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Base protonation likely plays critical structural and functional
roles in nucleic acids. Structural studies have revealed that in
a large number of RNAs and DNAs, adenine and cytosine pK,
values are significantly perturbed relative to the pK, values of the
mononucleotides.!- NMR provides a direct method for moni-
toring protonation and therefore is currently the best technique
for measuring pK, values of specific ionizable groups in
macromolecules.!® Protonated adenines and cytosines can be
detected directly by 'H NMR when the added imino proton is
in slow exchange with bulk water. However, in many cases
hydrogen exchange is too rapid for detection of the imino proton.
'"H NMR can also be used to monitor the pH dependence of
nonexchangeable base proton chemical shifts. Although this
technique has been used to measure pK, values of mononucle-
otides,!! it is not suitable for accurate determination of pK, values
in folded nucleic acids because the base proton chemical shifts
are extremely sensitive to a variety of environmental factors,
including electrostatics and conformational changes.6!2 15N
NMR represents a useful probe for adenine and cytosine
protonation because the chemical shift of the imino nitrogen
changes by up to 70 ppm upon protonation.!!%!4 However, the
15N resonances cannot be indirectly detected!® in all cases,! for
example, when there is inefficient transfer of magnetization caused
by chemical exchange broadening or rapid !N relaxation. Thus
it is essential to have alternate NMR methods for determining
the protonation state of nucleicacid bases. Here, we demonstrate
that 13C NMR represents a powerful probe of adenine protonation.
This technique revealed an unusual pK, of 6.5 at 25 °C for an
adenine close to the cleavage site in a '*C/!*N-labeled lead-
dependent ribozyme.!6 The location of a protonated base in the
active site of this ribozyme means that this group could play an
important structural or functional role in the catalytic reaction.
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Figure 1. Proposed secondary structure of the leadzyme. The nucleotides
required for cleavage are boxed, and the arrow indicates the site of
cleavage.!6
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Figure 2. Aromatic C2-H2 region of 2D (13C, 'H) HMQC spectrals at
(A) pH 8.3, (B) pH 6.3, and (C) pH 4.4 of 2 0.44 mM 13C/15N-labeled
leadzyme in 10 mM sodium phosphate, 100 mM NaCl, and 0.2 mM
EDTA in D,0 at 25 °C. The isotopically labeled leadzyme sample was
synthesized by in vitro transcription with T7 RNA polymerase and !*C/
15N-labeled NTPs as described previously.2-3! The pH values were
measured in D0 and adjusted using 0.01-0.1 N NaOD and DCI. After
the NMR titration, the integrity of the sample was demonstrated by the
observation of a single band using denaturing polyacrylamide gel
electrophoresis. NMR spectra were recorded on a Varian VXR-500S
spectrometer. The HMQC spectral’ were recorded with 128 scans, the
1H carrier at 4.80 ppm, 2048 complex points with a sweep width of 6000
Hz in #,, the 13C carrier at 145.54 ppm, and 180 complex points with a
sweep width of 3000 Hz in ¢,. The time of the 1/(2J) evolution period!$
was optimized for J = 209 Hz. Complex data were collected in #; by the
hypercomplex-TPPI method,32 and 3C WALTZ decoupling was applied
during t;. The total time of each HMQC experiment was 8.5 h. The
proton chemical shifts were referenced to the internal HOD at 4.80 ppm,
and the carbon chemical shifts were referenced to an external standard
of TSP at 0.00 ppm. The NMR data were processed with Felix 1.1 (Hare
Research Inc.).

Weare currently using heteronuclear NMR spectroscopy!7-20
to determine the three-dimensional structure of a small RNA
motif, termed the leadzyme, which is specifically cleaved in the
presence of lead (Figure 1).! Figure 2 shows the aromatic C2-
H2 region of 2D (13C, 'H) HMQC spectra for the 99% 3C/
15N-labeled leadzyme at three different pH values. All seven
C2-H2 cross peaks were specifically assigned using a novel
application of the heteronuclear HCCH-TOCSY experiment
which unambiguously correlates the H8 and H2 within the same
adenine residue.?l22 Unexpectedly, at pH 6.3, the C2 resonance
of adenine 25 (A25) shifts significantly upfield compared with
the other C2 resonances (Figure 2B). As seen in Figure 3A, the
A2S5 C2 resonance shifts by 8 ppm between pH 4.4 and 8.3, and
its chemical shift as a function of pH displays a sigmoidal
dependence characteristic of a titration binding curve. The Hill
plotin Figure 3B gives a pK, of 6.5 with a slope of 0.96, indicating
that this transition involves protonation of a single site.2? To
verify that the observed change in chemical shift results from
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Figure 3. (A) Relative change of the C2 chemical shift (8pns.3 — SpHx)
for A25 with pH. (B) Hill plot of the data presented in A. The Hill
equation for one-site protonation is pH = log((1 - a)/a) + pK,, where
a represents the fraction of the protonated species.23.33

protonation of adenine N1, 3C NMR spectra of 99% '*C/!N-
labeled 5 AMP were obtained as a function of pH.24-26 These
show a similar 8 ppm upfield shift of the C2 resonance upon
protonation, and analysis of the Hill plot for the titration data
gives a pK, of 4.0 £ 0.1,26 which is within experimental error of
the previously measured value.2’ The pK, values of the other six
adenines in the leadzyme were measured to be <4.3 (data not
shown). The pK, of 6.5 determined for A25 of the leadzyme is
2.5 pH units higher than that for protonation of adenine in 5’
AMP and means that this ribozyme possesses a base with a pK,
near physiological pH.

The unusual *C chemical shift for the C2 resonance allows
facile identification of protonated adenines in RNAs and DNAs.
Once identified, the structural features that give rise to these
unusual pK, values can be probed. For example, the unusual 13C
chemical shift for A25 C2 allowed straightforward assignment
of the 'H~'H NOEs involving A25 H2 in a 3D ('H, “C, 'H)
NOESY-HMQC spectrum? of the leadzyme. This experiment
provides critical NOEs that are being used to define the structure
of the active site of the leadzyme.?6 These preliminary data
indicate that A25 is close to the C6pG7 cleavage site, which
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means that the protonated adenine identified here could be acting
as a general acid catalyst in the cleavage reaction.28 Another
interesting structural characteristic of A25 is observed in the
(13C, 'H) HMQC spectrum at pH 6.3, where there are almost
equal populations of the protonated and unprotonated species
and the A25 C2 resonance is significantly broadened (Figure
2B). The broadening is due to chemical exchange and provides
dynamic information about the active site of the leadzyme.
Further NMR studies are being performed to investigate the
structural features that give rise to the unusual pX, for A25 in
the leadzyme.

Having a titratable group with a pK, near physiological pH
has important structural and functional implications for RNA,
and it will be interesting to see if such “histidine-like” moieties
are a common feature of biologically active RNAs. The method
described here should prove extremely useful for identification
of adenines with unusual pK, values in other ribozymes.
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