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ABSTRACT The solution structure of an adenosine monophosphate (AMP)-DNA aptamer complex has been determined
previously [Lin, C. H., and Patel, D.J. (1997) Chem. Biol. 4:817-832]. On a symmetrical aptamer complex containing the same
binding loop, but with better resolved spectra, we have identified two additional hydrogen bond-mediated associations in the
binding loop. One of these involves a rapidly exchanging G imino proton. The phosphate group of the AMP ligand was
identified as the acceptor by comparison with other aptamer complexes. Imino proton exchange measurements also yielded
the dissociation constants of the stem and binding loop base pairs. This study shows that nuclear magnetic resonance-based
imino proton exchange is a good probe for detection of weak hydrogen-bond associations.

INTRODUCTION

Adenosine monophosphate (AMP) is a universal cofactor
which interacts with both proteins and nucleic acids. In vitro
selection approaches have defined high-affinity binding sites
for AMP on both RNA (Sassanfar and Szostak, 1993) and
DNA (Huizenga and Szostak, 1995) aptamers. Our interest has
focused on the architecture and hydrogen exchange character-
istics of the nucleic acid binding sites and the similarities and
differences associated with RNA versus DNA targets. Despite
differences in the binding-site sequence, in the secondary and
tertiary folds, and in the binding stoichiometry (Jiang et al.,
1996; Dieckmann et al., 1996; Lin and Patel, 1997) (1 AMP:1
and 2 AMP:1 for the RNA and DNA complexes, respectively),
the RNA and DNA aptamer complexes exhibit similar recog-
nition features in the binding pocket (Fig. 1). This suggests that
AMP could be accommodated by a finite set of nucleic acid
binding pocket architectures and, in turn, could help in the
rational design of binding pockets for the other nucleoside
monophosphates. In both cases, the AMP molecule is recog-
nized through the formation of the same G:AMP mismatch
alignment, involving the Watson-Crick side of AMP and the
minor groove edge of guanine, stacked on a reversed Hoogs-
teen G*G base pair in one direction and on an adenine in the
other. We previously showed that the mismatches in the inter-
nal binding loop are as stable as the internal Watson-Crick base
pairs in the flanking stems in the AMP-RNA complex (Nonin
et al., 1997a). We report here on the kinetics of base-pair
opening in the AMP-DNA aptamer complex.

Nuclear magnetic resonance (NMR)-based hydrogen ex-
change measurements of imino protons provide important
complements to the structure information, for example the
lifetimes and the dissociation constants of the Watson-Crick
and mismatched base pairs (Guéron and Leroy, 1995). The
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strength of the method relies on its ability to probe the
structure at the nucleotide level independently of the knowl-
edge of the folding topology, and to indicate whether an
imino proton is protected from exchange with water or not.
For example, base pair-hydrogen bonding (H-bonding) can
be easily detected because the imino proton exchange is
catalyzed by the nitrogen to which it is paired. This process,
called intrinsic catalysis, has a characteristic signature in the
exchange time measurements versus pH. We have shown in
a previous study carried out on the AMP-RNA aptamer
complex that it also occurs for imino protons when they are
H-bonded to another intrinsic acceptor, such as phosphate
group (Nonin et al., 1997a). Thus, we identified four addi-
tional H-bonds in the AMP-RNA aptamer complex struc-
ture.

The AMP-DNA aptamer complex, whose solution struc-
ture has been determined previously (Lin and Patel, 1997),
is built from a single-stranded 27-mer DNA aptamer. Its
imino proton spectrum is not sufficiently resolved for reli-
able imino proton exchange measurements. Therefore, a
symmetrical self-complementary 14-mer DNA with the
same binding pocket was devised (Lin and Patel, 1997; Fig.
1 a). Its spectra indicate a similar structure of the binding
pocket (Lin, personal results). The 14-mer contains two
symmetrical ligand-binding sites. We focus here on this
symmetrical aptamer complex. In the absence of ligand, the
binding loop imino protons appear as a broad set of reso-
nances, ranging from 9.5 to 11 ppm. With 2 equivalents (eq)
AMP, all the imino proton resonances are resolved except
for that of the G6 imino proton, whose resonance is too
broad to be observed in these conditions, because of fast
exchange. (This is also the case for its homolog in the
27-mer complex). The G6 residue is important because it is
part of a reverse Hoogsteen pair that closes the binding loop
from one side. Deciding whether a fast exchanging proton is
H-bonded or not is not straightforward because the large
line width may inhibit to detection of nuclear overhauser
enhancement spectroscopy (NOESY) or heteronuclear J-
coupling crosspeaks. We have applied the same methods as
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FIGURE 1 Comparison of the sequence and numbering systems of the self-complementary 14-mer G6-DNA () and of the 40-mer RNA (e¢) AMP
aptamers. In both the DNA and the RNA structures, the recognition of AMP involves stacking of purines and formation of a G:AMP mismatch (i.e.,
G9-AMP in the 14-mer DNA complex (c¢) and G8-AMP in the RNA complex (f)). The Watson-Crick edge of AMP binds to the minor groove edge
of the guanine. In both structures, the G:AMP mismatch is stacked on a reversed Hoogsteen G-G mismatch pair in one direction (G8-G6 (d) in the
14-mer DNA aptamer complex, and G7-G11 (g) in the RNA aptamer complex, respectively), and on an adenine in the other. In the DNA aptamer
complex, this adenine is engaged in a sheared G-A mismatch alignment (b). The additional H-bonds identified in this study are G9 HI—G6 O1P
(¢), and G6 HI—AMP (PO, ") (d).
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FIGURE 2 400 MHz imino proton spectra recorded in 95% H,0/5% D,0; 200 mM KCI and 2 mM EDTA solutions of the G6-DNA (upper panels) and
16-DNA (lower panels) complexed with AMP (left panels) or adenosine (right panels). (a) Spectrum recorded at pH 5.15 with 4 eq AMP. All the internal
Watson-Crick imino proton peaks (T4, G13, and G12) are sharp and resolved. The T14 imino proton of the poorly stable terminal base pair is broadened out by
exchange with water. The binding loop imino protons G8, G5, and G9 are resolved and somewhat broadened to different extents. The G6 imino proton is not
observed under these conditions. (b) Same pH conditions as @ with 4 eq adenosine. The overall spectrum is unchanged when AMP is replaced by adenosine, except
for the former G9 resonance, whose area is doubled. The new unresolved resonance is ascribed to G6 imino proton. In presence of AMP, when G6 is substituted
by 16, the resonance is still missing even when the temperature is lowered to 4°C (spectrum c). Conversely, in presence of adenosine and at 15°C, the 16 resonance
is clearly seen at ~12.1 ppm. This shows that, in the DNA complexes, exchange of G6 or 16 imino protons is catalyzed by the phosphate group of the AMP ligand.

in a previous study of the fast exchanging terminal imino
protons (Nonin et al., 1995) to investigate the G6 imino
proton in the DNA aptamer complex.

The logic of the paper is as follows. We investigate
imino proton exchange in the AMP DNA-aptamer com-
plex, but not in the free aptamer whose imino protons are
not resolved. First, we deal with the stem imino protons
whose exchange properties will be used as the reference
for subsequent analysis of the mismatched base pairs. We
then explore the binding site imino protons. To assess the
influence of the phosphate group of the AMP ligands on
the imino proton exchange kinetics and on complexation,
we measured the exchange kinetics in the adenosine-
DNA aptamer complex, in which the G6 imino proton
peak is observed (Fig. 2). An inosine-substituted DNA
aptamer complex (referred to as the 16-complex, its G6
counterpart being similarly referred to as the G6-com-
plex) allowed us to monitor the imino proton exchange of
the sixth nucleotide. We thus identify two additional
H-bond-mediated associations within the binding loop.
These results are applied to the comparison of base-pair
kinetics in the complexes of AMP with the DNA and
RNA aptamers.

Biophysical Journal 81(6) 3422-3431

MATERIALS AND METHODS

Oligodeoxynucleotides and NMR
sample preparation

The 14-mer and 27-mer DNA aptamers were synthesized and purified as
described in the solution structure paper (Lin and Patel, 1997). The
[O]water (45-49.9% 7O enrichment, catalog #87—700-30—8) was pur-
chased from Isotec Inc. (Miamisburg, OH). Oxygen-17 was then regiospe-
cifically incorporated during the chemical synthesis into the anionic oxy-
gen of the G5-G6 phosphate group of the 14-mer DNA aptamer by
selective oxidation of the appropriate phosphite intermediate with 0.1 M
oxidizing solution, which consists of a mixture of iodine, 1g of ['’OJwater,
10 ml of pyridine, and 40 ml of tetrahydrofuran. The C3 spacer dimer was
synthesized using the C3 spacer phosphoramidite. The C3 spacer, the
Dspacer, and the dA-5'-CE phosphoramidite were purchased from Glen
Research (Sterling, VA). All samples were dialyzed several times against
water. They are phosphate-free, with the exception of the spectrum of Fig.
4. After lyophilization they were dissolved in 95% H,0/5% D,O solutions
with EDTA 2mM. The stoichiometry of the DNA aptamer complexes was
monitored and checked by one-dimensional (1-D) NMR spectra. The pH
was measured at room temperature using a calibrated PMH82 Radiometer
pH-meter and adjusted using 0.01-0.1 M NaOH and HCI solutions.

NMR spectroscopy

All experiments were performed on a Varian Unity Plus 400 MHz NMR
spectrometer (Varian Inc., Palo Alto, CA), except for the spectra of Fig. 3,
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FIGURE 3 600 MHz 1-D NMR spectra in 90% H,0/10% D,O of the
imino proton region of (@) the unlabeled and (b) the '’O-labeled 14-mer
DNA aptamer-AMP complexes, recorded at 15°C and pH 6.75. The
70-labeling of G6 O1P produces an upfield shift of the G9 imino proton
attributable to the CSA effect, disclosing the proximity of these two
positions.

which were recorded on a Varian Plus 600 MHz NMR spectrometer.
Proton exchange times and base-pair dissociation constants were deter-
mined as described previously (Nonin et al., 1997a), mainly by saturation
transfer from water (Forsen and Hoffman, 1963; Guéron and Leroy, 1995).

Imino proton exchange

We briefly review the basics of imino proton exchange theory (Guéron and
Leroy, 1995) required for this work. A more detailed description of the
kinetics and the corresponding equations is available as supplementary
materials. Similar annotations and equations as described before (Nonin et
al., 1996, 1997a) are used. Two cases are distinguished: that of the
mononucleosides, and that of the H-bonded imino protons (this includes
the cases of base pairs and of imino protons H-bonded to any proton
acceptor in the structure).

Three exchange processes can be distinguished for the mononucleo-
sides. At high pH, the exchange rate (k) is proportional to the hydroxide
concentration (referred to as the N~ process or hydroxide catalysis). At
lower pH, this process becomes inefficient, and pH-independent catalysis
by water (Ny,o process) dominates. The corresponding exchange rate
depends only on the imino proton nitrogen (N' for guanosine or N* for
thymidine) pKi. At yet lower pH, the H,O-catalyzed exchange is acceler-
ated because of protonation of the guanosine N’ position which lowers the
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pK of nitrogen N' (Py,0 process, where P stands for protonated, or acid
catalysis). This process is observed for G but not for T, which lacks a
protonation site with pK >0.

Exchange of an H-bonded imino proton requires H-bond disruption.
Therefore, the exchange time cannot be smaller than the lifetime 7, of the
H-bond (in the case of a base pair, 7, is the base-pair lifetime). In the open
state, the Noyy—, Ny, 0, and Py, processes contribute as in the mononucleo-
side, and they are described by the same equations except for a constant c,
generally close to 1, that encompasses any difference between the mono-
mer and the open state. The acceptor of the H-bond provides for an
additional catalytic process (intrinsic catalysis; N;,, and P;,,, processes, N
and P indicating the protonation state of the base as for Ny, and Py,q),
which is typically more efficient than the exchange catalysis by the Ny,
and Py processes, because the pK of the intrinsic acceptor is higher than
that of water. The N, and P, processes are pH-independent. In other
words, the plot of the exchange time versus pH of an imino proton
H-bonded with an intrinsic acceptor displays a pH-independent plateau.
For weak associations, these processes yield exchange times smaller than
that of the corresponding mononucleoside at the same pH.

The imino proton exchange time is:

Tex = To + 1/(Kd X kex,open) (1)
where 7., = 1/k,, is the exchange time experimentally measured, .y open

the exchange rate from the open state, and K, the dissociation constant.
When 7, is long compared with the base-pair lifetime 7, it is expressed as:

Tex =~ 1/(Kd X kex,open) (2)
At basic pH, when Ng;- is the driving exchange process, Eq. 2 becomes:

Tex =~ 1/(Kd X kcx,opcn,OH’)

1/(Ky X akex o)

= 1-ex,OH’/(O‘1<d) (3)

aKy is called the apparent dissociation constant and is experimentally
obtained by comparison of the Ng~ catalysis curves in the monomer
(Texon~ = ke on~) and in the H-bonded nucleotide (7). It is replaced
by a protection factor (pf) when the experimental imino proton curve is
only displaced by a small factor compared with the monomer over the
entire pH range.

RESULTS
1-D NMR spectra

The 1-D NMR spectrum of the AMP-G6-complex, recorded
in water at 15°C and pH 5.15 (the pH at which the imino
proton exchange of guanosine is the slowest), exhibits the
four imino proton resonances expected for the stem Watson-
Crick base pairs between 12.5 and 14.5 ppm (Fig. 2, upper
left panel). In the binding loop, G8, G5, and G9 imino
proton peaks are clearly observable and broadened some-
what to different extents. The G8 imino proton resonates
downfield of 12 ppm, whereas the G5 and G9 imino protons
are upfield shifted between 10 and 11 ppm. The G6 imino
proton is not observed. The G9 imino proton resonance is
the only one which shows a chemical shift anisotropy
(CSA) effect when G6 OIP is O'"-labeled (Fig. 3).

To assess the catalytic effect of the AMP phosphate
group on the binding site imino protons, we replaced AMP

Biophysical Journal 81(6) 3422-3431
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FIGURE 4 (a) Sequence and numbering system of the 14-mer G6-DNA aptamer complexed with one eq of the C3 spacer (¢). (b) 400 MHz imino proton

spectrum recorded in 90% H,0/10% D,0, 50 mM KCl, and 10 mM phosp
4°C. The G6 imino proton resonance reappears upfield at ~9.8 ppm.

by adenosine after extensive dialysis of the AMP 14-mer
DNA aptamer complex against water. The imino proton
region is very similar to that of the AMP-DNA aptamer
complex (Fig. 2, upper right panel) and is unchanged upon
addition of excess adenosine. The main difference between
the two spectra is the area of the G9 imino proton peak,
which approximately doubles in intensity in the adenosine-
DNA aptamer complex. The extra resonance, tentatively
assigned to G6, is not resolved from G9 at 15°C and poorly
resolved at 4°C (data not shown).

The assignment of G6 is confirmed by the use of an
inosine 16-DNA analog, devised to shift the imino proton of
the sixth nucleotide downfield. In the adenosine-16-com-
plex, the 16 imino proton peak is resolved at 11.9 ppm (Fig.
2, lower right panel). The remainder of the imino proton
region is very similar to that of the G6-complex, except for
the imino proton resonance of G8, which is shifted upfield.
The 16 imino resonance is still unobserved in the AMP-16-
complex (Fig. 2, lower left panel), but reappears when the
G6-DNA is complexed with the C3 spacer, in which two
AMP nucleotides are linked by their 5’-end through a pro-
pane spacer (Fig. 4).

Exchange of the stem imino protons

We have measured the exchange times of T4, G12, and G13
imino protons versus pH in the AMP-G6-, adenosine-G6-,
and adenosine-16-complexes (Fig. 5, upper, middle, and
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hate-buffered solution of the 1:1 C3 spacer/G6/DNA complex at pH 6.40 and

lower left panels, respectively). The exchange times mea-
sured for 2 and 4 eq of AMP or adenosine (not shown) on
the G6-complex are the same. The addition of an excess of
ligand drives the equilibrium toward the formation of the
complex (mass action law). The fact that the exchange times
are unchanged by excess of ligands, even for the more stable
base pairs, proves that the dissociation of the complex is not
part of the imino proton exchange process. The terminal
T14 imino proton resonance at 13.2 ppm is broadened by
exchanging with water at 15°C. We did not monitor the
kinetics of this proton in this study.

The pH-dependent behavior is similar to what is com-
monly observed for Watson-Crick base pairs and the ex-
change times are unaffected by the nature of the ligand and
the sixth nucleotide. The N~ process of the base-paired
T4, G12, and G13 imino protons is less efficient than that of
the corresponding monomer (i.e., the exchange times are
slower). According to Eq. 2, the exchange is slowed down
by a factor which yields the apparent dissociation constant
of the base (aK,). The apparent dissociation constants rang-
ing from 10™* to 5 X 10? are listed in Table 1. The
pH-independent N, process characteristic of H-bonded im-
ino protons is seen ~pH 6.5 for the three imino protons. The
proton acceptors for T4, G12, and G13 at the plateau are
nitrogens N' of A11, N® of C3, and N* of C2, respectively,
across the Watson-Crick T4-A11, C3-G12, and C2-G13 base
pairs. The shortening of the exchange times measured for
G13 and G12 below pH 6 reflects contributions from the P;,
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FIGURE 5 Watson-Crick stem imino proton (left panels, open sym-
bols) and binding loop imino proton (right panels, filled symbols)
exchange times measured versus pH at 15°C in the DNA complexed
with 2 eq of either AMP or adenosine. The experimental data were
fitted using the usual equations (Nonin et al., 1996). The rG curve
displayed in all panels is that from the RNA aptamer study (Nonin et al.,
1997a). (a, b) G6-DNA complexed with 2 eq or 4 eq (enlarged symbols)
of AMP. The exchange kinetics of the binding loop imino protons (GS8,
A; G9, H; and G5, @) is similar to that of G12 and G13, showing that
G8 and G9 are engaged in stable base pairs. The differences observed
between the G5 and rG curves are ascribed to a pf. At pH 8, G5 imino
proton exchange is catalyzed by the phosphate of the ligand in excess
(enlarged @). (¢, d) Same symbols as a and b, respectively, for the
G6-DNA complexed with 2 eq adenosine. (e, f) Titration curves for the
16-DNA complexed with 2 eq adenosine. The exchange kinetics of the
stem Watson-Crick imino protons and of G9 and G8 are similar as in the
G6 complex. G9 data were collected only above pH 8 where G5 imino
proton is broadened out by exchange with OH ', because G9 and G5
NMR imino proton lines are not resolved in this complex (Fig. 2). 16
imino proton (f; @) exchanges roughly similar to dI imino proton ([J)
and the slight Ny~ discrepancy observed between the two curves is
ascribed to a small pf of 0.19.
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TABLE 1 Apparent dissociation constants (aK,) and
protection factors (pf) at 15°C for the G6-DNA and 16-DNA
aptamer complexes

Base oKy or pf oKy or pf oKy or pf
number G6 DNA-AMP G6 DNA-ADE 16 DNA-ADE
T4 4 %104 4x 104 2x 1074
G13 5%1073 45x1073 25X 1073
GI2 1 X107 08 x 1074 0.5x107*
G8 13x 104 0.5x 104 02x 104
G5 3 X 1072 (pf) 3.2 X 1072 (pf)

G9 4x1073 6% 104 ~5x%x107*
G6/16 ~0.19 (pf)

Unless otherwise stated, these values correspond to aKy.

process attributable to a small fraction of N”-protonated
guanosines.

Exchange of the binding site imino protons

The exchange time measurements for G5, G8, and G9
follow kinetics similar to those of G13 and G12 (Fig. 5, b,
d, f). The Ny~ process is the driving exchange process
above pH 7.5 for G5 and G9, and above pH 9 for G8. The
comparison of the N~ process for these imino protons and
that of the monomer according to Eq. 2, yields the ratios
listed in Table 1. They range from 1.3 X 10 *to 3 X 102
The exchange kinetics of the G5, G9, and G/I6 imino
protons depends upon the presence or absence of the ligand
phosphate group. Conversely to G9, G5 imino proton ex-
change is catalyzed by the phosphate group of AMP present
in excess at pH ~ 8 (Fig. 5 b, enlarged circle). G6 and 16
imino protons exchange faster in the AMP-complexes than
their homologs of rG and dI monomers.

DISCUSSION
Stem imino protons

All the stem imino proton exchange features (Fig. 5 ¢), as
well as the apparent dissociation constants (Table 1), are
unaffected upon replacing AMP by adenosine, as expected
because these protons are far from the two AMP ligands in
the structure. Their aK also fall in the range of what is
commonly observed on DNA for second and third stem base
pairs starting from the ends, i.e., 1072 to 10~* (Guéron et
al., 1990; Guéron and Leroy, 1992, 1995; Nonin et al.,
1995).

The very fast exchange of the G6 imino proton
with water is catalyzed by the AMP
phosphate group

We have monitored the imino proton exchange times of the
AMP and adenosine 16-complexes versus pH (Fig. 5, e and
f). The apparent dissociation constants (Table 1) show that

Biophysical Journal 81(6) 3422-3431
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the inosine substitution does not perturb the base-pair sta-
bility in the stem and in the binding site. The similarity of
the exchange characteristics of 16 and dI monomer imino
protons shows that, in the absence of ligand phosphate
groups, the 16 imino proton exchange is not catalyzed. 16
imino proton is thus not H-bonded in the complex. The
small pf (0.19) observed in the adenosine-16-complex for
the Ny process (Fig. 5 f) probably arises from the fact that
16 lies in the core of the binding loop. Because the G6 and
16 imino proton peaks disappear in the AMP complexes
(Fig. 2), the exchange process takes place as if the effective
concentration of catalyst (i.e., of AMP phosphate group)
seen by these imino protons was high, and/or the catalyst
was permanently maintained close to these protons via
H-bonds. At pH 5.15, rG and dI imino protons exchange in
the range of a few milliseconds (cf. Fig. 5) and their reso-
nances are seen on a 1-D spectrum. The fact that the G6 and
16 imino protons exchange faster in the AMP-complexes than
in the monomer controls (G6 and 16 imino proton peaks are
broadened out to baseline by exchange at pH 5.15) is
characteristic of the intrinsic catalysis for weak base pairs or
associations. The qualification “intrinsic” applies in this
case, as AMP is part of the complex. In weak intrinsic
associations, of which terminal base pairs provide good
examples, the apparent dissociation constant or the pf is
high, and consequently, the efficiency of the Ny o process is
more or less the same as for the monomer. However, the N,
process is much more efficient because pK;,, of the intrinsic
bond acceptor is much higher than that of water (—1.7); it
is all the more efficient because it is not slowed down by a
small dissociation constant. Thus, the combination of a high
dissociation constant or pf and intrinsic catalysis results in
an exchange faster than from the monomer. This feature has
been seen before for the Watson-Crick terminal base pairs
(Nonin et al., 1995) and for the pseudo-AT base pairs of the
TTTA tetra loops of the i-motif structure formed by d(C-
CTTTACC) (Nonin et al., 1997b). G6 and 16 imino protons
are exchange-catalyzed by the AMP phosphate group in a
N,,-like process and are sensing the phosphate group
through H-bonding. This implies that the phosphate group
has moved toward 16 imino proton at least part of the time.
In the C3 spacer-G6 complex (Fig. 4 a), in which two AMP
nucleotides are linked on their 5'-end by a propane spacer
(Fig. 4 ¢), the pK of the two AMP phosphate groups is
decreased by ~4 units. The catalysis is thus ~10,000 times
less efficient than by the terminal phosphate of the AMP. As
expected, G6 imino resonance reappears (Fig. 4 b). The fact
that it is upfield shifted to ~9.8 ppm indicates an interaction
with a phosphate oxygen again.

The binding site imino protons; an additional
interstrand H-bond at the G9 imino proton site

The fact that G8 HI is base-paired (to G6 N’) in the
structure (Lin and Patel, 1997) translates into the presence
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of a large N,,,, plateau corresponding to exchange times only
20 times larger than from the monomer, i.e., much smaller
than that expected from the Ny o process and the aKy of
~10~* given by the Ny~ process. In contrast, the G5 Ny
and Ny o processes are slowed down by the factor within a
factor of 10 from the monomer processes, which is consis-
tent with the previous finding that G5 imino proton is not
H-bonded in the structure (Fig. 1 b). The observation that at
pH =~ 8 G5 imino proton exchange is catalyzed by the
phosphate groups of AMP present in excess also confirms
the exposure to the solvent of this imino proton.

The case of G9 is different. In the AMP and adenosine-
DNA complexes, G9 imino proton exchange kinetics are
typically those of a H-bonded imino proton with a N,
plateau ranging from pH 6 to 7.5 and an apparent dissoci-
ation constant of respectively 4 X 10~% and 6 X 10~ * (Fig.
5 d). In both cases, the existence of a pH-independent
intrinsic catalysis requires that G9 imino proton must be
H-bonded in the complex. Examination of the AMP-DNA
complex refined solution structures of lowest energy com-
puted from nuclear Overhauser enhancement (NOE) re-
straints shows that for each of them, this proton is located
2.1 = 0.3 A from G6 O1P of the complementary strand, and
that a H-bond is readily accommodated at this site. (Mea-
suring the angle of the potential H-bond has no significance
here because the phosphate group positions were not exper-
imentally restrained during simulation). No other potential
acceptor emerges within a sphere of 5 A around the G9
imino proton. The fact that the G9 imino proton is the only
resonance to show CSA effect when G6 O1P is O'"-labeled
(Fig. 3), confirms the existence of an additional base-back-
bone H-bond between G9 and G6 and the ability of the
method to probe for previously unidentified H-bonds. G9
exchange times are insensitive to an excess of AMP, but are
raised by almost a factor of 7 when the phosphate group of
the ligands is removed. Examination of the refined struc-
tures shows that the two AMP phosphate groups are too far
from the two G9 for efficient catalysis, and suggests that
they indirectly destabilize the G9 base:G6 backbone inter-
action, which translates into an increase of the aKj.

Novel features of the AMP-DNA aptamer complex

The AMP-DNA aptamer complex represents the first exam-
ple of two ligands bound to adjacent sites along the DNA
aptamer (Lin and Patel, 1997). As such, the system intro-
duced its own set of challenges for structural characteriza-
tion by NOE structural and hydrogen exchange kinetics
measurements. For instance, the imino proton of G6, adja-
cent to the ligand recognition site, was very broad in the
AMP complex, independent of pH and temperature (Fig. 2,
left panel). This challenge was overcome in this study by
substituting adenosine for AMP at the ligand level and by
replacing guanosine by inosine at position 6 at the DNA
aptamer level in the complex (Fig. 2, right panel). More
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decisively, the imino proton of G6 was readily observable in
the complex with the two AMP molecules covalently linked
through a C3 spacer (Fig. 4). The greater immobilization of
the phosphate groups by the C3 linker presumably affected
the exchange characteristics of the imino protons of the G6
residues, which is consistent with the proposed H-bond
between the imino proton of G6 and the phosphate group of
AMP at each of the symmetry-related binding sites.

Newer NMR methods now allow the ready identification
of N-H=N H-bonds because of measurable Jy, couplings
and, to a lesser extent, N-H~O = C H-bonds, because of
significantly reduced Jy couplings (Zidek et al., 2001). In
contrast, the measurement of N-H hydrogen bonds to phos-
phate groups remains a considerable challenge. Our use of
imino proton hydrogen exchange measurements as a func-
tion of ligand type (nucleotide AMP vs. nucleoside adeno-
sine) or backbone modification (O'” labeling) has opened
up novel approaches for detection and identification of
N-H-phosphate H-bonds.

The quantitative base-pair kinetic measurements have
also provided insights into the relative stability of base
mismatches and base-phosphate interactions compared with
standard Watson-Crick base pairs in the core of the AMP-
DNA aptamer complex. Strikingly, the imino proton of G8
involved in the reversed G8-G6 mismatch pair and the imino
proton of G9 involved in the G9-phosphate interaction,
exhibit aK, values of comparable magnitude, to those for
the imino protons of G12 and GI13 involved in Watson-
Crick G-C pair formation (Table 1). These observations
were intuitively unexpected and potentially reflect a com-
pact binding site pocket containing base pairs, mismatches,
and base-phosphate interactions of comparable kinetic sta-
bility.

Comparison of the DNA and the RNA
AMP-aptamer complexes

The exchange studies show that, as in the AMP-RNA
aptamer complex, the mismatched pairs of the AMP-bind-
ing loop are as stable as the internal Watson-Crick base
pairs of the flanking helical stems in the AMP-DNA
aptamer complex. In the RNA aptamer complex, this is
particularly true for the reversed Hoogsteen G7-G11 mis-
match on which the G8:AMP pair is stacked, and whose
apparent dissociation constant is ~1.5 X 107> at 15°C
(Nonin et al., 1997a). Here, the homolog G8-G6 base pair in
the DNA aptamer complex displays an aK, of ~10~%,
similar to that of the G12-C3 Watson Crick base pairs of the
flanking stems. In light of the additional H-bond identified
in the DNA aptamer complex between G6 imino and the
AMP phosphate group, we found that in the RNA structure,
the homolog G11 imino proton, which is most probably
H-bonded to G35 O4’, can also be approached by the AMP
phosphate group. Such interaction would enhance the sim-
ilarity of the RNA and DNA binding loops (Fig. 1). The
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exchange kinetics of the two G imino protons paired with
the AMP ligand, G8 for the RNA aptamer complex (Jiang et
al., 1996; Dieckmann et al., 1996) and G9 for the DNA
aptamer complex, identifies an additional H-bond between
these protons and one neighboring phosphate group oxygen
of the backbone, and gave a corresponding apparent disso-
ciation constant of ~107% at 15°C for both. In both cases,
the binding loop stability reflects the stacking of the purines
and the extensive intra-loop H-bond network that leaves
almost no imino proton freely exposed to the solvent.

CONCLUSION

NMR methods have contributed to our current under-
standing of the architecture and adaptability of nucleic
acid binding pockets in complexes with ligands ranging
from cofactors to amino acids, saccharides, peptides, and
proteins (Hermann and Patel, 2000). The majority of this
information is deduced from an analysis of intermolecu-
lar NOE data, which can be translated into alignment
patterns at the intermolecular interface. More recently,
the implementation of new pulse sequences for the ob-
servation of heteronuclear J-coupling across H-bonds in
nucleic acids have proven to be very helpful in structure
determination because they provide for the direct identi-
fication of the H-bond acceptor (Dingley et al., 2000;
Majumdar et al., 1999). These 2-D methods often require
labeling (for example, '°N labeling for observation 2Jyy
couplings observation).

The AMP-DNA aptamer complex contains many unusual
features associated with the binding of two equivalents of
AMP within the distorted minor groove of a zippered-up
internal loop segment (Lin and Patel, 1997). Zippering up
involves reversed Hoogsteen G'G, sheared G-A, and
G-AMP mismatches, with distinct purine base edges for
alignment (Fig. 1). The guanine imino protons within the
zippered-up segment are either H-bonded across the mis-
match pairs or, as shown in the present study using imino
proton exchange and base kinetics, can H-bond to either
backbone phosphate oxygens or the phosphate group of the
bound AMP. The binding pocket is defined by this network
of stacking and pairing alignments, with these elements also
contributing to molecular recognition and discrimination.
Adaptive recognition, as observed in the AMP-DNA
aptamer complex, and reported previously for cofactor,
amino acid, and peptide complexes with DNA and RNA
aptamers, could emerge as a critical modulator of biological
function. Our previous studies of the AMP-RNA aptamer
complex (Nonin et al., 1997) and the present study on the
AMP-DNA aptamer complex demonstrate that hydrogen
exchange is an ideal probe for quantitatively monitoring
adaptive recognition at the individual base residue in nu-
cleic acid complexes.

The study of the exchange kinetics of the AMP-DNA
aptamer complex has yielded information on the base-
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pair stability and identified two additional H-bonds in the
binding loop. It has also been shown that in nucleic acids,
the imino proton hydrogen exchange measurement is a
very simple method relying on 1-D experiments which
can rapidly provide complementary information related
to the accessibility and H-bonding potential, even in
cases of rapidly exchanging imino protons. The use of the
three approaches (NOE, hetero J-coupling, imino proton
exchange) helps to overcome uncertainties where they
occur.

SUPPLEMENTARY MATERIALS

The significance of the imino proton exchange
time measurements

The imino proton exchange theory has been extensively
described (Guéron and Leroy, 1995). Similar annotations
and equations as described before are used (Nonin et al.,
1996, 1997a). We recall that two cases must be distin-
guished: that of the mononucleosides and that of H-bonded
imino protons (this includes the cases of base pairs and of
imino protons H-bonded to whatever proton acceptor in the
structure).

Three processes can be distinguished on the monomer. At
high pHs, the exchange rate (k.,) is proportional to the
hydroxide concentration (Eq. 1, process referred to as the
Non- process or hydroxide catalysis). Then, as the pH is
lowered, the exchange becomes catalyzed by water (Ny o
process). The corresponding exchange rate is pH-indepen-
dent and depends only on the imino proton nitrogen pKi
(Eq. 2). At lower pHs, the exchange is accelerated because
of protonation of the guanosine N” position which lowers
the pK of nitrogen N' (Eq. 3, Py o process in which P stands
for protonated, or acid catalysis). The proton acceptor is
again water. This latter process is not observed on dT
because no position on this pyrimidine ring protonates
above pH 0.

kex,OH’ = qon-1 QPH PR (D
kex,HgO = QHzoloipKi (2)
k' emo = QHzolo_pK’i (3)

where qoy- and gy are respectively collision and
pseudocollision constants, and pKi and pK'i the imino po-
sition pKs of the neutral and the protonated mononucleo-
side. The resulting exchange rate is then:

kex sze,:x,HzO + (1 _f)(kex,HZO + kex,OH’) (4)

where f'is the fraction of protonated mononucleoside. The
mononucleoside exchange time 7., is defined as the recip-
rocal of k.

Tex = Vkex (&)
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Imino proton exchange from a base pair or a H-bonded state
was shown so far to always require initial base-pair opening
or H-bond disruption. The Ny, Ny o, and Py  processes
contribute then similarly in the open state and in the mono-
nucleoside, and are described by the same equations, with
the exception of a constant « that encompasses any differ-
ences between the monomer and the open state.

— H—pKi _—
kex,open,OH’ - O‘qOH’10p P = akex,OH’ (7)
= K= ok 8
kex,open,Hzo aqHzOIO o ex,H,0 ( )
’ — —pK'i — ’
ex,open,H O — aqHzOIO P - akex,HZO (9)

In most cases key open,i1,0 30d K’ ox open. 11,0 are not efficient,
as they are overcome by the intrinsic catalysis process (Nj,,
and P;,,, respectively), a process in which the acceptor is
intrinsic to the base pair, and directly or indirectly H-bonded
to the imino proton. The N, and P, processes are pH-
independent and the resulting exchanging rate may be ex-
pressed as follows:

keX,Open,im szi/ntl OpKintpr’i + ( 1 - f)kintl OpKint*pKi ( 1 0)

where k;,,, and k';,, are pseudocollision constants, and pK,,,
is the pK of the intrinsic acceptor site (i.e., N°C, N'A and
N’G in the G-C and A‘T Watson-Crick base pairs, and the
GG Hoogsteen base pair, respectively). The overall ex-

change rate from the open state k., open 18 then approximated
by:

=~ kex,open,im + (1 - f)kex,open,OH’ (1 1)

When the imino proton exchange time is long compared
with the base pair lifetime 7, it is expressed as:

kex,open

1-ex =~ 1/(deex,open) (12)

This equation is used to fit the experimental data of 7
versus pH. At basic pH, when N, is the driving exchange
process, Eq. 12 simplifies into:

Tex = 1/(deex,0pen,0H*) = 1/(Kdakex,OH*) = 1-ex,OH*/(OLI<d)
(13)

oK is the apparent dissociation constant and is experimen-
tally obtained by comparison of the N ;- catalysis curves in
the monomer and in the H-bonded nucleotide.
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