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ABSTRACT: Protein enzymes often use ionizable side chains, such as histidine, for general acid-base
catalysis because the imidazole pKa is near neutral pH. RNA enzymes, on the other hand, are comprised
of nucleotides which do not have apparent pKa values near neutral pH. Nevertheless, it has been recently
shown that cytidine and adenine protonation can play an important role in both nucleic acid structure and
catalysis. We have employed heteronuclear NMR methods to determine the pKa values and time scales
of chemical exchanges associated with adenine protonation within the catalytically essential B domain of
the hairpin ribozyme. The large, adenine-rich internal loop of the B domain allows us to determine adenine
pKa values for a variety of non-Watson-Crick base pairs. We find that adenines within the internal loop
have pKa values ranging from 4.8 to 5.8, significantly higher than the free mononucleotide pKa of 3.5.
Adenine protonation results in potential charge stabilization, hydrogen bond formation, and stacking
interactions that are expected to stabilize the internal loop structure at low pH. Fast proton exchange
times of 10-50 µs were determined for the well-resolved adenines. These results suggest that shifted pKa

values may be a common feature of adenines in non-Watson-Crick base pairs, and identify two adenines
which may participate in hairpin ribozyme active site chemistry.

The most effective acid-base catalysts at neutral pH have
pKa values near 7, thus accounting for the widespread use
of histidines in protein enzyme active sites (1). RNA enzymes
(ribozymes) are also capable of general acid-base catalysis,
though the closest pKa values to neutral pH of free nucleotide
monophosphates are quite low (CMP) 4.2, AMP ) 3.5)
(2). Unique structural environments can shift these pKas
toward neutral pH, allowing the formation of protonated
bases and thereby expanding both the structural and enzy-
matic properties of nucleic acids. However, little information
exists regarding how non-Watson-Crick base pairing in
RNA can alter these apparent pKa values. Shifted adenine
pKas have been observed to stabilize A+‚C base pairs near
neutral pH (3, 4). Recently, a protonated adenine has been
proposed to catalyze peptidyl transfer within the active site
of the ribosome (5, 6). Additionally, a protonated cytidine
acts as a general acid in the catalytic mechanism of the
hepatitis delta virus ribozyme (7). In DNA, protonated
adenines have been observed to form salt bridges (8, 9), and
cytidine protonation stabilizes triple helix formation (10) and
C-tetraplexes (11).

Naturally occurring self-cleaving RNAs include the hair-
pin, hammerhead, hepatitis delta, and VS ribozymes (12).
All of these ribozymes catalyze site-specific phosphoryl
transfer reactions, producing cleavage products with 2′,3′-
cyclic phosphates and 5′-OH groups. However, these ri-
bozymes are both structurally and mechanistically different.
For example, the hammerhead and hepatitis delta virus
ribozymes utilize a metal ion-bound hydroxy anion in their
active site as a general base (7, 12). The hairpin ribozyme,

on the other hand, has a metal ion-independent mechanism,
and efficiently functions with cobalt hexamine, an inert metal
complex (13). It therefore seems plausible that the hairpin
ribozyme may employ a protonated base as a general acid,
in a manner similar to the hepatitis delta virus ribozyme.
Such a mechanism would also be consistent with reaction
kinetics which indicate a pKa of 5.4 (13).

The hairpin ribozyme is composed of two domains, A and
B (Figure 1), which interact in the transition state. Domain
A contains the substrate strand and forms a duplex containing
a small internal loop. The NMR structure of this domain
has been determined by Cai et al. (4). We recently solved
the structure of the catalytically essential B domain of the
hairpin ribozyme by NMR (14, 15). The B domain contains
a 16 nucleotide adenine-rich internal loop (Figure 1) that
forms an underwound helix with an expanded minor groove,
containing 7 non-Watson-Crick base pairs, including a
nonprotonated A‚C pair, 2 G‚A pairs, a single hydrogen bond
A‚U reverse Hoogsteen pair, and 2 different types of A‚A
pairings (Figure 2). Six out of the eight adenines in the B
domain internal loop are catalytically essential (16). In
contrast, there is only one catalytically essential cytosine in
the entire hairpin riboyzme, and this cytosine is believed to
form a long-range Watson-Crick interaction between the
A and B domains (17). Therefore, it is highly unlikely that
cytosine protonation plays a role in hairpin ribozyme
catalysis. The A domain contains two catalytically essential
adenines (16). One of these adenines (A10) has a pKa of
6.2, due to the formation of an A+‚C wobble pair that is
also unlikely to be relevant to the transition state, since the
observed interaction was with a nonessential cytosine derived
from an HIV sequence (4). However, the internal loop of
the B domain has many solvent-accessible adenine N1
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functional groups which could be positioned close to the
substrate (14). We wished to determine if any of these

functional groups possess shifted pKa values that could
participate in catalysis.

Legault and Pardi have shown that13C NMR is a powerful
tool for studying adenine and cytidine protonation in RNA
(3). Both the pKa values and time scales of protonation can
be measured, the former by fitting the Henderson-Hassel-
bach equation to the chemical shift changes as a function of
pH and the latter by NMR line shape analysis. Here we use
analysis of1H-13C HSQC (18) spectra to study the protona-
tion of the adenine N1 functional groups in the B domain of
the hairpin ribozyme by monitoring the pH-induced changes
in the chemical shifts and line widths of the C2 carbons.
The adenine residues in the loop have a range of pKa values
from 4.8 to 5.8, significantly higher than the free mono-
nucleotide pKa value of 3.5. Analysis of the13C NMR line
shapes shows that the chemical exchanges associated with
adenine protonation occur on a very fast (microsecond) time
scale in the loop as opposed to the millisecond time scale
reported for imino proton exchange in Watson-Crick base
pairs (19).

MATERIALS AND METHODS

Preparation of 13C, 15N-Labeled Hairpin Ribozyme B
Domain Samples.13C,15N-labeled B domain samples were
prepared as previously described (14). Samples were 0.5 mM,
220µL in a Shigemi NMR tube, in 50 mM NaCl, 90% H2O/
10% D2O. The pHs of the samples were varied by adding
0.2 N HCl or 0.2 N NaOH to the desired pH value.

NMR Spectroscopy.The 1H-13C HSQC (18) spectra at
different pHs (3.90, 4.00, 4.10, 4.40, 4.55, 5.30, 5.51, 5.82,
6.12, 6.60, 6.80, 7.60, and 8.40) were recorded on a Bruker
DRX 500 MHz spectrometer. Spectra were obtained with
1024 points with a sweep width of 4045 Hz in t2, and 256
points with a sweep width of 3019 Hz in the t1 dimension.
The proton carrier was set to 4.8 ppm, and the13C carrier
was set to 145 ppm. All spectra were acquired at 303 K.
For the line shape analysis, the line widths were measured
from 1D slices of the 2D1H-13C HSQC spectra Fourier-
transformed without the use of any weighting function.
Spectra used to determine theT2 values were acquired as
described (20).

Determination of Adenine pKas. The pKa values were
determined by measuring changes in13C chemical shifts as
a function of pH. The pKa values were determined by
nonlinear least-squares fit of experimental pH titration curves
to the equation (21):

δA andδB represent the chemical shifts corresponding to the
protonated and unprotonated states, respectively (low and
high extremes of pH). The above equation is derived from
the Henderson-Hasselbach equation given by

wherepA represents the fraction of protonated species. The
observed chemical shift at a given pH is given byδobs )
δApA + δBpB. The fraction of protonated species can be
calculated as a ratio of the C2 chemical shift difference in
the unprotonated state and a given pH (∆) to the chemical
shift difference between unprotonated and protonated states

FIGURE 1: Schematic illustration of the hairpin ribozyme secondary
structure, along with the sequence of the A and B domains used in
the NMR structure determinations. The RNA cleavage site in
domain A is marked with an arrow. A dashed line between the A
and B domains represents a covalent connection in the intact
ribozyme secondary structure. Non-Watson-Crick base pairings
determined by NMR are indicated with ovals. The numbering
system for the 38 nucleotide B domain used in these studies
corresponds to the NMR construct, with the original hairpin
ribozyme numbering scheme shown as adjacent numbers in
parentheses. The B domain contains a stable helical extension and
UUCG tetraloop not normally found in the ribozyme.

FIGURE 2: Orientations of the mismatched base pairs in the internal
loop of the B domain of the hairpin ribozyme obtained from the
solution NMR structure (14).

δobs) [δA + δB × 10(pH-pKa)]/[1 + 10(pH-pKa)] (1)

pH ) log[(1 - pA)/pA] + pKa (2)
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(∆T). The Henderson-Hasselbach equation can now be
written as

If the chemical shifts of the protonated and unprotonated
states can be determined from the experimental titration
curves over the pH range investigated, then the pKa values
can be determined by linear regression analysis based on eq
3. In most cases, however, full experimental titration curves
could not be obtained due to the severe overlap of signals at
pH e4.0. In such cases, the experimental titration curves
can be analyzed by fits to eq 1 with the chemical shifts at
low pH (δA) and the pKa treated as variables. For residues
A6 and A32, the experimental titration curves are nearly
complete, and clear transitions toward a low pH plateau are
visible. The remaining residues also display a change in slope
at low pH, and the corresponding apparent pKa values can
also be reasonably estimated due to the sigmoidal character
of the curves and the presence of a steep inflection point at
the pKa. To evaluate the potential for error in the pKa

estimation, a test was done for residue A12, which does not
display a clear low-pH plateau. Experimental data were
included at pH 3.9, along with a nonexperimental extreme
pH value of 3.0 and chemical shift plateau of 146 ppm. The
resulting calculated apparent pKa (5.02) was within the
experimental error of the fit to eq 1 obtained using just the
experimental data at pH 4.1 and above (5.1( 0.1).

Determination of Exchange Lifetimes.The lifetimes for
exchange between protonated and unprotonated states were
determined by analysis of the13C line shapes. The NMR
signal line shape for a two-site (A and B) chemically
exchanging system is derived from the modified Bloch
equations and is given by (22, 23)

wherepA + pB ) 1, τex ) τAτB/(τA + τB), P ) τex[1/T2AT2B

- (π(νA + νB) - 2πν)2 + π2(νA - νB)2] + pA/T2A + pB/
T2B, Q ) τex[π(νA + νB) - 2πν - π(pA - pB)(νA - νB)],
and R ) π(νA - νB)(pA - pB) - τexπ(νA - νB)(1/T2A -
1/T2B) + [π(νA + νB) - 2πν][1 + τex(νA + νB)]. τex is the
lifetime for exchange between protonated and unprotonated
states,T2i is the spin-spin relaxation time of statei, andνi

is the frequency in statei, wherei represents state A or B.
The two-site exchange line shapes were simulated for
different values of exchange times, and the rate of exchange
and its error were determined by looking for the best fit
between the experimental chemical shift and line widths at
half-height to the calculated ones. The13C 1D spectra were
extracted from the 2D spectra processed without the use of
any weighting function, by selecting out slices parallel to
the F1 dimension. The chemical shifts and line widths were
determined by fitting to a Lorentzian line shape using spectral
deconvolution. The error in the exchange times was estimated
from the error in the experimental line widths and the error
in the chemical shift of the protonated state.

RESULTS

The secondary structure of the B domain RNA used in
this study is shown in Figure 1. One of the nine adenines in

the domain forms a Watson-Crick pair while the others are
located within the internal loop and are exposed to solvent.
1H-13C HSQC spectra were obtained at different pH values,
and the aromatic C2-H2 region of the spectrum was used
to monitor N1 protonation. Figure 3 shows the C2-H2
region at three different pH values. All of the C2 resonances
of the adenines in the internal loop shift downfield with
increasing pH. The C2 resonance of A36, on the other hand,
does not show any change in chemical shift as a function of
pH. The A36 residue is the only Watson-Crick base-paired
adenine in the B domain, and its N1 is therefore involved in
a strong hydrogen bond. The pH-dependent changes in the
chemical shifts were analyzed to determine the apparent pKa

values.
pH Titration CurVes.Figure 4 shows the effect of pH on

the chemical shifts of the C2 resonances of the adenine
residues in the internal loop of B domain RNA. The pH
titration curves (4.1-7.6) for all the adenine C2s in the
internal loop have a sigmoidal dependence characteristic of
a titration binding curve. In contrast, the Watson-Crick base-
paired A36 shows no line width or chemical shift changes
as a function of pH (plot not shown). The apparent pKa values
were determined from the fits of experimental data to eq 1,
with the chemical shift at low pH (δA) and the pKa as
variables. The chemical shift at high pH (δB) was obtained
from the experimental titration curves for all the adenine
residues over the pH range examined. This corresponds to
the chemical shift values observed at pHg7.6. Below pH
4.1, there is severe spectral overlap for all of the cross-peaks
except A6 and A32, and therefore the additional data points
acquired at pH 3.9 and 4.0 were not used in the curve fits.
However, inclusion of these data points gives pKas which
are within the error limits of the values obtained without
them. Furthermore, these data did indicate that the chemical
shifts were approaching the plateau expected for the proto-
nated state. The best fit curves and the estimated apparent
pKa values are indicated in Figure 4.

The values ofδA obtained from the best fit of eq 1 to the
experimental data for A6, A29, and A32 are close to the
chemical shift values observed at pH 3.9. For these residues,
the apparent pKa values were also estimated by linear
regression analysis based on eq 3. The total change in
chemical shift,∆T, was determined from the difference in
chemical shift values at pH 8.6 and 3.9. A6 and A32 have
∆T values of 616 Hz, and A29 has a value of 636 Hz. The

pH ) log[(∆T - ∆)/∆] + pKa (3)

S(ν) ) [P(1 + τex(pA/T2A + pB/T2B)) + QR]/(P2 + R2)
(4)

FIGURE 3: 1H-13C HSQC spectra of the B domain of the hairpin
ribozyme showing the aromatic C2-H2 region at pH 5.3, 6.1, and
7.4. The cross-peaks are labeled with nucleotide number.

16028 Biochemistry, Vol. 39, No. 51, 2000 Ravindranathan et al.



value of∆ is obtained from the difference in chemical shift
at pH 8.6 and the chemical shift value at any given pH. For
A6 and A32, the apparent pKa value obtained is 5.4( 0.1
with a slope of 0.93. For A29, the apparent pKa value is 5.6
( 0.1 with a slope 1.3. The slope obtained is close to 1 in
all cases, as expected in the case of a single protonation
event. All the adenine residues within the internal loop have
higher apparent pKa values compared to the value of 3.5 for
the nucleotide monophosphate (Figure 4). A higher apparent
pKa value indicates that these bases can be readily protonated,
and the NMR structure shows that the N1 sites of the ade-
nines in the internal loop are solvent-accessible (Figure 5).

Exchange Lifetimes.Exchange processes occurring on the
chemical shift time scale are reflected in the line shape of
the signals from the nuclei which experience two or more
electronic environments. The line shape depends on the
fractional population of the two states, the spin-spin
relaxation times of the nuclei in the two states, and the
exchange times between the two states. The A6, A29, and
A32 residues have sufficiently well-resolved C2 resonances
for analysis. The fractional populations were determined as

described above. The spin-spin (T2) relaxation times de-
termined for C2 functional groups in the protonated (pH 4.0)
and unprotonated (pHg7.6) states are given in Table 1. The
spin-spin relaxation time for C2 of A36 is the same within
experimental error at both low and high pH. This shows that
the overall relaxation behavior of the RNA does not change
with pH. The residues A6, A29, and A32, on the other hand,
have differentT2 values for the protonated and unprotonated
states. Therefore, the observed changes in the C2 line widths
within the internal loop are caused by the protonation
equilibrium.

The line widths (Table 2) and chemical shifts for the
adenine C2s at different pH were determined from the 2D
1H-13C HSQC spectra. The lines are broader for the C2
resonances of A6, A29, and A32 at intermediate pH values
compared to the line widths at extreme values of pH
corresponding to the protonated (pH 4.0) and unprotonated
(pH g7.6) states. On the other hand, the A36 C2 resonance
shows no variation in line width as a function of pH, as
expected for a base which forms a stable Watson-Crick pair.

The protonation kinetics for A6, A29, and A32 were
studied by modeling the adenine C2s as a spin system
undergoing two-site chemical exchange. The slope of 1
obtained from the Hill plot analysis of the protonation of
the A6, A29, and A32 residues indicates a two-state model
between the protonated and unprotonated forms and justifies
the use of eq 4 for the determination of the exchange times
associated with the protonation process. To determine the
exchange time between the protonated and unprotonated
states, the exchange line shape was simulated for different
values of the exchange time using eq 4. The exchange times
were determined from the best fit of the simulated line shapes
to the experimental chemical shifts and line widths. The
exchange times are of the order of 10-50 µs, indicating fast
exchange (Table 2).

DISCUSSION

Role of Protonated Adenines.Raised adenine pKa values
have been previously observed for A+‚C wobble pairs in two
different RNAs, the leadzyme (3) and domain A of the

FIGURE 4: Plots of the chemical shifts versus pH of the C2
resonances of the adenine residues in non-Watson-Crick base pairs
(A6, A8, A9, A10, A12, A27, A29, A32) in the B domain of the
hairpin ribozyme. Solid lines are the best fit titration curves
calculated based on eq 1. Values for the apparent pKas determined
for N1 protonation of the adenines are given on the figure.

Table 1: C2 Spin-Spin Relaxation Times of A6, A32, A29, and
A36

T2 (ms)

residue pH 4.0 pH 7.6

A6 14.6( 2 25.3( 1
A32 11.6( 3 27.0( 1
A29 20.4( 2 26.0( 2
A36 23.2( 1 24.1( 1

Table 2: C2 Line Widths and Time Scales of Chemical Exchanges
Associated with Protonation of A6, A32, and A29 Residues in the B
Domain

A6 A32 A29

pH

line
width
(Hz)

exchange
time (µs)

line
width
(Hz)

exchange
time (µs)

line
width
(Hz)

exchange
time (µs)

4.4 35( 2 59( 9 39( 4 45( 11 28( 3 23( 5
4.55 38( 3 38( 6 43( 4 35( 9 30( 3 18( 4
5.3 35( 2 15( 2 42( 4 20( 4 45( 5 26( 4
5.51 29( 1 10( 1 37( 2 15( 2 40( 4 22( 4
5.82 26( 1 14( 2 35( 2 25( 3 42( 4 24( 3
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hairpin ribozyme (4). These adenine residues have apparent
pKa values of 6.5 and 6.2, respectively, and the protonated
N1 group participates directly in a hydrogen bond. An
apparent pKa of 6.6 has been observed for A+‚C wobble base
pairs in DNA oligonucleotide (24, 25). However, the role
of protonation in other types of adenine base pairs or in
catalysis remains largely unexplored. A neutral apparent pKa

for an adenosine in the ribosomal peptidyl transferase center
has very recently been reported, and a central role for this
adenine in the catalytic mechanism was proposed (5).

The locations of the adenines in the three-dimensional
structure of the B domain of the hairpin ribozyme are
illustrated in Figure 5. The N1s of A8, A9, A10, A12, and
A32 are in the minor groove while A6, A27, and A29 have
their N1 exposed in the major groove. In addition to direct
stabilization through hydrogen bonding discussed above for
A+‚C base pairs, protonated adenines can also stabilize base
pairs indirectly. Adenine amino protons become more acidic

upon N1 protonation, enabling them to form stronger
hydrogen bonds (19). The carbon-amino nitrogen bond
gains additional double bond character upon N1 protonation,
which results in restricted rotation that may also stabilize
hydrogen-bonded amino groups (26). In the B domain
internal loop, six of the eight adenines have hydrogen-bonded
amino groups (A8, A9, A10, A12, A29, and A32).

If the protonated N1 is near a negatively charged phos-
phate, adenine protonation can lead to charge stabilization.
In the internal loop of the B domain of the hairpin ribozyme,
the A9, A10, A12, and A32 N1s are each 6-8 Å from
phosphate groups on the opposite strand. Similar base
pairings stabilized by protonated adenines have been ob-
served in DNA (8, 27). The A9, A10, A12, and A32 N1s
are also all within 4 Å of 2′-oxygens on the opposite strand,
as a result of their position in the minor groove, so it is
possible that N1 protonation can result in hydrogen bond
formation at these positions.

FIGURE 5: Stereoviews of ball-and-stick representations of the structure of domain B of the hairpin ribozyme with the N1 positions identified
by the larger balls. Views of the internal loop major groove (A) and minor groove (B) are shown.
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The A6‚C33 (N1, amino) base pair has a geometry which
is similar to that of a protonated A+‚C wobble, but the
adenine N1 is nonprotonated and hydrogen bonded to the
C33 amino group in the NMR structures calculated at pH
6.8 (Figure 2). The orientation of this base pair was
somewhat surprising, because an A+‚C base pair has a similar
geometry but forms an additional hydrogen bond, and a
model had previously predicted the A6‚C33 base pair to be
a protonated A+‚C wobble pair (28). However, the data
presented here show that A6 has a apparent pKa value of
5.4, which is significantly lower than apparent pKa values
observed for A+‚C wobble pairs (3, 4, 24, 25). The A6
apparent pKa of 5.4 is higher than that of the mononucleotide
or Watson-Crick-paired adenines (<3.1) (2), which suggests
that the base pair is weak enough to still allow some degree
of protonation. Alternatively, a pH-driven structural transition
is possible, in which a small structural rearrangement (2-3
Å) could lead to the formation of a protonated wobble pair
at low pH. A pH-driven structural equilibrium has been
previously proposed for an A‚C (N1, amino) base pair
switching to an A+‚C wobble geometry at low pH, the former
geometry being exactly the same as the A‚C pair in the B
domain (24).

The A12 and A32 of the B domain form A‚G base pairs
(Figure 2) and have raised apparent pKas (Figure 4). The
observed pKa values are comparable to the value of 5.3
observed for adenine protonation in d(A‚G)10 (27). The
Coulombic interactions between the protonated adenines and
the backbone phosphate groups have been shown to result
in increased stability of d(A‚G)10. Similar interactions can
impart stability to the internal loop in the B domain. The
A‚G base pairs in the internal loop are in the type II A(anti)‚
G(anti) (8) orientation (Figure 2), which favors charge-
stabilizing interactions.

Four adenines in the internal loop form A‚A base pairs.
Of these, A29 has the highest apparent pKa of 5.8 while the
other adenines (9, 10, 27) have relatively lower apparent pKas
of ∼4.9. In all cases, these are higher than the pKa value of
3.5 for the mononucleotide. The lower apparent pKa value
of A9 and A10 may be partly due to the fact that the N1
functional group is close enough to form a hydrogen bond
with the 2′-hydroxyl group of A29. Although the A9‚A29
base pair is symmetrical, the N1 functional groups are in
very different structural environments (Figure 5), accounting
for the difference in their apparent pKa values. The orientation
of the A9‚A29 base pair shown in Figure 2 is similar to the
orientation of an A‚A mispair observed in a DNA duplex
(8). The pH titration curves reported for the adenines in the
DNA duplex indicate an apparent pKa value of about 5.5.

Stacking interactions play a large role in the B domain
structure. Molecular orbital calculations have been carried
out to study the effect of base protonation on intermolecular
interactions (29). These calculations indicated that for all
kinds of base pairs the magnitude of stacking interactions is
increased upon protonation of one member of a stacking pair,
although to differing extents. When both members of a
stacking pair are protonated, stacking interactions become
less favorable than for unprotonated pairs. Cross-strand
stacking occurs between residues A8 and A32 (Figure 5).
In this stacking pair, A32 is more readily protonated as
indicated by its higher apparent pKa value compared to A8.
In the structure determination for domain B, a minor

conformation was observed in which the pyrimidine residues
C11, U26, and U28 are bulged out to allow stacking of the
purine‚purine base pairs (14). Such stacking would improve
for a protonated A12 with an unprotonated A10 and for an
unprotonated A27 with a protonated A29. The observed pKas
are higher for A12 and A29, which again correlates with
one member of a purine‚purine stacking pair being more
readily protonated.

Proton Exchange in Adenines.Exchange of the proton at
the N1 site in the protonated base can be described following
the scheme used in imino proton exchange studies in
Watson-Crick base pairs (19). The raised apparent pKas
(relative to the mononucleotide) observed for A6, A29, and
A32 indicate that N1 protonation helps to stabilize the non-
Watson-Crick base pairs involving these adenines. Proton
exchange at the N1 site can be described as a two-step
process.

In general, ‘Aclosed’ refers to a state from which proton
exchange cannot occur and is in equilibrium with the state
‘A open’ from which proton exchange can occur. In the case
of exchange in Watson-Crick base pairs, ‘Aclosed’ refers to
the base-paired configuration. From the solution structure
determined for the B domain, the A6‚C33 base pair has an
orientation that may allow imino hydrogen bonding at low
pH. The following imino exchange scheme would then be
possible for the A6‚C33 base pair:

The other adenine base pairs may be involved in equilibria
between two different orientations, one of which is feasible
for proton exchange.

The first step in the above scheme is governed by
conformational changes, and the second step is the exchange
reaction. The most likely mechanism for the protonation and
deprotonation of the adenine residues would be an acid/base-
catalyzed reaction, with the rate depending on the concentra-
tion of the catalyst. The exchange rates would then be
expected to show a pH dependence. The residues A6 and
A32 show pH-dependent exchange rates, whereas A29 has
exchange rates that are independent of pH (Table 2). The
lack of pH dependence of the observed exchange rate of A29
implies that the rate-limiting step in the two-step exchange
process at this site is a conformational change. Interestingly,
A29 has an exposed N1 which would facilitate fast proton
transfer, while the hydrogen bonds at its amino and N7
positions would make conformational changes of the A29‚A9
base pair difficult. Even though A6 and A32 show a pH
dependence for the exchange rates, the dependence is rather
weak [plot of log(kobs) versus pH has a slope of 0.5]. This
indicates that the proton exchange reaction at the adenine
N1 sites is faster than the conformational rearrangements of
the base pairs.

CONCLUSIONS

The B domain of the hairpin ribozyme is one of the largest
RNA structures solved by NMR to date, and is catalytically
essential for the ribozyme. We have determined the apparent
pKa values of the adenines in the B domain of the hairpin

AclosedS AopenS A(H+)

A6‚C33closedS A6 C33openS A6(H+)‚C33
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ribozyme, which contains an adenine-rich internal loop (16
nucleotides) with 8 adenines participating in 6 non-Watson-
Crick base pairs. All of the adenines except the one involved
in a Watson-Crick base pair were observed to have apparent
pKas significantly shifted with respect to that of the mono-
nucleotide. The apparent pKas for the adenines in the internal
loop range from 4.8 to 5.8, significantly higher than the
mononucleotide value of 3.5. The time scales of chemical
exchanges associated with adenine protonation for several
well-resolved adenines were found to be 10-50 µs. We
conclude that the raised apparent pKa values are likely to be
the result of additional stabilizing interactions resulting from
adenine protonation, including hydrogen bonds, stacking
interactions, and charge stabilization. The observation that
all of the adenine-containing non-Watson-Crick base pairs
have raised apparent pKa values suggests that this may be a
general feature of adenine-rich RNA internal loops.

The observed pKa values correlate remarkably well with
the pH profiles of hairpin ribozyme reaction kinetics, which
measure a shallow pH-rate profile with transitions centered
at pH 5.4 and 9.8 (13). It is therefore possible that the
ionization of an adenine functional group on the B domain
may serve as the general acid catalyst responsible for the
observed low pH transition, while the general base may be
attributed to the loss of a hydrogen bond titrating at pH 9.8
(13). The direct participation of an adenine in the chemistry
of the ribozyme would be consistent with the known metal
ion independence of the mechanism. This study identifies
two catalytically essential residues, A29 and A32, which have
apparent pKa values at or above pH 5.4. These adenines are
therefore the most likely candidates for reaction chemistry
(note that A29 and A32 in our B domain construct are
actually A40 and A43, respectively, in the full ribozyme
numbering scheme). However, domain docking may alter
the apparent pKa values observed here. In an attempt to
identify exactly which adenine function may be involved in
chemistry, we are currently in the process of investigating
adenine protonation in the context of the full ribozyme.
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