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Abstract: Double-stranded DNA sequences have been prepared in which single atoms (the O2-carbonyls
of selected thymines) have been replaced by fluorine or methyl. To maintain normal Watson—Crick hydrogen
bonding with the complementary purines, these analogue derivatives have been prepared as C-nucleosides.
The O2-carbonyls of interest for this study are those involved in a bifurcated (or three-centered) hydrogen
bond with the minor groove binding ligand 4',6-diamidino-2-phenylindole (DAPI). Ty studies of the duplexes
illustrate that the DNA duplexes are destabilized when fluorine or methyl replaces one or both of the minor
groove O2-carbonyls, which can in part be explained by changes in minor groove hydration. In the presence
of DAPI, most of the duplexes exhibit an increased Ty due to the presence of DAPI bound in the minor
groove. The extent of helix overstabilization negatively correlates with the presence of one or both methyl
groups in the minor groove, suggesting that ligand binding is weakened in the presence of the non-carbonyl
functional groups. The presence of single fluorine appears to promote helix stabilization, and native-like
stabilization occurs when both fluorines are present. Kp values quantitate binding effects between DAPI
and the native and analogue sequences. Sequences with one or both methyl groups exhibit very poor
binding with DAPI, while those containing a single fluorine behave essentially like native carbonyl-containing
sequences. With both fluorines present, Kp values were observed to increase by a moderate 3-fold at
100 mM NaCl and somewhat more at 200 mM NacCl. Binding affinities with both methyl groups present
were 500—1000-fold weaker than native. The results suggest that organofluorines can function as hydrogen-
bond acceptors, at least in the bifurcated interaction that contributes to minor groove binding by DAPI.

Introduction centered or bifurcated hydrogen-bonding interactions in which

two carbonyls, functioning as hydrogen-bond acceptors, share
a hydrogen that is formally bound to an electronegative

heteroatom such as nitrogen. Many DNA minor groove binding

ligands such as distamyc¥f,netropsirt-¢ the Hoechst bisben-

There are a number of reported DNA-ligand crystal structures
in which the ligands bind to double-stranded DNA in the minor
groove of dA-dT rich sequences.® In these structures, water

seems to be largely excluded from the minor groove at the "2 S .
binding site, including the specifically bound water molecules zimidazoles, and DAPI (4,6-diamidino-2-phenylindolé)all

of the minor-groove spine of hydratiér? commonly found in exhibit this type of bifurcated hydrogen-bonding interaction(s)

dA—dT sequences. These complexes appear to be stabilized m}“’he” bound in the DNA minor groove. Lo
specific hydrogen-bonding interactions between the ligands and  We have measured the strength of these types of binding
functional groups located in the DNA minor groove. Among interactions using analogue sequences in which one or both of

the contacts observed to stabilize such complexes are three!h€ hydrogen-bond partners have been reméVdthe subse-
quent binding can be characterized and quantified by thermo-

(1) Larsen, T. A;; Goodsell, D. S.; Cascio, D.; Grzeskowiak, K.; Dickerson, dynamic parameters and tlAG for the specific interaction

R. E.J. Biomol. Struct. Dyn1989 7, 477-91. .
(2) Quintana, J. R.; Lipanov, A. A.; Dickerson, R. Biochemistry1991 30, extracted from the C_iata' In. pl’.eVIC.)US Wéﬂ(a StUdy was
5 1C02”94'\;3_0F6. derick. C. A W A He Rich froc. Natl. Acad. Sci performed for a thymine derivative in which the O2-carbonyl
@) U%_'A_iygggyeszngcg’g;g_” ang. A e 'ro'c' atl. Acad. Sel was replaced by hydrogen. Each of the two hydrogen-bonding
(4) Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, R.FEoc. interactions present in the bifurcated hydrogen bond was
Natl. Acad. Sci. U.S.AL985 82, 1376-80. . . )
(5) Kopka, M. L; Yoon, C.; Goodsell, D.; Pjura, R.; Dickerson, R.FEoc. measured to contribute approximately 2 kcal/mol (total value:
Natl. Acad. Sci. U.S.AL985 82, 1376-1380. . 4 kcal/mol) to the binding affinity of DAPI for the dAdT rich
(6) Kopka, M. L.; Yoon, C.; Goodsell, K.; Pjura, R.; Dickerson, RJEMol. .
Biol. 1985 183, 553-563. minor groove.
(7) Shui, X. Q.; McFaillsom, L.; Hu, G. G.; Williams, L. DBiochemistry ; : f ; _
1098 37, 8341-8355. Here, we describe an alternative approgch in which the 02
) ;’I'egeshko, V.; Minasov, G.; Egli, M. Am. Chem. Sod.999 121, 3590~ carbonyl is replaced by methyl or fluorine. Both of these
595.
(9) Kopka, M. L.; Frratini, A. V.; Drew, H. R.; Dickerson, R. H. Mol. Biol.
1983 163 129-146. (10) Lan, T.; McLaughlin, L. W.J. Am. Chem. So2001, 123 2064-2065.
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derivatives have molecular sizes that better mimic the carbonyl 35.2, 22.3 ppm; exact mass calculated fosofGiN2Og]* requiresm/z
oxygen relative to hydrogen, and both have been used in a677.2863; found, 677.2857 (ES).

variety of isosteric hydrophobic analogué42? The analogue 6-[2-(4-Nitrophenyl)ethoxy]-3-[2-deoxy-50-(4,4-dimethoxytrityl)-
sequences containing one or two methyl groups still should B-p-erythro-pentafuranosyl]-2-fluoropyridine. To 6-[2-(4-nitrophe-
interrupt hydrogen-bonding interactions, much as the hydrogen- ny!ethoxy)]-3-(3-o-2-deoxyerythro-pentafuranosyl)-2-fluoropyri-
containing sequence did, but may also provide either a din€’ (100 mg, 0.27 mmol, 1.0 equiv) dissolved in anhydrous DMF
compensating hydrophobic effect or additional unfavorable steric (2 M) nd anhydrous dichioromethane (2 mL) were added 2,6-Iutidine

ff Th | inina fluori t.”(0.15 mL, 1.35 mmol, 5 equiv), silver trifluoromethanesulfonate
effects. The analogue sequences containing fluorine(s) may sti (100 mg, 0.38 mmol. 1.4 equiv). and dimethoxytrityl chloride

form bifurcated hydrogen bonds depending on the ability of (109 mg, 0.32 mmol, 1.2 equiv). The reaction mixture was stirred at
aryl-fluorides to act as hydrogen-bonding acceptors, and they ampient temperature and was complete in 24 h as revealed by TLC
may or may not provide a hydrophobic effect. Organofluorines analysis. DMF was removed completely under high vacuum rotary
of the type C-F---H—X, where X is an electronegative evaporation; the residue was dissolved in dichloromethane (10 mL)
heteroatom, do not generally form strong hydrogen bonds, in and washed with saturated NaHg€blution (2x 10 mL). The organic
part due to their poor polarizabili?-16 Here, we describe the ~ phase was collected, dried over48&y, and concentrated to dryness.
effects of these substitutions on the binding of DAPI to the DNA The residue was purified by flash column chromatography eluted with

minor groove 1:1 ethyl acetate:petroleum ether to give product (140 mg, 79%) as a
' white foam. mp 5556 °C, TLC in 1:1 ethyl acetate:petroleum ether.
Experimental Section R = 0.2;H NMR (500 MHz, CDC}, + pyridine-ds) = 8.05 (d,J =

8.7 Hz, 2H), 7.78 (tJ = 7.8 Hz, 1H), 7.38-7.09 (m, 11H), 6.76
Materials. Oligonucleotides were synthesized on an Applied Bio- 6.72 (m, 4H), 6.44 (d) = 8.2 Hz, 1H), 5.28 (m, 1H), 4.434.38 (m,
systems 381A DNA synthesizer-Reoxynucleotide phosphoramidites ~ 3H), 4.09 (m, 1H), 3.67 (s, 6H), 3.22 (d= 4.6 Hz, 2H), 3.06 (tJ =
and 3-terminal nucleoside controlled pore glass support (CPG) were 6.5 Hz), 2.29-2.25 (m, 1H), 1.96-1.85 (m, 1H) ppm3C NMR (125
purchased from Glenn Research (Sterling, VA). High performance MHz, CDCk + pyridineds) 6 = 161.6, 161.4, 159.6, 158.6, 157.7,
liquid chromatography (HPLC) was performed on a Waters HPLC 146.9, 146.4, 145.1, 140.9, 140.9, 136.2, 130.3, 130.0, 129.4, 128.3,
system using C-18 reversed-phase columns (ODS-Hypersim5 127.9, 126.9, 123.8, 115.3, 115.1, 113.2, 113.1, 107.6, 107.5, 86.7,
particle size, and 120 A pore) with detection at 260 nm. Oligonucle- 86.3, 73.6, 66.2, 64.6, 55.3, 42.9, 35.3 ppm; exact mass calculated for
otides were desalted with Econo-Pac 10DG disposable chromatography[CsgHz7FN,OsNa]" requiresnvz 703.2432; found, 703.2435 (ES).
columns (Bio Rad, Hercules, CA). Fluorescence measurements and  3-[2-Deoxy-30-(2-cyanoethylN,N-diisopropylphosphino)-5-O-
titration experiments were performed on a Jobin-Yvon FluoroLog (4,4-dimethoxytrityl)- B-p-erythro-pentafuranosyl]-2-fluoro-6-[2-(4-

spectrofluorimeter. nitrophenyl)ethoxy]pyridine. To a solution of 3-[2-deoxy-8-(4,4-
Methods. Nucleoside Phosphoramidite Syntheses. 6-[2-(4-Nitro-  dimethoxytrityl)3-p-erythro-pentafuranosyl]-2-fluoro-6-[2-(4-
phenyl)ethoxy]-3-[2-deoxy-50-(4,4-dimethoxytrityl)- f-p-erythro- nitrophenyl)ethoxy]pyridine (100 mg, 0.15 mmol) andi,N-
pentafuranosyl]-2-methylpyridine. To 6-[2-(4-nitrophenyl)ethoxy]- diisopropylethylamine (128.2L, 0.18 mmol, 5 equiv) in anhydrous
3-(8-p-2-deoxyerythro-pentafuranosyl)-2-methylpyrididé (100 mg, dichloromethane (10 mL) was added dropwise 2-cyanodtkiyi-

0.27 mmol, 1.0 equiv) dissolved in anhydrous pyridine (10 mL) and diisopropylchlorophosphoramidite (394, 0.18 mmol, 1.2 equiv) at
coevaporated twice from pyridine and finally dissolved in 10 mL of 0 °C. The reaction mixture was stirred at ambient temperature for 2 h,
anhydrous pyridine and triethylamine (0.2 mL, 0.14 mmol, 0.5 equiv) and then methanol (1 mL) was added and stirring was continued for
were added dimethylaminopyridine (10 mg, 0.08 mmol, 0.3 equiv) and 20 min. The mixture was washed with saturated NakH@@xer solution
4,4-dimethoxytrityl chloride (100 mg, 0.29 mmol, 1.1 equiv). The (2 x 10 mL) and water (2 10 mL) and dried over N&Q, overnight.
reaction mixture was stirred at ambient temperature and was completeThe drying reagent was removed by filtration, and the solution was
in 12 h, as revealed by TLC analysis. Pyridine was removed under concentrated to 0.5 mL in vacuo. The residue was purified by
high vacuum rotary evaporation, and the residue was dissolved in precipitation from hexane to give product (104 mg, 80%) as a colorless
dichloromethane (30 mL) and washed with saturated Nak&b@ition foam consisting of a 1:1 mixture of diastereoisomers; TLC in ethyl
(3 x 20 mL). The organic phase was collected, dried ovesSTa acetate:petroleum ether (1:1® & 0.5);3P NMR (162 MHz, CDCY)

and concentrated to dryness. The residue was purified by flash columns = 148.6, 148.2 ppm; exact mass calculated fosgssFN,OoP]"
chromatography eluting with 2% methanol in dichloromethane to give requiresnvz 881.3691; found, 881.3692 (ES).

product (162 mg, 0.24 mmol, 90%) as a white foam. mp-68 °C, 3-[2-Deoxy-30-(2-cyanoethylN,N-diisopropylphosphino)-5-O-

TLC in 1% methanol in dlCthI’OI’nethaan = 02, 1H NMR (500 (4,4’_d|methoxytr|ty|)_ ﬂ_D_erythro_pentafuranosyl]_2_methy|_6_[2_(4_
MHz, DMSO-ds) 6 = 8.17 (d,J = 8.6 Hz, 2H), 7.67-7.20 (m, 12H), nitrophenyl)ethoxy]pyridine. To a solution of 3-[2-deoxy-8-(4,4-

6.88 (d,J = 8.9 Hz, 4H), 6.55 (dJ = 8.5 Hz, 1H), 5.17 (ddJ = 5.6, dimethoxytrityl)3-p-erythro-pentafuranosyl]-2-methyl-6-[2-(4-
9.7 Hz, 1H), 5.14 (dJ = 4.2 Hz, 1H), 4.51 (tJ = 6.5 Hz, 2H), 4.15 nitrophenyl)ethoxy]pyridine (100 mg, 0.15 mmol) andi,N-

(m, 1H), 3.91 (m, 1H), 3.73 (s, 6H), 3.17 {t= 6.5 Hz, 2H), 3.17 (m, diisopropylethylamine (129, 0.74 mmol, 5 equiv) in anhydrous
2H), 2.38 (s, 3H), 2.162.12 (m, 1H), 1.741.71 (m, 1H) ppm;=*C dichloromethane (10 mL) was added dropwise 2-cyanodttiyi-
NMR (125 MHz, DMSO¢) 6 = 161.9, 158.8, 152.7, 148.0, 146.9, (iisopropylchlorophosphoramidite (4Q., 0.18 mmol, 1.2 equiv) at 0
145.6, 137.3, 136.4, 136.3, 130.9, 130.4, 130.4, 129.2, 128.5, 128.4,°C_ The reaction mixture was stirred at ambient temperature for 2 h,
127.3,124.1,113.8,108.2, 86.4, 86.1, 76.1, 73.0, 65.8, 65.0, 55.7, 42.9,3nd then methanol (1 mL) was added and stirring was continued for
20 min. The mixture was washed with saturated NaH@@ter solution

(11) Moran, S,; Ren, R. X. F.,; Rumney, S.; Kool, E. J.Am. Chem. Soc. (2 x 10 mL) and water (2 10 mL) and dried over N&O, overnight.

12) g%iﬁlg_z,\??(;;?gﬁ_ E.; Good, K. L.; Tahmassebi, D. C.; Helquist, S. 1 n€ drying reagent was removed by filtration, and the solution was

A.; Morales, J. C.; Kool, E. TJ. Org. Chem2002 67, 5869-5875. concentrated to 0.5 mL in vacuo. The residue was purified by
(13) Huang, J.; Hedberg, K. Am. Chem. S0d.989 111, 6909-6911. itati ; 0
(14) Bramonte, M. A.; Vasella, AHely. Chim. Actal998 81, 695-699. precipitation from hexane to give product (95 mg, 73%) as a colorless
(15) Howard, J. A. K.; Hoy, V. J.; O’'Hagan, D.; Garry, Tetrahedronl1996 foam consisting of a 1:1 mixture of diastereoisomers; TLC in ethyl
(16) 5T2h 1"2%_1%1%62\;\,-, HoCo Bl - R Nangia. A Desirai acetate:petroleum ether (1:16 & 0.5);3P NMR (162 MHz, CDCY)

alladi, V. R.; Weiss, H.-C.; Blaser, D.; Boese, R.; Nangia, A.; Desiraju, . .

G. R.J. Am. Chem. S0d.998 120, 8702-8710. o —_148.6, 148.1 ppm; exact mass calculated fosoffgeN4OoP]"

(17) Sun, Z.; McLaughlin, L. WJ. Org. Chem2006 71, 2922-2925. requiresnvz 877.3941; found, 877.3939 (ES).
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DNA Synthesis. Oligonucleotides were prepared by solid-phase
synthesis techniques. The two analogidebxynucleoside phosphora-
midites, one containing a protected 6-methyl-2-pyridone nucleobase
and the second containing a protected 6-fluoro-2-pyridone nucleobase
exhibited coupling efficiencies that were indistinguishable from those
of the common nucleoside phosphoramidites. For deprotection of the
assembled sequences, titrophenylethyl protecting groups were
removed as the first step by treating the solid support with a solution
of 1.0 M 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU) in anhydrous
acetonitrile for 8-48 h, and finally by washing with acetonitrile three
times. Ammonia treatment then followed in the normal manner.

Purification of the oligonucleotides was accomplished by fast flow
HPLC (4.6 x 120 mm, reverse phase C18 column, trityl on), starting
with 100% A for 1 min, then using a linear gradient50% B over
4.5 min (A, 50 mM triethylammonium acetate, adjusted to pH 7.0 with
glacial acetic acid; B, 50 mM triethylammonium acetate in 70%
acetonitrile, pH 7.0). The DMT protected 12-mers had retention times
of about 5.0 min. The collected oligonucleotides were reduced in
volume and detritylated with 80% aqueous acetic acid (60 min, on ice).

Figure 1. View into the minor groove of the central d{AT, T—A)
sequence. The two thymidine O2-carbonyls are highlighted as spheres.
The reported structure indicates the presence of a three-centered
hydrogen bond involving the indole NH of DAPI and the two
minor groove thymine carbonyls of the centrally located-dA

dT base pairs. These two carbonyls (see Figure 1) in the
unliganded state would host at least one water molecule as an
integral part of the minor groove spine of hydration. In the

The resulting oligonucleotides were then desalted (Sephadex G-10) andiganded state, the indole NH is present in place of that water

stored at-20 °C. The unnatural nucleotides could be incorporated into
the DNA strands with essentially the same coupling efficiency as the
common nucleotides.

After HPLC isolation MALDI-TOF analyses were performed to
confirm the identity of the oligos: 'Sd[ CCGGAATTCGCC]-3 calcd
MS 3604. Found: 3600." 8[GGCGAATTCCGG]-3 calcd MS 3685.

Found: 3683. 5d[GGCGAA(nP2P)TCCGG]-3 calcd MS 3668.
Found: 3690. 5d[CCGGAA(nf2P)TCGCC]-3 calcd MS 3587.
Found: 3582. 5d[GGCGAA(F2P)TCCGG]-3 calcd MS 3672.
Found: 3670. 5d[CCGGAA(F2P)TCGCC]-3 calcd MS 3591.
Found: 3593

Thermal Denaturation Studies.Thermal denaturation studies were
performed in 20 mM NakPQO,, 1.0 M NaCl, pH 7.0 solution.

molecule and forms a bifurcated hydrogen bond involving the
indole nitrogen and the two minor groove carbonyls.

We have previously describEdsequences in which these two
thymine carbonyls were removed and replaced by hydrogens.
Although the modified residue forms a Watse@rick base
pair!® these duplexes are destabiliZ8dn part because of
hydration effects. The sequences exhibit relatively poor binding
by DAPI, and those experiments suggested that the three-
centered bond in the native complex contributed as much as 4
kcal/mol of binding energy in the formation of the ligand DNA
complex. To further probe the nature of this hydrogen-bonding
interaction involving the ligand DAPI, we have prepared two

Absorbance and temperature values were measured with an AVIV 14DSadditional types of derivatives, those in which the O2-carbonyl

UVNisible spectrophotometer equipped with digital temperature control.
The temperature of the cell compartment increased if@© &eps (from

0 to 95°C), and when the equilibrium was reached temperature and
absorbance data were collected. The values were determined

manually from the absorbance versus temperature plots and by first

derivative analysis.

Fluorescence Spectroscopyluorescence spectra were obtained on
a Jobin-Yvon FluoroLog spectrofluorimeter equipped with a constant
temperature water bath. All measurements were taken &Caigsing
matched quartz cuvettes. All buffers and solutions used were filtered
with a 0.2um filter and degassed by being bubbling nitrogen for 30
min. All measurements were taken in 0.02 M phosphate, 0.2 M NaCl,
pH 7.0 buffer. Solutions were mixed by turning the cuvette upside down
several times and then allowing the solution to equilibrate for 1 min.

The solutions were excited at 355 nm. Fluorescence measurements wer

obtained by titrating a constant concentration of ligand (between 1 and
24 nM), with a relatively concentrated solution of dsDNA (between 1
and 30uM). Emission spectra were obtained by scanning the region
from 400 to 500 nm for each data point. The background fluorescence
intensity (buffer and ligand) was always subtracted from each data point.
The dissociation constanig) for ligand and dsDNA was determined
using eq 1, wherg @x is the total fluorescence intensity upon saturation
of ligand by dsDNAK is the equilibrium association constaia,

and [dsDNA] is the concentration of free dsDNA in solution.

F="y ®(K[dsDNAJ/(L + K[dSDNA)) 1)

Results and Discussion

The structure of DAPI (46-diamidino-2-phenylindole) bound
to double-stranded DNA has been solved by crystal structure
analysi$ using a double-stranded DNA dodecamer as a target.

of each thymine-like residue has been replaced by either fluorine
or methyl (Figure 2). (For synthetic accessibility, we have used
modified uracils in place of modified thymines.) The derivatives
prepared are pyridine C-nucleosides in place of native pyrimi-
dine N-nucleosides. These analogues were chosen to maintain
the possibility of “normal” WatsorCrick interbase hydrogen
bonding. Changing the O2-functionality as described would
otherwise alter the tautomeric nature of the nucleobase, and
thereby hydrogen-bonding patterns. In each of the modified
pairs, a bidentate WatsetCrick base pair should form; for a
related derivative, in which the O2-carbonyl was replaced by
hydrogen, crystallographic dd#confirm that expectation. The
averaged €N bond distance in DNA nucleosides of the'€2

®ndo conformation has been reported from a series of examples

to be 1.474 &6 To date we have obtain&the crystal structure
of a C-nucleoside related to those described here. In that
structure the measured<C bond distance was 1.495 A. The
difference between these two bond lengths is 0.021 A, which
represents less than a 2% difference in length.

Tw Data. We prepared a series of non-self-complementary
dodecamers so that we could alter the nature of the minor groove

N
N\dR
F

Figure 2. Bidentate base pairs formed from dA and either analogue
pyrimidine derivative: a pyridine C-nucleoside with either fluorine %dF
2P) or methyl (drf2P) replacing the thymine O2-carbonyl.

J. AM. CHEM. SOC. = VOL. 129, NO. 41, 2007 12533
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Table 1. Tw, Kp, and AG Values for Binding of DAPI to Native and Modified d(AATT), Sequences

HeN y
W O O A, 4 5-d(CCGGAAT'TCGCC)
HzN N ..

H T+ 3-d(GGCCTT*AAGCGG)
NH,

Tw Ty (with DAPI) ATy Ko AG AAG
entry central T's °C °C °C nM kcal/mol kcal/mol
[NaCl] = 200 mM

1 T-T 62.8 71.4 8.6 8.61.3 —11.0
2 T—dmf2P 54.1 58.4 4.3 3124 25 —8.8 2.2
3 dnf2P-T 53.9 58.0 4.1 301.68 37 —8.9 2.1
4 dnf2P—dmf2P 50.3 51.3 1.0 420F 138 -7.3 3.7
[NaCl] = 200 mM
1 T-T 62.8 71.4 8.6 8.6+ 1.3 —11.0
5 T—dF2P 60.4 69.2 8.8 8.4+ 0.9 —11.0 0.0
6 drF2P-T 60.2 68.6* 8.4 8.8+ 21 —10.9 0.1
7 dF2P—dFe2P 55.% 60.0¢ 4.9 145+ 35 —-9.3 1.7
[NaCl] = 100 mM
8 T-T 60.0 70.5 10.5 4.20.3 —-11.4
9 T—dmf2P 51.9 58.4 6.5 214 2.1 —10.4 1.0
10 dnf2P-T 51.8 58.6 6.8 16.£ 1.8 —10.6 0.9
11 dnf2P—dmf2P 47.3 49.2 1.9 2103 138 7.7 3.7
[NaCl] = 100 mM
8 T-T 60.0 70.5 10.5 4.20.2 —-11.4
12 T—dF52P 57.6 69.6 12.0 22301 —-11.7 -0.3
13 dP2P-T 56.1 69.1 13.0 1.20.2 —-12.1 -0.7
14 dP2P—-dFe2pP 52.0 59.6 7.6 1411 —10.7 0.8

aTy values could be reproducet.5 °C.

functional groups by making changes in one strand of the DNA minor groove or changes in hydration effects (Table 1). A
or the other. The central core of the duplex formed from these reduction in the salt concentration resulted in corresponding
two strands remains as the self-complementary sequencemoderate decreases in duplBx values. Corresponding transi-
d(GAATTC),. The Ty for the native dodecamer at 200 mM tions for the 3-(-p-2-deoxyerythropentafuranosyl)-2-fluoro-
NaCl is 62.8°C; at 100 mM NacCl theTy dropped slightly to 6-pyridone (dE2PY8-substituted duplexes were quite different.

60.0°C (Table 1). Very minor changes iy values were observed between the
Substitution of either central T residue in the d(GAATEC) native duplex and the monosubstituted duplesd CC at 100
duplex target site by a 33{p-2-deoxyerythropentafuranosyl)- and 200 mM salt). A more significant change iy was

2-methyl-6-pyridone (d§2P)® analogue replaces either of the observed with both analogues presekTy; = 7.7 and 8°C at
central thymine O2-carbonyls with methyl group, and these the two salt concentrations). These smaller values, relative to
sequences resulted in decreased\nvalues by about 9C. the methyl substitutions, may reflect the smaller atomic radius
Replacement of both O2-carbonyls with methyl groups lowered of fluorine resulting in less disruptive steric effects, or its more
the Tw by 12.5°C, consistent with a simple steric effect in the electronegative character that might permit it to take part in
minor groove hydration effects.

(18) Woods, K.; Lan, T.; McLaughlin, L. W.; Williams, L. DNucleic Acids

Res.2003 31, 1536-1540. . Tw values fqr the duplex.es in the presence of DAPI all
(%8) han. T('j gﬂt:/kakngmln, b\gv_.léﬁm. Ch%m.SSO%OCgS T1r2t2 ESéZ—rggleS. increased relative to those in the absence of DAPI. We have
(20) a3 ey Y V- I O'Hagen, D; Smith, G. Tretrahedrorl 996 previously reportet the use of JOB plot analyses to confirm
(1) ggmzrggh L.; Bruton, E. A; Sherwood, Byrst. Growth Des2001, 1, that a 1:1 complex is formed between DAPI and this double-
(22) Shimoni, L.; Glusker, J. FStruct. Chem1994 5, 383-397. stranded 12-mer. For the native duplexes, addition of DAPI
(23) glazfgsat', E.; Sciabola, S.; Cruciani, &.Med. Chem2004 47, 5114~ under either concentration of salt (100 or 200 mM) increased
(24) Mountford, A. J.; Hughes, D. L.; Lancaster, S.Ghem. Commur2003 the Ty value by 8.6 and 10.5C, respectively. In the presence

2148-2149. i = = i
(25) Li, C.; Ren, S. F.; Hou, J. L.; Yi, H. P.; Zhu, S. Z.; Jiang, X. K.; Li, Z. T. of 1 .eqUI.v of DAPI ([DNA] [DAPI] . 3 MM)' a Vanety Of. .

Angew. Chem2005 117, 5871-5875. stabilization effects were observed. With sequences containing

(26) Guckian, K. M.; Schweitzer, B. A.; Ren, R. X.-F.; Sheils, C. J.; Tahmassebi, i i
D. C.. Kool, E. T.J. Am. Chem. S0@00Q 132 2113-2227] one dn§2P analogue for either central T residue, the presence

(27) Freier, S. M.; Burger, B. J.; Alkema, D.; Neilson, T.; Turner, D. H. of DAPI increased thdy by 4 °C, roughly one-half of that
Biochemistryl983 22, 6198-6206. ;

(28) The nucleoside abbreviations for the dU analogues use locants thatObserved of the native Sequence' When both methyl analogues
correspond with those used for the dT analoguéaim(far left), even were present, barely a°C increase iy was observed. Both
though the absence of the C3 methyl group alters the priority of the locants results suggest that the DAPI binds less effectively to any of

that should be used to name the dU analogues. o ' .
the sequences containing minor groove methyl groups, relative

CHy O o) 0
— — — to the native sequences. Salt effects are minor with slightly
/45 o N—H 45 o N—H /45 o N—H greaterTy values obtained at the lower salt concentration. By
— — — comparison, complexes involving the DNA sequences with a
dR dR F dR CHs single fluorine residue and DAPI are at least as stable as the
dmd2p dFé2p dmb2p native sequenceDAPI complex at 200 mM salt, and at lower
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salt concentration are actually slightly more stal&@y; = 12.0
and 13.0°C, respectively). With two fluorines present at the
center of the sequence, a reductiorjpnrelative to the native

good or slightly better than that of the native complex. One
could interpret those results as implying that hydrogen bonding
to fluorine is equivalent to that of a carbonyl, but DAPI is clearly

sequence was observed at both salt concentrations, but thewot bound as well to the sequence with two fluorines. More

fluorine-containing DAPI-duplexes were significantly more

stable than the corresponding methyl-containing complexes.
Binding Studies. Equilibrium dissociation constantdKf

values) for DAPI were obtained for all native and modified

likely is that with one fluorine and one carbonyl present there
is some asymmetry in the binding; perhaps the hydrogen bond
to the carbonyl in these complexes is optimized in terms of
angle and distance. So, in this study we cannot separate the

sequences (Tab]e 1) using the inherent fluorescent propertie@inding contributions for fluorine and CarbOﬂy' acceptors in these

of the bound DAPI ligand® As with the Ty studies, we

examined DAPI binding under two different salt concentrations,
100 and 200 mM. The native sequence exhibitéaaalue of

4.2 and 8.6 nM at those two salt concentrations, respectively.
At the higher salt concentration, replacement of either O2-
carbonyl by a methyl group results in a roughly 35-fold increase
in the Kp value, and when both sites contained methyl groups

mixed sequences.

A final set of experiments was performed with the methyl
analogues to determine if binding by DAPI could be improved
at even lower salt concentrations. At 10 mM salt igefor the
native sequence was observed to be 0.8 nM; the single site
methyl analogues exhibiteép values of 4.9 and 3.7 nM, and
the double site analogue haia value of 140 nM. These values

theKp value increased some 500-fold. These values correspondcorrespond toAAG values of 1.1, 1.0, and 3.1 kcal/mol,

to changes in binding energy of 2:2.2 kcal/mol for the single

respectively. While the complexes all exhibited tighter binding,

site analogues and 3.7 kcal/mol when both methyl groups arethere are still substantial differences in binding affinities

present. The results from binding assays at the lower salt
concentration were generally similar, although the single-site
analogues differed from the native complex by only 1 kcal/
mol; with both analogues present th\G value was 3.7 kcal/
mol. These values are generally consistent with those we
reported® for sequences containing the 544-2-deoxyerythro-
pentafuranosyl)-3-methyl-2-pyridone (é2F) analogues in which
the O2-carbonyls of the T residues were replaced with hydro-
gens. The results suggest a similar loss in binding affinity
regardless of whether the C2 sites of the thymine(s) contain

suggesting that loss of the O2-carbonyl hydrogen-bond acceptors
and their replacement with hydrophobic hydrogen or methyl
groups negatively impacts ligand binding. The simplest inter-
pretation of these results is that the three-centered hydrogen-
bonding interaction in the DAPIDNA complex is worth about
3.7 kcal/mol in binding energy (slightly less at very low salt
concentrations). This value is consistent with that repéfted
previously for the hydrogen-containing analogue sequences.
The observations for the methyl-substituted sequences are
relatively straightforward to interpret. The methyl groups should

hydrogens or the sterically larger methyl groups. It also suggestsfully disrupt the bifurcated hydrogen bond present in the DAPI

that either type of analogue can be used to probe for stabilizing
hydrogen-bonding interactions in the minor groove.

DNA complex, and there is a corresponding loss of binding
energy that can be quantified by thermodynamic analysis. It is

We then examined similar analogue sequences in which theconceivable that more dramatic steric interactions might result,

same O2-carbonyls were replaced by one or two fluorines.
Surprisingly, with one fluorine atom at either site, binding
affinities as measured bip values were essentially identical
to that of the native sequence at 200 mM salt. At the lower salt
concentration, the measurelp values for the analogue

but the measured values seem quite close to those obtained for
DNA containing the drf2P analogue, which replaces each
carbonyl with the smaller hydrogen atom. At 200 mM salt a
AAG value of about 2 kcal/mol for each “arm” of the bifurcated
bond using the methyl-substituted analogue corresponds favor-

sequences were lower than that of the native sequence suggesgbly with similar values observed in our previous sttfdyhen

ing a tighter binding by DAPI when one fluorine atom was
present in place of the O2-carbonyl hydrogen-bond acceptor.
However, with both sites containing fluorine atoms tkg
values rose moderately by 17-fold (200 mM salt) and 3-fold
(100 mM salt). These values reflect DAPI binding that is more
similar to that of the native sequence than either the methyl- or

the target O2 carbonyls were deleted in favor of the sterically
smaller hydrogen atom(s). These values are moderated some-
what by the salt concentration, but with both hydrogen-bond
acceptors absent there is a 3.7 kcal/mol loss in binding energy
regardless of which salt concentration is used.

The results for the fluorine-containing sequences cannot be

the hydrogen-containing analogue sequences. While the doubleinterpreted in a similar fashion. Replacement of one minor-

substitution analogues were not as effective in blndlng DAPI groove Carbony| by fluorine results in a sequence that binds
as the native sequence, they were much more effective thanpap| as well as the native sequence or better than the native
those sequences having hydrogens or methyl groups in placesequence at 100 mM salt. One interpretation is that organof-
of the native carbonyls. luorines are effective hydrogen-bond acceptors. However, this
An estimation for the energetic contribution of the--H view is at best controversial. Examination of the Cambridge
hydrogen bond in the DNADAPI complex can be obtained  Structural Database by Howard and co-workerevealed that
from the difference in the methyl-substituted and fluorine- a hydrogen bond to aliphatic organofluorine derivatives has at
substituted complexes. At 200 mM salt this value is ap- best one-half the binding energy of a hydrogen bond to oxygen.
proximately 2.0 kcal/mol, or 1.0 kcal/mol for eackfH bond Additionally, shorter doneracceptor bonds were obser¢géd
of the three-centered interaction. At 100 mM salt this value for C(sp)—F acceptors in comparison to C8pF acceptors,
increases to 2.9 kcal/mol or approximately 1.5 kcal/mol for each an observation more recently confirm&dsuggesting that
fluorine hydrogen bond. More difficult to interpret are the results aliphatic fluorine derivatives are better acceptors than aromatic
for complexes that contain one carbonyl acceptor and one fluorines. Acidic hydrogens appear to prefer to bind oxygen or
fluorine acceptor. The free energy values in these cases are asitrogen relative to fluorind? Although fluorine is highly
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electronegative, it has poor polarizability evidenced by the fact subunit of DAPI and the target minor-groove functional groups
that polyfluorinated compounds tend to be more hydrophobic could explain the similarities in binding between the native

in nature than the corresponding hydrogen derivatives. Polar-sequence and the two monofluoro-sequences. In those cases,
izability is a necessary characteristic to function as an effective the pyrrole dipole may be able to orient itself most favorably
hydrogen-bond acceptor. Nonetheless, the introduction of with the remaining O2-carbonyl such that the observed binding
fluorine—hydrogen bonds has been observed to improve protein by the ligand is largely unaltered. The dipeiguadrupole
ligand interactiond® Therefore, the results for the fluorine- interaction may also contribute to complex stability, particularly

substituted sequences are more challenging to interpret. if the interaction with the O2-carbonyl is favored.
The observation that replacement of either carbonyl with  We have also considered the possibility that the fluorine(s)
fluorine has little effect upotkp values or correspondingG might introduce new hydrophobic interactions to account for

values at 200 mM salt, and at 100 mM salt the binding actually enhanced binding effects. However, neither the sequences
improves with fluorine, suggests a favorable fluorine hydrogen- reported here with methyl groups, nor the sequences reported
bonding interaction. This portion of the study suggests that previously with hydrogens, at these sites appear to provide any
fluorine—hydrogen bonds contribute about the same as carbo-added binding effects due to the hydrophobic effect, and the
nyl—hydrogen bonds+2 kcal/mol) to complex stability because  presence of methyl(s) or hydrogen(s) might well contribute in
there is no loss of complex stability in the presence of a single this manner even better than fluorine(s). Comparatively, a
fluorine. On the other hand, replacement of both carbonyls with sequence used in a previous stifthontaining 3-deazaadenine
fluorines results in substantially weaker binding wittAG resulted in a more tightly bound DAPI complex despite the
values varying from 0.4 to 0.8 kcal/mol for each fluorine  absence of adenine N3-nitrogen hydrogen-bond acceptor. Here,
hydrogen interaction (depending on salt concentration), valueswe were compelled to suggest the possibility that the analogue
less than those measured for the corresponding carbonyl base had unmasked site for the hydrophobic effect that
hydrogen bond~2 kcal/mol), but values that still suggest a contributed to overall ligand binding affinity. While we cannot
moderate energetic contribution by these interactions to complexcompletely exclude the possibility of fluorine hydrophobic
stability. effects for the present complexes, it is difficult to invoke that
A recent analys® of a number of protein structures where explanation in light of the data for related hydrophobic target
fluorine is present has concluded that the strength of the sites.
fluorine—hydrogen bond is more dependent upon its direction- _
ality with C(sp)—F acceptors than with C(3p-F acceptors. ~ Conclusions

The gas-phase energetics of the two different acceptors have \ye have described the syntheses of DNA sequences with
been variously determinéd and the aliphatic system with the analogue nucleosides, those in which the O2-carbonyls of
shorter hydrogen bond also exhibits the greater bond energyihymine residues have been replaced with methyl or fluorine.
(€.9., —2.38 kcal/mol vs—1.48 kcal/mol). Two examples of  Aside from these functional group modifications, the nucleosides
bifurcated bonds of the type A\H---+(F—R), have also been \yere prepared as C-nucleosides to ensure normal WaGck
report_eou-S‘m’ZS'” one case, the crystallized compound had H  pase pairing. These oligonucleotides complement previous
---F distances determined to be 2.15 and 2.18 A; the-N---F sequenced prepared with hydrogen in place of the thymine

bond angles were both 122* In the second case, the-++F carbonyl. These atomic level changes in the DNA minor groove
distances were measuggd at 1.935 and 2.184 A with a bondcan be used to probe the strength of the interactions made to
angles of 107 and 133. the native minor-groove carbonyls. Disruption of the bifurcated

Fluorine- and methyl-substituted aromatic nucleobases haveminor groove hydrogen bond leads to a changdyinvalues
been described by Kool and colleagd@sind both contribute  for the duplexes in the presence of DAPI. Measurements of
significantly to base stacking effects as measured by the gissociation constantkg) have permitted the quantitation of
“dangling end®” approach. Similar enhanced base stacking he pAPIDNA interaction. The latter can be used to obtain a
effects for the fluorine-containing duplexes could explain the thermodynamic characterization of the interaction. Surprisingly,
very similar Ty values for the native and fluorine-containing  {he presence of fluorine atoms in place of carbonyls results in
duplexes. By comparison, the presence of the minor groove g stapilizing effect of 0.40.8 kcal/mol for each interaction
methyl group in the present sequences destabilizes the duplexegepending on salt concentration. These interactions are likely

quite significantly, while in the Kool study enhanced base ine sum of both hydrogen-bonding effects and dipalgpole
stacking was observed (for 4-methylindole). These differences o gipole-quadrupole interactions.

might reflect the locations of the methyl groups, major groove

versus minor groove. In the latter location, steric effects may  Acknowledgment. This work was supported by a grant from
predominate as the smaller minor groove accommodates thethe NSF (MCB 0451448).

pyridine methyl substitution.

Dipole—dipole or dipole-quadrupole interactions may also
contribute to the observed stabilities. We have determined the
dipoles of 2-fluoropyridine and 2-pyridone to be 3.145 and 3.919
D, respectively. Dipole-dipole interactions between the pyrrole  JA073981P
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