1). Purification Furthermore, the tryptophan-containing peptide conjugate,
by HPLC afforded RB-peptide conjugate8a—f. The RB 3¢ s significantly less emissive than the other conjugates;
conjugates were then characterized using MALDI-TOF mass jig quantum yield is decreased by6-fold relative to those
spectrometry, UV-vis spectroscopy, and fluorescence spec- containing G or H and>3-fold lower than conjugatéf,
troscopy. The characterization methods and spectral data arghich contains W at a more distal position within the chain
described in Supporting Information. , _ (Table 1). The decrease in emission intensity observed for
By systematically monitoring the spectroscopic properties 3¢ jiely results from reductive quenching of RB by
of the parent compount, the modified dye2, and the RB ¢y 55nan  given the favorable driving force for this

conjugatessa—f, we were able to assess the effects of DNA o4 4ior8 This deactivation pathway would be less efficient

binding and chemical functionalization. The absqrption when RB and W are separated by intervening amino acids,
spectra of the conjugates revealed only small variations for consistent with the larger quantum yield &ff versus3c
the derivatives in a given solvehitn methanol, the modified In the presence of CT DNA, large decreases .in the

dye 2 and the RB conjugate®a—f show similar absorption X . .
spectra with a small red shift ilmax In aqueous buffer, the quantum yields for RB conjugatéa— are opserved.relatlve .
absorption of the conjugates is red-shifted more significantly tc: 1 and2. TTe fIIuorescenhc € dof theh peptide conjugfjatDe; A'\S
relative to the parent compound, wifhax values ranging almost completely quenched in the presence o '
from 550 to 565 nm for RB derivatives (Figure 1). F2r whereasl and 2 are unaffected (Table 1). Given that the
large positive charge of the RB conjugates would promote

and3a—f, a shoulder at-525 nm indicates that a low level o e that th hi s f
of aggregation occurs (Figure 3)ikely because the charge DNA binding, it is reasonable that the quenching results from

of the ring system is decreased upon esterification of thethe_ m_teraf:tlon of the conjugates with DNA. The loss 9f
free carboxyl. Upon addition of calf thymus (CT) DNA, the €Mission in the presence of DNA was used to determine
absorption spectra of the RB conjugates are not significantly PNA binding affinities. Dissociation constants JKof 0.25
altered (Figure 1). Overall, the Repeptide conjugates =+ 0-01, 0.67+ 0.03, and 0.42+ 0.02 uM for 3a—c,
exhibit similar absorbance spectra in a given solvent, "€SPectively, were obtained, indicating that the conjugates
indicating that the peptide sequence does not exert a strond'@ve high affinities for DNA and that small changes in the
influence on the electronic properties of the chromophore. PEPtide sequence did not drastically perturb the interaction
with DNA.

The most probable source of the fluorescence quenching
observed for the conjugates in the presence of DNA is charge
transfer between the excited state of RB and the nucleic acid

(8) See Supporting Information for more data and information.

(9) Neckers, D. C.; Valdes-Aguilera, O. M. kd:ances in Photochem-
istry; Volman, D., Hammond, G. S., Neckers, D. C., Eds.; John Wiley &
Sons: New York, 1993; Vol. 18, pp 31394.
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Table 1. Fluorescence Quantum Yield®) for RB—Peptide Conjugatés

compound

@, (methanol)®

@, (buffer)?

D) (DNA)¢

RB (1)

RB—COOH (2)
RB—GRKKRRQRRR (3a)
RB—HRKKRRQRRR (3b)
RB—WRKKRRQRRR (3c)
RB—QRKKRRGRRR (3d)
RB—QRKKRRHRRR (3e)
RB—QRKKRRWRRR (3f)

0.0800 + 0.0001
0.0820 + 0.0002
0.0851 + 0.0006
0.0876 + 0.0006
0.0711 + 0.0006
0.0867 + 0.0004
0.0994 + 0.0004
0.0814 + 0.0006

0.0124 £ 0.0002
0.0150 £ 0.0001
0.0177 £+ 0.0005
0.0135 4 0.0008
0.0026 + 0.0005
0.0215 + 0.0004
0.0201 + 0.0001
0.0100 + 0.0005

0.0114 + 0.0001
0.0140 + 0.0002
0.0009 + 0.0002
0.0009 + 0.0001
0.0008 + 0.0001
0.0007 £ 0.0001
0.0007 £ 0.0002
0.0005 + 0.0001

aSee Supporting Information for methods used to obtain values tabulated. Residues shown in bold in decapeptide conjugates represent positions varied.
b Measured in samples containing:® RB—peptide.c Measured in samples containing:® RB—peptide, 5uM bp CT DNA.

based? Experiments monitoring the emission 84 in the incubated with both compounds were evaluated, the FlI-
presence of different homopolymeric oligonucleotides indi- peptide4 was localized throughout the cell, consistent with
cated that the most easily oxidized DNA base, guanine, previous reports of Fl conjugatés:** However, markedly
produced the highest levels of quenchfnthe excited-state  different behavior was observed with the RBat conjugate
quenching also appears to disfavor the productiofRi, 3a. This compound appears to be excluded from the nucleus
as we observed thdD, production by the conjugates is (Figures 2A and 2B). Other RB conjugates tested displayed
reduced in the presence of DNAOxidative DNA damage

was not observed after photoexcitation of the-Rigptide _

conjugates as evaluated by denaturing polyacrylamide gel

electrophoresis (data not shown). In addition to illustrating
that the DNA-bound RB conjugates do not prodi©g these
results also indicate that charge transfer between G and RB
must have a fast recombination rate such that the formation
of oxidized base lesions is avoided.

The Tat peptide sequence featured in the RB conjugateg
described here is known to facilitate uptake by human éells.
Previous studies with the Tat sequence have provided
evidence for permeation throughout the cell, presumably due Jia

to uptake by endocytotic vesiclés.'® Wender and co-
workers have illustrated that a Tats-derived sequence, . CONHX
conjugated to another xanthene dye, fluorescein (Fl), was
able to translocate through the cellular membrénen-
natural backbones that mimic the Tat sequence such as
[-peptides conjugated to FlI have also been shown to
translocate across the cellular membrane despite a drastic
alteration from the natural peptide structdi#é®

To determine if the RB Tat peptidoconjugates exhibited
a similar cellular localization profile as the Fl analogues
previously describetf; 12 confocal microscopy was used to
visualize RB-GRKKRRQRRR within HelLa cells in com-
parison to the identical compound containing®Vhen cells

(10) Lee, P. C. C.; Rodgers, M. A. Photochem. Photobioll987,45,
79—86.

(11) Richard, J. P.; Melikov, K.; Vivés, E.; Ramos, C.; Verbeure, B.;
Gait, M. J.; Chernomordik, L. V.; Lebleu, Bl. Biol. Chem.2003,278,

585—590.

(12) Potocky, T. B.; Menon, A. K.; Gellman, S. B. Biol. Chem2003,
278, 50188—-50194.

(13) Thorén, P. E.; Persson, D.; Isakson, P.; Goksor, M.; Onfelt, A.;
Norden, B. Biochem. Biophys. Res. Comm@@03,307, 100—107.

(14) Wender, P. A.; Mitchell, D. J.; Pattabiraman, K.; Pelkey, E. T.;
Steinman, L.; Rothbard, J. Broc. Natl. Acad. Sci. U.S.2000,97, 13003~
13008.

(15) Umezawa, N.; Gelman, M. A.; Haigis, M. C.; Raines, R. T
Gellman, S. HJ. Am. Chem. So2002,124, 368—369.

(16) Synthesis and purification dfis discussed in Supporting Informa-
tion.
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Figure 2. Confocal microscopy images of unfixed HelLa cells
incubated for 1.5 h at 37C with 10uM 3a and4. (A,B) HeLa
cells incubated with only3a show fluorescence throughout the
cytoplasm, but nuclear uptake is not observed-E} HelLa cells
incubated with bott8a and4. (C) Green fluorescent image shows
the uptake oft. (D) Red fluorescent image illustrates internalization
of 3a. (E) Merged image of green and red fluorescent images
indicate cytoplasmic uptake f@aand punctuated cytoplasmic and
nuclear fluorescence fer. For reference, the structures of RB and
Fl are shown at right where X G-Tat peptide sequence.
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the same patterns of localization (data not shown). To In conclusion, a series of novel Ripeptide conjugates
confirm the different localization profiles of the Fl and RB— have been synthesized that bind DNA and enter human cells.
Tat conjugates, the two compounds were coincubated with By monitoring the spectroscopic properties of these com-
HelLa cells and visualized. The emission of the RB and FI pounds, we were able to investigate the effects of peptide
fluorophores are distinguishable, and therefore the locationsequence and cell permeability. The presence of the peptide
of each dye could be assessed individually. As shown in sequence influences the emissive properties of RB and
Figure 2E, the FI-Tat conjugate appears to have penetratedacilitates delivery to DNA, which promotes emission
the nucleus, while the RBTat conjugate appears to be quenching. When incubated with human cells, the RB
excluded from this cellular compartment. The covisualization conjugates pass through the cell membrane but are excluded
of these compounds clearly illustrates that they are segregatedrom the nucleus. The behavior observed with the new
differently despite the presence of the same peptide sequencesompounds described here is strikingly different from that
The quenching of fluorescence for the DNA-bound RB of analogues with similar structures, indicating that cellular

conjugates could in principle obscure visualization of the permeability is sensitive to subtle structural differences of
nucleoli, but the fact that no fluorescence whatsoever is gnpended species.

apparent within the interior of the cell indicates that the
concentration of the compound within the nucleus is
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