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Abstract: 2-(2'-Hydroxyphenyl)benzoxazole (HBO) may be used as a model base pair to study solvation,
duplex environment, and tautomerization within the major and minor groves of DNA duplexes. In its ground
state, HBO possesses an enol moiety which may be oriented syn or anti relative to the imino nitrogen of
the benzoxazole ring. In the absence of external hydrogen-bond donors and acceptors HBO exists as the
internally hydrogen-bonded syn-enol, a mimic of the rare base pair tautomer found in DNA, which may be
photoinduced to tautomerize and form the keto tautomer, a mimic of the dominant base pair tautomer.
Previously, we demonstrated that when incorporated into DNA such that the enol moiety is positioned in
the major groove, HBO is not solvated, exists exclusively as the internally hydrogen-bonded syn-enol which
is efficiently photoinduced to tautomerize, and the corresponding keto tautomer is preferentially stabilized.
In stark contrast, we now show that when HBO is incorporated in DNA such that the enol moiety is positioned
in the minor groove, the enol tautomer is preferentially stabilized. Molecular dynamics simulations suggest
that this results from the formation of a stable hydrogen-bond between the HBO enol and the O4' atom of
an adjacent nucleotide, an H-bond acceptor that is only available in the minor groove. The differential
stabilization of the enol and keto tautomers in the major and minor grooves may reflect the functions for
which these environments evolved, including duplex replication, stability, and recognition.

Introduction and reversible proton transfer as well as the polymeric nature
of DNA which precludes the selective study of a single base

Watson-Crick hydrogen-bonded (H-bonded) base pairs between pair. It wogld _be useful for understanding DNA _structure
and dynamics if a model system was developed which allowed

the kete-amine tautomers of the purine and pyrimidine nucleo- for the characterization of tautomer lifetim tabilit nd
bases. However, each base pair may be converted to its minor,0 € characterization of tautomer fifetime, stabiiity, a

but often relatively stable, eneimino tautomer by double solvation. o .
proton transfer (prototropic tautomerism). Even transient tau-  ONe model system used to study tautomerization is the dimer
tomerization may impact duplex stability and dynamics, as well ©f 7-azaindole, where double proton transfer may be photoini-
as compromise the integrity of the encoded sequence informa—t"”ltGd in different solvents:° For_ example_, n hydr_ocart_Jon
tion.-3 While tautomerization has been extensively character- SOIVeNts, fluorescence upconversion experiments with this base
ized computationally; 1L it has been more challenging to study pair model have shown that tautomerization occurs after

experimentally due to the difficulties inherent to studying fast €Xcitation @ a1 pstime scale, while solvation dynamics evolve
over a 12 ps time scalé.In contrast, in a more strongly

DNA is virtually always discussed in terms of well-ordered,

t Universite de Picardie Jules Verne. H-bonding solvent, such as water or an alcohol, solvated
1* TThe SCFgJPSS Researighg[\nstltuteéh it Ed. Encl990 29 (1), 36 7-azaindole monomers are observed, and proton transfer is either
(1) Tamm, C.; Strazewski, Angew. Chem. Int. Ed. Engl990 29 (1), blocked or occurs via solvent assistadt@hese studies have
(2) Topal, M. D.; Fresco, J. RMature 1976 163 289-293. elegantly elucidated the tautomerization and solvation dynamics
(3) Watson, J. D.; Crick, F. H. Q\Nature1953 171, 737—738.
(4) Broo, A.; Holmie, A. J. Phys. Chem. A997 101 (19), 3589-3600.
(5) Colominas, C.; Luque, F. J.; Orozco, Nl. Am. Chem. Socd996 118 (12) Taylor, C. A.; EI-Bayoumi, M. A.; Kasha, MProc. Natl. Acad. Sci. U.S.A.
(29), 6811-6821. 1969 63, 253-260.
(6) Gorb, L.; Leszczynski, J. Am. Chem. S0d.998 120 (20), 5024-5032. (13) Chen, Y.; Gai, F.; Petrich, J. W. Am. Chem. So4993 115(22), 10158~
(7) Gould, I. R.; Burton, N. A.; Hall, R. J.; Hillier, 1. HJ. Mol. Struct. 10166.
(THEOCHEM)1995 331, 147-154. (14) Chou, P.-T.; Wei, C.-Y.; Wu, G.-R.; Chen, W.-BAm. Chem. S04999
(8) Guallar, V.; Douhal, A.; Moreno, M.; Lluch, J. M. Phys. Chem. A999 121(51), 12186-12187.
103(31), 6251-6256. (15) Douhal, A.; Guallar, V.; Moreno, M.; Lluch, J. MChem. Phys. Letf.996
(9) Hobza, P.; Sponer, Them. Re. 1999 99 (11), 3247-3276. 256, 370-376.
(10) Kwiatkowski, J. S.; Zeilinski, T. J.; Rein, Rdv. Quantum Chenl986 (16) Takeuchi, S.; Tahara, T. Phys. Chem. A998 102 (40), 7740-7753.
18, 85-130. (17) Chachisvilis, M.; Fiebig, T.; Douhal, A.; Zewail, A. H. Phys. Chem. A
(11) Sabio, M.; Topiol, S.; Lumma, W. C., Ji. Phys. Chem199Q 94 (4), 1998 102 (4), 669-673.
1366-1372. (18) Chen, Y.; Gai, F.; Petrich, J. \Chem. Phys. Lettl994 222, 329-334.
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of an isolated base pair in various solvents; however, they cannot (S
. . R Ry O—H
address tautomerization within the DNA duplex environment. ", _ N
While it is clear that the nucleobases within DNA generally <\ ) /:©
adopt the kete-amino tautomers, environmental factors within s o
the duplex, such as solvent and metal ion accessibility and local™  Sclvated encl o
polarity, may facilitate tautomerization or may even stabilize \ "

the rare enotimino tautomers:1220Thus, in addition to being Ry P fo Y

. . . . . Cq N hv Ca N
selectively recognized by proteins, other nucleic acid polymers, </ §4</ :O , </ §:< @
or small moleculed!~25the different environments of the major ©h = o 5= o
and minor grooves may contribute differently to base pair fo renol Re iketo
dynamics and solvation. The environments of the two grooves Ry //

differ not only as a result of their structure but also due to 3

Cs= N
differences in solvation and chemical functionalities. For <\ }—(@
example, while the majority of the nucleobase heteroatoms alongH/Cs on °©
the floor of both grooves are solvated, water molecules bound ™' ienol
in the minor groove are more ordered than the those in the major Figure 1. HBO ground-state equilibrium and photoinduced tautomerization.
groove?8 In addition, while the walls of each groove are formed When R = DNA and R = H, the enol is positioned in the duplex minor
from the sugarphosphate backbone as it spirals around the 9r°0ve. and when R=H and R = DNA, the enol is positioned in the

. , major groove.

outer surface of the duplex, the ribose'@4&ygen atoms are

only accessible from the minor groove. These @®bms are transfer, ESIPTY43 which is a mimic of the dominant
the only components of the minor groove, other than the taytomerin DNA. Because ESIPT results in a characteristic and

proteins and small molecules, suggesting that they may be anpecause the syn- and anti-enols have unique absorption wave-

important component of the minor groove environmént? lengths and excited-state lifetimes, the conformation and sol-
To study how the different environments within DNA affect  yation state of HBO may be determined spectroscopically. Thus,

tautomerization, we have developed 24(gdroxyphenyl)-  py examining the photodynamics of HBO appropriately incor-

benzoxazole (HBO) as a model base pair (Figuré*¢ A porated into DNA, the contributions of the major and minor

nucleoside-bearing HBO may be synthesized such that whengroove environments to tautomer stability, solvation, and
incorporated into DNA, the enol moiety of the model base pair gynamics may be characterized.

is positioned in either the major or minor groove. In the ground  ysing this model base pair, we previously characterized the
state, HBO exists exclusively as the enohino tautomer, with major groove environment of a DNA duplé%3® This was
the enol group oriented either syn or anti with respect to the accomplished by synthesizing a C-nucleoside with HBO at-
imino nitrogen:® In aprotic solvents, the syn-enol dominates tached via a C5 arylglycosidic linkage (Figure 1), converting
due to the stability of the internal H-bond, while in protic it to the corresponding phosphoramidite, and incorporating it
solvents, solvation disrupts the internal H-bond and HBO adopts into the oligonucleotide’'sSCGTTTC(HBO)TTCTC. The single-
a mixture of solvated syn- and anti-enéisThe internally  stranded DNA (ssDNA) was annealed to a complementary
H-bonded syn-enol, a mimic of the rare enhino tautomer  gligonucleotide containing an abasic site at the position opposite
in natural DNA, is efficiently photoinduced to tautomerize to  {BO. The circular dichroism (CD) and UWis spectra were
the kete-amino tautomer (excited-state intramolecular proton poth consistent with a well-packed duplex, and the duplex was
(19) Egli, M.: Gessner, R. \Proc. Natl. Acad. Sci. U.S.A995 92, 180-184. virtual_ly_ as stable to thermal Qenaturation asan a_nalogogs duplex
g% Iﬁipﬁen’ B.JRCEherIE. Skoc'i\ADﬁltOS Tranps9§7[,mzqk 387173&9|7<ti. i containing a dA/dT base pair at the corresponding posiflan (
IcKerson, R. E., Kopka, M. L.; Pjura, P. E. —Llgana Interactions _ o . .
Guschlbauer, W., Sa\?vnger, W., Est.; Plenum Publis%ing Corporation: New = 38 and 39°C, respectively§® The accommodation of the
York, 1987; pp 45-62. model base pair within a native-like duplex was also supported

(22) Gago, F.; Reynolds, C. A.; Graham, Wol. Pharm.1989 35, 232-241. . . . R -
(23) Geierstanger, B. H.; Wemmer, D. Ennu. Re. Biophys. Biomol. Struct. by molecular dynamics simulations, which indicated that HBO

1995 24, 463-493. acks within the duplex with the phototautomerizable groups
(24) Neidle, S.; Pearl, L. H.; Skelley, J. Biochem. J1987, 243 1—-13. P . . p P 9 P
(25) Wang, A. H.-J. Ilucleic Acids and Molecular Biologfckstein, F., Lilley, positioned in the major groové.

D M- ., Eds.; Springer-Verlag: Berlin, Heidelberg, 1987; Vol. 1, pp-54 Various spectroscopic techniques were used to characterize
(26) Lane, A. N.; Jenkins, T. C.; Frenkiel, T. Biochim. Biophys. Acta997 the conformation, solvation, and tautomeric dynamics within

135Q 205-220. i i
(27) Moravek, Z.; Neidle, S.; Schneider, Blucleic Acids Re002 30, 1182~ the major groove. In sSDNA, the m_OdeLE’jse pair populates both

1191. _ the syn- and anti-enol conformaticfigé44but is completely
(@8) Yrang, M. A.; Jayaram, B Beveridge, D. 0. Am. Chem. Sod 997 driven to the internally H-bonded syn-enol upon duplex forma-
(29) Hud, N. V.; Feignon, . Am. Chem. So0d.997, 119 5756-5757.

(30) Shui, X.; McFail-lsom, L.; Hu, G. G.; Williams, L. Biochemistry199§ (37) Arthen-Engeland, T.; Bultmann, T.; Ernsting, N. P.; Rodriguez, M. A;;

37, 8341-8355. Thiel, W. Chem. Phys1992 163 43-53.

(31) Shui, X.; Sines, C. C.; McFail-Isom, L.; VanDerveer, D.; Williams, L. D.  (38) Barbara, P. F.; Walsh, P. K.; Brus, L. E. Phys. Chem1989 93 (1),

Biochemistry1998 37, 16877-16887. 29-34.

(32) Young, M. A.; Ravishanker, G.; Beveridge, D. Biophys. J.1997 73, (39) Krishnamurthy, M.; Dogra, S. Kl. Photochem1986 32, 235-242.

2313-2336. (40) Kyrychenko, A.; Herbich, J.; Wu, F.; Thummel, R. P.; WalukJJAm.

(33) Li, Y.; Korolev, S.; Waksman, GEMBO J.1998 17, 7514-7525. Chem. Soc200Q 122 (12), 2818-2827.
(34) Abou-Zied, O. K.; Jimenez, R.; Romesberg, FJEAmM. Chem. So@001, (41) Mosquera, M.; Penedo, J. CdRIRodfguez, M. C.; Rodguez-Prieto, F.

123(19), 4613-4614. J. Phys. Chem1996 100 (13), 5398-5407.

(35) Abou-Zied, O. K.; Jimenez, R.; Thompson, E. H. Z.; Millar, D. P.; (42) Smith, T. P.; Zaklika, K. A.; Thakur, K.; Walker, G. C.; Tominaga, K.;

Romesberg, F. E]. Phys. Chem. 2002 106 (15), 3665-3672. Barbara, P. FJ. Phys. Chem1991, 95 (25), 10465-10475.

(36) Ogawa, A. K.; Abou-Zied, O. K.; Tsui, V.; Jimenez, R.; Case, D. A.; (43) Woolfe, G. J.; Melzig, M.; Schneider, S.;"BpF. Chem. Phys1983 77,

Romesberg, F. El. Am. Chem. So200Q 122 (41), 99179920. 213-221.
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tion. The major groove environment did not significantly affect To characterize the stability of DNA containing the model
the rate of proton transfer (which by fluorescence upconversion base pair, the melting temperaturg,, of each duplex was
was found to be 156170 fs for HBO in ssDNA, duplex DNA, determined as described previougyBoth duplexesl and2
hexane, methanol, and dimethyl sulfoxiel#®) but did increase showed simple two-state behavior with, values of 36.8 and
the lifetime of the excited keto state by at least 17-fold relative 26.4°C, respectively. The stability df compares favorably with
to the other solvents examinét.Thus, the major groove  both that of the duplex containing a natural dA/dT, as well as
environment appears to preclude solvation of the model basewith a duplex containing HBO with its eneimino moieties
pair and stabilizes the ketamino tautomer. To determine disposed in the major groové{ = 38 and 39C, respectively).
whether these properties are common to both the major andThe greater stability of dupleg, relative to that of2, likely
minor grooves, or unique to the major groove, we characterized results from increased overlap of the benzoxazole moiety of
the model base pair with its enol moiety positioned in the minor HBO with flanking purines (dA and dG) of the opposite strand,
groove. We show that in contrast to the major groove, the minor as was observed in the same sequence context with HBO as a
groove environment stabilizes the eaghino tautomer. Com- probe of the major groov&.CD measurements further supported
putational studies suggest that stabilization results from the the conclusion that duplexdsand?2 adopt native-like confor-
formation of an internucleotide H-bond between the enol of the mations. Both duplexes showed a negative band 280 nm
model base pair and the Odtom of an adjacent nucleotide. and a positive band at280 nm, consistent with a B-form
These observations may reflect fundamental differences in thestructure (see the Supporting Informatidh).
environments provided by the major and minor grooves, which  The steady-state emission spectra of the ssDNA as well as
may have coevolved with the purine and pyrimidine base pairs those of duplexe& and2 are shown in Figure 2. The emission
to simultaneously ensure duplex stability, function, and recogni- spectrum for HBO incorporated into DNA in the same sequence
tion. context asl, but with its enol group oriented in the major
groove, is included for comparison and is referred to as duplex
3.361n both ssDNA contexts, HBO fluorescence is only observed
The C-nucleoside, with HBO attached via C3, was synthe- at~380 nm, in agreement with our previous results, suggesting
sized as shown in Scheme 1 (see also the Supporting Informa-that the model base pair is solvated or in its anti configuraifon.
tion). The free aryl nucleoside was then converted to the As published previousl§ upon formation of duple8, emission
corresponding phosphoramidite and incorporated into the DNA from the model base pair is only detected w800 nm,
oligonucleotides SCGTTTC(HBO)TTCTC, and SGAGAA- demonstrating the presence of an internal eiimino H-bond,
(HBO)GAAACG using standard method®.To form DNA which efficiently tautomerizes upon excitation. In contrast,
duplexes containing the model base pair, each oligonucleotideformation of duplexl or 2 does not result in any emission at
was hybridized to a complementary oligonucleotide containing |onger wavelengths but rather results only in a small amount
an abasic site at the position opposite HBO, resulting in duplexesof fluorescence quenching. Thus, in contrast to the major groove,
1 and2, respectively. the minor groove environment appears to favor disruption of
the internal HBO enetimino H-bond.

Results

(44) Wang, H.; Zhang, H.; Abou-Zied, O. K.; Yu, C.; Romesberg, F. E;
Glasbeek, MChem. Phys. Let2003 367, 599-608.

(45) Schweitzer, B. A.; Kool, E. TJ. Am. Chem. S0d.995 117 (7), 1863- (46) Imahori, K.; Watanabe, KJ. Polym. Sci., Part C: Polym. Symp97Q
1872. 30, 633-656.

15614 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005



Nucleobase Solvation and Tautomer Stability ARTICLES

@F ST
r ﬁ‘. duplex 3 ~ / ‘::'\ - p -~/
% R \ g |
» ‘ ‘ L
SEEY " e - ReA 4
2 i P / {°
] 4
s ki 1 /
2 [ —
] ’ ! T
1] >~
E T~
.
300 400 500 600 700 I g
Wavelength (nm) / f __ A Y , y
(Ly]. —— duplex1 Figure 3. Average structure of duplex predicted by MD simulations.
[ == duplex2 The abasic site in the strand opposite HBO is labeled ABA, the-enol
[ imino OH and N atoms are labeled O2A, H2A, and N1, respectively, and
[ the bound water molecule is labeled WAT. HBO and the flanking dT
2 nucleotide (labeled T8) are shown in bold.
ar 4
5 E R using the AMBER 8 prograrf. The adaptation of the Cornell
[\ et al. force field*® published by Cheatham et al., was used in
; \ all the simulationg® The RESP atomic charges of the abasic
'_JI T " - site and HBO nucleotide were derived following the strategy
0 2 4 6 8 10 developed by the Kollman groif:5! Geometry optimizations
Delay (ns) and MEP computations were carried out at the HF/6-31G*//
Figure 2. (a) Steady-state emission spectra of duplekemd 2. Also HF/6-31G* level of theory using the Gaussian 98 prodram

included is the spectrum of dupl&for comparison. (b) Fluorescence decay

curves ofl and2. and the R.E.D. interfac®. To better simulate potential H-

bonding interactions, new dihedral force field parameters were

Table 1. Fluorescence Decay Rates developed for the HBO ensimino moiety. These parameters

A ki, (s79) A ko, (57 A ke, (57 better reproduce quantum mechanical structure and energy
duplex] 056 2.94x 10 0.17 154x10° 0.27 1.52x 1CB predictions in the presence of water molecules representing
duplex2 0.87 4.17x 10 0.08 2.56x 10° 0.05 5.56x 10° putative H-bond donors and acceptors (see the Supporting

Information). The duplex was solvated in a box of explicit water

Picosecond time-resolved fluorescence spectroscopy waswith neutralizing sodium counterions and subject to 3 ns constant
employed to determine if the ereimino H-bond is lost due pressure productive MD after a 225 ps period of constant volume
to conformational dynamics or to disruption of the internal equilibration. The previously optimized structure of dupix
H-bond (for example, by solvation), as the syn- and anti-enols was used for compariscfi.
have characteristic lifetimé&s** (see the Supporting Informa- During MD simulations of duplex., the model base pair
tion). With both duplexe4 and2, three decay components were remained well packed by the flanking purines that are present
observed, a fast decay (2:8.2 x 10 s71), an intermediate  of the opposite strand. As we observed with dug@gthe struc-
decay (1.5-2.6 x 10° s 1), and a slow decay (1-%6.6 x 10° ture appears to be only slightly affected by the presence of the
s~ (Table 1). These time constants are in good agreement withmodel base pair (Figure 3). The MD simulations predict that
those observed for HBO in different solvent environments that duplex1 forms a B-DNA type conformation, and simulations
were previously assigned as vibrational relaxation (fast decay), starting with canonical B- and A-DNA initial structures led to
the lifetime of the syn-enol (intermediate decay), and the lifetime similar average structures. This result is consistent with the
of the anti-enol (slow decay}** The amplitudes of the  general preference of DNA duplexes to adopt B-form structures
intermediate and slow decays were approximately equal, andin solution, as well as with the CD studies described above.
thus, we conclude that in this context HBO exists as an While a slight widening of the minor groove at the site of the
approximately 1:1 mixture of syn- and anti-enols. Thus, the loss model base pair is apparent, the small perturbation does not
of the internal enetimino H-bond appears to result from both  appear to affect the H-bonding pattern of the flanking base pairs.
solvation, or other mechanism for disruption of the internal
H-bond in the syn-enol, and rotational dynamics. Interestingly, (47) Case, D. A.; et alAMBER 8 University of California: San Francisco,

o P CA, 2004,
the emission band for dupleX is significantly broader than (48) Cornell, W. D.; Cieplak, P.: Bayly, C. I.: Gould, I. R.; Merz, K. M. J.;
that for 1, which implies that duple® has increased structural Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
. . . o . A. J. Am. Chem. S0d995 117, 5179-5197.
heterogeneity, consistent with the decreased stability of this (49) Cheatham, T. E. I.; Cieplak, P.; Koliman, P. &.Biomol. Struct. Dyn.
duplex. The conformational, solvation, and tautomeric equilibria 1999 16, 845-862.
L . . . (50) Cieplak, P.; Cornell, W. D.; Bayly, C. I.; Kollman, P. A.Comput. Chem.

of HBO with its enol group oriented into the minor groove are 1995 16, 1357-1377.

iati i (51) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys. Chem.
distinctly different from that observed when the same hydroxyl 1693 87, 1026610580,

group is positioned in the major groove. (52) Frisch, M. J.; et alGaussian 98revision A.10; Gaussian Inc.: Pittsburgh,
i PA, 2001.
To develop amolegular model that {accounts fo'r the d!fferent (53) Pigache, A.: Cieplak. P.: Dupradeau, F-Y. Automatic and Highly
spectroscopic behavior of HBO with its enol moiety oriented Reproducible RESP and ESP Charge Dation: Application to the
; ; ; ; Development of Programs RED and X REER7th National Meeting of
in either the minor (_dUplei) or major groo_ve (dUplegf)’ We_ the American Chemical Society, Anaheim, CA, March-Zpril 1, 2004;
conducted unrestrained molecular dynamics (MD) simulations American Chemical Society: Washington, DC, 2004.
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6 favored by formation of an internucleotide H-bond with a
neighboring O4oxygen H-bond acceptor and an iminavater
H-bond. The fact that HBO also populates the anti conformation
when the enol is positioned in the minor groove, where the
benzoxazole nitrogen atom is rotated into the major groove,
' suggests that minor groove solvation is not the dominant driving
i | Iili | i | | force behind the disruption of the internal H-bond. Rather, the

'S

]

Distance (A)

major factor favoring disruption of the eneimino H-bond

s

appears to be the availability of the Ggugar atoms along the

W iili i‘iil w ii1 iiiiii ||iii|.iiii iiii | i N wall of the minor groove, which serve as H-bond acceptors for

i 'ii iiiiii

the HBO enol proton. In the major groove, this H-bond acceptor
is not available to the enol7.5 A distant), and thus the enol
forms an internal H-bond with the imino nitrogen.

. | | | | | | At first glance, the data suggest that the minor groové O4
0 L5 1 23 2 35 3 H-bond acceptors might jeopardize duplex stability of function
Molecular dynamics time (ns} by stabilizing rare tautomers within DNA. However, neither a

Figure 4. Time-dependent fluctuations of the internal enwhino H-bond dG/dC nor a dA/dT base pair may maintain a Wats@nick

of HBO and the internucleotide H-bond between HBO and theadzim - . . . .
of the flanking dT residue. The eneimino H-bond distance is represented geometry and tautomerize its minor groove moieties without

in blue, and the enelO4 H-bond distance is represented in red. concomitantly tautomerizing its major groove moieties. In
contrast, both base pairs may tautomerize their major groove
Interestingly, while neither duplex is distorted, the average mojeties without concomitant tautomerization in the minor
structure predicted by the MD simulations is distinctly different groove. Thus, sufficient stabilization of the ketamine moieties
for dUpIeXl relative to that of duple)B The average structure in the maior groove maybe sufficient to control base pair
of duplex1 predicts the disruption of the eneimino H-bond tautomerization.
that is present in the average structure of duBlexstead, two Because the major groove environment strongly stabilizes the
new H-bonds are observed. The imino nitrogen forms an H-bond keto—amine tautomers important for Sequence_specific recogni_
with a water molecule within the minor groove, and the enol tjon, the minor groove environment is free to possess function-
hydroxyl forms an H-bond with the O£ndocyclic oxygen of  gjity important for duplex stability or nonspecific recognition.
the 3 thymine nucleotide (Figure 3). This H-bond isomerization - An important component of stability and nonspecific recognition
is clearly apparent upon examining the time-dependent fluctua- js a network of H-bonding and packing interactions in the minor
tions of the model base pair (Figure 4). Comparison ofdhe  groove involving nucleobase heteroatoms along the floor of the
and y dihedral angle values of the HBO-7 and thymine-8 groove and the O4ugar atoms along the waf In fact, these
nucleotides measured during the MD in the presence of the mojeties of adjacent nucleotides commonly collaborate to bind
H-bond (duplex3) or in its absence (dupleX) suggests that  molecules within the minor groove. For example, DNA poly-
isomerization may occur without Signiﬁcantly perturbing the merases typica"y engage primer-tempiate DNA, especia"y at
local structure of the duplex. Indeed, similar mean values and the primer terminus, via interactions with the’@dgar atom33
standard deviations were found for these dihedral angles in|n addition, protein side chains and small molecules bound
duplexesl and 3 (x-7 = —132+ 15 or =133 + 15, -8 = within the minor grove are commonly observed to bridge the
—1234 20 or—125+ 14,6-7 = 119+ 18 or 121+ 17,0-8 04 atom of one nucleotide and the nucleobase heteroatom of
= 1184+ 19 or 118+ 17, respectively). While all of the data  gp adjacent nucleotid-3254In addition, water molecules are
suggest that duplek adopts a B-type conformation, it should  commonly observed to bridge the G4-bond acceptor and the
be noted that the two characteristic H-bonds predicted in the 02 of neighboring pyrimidinesl the N2 of neighboring guanines’
minor groove are also feasible in an A-form DNA conformation.  or the N3 of neighboring adenines and are thought to contribute
Indeed, the distance between the HBO proton donor and thetg duplex stability?>%8 These bridging water molecules may
thymine-8 O4 atoms measured for a canonical A-form DNA  31so be of functional significance as they have been suggested
duplex is only 0.3 A longer than the value found for the to narrow the minor groove, which is thought to be important
canonical B-form DNA duplex (3.83 and 3.53 A, respectively). for recognition by different proteins and drugsn contrast to
Therefore, the important structural differences between the majorpNA, the C2 hydroxyl group of RNA provides a minor groove
and minor grooves appear to be largely independent of whethery-pond donor, and interestingly it forms an H-bond with the
the overall helix structure is of A- or B-form. 04 atom that stabilizes the A-form dupl&%5¢ Thus, within
Discussion the minor groove, H-bond donors and acceptors along the floor

) ) ) and wall appear to interact directly, or via bridging molecules,
As characterized by the HBO model base pair, the minor and 1, mediate duplex stability and recognition. When positioned

major grooves provide distinctly different environments. Inthe ;4 the minor groove, the enol H-bond acceptor of HBO is
major groove, we previously demonstrated that the kataino

tautomer is significantly stabilized relative to the enwhino (54) 50%43575%385*‘65‘%%1&? Mistry, P.; Ooi, A. T.; Yang, D.Biol. Chem.
tautomer. The major groove environment may be optimized to (s5) Dickerson, R. E.; Goodsell, D. S.; Neidle,Boc. Natl. Acad. Sci. U.S.A.
ili igh fideli 1994 91, 3579-3583.

sta@hze these tagtqmers tolensurej the 'h|gh fidelity storage and(56) Kopka. M. L.: Fratini. A. V..: Drew, H. R.: Dickerson, R. . Mol. Bl
retrieval of genetic information. This is in stark contrast to the 1983 163 129-146.

; ; H H H (57) Drew, H. R.; Dickerson, R. El. Mol. Biol. 1981, 151, 535-556.
minor groove environment c_ha_racterlzed in this study. In_the (38) Feig. M. Petitt, B, MBiophys. J1999 77, 17691781,
minor groove, the HBO enelimino ground-state tautomer is  (59) zimmer, C.; Wahnert, UProg. Biophys. Mol. Biol1986 47, 31—112.
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positioned to participate in this network of interactions. Thus,  Acknowledgment. Funding was provided by the NIH (NIGMS
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may have evolved to be different are heuristic by nature, the {4 the time-resolved fluorescence and CD apparatus, respec-
effects of the different environments on the HBO model base tively.

pair are nonetheless striking. It seems likely that such differences

would be manifest in unique properties of the natural base pair  gypporting Information Available: - Synthetic procedures, CD
functionalities within the major and minor grooves and thus spectra, T,y data, force field parametrization, details of the

contr_ibute substantially to D_NA Qynamics and probably 10 qjecylar dynamics simulations, and complete citations for refs
function, as well. Further studies directed at the effects of metal 47 and 52. This material is available free of charge via the

ion and protein binding are currently underway and are expected )

) . - . Internet at http://pubs.acs.org.
to further define the differences between the major and minor PP 9
grooves and how they impact the storage and retrieval of genetic
information. JA054607X
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