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Base-pair opening is a conformational transition that is required for proper biological function of nucleic acids.
Hydrogen exchange, observed byNMR spectroscopic experiments, is a widely usedmethod to study the thermo-
dynamics and kinetics of base-pair opening in nucleic acids. The hydrogen exchange data of imino protons are
analyzed based on a two-state (open/closed) model for the base-pair, where hydrogen exchange only occurs
from theopen state. In this review,wediscuss examples of howhydrogen exchangedata provide insight into sev-
eral interesting biological processes involving functional interactions of nucleic acids: i) selective recognition of
DNA by proteins; ii) regulation of RNA cleavage by site-specific mutations; iii) intermolecular interaction of pro-
teins with their target DNA or RNA; iv) formation of PNA:DNA hybrid duplexes.
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1. Introduction

Base-pair opening in DNA is a structural fluctuation that is re-
quired for its biological function in transcription, repair, and
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recombination. RNA also undergoes conformational transitions that
exhibit distinct structural and dynamic features required for proper
function. The hydrogen-bonded imino protons of nucleic acids are
a probe of the base-pair opening kinetics. Hydrogen exchange NMR
experiments provide information on the thermodynamics and kinet-
ics of base-pair opening and therefore represent a probe of the dy-
namic motions of the base-pairs. Analysis of the hydrogen
exchange of imino protons employs a two-state (open/closed)
model for the base-pair, where hydrogen exchange only occurs
from the open state (Fig. 1) [1–3]. The opening (kop) and closing
(kcl) rate constants and/or equilibrium constant for base-pair open-
ing (Kop = kop/kcl) can be determined by measuring the exchange
using an external catalyst. These experiments have been used to
probe base-pair opening in various DNA duplexes [3–18], DNAs con-
taining modified base such as 5-flurourasil, N6-methyl adenine, or
modified guanine [19–21], UV-induced photoadduct-containing
DNA [22], IHF-complexed DNA [23], interstrand cross-linked DNA
[24], i-motif structure formed by the complementary C-rich DNA
[25,26], various RNAs [15,27–36], peptide nucleic acids (PNAs)
[37,38], and threose nucleic acid (TNA) [39]. NMR exchange and sin-
gle molecule FRET experiments could be used to study the proton-
ation/deprotonation of adenine bases and formation of A+·C
wobble pair [40–44]. In addition, hydrogen exchange data can also
be used to probe how intermolecular interactions stabilize nucleic
acid duplexes. For example, imino proton exchange studies of a
DNA/RNA-protein complex by NMR spectroscopy showed that the
protein substantially changes the equilibrium constant for base-
pair opening [45–49].

In this review, we discuss several examples of how hydrogen ex-
change data provide insight into the biological function of interest-
ing nucleic acids. Studies of base-pair opening kinetics have been
used to propose mechanisms by which DNA is selectively recognized
Fig. 1. Two-state (open/closed) model for the base-pair, where hydrogen exchange
by its target proteins. Selective recognition is used by seqA to distin-
guish the hemimethylated GATC from the corresponding fully meth-
ylated complex [20], and the higher binding affinity of XPC-hHR23B
for a double mismatched cyclobutane pyrimidine dimer (CPD) helps
it distinguish the double mismatch from the matched or single mis-
matched CPD species [22]. Base-pair opening kinetics studies can
also suggest the mechanisms that explain how RNA cleavage can
be regulated by site-specific mutations, e.g., in the case of the bio-
genesis of miRNA156a by DICER-like 1 protein (DCL1) [31] and
self-cleavage of the Tetrahymena group I ribozyme [28]. Hydrogen
exchange studies can elucidate the intermolecular interactions of
proteins with their target DNA or RNA, as in the case of B-Z transition
of DNA [50] and B-Z junction formation [49] facilitated by Z-DNA
binding proteins (ZBPs), and VEGF-targeting of RNA aptamers [51].
Finally, we also describe recent hydrogen exchange studies of a
PNA:DNA hybrid duplex [38].

2. Hydrogen Exchange Theory

2.1. Hydrogen Exchange of the Base-Paired Imino Protons

Imino proton exchange from a base-pair consists of a two-step pro-
cess requiring base-pair opening followed by proton transfer to a base
catalyst (Fig. 1). The rate constant for imino proton exchange (kex) is
given by Eq. (1):

kex ¼ kop � ktr
kcl þ ktr

ð1Þ

where kop and kcl are the rate constants for opening and closing of the
base-pair, respectively, and ktr is the rate constant for proton exchange
by base catalyst in the opening state. In the base-pair, the exchange is
of the imino proton only occurs from the open state by the base catalyst (B:).
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catalyzed by both the added base catalyst and the nitrogen of the com-
plementary base, which acts as an intrinsic catalyst [1,2]. The ktr value is
calculated as:

ktr ¼ kB B½ � þ kint ¼
kcoll

1þ 10ΔpKa
B½ � þ kint ð2Þ

where kB is the rate constant for imino proton transfer by a base cat-
alyst, kint is the exchange rate constant catalyzed by an intrinsic
base, kcoll is the collision rate constant, [B] is the concentration of
the externally added base catalyst such as ammonia, Tris, phos-
phate, and difluoroethylamine (base form) and ΔpKa is the pKa dif-
ference between the imino proton and the base catalyst. The [B]
values are calculated as [B] = [B]total/(1 + 10(pKa–pH)), where [B]
total is the total concentration of the added base catalyst [28,38].
Thus, the kex for the base-paired imino proton is represented by
Eq. (3):

kex ¼ kop kB B½ � þ kintð Þ
kcl þ kB B½ � þ kintð Þ ¼

kop kB B½ � þ kintð Þ
kB B½ � þ kint þ kop=Kop

ð3Þ
Fig. 2. Hydrogen exchange data of the (A) primary miRNA156a modeled RNA (pri-miR156a) [
(C) DNA 13mer duplex (bzDNA13) complexed with ZαADAR1 [39], and (D) (-1C)-mutant P1 R
respectively, and the error bars represent the fitting errors during determination of R1a (= R
used for the base catalyst. Secondary structures of the wild-type (WT) and A9C and A10CG m
are shown on top of each hydrogen exchange data.
where Kop (= kop/kcl) is the equilibrium constant for base-pair
opening. Re-organization of Eq. (3) yields the following equation:

τex ¼ 1
kex

¼ 1
kop

þ 1
Kop

1
kB B½ � þ kint

¼ τ0 þ 1
Kop kB B½ � þ kintð Þ ð4Þ

where τex is the exchange time (= 1/kex) and τ0 is the lifetime for
closed state of the base-pair (= 1/kop). Interestingly, curve fitting
the τex of the imino protons as a function of the concentration
(base form) of the added base catalyst ([B]) within Eq. (4) gives
not only the thermodynamic parameter, Kop, but also kinetic param-
eter, τ0 (= 1/kop) value (Fig. 2A) [31,32]. As [B] increases, the τex
values converge to the base-pair lifetime, τ0, in these plots. For ex-
ample, the U16·A97 base-pair in the wild-type (WT) primary
miRNA156a model RNA is expected to have a longer τ0 than that of
the A9C and A10CG mutants (τ0 of WT, 5.0 ms; A9C, 1.0 ms;
A10CG, 1.6 ms) (Fig. 2A) [31]. The lifetime for open state of the
base-pair (τopen = 1/kcl) is calculated using the relation τopen =
Kop × τ0.
33], (B) DNA dodecamer duplex containing hemimethylated GATC site (HMe-GATC) [20],
NA duplex ((-1C)-P1) [30]. The solid lines are the best fits to Eqs. (4), (5), (6), and (7),
1 + kex) or τex (= 1/kex) values. [Tris] is the concentration of Tris (base form) which is
utant pri-miR156a (in (A)), HMe-GATC (in (B)), bzDNA13 (in (C)), and (-1C)-P1 (in (D))
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Under certain conditionswhere kB[B] ismuch larger than kint, Eq. (3)
simplifies to Eq. (5):

kex ¼ kopkB B½ �
kB B½ � þ kop=Kop

¼ kBkop B½ �
kB B½ � þ kcl

ð5Þ

In this case, parameters for the base-pair opening dynamics can be de-
termined by curve fitting the exchange data using Eq. (5) (Fig. 2B)
[20,21]. The apparent relaxation rate constant (R1a) for an imino proton
determined by NMR experiments is the sum of the kex value and the R1
relaxation rate constant. As [B] increased, the kex values converge to the
kop value in these plots. For example, in duplex DNA containing a
hemimethylated GATC site, the T7·A18 and G3·C22 base-pairs are ex-
pected to have larger kop (that is, shorter τ0) than the G5·C20 base-
pair (τ0 of T7·A18, 2.4 ms; G3·C22, 2.0 ms; G5·C20, 24.4 ms) (Fig. 2B)
[20]. Similarly, under these conditions (kB[B] N N kint), Eq. (4) becomes:

τex ¼ τ0 þ 1
kBKop B½ � ð6Þ

Curve fitting the τex as a function of the inverse of [B] (1/[B]) with
Eq. (6) gives the Kop and τ0 values (Fig. 2C) [38,49]. The slope of the lin-
ear correlation between τex and 1/[B] is τ0 and the y-intercept is 1/
(kBKop). Thus, the imino proton of a more slowly opened base-pair
with longer τ0 has a larger y-intercept, while that of a less stable base-
pair with larger Kop has a smaller slope in these plots. For example, in
the DNA duplexes complexed with the Zα domain of human double-
stranded RNA deaminase I, ADAR1, (ZαADAR1), the G1·C1′ base-pair is
expected to have a longer τ0 (P/N = 0, b1 ms; P/N = 0.3, 29 ms; P/N
= 0.9, 106 ms) and a larger Kop (P/N = 0, 0.76 × 10−6; P/N = 0.3,
0.95 × 10−6; P/N = 0.9, 1.31 × 10−6), as the protein/DNA (P/N) molar
ratio increases (Fig. 2C) [49].

In addition, if kcl (= kop/Kop) is much larger than kB[B], Eq. (5) sim-
plifies to:

kex ¼ KopkB B½ � ð7Þ

In this case, the Kop values can be determined from the slope of the lin-
ear correlation between the kex and [B] (Fig. 2D) [28]. The imino proton
of a less stable base-pair with larger Kop has a larger slope in these plots.
For example, in the (-1C)-mutant P1 duplex of Tetrahymena ribozyme,
the U20·A3 base-pair is expected to be less stable with a larger Kop

than the A24·U-3 and G23·C-2 base-pairs (Kop of U20·A3, 83 × 10−6;
A24·U-3, 21 × 10−6; G23·C-2, b1.5 × 10−6) (Fig. 2D) [28].

The Gibbs free energy difference (ΔGo
bp) between the closed and

open states is calculated from the equilibrium constant for base-pair
opening using Eq. (8):

ΔGo
bp ¼ −ΔGo

opening ¼ RT ln Kop
� � ð8Þ

where ΔGo
opening is the Gibbs free energy change in the opening process,

T is the absolute temperature and R is the universal gas constant
[20,21,31]. The activation energies for base-pair opening (ΔG‡

op) and
closing (ΔG‡

cl) are related to the kop and kcl values, respectively, by the
Arrhenius equation. The differences in ΔGo

bp and activation energies
for base-pair opening (ΔΔG‡

op) and closing (ΔΔG‡
cl) in wild-type and

modified nucleic acids are calculated using Eqs. (9), (10), and (11), re-
spectively:

ΔΔGo
bp ¼ ΔGo

bp; mod−ΔGo
bp;wt ¼ RT ln Kop; mod=Kop;wt

� � ð9Þ

ΔΔG‡
op ¼ ΔG‡

op; mod−ΔG‡
op;wt ¼ −RT ln kop; mod=kop;wt

� �

¼ RT ln τop; mod=τop;wt
� � ð10Þ

ΔΔG‡
cl ¼ ΔG‡

cl; mod−ΔG‡
cl;wt ¼ −RT ln kcl; mod=kcl;wt

� �

¼ RT ln τopen; mod=τopen;wt
� � ð11Þ
where the subscripts, wt andmod, indicate the thermodynamic param-
eters of the wild-type and modified nucleic acids, respectively [20,31].

2.2. NMR Measurement of Hydrogen Exchange Rates

The hydrogen exchange rates of the imino protonswere determined
by a water magnetization transfer experiment, where a selective 180°
pulse for water was applied, followed by a variable delay (t), and then
a Watergate acquisition pulse was used to suppress the water signal
[27,28,52]. During the delay times between selective water inversion
and acquisition pulses, a weak gradient (0.02 G/cm)was applied to pre-
vent the radiation damping of the water signal [27,28]. The exchange
rate constants (kex) were determined by fitting the relative peak inten-
sities, I(t)/I0, of the imino protons to:

I tð Þ
I0

¼ 1−2
kex

R1w−R1að Þ e−R1at−e−R1wt
� � ð12Þ

where I(t) and I0 are the peak intensities of the imino proton at delay
times t and zero, respectively, R1a and R1w are the apparent relaxation
rate constants for the imino protons and water, respectively, which
were determined by inversion recovery experiments [28].

The water magnetization transfer method is prone to some artifacts
such as exchange-relayed NOE from rapidly exchanging protons
in nucleic acids [53]. To suppress efficiently this artifact, a phase-
modulated CLEAN chemical exchange spectroscopy (CLEANEX-PM)
was applied to the mixing period of a water-selective pulse sequence
[53]. The hydrogen exchange data for various nucleic acids using
CLEANEX-PM have been reported [53–56].

Generally, the imino protons in double-helical regions have rela-
tively fast exchange kinetics (kex = 0.1–100 s−1 at 25 °C). Interestingly,
very slowly exchanging imino protons have been observed for modified
tRNAs [57–59]. Hydrogen-deuterium exchange experiments were used
to probe the dynamics and flexibility of the slowly exchanging imino
protons in various nucleic acid systems [57–62].

3. Implications for Specific DNA Recognition

3.1. Recognition of Hemimethylated GATC Site

Many DNA binding proteins recognize their particular DNA se-
quences in a highly selective manner. The DNA-protein interactions re-
quire sequence-specific hydrogen bonding, van der Waals interactions,
sequence-dependent structural changes. In addition, the flexibility of a
DNA duplex to adopt the unique structure in complex is important in
sequence-specific recognition. Enzymatic methylation of DNA occurs
abundantly in most living organisms and regulates a variety of cellular
processes. Escherichia coli (E. coli) DNA adenine methyltransferase
(dam) methylates the N6 of adenines, to form the N6-methylated A
(m6A), within 5’-GATC-3′ sites at the replication origin oriC [63]. The
E. coli seqA protein prefers to bind to newly synthesized, hemimethy-
lated, rather than fully methylated, GATC sites to inhibit the initiation
of the second round of chromosomal replication [64]. It was reported
that the m6A modification destabilizes the base-pairing of RNA du-
plexes, because the m6A exhibited high energy anti conformation to
maintain the Watson-Crick m6A·T base-pair [65–67]. However, in the
GATC-containing DNA duplexes, the m6A methylation at the GATC site
stabilized the base-pairs at the GATC site [20]. The crystal structure of
the seqA protein complexedwith a hemimethylated GATC sequence re-
vealed that the two G·C base-pairs exhibited longer heavy atom
distances between G-O6 and C-N4 than that of a Watson-Crick base-
pair (see Fig. 1), indicating the a partially opened G·C base-pair [68].
However, in the solution structure of the DNA duplex containing hemi-
methylated GATC, these two base-pairs formed the stableWatson-Crick
base-pairs [69]. Interestingly, NMR hydrogen exchange studies revealed
that the ΔΔG‡

cl value, calculated using Eq. (11), of the 3′-neighboring
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G·C base-pair of the N6-methylated adenine between the DNA du-
plexes containing the hemimthylated and fully methylated GATC sites
is 1.42 kcal/mol, although the ΔΔGo

bp value, calculated using Eq. (9), is
only 0.17 kcal/mol (Fig. 3A) [20]. Using free energy differences calcu-
lated from these hydrogen exchange data as shown in Fig. 3A, it was
shown that the partial opening of the G·C base pairs in the hemimet-
hylated GATC sequence required a much smaller amount of energy
than fully methylated GATC (Fig. 3A) [20]. Thus, it was concluded that
the hemimethylated GATC site is energetically more favorable for com-
plex formation with seqA than the corresponding fully methylated
complex [20].

3.2. Recognition of Cyclobutane Pyrimidine Dimer

The CPD is one of the major types of cytotoxic, mutagenic and carci-
nogenic UV-induced DNA photoproducts [70,71]. In mammalian cells,
CPD-damaged DNA is repaired by nucleotide excision repair [71,72],
which is initiated by the binding of XPC-hHR23B to the site of DNAdam-
age [73,74]. Although the CPD lesions are recognized poorly by XPC-
hHR23B, when CPD lesions have double T·G mismatches, the binding
affinity of XPC-hHR23B is dramatically increased [74]. A structural
study of CPD-containing DNA duplexes suggested that, during nucleo-
tide excision repair, the XPC-hHR23B complex recognizes DNA damage
by directly searching for conformational distortions, such as a flexible
backbone, a bent helix, or an unusual groovewidth [75]. NMRhydrogen
exchange studies found that the two thyminebases of a CPD formed sta-
ble Watson-Crick base-pairs with the two opposite adenine bases, evi-
dent by a ΔΔGo

bp ~ 0.2 kcal/mol relative to normal Watson-Crick T·A
base-pairs [21]. When the CPD forms double T·G base-pairs, the ΔΔGo

bp

values are N1.9 kcal/mol [21]. Interestingly, these base-pair instabilities
extended to the two base-pair neighbors, which had ΔΔGo

bp values
N1.4 kcal/mol [21]. Thus, this study concluded that a double mismatch
Fig. 3. Schematic representations of the Gibbs free energy diagram of the base-pair opening and
DNA duplexes containing unmethylated (UMe, black), hemimethylated (HMe, red), or fully me
(red) and A10G (blue) primarymiRNA156a [33]. Secondary structures of the UMe-, HMe-, and
each figure.
at the CPD lesion facilitates the opening of the six base-pairs including
the CPD, forming a small bubble structure that can be easily recognized
by XPC-hHR23B [21].
4. Implications for Sequence-Specific RNA Cleavage

4.1. Biogenesis of miRNA156a

MicroRNAs (miRNAs) are small non-coding RNAs that negatively
regulate expression of their target genes [76]. In plants, primary
miRNAs are sequentially cleaved by DCL1 to make mature miRNA.
MiRNA156 plays an important role in the temperature-responsive
flowering of plants [77,78]. Plants overexpressing miRNA156 produced
more leaves than wild-type plants before flowering by regulating the
expression of the SQUAMOSA promoter binding protein-like (SPL) gene
family [79,80]. The point mutations which stabilize the B5 bulge of pri-
mary miRNA156a affected the mature 156 levels as well as the leaf
numbers at flowering of miRNA156 overexpressing plants [31,32].
NMR hydrogen exchange studies revealed that the C·G and U·A base-
pairs at the DCL1 cleavage site exhibited unique base-pair stability and
opening dynamics, which correlated with the biogenesis of miRNA156a
[31,32]. For example, the C15·G98 base-pair in the A9C mutant, which
decreased mature miRNA156 levels but decreased the leaf number at
flowering compared towild-type primarymiRNA156a, wasmore stable
with a ΔΔGo

bp of −0.57 kcal/mol, and showed more dynamic opening/
closing, with a ΔΔG‡

cl of −0.94 kcal/mol (Fig. 3B) [31]. Similar results
were observed for the U16·A97 base-pair [31]. However, the A10Gmu-
tant, inwhich theC15·G98 base-pair had aΔΔGo

bp of 0.04 kcal/mol and a
ΔΔG‡

cl of 0.30 kcal/mol (Fig. 3B), did not affect the mature miRNA156
levels or the flowering time of the plants [31]. Thus, it was concluded
that precisely tuned base-pair stability/flexibility at the DCL1 cleavage
closing for (A) the G·C base-pair adjacent to the N6-methylated adenine (Am) residue in
thylated (FMe, blue) GATC sites [20] and (B) the C15·G98 base-pair in theWT (black), A9C
FMe-GATC DNA in (A) and theWT, A9C, and A10G pri-miR156a in (B) are shown on top of
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site is essential for efficient processing of primarymiRNA156 and can be
modulated by mutations adjacent to the cleavage site [31].

4.2. Self-Cleavage of the P1 Duplex of the Tetrahymena Group I Ribozyme

The Tetrahymena L-21 ScaI ribozyme is derived from the self-splicing
group I intron and catalyzes a transesterification reaction in the P1 du-
plex formed with the internal guide sequence in the ribozyme and sub-
strate RNA [81]. Various modifications of the P1 duplex have been
shown to affect the cleavage reaction and kinetics for docking of the
P1 duplex into the catalytic core [82,83]. NMR hydrogen exchange stud-
ies showed that the conserved U-1·G22 wobble pair, which is required
for activity of the ribozyme (the cleavage site is the phosphodiester
bond between A2 and U-1), destabilizes the neighboring A2·U21
base-pair, whereas the other neighboring C-2·G23 base-pair is the
most stable base-pair in the P1duplex [28]. For efficient cleavage of sub-
strate RNA, this P1 duplex docks into the catalytic core of the ribozyme
and forms the active conformation [84,85]. In the active conformation,
the G22 forms a tertiary interaction with adenine in the catalytic core
and then the U-1·G22 wobble pair becomes destabilized [84,85]. Re-
placing the conserved U-1·G22 wobble pair with a Watson-Crick C·G
base-pair leads to 200- and 9-fold smaller Kop values for this and the
A2·U21 base-pairs, respectively, at the cleavage site [28]. This stabiliza-
tion of the cleavage site explains the 80-fold increase of the undocking
rate with the mutant sequence [83].

5. Implications for DNA/RNA-Protein Interactions

5.1. B-Z Transition of DNA by Z-DNA Binding Proteins

ZBPs play important roles in RNA editing, innate immune response
and viral infection [86–88]. The crystal structures of ZBPs in complex
with a 6-base-pair DNA duplex revealed that two molecules of ZBPs
bind to each strand of double-stranded Z-DNA, yielding 2-fold symme-
try with respect to the DNA helical axis [89–92]. ADAR1 deaminates
adenine in pre-mRNA to yield inosine [89]. ADAR1 has two ZBPs, Zα
and Zβ, at its NH2-terminus [89]. Hydrogen exchange measurements
on the duplex DNA complexed with Zα domain of human ADAR1
(ZαADAR1) revealed that the kex of the G imino protons in the left-
handed Z-form helix decreased from 11.1 to 4.8 s−1 as the protein-to-
DNA (P/N) molar ratio increased from 0.7 to 2.5 [50]. This observation
indicates the possible presence of a mixture of two complex state:
DNA-ZαADAR1 and DNA-(ZαADAR1)2 [50]. These results support an active
B-Z transition mechanism in which the ZαADAR1 protein first binds to B-
DNA and then converts it to left-handed Z-DNA, a conformation that is
then stabilized by the additional binding of a second ZαADAR1 molecule
[50]. Similar hydrogen exchange studies were performed for DNA du-
plexes complexed with other ZBPs [93–96].

5.2. B-Z Junction Formation in DNA by Z-DNA Binding Proteins

In order for ZBPs to produce Z-DNA in a section of long genomic
DNA, two B-Z junctions must be formed at each end of the Z-DNA seg-
ment. A crystal structural study of a DNA duplex complexed with
ZαADAR1 showed that bases between B- and Z-DNA are almost continu-
ously stacked, with the extrusion of one base-pair at the B-Z junction
[97]. Hydrogen exchange studies of the DNA-ZαADAR1 complexes
showed that the kex values of the A·T base-pairs in AT-rich regions in-
creased as the P/N ratio increased, indicating that ZαADAR1 significantly
destabilizes AT-rich regions [49,98]. However, ZαADAR1 had little effect
on the kex values of the G·C base-pairs in CG-rich regions [49,98]. In ad-
dition, the base-pair opening kinetics indicated that, in the complex, all
G·C base-pairs have larger Kop values (smaller slopes in Fig. 2C) and lon-
ger τ0 values (larger y-intercepts in Fig. 2C) than those of free DNA [49].
Thus, it was proposed that an intermediate structure exists during B-Z
junction formation by ZαADAR1, in which the DNA duplex displays
unique dynamic features: (i) instability of the AT-rich region and (ii) a
longer lifetime for the open state of the CG-rich region [49].

5.3. Target Recognition of RNA Aptamer

Macugen is the first modified RNA aptamer to be employed as a
human therapeutic and was derived from an in vitro selection against
the key angiogenic regulator protein, vascular endothelial growth fac-
tor, VEGF165 [99]. VEGF consists of two independent domains, a
receptor-binding domain and a 55-amino acid heparin-binding domain
(HBD) [100]. A photo-crosslinking study indicated thatMacugen specif-
ically recognizes VEGF by targeting theHBD [101]. NMR studies showed
very similar secondary structure for Macugen, whether it is bound to
theHBD or to VEGF165 [102]. These studies also found that the aptamer
is stabilized by complex formation with either the HBD or VEGF165
[102]. Hydrogen exchange studies showed that many imino protons in
the internal loop and neighboring base-pairs exhibit fast exchange in
the free aptamerwith very large kex values [51]. However, the kex values
for many of these imino protons becamemuch smaller upon binding of
the HBD or VEGF165 [51]. These hydrogen exchange data support an
induced-fit type mechanism in which RNAs with dynamic features in
the free state can bind their target protein with extremely high affinity
[51].

6. Implications for DNA-PNA Hybrid Duplex Formation

PNAs are one of the most widely used synthetic DNAmimics where
the four bases are attached to a N-(2-aminoethyl)glycine (aeg) back-
bone [103,104]. Chimeric PNA (chiPNA), in which a chiral glycerol
nucleic acid-like γ3T monomer is incorporated into the aegPNA back-
bone, displays excellent RNA selectivity aswell as antiparallel selectivity
toward non-chimeric PNA [105]. Hydrogen exchange studies revealed
that a aegPNA:DNA hybrid is a much more stable duplex (smaller Kop)
and is less dynamic compared to the correspondingDNA duplex (longer
τ0 and τopen) [38]. The γ3T residue in the chiPNA:DNA hybrid destabi-
lizes a specific base-pair (much larger kex) and its neighbors (3- to 60-
fold larger Kop) compared to the non-chimeric PNA:DNA hybrid, while
maintaining the thermal stabilities and dynamic properties of other
base pairs [38]. In addition, the two neighboring base-pairs becomes
more dynamic than in either the non-chimeric PNA:DNA hybrid or the
corresponding DNA duplex (much shorter τ0 and τopen), meaning that
these base-pairs open and reclose much more rapidly [38].

7. Conclusion

Base-pair opening in nucleic acids is a conformational transition that
is required for their biological function. Hydrogen exchange is one of the
widely used methods to study the thermodynamics and kinetics of
base-pair opening in nucleic acids. The hydrogen exchange data of
imino protons are analyzed based on a two-state (open/closed)
model, where exchange only occurs from the open state. In this review,
we discussed several examples of how hydrogen exchange data provide
insight into the functional interactions of nucleic acids: 1) selective rec-
ognition of DNA by its target proteins; 2) regulation of RNA cleavage by
site-specific mutations; 3) intermolecular interaction of proteins with
their target DNA or RNA; 4) formation of PNA:DNA hybrid duplexes.
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