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G-quadruplex structures are among the most interesting and
best-characterized DNA folding motifs.'! DNA sequences
that can form stable G-quadruplexes in vitro have been
implicated in a wide range of functions in vivo, including the
regulation of telomere stability,? the regulation of promot-
ers,®l and viral integration and recombination.! Many groups
have developed small-molecule ligands for G-quadruplexes
because of their potential to inhibit cancer growth by
disrupting telomere and/or promoter activities.”! A much
more limited selection of G-quadruplex ligands with useful
fluorescence properties has been reported.’) Despite such
notable progress, G-quadruplex ligands exhibiting truly high
affinity (K;<2nM) and high specificity (> 5000-fold lower
affinity to duplex DNA) have remained elusive.”*! Such
potent and selective binding might be needed to effectively
compete with cellular proteins that can bind G-rich DNA and
RNA with K values in the mid-pm range.”!

We are interested in high-affinity G-quadruplex ligands
with dual functions: they should exhibit both “turn on”
photoluminescence and the ability to regulate gene expres-
sion.*® These orthogonal readouts might be used in concert
to probe potential relationships between G-quadruplex
structure and function in vivo. We are exploring this new
concept through the design, synthesis, and evaluation of a new
family of porphyrazine derivatives where simultaneous var-
iation of the metal center and guanidinium group can
modulate the DNA specificity, cellular uptake, and photo-
physical properties of the phthalocyanine scaffold.

Structure-selective G-quadruplex ligands often have
extensive shape and charge complementarity with the stacked
G-tetrads that constitute G-quadruplex DNA.P! For example,
pyridinium- and ammonium-containing porphyrazine deriva-
tives exhibit enhanced G-quadruplex specificity relative to
the widely studied, yet nonselective ligand 5,10,15,20-tetra-
kis(N-methyl-4-pyridyl)porphine (TMPyP4).%! These mole-
cules bind to G-quadruplex DNA with modest affinities (K, =
100200 nm), but no information regarding their cellular
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uptake, luminescence, or transcriptional regulation has been
reported.’

We are interested in cationic phthalocyanines with
guanidinium groups because the cellular uptake and RNA/
DNA affinity of guanidinium-containing molecules are better
than the analogous ammonium-containing compounds."'”) We
therefore synthesized a small family of guanidiniophthalo-
cyanines (GPcs) by treating tetraaminozinc phthalocyanine 2
with various carbodiimides in an ionic liquid (pyridine/
pyridine hydrochloride) at 120°C (Scheme 1).!1 Under
these conditions, zinc was removed from both the starting
materials and products to furnish the metal-free GPcs 3-5
(Scheme 1). These reactions revealed a novel method for the
synthesis of metal-free phthalocyanines,'! but we were
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Scheme 1. Synthesis and structures of guanidiniozinc phthalocyanines 6—
8.1 Reagents and conditions: a) zinc chloride (0.25 equiv), ammonium
molybdate (0.1 mol %), nitrobenzene, 185°C, 4 h, 98 %; b) sodium sulfide
(12 equiv), DMF, 60°C, 1.5 h, 75%; c) a carbodiimide (20-50 equiv),
pyridine/pyridinium chloride, 120°C, 20 h; d) trifluoroacetic acid (TFA)/
water; e) zinc chloride, sodium acetate/acetic acid, 120°C, 1-4 h, TFA/
water. The trifluoroacetate counterions of compounds 3-8 were exchanged
for chloride for solubility tests and biological studies.
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interested in making zinc-containing GPcs because of reports
of luminescent zinc-containing phthalocyanines with good
cellular uptake.'” The metal-free GPcs 3-5 were therefore
heated with zinc chloride to generate the corresponding
guanidiniozinc phthalocyanines 6-8 (Scheme 1). These prod-
ucts were characterized by 'HNMR spectroscopy, high-
resolution mass spectrometry, and analytical HPLC."¥! Com-
pounds 6-8 appear to be single regioisomers, consistent with a
previous report that the zinc-templated cyclotetramerization
of 1 exhibits regioselectivity.*' Unexpectedly, only the
tetrakis(diisopropylguanidinio)zinc  phthalocyanine “Zn-
DIGP” (7) and its metal-free analogue 4 exhibited good
solubility in water and were therefore studied further.

To probe the G-quadruplex affinity of Zn-DIGP (7) we
used two direct and complementary fluorescence-based
methods with DNA derived from the human telomeric
repeat (“Htelo”) and from the c-Myc oncogenic promoter
(“c-Myc”).l" To probe the specificity of these interactions, we
also evaluated an unfolded variant of Htelo (“Htelo-Mut”),
and the C-rich complement strands of c-Myc (“c-Myc-C”) and
Htelo (“Htelo-C”) which can form i-motif structures.!”

To determine the stoichiometries of Zn-DIGP/oligonu-
cleotide binding, the absorbance spectrum of 1 pm Zn-DIGP
was monitored as a function of DNA concentration (Fig-
ure 1A and Figure S4 in the Supporting Information).l'’
These experiments were conducted using Zn-DIGP concen-
trations much higher than the K, values for G-quadruplex
binding; we determined stoichiometries of 2:1 for Zn-DIGP/
c-Myec, 1:1 for Zn-DIGP/Htelo, and 4:1 for Zn-DIGP/Htelo-
Mut.[™!
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Figure 1. A) Absorbance spectra of a 1 um solution of Zn-DIGP upon
titration with 0-1 equiv of a prefolded 22-mer quadruplex DNA derived
from the c-Myc promoter.'?! B, C) Fluorescence intensities of 10 nm
solutions of Zn-DIGP (4, =620 nm, 4., =705 nm) upon addition of
nucleic acids.I"! D) Fluorescence quenching of 10 nMm solutions of the
5'-fluorescein end-labeled c-Myc DNA (4., =495 nm, 4., =520 nm)
upon titration with Zn-DIGP or Zn-TMPyP4 in the presence or absence
of 220 um of CT DNA (nucleotide concentration). All samples were
prepared and analyzed in a “TKE” buffer consisting of 50 mm Tris-HCI
(pH 7.4), 150 mm KCl, and 0.5 mm EDTA. Error bars indicate standard
deviations.

Angew. Chem. Int. Ed. 2009, 48, 9362 -9365

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Zn-DIGP exhibits highly desirable “turn-on” fluores-
cence upon binding nucleic acids. Upon saturation with DNA
or RNA, a 200-fold or larger increase in photoluminescence
from Zn-DIGP was observed (Figure 1B, C and Figure S4 in
the Supporting Information).” The quantum yields of the
resulting complexes in water were 0.06+0.02 according to
comparisons with both CyS and cresyl violet as fluorescent
standards."® These modest quantum yields are compensated
by large molar extinction coefficients for absorbance of Zn-
DIGP complexes (e =30000-130000 cm~'m~'; Figure 1 A).

Fluorescence data collected using 10 nM Zn-DIGP (Fig-
ure 1B) were analyzed using an independent 2:1 binding
model,” and revealed an apparent equilibrium dissociation
constant (K,) for the Zn-DIGP/c-Myc complex of <2 nwm for
each binding site. A limit must be reported since the probe
concentration used for direct detection (10 nmM) was much
higher than the K, values, and self-association of Zn-DIGP
might cause an underestimated DNA binding affinity for all
reported binding interactions. Using a 1:1 binding model, an
apparent K, value of (6+4)nM was estimated for Htelo,
while the mutated construct Htelo-Mut bound with an
apparent K, value of (60+10) nm (Figure 1B). G-quadru-
plexes derived from the c-kit, VEGF, and insulin promoters
also bound to Zn-DIGP with K, values of approximately
108w, while the C-rich sequences c-Myc-C and Htelo-C
bound to Zn-DIGP with about 1000-fold lower affinities
(Figure 1B,C).l"!

To determine the G-quadruplex specificity of Zn-DIGP
relative to heterogeneous nucleic acids derived from cells, the
fluorescence intensities of 10 nM solutions of Zn-DIGP were
measured upon titration of a mixture of tRNA or calf thymus
(CT) DNA.I"!I Highly selective G-quadruplex binding was
revealed by comparing these binding isotherms on a loga-
rithmic scale of nucleotide concentration (Figure 1C). This
plot allows for direct comparisons between oligomeric and
polymeric nucleic acids of differing lengths and reflects both
the number of binding sites and the relative affinities. With
the assumption that the size and frequency of binding sites (in
nucleotides) are roughly similar,'! these data indicate that
Zn-DIGP binds to the c-Myc quadruplex with at least 100-
and 5000-fold higher affinity than to tRNA and CT DNA,
respectively (Figure 1 C).

The impressive G-quadruplex affinity and specificity of
Zn-DIGP was confirmed by monitoring the fluorescence
quenching of a 5'-fluorescein-labeled c-Myc DNA upon
titration of Zn-DIGP in the presence or absence of a 1000-
fold nucleotide excess of CT DNA (Figure 1 D). As a control,
the known cationic porphyrin Zn-TMPyP4 (Scheme 1) was
also evaluated. Consistent with the promiscuous binding of
Zn-TMPyP4 to nucleic acids,” a 10-fold loss in the apparent
binding affinity of Zn-TMPyP4 was observed in the presence
of competitor CT DNA (Figure 1D), while a high apparent
affinity (K;<2nm) between Zn-DIGP and c-Myc was
measured even in the presence of a 1000-fold excess of
CT DNA (Figure 1D).

Sensitive detection of Zn-DIGP can be accomplished
using standard imaging systems compatible with Cy5 as
revealed by both wide-field and confocal fluorescence micro-
scopy experiments. As a result of its profluorescent proper-
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ties, Zn-DIGP can simply be added, incubated, and imaged;
no washing of the cells was required, even when media is used
that is supplemented with 10% FCS (fetal calf serum).
Internalization of Zn-DIGP was observed in all living and
fixed cells evaluated so far, including HeLa, MCF7, B16F10,
SH-SYS5Y, E. coli BL-21, and SK-Mel-28."*! Under all con-
ditions and with all cell lines tested, little, if any nonspecific
staining of duplex DNA was observed according to co-
staining experiments with Hoechst 33342 (Figure 2 A—C and
Figure S7 in the Supporting Information).!!

Figure 2. Fixed SK-Mel-28 cells stained with 3 um Zn-DIGP (7) or
DIGP (4) and 8 um Hoechst 33342. A) Zn-DIGP fluorescence

(Aex. =620 NM, A, = 700 nm). Similar staining patterns were also
observed in cells lacking Hoechst 33342 (see Figure S7 in the Support-
ing Information).""! B) Hoechst 33342 fluorescence (4., =360 nm,
Aem.= 470 nm). C) Overlay of (A) and (B) with white-light absorbance.
D) DIGP fluorescence. E) Hoechst 33342 fluorescence. F) Overlay of
(D) and (E) with white-light absorbance. Uptake in living cells was also
observed (see Figures S5 and S6 in the Supporting Information)."!
Color balance, brightness, and contrast have been optimized uniformly
in each image.

Compared to Zn-DIGP, the metal-free guanidinio phtha-
locyanine DIGP (4) exhibited similar G-quadruplex affinity,
lower specificity (Figure S4 in the Supporting Information),l'*!
and more intense nuclear staining (Figure 2 D-F). Depending
on the cell type, application method, and incubation con-
ditions, both DIGP (4) and Zn-DIGP (7) exhibited variable
cellular localization. In living cells, these compounds were
mostly contained in trafficking vesicles and perinuclear
organelles," while in fixed and dying cells intense staining
of the nuclei and nucleoli was observed (Figure 2D-F).
Similar trends were reported for guanidine-containing trans-
porter constructs.””

Previous studies reported that when a dose of TMPyP4 on
the order of its ECy, for cytotoxicity was added to cell cultures
(100 um), it suppressed c-Myc promoter activity by a factor
of 2 or more. Given the superior G-quadruplex affinity and
specificity of Zn-DIGP, we added a much lower dose (1 um)
and used quantitative real-time polymerase chain reaction
(qRT-PCR) to assess c-Myc promoter activity in a neuro-
blastoma cell line (SH-SY5Y) known to overexpress c-Myc.*’!
Despite the lack of Zn-DIGP cytotoxicity at this dose (ECy, >
80 um),™ a time-dependent decrease in c-Myc expression up
to threefold was observed (Figure 3).

In summary, Zn-DIGP is the first example of a high-
affinity G-quadruplex ligand exhibiting both “turn-on” lumi-
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Figure 3. Relative abundance of c-Myc mRNA extracted from SH-SY5Y
neuroblastoma cells treated with 1 um Zn-DIGP for 1-48 h. qRT-PCR
was used to quantify mRNA relative to the housekeeping genes f3-
actin, SDHA, and GAPDH. Two or more independent trials of three
samples each were used to generate averages and standard deviations
plotted above. Relative values among the housekeeping genes
remained nearly constant.”!

nescence and the ability to knock-down RNA expression.
With a K; <2 nM the interaction between Zn-DIGP and c-
Myc G-quadruplex DNA is the strongest binding interaction
between a G-quadruplex structure and a small molecule
reported to date.l’! The fluorescence properties of Zn-DIGP
facilitate direct binding assays in vitro and its imaging in vivo.
The cellular localization of Zn-DIGP was markedly different
than probes for duplex DNA, and at relatively low doses
(1 um) it caused a rapid threefold knock-down of c-Myc
mRNA. The exact mechanism responsible for this knock-
down is still under investigation, but our results are consistent
with quadruplex-mediated promoter deactivation.”? Direct
fluorescence imaging of the putative Zn-DIGP/c-Myc pro-
moter complex in cells is not feasible as c-Myc is present as
either a single or low-copy number gene. The future
application of Zn-DIGP or other dual-function G-quadruplex
ligands to probe tandemly repeated genes with G-quadru-
plex-containing promoters is a highly attractive avenue to
further evaluate the relationships between G-quadruplex
structures and transcriptional control.

Received: July 6, 2009
Published online: October 30, 2009

Keywords: DNA - fluorescent probes - G-quadruplexes -
polymerase chain reaction - RNA

[1] a) J. T. Davis, Angew. Chem. 2004, 116, 684; Angew. Chem. Int.
Ed. 2004, 43,668; b) D. J. Patel, A. T. Phan, V. Kuryavyi, Nucleic
Acids Res. 2007, 35, 7429; c¢)S. Neidle, G.N. Parkinson,
Biochimie 2008, 90, 1184; d) A.N. Lane, J. B. Chaires, R. D.
Gray, J. O. Trent, Nucleic Acids Res. 2008, 36, 5482; ¢)J. B.
Chaires, J. L. Mergny, Biochimie 2008, 90, 973.
a) C. Schaffitzel, I. Berger, J. Postberg, J. Hanes, H. J. Lipps, A.
Pluckthun, Proc. Natl. Acad. Sci. USA 2001, 98, 8572; b) K.
Paeschke, T. Simonsson, J. Postberg, D. Rhodes, H. J. Lipps, Nat.
Struct. Mol. Biol. 2005, 12, 847, ¢) N. Maizels, Nat. Struct. Mol.
Biol. 2006, 13, 1055; d) L. Oganesian, T. M. Bryan, Bioessays
2007, 29, 155; ¢) D. Gomez, T. Wenner, B. Brassart, C. Douarre,
M. FE. O’Donohue, V. El Khoury, K. Shin-Ya, H. Morjani, C.
Trentesaux, J. F. Riou, J. Biol. Chem. 2006, 281, 38721.
[3] a) Y. Qin, L.H. Hurley, Biochimie 2008, 90, 1149; b)J. L.
Huppert, S. Balasubramanian, Nucleic Acids Res. 2007, 35, 406;
¢) S. G. Hershman, Q. Chen, J. Y. Lee, M. L. Kozak, P. Yue, L. S.
Wang, F. B. Johnson, Nucleic Acids Res. 2008, 36, 144; d)P.
Rawal, V. B.R. Kummarasetti, J. Ravindran, N. Kumar, K.

2

—

Angew. Chem. Int. Ed. 2009, 48, 9362 -9365


http://dx.doi.org/10.1002/ange.200300589
http://dx.doi.org/10.1002/anie.200300589
http://dx.doi.org/10.1002/anie.200300589
http://dx.doi.org/10.1093/nar/gkm711
http://dx.doi.org/10.1093/nar/gkm711
http://dx.doi.org/10.1016/j.biochi.2008.03.003
http://dx.doi.org/10.1093/nar/gkn517
http://dx.doi.org/10.1016/j.biochi.2008.05.001
http://dx.doi.org/10.1073/pnas.141229498
http://dx.doi.org/10.1038/nsmb982
http://dx.doi.org/10.1038/nsmb982
http://dx.doi.org/10.1038/nsmb1171
http://dx.doi.org/10.1038/nsmb1171
http://dx.doi.org/10.1002/bies.20523
http://dx.doi.org/10.1002/bies.20523
http://dx.doi.org/10.1074/jbc.M605828200
http://dx.doi.org/10.1016/j.biochi.2008.02.020
http://www.angewandte.org

Halder, R. Sharma, M. Mukerji, S.K. Das, S. Chowdhury,

Genome Res. 2006, 16, 644.
[4] a) D. Sen, W. Gilbert, Nature 1988, 334, 364; b) A. K. Shukla,
K.B. Roy, Biol. Chem. 2006, 387, 251; c) V. De Fonzo, E.
Bersani, F. Aluffi-Pentini, V. Parisi, Med. Hypotheses 2001, 57,
103; d) P. Barros, F. Boan, M. G. Blanco, J. Gomez-Marquez,
Febs. J. 2009, 276, 2983; e) P. Mani, V. K. Yaday, S. K. Das, S.
Chowdhury, PLoS One 2009, 4, e4399.
For some recent reviews see: a) D. Monchaud, M. P. Teulade-
Fichou, Org. Biomol. Chem. 2008, 6, 627; b) T. M. Ou, Y. J. Lu,
J. H. Tan, Z. S. Huang, K. Y. Wong, L. Q. Gu, ChemMedChem
2008, 3, 690; c) N. W. Luedtke, Chimia 2009, 63, 134; d) A.
Arola, R. Vilar, Curr. Top. Med. Chem. 2008, 8, 1405; e) A.
De Cian, L. Lacroix, C. Douarre, N. Temime-Smaali, C. Trente-
saux, J. F. Riou, J. L. Mergny, Biochimie 2008, 90, 131; f) J. H.
Tan, L. Q. Gu, J. Y. Wu, Mini-Rev. Med. Chem. 2008, 8, 1163;
¢) S. Balasubramanian, S. Neidle, Curr. Opin. Chem. Biol. 2009,
13, 345.
a) P. Yang, A. De Cian, M. P. Teulade-Fichou, J. L. Mergny, D.
Monchaud, Angew. Chem. 2009, 121, 2222; Angew. Chem. Int.
Ed. 2009, 48, 2188; b) D. L. Ma, C. M. Che, S.C. Yan, J. Am.
Chem. Soc. 2009, 131, 1835; c) F. Koeppel, J. F. Riou, A. Laoui, P.
Mailliet, P. B. Arimondo, D. Labit, O. Petitgenet, C. Hélene, J. L.
Mergny, Nucleic Acids Res. 2001, 29, 1087; d) C. C. Chang, I. C.
Kuo, I. F. Ling, C. T. Chen, H. C. Chen, P.J. Lou, J. J. Lin, T. C.
Chang, Anal. Chem. 2004, 76, 4490; e¢) H. Arthanari, S. Basu,
T. L. Kawano, P. H. Bolton, Nucleic Acids Res. 1998, 26, 3724.

[7] a) S. D. Creacy, E. D. Routh, F. Iwamoto, Y. Nagamine, S. A.
Akman, J. P. Vaughn, J. Biol. Chem. 2008, 283, 34626; b) M. Fry,
Front. Biosci. 2007, 12, 4336.

[8] a) D.P.N. Goncalves, R. Rodriguez, S. Balasubramanian,
J. K. M. Sanders, Chem. Commun. 2006, 4685; b) L. G. Ren,
A.M. Zhang, J. Huang, P. Wang, X. C. Weng, L. X. Zhang, F.
Liang, Z. Tan, X. Zhou, ChemBioChem 2007, 8, 775.

[9] a) M. W. Freyer, R. Buscaglia, K. Kaplan, D. Cashman, L. H.
Hurley, E. A. Lewis, Biophys. J. 2007, 92, 2007; b) J. S. Ren, J. B.
Chaires, Biochemistry 1999, 38, 16067.

[10] a) N. W. Luedtke, T.J. Baker, M. Goodman, Y. Tor, J. Am.
Chem. Soc. 2000, 122,12035; b) N. W. Luedtke, P. Carmichael, Y.
Tor, J. Am. Chem. Soc. 2003, 125, 12374.

[11] J. Alzeer, P. J. Roth, N. W. Luedtke, Chem. Commun. 2009, 1970.

[5

—_

[6

—_

Angewandte

[12] D.J. Ball, S. Mayhew, S. R. Wood, J. Griffiths, D. I. Vernon, S. B.
Brown, Photochem. Photobiol. 1999, 69, 390.

[13] See the Supporting Information for details regarding the syn-
thesis and characterization of 6-8, as well as results for live-cell
imaging, confocal microscopy, cytotoxicity, absorption and
emission spectra of Zn-DIGP, titrations, qRT-PCR data, and
procedures for all experiments.

[14] E-D. Cong, B. Ning, X.-G. Du, C.-Y. Ma, H.-F. Yu, B. Chen, Dyes
Pigm. 2005, 66, 149.

[15] As all available analytical data are consistent with both the C,-
and D,-symmetric regioisomers, exact structures are not speci-
fied.

[16] Oligonucleotides used: TGA(G);T(G),A(G);T(G),AA (c-
Myc),GTTA(GGGTTA),GG (Htelo), GTTA(GAGTTA),GG
(Htelo-Mut).  Similar results were obtained for both
the 22-mer c-Myc, and a longer wild-type c-Myc DNA
(GLA(G)T(G)A(G)T(G),AA(G)T(G)). “tRNA™ was a
mixture of mature and pre-tRNAs of type X-SA.

[17] a) A.T. Phan, J. L. Mergny, Nucleic Acids Res. 2002, 30, 4618;
b) D. J. Cashman, R. Buscaglia, M. W. Freyer, J. Dettler, L. H.
Hurley, E. A. Lewis, J. Mol. Model. 2008, 14, 93.

[18] a) D. Magde, J. H. Brannon, T. L. Cremers, J. Olmsted, J. Phys.
Chem. 1979, 83, 696; b) S. R. Mujumdar, R. B. Mujumdar, C. M.
Grant, A. S. Waggoner, Bioconjugate Chem. 1996, 7, 356.

[19] The determination of Zn-DIGP stoichiometries for low-affinity
binding interactions with c-Myc-C, tRNA, and CT DNA was
impractical because of the self-association of Zn-DIGP at high
concentrations.

[20] A.Wender, W. C. Galliher, E. A. Goun, L. R. Jones, T. H. Pillow,
Adv. Drug Delivery Rev. 2008, 60, 452.

[21] E. Izbicka, D. Nishioka, V. Marcell, E. Raymond, K.K.
Davidson, R. A. Lawrence, R. T. Wheelhouse, L. H. Hurley,
R. S. Wu, D. D. Von Hoff, Anti-Cancer Drug Des. 1999, 14, 355.

[22] a) A.Siddiqui-Jain, C. L. Grand, D. J. Bearss, L. H. Hurley, Proc.
Natl. Acad. Sci. USA 2002, 99,11593; b) C. L. Grand, H. Y. Han,
R. M. Munoz, S. Weitman, D. D. Von Hoff, L. H. Hurley, D. J.
Bearss, Mol. Cancer Ther. 2002, 1, 565; c) Y. Mikami-Terao, M.
Akiyama, Y. Yuza, T. Yanagisawa, O. Yamada, H. Yamada,
Cancer Lett. 2008, 261, 226.

[23] A.M. Jalava, J. E. Heikkila, K. E. O. Akerman, Exp. Cell Res.
1988, 179, 10.

Angew. Chem. Int. Ed. 2009, 48, 9362 -9365

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

9365


http://dx.doi.org/10.1101/gr.4508806
http://dx.doi.org/10.1038/334364a0
http://dx.doi.org/10.1515/BC.2006.033
http://dx.doi.org/10.1054/mehy.2001.1291
http://dx.doi.org/10.1054/mehy.2001.1291
http://dx.doi.org/10.1111/j.1742-4658.2009.07013.x
http://dx.doi.org/10.1371/journal.pone.0004399
http://dx.doi.org/10.1039/b714772b
http://dx.doi.org/10.1002/cmdc.200700300
http://dx.doi.org/10.1002/cmdc.200700300
http://dx.doi.org/10.2533/chimia.2009.134
http://dx.doi.org/10.2174/156802608786141106
http://dx.doi.org/10.2174/138955708785909880
http://dx.doi.org/10.1016/j.cbpa.2009.04.637
http://dx.doi.org/10.1016/j.cbpa.2009.04.637
http://dx.doi.org/10.1002/ange.200805613
http://dx.doi.org/10.1002/anie.200805613
http://dx.doi.org/10.1002/anie.200805613
http://dx.doi.org/10.1021/ja806045x
http://dx.doi.org/10.1021/ja806045x
http://dx.doi.org/10.1093/nar/29.5.1087
http://dx.doi.org/10.1021/ac049510s
http://dx.doi.org/10.1093/nar/26.16.3724
http://dx.doi.org/10.1074/jbc.M806277200
http://dx.doi.org/10.2741/2391
http://dx.doi.org/10.1002/cbic.200600554
http://dx.doi.org/10.1529/biophysj.106.097246
http://dx.doi.org/10.1021/bi992070s
http://dx.doi.org/10.1021/ja002421m
http://dx.doi.org/10.1021/ja002421m
http://dx.doi.org/10.1021/ja0360135
http://dx.doi.org/10.1039/b822985f
http://dx.doi.org/10.1562/0031-8655(1999)069%3C0390:ACSOTC%3E2.3.CO;2
http://dx.doi.org/10.1016/j.dyepig.2004.09.016
http://dx.doi.org/10.1016/j.dyepig.2004.09.016
http://dx.doi.org/10.1093/nar/gkf597
http://dx.doi.org/10.1007/s00894-007-0254-z
http://dx.doi.org/10.1021/j100469a012
http://dx.doi.org/10.1021/j100469a012
http://dx.doi.org/10.1021/bc960021b
http://dx.doi.org/10.1016/j.addr.2007.10.016
http://dx.doi.org/10.1073/pnas.182256799
http://dx.doi.org/10.1073/pnas.182256799
http://dx.doi.org/10.1016/0014-4827(88)90343-6
http://dx.doi.org/10.1016/0014-4827(88)90343-6
http://www.angewandte.org

