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Imino Proton Exchange in DNA Catalyzed by Ammonia and Trimethylamine:
Evidence for a Secondary Long-Lived Open State of the Basé Pair
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ABSTRACT. The base-pair opening kinetics of the self-complementary oligomer d(CGCGAATTCGCG)

has been derived from NMR measurements of the imino proton exchange. In general, it has previously
been found that imino proton exchange in duplex DNA is limited by the proton-transfer step from the
open state and that the dependence of the exchange times on the inverse concentration of an added exchange
catalyst is linear. In the present study, a curvature is observed for, in particular, the innermost AT base
pair with both ammonia and trimethylamine (TMA) as exchange catalysts. The two catalysts act on the
same open states, but the accessibility of TMA is reduced by a factor-8fc@mpared to ammonia.
Assuming that ammonia accesses the imino proton equally in the open state of the base pair and in the
mononucleoside, the curvature is consistent witt®% of the openings ending in open states with lifetimes

of about 1us while the bulk of open-state lifetimes fall in the nanosecond range. A curvature is also
found for the exchange times of the imino protons in the A-tract sequence @EEA/GCGEGCG.

This curvature becomes increasingly pronounced from es8 toward the center of the tract and hereby
seems to be correlated with the contraction of the minor groove. Thus, while the base-pair lifetimes deduced
from the present study are in accordance with previous measurements, a substantial fraction of the open
states formed by the central AT-base pairs in the two oligomers exhibits microsecond lifetimes in contrast
to previous estimates in the nanosecond range. These findings may be of relevance for the way sequence
specific recognition is accomplished by proteins and ligands.

Base-pair opening in double-stranded DNA is important govern the stability of nucleic acid structures. For these
in cellular processes such as DNA transcription and recom-reasons, the base-pair opening process in double-helical DNA
bination. In addition, the dynamics of base-pair opening has has been the subject of intensive investigatibngj.
been shown to reflect sequence dependent properties of the The imino protons exchange with the solvent protons only
DNA double helix, such as groove width and flexibility}) ( when the hydrogen bond in the base pair is disrupBe@)(

The ability of a DNA sequence element to adjust the structure The chemical proton-transfer step from the open state is
in order to achieve favorable intermolecular contacts in ysually rate limiting, and a proton acceptor must be added

protein-DNA complexes is important in recognitiod<4) to accelerate the exchange close to opening-limited condi-
and may have a counterpart in base-pair dynamics. Fortions. The base-pair lifetimes are obtained by extrapolation
instance, the target cytosine of theHihal' and MHaelll of the exchange times to infinite catalyst concentratitii(

cytosine-5 methyltransferases are completely flipped out from 12). The dissociation constant of a base pair can be estimated
the helix in the complexes between the recognition sequencesy comparing the exchange rates of the imino proton in the
and the enzymes( 6). Consequently, base-pair opening is base pair and in the mononucleoside. The unknown factor
a critical step in the enzymatic mechanism. Subsequently, itin this comparison is the accessibility of the imino proton in
was found that tracts of several consecutive GC base pairsthe open base pair, which is related to properties of the open
of the type found in the recognition sequences of Cytosine-5 state. It has been suggested that information about the nature
methyltransferases, exhibit an unexpectedly rapid base-pairof the open state could be obtained from distinctive catalytic
dynamics 7). Hence, the propensity of the recognition properties of different catalystd®). Measurements of the
sequence to adopt the structure imposed in the Bpildtein solvent exchange by utilizing its effect on the NMR
complex may contribute to the specificity of-Mhal and relaxation rates of the imino protons have yielded lifetimes
M-HadlIl. Furthermore, information regarding base-pair in the range +40 ms for base pairs in B-DNAL]. However,
opening is also important to understand the factors thatthe sequence compositiof, (14), the charged state of the

fy— . S he Swedish N So = hdouble helix {5), and drug interactionslg, 17) modulate
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Chart 1: Base Pair Numberings both in the absence and in the presence of 8.6 mM ammonia
1 234560654321 or TMA buffer. The pH was measured directly in the NMR
5°CGCGAATTCGC GY¥ tube with an Orion 9826 Micro-pH Electrode. The NMR
¥6CGCTTAAGCGCS tube was immersed in a thermostatically controlled waterbath
1 23456789 1011121314 maintained at 20C during the pH measurements. The pH
SCGCAAAAAAAACGCY before and after each NMR experiment was found to vary
3GCGTTTTTTTTGC GS by no more thart0.05 units. The HenderserHasselbalch

equation was used to calculate the base fraction of the catalyst
model system, the self-complementary 12-mer d(CGC- at each pH using K values of 9.35 and 9.87 for ammonia
GAATTCGCG), was chosen. The base-pair kinetics of this and TMA, respectively20).
oligomer have been extensively investigated [seérGuend Imino Proton Exchange Theor¥he imino proton-transfer
Leroy (12), for a review]. In addition, the 14-mer CGGA 56 from the mononucleoside per mole of catalystis
CGC/GCGEGCG with an eight base-pair A-tract core Was re|ated to the molar collision ratgo; and the K, difference
studied. The base-pair numberings used in the text are showryatween the imino proton and the catalygik = pKa, —
in Chart 1. _ . pKag by (21)

We find that at high concentrations of the two catalysts

the exchange times converge to the same extrapolated base- . Kool
pair lifetimes. Although, to the best of our knowledge, all Ke = —1 10K
previous investigations of imino proton exchange in double

helical nucleic acids have found that LinderStrﬂm-Lang Since the solution pH used in the NMR measurements on
kinetics (L8) is obeyed and that the exchange times display the mononucleosides is far below th of both buffers,

a linear dependence on the inverse base catalyst concentratiohe base catalyst concentration is given by the fraction
(12), we observe nonlineat, vs 1/[B] plots for the central  1pH-pkas of the total buffer concentration [T]. The imino
AT base pair of d(CGCGAATTCGCG)Comparison of the proton exchange ratkiex = [B] klr is then related to the
exchange catalysis by TMA and ammonia at different go|ytion pH by

temperatures indicates the existence of a secondary open state

with almost 2 orders of magnitude longer lifetimes than Iog(.i') — DK 5+ Iog( ‘1 )_ oH

1)

()

previously identified open states. The exchange times for |4 [T]
the thymine imino protons in the A-tract sequence CGCA '
CGC/GCGEGCG show an even more pronounced curvature Hence, for a given buffer concentration, a plot of log )/
that increases toward the center of the tract. These observays pH affords a straight line with slope 1 from which the
tions are discussed in regard to the process of base-pait i insic transfer ratédr can be obtained.

opening and the properties of the open states in double helix | s generally considered that exchange of the imino proton

DNA. in the base pair only occur from an open state where the
MATERIALS AND METHODS imino prqton lacks hydrogen bondir_1§)( For a base pair
with multiple open states, formed with ratie§ and closed
Sample Preparation and Titration$he oligonucleotides  ith ratesk?, and provided thalf (K], < K., K, ..., KO, the
d(CGCGAATTCGCG) and CGCACGC/GCGEGCG were  total imino proton exchange rate, equals the sum of the
borate buffer containing 100 mM NacCl, and adjusted to
appropriate pH. The duplex concentrations were in the range m kgpklr[B]
0.5-3 mM. =y (3)
The 12-mer was titrated with five different buffers: a 6.6 =1k o + kK [B]

M ammonia buffer at pH 9.5, a 4.3 M TMA buffer at pH

9.5, a 6.3 M ammonia buffer at pH 8.8, a 5.5 M ammonium wherek, is, as above, the intrinsic imino proton-transfer

chloride salt solution at pH 4.6, and a 4.3 M trimethylam- rate from the mononucleoside anflis a parameter taking

monium chloride salt solution at pH 6.0. The 14-mer was into account the different accessibility of the imino proton

titrated with the 6.3 M ammonia buffer at pH 8.8, and the in the open states and in the mononucleoside. For a base

5.5 M ammonium chloride salt solution at pH 4.6. The pH pair with a single opening mod@ & 1) and withkyp< ke,

values of the buffers were measured with a double-junction eq 3 can be rewritten as

high-salt Orion 8103 Ross electrode. Calculations based on

ionic mobilities using the Henderson equatid®)(indicated 7. =1 1 4)

that the liquid junction potential in the pH electrode, % Kk [B]

introduced by the high-salt concentrations used, produced

an error less than 0.1 pH units. Because of activity effects, whereze, andzp are the inverse exchange and opening rate,

the HendersortHasselbalch equation does not give correct respectively, andKq = koy/ke is the base pair dissociation

[acid]/[base] fractions of the buffers. These fractions were constant. If eq 4 is valid, a plot af« versus 1/[B] yields a

instead simply obtained from the amounts of salt and liquid straight line where,, is obtained from the-axis intercept

base used to prepare the buffers. andoKy from the slope. The limit where eq 4 is valid will
The mononucleosides, thymidine arldd2oxyguanosine,  be referred to as Linderstrgnbang kinetics {8).

were dissolved in water to a concentration of 5.0 mM. The  Imino Proton Resonance Assignmeritse imino proton

pH was titrated from 6.5 to 3.5 by small additions of HCI, resonance assignment of the 12-mer has been publigBed (
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For assignment of the 14-mer, a NOESY experiment with a
mixing time of 250 ms was acquired at 2CG on a Varian
Inova 600 MHz spectrometer. A Jump-Return observe pulse
was used to avoid excitation of the solvent resona@& (
Linear prediction was employed in the indirect dimension
to increase resolution close to the diagonal. All 2D data
processing were carried out with Felix97 (Molecular Simula-
tions Inc.). From imine-imino connectivities, it was clear
that the imino proton resonances in the A-tract shift progres- om0 260 280 300 320
sively either upfield or downfield from one end of the tract Wavelength (nm)
to the other. By Comparigon of assignments in closely _similar FiGURE 1: () CD spectrum of d(CGCGAATTCGCEht 20°C
sequence2), the direction of the tract could be established. and in a 3 mMborate buffer at pH 9.5 in the presence of either
Exchange MeasuremenfBhe NMR experiments on the (=) 0.1 M NaCl, (- - -) 2.9 M ammonia, or — —) 2.2 M TMA
duplexes and the mononucleosides were carried out on abuffer.
Varian Inova 600 and 400 MHz spectrometer, respectively. o
The imino proton exchange timas, at different catalyst =~ WhereAH® andAS” are the activation enthalpy and entropy
concentrations were obtained from measurements of thefor base-pair opening, respectivel, is the Boltzmann
inversion recovery times in the presen&'@& and in absence ConStanth IS the Plaan Constant, arde the transmission

6 (mdeg cm™)

TR T N '

(Taa Of exchange catalyst according to coefficient of the activated state, which we assume to be 1
19
1 1 1
= (5)
Tex Trec Taac R ES v LTS

Assessment of Salt Effecédthough the basic exchange

Except |0ngitudinal dip0|ar relaxation, direct eXChange to Cata|y5t5 ammonia and TMA are uncharged, the h|gh salt-
water as well as exchange catalyzed by Gbhs and the  content of the buffers originating from the acidic components
acceptor nitrogen of the opposite ba@®)(contributes to  |eads to an inevitable increase of the ionic strength during
the recovery rate of the imino protons in the absence of addedthe titrations. If the DNA helix does not preserve its structural
catalyst 1T,,, However, these contributions remain constant gnd dynamic properties during the titration, the exchange
when the catalyst is added and will be canceled in eq 5. data may be misinterpreted. To investigate the influence of
Consequently, the exchange timg represents exchange the jonic strength on the structure of the DNA helix, CD
only via the added catalyst. spectra were recorded in the absence of added catalyst and

The inversion recovery experiment utilized all4 ms  at the buffer concentrations reached at the end of the titrations
IBURP pulse for selective inversior2§) and a 0.71 ms  with ammonia and TMA. From Figure 1, it is observed that
Gaussian observe pulsg7}. Right shift and linear prediction  the CD spectrum of d(CGCGAATTCGCgEhanges in a
of the FID were employed to correct for magnetization small but significant way when ammonia is added while the
evolution during the observe pulse. For the mononucleosides spectrum is virtually unaffected by addition of TMA. These
exchange times were also obtained from the line widths of gphservations are paralleled in NOESY spectra acquired under
the imino proton resonances in the presengg)(and in  similar conditions. Only very small chemical shift changes

absenceiag of exchange catalyst according to are induced by addition of TMA, while larger shifts, mainly
of the sugar protons, are observed upon addition of ammonia
Ty = 1 (6) to high concentrations (Supporting Information). Both buffers
T(Veat ~ Vaad induce the largest resonance shifts for protons at the ends of

) ) . ] . the helix. The changes induced in the CD spectrum of
Line widths were measured in spectra acquired with a Jump-cGCACGC/GCGEGCG, by a high ammonia buffer con-
Return observe pulseg). centration, are very similar to those observed for the 12-

CD SpectroscopyCD spectra of d(CGCGAATTCGCG)  mer, suggesting that the spectral alterations reflect global
were recorded in the interval 24320 nm at 20°C on a  and sequence-independent properties (data not shown).
Jasco-720 spectropolarimeter equipped with a thermoelec- The calculation of imino proton exchange times from eq
trically controlled cell holder using 500L cuvettes with 1 5 requires that the nonexchange contributions to the recovery
cm path length. The spectra were collected as the averagate are unaffected by large additions of catalyzing buffer.
of 10 scans. The oligomer was dissolved in a solution Thjs is normally not the case, and the recovery times decrease
containing 0.1 M NaCl or, additionally, either ammonia or when the ionic strength increasez9(30). To assess the
TMA buffer added to 2.9 and 2.2 M concentrations, magnitude of this effect, solutions of the NE and NH-
respectively. In all solutions, the pH was adjusted to 9.5. (CHa)sCl salts with the pH adjusted to 4.6 and 6, respectively,

The duplex concentration was 101. . ) were titrated to the 12-mer at &, and the recovery times
Activation Parameters for Base-Pair Openinithe Gibbs’  \yere measured. Under these pH conditions, the base catalyst
free energy of activation for the base-pair openi@* = concentrations are negligible. Before addition of the salts,
AH* — TAS" is obtained from the opening rateg, CD spectra were recorded and found to be identical to the
measured at different temperatures by application of the spectra recorded at the higher pH values used in the titrations
Eyring equation 28): (data not shown). Furthermore, the recovery rates of the

to . imino proton resonances were independent of the pH in this
In(kop/T) = In(kk/h) — AH™/RT + AS”/R (7) range. An exception was a slight decrease of some guanine
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Ficure 3: Imino proton exchange timesy of the (a) CG3, (b)

GC4, (c) AT5, and (d) AT6 base-pair of d(CGCGAATTCGGG)

displayed as a function of the inverse ammoi@ig &nd TMA (@)

concentration at 20C and pH 9.5. Both data sets were simulta-

neously fitted to eq 3= 2) with the exchange times weighted

3 4 5 6 7 according to their errors, obtained by propagation of the standard
pH deviations in the recovery times.

log T, (Ms)

Ficure 2: Exchange of the imino proton of (a) guanosine and (b)
thymidine at 20°C, catalyzed by ammonia( v) or trimethylamine
(O, ®@). The mononucleoside and catalyst buffer concentration was 012+
5.0 and 8.6 mM, respectively. The exchange timgsvere obtained

both from inversion-recovery {, O) and line-broadening¥, ®)

measurements. For one data sej (epresentative error bars are —
displayed. The linear fits to eq 2 are shown.

0.08

0.04

imino proton recovery rates at pH 4.6, consistent with

initiation of acid catalysis 31). The recovery rates, that 0 —
initially were in the range 0.360.37 s, had decreased with 0 20 40 60 8 100 120
15 and 24% at the end of the titrations with the JHand VINHG (W)
NH(CHzs)sCl salts, respectively. These changes were too

small to significantly affect the evaluation of the exchange 025

times and were not accounted for. These observations also

ensure that potential salt effects on the exchange via OH

ions and intrinsic catalysi®b) are negligible. On the other 015
hand, for the 14-mer A-tract sequence, the recovery times
decreased, roughly exponentially and independent of se-
quence position, by 47%, and the exchange times were

corrected accordingly (Figure 7a). 0 — T T T T 1
0 20 40 60 80 100 120

Imino Proton Transfer from Mononucleosidd$e imino 1/INH] (M)
proton exchange times of the mononucleosides thymidine g re 4: Imino proton exchange times, at 20°C of the ATS
and guanosine were determined at°20in the presence of  (a) and AT6 (b) base pairs of d(CGCGAATTCGGR®atalyzed
8.6 mM ammonia or TMA buffer at several pH values in by ammonia at pH 9.5&) and 8.8 ). The exchange data were
the range 3.56.5. The exchange times show a linear fitted to eq 3 as described in the legend to Figure 3.
dependence on the pH with a slope equal to 1 as expected Neither the presence of 0.1 M NaCl in the solution nor
from eq 2 (Figure 2). The molar transfer rates shown in Table the use of 2’,3’-cyclic monophosphate nucleotides had any
1, derived from linear fits to eq 2, are in reasonable agree- significant effect on the transfer rates measured. Furthermore,
ment with transfer rates previously obtained at°C5(13). the temperature dependency of the transfer rates was small
Both for thymidine and guanosine, the transfer rates in the (data not shown).
presence of TMA are approximately 0.8 times lower than in ~ Base-Pair Opening Kineticén the presence of increasing
the presence of ammonia, which implies that the encounteramounts of an exchange catalyst, the imino proton exchange
complex forming efficiency of TMA is about half that of time approaches the base-pair lifetimg. How fast this
ammonia. Consequently, even though TMA has high&r p  limiting exchange time is reached depends on the base-pair
than ammonia, it is a somewhat less effective catalyst. dissociation constaidy. However, several unknown factors,

0.2

T (8)

0.1

0.05
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Ficure 5: Imino proton exchange timesgy of the AT6 base pair TINH (M)
in d(CGCGAATTCGCG; at (a) 10°C, (b) 15°C, (c) 20°C and ) s
(d) 25°C, displayed as a function of the inverse ammoxiy ¢r FiGUrRe 7: (a) The ammonium chloride salt dependence of the
TMA (®) concentration at pH 9.5. The exchange data were fitted recovery times for T44), T5 (2), 76 (@), T7 (O), T8 (@), and
to eq 3 as described in the legend to Figure 3. T9/10/11 Q) in CGCACGC/GCGEGCG at pH 4.6 and 20C.
(b) Exchange times. of the imino proton of T5), T6 (@), and
—T T T7 (O) at pH 8.8 and 20C displayed as a function of the inverse
o b ] ammonia base concentration. The exchange data were fitted to eq
e} (o] 5 J 3 as described in the legend to Figure 3.
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Table 1: Imino Proton Transfer Rates from the Isolated
Mononucleosides at 20C, Obtained from Fitting of the Exchange
Data to Equation 2

transfer rate x10° stM~1)

| 1 1 catalyst TMA NH
3.35 3.4 3.45 3.5 3.55 guanosine 204 29+ 05 2.B
1000/T (K) thymidine 1.5+0.3 1.9+ 0.3 2.0
Ficure 6: Eyring plots for the opening rates of the fast) (and a15 °C (reference 13).

slow (@) opening mode of the AT6 base-pair in d(CGCGAAT-
TCGCG), obtained from the data in Table 3. The linear fits to eq with ammonia. Some titrations with ammonia were also

7 are shown. The fittings were performed with weighting of the conducted at pH 8.8. The kinetics of the three outermost
g?(t:r?:ns%gntggﬁs daecng{idolrr:g |tr? ttr?ea: eigg;sryotti’;?'ens?d by propagation base pairs were not investigated since they are destabilized
by “end-fraying” effects 82).
like steric hindrance and concentration activity effects, The exchange times of the four central base pairs are
influence the frequency of encounters between the catalystdisplayed as a function of the inverse ammonia and TMA
and the imino proton and, consequently, affect the receptivity concentrations in Figure 3. At high catalyst concentrations,
of the imino proton for exchange catalysis. For this reason, the exchange times measured with both catalysts extrapolate
it is convenient to introduce an apparent open-state lifetime toward the samg-axis intercept and therefore monitor the
oty and apparent dissociation constatty/ky = oKg. For same openings (see Materials and Methods). However, the
brevity, ar and aKy will be referred to as the open-state exchange times of the G3, G4, and T6 imino protons do not
lifetime and the base-pair dissociation constant in the show a linear dependence on the inverse catalyst concentra-
following, but with the understanding that these apparent tion over the whole concentration range. In the case of T6,
quantities equal the real ones onlyoif= 1. the curvature is clearly larger than can be accounted for by
Measurements of the imino proton exchange rates of errors in the data points. The linearity of thg vs 1/[B]

d(CGCGAATTCGCG) were carried out with ammonia and plots relies on the assumptions of an opening/closing
TMA as exchange catalysts at 10, 15, 20, and®@5The mechanism that protects the imino proton from exchange in
pKa of TMA is 9.80 at 25°C and a high solution pH was the closed state and of the prevalence of a single open state.
necessary to achieve sufficient amount of base componentt is generally considered that exchange of a hydrogen-
in the buffer. At pH 9.5, no destabilization of the helix has bonded proton only occurs when the hydrogen bond is broken
occurred as judged from helix-melting measurements with (8). Furthermore, exchange from the closed state has not been
UV spectroscopy (data not shown) and the CD spectrum is detected even for the terminal base pairs in double helical
identical to the spectra recorded at lower pH (vide supra). DNA (9). Hence, the source of the nonlinearity is likely to
Hence, this pH was chosen for comparative measurementde the presence of multiple open states. From eq 3, it is seen
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Table 2: Kinetic Parameters of the Fast-Opening Mode for the Four exchange behavior is evident. Most importantly, the strong

Innermost Base Pairs of d(CGCGAATTCGG®btained from curvature observed for AT6 is identical. The exchange data
Ammonia and TMA Catalysis at 28C and pH 9.5 and, Only with are also in very good agreement with previous results that
Ammonia as Catalyst, at 1% and pH 8.8 invariably have utilized eq 4 to interpret imino proton
G3 G4 T5 T6 exchange in kinetic terms. A linear fit in the high concentra-
pH 9.5, 20°C tion range 0.050.7 M of the titration at pH 8.8 yields base-
Top (MS) <1 16+6 3.4+0.2 45+08 pair lifetimes and dissociation constants virtually identical
onnaKa (x107) 5+1 30£0.7 99+£18  15+4 to previous results (Table 2). The only exception is the
gmfj&g::) g_gfi 0.18 0.3E:1i 8.17 %‘gﬁgf 0.16 Z).j:ts?’i 0.23 somewhat shorter lifetime of 23'ms for ATG in the present
. study compared to 30 ms obtained by ‘@reand Leroy
Top (MSP 549 pH 8§4i53C 9404 234 2 (12)._Howe_ver, i_t s_hould be noted that_the_ agreement in_the
Top (MS) <1 2042 944 19+ 7 obtained dissociation constants partly is circumstantial since
anmaKa (x1077) 5.6+£0.3 1.7£0.2 43+9 10+ 1 the present study has used slightly different values of the
nHaTel (NS) <0.6 34+£0.7 39425  23+9 transfer rates from the mononucleosides (cf. Table 1). It is
Top (MSY 442 36+3 842 3042 likely that an incompatibility in the estimate of the base
onraKa (1079 5.6 1.7 45 20 concentration of the buffers used in the two studies has
QnnaTal (NS 2.2 6.1 36 60

i Sl compensated for this difference. From Table 2, it is also
? The base-pair lifetimeyy, dissociation constants.sKq, and open  gbserved that for all four central base pairs of the 12-mer
state lifetimesuwnata are shown. At pH 9.5, also the accessibility ratios the accessibility is reduced for TMA compared to ammonia

orma/anps are given. The parameters at pH 9.5 were obtained by T ; L
simultaneous fitting of the exchange times from the ammonia and TMA by a similar factor of 2-3, although the dissociation constants

titrations to a two opening-modes model € 2 in eq 3), except for  differ by 2 orders of magnitude.
T5 where the linear eq 4 was used. At pH 8.8, the exchange times data  For the AT6 base pair, a detailed analysis is possible also
s o e ey i T s vanaar es O (he slow apening mode. In Figure 5, the exchange data
given in Table 1 were used to calgulate the dissociation constants atfrom ammonia and TMA tltratlong Car_”ed outat 10, 15, _20’
both temperatures.Obtained from a linear fitting of the high concen-  and 25°C are shown, and the kinetic parameters derived
tration data in the range 0.6®.7 M. For T5 and T6 the titration data ~ from a simultaneous fitting of the two data sets to eq 3 with
at pH 8.8 is shown in Figure 4 Referencel2. two opening modes are given in Table 3. The titrations with
ammonia and TMA are compatible with the same, mutually
that thezex vs 1/[B] plots will be nonlinear if open states different, opening rates to the two open states. The fast-mode
with different values ofk,/o. exist. The two data sets in lifetimes are in the range-515 ms while the slow-mode
Figure 3 were simultaneously fitted to eq 3 with two open lifetimes are in the range 5200 ms. The longer lifetimes
states If = 2), except the linear exchange data of T5 that for the slow opening mode taken together with the dissocia-
were fitted to eq 4. The exchange data obtained with the tion constants being -36 times higher yield open-state
two catalysts are consistent with common opening rates butlifetimes more than 2 orders of magnitude longer than for
a catalyst-dependent accessibility affecting the apparentthe fast mode (Table 3). For example, at°@) the lifetimes
dissociation constants. Thus, for AT6 the base-pair openingare 15 and 196 ms and the dissociation constants arg 3.4
event produces two open states differing inkkfe. property. 107 and 21x 1077, for the fast and slow opening mode,
As will be discussed later, quantification for AT6 shows that respectively. In this case, lower limitsx(= 1) for the
the opening rates to the two states differ by a factor of 13  lifetimes of the open states reached by the fast and slow
15. The two opening modes will be referred to as a fast and opening modes are 5 ns and @} respectively. In general,
a slow component of the total opening. the open-state lifetimes are in the nanosecond region for the
The kinetic parameters and the relative accessibility of the fast opening mode and close tous for the slow mode
two catalysts, obtained from the fits in Figure 3, are shown (Tables 2 and 3). However, a prolongation of the open-state
in Table 2. In addition, Table 2 contains kinetic parameters lifetimes is associated with increasing the temperature. The
derived from an ammonia titration carried out atI5and lifetimes of the open states corresponding to the fast and
pH 8.8 to enable comparison with previous results obtained slow opening mode change from 5 to 25 ns and from 0.4 to
under these conditiond?). The general trend in Table 2, 1 us, respectively, when the temperature is raised from 10
although most pronounced for the AT base pairs, is a to 25°C. The catalyst accessibility ratiosua/owns are, on
decrease of the lifetimes and an increase of the dissociationthe other hand, independent of the temperature in the range
constant at the higher pH and temperature. By comparisonused in the experiments, although different for the two open
of Table 2 with the data at 15C in Table 3 and inspection  states, about 0.4 for the fast mode and 0.3 for the slow mode
of Figure 4, it is clear that the lifetimes decrease more than (Table 3). By comparing Tables 2 and 3, it is seen that the
what can be accounted for by the raise in temperature. Whenvariation in the accessibility ratio at different temperatures
the pH increases from 8.8 to 9.5, the extrapolated lifetime is much smaller than between different base pairs.
changes from 19 to 6.4 ms and from 9 to 5.5 ms for the In Figure 6 the opening rates obtained from the fits in
AT6 and AT5 base pair, respectively. Increasing the tem- Figure 5 are shown as a function of the temperature in an
perature to 20C gives a further decrease of the lifetime to Eyring plot. By fitting to eq 7, the activation energy was
4.5 ms for AT6 and to 3.4 ms for AT5 (Table 2). The found to be 59 kJ/mol for the fast mode and 66 kJ/mol for
exchange data of T5 and T6 at 46 obtained from titrations  the slow mode. The activation enthalpy is about 50 kJ/mol
with ammonia buffers at pH 8.8 and 9.5 are shown overlaid for both modes, and the difference in activation energy
in Figure 4. Although the two data sets yield somewhat between the two modes is accounted for by higher activation
different lifetimes (vide supra), a close similarity in the entropy for the slow mode.
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Table 3: Kinetic Parameters for the Two Opening Modes of the AT6 Base Pair in d(CGCGAATTG@CRY 9.5 and Different
Temperatures

10°C 15°C 20°C 25°C
Fast Mode
Top (MS) 149+ 1.4 6.4+ 1 4.5+ 0.8 5.1+ 0.9
onnsKa (x1077) 3.4+ 0.6 59+1 154+ 4 48+ 16
OnHaTa (NS) 51+ 1.4 3.8+1.2 6.8+ 3 25+ 13
ormaloma? 0.41+0.24 0.364+0.20 0.43+0.23 0.35+0.24
Slow Mode
Top (MS) 196+ 31 98+ 15 51+ 4 704 22
onnsKa (x1077) 21+5 377 704 26 1444 86
OnHaTel (US) 0.4+0.2 0.4+0.1 0.4+ 0.2 1.0+ 0.9
ormalonma? 0.32+0.18 0.33+ 0.15 0.28+0.11 0.294+-0.16

aThe inverse opening rates,, dissociation constantsy, open state lifetimewnsta, and accessibility ratiogrva/onns are shown. The parameters
were obtained by simultaneous fitting of the exchange times from the ammonia and TMA titrations to a two opening-modes maliel €q
3). Errors were propagated from the standard deviations in the recovery times. The intrinsic transfer rates given in Table 1 were used to calculate
the dissociation constants neglecting temperature effeGtse relatively large errors in the accessibility ratios originates from the errors in the
intrinsic imino proton-transfer rates from the mononucleosides.

Table 4: Kinetic Parameters of the Two Opening Modes for the Central A-Tract of GGEGB/GCGEGCG at pH 8.8 and 20C Obtained
from Titration with Ammoni&

T5 T6 T7 T8 T9-11
Fast Mode
Top (MS) <30 <30 <100 <200 <60
onmaKa (x1077) 53+2.1 1.5+ 04 0.64+0.3 0.5+ 0.4 27+1.2
Slow Mode
Top (MS) 604+ 10 2104 30 3404 80 3104 80 2204 60
onmaKg (x1077) 721+ 2.1 347+ 1.4 22.6+ 1.5 11.9+£ 0.5 17.8+£ 0.9
OnHaTal (US) 0.4+ 0.1 0.7+ 0.1 0.8+ 0.1 0.4+ 0.1 0.4+ 0.1

aThe inverse opening rates, and the dissociation constant&y are shown for both modes. For the slow mode, also the open state lifetimes
OHaTa @re given. The parameters were obtained by fitting the exchange times to a two opening-modes+iteé(n3). Errors were propagated
from the standard deviations in the recovery times. The intrinsic transfer rate given in Table 1 was used to calculate the dissociation constants.

Since the curvature is most pronounced for the central AT DISCUSSION

base pair of d(CGCGAATTCGCG)the base-pair dynamics The most outstanding feature of the present study is the
was studied also in the 14-mer CGE2GC/GCGEGCG curvature observed in the, vs 1/[B] plots (Figure 3, 4, 5,

to find out whether the curvature in the exchange data is and 7). Nonlinearities in these types of plots have not
related to the known anomalous properties of A-tract previously been reported, and it is natural to ask whether
sequences3Q). In Figure 7b, the titration data with ammonia the curvature reflects kinetics or has another origin. For
as catalyst are shown for the AT5, AT6, and AT7 base pairs. example, a salt-induced conversion of the DNA helix to a
It is clear that the curvature becomes progressively strongerdifferent structural species, that exhibits altered base-pair
toward the center of the oligomer. The base-pair lifetimes dynamics, would produce curvature. However, CD spectra
and the dissociation constants evaluated from eq 3 with two and 2D-NMR experiments show no indications of significant
open states are shown in Table 4. As previously observedsalt effects on the structure (Figure 1 and Supporting
(14, 34) the B-end of the tract is more labile with higher Information). Almost no spectral alterations are discernible
dissociation constants and shorter lifetimes than base paird?y addition of the TMA buffer, while significant, but modest,

at the 3-end (Table 4). This observation is valid for both effects are observed in the presence of high concentrations
modes. The lifetimes of the slow mode are more than 300 of the ammonia buffer. Both catalysts produce, however,
ms for the central AT-base pairs and are among the longest€Xchange times with closely analogous curvature consistent
observed in any DNA double helices. However, these with the same base-palr.llfetlmes. I't is seen from Figure 3
lifetimes are not the same as the base-pair lifetimes that rathetN@t &t 20°C a curvature is present in the exchange data of
are the inverse of the sum of the opening rates to both openT6 with both catalysts while the T5 exchange data are linear

states. The lifetimes of the fast mode could not be accurately?n both cases (Figure 3, panels ¢ and d). Hence, the curvature
determined due to the strong curvature that makeg-toas

s caused by a property intrinsic to the AT6 base pair.
intercepts uncertain. However, the lifetimes of the fast mode tl;artlculariy strong e\_/:jdedn(t:)e ::hat Salfl eﬁ;]ects tﬂo not ﬁause
are at least a factor of-25 shorter than the corresponding d € curvature IS provided Dy Figure = where the excnange
lifetimes of the slow mode. As shown in Table 4, the central ata are shown to produce very similar curvatures and Iargely
base pairs of the A-tract sequence also exhib’it open—stateoverlap atpH 8.8 aqd 9.5, 'alth'ough the salt concentrations
P ; are 2.5 times higher in the titration at the lower pH. Another
lifetimes of the slow opening mode close tqu8. possible source of curvature, unrelated to exchange kinetics,

In summary, the base-pair opening in the central A-tract is a decrease in the longitudinal relaxation contribution to
of both oligomers resolves into one frequently occurring the recovery rates of the imino protons, most likely induced
component with a low dissociation constant and another lessby the increased ionic strength in the course of the titration.
likely component with a higher dissociation constant. Again Figure 4 indicates that salt effects are unlikely to cause
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curvature in this fashion. In addition, titrations were per- the rate of formation of the open state must be lower than
formed at low pH to assess the effect of the salts on the for the corresponding slow opening mode of AT6.
longitudinal relaxation. Indeed, an effect was observed in  Measurements by Moe and Rus&5)(yielded consider-
accordance with previous investigatior29(30). The salt-  ably longer lifetimes for the central four base pairs of
induced decrease of recovery rates was, however, too smalj(CGCGAATTCGCG) than subsequently found by Gue
to S|g|_"nf|cantly affect the evaluation of the exchange times and Leroy (2). Noting that both investigations assumed eq
and did not affect the curvature at all (data not shown). For 4 tg be valid and that Moe and Russu used lower ammonia
example, at pH 4.6, the recovery rate of T6 decreased byconcentration, the discrepancy may be explained by the
end of the catalyst titrations. On the other hand, at pH 8.8, tne catalyst concentration range. Furthermore, it was recently
the recovery rate of T6 decreases by almost a factor of 205ond that different extrapolated lifetimes are obtained with
and, consequently, the decrease of the longitudinal relaxationg mmonia and TMA as exchange catalysts)( That obser-
is negligible in comparison. It shoqld also be noted that thg vation is rendered unlikely by the present study. It seems
present data is consistent with previous measurements Car“e‘ﬁlausible that the lower concentration of TMA. due to its
outin the high-concentration regime2) (see Table 2). The  pigher K, in combination with curvature caused the
novel features are, in fact, observed in the low to intermediate yitterence in extrapolated lifetimes. It is also noteworthy that
concentration region vyhere the salt effects are smaller. the pH dependence of the base-pair lifetimes evident in
T/egce] "’:" evllc?jertme mcﬂ:cates lt(hatt'ghe curvature irrges Figure 4 indicates that the lifetimes obtained under the basic
[B] plots reflects exc' ange ) ine 'f:s' . ] conditions of the exchange catalyst titrations may underes-
In terms of base-pair opening kinetics, the existence of timate the base-pair lifetimes prevailing under physiological
two open states with different lifetimesz, is the most conditions.
straightforward explanation of the curvature observed inthe 1 activation energies 59 and 66 kJ/mol for the fast and

exchange data of the AT6 base pair. For instance, thegoy opening mode, respectively, fall between 50 kJ/mol
curvature at 15C (Figure 5b) is consistent with the imino  aasured for the central AT base pair of d(CGCGATCGCG)
proton exchange occurring from a s_hort-liv_ed_open state ang 96 kJ/mol obtained for AT (14). The temperature

formed with a high rate of 160°$ exhibiting a lifetimeor dependence of both opening rates is very similar, yielding
in the nanosecond range and from a more long-lived openyn aetivation enthalpy of about 50 kd/mol. This indicates

state with a lifetimenr close to lus formed with a lower  y,5; the base-pair disruption event could be the same for both
rate of 10 s. Many qualitative arguments have favored a opening modes. To explain the observed kinetics, the
value fqra close to 1 for the 'small uncharged catalyst onformational space sampled by the DNA helix should

ammonia {, 12, 13). For terminal base pairs, a more nqmally favor the formation of open states characterized
quantitative estimate of 0.3%0.92 has been derived) by lifetimes in the nanosecond range but also, although less

Hence, itis likely that the. apparent open-state Iif_etimes reflect frequently, open states with a lifetime of about 1 microsecond
the true ones at least within an order of magnitude. For the jg permitted.

uncharged catalysts used in the present stadg,expected A comparison of the catalytic efficiency of ammonia and

to be less than 1 and the quantitig:sza are lower limits TMA gives information about their relative accessibilities

?rf T.? ttr:ue open-_sbt_zla_te Illf?;[:m_es_. Howetver_, it tShOU||d bednotedd to the open states and may yield information regarding the
atitthe accessibility of the Imino proton Is strongly reduce open states themselves. From the accessibility ratios listed

in the.open stg:\e formedt?yl_thfe f".’ldSt opening ?Oﬁf' asituationin Tables 2 and 3, the variation between different base pairs
at variance with current belief (vide supra), the lifetime may 5 opserved to be larger than for the same base pair at

be in the microsecond range also for the open states of theytterent temperatures. Hence, the accessibility ratio appears
fast opening mode. to reflect sequence dependent properties. Steric hindrance
The kinetics of the frequently occurring opening (the fast in the open state as well as the difference in diffusion
mode) of the present study is almost identical to that obtained coefficient of the larger oligomer and the mononucleoside
by previous investigators that has assumed a single open statgffects the parameter. However, from the form of eq 3, it
(Table 2). This is expected since the emphasis in earlier js evident that activity effects on the base concentration also
studies has been to reach as high catalyst concentration agill enter into the parameter. Recently, it was demonstrated
possible to achieve maximum accuracy in the extrapolationsthat ammonium ions bind in the minor groove of DNA, in
(12). However, the slow mode reveals itself mainly in the particular, to the narrow minor groove of A-tract sequences
low-intermediate concentration range. Under most circum- (36). From Figure 4, it is concluded that the curvature is
stances, the catalytic receptivity of the base-paired imino nearly independent of the ammonium ion concentration in
proton is weak, and the error in the exchange time as derivedthe range used in the titrations. Consequently, any effect of
from the difference in eq 5 is large unless the concentration ion binding must saturate at relatively low concentration.
of catalyst is high (cf. Figure 2, panels b and d). In contrast, Ammonium ion binding could, however, lead to a higher
the AT6 base-pair exhibits strongly increased exchange rateseffective ammonia concentration in the groove than in the
already at relatively low catalyst concentration due to the bulk solution if the ammonium ions are in equilibrium with
long open-state lifetime of the slow opening mode. Also the their ammonia base counterpart. The specificity of am-
CG3 and GC4 base-pairs appear to exhibit some curvaturemonium ion binding to A-tracts was attributed to a good fit
in Figure 2. The larger errors in the exchange data at low of the ion in the narrow grooveé86). Hence, the bulkier TMA
concentration make it difficult to establish the existence of ion is not expected to bind in a similar fashion and the ratios
a secondary opening mode for these two base pairs unamamya/anns should decrease by activity effects. Thus, the
biguously. In any case, either the dissociation constant or similarity in the curvature in the exchange data from the
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