A\C\S

ARTICLES

Published on Web 10/14/2004

Opening Mechanism of G -T/U Pairs in DNA and RNA
Duplexes: A Combined Study of Imino Proton Exchange and
Molecular Dynamics Simulation

Péter Varnai," Muriel Canalia,* and Jean-Louis Leroy**

Contribution from the Laboratoire de Biochimie Tdr&ue, Institut de Biologie
Physico-Chimique, CNRS UPR 9080, 13 Rue Pierre et Marie Curie, Paris 75005, France, and
Laboratoire de RMN a&aut Champ, Institut de Chimie des Substances Naturelles, CNRS,

Gif-sur-Yvette 91198, France

Received May 19, 2004; E-mail: Jean-Louis.Leroy@icsn.cnrs-gif.fr

Abstract: The opening pathway of wobble pairs dG-T and rG-U has been investigated in four DNA and
two RNA duplexes. Using NMR spectroscopy, we measured the imino proton exchange of both G(H1) and
T/U(H3), catalyzed by ammonia, tris, and OH~, and we calculated the free energy surface related to G-T/U
opening by molecular dynamics simulations. Taken together the experimental and theoretical results, we
suggest that wobble pairs open through a coupled rotation of the bases toward the major groove where
exchange of both imino protons takes place with the surrounding water.

Introduction the formation of a water bridge between the imino proton and

_ . . . the cyclic nitrogen in the open base pair. The presence of
The exchange of imino protons with water in Watsd@rick bridging water molecules in the open state is predicted by

:)::Iismalrfa;:sC;ﬂm;glyezssgnéz dn:azzseur?au::?nonpjcrlltlar:g ai?gmolecular dynamics simulatiofsand such a water molecule
9 yarog P is observed in the X-ray structure of a DNA duplex containing

structures. The process is normally interpreted according to a

- T 4a trapped open base péir.
two-state (openclosed) model of the base pair. It is widely Base pair opening and consequently the rupture of the
agfriptgiézztnth: I\;\T/}Itrrlovsgt)(ta?n g:tnaﬁm;s;cg angri:g?lmat:fecgigqntervenlng hydrogen bonds can result from a rotation of the
pairs. g ' y y P PIOTS, hases toward either the major or the minor groove directions.

ggf;rsz;o? tf’:lzot%eenost:;?r.] BZrizdcﬁ)nsiTlﬁgtg;o;?r:/vi\igginge-rhe imino proton exchange kinetics of dredBNA complexes
y y P 9 g whose minor groove is obstructed by the backbone of bis-

Crick pairs have been measured in a variety of nucleic acid intercalators such as luzopeptin or echinomycin argues for
2
structures including B-DNA,Z-DNA,2 and RN/ duplexes and opening toward the major groo¥eMinor groove opening is

4 o . L
LF:(’:rﬁa.m Tg‘;rgz:ztpii:,r":g:t'T;z’noabgg;nigrisomzr:g];?iznpr?;ﬁnegenerally considered to be hindered by the steric clash of the
9 P ptor © - , rang exocyclic groups and the proximity of the suggahosphate
from less than 4 ms at 18C for the AU pairs within RNA o L
duol i | minutes f {RNA b irs. Th backbone. Nevertheless, recent theoretical investigations of the
uplexes 1o several minutes for some ase pars. eopening pathway of AT and GC pairs indicate that the free

?ha;f lp(?;ra?qesrllgg ;Jnrgk;ﬁgﬂ(l)ty;i e?:?—:«g?%:?:rlg?mgzﬁs in energy profiles associated with opening into the major and minor
' pen pair et ypically | grooves are comparatfté:1°

e T e temson” Wobble 1GU pars ae iqutous i RNA srcuiand
pen p P gp Y the analogous d@ pairs arise as mismatches in DNA, which

inaccessible to experimental investigations. In the absence Ofneed to be corrected by a suitable repair sysfem.a wobble
added proton acceptor, imino proton exchange is catalyzed bybase pair (Scheme 1), the presence of two imin6 protons, one

the nitrogen of the complementary base via a concerted protonon the major groove side, the other on the minor groove side,

transfer involving one or several water molecl&@is indicates provides two potential markers to probe the opening direction-
T CNRS UPR 9080. Present address: Department of Chemistry, Uni- ality. This prompted us to undertake a study that combines imino
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Table 1. Kinetic Data of Imino Proton Exchange of G-T/U Pairs in DNA and RNA Duplexes?

TIU(H3)-(06)G G(H1)—-(02)TIU
name duplex 7o (Ms) OlTopen (14S) Tint (S) E;c (kcal/ mol) 7o (Ms) OTopen (4S) Tint (S) Esc (kcal/ mol)

dTGAl d(CGCGTGATTACGCG) <0.2 <3.8 0.7 0.8 4.9 0.8

dTGA2 d(CGCGTGACGCGTTAC GCG) <0.2 <3.6 0.8 17 1 8.4 1.8 18
dCGG d(TATACGGATATCTGTA TA), <0.2 <3.8 5 24 0.7 5.2 12 25
dGGA d(CGCGGATTCGCG) <0.2 <2 3 19 0.7 4.2 6 20
rCGG r(UAUACGGAUAUCUGU AUA), 0.6 6.6 0.6 20 0.6 3.9 0.9 20
rGGA r(CGCGGAUUCGCG) 1.2 1.2 5.6 19 1.5 0.8 8.6 19

aH-bond lifetimes,zo, are derived from imino proton exchange catalyzed by tris or ammonia®@t 0The apparent open-state lifetimesiopen are
calculated from the apparent dissociation constaktiss nv, Measured at C using ammonia as catalysty is the rate of intrinsic catalysis measured at
0 °C and pH 6.y values larger tha 1 s were determined by extrapolation t6® from exchange times measured betweehati 10°C. The activation
energy,Eqq is derived from the Arrhenius plot af,.. The bases of the wobble pairs are in italic in the duplex sequence.

Scheme 1 T(°C)
40 20 0

major 10

~ T groove ‘!" T=20°C

L

24 6 8 10
pH

32 34 36
. . . 3, -1

proton exchange experiments and molecular dynamics simula- 109/TKD _

tions of dGT and rGU base pair opening in deoxyribonucleo- Figure 1. Influence of temperature and pH on the exchange time of G5(H1)

. . . (open symbols) and T8(H3) (black symbols) of the wobble pair iGAG
tide and ribonucleotide duplexes. _ _ Left panel: Exchange time vs temperature at pH 6. The exchange times of
Previous imino proton exchange studies o @airs focused the monomeric 2-3' cyclic deoxyguanosine (G) and deoxythymidine (T)
mainly on the effect of the wobble pair on lifetimes and are displayed for comparison. Central panel: Exchange time vs pH at 20

o

; ot ; ; ; ; C. The exchange times of the-TGimino protons are compared to that
dissociation constants of neighboring pairs. These studies alsomeasured for the A Watson-Crick pairs in d(CGCGATCGCGYdashed

established that the exchange rate o @airs is very fast in line). The curves labeled G and T show data for T(H3) and G(H1) in the
the presence of proton acceptéi* To avoid spectral overlap ~ monomers. Right panel: Exchange times vs pH &€0The data points

of exchange broadened peaks of G and T/U imino protons, we labeled by a star are in a range inaccessible to exchange time measurements.
selected sequences Whgre the imino proton_s are far apart in tlheggtf;:evxe;g ‘;?‘réviggyfﬁgiﬂ?\llaeiolggﬁgog aer)](gh? r;%i\f\',n:ga"}iﬁu(ﬁg)
NMR spectrum, as predicted by calculated ring currents of their and G(H1) in the monomers.

first neighbors'® This is the case in particular for the @A1

and dG3G duplexes (for sequences, see Table 1). The NMR tions. We developed a special opening restraint and used it in
spectrum of dGA1 at a strand concentration of about 1 mM  conjunction with umbrella sampling to open base pairs without
shows an equilibrium between the duplex and a hairpin structureany prior assumptions as to the conformational consequences
containing a GATT loop. For this reason, we synthesized the of opening. This approach was used previously to study single
longer dTGA2 sequence that forms a duplex even in the sub- base opening of A and GC pairs in B-DN& and of AU
millimolar concentration range. The @& duplex was syn- pair in A-RNA duplexes and cytosine flipping within the target
thesized for comparison with the d(CGCGAATTCGGG) sequence of thelhal methyltransferase enzynién the present
dodecamer that may be considered as a benchmark for iminostudy, we determine the free energy and the imino proton
proton exchange studié%:'® The rGGA and rGGG RNA accessibility associated with the opening of th@ (& wobble
duplexes were studied for comparison with their DNA coun- pairs in selected DNA and RNA duplexes. The combined
terparts. To evaluate the imino proton accessibility in the open experimental and theoretical results reveal that the wobble base
pair, the exchange catalysis was studied using three protonpairs open into the major groove where exchange of both imino
acceptors: the small and neutral Niolecule, the bulky and  protons takes place with the surrounding water.

neutral tris(hydroxymethyl)aminomethane, and the negatively

charged hydroxyl ion. Imino proton exchange was also inves- Results

tigated by HP@?~ catalysis with dTGA1 and dG3A duplexes. (A) Imino Proton Exchange in Wobble Base Pairs. (1)

It has only recently become feasible to obtain structural insight Exchange in the Absence of Added CatalysfThe effects of

into base opening and calculate the free energy associated withgmherature and pH on the imino proton exchange times of the
the opening process using all-atom molecular dynamics simula- . pair in dGGA are shown in Figure 1. The straight line

(13) Gueon, M.; Leroy, J.-L. InNucleic Acids and Molecular Biolog§ckstein, with a slope of-1 above pH 7 is characteristic of Ol¢atalysis.

a4 I;A Lillgy,G D. g. J., Eclis'-\}BSprirr:ger,-Verlglg:2 girlgli 211998242\%0!. 6; ppa2. If we compare the rates of catalyzed exchange of G5(H1) and
oe, J. G.] Russu, |. iochemistr y — . . . .
(15) Giessner-Prettre, C.; Pullman, B.; I%/cl)rer, P. N.; Kan, L.-S.; Ts'o, P. O. P. T8(H3) in the duplex with those in the G and T monomers at

Biopolymers1976 15, 2277-2286. ) 0°C, it is clear that the exchange process is slowed by a factor
(16) Wamlander, S.; Sen, A.; Leijon, MBiochemistry200Q 39, 607-615.
(17) Snoussi, K.; Leroy J.-LBiochemistry2002 41, 12467-12474.
(18) Gueon, M.; Leroy, J.-L.Methods Enzymoll995 261, 383-413. (19) Giudice, E.; Lavery, RJ. Am. Chem. So003 125, 4998-4999.
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d(CGCG TGA CGCG TTA CGCG)2 P (O é_g _______ - _:g%é
) I (SN TS A -
(ris] (M) \ § T13(H3) g6 (H) O [_|l______9_ - a8l gggg
Py ) I ~L_l______]1_#£0 _0] s .C
0 _JWJ j‘i\_]‘\.,__.,__./‘Lw T L Lo~ 1__»a _ o _ dca
Y IU‘J\ & A @ dTGA1
18102 U A
W A R o T a roeo
5.4102 ) ' o __l_____® ______/ - =
2L I s o o a dGGA
J 1 e T
1 Ixs & L L______1____ A® | W dCGG
0.25 M ,“\ . wmf/ % . D N _ W _dTGA2
/‘l 2 NN 1 L1l 1 111 lﬂl - dT§A1
A [ -4 -3 -2
s 10 10 10
14 13 12 11 10 9 o Kaiss, cat
ppm Figure 4. Apparent dissociation constants of the T(H8P6)G and

Figure 2. Line broadening induced by exchange at increasing tris G(H1)~(O2)T bonds derived from imino proton exchange catalyzed by
concentrations in the imino proton spectrum ofGA2 at pH 8.1, 0°C, ammonia (squares), tris (triangles), and Ofdircles) in DNA and RNA

and 0.1 M NaCl. The broadening reflects the short lifetime of the T¢H3) ~ duplexes.

(O8)G bond. The H-bond lifetimes of the /U pairs in the DNA and
RNA duplexes studied are displayed in Table 1. The apparent
dissociation constants of H-bonds derived from the imino proton
exchange catalyzed by tris, ammonia, and Cdifle displayed

in Figure 4. Examination of these data shows that tREi@ino
proton exchange kinetics in the four DNA duplexes exhibit a
number of similar features. The lifetime of the G(H{D2)T
bond ranges between 0.7 and 1 ms and that of the HH3)
(O6)G bond is always shorter than 0.2 ms. The apparent
dissociation constants derived from catalysis by ammonia fall
in a very narrow range of values: {®8.4) x 1073 for the
G(H1)—(02)T and (+1.9) x 102 for the T(H3)-(06)G
bonds. The apparent dissociation constants derived from tris
catalysis are 25 times smaller than those derived from

10-2

o

-

<
&

Tex, cat (s)

N &
= -
o o
]

& &)

NH3
0 A A A A ammonia catalysis, suggesting a modest reduction of acces-

0 100 200 0 100 200 sibility for the bulkier catalyst. The apparent dissociation
-1 constants determined from OkRtatalysis are also smaller, in
1/ [CatalySt] (M ) particular in the d@A and dTGA2 duplexes, indicating a
Figure 3. Influence of catalyst concentration on the exchange times of reduced accessibility for the negatively charged hydroxy! ion.
G%(lT-ié)Aéogtego(S:yrgzﬁ)s?;g T;r?q('n']'gr)ﬂg)\',?;z ;ggsiéogtthg?g (IJSaiLareS) The observation that the addition of 0.5 M HPOhas no effect
::nd by tris at pH.8.l (tr?/angleys). The exchange times decrgasellinegrly with on the exchange rate of the imino prqtons off@airs in the
the inverse catalyst concentrations. Left panel: The exchange time of G(H1) QTGAl and dG5A duplexes has most likely the same explana-
extrapolates at infinite catalyst concentration to a lifetime of 1 ms for the tion.
G(Hl)—(O_Z)T bqnq, _both with ammonia ar)d tris as catalyst_. Right panel: In the two RNA duplexes, the U(H3X06)G and G(H1)
Extrapolation to infinite catalyst concentrations indicates a lifetime shorter . e . .
than 0.2 ms for the T(H3)(O6)G bond. (02)U bonds have _S|m|Iar lifetimes: 046 0.3_ms in r@GGG
and 1.2+ 0.3 ms in rG3A (Table 1 and Figure 5). The
dissociation constants of the G(H1()02)U bond are roughly
of 102 and 2x 1073, respectively. Under pH 7, the exchange half compared to those measured for the U(HE)6)G bond
time of T8(H3) tends toward a pH-independent plateau of 0.22 (Figure 4). It is noteworthy that the H-bond dissociation constant
and 3 s at 20 and OC, respectively. The exchange time of measured for the r@® pair in rGGA is about 10 times smaller
G5(H1) is maximal around pH 6 and decreases at lower pH, than those measured for the other RNA and DNA duplexes.
indicating an acid-catalyzed exchange process. The lifetimes and dissociation constants of base pairs adjacent
(2) Catalyzed Imino Proton Exchange.The effect of to the wobble GT pairs of dGSA were measured at 20C.
increasing tris concentration on the imino proton spectrum of Their lifetimes and open-state lifetimes are compared to those
the dTGA2 duplex is shown in Figure 2. The peak corresponding of the corresponding base pairs of the (ACGCGAATTCGLG)
to T13(H3) is broadened out due to fast exchange at concentra-duplex in Table 2. The lifetimes of the pairs adjacent to the
tions higher than 0.25 M. In contrast, the exchange time of G-T pair are strongly reduced, and their open-state lifetimes
G6(H1) tends at infinite tris or ammonia concentration toward are increased by a factor of 13 for A& and 24 for G4C9.
a limit value of 1 ms, which corresponds to the lifetime of the The GT mismatch has little effect on the opening kinetics of
G6(H1)-(02)T13 bond (Figure 3). The linear dependence of the second neighbor, @310, whose lifetime is surprisingly
Tex,cat. VEISUs the inverse catalyst concentration (varied from 4 longer in the duplex containing the wobble pair.
mM to 0.46 M) is consistent with an exchange process occurring  (B) Molecular Dynamics Simulation of G-T/U Opening.
from a single open state. (1) G-T Opening in dGGA. The free energy change associated

J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004 14661



ARTICLES Varnai et al.

kcal/mol

AGG opening angle (°)
(=]

0 N R
0 50 100

1/NH3 (M-1)

Figure 5. Influence of ammonia concentration on the exchange times of -80f 0
G(H1) (open squares) and U(H3) (black squares) of théJ@pair in rGGA : Y y y y ’ x
measured at pH 8.8, T, and 0.1 M NaCl. The similarity of the exchange 60 40 2;’9 0 nf: :l°| ?f) 8o 100
times of G5(H1) and U8(H3) at infinite catalyst concentration suggests a T Opening angle
simultaneous opening of G5(H1J02)U8 and U8(H3)-(O6)G5 bonds. Figure 6. Free energy surface associated with-@®pening in dGA.
s I The opening angleAfr and Afg, of each base is given relative to their
Table 2. Base Parr Lifetimes, Open-State Lifetimes, and Apparent position in the relaxed base pair. Positive and negative opening angles

Dissociation Constants of the Watson—Crick Base Pairs Adjacent

to the G5-T8 Wobble Pair in dGGA Measured at 20 °Ca correspond to opening into the major and minor groove, respectively. A

coupled opening of the bases into the major and minor grooves corresponds

C3G10 G4C9 ABT7 to the top-right and bottom left quarters of the free energy map, respectively.
15 6.2 1.7 XY =G-T The counterrotation of the bases corresponds to the top-left or bottom-

6.3 21' 20' XY = A-T base pair lifetime (ms) right quarters. The free energy of opening is color-coded as a function of
18 51 134 XY =GT A67 and Abg.

open-state lifetime (ns)

3.1 2.1 10 XY =AT ] ) o o ) . o
1.2 8.2 79 XY =GT _ 6 in a difference in rise within the base pair and a quick sliding
05 01 05 Xy=AT  *Kdssca>x 107 ion i ite directi

- - - motion in opposite directions. Bases then return to plane and

aThe lifeti N .. form a new H-bond, T(04)(NH2)G, which lead to a local free
e lifetimes and the apparent dissociation constants are compared with .
the values measured at high ammonia concentration in d(CGCGAAT- €nergy minimum centered aroundr = —20° andAfg = 40°.
TCGCG). In this opening mechanism, G(H1) becomes exposed in the
with the dGT opening is shown as a function of base opening Major groove and T(H3) in the minor groove. The alternative
angles in Figure 6. Opening of both bases into the major groove counterrotation of G into the minor groove and T into the major
provides the lowest free energy pathway. A t6tation of T groove was found to be energetically prohibitive, probably due
and G disrupts the T(H3)(06)G bond at a free energy cost of 0 the repulsion of the carboxyl groups.
only about 2.5 kcal/mol and exposes the imino proton T(H3).  (2) Imino Proton Accessibility to Solvent.Rotation of the
This partially open state, stabilized by a bifurcated H-bond bases into the grooves results in a rupture of the intervening
between T(02) and (H1/NH2)G, corresponds to a shallow hydrogen bonds, but this does not always lead to efficient solvent
minimum on the free energy surface centered arofAg = exposure. Imino protons may be involved in other hydrogen
20° andAfg = 10°. Further rotation of the bases into the major bonding interactions or can be shielded by the neighboring bases.
groove breaks T(O2)(H1/NH2)G, and the bases lose all To quantify the degree of solvent exposure, we calculated the
H-bonding interactions at an opening angle of abadt = percentage surface accessibility of the imino protons along the
40° and Afg = 20°. As a result, G(H1) becomes exposed in base pair opening pathways with respect to the values calculated
the major groove at a free energy cost of 6 kcal/mol. As seen for isolated nucleosides. The analysis of the accessibility of
in earlier works?® base opening starts with coupled rotation in G(H1) and T(H3) shows that the structural ensemble corre-
the quadratic free energy regime, where hydrogen bonds stretchsponding to a given opening angle is heterogeneous and that
and eventually break. Then unstacking and desolvation effectsthe imino proton accessibilities fall in a rather wide range of
come into play, and consequently further opening of T is values. Therefore, we mapped the free energy as a function of
facilitated over that of G. the combined opening angles and the percentage accessibility.
A simultaneous rotation of 20of both bases into the minor By integrating over the structural ensemble, we determined the
groove breaks the G(HEYO2)T bond at a free energy cost of free energy required to achieve a given imino proton acces-
about 5 kcal/mol. Further opening in this direction requires large sibility. Results for the coupled opening of bases into the major
free energy investment. The analysis of this opening pathway and minor grooves are shown in Figures 7 and 8. Opening into
shows that G continues to open into the minor groove and thenthe major groove provides a +@0% accessibility to T(H3)
turns out of plane, effectively burying its imino proton in the for only 3—5 kcal/mol, while a comparable accessibility to
groove, while T remains in a stacked position. The TH3) G(H1) cost about 7 kcal/mol. Further accessibility requires
(O6)G bond survives late along this pathway, which hampers increasingly more free energy for both T(H3) and G(H1).
the imino proton exchange of thymidine. Opening into the minor groove provides easier accessibility to
A 10° counterrotation of G into the major groove and T into G(H1) compared to T(H3); however, even the low accessibility
the minor groove causes immediate clashes of théiNgroups values (16-40%) require around 10 kcal/mol. In the alternative
which lead to a free energy barrier of 9 kcal/mol. This results pathway, where bases counterrotate, major groove accessibility

14662 J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004
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keal/mol

oo 1l ' ' T(HS)

% accessibility

-80 -40 O 40 80 120 80

O_+AB 8
5T+QG

0 40
39T+A9 G

Figure 7. Solvent accessibility of G(H1) (left) and T(H3) (right) in 2 along the opening pathway into the major groove (positive values) and minor
groove (negative values). Reaction coordinate is taken as the sum of the individual base opening\@ngteA@c). The free energy required to reach a
given accessibility along the opening pathway is given in color code.

15 25
Minor groove opening
20
5 5
g 10 g 15
® ©
$ £
g = 10
O] 5 (O]
< <
5
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Accessibility (%) Accessibility (%)

Figure 8. Free energy requirement of fractional imino proton accessibility of T(H3) (black symbols) and G(H1) (open symbol§An BE panel,
opening into the major groove; right panel, opening into the minor groove.

for G(H1) costs 9-11 kcal/mol and minor groove accessibility base pairs, they are in a hydrophobic environment and cannot

for H3(T) costs 16-13 kcal/mol (data not shown). exchange from the closed pair. By contrast, the imino protons
(3) Wobble Pair Opening in the dTGAl1 and rGGA of G and T/U in a wobble pair are located at the bottom of the

Duplexes.The opening mechanism of dGand rGU wobble minor and major grooves, respectively, and their accessibility

pairs was also investigated in the@A1 and rG3A duplexes. to water and proton acceptors must be considered in the closed

The free energy profiles along the opening trajectories are wobble pair prior to interpreting their exchange rates.

similar to those described above for G, within the~2 kcal/ First, it should be remarked that the accessibility calculated
mol error of the simulation method. The imino proton acces- o the d@3A duplex shows that the imino protons of the closed
sibility values of the wobble pairs in @Al and rGBA are dG-T pairs are not accessible to water (Figure 7). Furthermore,
also comparable to those described above for the imino protonsy, . pservation that the exchange times of G(H1) inTd@nd

of the dGT pair in d@3A. Therefore, we focus on the results rG-U pairs and U(H3) in r@J pairs extrapolate at infinite proton

obtzunsetd tf)c:r dc?’éin ége f?::ovémé]edc';sgxis_;_?rrg’é cG d acceptor concentration to nonzero limit values establish that
(4) Stability o in the d( )2an imino proton exchange cannot occur from the closed pair

dGGA Duplexes.The calculated free energy required to open (Figures 3 and 5). Hence, imino proton exchange frof/G

the G4C9 base pair adjacent to dGin dGGA is about 2 kcal/ ; . .

mol lower than that adjacent to the corresponding Watson pairs may be mterprgted according to t he standard t_wo-state
Crick pair in d(CGCGAATTCGCG) This is in good agreement quel Of. th_e_base pair. The exchar_lge times of T(H3) _mT(_jG_
with experimental data, since the dissociation constant €34 pairs at infinite catalysF concentranon.are, however, indistin-
is 80 times larger in dGA than that measured in d(CGC- guishable from zero (Figure 3), and this could be an argument

GAATTCGCG), (Table 2), which corresponds to a free energy in favor of an exchangg process occ.ur.r?ng from the closed pair.
difference of about 2.5 kcal/mol. In both duplexes, the lowest Nevertheless, the negligible accessibility calculated for T(H3)

free energy pathway corresponds to cytidine opening into the in the dGT pairs and the observation that U(H3) is inaccessible

major groove. in the closed r@J pairs in both RNA oligomers studied suggest
_ _ that the lifetime of the T(H3)(06)G bond is shorter than 0.2

Discussion ms, the lower limit value accessible to NMR measurements.
The imino protons of WatsenCrick base pairs are aligned (A) Internal Catalysis of Imino Proton Exchange in G-

approximately along the helical axis. Protected by the adjacentT/U Pairs. At pH higher than 7, imino proton exchange is

J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004 14663
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controlled by hydroxyl catalysis (Figure 1). The exchange time the two H-bonds in d& pairs are distinct. In the four DNA

of the T/U imino proton in the wobble pair reaches a pH- duplexes examined, the lifetime of G(H1(O2)T is at least 3
independent plateau around pH 6 in all the duplexes investigated.times longer than that of T(H3)(O6)G and the dissociation
while that of G reaches a maximal value. The values for constant of G(H1)(O2)T is about half of that measured for
exchange time range between 0.6 and 12 s at pH 6 &i@ 0  T(H3)—(06)G. Hence, T(H3) is expected to be exposed more
(Table 1) and are roughly proportional to the inverse of H-bond readily in the preferred opening mechanism.

dissociation constants, i.e., the fraction of time during which 14 gptain insight into the nature of the open state, the opening

H-bonds are disrupted. o pathways of the wobble pairs into the major and the minor
In the absence of added catalyst (aac), imino proton exchangeyrooves were simulated by biased molecular dynamics. The

from Watson-Crick _base _pairs is controlled by a concerted resulting free energy map displayed in Figure 6 shows that a
transfer of protons involving one or several water molecules ¢, nterrotation of G into the minor groove and T into the major
bridging the imino proton of the open base and the cyclic yqye cannot take place due to the repulsive interaction between
nitrogen qf the complementary base, ie., C(_N3) in the case of T(02) and G(O6). The counterrotation of G into the major
a QC_palr and A(Nl). fqr an AT/U pair, which ac_ts as the groove and T into the minor groove can be achieved through a
'“?””S'C catalyst The imino proton_ exchange rate_ '”d“C.ed by large free energy barrier of about 9 kcal/mol. The concerted
tbhls process depean ondthe f{ﬁctlton Off t|m?f.dgr|ng er;'Ch the rotation of both bases into the minor groove appears also to be
ase pair is opertuss and on the transfer efficiency, 1/ an energetically unfavorable process. In addition, these pathways

'« . : Y
1?;03]' &ere,_Apllélzs the p(_dT‘(c)erSer;(t:eoob g;vgizntgzec"gligo expose G(H1) prior to T(H3), which is inconsistent with the
P Gh1 = 10.2, Krug = 10. y imino proton exchange experiments.

nitrogen of the complementary baseK(az = 4.3, Kant = .
3.7). The lowest free energy pathway corresponds to the opening

of both G and T into the major groove. In this opening
mechanism the T(H3)(06)G bond breaks first which is fully
consistent with the shorter lifetime of this H-bond. Hence this
mechanism accounts for the experimental data and suggests a
two-phase opening process of the-@®vobble pair. A frequent,
small-amplitude opening motion disrupts the T(H8D6)G

bond at a cost of 2.5 kcal/mol and a less frequent, large-
amplitude motion breaks both T(H3JO6)G and G(H1}(02)T

kex,aa(:: kex,opeanisJ]-/(l + 1OApK)] (1)

A compilation of exchange times measured for B-DNA, RNA
duplexes, and drugDNA complexes shows that the concerted
transfer ratekex open IS in the range of 19—1012 5713581t may
be expected that in wobble pairs G(H1) and T(H3) exchange is
catalyzed by the T(O2) and G(OG) oxygens, respectively. The bonds at a cost of 6 keal/mol.
exchange times versus pH of the imino protons of th& gair T i o
of dGGA are compared with that of the centraiApair in the The equilibrium dissociation constan€giss was calculat_ed
dCGCGATCGCG duplé® in Figure 1. A comparison of the for the T(H3)_and _G(Hl) exchange processes along the_d!ffergnt
hydroxyl-catalyzed exchange rates of T(H3) in th& @nd A pathways. Since it |s.not known what valug of accessibility is
T pairs shows that the dissociation constant of the T(HOB)G needed for an effective exchange, we defined the open state
bond is about 3 orders of magnitude larger than that of the with a series of minimal accessibility values. The results showed
reference AT pair. Nevertheless, their pH-independent rates, that only theKqissof the lowest free energy pathway gave good
kex.aae are comparable. According to eq 1, this indicates that correspondence with the experimerkalss with use of acces-
the transfer efﬂciency of T(H3) in the OpenGpair is reduced S|b|||ty values between 10 and 40%. Therefore these results
by 3 orders compared to that in the Apair, suggesting that illustrate a proton exchange process in the major groove for
the K of G(O6) is close to 1, i.e., 3 units lower thak ;. both imino protons with relatively low accessibility values. It
Similarly, the exchange rate of G(H1) in the wobble pair is should be remarked that the experimental exchange times of
consistent with a concerted exchange process catalyzed by T(O2)(H3) and G(H1) could also be explained by two distinct base
with a K close to zero. The chemical shift versus pH of the opening motions with appropriate probabilities. However, the
H6 proton of the monomeric thymidine (not shown) indicates alternative pathways offer imino proton exposure at a higher
a protonation of the base around pH 0, which supports ke p free energy cost, and therefore these are less probable.
value estimated for T(O2). The molecular dynamics simulations do not show any
The enhanced exchange rate of G(H1) at low pH may be significant difference between dG and rGU opening. Nev-

assigned, as in the case of@pairs, to the shiftedip of G(H1) ertheless, in the two RNA duplexes studied, the lifetimes of
induced by partial protonation of GN'¢ The activation energies U(H3)—(06)G and G(H1)(02)U are similar and hence suggest
related to the intrinsic catalysis of theT3U imino protons are  a simultaneous breaking of the two H-bonds. A counterrotation
17—25 kcal/mol (Table 1) These values include contributions of G into the minor groove and T into the major groove could
from both the base pair motion and the exchange chemistry andaccount for such a scenario. This opening pathway is, however,
reflect, according to eq 1, the effect of temperaturekaps energetically unfavorable (see above). A plausible explanation
Kexopen @nd the [ of donor and acceptor. It should be noted s that rGU opening occurs, as in the case of-dGby a coupled
that this activation energy cannot be compared to th(_a calculatedygtation of the bases into the major groove but the small-
free energy valu_es Whlch are related on_ly to the opening process amplitude movement that would preferentially break U(H3)
~ (B) Base Pair Opening Pathways in GT/U Pairs. The (06)G does not take place in RNA. A comparison of the H-bond
imino proton exchange experiments show that the lifetimes of |itatimes in the DNA and RNA sequences suggests that the
(20) Nonin, S.; Leroy, J.-L.; Guen, M. Nucleic Acids Res199G 24. 586- simultaneous disruption of the H-bonds of-iGpalirs is the

595. result of a base pair opening with an opening amplitude

14664 J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004



Opening Pathways of Wobble Pairs dG-T and rG-U ARTICLES

comparable to that which breaks the G(H{P2)T bond of that expected from pH measurements. It may be noted that this
the dGT pairs. It should be noted, however, that the H-bond explanation accounts also for the absence of catalytic effect of
lifetimes in GT/U pairs even at OC are very short, close to  HPO?~ on the imino proton exchange rates in the wobble pairs.
the limit value accessible to NMR experiments. The difference  Another unusual feature of the base pair kinetics of wobble
between the apparent dissociation constants of T/U{{35)G pairs is their long open-state lifetime. The values derived from
and G(H1)-(0O2)T bonds is less than an order of magnitude, the exchange rate measured with NEhatalysis are in the
which corresponds te-2 kcal/mol, the limit of the accuracy of ~ microsecond range, i.e., 3000 times longer than those of the
our simulation method. Watson-Crick base pairs in DNA and RNA duplexes.
Spontaneous base pair opening has been observed in simulaMolecular dynamics simulation shows that base opening in the

tions of DNA containing base analogu@dn the study, where ~ major groove allows the formation of a bifurcated H-bond
an AT base pair was replaced by an adenidéluorotoluene between T(02) and G(H1/NH2) which could stabilize the open
pair, a similar mechanism was proposed: a more common partialstate of the T(H3)(O6)G bond. Nevertheless, this explanation
opening of the bases with only one hydrogen bond lost and a cannot justify the long open-state lifetime of the G(H{P2)T
less common full opening with both hydrogen bonds lost. This bond. It may be expected that the reclosing rate of an open
study describes an asymmetric opening motion where only onebase pair is proportional to the free energy difference between
of the bases swing out of the double helix. Partial opening of a the open and closed states in the quadratic region of the free
G-U pair within DNA has been examined in a series of 5 ns energy® The relative free energy of the open state of a Watson
unrestrained molecular dynamics simulations in different se- Crick paif is 7—10 kcal/mol, which is significantly larger than
guence context& This study showed that the U(H3JO6)G that of a wobble base pair{® kcal/mol). It is therefore possible
bond breaks up by a symmetrically coupled rotation of G and that this difference results in a longer open-state lifetime of the
U into the major groove. The free energy difference between G-T/U pairs.
the closed and the partially open state was calculated te-2e 1
kcal/mol, and the open state lifetime was estimated to be 0.1
1.7 ns, several orders of magnitude shorter than the values (A) Oligonucleotide Synthesis and Sample Preparation:The
derived from proton exchange experiments (Table 1). The oligonucleotides were synthesized witkcyanoethyl phosphoramidites
G(H1)—(02)U bond remained, however, intact during these on a 2uM scale for the RNA sequences "?md on g0 scale for.the

. . . . DNA sequences. These were then purifieda@Q sepharose Hiload
simulations, suggesting a marked d|ff_erence between the column using a NaCl gradient. After purification, the oligomers were
gxchange rates of U(H3) and G(.Hl)' Wh'ch was not observed dialyzed against water and lyophilized. The NMR samples were
in our proton exchange experiments. Finally, spontaneous prepared by dissolving the oligonucleotides in a 90%HL0%2H,0
opening of both AU and GC base pairs were observed in RNA  solution containing 0.1 M NaCl, 1 mM ethylenediamine tetraacetic acid
sequences during 5 ns molecular dynamics simulafi®igt, and 0.2 mM 2,2-dimethyl-2-silapentane-5-sulfonate whose methyl peak
lifetimes for these base pairs were measured teBel and was set to 0 ppm for chemical shift reference. The duplex concentra-
30-50 ms, respectivel§The discrepancy between the simulated tions, determined from the UV absorbance using & values
and measured time scales of opening might indicate that notcalculated according to a nearest neighbor m&teinged from 1 to
all the opening events result in an effective imino proton 3 MM. The sample pH was adjusted using-62IM HCI and NaOH

exchange, but it can also point to possible bias by the applied solutions. After addition of NaOH, the RNA samples were immediately
force field,23 vortexed to avoid hydrolysis by a strong local Oebncentration. The

. . ick integrity of the RNA samples was controlled by the absence of

(.C) Base Pair Openmg of GT/U and Watson—Cric phosphomonoester and of-&' cyclic phosphate peaks in theitP
Pairs. For the GT/U pairs of rGGA, rCGG, dGGA, and NMR spectra.
dTGA2, the H-bond dissociation constants determined from  For the proton exchange time measurements performed against pH,
hydroxyl-catalyzed imino proton exchange areZlorders of the sample pH was measured at room temperature after each experiment.
magnitude smaller than those derived from exchange catalyzedror the exchange time measurements performed against tris concentra-
by NHz. This feature is unusual. The dissociation constants of tion at 0°C, the sample pH was determined from the chemical shift,
the Watsor-Crick base pairs of d(CGCGATCGC&Jlerived 9ppm, Of the tris O-methyl protons according to pr8.4 — log((3.5—
from the hydroxyl catalysis are only-F times smaller than  Opem)/(Oppm — 3.72)). For the exchange experiments catalyzed by, NH
those determined using N In the latter duplex, the small the addition of 1 mM tris to the NMR samples, a concentration with
systematic reduction of the dissociation constants measured withneg“g'ble. effect on th.e imino proton exchange rates compared to that

_ . . of NHj3, similarly provided the pH of the sample. The catalysts were
OH~ and negatively charged catalysts was interpreted as a

A ; added to the NMR samples frol M tris, pH 8.1 and from 6 M
consequence of the reduced local concentration of the negatwelyammonia’ pH 8.8 stock solutions.

charged species in the vicinity of the DNA. The larger difference () NMR Methods. Unless otherwise stated, all the NMR experi-
observed between the dissociation constants of the wobble pairsnents were performed at® on a 500 MHz Varian Unity INOVA

in dTGA2 and rG5A duplexes derived from OHand NH; spectrometer using a penta probe. The imino protons of the wobble
catalysis may be the indication that the exposed imino proton pairs were connected in the NOESY spectra collected with mixing times
is closer to the negatively charged phosphate backbone, a regior®f 70 and 120 ms. G(H1), identified by the strong imiremino proton
where the effective OH concentration is much smaller than ~ Cross-peak, was always found upfield shifted compared to that of

Materials and Methods

T/U(H3).
(21) Cubero, E.; Sherer, E. C.; Luque, J.; Orozco, M.; Laughton, Q. Am. Exchange times longer than 20 ms were measured by magnetization
22) %hebm.tsgclg% 12Jl B865‘03—8654;1?'\” \ Biol 2003 330, 687703 transfer from water. In these experiments, the water magnetization was
eibert, E.; Ross, J. B.; Osman, R Mol. Biol. — . . - - o
(23) Pan, Y.: MacKerell, A. D., JiNucleic Acids Res2003 31. 71317140. selectively inversed with a DANTE sequeftand the imino proton

(24) Gueon, M.; Charretier, E.; Hagerhorst, J.; Kochoyan, M.; Leroy, J.-L.;
Moraillon, A. In Structure and Method$Sarma, R. H., Sarma, M. H., Eds.; (25) Cantor, C. R.; Warshaw, M. MBiopolymers 197Q 9, 1059-1077.
Adenine Press: Guilderland, NY, 1990; Vol. 3; pp 1137. (26) Morris, G. A.; Freeman, Rl. Magn. Res1978 29, 433-462.
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Table 3. Rates of Imino Proton Exchange Catalyzed by Ammonia, constructed in canonical A and B conformation, respectively. The
Tris, and Hydroxyl Measured at 0 °C Using Thymidine and 2'—3' duplexes were neutralized by Naounterions, and further Naand

Cyclic Guanosine (s Cl~ ions were added in random initial positions (but not closer than 5

Kexna Kexis Kexo- A from the solute or one another) to bring the NaCl concentration to

T 9.1x 1P 1.24x% 106 2.32x 10° 0.1 M. The system was then solvated with TIP3P water molecules

G 1.66x 10’ 1.97x 10° 3.3x 10° (~5000) within a truncated octahedral box, corresponding to a solvent

layer larger than 10 A. The simulations were carried out using periodic

o . ) boundary conditions at constant temperature (300 K) and pressure (1
magnetization was detected after a variable delay incremented from 151 \ith 5 ps coupling constants. Long-range electrostatic interactions
to 200 ms using an echo sequence as previously repoedrious were treated using the particle-mesh Ewald approadhavé Adirect
effects due to cross-relaxation were limited by using variable delays space cutoff. Bond lengths involving hydrogen atoms were constrained
shorter than 200 ms. The exchange contribution of the added catalystusing SHAKE, and the equations of motion were integrated with a 2
was determined from the exchange times measured in the presgiice ({5 time step. The solvent and counterions were relaxed by energy

and in the absenceq) of catalyst by minimization and allowed to equilibrate around the restrained solute
1 during 100 ps at 300 K and constant volume. The simulation was then
Texcat = (UTex = Uty ) switched to constant pressure, and the harmonic restraints on the solute

) ) atomic positions were gradually reduced over a period of 1 ns. An
Exchange times shorter than 20 ms were determined from the ynrestrained simulation of 4 ns was then performed to create an
longitudinal relaxation times measured_ in the preseiigeand in the ensemble of starting structures for the opening simulations.
ab_sence o_f added ca_talyél’tlé). The two imino protons of the wobble The opening angle of a basé)(is calculated as the angle between
pair were inverted with a DANTE sequence and a Jump and Return yhe c1—C1' vector of the base pair and a vector obtained by the
pulsé” followed after variable delays incremented from 0.2 msTa 5 hrgjection of the glycosidic bond of the opening base into the plane
In this case, the exchange contribution of the added catalyst was yht is normal to the local helical axis and contains the<Cll’ vector
calculated as A right-handed base rotation around the axis oriented in the'5
1 direction of the strand corresponds to base opening into the major
Texcat = (1T = 1Ty € groove (increasing angles) and left-handed rotation to base opening
o ] ] _into the minor groove (decreasing angles). In canonical B-DNA, the
For imino proton exchange experiments catalyzed by high tris gpening angle has a value of55° for the Watsor-Crick bases. In
concentrations, the tri@-methyl NMR peak was selectively saturated  the GT/U wobble base pairs, however, the bases are slightly displaced
by a 0.3 s low-power pulse in order to avoid amp_hﬁer saturation. to maintain H-bonding: T/U into the major groové(= 65°) and G
(C) Imino Proton Exchange Theory. The formalism of catalyzed  jnto the minor groovefs = 45°). Opening angles are reported relative
proton exchange has been extensively describétr an isolated (5 the values calculated in the relaxed oligome)in this work. Imino
_nucle05|de, the imino proton exchange rate induced by a proton a(:ceptorprotOn exchange can (a priori) take place as a result of correlated
Is movements of the bases. To sample efficiently the surface defined by
oK the two individual opening angles, reaction coordinates of their linear
Kex.ace= Keanlaccl/(1+ 10° ) 4 combinations were used as restraints. Hence, T and G opening was
) . ) induced either in a coupled rotation of the bases toward the major and
wherekeo is the collision rate, [acc] the proton acceptor concentration, minor grooves or by a counterrotation of each base toward a distinct

andApK the (K difference between the imino protonKg., = 10.2, groove (e.g., G toward the major groove and T toward the minor
pKruz = 10.5) and the proton acceptorKisz = 9.3, Kuis = 8.4). groove).
Imino proton exchange from @ and AT base pairs is a two-step The opening trajectories were initiated from three independent initial

process that requires base pair disruption, followed by a proton transfersrctures to test the stability of the simulations. Base opening was
to the proton acceptor. The contribution of the proton acceptor to jnqyced by gradually changing the reaction coordinate from its value

exchange time is given by in the relaxed oligomer (set t&)to +120° by steps of 5. The reaction
_ coordinates were maintained by a harmonic potential with a 0.05
Texcat. ™ T L/Kex acKgisd ®) kcal.mol*-deg? force constant. For each set of opening angles,

structural ensembles were collected from 100 ps molecular dynamics
simulations. The conformation obtained at the end of a sampling
window was used as the starting point for the next window. The total
simulation time for base pair opening along the different pathways was
30 ns for each oligomer, i.e., 100 ps25 window x 4 pathwaysx 3
independent simulations. During the generation of the structural
ensemble, the opening-angle values were recorded to generate biased
probability histogramé! It was verified that adjacent histograms showed
esignificant overlaps, indicating that all values of the reaction coordinate
within the desired range had been properly sampled. These histograms
were used to obtain the potential of mean force or free energy associated
with base opening by the constant-temperature weighted histogram
analysis method (WHAM§J?32 Convergence of the free energy results
was checked by comparing different blocks of data within a trajectory
and also between independent trajectories. Both these analyses suggest

where 7o is the base pair lifetimeKgiss the base pair dissociation
constant, andtex accthe proton-transfer rate from the open paiiis an
accessibility factor, which is equal to one for a fully accessible imino
proton. According to this model, the plot oy ca. versus the inverse
of the catalyst concentration is a straight line whose extrapolation to
infinite catalyst concentration yields the base pair lifetimg, The
apparent dissociation constaniss IS Obtained according to equ 5
as the ratio of the exchange rates measured in the duplex and in th
isolated nucleoside (Table 3). The apparent open-pair lifetitngen
is equal to the produatyaKgiss

(D) Molecular Dynamics Simulation. Model building, simulations,
and analysis were performed with the AMBER 7 suite of progréimns,
using the Parm99 force fiefd.The RNA and DNA duplexes were

(27) Plateau, P.; Guen, M. J. Am. Chem. S0d.982 104, 7310-7311.

(28) Case, D. A,; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., Ill; Ross,
W. S.; Simmerling, C. L.; Darden, T. A.; Metz, K. M.; Stanton, R. V.; (30) Bernet, J.; Zakrzewska, K.; Lavery, R.Mol. Struct. (THEOCHEM}.997,
Cheng, A. L.; Vincent, J. J.; Crowley, M.; Tsui, V.; Radmer, R. J.; Duan, 398—-399, 473-482.

Y.; Pitera, J.; Massova, |.; Seibel, G. L.; Singh, U. C.; Weimer, P. K.; (31) Torrie, G. M.; Valleau, J. Rl. Comput. Phys1977 23, 187-199.
Kollman, P. A, AMBER 6 University of California: San Francisco, 1999. (32) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.; Rosenberg, J.

(29) Wang, J.; Cieplak, P.; Kollman, P. A. Comput. ChenR00Q 21, 1049- M. J. Comput. Chenil992 13, 1011-1021.

1074. (33) Boczko, E. M.; Brooks, C. L., IllJ. Phys. Chem1993 97, 4509-4513.
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that the results obtained are precise within roughly 2-kual . Atomic exchange catalyzed by ammonia with those calculated along
surface accessibilities for the imino protons were calculated using a the lowest free energy pathway shows that an effective proton
Korobov grid, Pauling atomic radii, and a probe sphere of 1.4 A rédius. exchange process can take place at rather low accessibility of
the imino proton (16-40% relative to the isolated nucleoside).
Modest opening amplitude is also consistent with the reduced
The presence of two imino protons in wobbleT8J pairs effect observed for the negatively charged catalysts (@ht
provide a convenient way to study the base opening pathwaysHPQs?"). Similarly, higher steric accessibility is required by
within DNA and RNA duplexes. NMR spectroscopy and the bulkier catalyst, tris, which results in lower apparent
molecular dynamics simulation have been used to obtain kinetic, dissociation constants.
thermodynamic, and structural insight into the opening mech-  In the absence of added catalysts, the exchanges of G(H1)
anism. It has been established that imino proton exchange occurand T(H3) are catalyzed by T(02) wittKp= 0 and G(O6)
from the open base pair. The lifetimes of hydrogen bonds with pK = 1, respectively. The effect of the mismatch on the
between the bases are extremely short: less than 1.5 ms at Gtability of neighboring base pairs was also investigated. It
°C. Molecular dynamics simulations indicate that the lowest showed that the lifetimes of adjacent base pairs are strongly
free energy pathway corresponds to a coupled rotation of thereduced, but little influence was observed on the second nearest
two bases into the major groove. In DNA, this movement first neighbor. This result indicates that the incorporation oT G
disrupts the T(H3)O6(G) bond at a cost of 2.5 kcal/mol. mismatches in DNA causes only local structural perturbations
Subsequently, the G(H£YO2)T bond breaks at a cost of 7 kcal/  and hence DNA repair systems must involve a complex
mol. In line with simulations, the proton exchange experiments recognition mechanism.
show that the lifetime of the T(H3)O6(G) bond is always
shorter than that of the G(H+(O2)T bond. In RNA duplexes, Acknowledgment. The authors thank Richard Lavery for
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