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ABSTRACT

In order to study base pairing properties of the amide
group in DNA duplexes, a nucleoside analog,
1-(2'-deoxy- B-p-ribofuranosyl)pyrrole  -3-carboxamide,
was synthesized by a new route from the ester, methyl
1-(2'-deoxy-3',5'-di- O-p-toluoyl- (-b-erythro-pentofura-
nosyl)pyrrole-3-carboxylate, obtained from the coupling
reaction between 1-chloro-2-deoxy-3,5-di- O-toluoyl-
p-erythropentofuranose and methyl pyrrole-3-carboxy-
late by treatment with dimethylaluminum amide.
1-(2'-Deoxy- B-p-ribofuranosyl)pyrrole-3-carboxamide
was incorporated into a series of oligodeoxyribo-
nucleotides by solid-phase phosphoramidite tech-
nology. The corresponding oligodeoxyribonucleotides
with  3-nitropyrrole in the same position in the
sequence were synthesized for UV comparison of
helix—coil transitions. The thermal melting studies
indicate that pyrrole-3-carboxamide, which could
conceptually adopt either a dA-like or a di-like hydrogen
bond conformation, pairs with significantly higher
affinity to T than to dC. Pyrrole-3-carboxamide further
resembles dA in the relative order of its base pairing
preferences (T > dG > dA > dC). Theoretical calculations
on the model compound  N-methylpyrrole-3-carbox-
amide using density functional theory show little
difference in the preference for a  syn; versus anti;
conformation about the bond from pyrrole C3 to the
amide carbonyl. The amide groups in both the minimized
anti; and syn; conformations are twisted out of the
plane of the pyrrole ring by 6-14 °. This twist may be
one source of destabilization when the amide group is
placed in the helix. Another contribution to the difference

in stability between the base pairs of pyrrole-3-carbox-
amide with T and pyrrole-3-carboxamide with C may be
the presence of a hydrogen bond in the former
involving an acidic proton (N3-H of T).

INTRODUCTION

3-Nitropyrrole (L) and its analog 5-nitroindole have been studied
as universal bases which function as wild cards in base pairing
within nucleic acid duplexed<5). Although thermal denaturation
studies of 3-nitropyrrole containing oligonucleotides show that it
is non-discriminating in natural base recognition, 3-nitropyrrole
is highly discriminating as a template for DNA polymerase. It was
found that 3-nitropyrrole functioned as both an A and a T analog.
A and T were incorporated opposite nitropyrrole in a 7:3 ratio by
Taq polymerase, while C or G did not appear to be incorporated
at all ). These results, along with the substantial loss in duplex
stability that occurs with nitropyrrole substitution, support the need
to find alternative solutions to the universal base problem. For most
applications an ideal universal base should indiscriminately pair
with each of the natural bases with an affinity as high as a natural
Watson—Crick base pair. As discussed previously, enhancing base
stacking interactions by extending the conjugateslystem

(e.g. 5-nitrandole) increased oligonucleotidg, values compared

to sequences containing 3-nitropyrrole, but the increments are
still not great enough to compensate the loss in duplex stability
caused by nitropyrrole’). There appears to be an inherent limit
to the extent to which non-hydrogen bonding heterocycles can
stabilize a duplex. As a second alternative, we have been
exploring the construction of nucleobase surrogates that are
configured to allow flexible hydrogen bonding patterns that
mimic the natural bases. Although it is possible to design a base
analog that can associate with each of the natural bases through
two hydrogen bonds], the difficulty of building and incorporating
such an analog into oligonucleotides suggests that it may be more
efficient to focus on analogs that are limited to base paring with just
two or three of the natural bases. Previously we showed that
imidazole-4-carboxamide deoxyribonucleoti@ ¢ould base pair

to either T or G by assuming an A-like or a C-like hydrogen bonding
configuration @). The related analog, pyrrole-3-carboxamide
deoxyribonucleotide3), could exist in two different conformations
accessible through rotating the amide about hotiht would
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using silica gel 60 Pis4 containing a gypsum binding agent
o= manufactured by EM Science. Anhydrous solvents were freshly
@ distilled from the appropriate drying agents or purchased from
! Aldrich Chemical Company. All chemicals were of reagent grade
dar or better quality and used as received. DNA phosphoramidites
1 and synthesis reagents made by Cruachem were purchased from
Non-hydrogen bonding base Fisher Scientific.

\ Methyl 1-(2'-deoxy-3,5'-di-O-p-toluoyl-3-p-erythro-
,‘oi(b\N\. N\ pentofuranosyl)pyrrole-3-carboxylate (6)

.0
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- N Sodium hydride (100 mg, 4.2 mmol) was suspended in 35 ml of
' O acetonitrile in an inert atmosphere. Methyl pyrrole-3-carboxylate
owtion dbou bond x dZ») H (5) (360 mg, 2.9 mmol) was added to the suspension and the
27 N »o mixture was stirred for an additional 15 min. After the evolution
cr R ' of hydrogen gas, 1-chloro-2-deoxy-3,5@toluoyl-D-erythro-
(Tm=46.6°C) (Tm = 43.4 °C) pentofuranosedj (1.16 g, 3.0 mmol) was added to the mixture
and the solution was stirred for 3 h at room temperature. The
reaction mixture was filtered over Celite and the solvent removed
i under reduced pressure. The resulting residue was purified by
IR N H)‘ﬁ silica gel chromatography eluted with a gradient of ethanol_ in
e ) - N - hexane from 5% to 50%. Removal of the solvents and drying
HN N\H/N o S N\LI/N " under vacuum yielded 1.1 g (80.6%)60f'H NMR (250 MHz,
smafo O tonaontbonds 2, CD30D) 3 2.42 (toluoyl-CH, s, 3H), 2.43 (toluoyl-CH s, 3H),
L/N_\EU - - @ e 2.67 (H-2, m, 2H), 3.76 (-OCH s, 3H), 4.55 (H-4m, 1H), 4.61
8 N (H-5', m, 2H), 5.64 (H-3m, 1H), 6.03 (H-1t, J =6.72 Hz, 1H),
6.60 (H-5, dd, J = 1.65, 3.04 Hz, 1H), 6.81 (H-4, m, 1H), 7.26
(toluoyl-H, m, 4H), 7.50 (H-2,t, J = 1.9 Hz, 1H), 7.93 (toluoyl-H,
Figure 1. Rotation about bonds andx would allow the amide to form  m, 4H). Clm/z 478 (M‘H) Anal. Calcd for G/H,7NO7: C,

hydrogen bonds without significantly disturbing the duplex backbones. The67_90; H, 5.70; N, 2.90. Found: C, 67.51; H, 5.66; N, 3.14.
hydrogen bonding patterns assigned to the baseSpaiesd3: T are, according

to graph-set notation, X8) (63-65). All hydrogen bonding patterns in the ) )
Watson—Crick base pairs are categorized88JR(66). TheT, data was adapted  1-(2-Deoxy3-Dd-ribofuranosyl)pyrrole-3-carboxamide (3)
from our previous studies (7,9) which used the same sequence as this study.

i

N.
“UNH

To a solution of ammonia (420 mg, 24.7 mmol) in methylene
chloride (10 ml) was added a 2.0 M solution of trimethyl

allow it to pair preferentially with either C or T as illustrated in@luminum in hexane (12.4 ml, 24.7 mmol) at >C@nder argon.
Figurel. In contrast t@, it was anticipated that the absence of théfter 30 min, compoun€ (100 mg, 0.21 mmol) was added to this
second nitrogen atom in the heterocyclic ring would Significant|§O|UtIOﬂ. The solution was_heated to reflux for 24 h. The reaction
lessen the likelihood of forming a pyrimidine like hydrogenWas carefully quenched with water. The solvent was removed by
bonding pattern witl3. rotary evaporation. The residue was extracted by methanol, a}nd
In this study, we have extended the theoretical calculations witi€ Methanol solution was evaporated to dryness. The resulting
density functional theory (DFT) methods and obtained complef€sidue was dissolved in water. The aqueous solution was
thermal melting data as a means to determine the relative stabiftracted with chloroform, filtered and lyophilized. Prod&ct

of base pairs between pyrrole-3-carboxamide and each of th&s separated in 40% yield by chromatography on silica gel using
natural bases. a mixture of chloroform/methanol (4:1) as the eluent. The NMR

spectra was identical to that reportéd)(

MATERIALS AND METHODS ) ) i
1-(2-Deoxy-3-O-dimethoxytrityl- 3-p-ribofuranosyl)pyrrole

General procedures -3-carboxamide (7)

NMR spectra were recorded using a Bruker AC 250 or a Variafo a solution of 1-(2deoxyf3-p-ribofuranosyl)pyrrole-3-carbox-
VXR-500S spectrometetH and 13C signals were internally amide 8) (268 mg, 1.18 mmol) in pyridine (3 ml) was added
referenced to TMS while 85% phosphoric acid was utilized as a4 -dimethoxytrityl chloride (442 mg, 1.30 mmol). The mixture
external standard for alP spectra. Thé1P spectra were not was stirred at room temperature for 1 h. TLC analysis indicated
corrected for bulk susceptibility. FAB and MALDI mass spectrahe presence of a small amount of starting material. Additional
were recorded by the mass spectroscopy laboratories, Department df-dimethoxytrityl chloride was added to complete the reaction.
Medicinal Chemistry and Molecular Pharmacology or Departmerithe mixture was poured into water (50 ml), and extracted with
of Biochemistry, respectively, Purdue University. Elemental analysimethylene chloride (8 50 ml). The combined organic phase was
was performed by the Microanalysis Laboratory, Department afashed with water and dried over anhydrousS@. The
Chemistry, Purdue University. Analytical thin layer chromatographproduct was separated by silica gel chromatography on a
(TLC) was carried out on pre-coated Whatman &) plates.  chromatotron using a mixture of methylene chloride/methanol
Chromatotron preparative chromatography plates were prepar€@b:5) as the eluent. Compoundvas obtained as a white foam
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(467 mg, 75%)H NMR (DMSO-d6):5 7.47 (H, t, J = 2.0 Hz, AH (cal/mol) = —4.37/(Wynax— 1/T3/4),

1H), 7.36-7.18 (DMTr-H, m, 9H), 6.88 (H-4, t, J = 2.0 Hz, 1H), ) i ) )

6.86-6.84 (DMTr-H, m, 4H), 6.73 (NHr s, 1H), 6.45 (H-2, dd, whereTmaxis the temperature (in Kelvin) at the maximum of the
J=1.5,3.0Hz, 1H), 5.92 (H;1, J = 7.5 Hz, 1H), 5.29 (H-®H differential melting curves ari4 is the temperature at the upper

dJ= 45 Hz, iH), ’4.24—4.2’2,(|-'|,-ﬁ1, 1H),'3.89'—3.86 (Hi,éﬁ’, half-height of the differential melting curves. In this analysis,
1H), 3.72 (OCH, s, 6H), 3.08 (H-5d, J = 5.0 Hz, 1H), 2.34-2.29 ACp was assumed to be zet@) Thus, enthalpy and entropy are

(H-2', m, 1H), 2.24-2.19 (H2 m, 1H). FAB m/z 303.0 independent of temperature. H@fax andT34 calculations, data

(DMTr*), 528.2 (M. Anal. Calcd for GHaoN,Og: C, 70.44: H from the UV melting measurements was exported into Igor
6.10; N,’5.30. Found: C, 70.08: H.6.24: N, 5.50. ' "7 (Wavemetrics, Inc.) for curve fitting. Since the oligonucleotides

containing azole bases had low transition temperatures, it was
difficult to define the lower baselines of the melting curves for
1-(2-Deoxy-8-O-dimethoxytrityl- B-p-ribofuranosyl)pyrrole- creatinga curves. As a compromiséq/o(1/T) was substituted
3-carboxamide-3-O-(2-cyanoethylN,N-diisopropylphospho- with 0A/OT (A = absorbance) in the data process, which may
ramidite) (8) introduce an error 0iB% (11). The differentiated curves were
fitted with a Gaussian function following smoothing by the
To a solution of compound (300 mg, 0.57 mmol) and Savitzky—Golary methodl@). The Timax and T34 values were
diisopropylammonium tetrazolide (97 mg, 0.57 mmol) in methylenealculated from the Gaussian function. Calculations involving
chloride (6 ml) was added 2-cyanoethyN,N',N'-tetraisopropyl-  these functions and all other mathematical expressions were done
phosphorodiamidite (0.21 ml, 0.66 mmol). The solution wasn the software application Mathematica (Wolfram Research).
gently swirled, allowed to stand under nitrogen at room For self-complementary sequences, the equilibrium constant is
temperature for 1.5 h, and then diluted with ethyl acetate, washegpressed as:
with water, and dried over anhydrous)S@&,. The product was
separated by silica gel chromatography on a chromatotron using K = a/2(1 —0)?C,
a mixture of ethyl acetate/triethylamine (98:2) as the eluent. . . _
CompoundB was obtained as a white foam (316 mg, 7698). Wh_ege ﬁf t_f:e totag strand (;rc:ngentratldml. ALT =Tmax Where
NMR (acetone-d6)5 148.55 and 148.48 (®-P); 1H NMR @ = P-4+ ftcan be seen that:
(acetone-d6p 7.52—7.51 (H-5, m, 1H), 7.49-7.19 (DMTr-H, m, KTmax= 0.603/G
9H), 6.94-6.91 (H-4, m, 1H), 6.89-6.85 (DMTr-H, m, 1H),
6.52-6.51 (H-2, m, 1H), 6.02 (H;1, J = 7.0 Hz, 1H), 4.69-4.63 The free energy at = Tmaxis calculated from the equation:
(H-3, m, 4H), 4.22-3.99 (H:4m, 1H), 3.92-3.47 (OG}CH,- B
and -CH, m, 5H), 3.34-3.27 (H;8n, 2H), 3.78 and 3.77 (OGH AGTmax = ~RTmaNKTmax
S, 6H), 2.59-2.46 (H:and H-2, m, 2H), 1.26-1.09 (-CCH3, M, Entropy values are then calculated from the relationship:
12H); FABm/z 729.25 (MH).
AS= (AH —AGrmax/Tmax

Synthesis and characterization of oligodeoxyribonucletides  The melting temperatures were calculated from the equation:

Oligodeoxyribonucleotides were prepared on a Milligen/BioSearch Tm =AH/(RING +AS)
8700 DNA synthesizer (imol scale) by standard solid-phase
phosphoramidite chemistry. Stepwise yields were evaluated
monitoring the o abso_rban_ce of the release of the dlmethoxytr|t¥i ing coefficients. Errors estimated fAH were<1.9,<2.5 for
cation. Coupling efficiencies ranged from 96 to 98%. TheA <1 0% forAGoser and<0 5% forT

detritylated oligonucleotides were released from the CPG and™ = 0 25°C =Uo70 m-

simultaneously deprotected by treatment with conc; &35 C

f0r8 h. The OligonUdeOtide_s were purified using 2_0% po'yaCW" Table 1.0ligonucleotides studied in thermal denaturation
amide—8 M urea preparative gel electrophoresis. The desired gyperiments [oligo A, d(CG&AA TTY GCG); oligo B, d(CGC
oligonucleotides were extracted from the gels and desalted with gam M TC GCG)] and their MALDI-MS characterization

Waters Gg SepPak8" following the manufacturer’s instructions.

Errors on the thermodynamic parameters were calculated by
andard methodsl$) from the estimated errors of the curve

The purified oligomers were lyophilized to dryness and stored at “gjigo A Oligo B Molecular weight (M-1)
—10°C. Oligodeoxyribonucleotides were characterized by x.y M Calc. Found
MALDI mass spectrometry (Tablg. A 36791 36786
3C 3605.2 3604.1
Melting experiments and thermodynamic analysis 3G 3645.2 3643.3
UV melting measurements were carried out as previously 3T 3620.2 3621.1
described?). Analysis of melting curves was accomplished with 33 3603.9 3599.9
the equation developed by Gralla and Crothetk ( 13 3605.1 3602.6
00/0(1/T) = —a(1 —a)AH/(1 +a)R 11 3608.8 3607.0
1 3608.3 3610.1

wherea is the fraction of strands bound in a helix. The transition
enthalpy was calculated from the equation: 3 3603.9 3602.4
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Reagents: i. acetonitrile, '\hH ii. (4) iii. (CH})ZAINHZ CHCly, refluxing; iv.dimethoxytrity! chloride, pyridine; v. 2-cyanoethyl
N.N,N'",N'-tetraisopropylphosp tetrazolide, CH,Cly.

Figure 2. Synthesis of 1-(2deoxy-3-O-dimethoxytrityl{3-p-ribofuranosyl)pyrrole-3-carboxamidé-@-(2-cyanoethyN,N-diisopropyl)phosphoramidites.

Computational methods sample prepared by the literature methagl1(8). For incorporation
into oligonucleotides, nucleosi@avas converted to a nucleoside
Phosphoramidite. Dimethoxyltrityl chloride was used to protect
he B-hydroxyl group of3 to give nucleosidé&. In the presence
f diisopropylammonium tetrazolidé,reacted with 2-cyanoethyl-
"N,N,N',N'-tetraisopropylphosphorodiamidite to produce phos-
ﬁhoramldlteB in 76% yield. The synthesis of ollgonucleotldes
containing pyrrole-3-carboxamide was carried out in an automated
A synthesizer. The coupling efficiency®fvas not different
m those of the natural nucleoside phosphoramidites. Nine
oligonucleotides containing nucleosidemnd3 were synthesized
this study (Tabld). The oligonucleotides in set A contained
alogsl and3 in the fourth position from thé-&nd, and A, C,
G, T,1 or 3in the ninth position. Since these sequences are self
complementary, the base in the fourth position pairs with the base
RESULTS AND DISCUSSION in the ninth position upon duplex formation. The oligonucleotides in
set B included sequences with two 3-nitropyrroles or pyrrole-
3-carboxamides at the sixth and seventh positions.

All calculations were carried out with the Gaussian 94 package
an IBM RS/6000 Computer Cluster at Purdue Universi
Computer Centetl©). The molecules under study were constructe
and minimized with SYBYL. The structures generated i

Molecular geometries were fully optimized by the B3LYP
method with the basis set 6-31G(d,p). The Gaussian computatio
package contains the explanations and abbreviations for t
methods and basis setd7). Frequency calculations were
performed at the 6—-31G(d,p) level, and no imaginary frequenci
were observed. The solvation medium effect was calculat
through the self-consistent reaction field (SCRF).

Synthesis

1-(2-Deoxy{3-p-ribofuranosyl)pyrrole-3-carboxamide3)( has
been synthesized by a four step reaction sequence starting frgfrmal denaturation studies
3-cyanopyrrole 10,18). Although 3-cyanopyrrole has been
known for many years, its preparation is still laborioiiS).( A modified version of the deoxydodecamer d(CGCGAATTCGCG)
Alternatively, we developed a procedure that uses methyas chosen to study the base-pairing properties of nucledsides
pyrrolecarboxylate) (20-22) as the starting material, which can and 3. This sequence has been shown to exist in a B-form
be made in high yield on a large scale. The sodium salt of mettsttucture in solid and solution by X-ray crystallograpb¥-6),
3-pyrrolecarboxylates), generateih situwith NaH in acetonitrile, NMR spectroscopy2(/—30) and molecular modeling3(,32).
reacts rapidly with 1-chloro-2-deoxy-3,5@ioluoyl-D-erythro-  Moreover, both X-ray and NMR studies of this sequence indicate
pentofuranose4j at ambient temperature to give prodGdh  that there is an ordered water train in the minor groove of the
70% vyield (Fig.2). AT-rich region termed the ‘spine of hydration’, which possibly
An attempt to convert the methyl ester to the carboxamide Istabilizes and increases the rigidity of the B-DN#836).
treatment with ammonia was unsuccessful, even at high temperatBfacing unnatural bases in the fourth and ninth positions in the
and pressure (>20C, 150 psi) for 2 or 3 days. Weinreb andsequence should not change the structural form of the duplex
coworkers reported a method to convert esters to amides by ussigce they should not disturb the ‘spine of hydration’ in the
dimethylaluminum amides under very mild reaction conditiong\T-rich region. The sequence d(CGCGAATTCGCG) has also
(23). With dimethylaluminum amide generatedituby reaction  been of interest for thermodynamic studi&s39). Normally, in
of trimethylaluminum with ammonia, nucleosid®@ was 1 M [Na] salt concentration, the melting of duplexes composed
converted ta in 40% yield. The structure of nucleosi8levas of this sequence occurs as a monophasic transition, which
confirmed by comparing its NMR spectra with an authenticepresents a two state helix to coil process. However, Breslauer
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{ h !
JantiyJantiy Jantiy3syny 3syny3syny
- AT 3anlixT 33nti;¢,3anti;( 3ant'|x35yn); 35ynx3synx
C_‘l.- Cf. 10.8 A 10.7 A 13.6 A 123 A 10.5 A
Al s50° 53 44° 3 29
A2 49° 52 41° 44° 47

Figure 3. Space filling models and structural parameters for base3raiend3:3. A methyl group is shown in place of ‘Gar simplification

and coworkers reported that a biphasic melting profile wathe3:T base pair must be held more rigidly within the duplex. One
obtained when the buffer concentration of {N@as<10 mM interpretation is that the more restricted motion is a result of
(40) which they attribute to formation of a hairpin structure.  increased hydrogen bonding. The hydrogen bonding pattern of
All of the UV thermal melting experiments in our laboratorythe3:T base pair would be isomorphous with a natural A:T base
were carried out in buffer containing 10 mM phosphate and 1 Mair as shown in Figue Models show that the GAC1' distance
NaCl at pH 7. Th@, values and thermodynamic parameters ofalls within 0.1 A and\; andA, within 3° of the A:T base pair
the duplexes containing nitropyrrole, pyrrole-3-carboxamide(Fig. 3).
and two sequences containing only natural bases are included in _ _ o
Table2 for comparison. Duplexes containing either analog havE?!¢ 2-Melting temperature and thermodynamic parameters for helix—coil
significantly lowerTy, andAG values than the corresponding gﬁgls;tr'gn of the sequence d(CBEATTYGCG) containing nucleoside
natural DNA. As noted previously, 3-nitropyrrole base pairs

indiscriminately ). The difference i\G (AAG) between the “yy— T _AH _AS AGysc  DMGomc
most and least stable duplexes is only 0.4 kcal/mol. Since each C) (kcalimol)  (callkmol)  (kcal/mol)  (kcal/mol)
duplex contains two modified base pairs, &G value per T 44 51 500 34

modified base pair i§D.2 kcal/mol. On the basis of melting "~ ' ' ' ‘

temperature anfiG, pyrrole-3-carboxamide shows a preferenceG:C ~ 68.9 60.0 153.3 14.3

for pairing to the natural bases in the o@iér>3.G >3:A > 3.C, LA 178 25.7 66.4 6.0 0.4
the same order of preference observed for imidazole 4-carboxamide

(9). But, the binding affinity of pyrrole-3-carboxamide for all of q% 23.2 345 944 64

the natural bases except C is substantially lower than that ¢fG  18.9 26.7 69.4 6.0
imidazole-4-carboxamide. The higheRt, is 32.2C for the LT 193 26.7 69.4 6.1

duplex with3;T base pairs,'which i§13°C higher than that for 5, 155 31.0 85.0 5.7 25
the duplex withL:T base pairs, but 1£.€ lower than thd, for

the duplex containing:T base pairs. The melting temperature of 3¢ 13:3 341 99.1 52

the duplex containin@:C base pairs is only 138, whichis 3G 216 27.1 69.8 6.2

nearly the same as tfiig, observed for the duplex containi2ag 3T 322 45.6 127.2 77

base pairs. On the other hand, the average val\(@ fafr the four

sequences containing is only slightly higher than that for 1 309 34.0 89.6 2

sequences containirly The duplex withl:C base pairs has a 13 282 415 115.8 7.0
substantially higheily, (23.22C) and appears to be the most 3.3 44 29.1 82.7 4.4

stable of the 3-nitropyrrole base pairs. TH¥S for the duplexes
containing pyrrole-3-carboxamides is 2.5 kcal/mol (1.3 kcal/moApsorbance versus temperature profiles of the sequences were determined at
per mOQIfleq base pa|r). Because &# value for the8:T base _ 260 nm. Measurements were made in 10 mM phosphate containing 1 M NaCl
pair is significantly higher than that for any of the other base pairsad 0.1 mm EDTA at pH 7.0 with an oligonucleotide concentratidfi.6fiM.
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Table 3.Total energies (Hartrees), relative energies (kcal/mol) and dipole momeBXsfor syn-9 andanti-9

6-31G(d,p)e=1 6-31G(d,p)e = 40
Escre) Escr Dipole Escr(rel) Escr Dipole
moment moment
Synr-9 0.00 -418.200 954 7 4.22 0.57 -418.204 3198 5.20
Anti-9 1.06 -418.199 267 4 5.66 0.00 -418.205 224 7 6.98

We also explored how these nucleosides behave in a DNgxoup faces inward towards the helix axis, then the amide could
duplex by placing them opposite one another. The results asume a conformation in which the carbonyl projects outward
melting experiments were very striking. The duplex withinto the major groove in order to maintain amide solvent
3-nitropyrrole opposite 3-nitropyrrold.() is more stable than interactions.
the duplexes with 3-nitropyrrole opposite any of the natural bases.

On the average, thg, value for thel:1 duplex is(111°C higher ; ; ;

thanT,, value for the duplexes with 3-nitropyrrole opposite eact] neoretical studies of 1-methyl pyrrole-3-carboxamide
of the four natural bases. Although these data support our origingl earlier studies, the energies of two conformations of methyl
hypothesis that 3-nitropyrrole contributes to helix stability pryrroIe-3-carboxamid69][ shown in Figuré were calculated by
stacking interactions, it also reveals the importance of AM1 and found to differ by only 1.3 kcal/mal§). This led us
solvophobic effect. This .effect was studied by Schweitzer an@, predict that pyrrole-3-carboxamide would behave as a
Kool for the hydrophobic, non-hydrogen-bonding base pairgniversal purine that pairs with C and T as illustrated in Figure
difluorotoluene and trimethylbenzengl). Each of these hydro-  Since our melting experiments have shown that pyrrole-3-carbox-
phobic bases pairs with itself more effectively than with a naturglmide pairs to C with significantly less affinity than to T, we have
base. As pointed out by these authors, a desolvation effegfrried out more extensive theoretical calculations on the model
destabilizes base pairs involving one natural base and 088mpound, methyl pyrrole-3-carboxamide, in order to determine
hydrophobic base. The hydrogen bonding groups of a natuiigthe experimental results would match a more accurate method
base are desolvated on insertion into the helix. If there is ¥6r predicting molecular propertieAb initio calculations have
concomitant compensation through hydrogen bonding to the baseen utilized successfully for theoretical elucidation of molecular
pair partner, then there is a net energy cost. For hydrophobic bagictures and properties. However, these calculations often
pairs, there is little price to pay for desolvation and in fact a gaifombine extensive electron correlation methods with an extended
due to the solvophobic effect. basis set for high-level computations. Possible alternativas to

Interestingly, theTm value for the duplex in which pyrrole-3- initio calculations are the DFT methodsl). Recent progress in
carboxamide was paired opposite itself was only@.40ne  the DFT method has made it more efficient than classical
might expect formation of a cyclic dimer between two amidesHartree—Fock (HF) and Moller—Plesset perturbation (MPn)
However, this cannot occur without significantly warping themethods. One of the most extensively used DFT methods, B3LYP
double helix. To be isomorphous with AT or G:C base pairs, thgi5-48), was chosen for our studies. As illustrated in Figutae
C1—C1 distance must be in the range of 10.8—11.0 Ahaiashd  amide group on the pyrrole ring would be expected to preferentially
A2 around 50 (42,43). As illustrated in Figureb, the paired adopt two different conformatiorsyn; oranti, that should allow
amide configuration would require a significant increase in thi to mimic either A or G. The results of the DFT calculation are
CI-CY distance between the two paired nucleosides. Spage@mmarized in Tablgand Figure for the optimizedynandanti
filing models arranged to maximize hydrogen bonding betweegonformations of9. These two conformations have almost
two amide groups gives a GLC1 distance 13.6 A;andA\244°  identical charge distribution on the amide groups. In the gas phase
and 4F, respectively. Furthermore, both amide groups in thige = 1), syn-9 (A-mimic) is more stable thaanti;-9 (G-mimic)
paired configuration are buried within the center of helix whictby 1.06 kcal/mol. The stability of duplex DNA containifg
would require significant desolvation. Models show that there axgepends on the stability of its base pairs in the interior of the
no pairing configurations in which the €C1 distance and;  duplex. Since the dipole moments of the two conformations are
and A, are optimized. When one amide group faces inwargelatively large, but differ by 1.44 D, the dielectric constant of the
towards the helix axis while the other faces outward into the majsurrounding medium could affect the relative stability of the two
groove (Fig.3c), the C1-CZ distance is still too great (12.3 A) conformations and hence the relative stability of the base pairs
andA1 and\; are far too small (34and 44). In this3antiy:3syr, ~ with T and C. A self-consistent reaction field (SCRF) method was
arrangement, only one weak hydrogen bonding interaction woutthosen to study the solvent medium effed&50), which has
be possible, and desolvation of the carboxamide group would stileen applied to study the guanine—cytosine and isoguanine—
occur. In the3syn,:3syny, arrangement (Figd), because of the isocytosine base pair$152). The Onsager’s reaction field
geometry it is difficult to achieve a hydrogen bonding interactiomodel was used in the calculatids8). As shown in Tablé,
between the two amides. If the two pyrroles are brought withiproceeding from gas phase to a polar medium resulted in an
van der Waals contact, the '€C1 distance is too short aidd  increase in stability of the two conformations. The dielectric
andA; are too small. In contrast to the base Baly the duplex constant within the base pairing region of the helix is unknown.
with the1:3 base pair hashy, value which is almost identical to Typically € values in the range 2—4 are used§5-58); more
that for thel:1 base pair. One interpretation is that the nitro groupecentlye = 40 was assumed by Florian and Leszczynski and
unlike the amide group, is not highly solvated by water and hené®bertset al (51,52). Experimental values of 20 and 51 have
can more favorably assume the conformation in which the nitdoeen determined for the minor and major grooves of dsDNA
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made in 10 mM phosphate containing 1 M NaCl and 0.1 mM EDTA at pH 7.0;
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Figure 4. Charge distributions in the two conformation®aind their torsion

angles from the DFT calculation. ing of a four base pair stem and a four base loop have only been

observed in buffers in which the NaCl concentration was <10 mM.
With 1 or 3 in the middle of the sequence, the hairpin structure is

respectively $9,60). Recent calculations using Poisson—Boltzmanravored even at high sodium ion and oligomer concentration. The
methods agree with the experimental results and further show tigéablilities of the hairpin structures are similar for both sequences.
dielectric constant falls rapidly on moving closer to the center dflowever, the duplex containing @3 base pairsTy = 14°C

the duplex§1). Our results show that the dielectric constant doe8t 140 uM) was significantly less stable than the duplex
make a difference, but the difference is not large. By carrying oG@ntaining twal:1 base pairsTe, = 36°C at 162uM). This is in

the calculation at both =1 ands = 40 we are able to at least @ccord with our results for tiel and3:3 base pairs in the sequence
provide a plausible range for the energy differences in amiddCGCXAATTYGCG) as discussed above. For self complementary
conformation. Wher was set equal to 40 theti; conformation ~ sequences, duplex formation competes with hairpin formation in
(G-mimic) is preferable to thgyn, by 0.57 kcal/mol. Since the solution. It seems reasonable that any change in base structure whick
duplexes containing t1&C and3-T base pairs differ in energy by destabilizes base pairing in position 6 and 7 would have a more
11 kcal/mol, it appears that the conformational energy differenc@gnificant effect on duplex formation than on hairpin formation
(106 kcal/mol or less betweﬂyr\, and anti_[) is not a major since the bases in the halrpln IOOp are not involved in base pairing.
contributor. Figurel shows the optimized structures for fyg

andanti; conformations oB. The plane of the amide deviates CONCLUSION

from the plane defined by the pyrrole ring in both conformations.

Forsyn-9, the amide oxygen is out of the pldie16 A and the There are a number of important results from this study. First, it
amide nitrogeriD.14 A. Foranti-9, the amide oxygen is out of is clear that replacing the nitro group of nitropyrrole with a
the plane.30 A and the amide nitrogém.29 A. This means carboxamide group reintroduces base pairing selectivity. Nucleoside
that in an optimal conformation the pyrrole-3-carboxamide pairs to T better than it does to any of the other natural bases.
would deviate from planarity more significantly than either of theéHowever, it is also readily apparent that tHeb¥ase pair is much
natural bases adenine or guanine. This twist may be a sourcdasfs stable than a natural T:A base pair despite the fact that
destabilization when the amide group is placed in the helix, bimodeling suggests the possibility for two hydrogen bonds. There
it is not necessarily the only explanation for the difference iare at least three possible reasons for this difference in stability
stability between th8:T and3:C base pairs. between AT an®:T base pairs. First, pyrrole-3-carboxamide
would be expected to stack less effectively than adenine since it
contains only a single five-membered ring. Second, the position
of the amide group does not precisely match the position of N1
The sequences d(CGCEHCGCG) and d(CGCG23TCGCG) and N6 in adenine, which means that & base pair is not
were constructed to study the effect of tandem azole bases sirictly isomorphous with the A:T base pair (F). Third, the
oligonucleotide stability. However, it was found that the tworotational freedom about bondbetween C3 and the amide is lost
sequences formed hairpin structures in buffer containing 1 dn base pair formation, which is entropically unfavorable.
NaCl. As shown in Figures, the melting curves for these Finally, we predicted that pyrrole-3-carboxamide should form
sequences have two transitions. The lower temperature transitiegually stable base pairs with C and T. Yet, the thermal
transition 1, is assigned to duplex dissociation with concomitantlenaturation studies revealed that pyrrole-3-carboxamide formed
rearrangement to hairpin structure and the higher temperatute most stable base pair with T and the least stable one with C.
transition transition 2 is assigned to the melting of the hairpins.One explanation is that tlaati; conformation of pyrrole-3-carbox-
The correspondin@,, values ard 1 andT,2, respectivelyT,1 ~ amide distorts base stacking in the DNA duplex. However, we
for transition lincreases with oligomer concentration, whl  believe that differences in the hydrogen bonding abilities of bases
for transition 2is independent of oligomer concentration. Hairpinplay the most significant role in base pairing stability. The
structures in the parent sequence d(CGCGAATTCGCG) consistommon element in each of the base pairs in which the modified

Hairpin structures from azole analog modified nucleosides
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azole is strongly paired to a natural basg é 35°C) is the 23 Basha,A., Lipton,M. and Weinreb,S.M. (19Téjrahedron Leq4171—4174.
potential for formation of one hydrogen bond involving an acidi@4 E’l\fé’;%ﬁ\-légre";g% ;g'gagg'; - Broca,C., Itakura,K. and Dickerson,R.E.
(pKas 9-10) base proton. It has been well documented that Dickerson,R?E_ and Drew,H.R. (198IL\ol. Biol, 149, 761-786.

more closely matched the pKas of the donor and the acceptor, Dickerson,R.E. (1990) In Sarma,R.H. and Sarma,M.H. (@tisiture and
stronger a hydrogen bond. As Rich and coworkers pointed out Methods, DNA and RNA Proceeding of the Sixth Conversation in
30 years agos@), the acidity of the N-3 proton of 5-substituted Biomolecular Stereodynamic&denine Press, Schenectady, NY, \Vol. 3,
uracil derivatives critically influences the stability of A-U base %F;leg-n d LemerJ. (1988) Magn. Resan7o, 420-438

palrs.'A dlﬁe.rence OE.Q pKa u.mt.s can lead to an order of 28 Ner&aI,W., Hare,D.i?. and Ried,B.R. (19Bﬁ)chémistry28, 10008-10021.
magnitude difference in association constant. The pKa of &1 LaneA., Jenkins,J.C., Brown,T. and Neidle,S. (1819hemistry30,
amide proton o8 would be expected to be 6 pKa units less acidic  1372-1385.

than that of N3-H of T or N1-H of G. If the hydrogen bond30 Moe,J.G. and Russu,l.M. (1990)cleic Acids Resl8, 821-827.
between N1-H of G and the imidazole nitroger? of N3-H of 31 gfé"‘;g‘égep-'-- and Ravishanker,G. (1984jr. Opin. Struct. Bio| 4,

T and the amide carbonyl 8fand3 is the major contributor 10 4, o ieri . and Mezei,M. (1998)Am. Chem. Sqd18 8493-8494.
hydrogen bond mediated base pair stabilization, the®i@ease 33 prewH.R. and Dickerson,R.E. (1981 )Mol. Biol, 151, 535-556.

pair which lacks an acidic hydrogen may simply be less stabilizedd Kopka,M.L., Fratini,A.V., Drew,H.R. and Dickerson,R.E. (1983)lol.

by hydrogen bonding interactions. Further discussion of this topic Biol., 163 129-146.

will follow in future publications. 35 Kubinec,M.G. and Wemmer,D.E. (1992)Am. Chem. Sqd14 8739-8740.
36 Liepinsh,E., Otting,G. and Wuthrich,K. (199)cleic Acids Res20,
6549-6553.
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