J. Am. Chem. S0d.998,120,7123-7124

Direct Monitoring of Cytosine Protonation in an
Intramolecular DNA Triple Helix

Dietmar Leitnert Werner Schider, and Klaus Weisz*

Institut fir Organische Chemie
der Freien Unversita Berlin
Takustrasse 3, D-14195 Berlin, Germany
Institut fir Biochemie der Freien Unersita Berlin
Fabeckstrasse 36A, D-14195 Berlin, Germany

Receied August 4, 1997

Potential applications in molecular biology and medicine have
sparked renewed interest in DNA triple helices recently. Binding
of a single stranded DNA or RNA to the major groove of a double
helical target results in the formation of specific Hoogsteen
hydrogen bonds with the WatseiCrick purine bases. Thus, in
triple helices of the pyrimidine motif a third pyrimidine strand
interacts with the double helix forming"™GC and TAT base
triplets. However, the requirement for protonation of the cytosine

bases in the third strand results in decreased stabilities of the
triplex with increasing pH. Studies on the pH dependence of

triple helix formation with a third pyrimidine strand by ethidium
bromide fluorescenceby UV absorption spectroscopyand by
CD spectroscopy*® yielded semiprotonation points for oligo-
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Figure 1. (a) Sequence and numbering scheme of the 29 base oligo-
nucleotide and its folding into an intramolecular duplex and triplex struc-
ture.15N labeled cytidines are shown in bold. (byGC base triplet with

nucleotide triplexes. However, the determination of such apparentHoogsteen bound cytosine specificali\ labeled at the amino group.
pK, values by the above methods is based on a two-state model

with the cytosine protonation being the only pH-dependent process

for the duplex-triplex transition. Moreover, analysis is restricted

to the influence of pH on a global equilibrium process. Proto-

nation of individual bases within a sequence is not resolved.
In a recent NMR study a uniformB#C- and*>N-labeled RNA

IH NMR spectra showing imino resonances of the oligonucle-
otide at 5°C are plotted as a function of pH in Figure 2a. Below
pH 5.80 formation of an intramolecular triplex is indicated by
the signals of WatsonCrick and Hoogsteen hydrogen bonded
imino protons between 12 and 16 ppm. 2D NOE measurements

third strand was used for the unambiguous structural characteriza-at pH 5.0 confirm the formation of a triple helical structure and

tion of the triplex formed with a DNA hairpif. To assess the
effect of cytosine protonation on triple helix formation at single

also allow the unambiguous assignment of all imino as well as
amino resonances (data not shown). With increasing pH ad-

sites we decided to perform heteronuclear NMR experiments on ditional signals of a duplex emerge which at pH 6.65 are of similar

a specifically!®N-labeled oligonucleotide. The oligonucleotide
was designed to form an intramolecular triple helix with two,(T)

intensity compared to those of the triplex. Above pH 6.90
resonances of the triple helix disappear and only the reduced set

loops and seven base triplets by folding back on itself under of imino signals expected for a duplex remains observable. The

appropriate conditions. Except for th&ét8rminal cytosine all

presence of triplex and partially unfolded duplex structures slowly

cytosine bases within the Hoogsteen bound “third strand” were exchanging on the NMR time scale has been observed before

specifically *°N labeled at the 4-amino group (Figure 2.
Although this group is not directly protonated, studies on
monomers indicate a downfield shift of th&\ amino resonance
by more than 10 ppm upon cytidine protonatfoithe specifically

during intramolecular triple helix formatiof.

To follow protonation of the cytidine nucleobases we have
performedtH—15N HSQC experiments over a pH range of 480
8.25. Representative spectra are shown in Figure 2b. Cross-

isotope-labeled cytidine was synthesized according to publishedpeaks connect the amino nitrogens of the three labeled cytosines
procedure$,protected, and subsequently used as its phosphora-with their attached amino protons. Downfield- and upfield-shifted

midite in the automated DNA synthesis.
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a b Correspondingly, semiprotonation points for C20 and C18 are
SN/ found to be 6.6t 0.1 and 6.7 0.1. Deprotonation is known to

pH 7.45 ppm occur in two steps, namely local opening of the base pair followed
by proton abstraction from the open st&®? With most of the
protonated cytosines in a closed state the determined apparent
pKa values will depend on both theKp of non-base-paired
cytosines as well as on the base pair dissociation conkiant
Assuming similar acidities for the various cytosine bases, higher
o7 apparent i, values are therefore indicative of smaller base pair
pH 6.90 dissociation constants.

Taken together, a detailed picture of the pH-dependent duplex
pH 6.35 triplex equilibria emerges. Obviously, deprotonation of C15 next
to the loop region has no significant influence on triplex formation.
Even with C20 fully deprotonated at about pH 6.20 the triplex
predominates over the duplex under the given solution conditions.
pH 6.65 [ g2 Thus, triplex formation does not require the protonation of all
cytidines in the third strand, and formation of the centraGC
L Ctel g7 base triplet which is flanked by two TAT triplets sufficiently
stabilizes the triple helical structure. However, with the onset of
deprotonation for cytosine 18 triplex stability strongly decreases.
pH 5.80 Interestingly, pH-dependent CD measurements on a triple helix
pH .98 . f 72 with the same sequence except for twos(Tjops yielded an
apparent K, value for the duplextriplex transition of about 6.5.
In accord with our data, this value is close to the pH of
semiprotonation for C18 whose protonation mostly determines
o f B2 triple helix formation but not to the corresponding value for
. . 2 ple helix forma p g
pH 5.80 > - Sl g7 cytosine 20 or 15. In the same report an estimation based on
calorimetric data yielded an uptake of only 1.5 protons upon triple
helix formation in excellent agreement with our results on cytosine
pH 4.80 protonation. Further studies on the protonation of cytosine or
[ 72 other base analogues are expected to contribute to a better
understanding of the pH dependence of triple helix stability under
pH 4.80 77 various conditions.
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Figure 2. (a)*H NMR spectra showing imino protons of the specifically =~ of the triplex showing connectivities which can be used for the
15N labeled oligomer in 90% D/10% O, 100 mM NaCl, 10 mM unambiguous assignment of the third strand cytosine amino protons (3
MgCl, at 5°C as a function of pH. The spectra were acquired on a Bruker pages, print/PDF). See any current masthead page for ordering informa-
AMX500 spectrometer using a 33 pulse sequence with the excitation  tion and Web access instructions.

maximum set to the imino proton region at 14 ppm. The pH was adjusted JA972694Q

by addition of NaOH or HCI and measured before and after the
experiment. Spectra were obtained at increasing and decreasing pH and

were deniical i cach case. (b) Phase-sensitkei® gradint selected (i) 112 WE2Ker cross pecks for nonprotonated bases are mosty due t
HSQC spectra as a function of pH. Sample and other experimental  (12) (a) Glieon, M.; Kochoyan, M.; Leroy, J.-LNature 1987, 328 89—
conditions correspond to those of (a). Assignments to the protonated 92. (b) Leroy, J. L.; Kochoyan, M.; Huynh-Dinh, T.; Gua, M. J. Mol.

i indi i Biol. 1988 200, 223-238.
cytosines are indicated at the right of the spectra. (13) The observed slow exchange between protonated and nonprotonated
d ks finally di in th 0 bases sets an upper limit of 500 dor the overall exchange rate based on
and cross-peaks finally disappear in the spectra at{#70. chemical shift differences. However, the rate limiting process cannot be

Hence a pH value of 5.% 0.1 for semiprotonation can be derived. unambiguously identified with the available data.




