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ABSTRACT. We have investigated by NMR the effects of Ntbon the chemical shifts, on the structure,

and on the imino proton exchange kinetics of two duplexes containing an A-tract, [d(CGCGAATTCGCG)]
and [d(GCAT4GC)],, and of a B-DNA duplex,[d(CGCGATCGCG)]Upon NH," addition to [d(CGC-
GAATTCGCG)}, the adenosine H2 protons, the thymidine imino protons, and the guanosine imino proton
of the adjacent & pair show unambiguous chemical shifts. Similar shifts are observed in the A-tract of
[d(GCALT4GC): and for the A5(H2) proton of the B DNA duplex [d(CGCGATCGCg)The localization

of the shifted protons suggests an effect related to™Nbinding in the minor groove. The cross-peak
intensities of the NOESY spectra collected at low and highyNébncentrations are comparable, and the
COSY spectra do not show any change of the sugar pucker. This indicates a modest effect of ammonium
binding on the duplex structures. Nevertheless, the imino proton exchange catalysis by ammonia provides
evidence for a substantial effect of NHbinding on the AT base-pair kinetics in the A-tracts. Proton
exchange experiments performed at high and lowsNébncentrations show the occurrence of two native
conformations in proportions depending on the/;Nldoncentration. The base-pair lifetimes and the open-
state lifetimes of each conformation are distinct. Exchange from each conformation proceeds via a single
open state. But if, and only if, the NH concentration is kept larger than 1 M, theTAimino proton
exchange times of A-tract sequences exhibit a linear dependence versus the inverse of fhretdiH
acceptor concentration. This had been interpreted as an indication for two distinct base-pair opening modes
(Warmlander, S., Sen, A., and Leijon, M. (200B)ochemistry 39607—615).

Almost all our knowledge on the base-pair opening opening modes occurring at a rate slower than the imino
kinetics of nucleic acids relies on the analysis of the exchangeproton exchange rate would escape proton exchange inves-
times of the H-bonded imino protons with water. It is well tigations. On the contrary, multiple opening modes operating
established that the imino protons are sequestered within theat a rate faster than imino proton exchange would be detected
closed base pairs. The formalism of catalyzed imino proton by the nonlinearity of the plot of the exchange times versus
exchange from a base pair has been extensively describedhe inverse of the acceptor concentration. The systematic
(see refl for a recent review). It depicts a process requiring observation of a linear relation between the exchange
base-pair opening followed by proton transfer to a proton contribution of added catalysts and the inverse of the catalyst

acceptor acting as an exchange catalyst. concentration argued until now for a single opening mode
During the past 20 years, proton exchange studies in B of the pairs.
(2), B (3), and Z @) DNA duplexes, in drugDNA Evidence which could favor the existence of a second

complexes §), in tRNA (6), in RNA duplexes 7), and in ~  g5ening mode has recently emerged from an imino proton
triple helixes 8) have validated the two-state (open/closed) exchange study of [d(CGCGAATTCGCG)Nd [d(CGCA-
model of the base pairs. In this model the plot of the proton CGC)/d(GCGEGCG)] (10). The imino proton exchange
acceptor cpntribution to the imino proton e>_<chf_;1nge time catalysis was investigated in a wider range of dncen-
versus the inverse of the acceptor concentration is a straightyations than in earlier studies. This allowed the observation
line, whose extrapolation at infinite catalyst concentration ¢ - teature that was previously unnoticed: the plot of the
yields the base-pair lifetime. The possible occurrence of gy change times of most theRimino protons is nonlinear
multiple opening modes has been evok&l Base-pair  ergys the inverse of the Nidoncentration. This effect could
indicate the occurrence of two base-pair opening modes. But
* Corresponding author: Fax: 01 69 82 37 84. E-mail: Jean- it could also be due to a structural change induced by NH
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the NMR spectrum of [d(CGCGAATTCGCG)hnd rein-
vestigated the proton exchange catalysis by;Niding a
complementary approach.

It is well-known that the large ammonia concentration
required in proton exchange studies (op6t M !) induces
intermolecular interactions between the duplexEs (2).
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mained within the narrow concentration range of 12209

M. These experiments will be designed as “experiments

performed n 2 M ([NH3] + [NH4']) ”. The imino proton

hydroxy! catalysis and the effect of the pH change on the

duplex structure were measured in separate experiments.
Sample preparationThe duplex concentration was de-

When the proton exchange times are determined from termined from the UV absorbance using thé*%Avalues

inversion-recovery measurements, as in fd€f they may
be affected by the variation of the dipeldipole relaxation

computed according to a nearest neighbor model (14). The
strand concentrations ranged from 1 to 6 mM. The NMR

rate (L1, 13). In the present work, we therefore measured samples contained 1 mM ethylenediamine tetraacetic acid
the imino proton exchange times using magnetization transferand 0.2 mM 2,2-dimethyl-2-silapentane-5-sulfonate, whose
experiments, which are not subject to this artifact. An other Mmethyl peak was set to 0 ppm for chemical shift reference.
problem is the possible conformational change mentioned The sample pH was measured at room temperature before
above. Examination of the proton spectra of [d(CGCGAAT- and after each experiment. In the experiments performed at
TCGCG)} revealed that Nk, but not N&, induces a shift ~ variable (INH] + [NH4"]) concentration, it was adjusted

of the A(H2) and imino protons. This suggested a confor- Using 0.1 6 1 M HCl and NaOH solutions. In the experi-
mational change induced by NH At the very least, it ~ ments performedi2 M ([NH3] + [NH4']), it was adjusted
showed that some change is occurring in/Nsolution even by mixing two DNA samples prepared i2 M ([NH3] +
through the intensity of the NOESY cross-peaks remains [NH4']), respectively, at pH 6.9 and 9.3. Nonbuffered
nearly unchanged. Indeed, when the exchange experiment$a@mples were kept under nitrogen atmosphere in the NMR

were carried out at Ni# concentration larger than 1M, the
linearity of the imino proton exchange time versus 1/gNH

tube. The effects pH, NH, and N& on the proton chemical
shifts were measured at pH 8.8 in 90%Q{ 10% DO

was restored. We could thus demonstrate that the nonlinearitysolution, and in 99.9% . NH,Cl or ND,CI and NaCl were
observed in refl0 is not due not to one native structure added fran 5 M stock solutions in kD or in DO.
associated with multiple opening modes but to the existence NMR Methods.Unless otherwise stated, all the NMR
of two native structures, in proportions depending on the experiments were performed at 20 on a 500 MHz Varian
NH," concentration, each associated with its own single Unity INOVA spectrometer using a penta probe. Two-

opening mode. The structural change induced byNias

dimensional spectra devised to investigate the effect of NH

explored by NOESY and COSY measurements. Similar 0N the oligonucleotide structure were acquired in the hyper-
effects of NH were also observed on the exchange kinetics complex modeX5). The NOESY spectra were collected with

of the AsT imino protons and on the chemical shifts of
[d(GCA,T4,GC)L, suggesting a feature characteristic of the
A-tracts DNA duplexes. The localization of the shifted
protons points toward an effect related to NHbinding in
the narrow minor groove of the A-tracts.

MATERIALS AND METHODS

Oligonucleotide Synthesighe DNA sequences d(CGC-
GAATTCGCG), d(GCAT4GC) and d(CGCGATCGCG)
were synthesized usingrcyanoethyl phosphoramidites on
a 2 or 10uM scale and purified on a DEAE column.

Proton Exchange Experimentall the proton exchange
experiments were performed at 20 in the presence of 0.1
M NacCl. To distinguish the effect of Nd-bn the imino proton
exchange kinetics from those induced by Ntan the duplex

mixing times of 40, 60, 80, 100, and 120 ms using a
relaxation delay B2 s in H,O solution and 6.2 s in i in
order to avoid saturation of the H2 protons. The COSY
spectra were acquired at 2Q and at 45°C to improve the
spectral resolution. The cross-strand-H21' distances were
measured from the built-up of their NOE cross-peaks
calibrated to the intra-residue H&15 cross-peaks of C3 and
C11 (interproton distance 2.45 A). The imino protons of
[d(GCALT,GC)], were assigned from NOESY spectra col-
lected with mixing times of 50 and 250 ms by their cross-
peaks with the A(H2) protons identified in a previous
publication (L6). Except for magnetization transfer experi-
ments, the KO signal was suppressed by a jump-and-return
(JR) pulse sequencé?).

Exchange Time Measuremeniost of the exchange times
were determined by magnetization transfer from wafér (

structure, we measured the imino proton exchange timesAfter selective inversion of the water magnetization, the time

versus the NK concentration according to two different

dependence of the imino proton magnetization is given by

procedures. A first series of proton exchange measurements

was performed at constant pH (8.8) with a constant 0.32/ NH
NH,4" ratio. In these experiments, the Blebncentration was

increased from 2 mM to 1.4 M by successive additions of

small alliquots of a 6.5 M ([NH| + [NH4']) stock solution.
Hence, the NH" concentration increased in proportion from

1- (MW(O)/MW)
Tex(Ri - Rw)
[exp(—tR,) — exp(-tR)] (1)

X

6.3 mM up to 4.4 M. Such experiments will be henceforward where e, is the imino proton exchange tim&l, and M,

designed as “experiments performed at variable {NH

are the imino proton and water equilibrium magnetizations,

[NH4*]) concentration”. A second proton exchange study was My is the water magnetization right after the selective

performed at a consta@ M ([NH3] + [NH4*]) concentration.
The NH; concentration was in that case controlled by

inversion pulse, an& andR, are the imino proton and the
water longitudinal relaxation rates. The water magnetization

changing the pH sample from 7.0 to 9.1, a range such thatwas inverted by a DANTE sequend| of 30 hard 6 pulses
the exchange catalysis due to hydroxyl and to base depro-separated by 5Qs intervals. The small water residual

tonation could be neglected. The hHconcentration re-

transverse component due to pulse imperfections was sup-
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pressed by a 23 G/cm Z-gradient applied after the DANTE the isolated nucleosid®). The apparent open-pair lifetime,
sequence during 0.5 ms and by a 0.01 G/cm Z-gradientozepen is equal to the produatyoKgiss

applied during the magnetization transfer delay. The signal

was detected using an echo water suppression subsequencgESULTS AND DISCUSSION

The recovery rate was set to 15 s to allow full relaxation of  Effect of NH™ on the Base-Pair Kinetics and Chemical
the water magnetization. Unwanted cross-relaxation effects Shifts of [d(CGCGAATTCGCG)]JAmmonia-Catalyzed Imi-
were limited by using magnetization transfer delays shorter no Proton ExchangeAt 20 °C, pH 8.8, in the absence of
than 160 ms. The ratioyM,, and the water and imino  ammonia, the exchange time of the imino proton of pair
proton relaxation rates were measured in separate inversion ASeT is about 1.5 s. For Ad, C3G, and G4C, it is longer
recovery experiments using 12 time increments. Thirty time than 2 s, the upper limit of the values accessible to
increments were used to measure the imino proton relaxationmagnetization transfer, and shorter than 30 s, the lower limit
rates. The exchange times were computed from the best fitof the values accessible to H/D real time exchange experi-

of expression [1] using 1624 time increments. The ex-
change contribution of Nk zex nr, Was determined from the
exchange times measured in the presengg énd in the
absencetyx) of ammonia by

Tex,NH3= (1/Tex_ :I'/Tex())_l

ments. The NH contribution, zexnm, tO imino proton
exchange from pairs GG, G4C, A5T, and AT measured

at variable ([NH] + [NH4]) concentration and in 2 M
(INH3] + [NH4™]) is plotted versus 1/[Ng] in Figure 1. The
Texnt Values measured at variable ([BH+ [NH4'])
concentration are in agreement with those, measured in the
same condition, by Vitenlander et al. For A6T imino proton

In some cases, the exchange time contribution of the IN Particular, the plot ofrexnw, versus 1/[NH] presents a

proton acceptor was obtained from the difference of the imino
proton relaxation rate®, andRex, measured by inversien

recovery in the absence and presence of proton acceptofS aPout

according to

Tex,NI—|3 = (Rex - RO)_l

“curvature” around 1/[NH ~ 30 M™* and zexni, ~ 0.1's,

as reported in r&0. The corresponding N concentration

0.1 M. Similarly, we find that the.nn, values
measured for A&l imino proton in the higher and lower
NH; concentration ranges are not aligned on the same straight
line (Figure 1). The good agreement of thgnw, values
obtained by magnetization transfer (this work) and from the
variation of the inversiorrecovery rate upon ammonia

To avoid spurious effects due to the salt-induced change 5qdition (L0) confirms the nonlinearity of the N¢-tontribu-

of the relaxation ratesl@), this method was only applied

tion to AT and A5T imino proton exchange in such

when the ionic strength change due to the added protoncondition. Furthermore, the exchange times are nearly
acceptor is negligible. This was the case, for example, for unchanged in the presencé2M NaCl or KCI (Figure 1).

the exchange time measurements versus pH.
Imino Proton Exchange Theorfhe formalism of cata-
lyzed proton exchange has been extensively described (

The salient features relevant to this study are summarized

This indicates that the nonlinearity af nw, versus 1/[NH]
is not due to the variation of the ionic strength caused by
the increasing Nt concentration.

In the range of the NEiconcentrations explored, the plots

below. In an isolated nucleoside, the imino proton exchange o Tex i, VErsus 1/[NH] are linear for the €C imino protons

rate induced by a proton acceptor such as;H
kex,accz kcoll[acc]/(l+ lOApK)

where ko is the collision rate, [acc] the proton acceptor
concentration, andpK the (K difference between the imino
proton (Ke = 9.3, Ky = 10.3) and the proton acceptor
(PKNH3 = 9.3).

Imino proton exchange from a base pair is a two-step

(Figure 1). Their slopes reflect the high stability of theGG
pairs. 7ex v, DECOmes inaccessible to NMR measurements
when 1/[NH] > 80 M1 in the case of C& and 1/[NH]
> 1/20 M1 in the case of G&C. It should be noted that a
nonlinearity of the plot theexnn, Versus 1/[NH] could be
missed since the measurements were restricted to a rather
narrow concentration range.

In 2 M ([NH3] + [NH4']), 20 °C, pH 6.1, the exchange
times of the imino protons of the four inner pairs fall in a

process requiring base-pair opening, followed by transfer to range of value (2 s<zex< 30 s) inaccessible to NMR
a proton acceptor. The proton acceptor contribution to the measurements.

exchange time is given by

Tex,catz To +1/(kex,acp*Kdiss)

where 19 is the base-pair lifetimeKgss the base-pair
dissociation constant, argy ..cthe proton-transfer rate from

The two magnetization transfer experiments from water
displayed in Figure 2 show the effect of MHon the imino
proton exchange catalysis of AB Both experiments were
performed with the same NHtoncentration, 90 M, either
in the presence of 35 mM [NH], pH 8.8, or in 1.99 M
[NH4], pH 7.04. The exchange times derived according to

the open paira is an accessibility factor, which should be eq 1 from the evolution of the imino proton magnetization
equal to one for an imino proton fully accessible in the open after water inversion are respectively 0.14 and 1 s. The
pair. According to this model, the plot afy . versus the insensitivity of AGT imino proton to hydroxyl catalysis in
inverse of catalyst concentration is a straight line whose this pH range (Figure 3), together with the identity of the
extrapolation to infinite catalyst concentration yields the base- chemical shifts measured in this pH range, establishes that
pair lifetime 7. The apparent dissociation constamKgiss, the difference is related to the NHconcentration.

is obtained according to expression 2 from the ratio of the  The plots of zexnn, Versus 1/[NH] in 2 M ([NHg] +
rates of exchange catalysis measured in the duplex and fofNH4"]), pH 7.1-9.1, are displayed in Figure 1. The absence
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FIGURE 1: Ammonia contributiontey nw, t0 imino proton exchange in [d(CGCGAATTCGCGYs 1/[NH;z]. For each base pair, the lower

left corner of the right panel is enlarged on the left side. {Q\r, Was measured at variable ([MH+ [NH4*]) concentrations, pH 8.8.
Hence, [NH] and [NH,] were increased in the same proportion, respectively, from 2 mM to 1.4 M and 6.3 mM up to 4.4 M. The
exchange times are unchanged2 M NaCl (+) or KCI (X) solutions. (I) zexnr, Was measurechi2 M ([NHz] + [NH4*]). [NH3] was
controlled by the solution pH (pH 7-29.1). [NH,] was therefore maintained between 1.22 and 1.99 M. The upper horizontal scale indicates
the NH;* concentration in the experiment performed at variable @NH[NH4"]) concentration, pH 8.8, and the pH of the measurements
in 2 M ([NHz] + [NH4*]). The ammonia contribution to imino proton exchange vs 14Nbla straight line when the NH concentration

is lower than 30 mM (dashed lines) or higherritiaM (full lines). The full and the dashed lines of the right and left panels have, respectively,
the same slopes and the same extrapolations at 3}[RH. The nonlinearity of the plot of thes, nw, Values measured at variable ([MH

+ [NH4*]) concentration for the imino protons of AB and A5T is related to a conformational change induced by,NH = 20 °C,

[NaCl] = 0.1 M.

1
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FiGURE 2: Evolution of the normalized magnetization of #6 : ' ' : : ' :
imino proton after selective inversion of the water magnetization. o 1 H 10 1
() In 2 M ([NH3] + [NH4]), pH 7.04, and (O) in 46 mM ([Nk] P

+ [NH4™]), pH 8.8. The NH concentration is the same in both Ficure 3: Imino proton hydroxyl catalysistexon in [d(CGC-
experiments: 1/[NB = 90 M~%. The solid lines are the best fits GAATTCGCG)L. (0) C3G, (n) G4C, (O) AT, and (I) A6T.
computed according to expression 1, and the correspondingThe full line with a—1 slope is characteristic of catalysis by OH
exchange times values are indicated. The heavy dashed line show®eviation from linearity above pH 10.4 and 11.4 for, respectively,
the evolution of the water magnetizatioh= 20 °C, [NaCl]= 0.1 C3G and G4C reflects the deprotonation of the outermost pairs.
M. T=20°C, [NaCl]= 0.1 M.

of effect of pH on the imino, aromatic, and methyl proton consistent with those derived from the measurements per-
chemical shifts establishes that the duplex structure is notformed in the higher concentration range of the experiments
modified in this pH range (Figure S1). For fband A5T, at variable ([NH] + [NH4*]) concentration. The comparison
Texnn, VErsus 1/[NH] does not show the nonlinearity of the experiments performed 2 M and variable ([NH| +
observed when both [N and [NHs"] are increased  [NH4]) concentrations shows thag nw, versus 1/[NH] is
together. Instead, the plot afxni, iS @ straight line, as  a straight line when [Nkf] < 30 mM and when [NH'] >
expected in a two-state model of the pairs. By comparison 1M.

with the measures at low Nfi concentration, the slopes of These observations are inconsistent with the existence of
the plots indicate an increase of the base-pairs stabilities,two distinct open states. This suggests that the nonlinearity
but the base-pair lifetimes and dissociation constants areof the plots oftexnn, Measured at variable ([NH+ [NH4*])
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Table 1: Lifetimesro, Apparent Dissociation Constanmigiss and Apparent Open State Lifetimesop at 20°C of the Four Inner Base Pairs

of [d(CGCGAATTCGCG)} and [d(GCAT.GC)L?

[d(CGCGAATTCGCG)} [d(GCATLGO))2

[NH4*] C3G G4C AbeT ABeT A3eT AdeT AbeT ABeT
7o(mMs) <30 mM 6.3+ 1 b 23+3 81+5 2+1 71+ 5 1454 10 135+ 10

>1M 6.3+1 21+ 3 5+1 20+ 3 [ [ 85+ 7 40+ 4
aKaiss(x 107) <30 mM 9+ 1 b 79+5 66+ 7 160+ 10 24+0.3 6+ 1 4+0.5

>1M 54+1 14 0.07 17+ 2 5+ 0.7 c [ 0.6+0.1 0.5+ 0.1
0Top(NS) <30 mM 5.6+ 1.5 b 180+ 35 535+ 86 32+ 18 14+ 3 87+ 20 544+ 11

>1M 3.1+1.1 2.1+ 04 8.5+ 2.7 10+ 3 [ [ 54+1.2 2+ 0.6

aThe kinetic parameters describing the base-pair opening kinetics of each species are derived from imino proton catalysiselagNed at
low ([NH4"] < 30 nM) and high (1< [NH4*] < 4.4 M) ammonium concentrations (see Figures 1 antiEXchange times inaccessible to NMR

measurement$.Not measured due to spectral overlap.

concentration is due to the simultaneous presence of two
exchanging conformations of the duplex, in proportions
depending on the NH concentration. The plot ofexnk,
versus 1/[NH] is nonlinear when the increase of the
ammonia concentration change the native conformation from
the low NH,* to the high NH* conformation.

The AeT base-pair lifetimes and open-state lifetimes of
each conformation are distinct, but for each conformation,
the imino proton exchanges by way of a single base-pair
opening mode. For A4, the lifetimes are respectively 81
ms and 535 ns in low Nkt and 20 ms and 10 ns in high
NH,*. The kinetics parameters derived from the fits of the
exchange experiments (solid and dashed lines of Figure 1)
at low ([NHsf] < 30 mM) and high ([NHT] > 1M)
ammonium concentrations are displayed in Table 1. The
lifetimes of the AT pairs of the species that dominates at
high [NH,*] concentration are consistent with the published
values measured at high ammonia concentration (1). At low
[NH4"] concentration, the AT base-pair lifetimes are about

measured in B DNA duplexes (19). NHhas little effect
(C3+G) or no effect (G4C) on the kinetics of the & pairs.

Hydroxyl CatalysisThe hydroxyl contributiongey on-, to
imino proton exchange is plotted versus pH in Figure 3 for
the four inner pairs. The apparent base-pair dissociation
constants may be determined from the hydroxyl catalysis
when deprotonation of the bases is negligible. The half-
dissociation pH of a base pair, pb is related to its
dissociation constant and to the imino protd& py pHi
= pKi — log(Kgis9 (20). The OH -induced base-pair dis-
sociation first affects GIG whose dissociation constant at
20 °C is expected to be in the range of 0.1 (20).

The plots of logrexor Versus pH have a slope efl up
to about pH 10.3 (Figure 3). The apparent dissociation
constants are respectively 3:5 104 for G2.C (data not
shown), 0.25x 1078 for C3G, 0.05x 1078 for G4C, 0.2
x 1078 for A5eT, and 0.12x 1078 for AGeT. It is noteworthy
that the values for the & pairs are much smaller (about
50 times) than those derived from the Ntatalysis measured
at low NH,* concentration (Table 1). Lower apparent
dissociation constants are commonly found for negatively
charged proton acceptor8)( This effect is due to their low
local concentration near the negatively charged duplex.

The pH-dependent disruption of the outermost pairs is
expected to occur around pH 10.3 (see above). The deviations
from linearity observed around pH 10.3 and pH 11 for,
respectively, C8&s and G4C indicate a destabilization of
the pairs due to end-fraying propagation. This may also
account for the observation of shorter lifetimes at pH 9.5
than at pH 8.810). The deprotonation of the terminal pair
probably modifies the kinetics of theeA& pairs. For this
reason, the hydroxyl catalysis of Ab and AT imino
protons cannot provide argument for or against the occur-
rence of multiple opening modes.

NH,*-Induced Chemical Shifts in [d(CGCGAATTCGCG)]
Due to the negative charge of the phosphate groups, the DNA
structure may depend on the cation concentration. A well
documented example is that of the B to Z transitiafh énd
references therein). The high MIMNH;* concentration
required to determine the base-pair lifetimes may affect the
duplex structure. This possibility had been already examined
in particular in B DNA duplexesi12, 14). It is generally
observed that the effects of NHand Na on the NMR

%pectra are roughly comparable. The line broadening ob-

served at high ionic strength is attributed to the increase of
the correlation time induced by intermolecular interactions
(11, 13). At high duplex concentration, the relatively large
chemical shifts of the aromatic protons of the terminal pairs
are indicative of end-teend stacking interactions.

The effects of N& and NH;* on the aromatic and imino
proton regions of the [d(CGCGAATTCGCGJgpectrum are
displayed in Figure 4. The comparison of the spectra obtained
in 15 mM and 1.92 M NaCl indicates that Ndas little
effect on the duplex structure. On the contrary,/Nihduces
chemical shift variations, especially for A5(H2) and A6(H2),
which are upfield shifted by, respectively, 0.3 and 0.18 ppm
in 3.8 M NH;". The NH,™-induced shifts of T7(H3), T8-
(H3), G4(H1), and, to a lesser extend, A6(H8) are also
significantly larger that those induced by Narhe small
chemical shifts induced by Nfl and Na on the methyl
and sugar protons are comparable (not shown). The gradual
shifts of the A(H2) protons versus [NH indicate a fast
exchange on the NMR time scale between different confor-
mations. The localization of the protons shifted by Nlh
the AATT region correlates with the effect of NHon the
AeT base-pair kinetics. The observation for the T imino

Nevertheless, the large difference between the apparentprotons of downfield shifts for [NE] < 1 M and of upfield

dissociation constants derived from exchange catalysis by
NH3; and OH for the AeT pairs suggests a restricted access
of OH™ in the A-tract.

shifts at higher NH" concentration suggests that the con-
formational exchange could involve more than two species.
At 0 °C, the 800 MHz spectrum does not show line splitting
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Ficure 4: Imino (a) and aromatic (b) proton chemical shifts vs
[NH4™] and [Na"] in [d(CGCGAATTCGCG)}. Na" addition has
little effect on the chemical shifts. By contrast, specific shifts are
induced by NHT, in particular, for A5(H2) and A6(H2) (black

circles) and for the G4 and T imino protons. The shifts indicate an

NH4*-dependent equilibrium between distinct species. The diago-
nally and vertically stippled areas show, respectively, the,NH

concentration ranges that allowed the characterization of the base{[NH3] + [NH4
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Ficure 5: Chemical shifts of A5(H2) in [d(CGCGATCGCG)]
(right panel) and of A3(H2) in [d(GCA ,GC)], (left panel) vs the
NaCl @), and the NHCI (®) concentrations. pH 8.8, = 20 °C.

We also examined the effect of NHon the imino proton
exchange rates of [d(CGCGATCGCg)) duplex which we
consider a benchmark for imino proton exchange studies on
B DNA.

[d(GCAITLGC)],. As with [d(CGCGAATTCGCG), the
plots of zex nw, VErsus 1/[NH] are linear for AGT and A5T
imino protons in the experiments performeda M ([NH3]

+ [NH4*]), whereas they present a curvature around;NH

~ 0.1 M in the experiment at variable ([NH+ [NH4"])
concentration (Figure S2). The kinetics parameters derived
from the exchanges times measured at low (JNH< 0.03

M) and high NH™ (NH,%* > 1 M) concentrations are
displayed in Table 1. The parameters could not be determined
at high NH;* concentration for pairs A4T and A3T. due

to overlap of their imino proton peaks. Once again, the
chemical shifts induced by NFi on the A(H2) protons are
much larger than those induced by™Nand as for [d(CGC-
GAATTCGCG)}, the largest NH™-induced shift is that of
the first adenine of the A-tract (Figure 5).

[d(CGCGATCGCG). Imino proton exchange at variable
(INH3] + [NH4T]) concentration has been extensively
investigated in this duplex2( 13). For comparison, we
measured the imino proton exchange catalys®M ([NH3]
[NH4™)). The rates of exchange catalysis of thed3mino
protons are identical to those previously measured at variable
*]) concentration. For A@l imino proton,

pair kinetics of the species that predominate at low and high Texnw, VErsusyNHs] extrapolates to the same lifetime, ca. 3

ammonium concentrations.= 20 °C

or line broadening indicating that the conformational ex-
change approaches the slow exchange condition.

Other DuplexesWith a tract of four consecutive X pairs
lacking a 5 T—A 3' step, [d(CGCGAATTCGCG)]belongs
to the B DNA family. The A-tracts of B DNA duplexes

ms, as that in the experiments performed at variable gJNH
+ [NH4*]) concentration, but the slope is 2.5 times larger.
This indicates either a restricted access forsNHa shorter
open-state lifetimen 2 M ([NHz] + [NH4™]). In the
experiments performed at variable ([AJH+ [NH4']), the
slope variation should induce a curvature of the plat@fin..
However, considering the limited accuracy of the exchange

have a number of structural and kinetics properties. The time measurements in the millisecond range and the weak-

lifetimes of the AT pairs are markedly longer than in B
DNA duplexes 8). Their narrow minor groove is occupied

ness of the effect, the corresponding curvature is beyond
detection. Although NE" has little effect on the exchange

by a network of H-bonded water molecules (the hydration catalysis of AST imino proton, we observe a specific I¥H
spine,22), whose residence times are slightly longer than induced shift of A5(H2) with amplitude comparable to those
those of the hydration water molecules of B DNA duplexes measured for the A(H2) protons of A-tracts (Figure 5).

(23). A recent investigation on NH binding indicates a
specific localization of NH" in the narrowest section of the
minor groove of [d(GCAT4GC)],, close to the AT and
ABeT pairs (16). This prompted us to select this duplex for
an imino proton exchange study.

Structural Change Induced by NH The observation of
different values of the base-pair lifetimes at low and high
NH,* concentrations in [d(CGCGAATTCGCG)]and
[d(GCALT,GC)L, shows that the anomalous imino proton
exchange kinetics of their X pairs is related to the NH
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concentration and that it does not reflect the existence of catalyst versus 1/[N§J. The present study shows that this
two distinct opening mode of thee& pairs. NH" binding may disturb the evaluation of the base-pair kinetic param-
in the A-tract narrow groove may explain the alteration of eters. Nevertheless, due to its small size, high pood

the base-pair kinetics, but the amplitude of the,RHihduced solubility, neutral character, and lack of detectable proton
shift of the A(H2) and imino protons suggests a structural on the NMR spectrum at alkaline pH, NiFemains certainly
effect of this cation. Nevertheless, the nature of the structuralthe best choice for imino proton exchange studies. The
change remains unclear. The coupling constants measurechonlinearity of the trimethylamine exchange contributihf)(

on the COSY spectra of [d(CGCGAATTCGCG)h 0.1 M suggests that the trimethylamine cation and,Nriight have
NaCl and in 0.5 M NaCl or N&CI do not show any  a comparable effect on the structure and base-pair kinetics
indication for an effect of Nii" on the sugar puckers. The of [d(CGCGAATTCGCG)}.

cross-peaks intensities of NOESY spectra collected at The similarity of the chemical shifts induced on the H2
different Na and NH;" concentrations are comparable within - protons of [d(CGCGATCGCG)](0.13 ppm) and of the
experimental error (Figure S3). The cross-strand distanceA-tracts (0.14-0.27 ppm) suggests that Hbinds with
between A(H2) and the HXproton of the residue adjacent comparable affinities on both kind of sequences and has
to the paired thymldlne in the lirection is correlated with Comparab|e structural effect. Nevertheless sNHas 0n|y a

the minor groove widthZ4). The values measured in 0.1 M modest effect on the closing rate of pair of the isolated A.
NaCl are in good agreement with those previously reported T,

(24, 25). For [d(CGCGAATTCGCG)] we measure 3.&

0.2 A for A6(H2)-T8(HT) and 4.1+ 0.2 A for A5(H2)—
C9(HY). For [d(GCAT.GC)], they are in the range of 3.7
+ 0.2 A for A6(H2)-T8(H1') to 4.6+ 0.3 A for A3(H2)—
G11(H1), and for [d(CGCGATCGCG)]we find 4.1+ 0.2

A. The distances measured on the NOESY spectra collecte

in 1 M NH.Cl are not significantly different. This shows  giy1ar coupling methodology which extends the range of
th_at.the groove width is not strongl_y aﬁectgd by NH the distances accessible to NMR is a promising tool for
binding (Figure S3). We note that this result is consistent ¢, ther structural investigations.

with a molecular dynamic simulation predicting that mono-
valent cation binding in the minor groove of the AATT
segment should not affect the groove wid)(

Once again, the base-pair kinetics proves to be a very
sensitive probe of nucleic acid structures. The scantiness of
the spectroscopic indications on the structural change induced
by NH4* contrasts with the conspicuous effects on the imino

roton exchange. The structural changes induced by am-
onium on the A-tract remain nonelucidated. The residual

Earlier proton exchange experiments in A-tracts focused
on the determination of the base-pair lifetimes. For this
L ) . ) ., reason, they were performed in the presence of high {{NH
The base-pair kinetics is quite sensitive to the nucleic acid [NH,*]) concentrations¥, 3, 30). Hence, they describe

structure. The € lifetimes, for example, are increased by e hase-pair opening kinetics of the conformation stabilized
2 orders of magnitude in Z DNA2({7), and the AT lifetimes by NH,*. It is likely that, as shown for [d(CGCGAAT-

of A-tracts are typlcally 16100 times Ionger than in B DNA TCGCG)]Z [d(CGCAeCGC)/d(GCG-EGCG)] (10) and
duplexes 8). In this context, it is conceivable that the modest [d(GC A4T4,GC)]2 the AeT lifetimes in A-tract at Iovx} NH*

differences (a factor of 2 to 4) of thesA lifetimes measured ., centration are appreciably longer than reported earlier.
at low and high ammonia concentrations could result from

a minor structural rearrangement which would only slightly AckNOWLEDGMENT
affect the NMR spectra.

Recent investigations reporting the presence of masp ( We thank Maurice Guren for stimulating encouragements
infer that cation binding may contribute to DNA bending. the spectrometer of the “Institut de chimie des substances
Ammonium, in particular, is suggested to have a crucial role nNaturelles du CNRS”, with the help of Isabelle Lebars.
in the A-tract curvature9). But a macroscopic curvature
resulting from the accumulation of small local distortions
of the DNA helix might not be detected by COSY and g re S1 shows that the chemical shifts of the imino,

_NOESY .experiments which are .sensitive to local structure, aromatic, and methyl proton of [d(CGCGAATTCGC@ire

i.e., to dihedral angles and to distances shorter than 5 A. unchanged between pH 7.1 and 9.1. This establishes that
the duplex structure is not altered by the pH variation in the
exchange experiment performad2 M ([NH3] + [NH4),

The imino proton exchange catalysis of [d(CGCGAAT- PH 7.1-9.1. Solution conditionsT = 20°C, [NaCl] = 0.1
TCGCG)} and [d(CGAT.CG)] reveals an alteration by M, NHa" =2 M. Figure S2 shows the effect of NHon
NH.* of the AT opening-closing kinetics in DNA A-tracts.  the exchange catalysis by Nidf the imino proton of AeT
This, together with the observation of chemical shifts specific N [A(GCAT.GC)L. Solution conditions.T = 20°C, [NaCl]
of NH,*, argues for the occurrence of two fast exchanging = 0-1 M. Figure S3: The aromatic-Htegion of the NOESY
structures of the A-tract. The lifetimes of the closed and open SP&ctra of [((CGCGAATTCGCG)]in 0.5 M NaCl and in
states of each structure are distinct, but from each structure 0-5 M NHiCl. This material is available free of charge via
imino proton exchange occurs via a single opening mode. the Internet at hitp://pubs.acs.org.

When the ([NH] + [NH4*]) concentration is increased, the

combination of the effects of Nd-bn the exchange catalysis REFERENCES
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dependence of the exchange contribution of the added 413.

SUPPORTING INFORMATION AVAILABLE

CONCLUSION



12474 Biochemistry, Vol. 41, No. 41, 2002

10.
11.

12.

13

15.
16.

17.

. Leroy, J.-L., Kochoyan, M., Huynh-Dinh, T., and Gae, M.

(1988)J. Mol. Biol. 20Q 223-238.

. Leroy, J.-L., Charretier, E., Kochoyan, M., and @Gre M. (1988)

Biochemistry 278894-8898.

. Kochoyan, M., Leroy, J.-L., and @, M. (1990)Biochemistry

29, 4799-4805.

. Leroy, J.-L., Gao., X. L., Misra, V., Guen, M., and Patel, D. J.

(1992)Biochemistry 311407-1414.

. Leroy, J.-L., Bolo, N., Figueroa, N., Plateau, P., and @ngM.

(1985 J. Biomol. Struct. Dyn2, 915-939.

. Snoussi, K., and Leroy, J.-L. (200Bjochemistry 408898-8904.

Cain, R. J., and Glick, G. D. (1998)jochemistry 371456-1464.

. Gueon, M., Charretier, E., Hagerhorst, J., Kochoyan, M., Leroy,

J.-L., and M.aillon, A. (1990) irStructure and Methods. Vol 3:
DNA & RNA(Sarma, R. H., and Sarma, M. H., Eds.) pp 13
1371, Adenine Press, Guilderland, NY.

Wamlander, S., Sen, A., and Leijon, M. (200B)ochemistry 39
607—-615.

Folta-Stogniew, E., and Russu, I. M. (19%pchemistry 35
8439-8449.

Kochoyan, M., Leroy, J.-L., and G, M. (1987)J. Mol. Biol.
196, 599-609.

. Leijon, M., and Leroy, J.-L. (199Biochimie 79 775-779.
14.

Cantor, C. R., Warshaw, M. M., and Shapiro, H. (198@ypoly-
mers 9 1059-1077.

States, D. J., Haberkorn, R. A., and Ruben, D. J. (198&agn.
Reson. 48286—-292.

Hud, N. V., Sklenar, V., and Feigon, J. (199®)Mol. Biol. 286
651-660.

Plateau, P., and Guom, M. (1982)J. Am. Chem. Soc. 104310-
7311.

18.

19.

20.

21.

22.

23.

24.

25.

Snoussi and Leroy

Morris, G. A., and Freeman, R. (1978)Magn. Res. 2%433—
462.

Gueon, M., and Leroy, J.-L. (1992) iNucleic Acids and
Molecular Biology(Eckstein, F., and Lilley, D. M. J., Eds.) Vol.
6, pp 1-22, Springer-Verlag, Berlin.

Nonin, S., Leroy, J.-L., and Gran, M. (1995)Biochemistry 34
10652-10659.

Gueon, M., Demaret, J., and Filoche, M. (20@Bipphys. J 78,
1070-1083.

Drew H. R., and Dickerson, R. E. (1981 Mol. Biol. 151, 535~
556.

Phan, A. T., Leroy J.-L., and G, M. (1999 J. Mol. Biol.
286, 505-519.

Chuprina, V. P., Lipanov, A. A., Fedoroff, O., Yu Kim, S. G,,
Kintanar, A. and Reid, B. R. (199Broc. Natl. Acad. Sci. U.S.A.
88, 9087-9091.

Hud, N. V., and Feigon, J. (1997). Am. Soc. 11%756-5757.

26.26 McConnell, K. J., and Beveridge D. L. (2000) Mol. Biol.

27.

28.

29.

30.

803-820.

Kochoyan, M., Leroy J.-L., and Grgn, M. (1990)Biochemisty

29, 4799-805.

Denisov, V. P., and Halle, B. (200Bjoc. Natl. Acad. Sci. U.S.A.
97, 629-633.

Hardwidge, P. R., Lee, D. K., T. P, Iglesias, B., Den, R. B.,
Switzer, C., and Mabher, L. J. 3rd. (200Chem. Biol. 8 967—
980.

Moe J. G., and Russu |. M. (199Rjochemisty 31, 8421—-8428.
B1020184P



