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ABSTRACT

Binding reactions of Hg" and Ag' to pyrimidine-
pyrimidine mismatches in duplex DNA were charac-
terized using fluorescent nucleobase analogs, ther-
mal denaturation and 'H NMR. Unlike Ag', Hg" exhib-
ited stoichiometric, site-specific binding of C—T mis-
matches. The on- and off-rates of Hg" binding were
approximately 10-fold faster to C—T mismatches (kon
~ 10° M~' s, kot ~ 1072 s~') as compared to T-T
mismatches (kon ~ 10* M1 571, kot ~ 10~% s71), re-
sulting in very similar equilibrium binding affinities
for both types of ‘all natural’ metallo base pairs (Kq4
~ 10-150 nM). These results are in contrast to ther-
mal denaturation analyses, where duplexes contain-
ing T-T mismatches exhibited much larger increases
in thermal stability upon addition of Hg" (AT, = 6-
19°C), as compared to those containing C-T mis-
matches (AT, = 1-4°C). In addition to revealing the
high thermodynamic and kinetic stabilities of C-Hg"—-
T base pairs, our results demonstrate that fluores-
cent nucleobase analogs enable highly sensitive de-
tection and characterization of metal-mediated base
pairs — even in situations where metal binding has
little or no impact on the thermal stability of the du-
plex.

INTRODUCTION

First reported in the early 1960s (1-3), T-Hg""-T base
pairs provided the first examples of ‘all natural’ metal-
mediated base pairs composed of pyrimidine-pyrimidine
mismatches coordinated to a transition metal ion. High-
resolution structural studies revealed that mercury(II) ions
bind to T-T mismatches via N3 coordination of two de-
protonated thymidine residues (Figure 1A) (4). Structurally
analogous C—Ag'—C base pairs have also been well charac-
terized (5). In both cases, little or no impact on the global
structure of the B-form duplex was observed (4-7). A wide
variety of other metallated base pairs have been observed in
crystals of non-B-form nucleic acids (8-10). For example, a
G-Au'"_C base pair was observed in the initiation site of
HIV-1 RNA (11), and a C-Hg'"-T base pair was found in

short, A-form duplex DNA where the metal ion was un-
expectedly bound to the exocyclic amine (N4) of a depro-
tonated cytosine residue and to the N3 of a deprotonated
thymidine (9). A solid-state ‘wire’ containing C-Ag'-C, G-
Ag'-G, G-Ag'-C, and T-Ag'-T base pairs was recently re-
ported (8), as well as a short, non-helical DNA structure
containing one G-Ag'-G and two C-Ag'-C base pairs (10).
In most such cases, very little or nothing is known about the
kinetic or thermodynamic parameters of metallo base pair
formation in solution.

All natural, metal-mediated base pairs are potentially im-
portant in both biological and materials sciences (12-25). A
detailed understanding of their kinetic and thermodynamic
properties is essential for gauging their potential applica-
tions in devices as well as their ability to interfere with bi-
ological processes (26-29). The energetics of metallo base
pair formation has been characterized using a wide variety
of techniques (30—44). High affinity, stoichiometric binding
of Hg'" and Ag' to DNA duplexes containing T-T or C-C
mismatches was initially revealed using thermal denatura-
tion studies, isothermal titration calorimetry and '"H NMR
spectroscopy (36-42). Remarkably, duplexes containing T—
Hg'"-T base pairs or C-Ag'-C base pairs exhibited simi-
lar thermal stabilities as duplexes containing canonical T-A
or G-C base pairs (38,39). In contrast, little or no change
was observed in the thermal melting temperatures of du-
plexes containing C-T mismatches upon addition of Hg'!!
(44). This result could be interpreted as the absence of a
strong binding interaction, however, in some cases, high-
affinity metal binding can decrease the thermal stability of
duplex DNA (45,46).

Fluorescent nucleobase analogs provide highly sensitive
probes for the real-time study of molecular binding interac-
tions (47-57). In contrast to NMR, isothermal calorimetry,
and absorbance-based thermal denaturation analyses, very
dilute (nM) solutions of fluorescent nucleic acids can be
used to directly characterize the thermodynamic and kinetic
parameters of DNA-metal binding reactions (29,58-60). In
practice, this enables the measurement of equilibrium bind-
ing constants (Ky) in the low nM range, something that
is not feasible by analyzing binding data collected using
DNA solutions in the uM to mM concentration range. This
limitation is especially relevant to the characterization of
metal-DNA binding interactions, where non-specific Hg'!
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Figure 1. (A) T-Hg""-T base pair (4). (B) Fluorescent thymidine analog PMAT (43). (C) Fluorescent cytosine analog PMAC (61).

binding by canonical, duplex DNA occurs with relatively
high affinity (K4 = 0.2-2.0 wM in non-coordinating and
metal-coordinating buffers, respectively) (29). We recently
reported a novel fluorescence-based assay to investigate site-
selective T-Hg"'-T base pair formation using the fluores-
cent nucleobase analog PMAT (Figure 1B) (43). By moni-
toring the real-time changes in PMAT-fluorescence upon ad-
dition of Hg"' or a Hg!' scavenger, the Hg!' binding affini-
ties (Kq), and association/dissociation rate constants (kop
and ko) of T-T mismatches were determined under various
conditions (29). Even in the presence of metal-coordinating
buffers containing phosphate and citrate, T-Hg""-T base
pairs exhibited high thermodynamic stabilities (Kg = 8-
50 nM) and high kinetic stabilities (half-lives = 0.3—1.3 h)
that interfered with dynamic processes such as DNA-DNA
strand displacement and enzymatic primer extension reac-
tions. The use of non-coordinating buffers such as sodium
cacodylate had little impact on the thermodynamic or ki-
netic stabilities of T-Hg"-T base pairs, but caused a 10-fold
increase in the non-specific binding affinity of Hg'! to du-
plexes lacking a base pair mismatch (29).

Here, we report the use of DNA duplexes containing a
fluorescent thymidine mimic PMAT (43), or an analogous
cytosine mimic PMAC (61) (Figure 1C) to evaluate site-
selective metal binding of Hg!! or Ag! to C—T mismatches.
Together with '"H NMR experiments, our results demon-
strate that Hg'', but not Ag', exhibits high-affinity, stoi-
chiometric binding of C-T mismatches in duplex DNA,
with thermodynamic stabilities (Kg = 10-153 nM) very sim-
ilar to those of widely-studied T-Hg""-T base pairs (29).
These affinities are ~10-200 times higher than non-specific
binding of Hg!" to duplexes lacking a mismatch (Kyq ~ 2
rM) in a metal-coordinating buffer containing citrate and
phosphate. Remarkably, temperature-dependent Ky mea-
surements revealed that C—T mismatches exhibited a three-
fold higher Hg" affinity at 4°C versus 25°C, whereas T-
T mismatches exhibited a 2-fold lower Hg"' affinity at 4°C
versus 25°C. Taken together, these results suggest that the
less favorable entropy changes of C—-Hg'"-T versus T-Hg''-
T formation are responsible for the negligible impact that
Hg"" had on the thermal stabilities of DNA duplexes con-
taining C-T mismatches (AT, = 1-4°C) as compared to
T-T mismatches (AT, = 6-19°C). In addition to revealing
the high thermodynamic and kinetic stabilities of C-Hg''—
T base pairs, our results have revealed that the on- and off-
rates of Hg!' binding were approximately 10-fold faster to
C-T mismatches (kon &~ 10° M~! 57!, ko &~ 1073 s71) as
compared to T-T mismatches (kon &~ 10* M~! s7!| ko =

10~* s~1). Taken together with the differences in their for-
mation entropies, these results suggest that C-Hg''-T and
T-Hg'"-T base pairs exhibit different metal binding modes.

MATERIALS AND METHODS

Oligonucleotide synthesis, names and sequences

DNA oligonucleotides (21-mers) containing a single PMAT

at a variable position ‘X’ were synthesized using phos-
phoramidite chemistry, purified and characterized as pre-
viously reported (43). PMAC-containing oligonucleotides
were synthesized using the previously reported PMAC phos-
phoramidite (61). To avoid PMAC deamination, automated
DNA synthesis was performed under ‘ultramild’ conditions
(62), and the oligonucleotides were deprotected and cleaved
from the resin using K,CO; in MeOH at r.t. for 5.5 h.
Unmodified oligonucleotides were purchased from Sigma-
Aldrich as HPLC-purified products. DNA names and se-
quences of 21-mers containing a single site of modification
by PMAT or PMAC: X13: 5-CCC-TAA-CCC-TAA-XCC-
TAA-CCC-3;X14: 5-CCC-TAA-CCC-TAA-CXC-TAA-
CCC-3/; X15: 5-CCC-TAA-CCC-TAA-CCX-TAA-CCC-
3. DNA names and sequences of unmodified, self-
complementary 14-mers containing two mismatches (bold):
ODNDP ‘C-T: 5-CG-TCT CAT-GAT-ACG-3’; ODN!®
‘T-T: 5-CG-TTT-CAT-GAT-ACG-3'. See Supplemen-
tary Tables S1 and S2 (Supplementary Information) for a
complete list of duplexes. Oligonucleotide stock solutions
were prepared in deionized water and their concentrations
determined by absorbance at 260 nm using molar extinction
coefficients (g240) calculated using a nearest-neighbor model
(63,64). The extinction coefficients of PMAT- and PMAC-
containing oligonucleotides were calculated using the base
composition method by multiplying the sum of the coeffi-
cients of the individual nucleosides by a factor of 0.9 to ac-
count for base stacking interactions (65). Double-stranded
oligonucleotides were prepared from equal amounts of
complementary oligonucleotides in the indicated aqueous
buffer by heating to 95°C for 5 min, followed by slow cool-
ing to room temperature over 4 h. For self-complementary
sequences, oligonucleotides were diluted in the indicated
buffer and annealed as above.

Metal ion screening by fluorescence

Pre-folded duplex ‘X14’ (8 wM) in aqueous buffer (200 mM
of Na,HPOy, 100 mM of citric acid and 100 mM NaNOs
(pH 7.35)) was mixed 1:1 (v:v) with solutions of metal ions
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Figure 2. (A) Fluorescence changes of duplex X14 containing a PMAT-C mismatch, or, (B) PMAC-T mismatch upon addition of various metal ions (2.0
equiv). The addition of Hg!! to duplexes X13 or X15 containing a PMAT-G mismatch or a PMAT-A base pair resulted in minimal changes in fluorescence
intensity (Supplementary Figure S1, SI). All samples contained 4 wuM of DNA in aqueous buffer (200 mM of NayHPOy4, 100 mM of citric acid and 100
mM NaNOs (pH 7.35)) and were incubated with metal ions for 3 h prior to measuring. For duplex sequences see Supplementary Table S1, SI.

in the same buffer to a final concentration of 4 uM DNA
and 8 M of Hg(ClO4),, AgNO3, CdCl,, MgCl,, FeCl,,
NiCl,, PA(NO3),, ZnCl, or CaCl, and incubated at r.t. for
3 h prior to each measurement. Fluorescence spectra were
recorded at 25°C using a Molecular Devices Spectra spec-
trofluorophotometer with a temperature controller in 96- or
384-well plates.

NMR studies

Duplex DNA (0.5 mM) was prepared by dissolving 1.0 mM
of the self-complementary sequence ODN'> ‘C-T’ in aque-
ous buffer (200 mM NaClO4, 50 mM cacodylic acid in
H,0/D,0 (9:1) at pH 7.0, heating to 95°C for 5 min, and
slowly cooling to r.t. over 4 h. Samples were equilibrated at
4°C for 20 min prior to measuring. For Hg!! titration exper-
iments, aliquots of Hg(ClO4), were added, and the NMR-
spectra were recorded after incubating each sample for 15
min at r.t. followed by 15 min at 4°C. "H NMR spectra
were recorded on a Bruker Avance II 500 MHz spectrom-
eter equipped with a TXI z-axis gradient probe head using
excitation sculpting for water suppression. Proton chemical
shifts were referenced to the water line at 4.70 ppm. The
spectra were processed with a line broadening factor of 10
Hz.

Thermal melting analyses (7},)

Melting temperatures (7,) of self-complementary se-
quences were determined from the changes in absorbance at
260 nm as a function of temperature in a 1 mm path length
thermo-controlled, strain-free quartz cuvette on a JASCO
J-715 spectrometer equipped with a temperature control
system. Solutions of pre-folded duplex DNA in aqueous
buffer (200 mM NaClOy4, 50 mM cacodylic acid at pH 7.0)
were equilibrated at 4°C for 20 min and slowly ramped to
90°C with 0.5°C steps at a rate of 25°C/h. Where indicated,
DNA samples were incubated with 2.0 equiv (relative to

mismatch) of Hg(ClOy), or AgNO; for 3 h prior to analy-
sis. T}, values were calculated as the first derivatives of both
the heating and cooling curves measured in triplicate and
averaged. Little or no hysteresis (<1.0°C) was observed be-
tween each heating and cooling cycle. Melting temperatures
(Tr) of 21-mer duplexes X13, X14 and X15 were determined
from changes in the molar ellipticity at 262 nm as a function
of temperature in a 1 mm path length thermo-controlled,
strain-free quartz cuvette on a JASCO J-715 spectrometer.
A 5 uM solution of pre-folded duplex DNA in aqueous
buffer (200 mM of Na,HPO,4, 100 mM of citric acid and
100 mM NaNOj; (pH 7.35)) was equilibrated for 15 min at
5°C and slowly ramped to 95°C at a rate of 10°C/h. T, val-
ues were determined by plotting the molar ellipticity ver-
sus temperature using a dose-response non-linear regres-
sion and were calculated from the averaged values of heat-
ing and cooling curves. Where indicated, duplex DNA was
annealed in the presence of 1.0 equiv of Hg(ClO4),. The re-
producibility of the measurement was within 0.3°C.

Circular dichroism (CD) spectroscopy

Circular dichroism spectra of pre-annealed duplex DNA
were measured at 25°C using a 2 nm band width with 0.1 nm
steps at a scanning rate of 20 nm / minin a | mm path length
thermo-controlled strain-free quartz cuvette on a J4ASCO
J-715 spectrometer. Self-complementary duplex DNA (10
wM) was prepared by diluting the self-complementary se-
quences into aqueous buffer (200 mM NaClO4, 50 mM
cacodylic acid at pH 7.0), heating to 95°C for 5 min, and
slowly cooling to room temperature over 4 h. The final pH
was then adjusted to 7.8 by adding a solution of NaOH. Du-
plex DNASs analyzed in the presence of Hg!' were incubated
with Hg(ClOy), for 3 h prior to use. 21-mer duplexes X13,
X14 and X15 (5 pM) were annealed in the presence or ab-
sence of 1.0 equiv of Hg(ClOy), in aqueous buffer (200 mM
of Na,HPOy4, 100 mM of citric acid and 100 mM NaNOs
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Figure 3. (A) Site-specific binding of Hg!" to C—T mismatches in 14-mer duplex DNA (ODN' ‘C-T’) according to disappearance of imino-resonance of
the mismatched thymidine upon addition of Hg'!. (B) Heterogenous binding of Ag' to the same DNA upon addition of Ag!. The number of metal ion
equivalents are with respect to the number of mismatches present in the DNA. Samples were measured at 4°C and contained 0.5 mM of pre-folded duplex

DNA in aqueous buffer (200 mM NaClOy4, 50 mM cacodylic acid at pH 7.0).

(pH 7.35)). CD spectra were recorded as described above,
except that a scanning rate of 50 nm/min was used.

Rate constant (k,, and k,¢r) measurements

Rate constants of Hg'! association (ko) were determined
as previously reported (29) in three independent trials us-
ing a Horiba FluoroLog spectrofluorophotometer equipped
with a speed stirrer and a temperature controller. Pre-
annealed duplex DNA (4 wM) in aqueous buffer (200 mM
of Na,HPOy4, 100 mM of citric acid and 100 mM NaNOj;
(pH 7.35)) was diluted to 0.1 wM in the same bufferina 1.5
ml cuvette. Changes in fluorescent intensity were measured
as a function of time (A\ex = 370 nm, Aeyy = 500-510 nm)
upon adding 2, 4 or 6 equiv of Hg'! while stirring at 25°C.
Rate constants of Hg!! dissociation (ko) were determined
as previously reported (29) in three independent trials us-
ing a 1.5 ml cuvette as above, or using 384-well plates and a
Molecular Devices SpectraMax M5 spectrofluorophotome-
ter equipped with a temperature controller. Pre-annealed

duplex DNA samples (prepared at 4 or 8 wM) were incu-
bated with 2 equiv of Hg" for 3h. Changes in fluorescent in-
tensity then were measured as a function of time (A\ex = 370
nm, \eyy = 500-510 nm) upon adding 50 equiv of ‘scavenger
DNA’ at 25°C. The final concentration of fluorescent DNA
was 0.1 or 4 uM in aqueous buffer ((200 mM of NayHPOy,
100 mM of citric acid and 100 mM NaNOj; (pH 7.35)). Sam-
ples measured in 384-well plates were overlaid with paraffin
oil. The observed dissociation rates were independent of the
fluorescent DNA concentrations in this range.

Equilibrium binding affinity (Ky) measurements

Equilibrium binding affinities (K4) were determined as pre-
viously reported (29) in three independent trials using a
Horiba FluoroLog spectrofluorophotometer. Pre-annealed
duplex DNA (4 wM) was diluted to 25 nM in aqueous
buffer (200 mM of Na,HPO,4, 100 mM of citric acid and
100 mM NaNOj; (pH 7.35) in a 1.5 ml cuvette. Aliquots
of Hg(ClOy4), were added while stirring at 4 or 25°C and
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Figure 4. Thermal denaturation curves of (A) ODN' ‘C-T’ (left) and ODN'® “T-T" (right) in the presence and absence of 2.0 equiv of Hg!!, and, (B)
ODN/ “C-T’ (left) and ODN'6 “T-T" (right) in the presence and absence of 2.0 equiv of Ag'. The equivalents of each metal ion are with respect to the
number of mismatches present. DNA samples contained 10 wM of pre-folded, 14-mer duplex DNA in aqueous buffer (200 mM NaClOy4, 50 mM cacodylic

acid at pH 7.0).

the fluorescence intensities of each concentration were mea-
sured after 30 min of equilibration.

RESULTS
Metal ion screening

Fluorescent nucleobase analogs provide highly sensitive
and rapid means to screen for new metal-nucleobase bind-
ing reactions (57-60). To evaluate the abilities of metals to
selectively bind to C-T mismatches in duplex DNA, 2.0
equiv of various metal ions (Hg"!, Ag!, Cd"l, Mg!, Fell,
Ni'l, Pd", Zn'" or Ca'") were incubated with pre-formed du-
plexes ‘X14’ containing either a PMAT-C or PMAC-T mis-
match. Among the metal ions evaluated, only Hg!' and
Ag' caused significant changes in fluorescence intensities
(Figure 2). Consistent with the formation of PMAT-Hg!'-C
and PMAC-Hg''-T base pairs, the addition of Hg'! caused
fluorescence quenching of both duplexes. In contrast, Ag!
ions caused fluorescence quenching of the duplex contain-
ing PMAT—_C, yet enhanced fluorescence of the PMAC-T du-
plex. This unexpected enhancement is not consistent with
direct PMAC-Ag' binding, as the titration of Ag' to solu-
tions of free PMAC nucleoside caused fluorescence quench-
ing (Supplementary Figure S2, SI).

TH NMR titrations

To further evaluate C-Hg"'-T and C-Ag'-T formation, we
monitored imino-proton resonances (38,66) of a 14-mer,
palindromic DNA (67) containing two C-T-mismatches
(ODN ‘C-T’) upon addition of Hg'! or Ag' at 4°C (Figure
3). Temperature and DNA concentration-dependent CD
measurements confirmed this sequence forms a stable, inter-
molecular duplex at temperatures < 20°C (Supplementary
Figure S3 and Supplementary Table S3, SI). In the absence
of Hg'!, an imino-proton signal was observed at 10.9 ppm,
corresponding to the mismatched thymidine NH (38,66,67).
The addition of two equivalents of Hg!' (1:1 with respect to
the number of mismatches present) caused stoichiometric
disappearance of this unpaired thymidine NH-resonance.
Some shifting of the other signals was also observed, but
the total number of imino protons remained six upon satu-
ration with Hg'! (Figure 3A). Taken together, these results
indicate site-specific binding of Hg"! to the mismatched T. In
contrast, the addition of AgNO3 did not result in the disap-
pearance of the unpaired thymidine NH-resonance, instead
giving a complex mixture of new imino signals (Figure 3B).
Taken together with the results of our fluorescence-based
screening, these NMR data are consistent with the forma-
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Table 1. Melting temperatures (7)) of duplex DNA containing C-T, G-T or T-T mismatches or A-T base pairs in the presence and absence of 2 equiv

of Hg'! and Ag'?

Sequence Tm (°C) no metal ions T (°C), (ATy) with Hg!! T °C), (ATy) with Ag!
ODNDB ‘C-T’ 351403 39.3+£0.2(+4.2) 44.04 0.2 (+8.9)
ODN!¢ ‘-1’ 37.9+£0.1 57.3+£0.1(+19.4) 36.2+0.5(—1.7)
ODN!7 ‘G-T’ 473404 41.6 + 0.8 (—5.7) 4554 0.4 (—1.8)
ODN! “A-T 57.1+0.1 53.2+0.8(-3.9) 57.240.7 (+0.1)

4 Reported values = mean =+ standard deviation from three independent measurements. A7y, reflects the difference in 73, upon addition of 2 equiv metal
ions per mismatch present. All samples contained 10 wM of duplex DNA in aqueous buffer (200 mM NaClOy4, 50 mM cacodylic acid at pH 7.0). For
duplex sequences see Figure 3A and Supplementary Table S2, SI. For raw melting data see Figure 4 and Supplementary Figures S4 and S5, SI.

tion of site-specific, 1:1 complexes between Hg!' and C-T
mismatches, but not between Ag' and C-T mismatches.

Thermal denaturation studies

Thermal denaturation studies are widely used to investigate
formation of metal-mediated base pairs in duplex DNA
(36). Thermal melting temperatures (7},,) were determined
using palindromic 14-mer duplex DNAs containing two C—
T, T-T or G-T mismatches or two canonical A-T base pairs
upon addition of Hg"" or Ag! (Supplementary Figures S4
and S5, SI). As expected from previous studies (38), the ad-
dition of Hg" to ODN!¢ duplex ‘T-T’ induced a large in-
crease in melting temperature (AT, = +19.4°C), yet only
a small increase in T}, was observed for ODN! duplex ‘C—
T (AT, = +4.2°C, Figure 4, Table 1). Hg" caused small
decreases in Ty, values of a similar magnitude (AT, = —
3.9 and —5.7°C) for ODN'® ‘A-T> and ODN!” ‘G-T", re-
spectively. Melting experiments conducted using 21-mer du-
plexes X13, X14 and X15 revealed little or no changes in
melting temperatures upon addition of Hg!' to duplexes
containing a single C—T mismatch (A7, =-0.1 to +0.7°C),
and much larger changes (AT, = +2.9 to +6.0°C) upon ad-
dition of Hg" to the duplexes containing a single T-T mis-
match (Supplementary Figure S6 and Supplementary Ta-
ble S4, SI). According to CD spectroscopy, the addition of
Hg'" caused little or no change in the global structures of B-
form duplexes ODN'3, X13, X14 and X15 containing C-T
mismatches (Supplementary Figures S7 and S8, SI). Taken
together with previous studies (36,43), these results demon-
strate that the formation of C-Hg""-T base pairs have lit-
tle or no impact on the thermal stability of B-form duplex
DNA containing C—T mismatches. This lack of thermal sta-
bilization is in stark contrast to the high affinity, stoichio-
metric binding of Hg!! to C-T according to our fluores-
cence screening and '"H NMR experiments. To the best of
our knowledge, there are no previous reports of the ther-
modynamic or kinetic parameters of Hg!! binding to C-T
mismatches in DNA or RNA.

Association and dissociation rate constants of Hg"' binding
C-T mismatches

To evaluate the kinetic parameters of C-Hg"'-T formation,
the changes in fluorescence intensities of 21-mer duplex
DNA X13 or X15 containing a single PMAT-C mismatch,
DMAC_T mismatch, or a wild-type C—T mismatch placed
adjacent to a PMAC-G base pair were monitored as a func-
tion of time and Hg'!" concentration (Figure 5a, Supplemen-

tary Figures S9-S12, ST). Rate constants of association (ko)
were determined using pseudo-first-order approximations
(eq 1-4, SI). For all four constructs evaluated, the second-
order rate constants of Hg'! association to C-T mismatches
were in a similar range of 7.6 x 10*-8.5 x 10> M~! s~! (Ta-
ble 2). PMAC_containing duplexes lacking a C—T mismatch
exhibited little or no time-dependent quenching under the
same conditions (Supplementary Figure S12, SI).

To evaluate the rates of Hg!' dissociation from C—T mis-
matches, pre-formed duplexes containing a single PMAT-
Hg!'-C, PMAC_Hg'"-T or wild-type C~-Hg"-T complex ad-
jacent to a PMAC-G base pair were monitored upon addi-
tion of 50 equiv of a non-fluorescent, passive Hg'! ‘scav-
enger’ DNA containing two C-T mismatches (ODN,
Supplementary Table S1, SI). Consistent with the dissocia-
tion of Hg'!, increased fluorescence was observed as a func-
tion of time (Figure 5B, Supplementary Figures S13 and
S14, SI). Control experiments revealed that the use of 30,
40 and 50 equiv of scavenger gave the same apparent first-
order rates (Supplementary Figure S13, SI). Data obtained
using 50 equiv of scavenger DNA were fit to monoexponen-
tial curves (eq 57, SI) and the first-order dissociation con-
stants (ko) were calculated from the dissociation half-lives
(t1,2) of the complexes. With half-lives ranging from 27-820
s (Supplementary Figure S14, SI), similar dissociation con-
stants were obtained for all four constructs (ko = 9.4 x
1074-2.7 x 1072 s~!'). Remarkably, the duplexes exhibiting
faster Hg!' dissociation (such as X15 PMAT-C) also exhib-
ited more rapid Hg'! association. The ratios of dissociation
and association rate constants (kog/kon = Kq) were there-
fore nearly identical for all four constructs evaluated (Kg =
10-32 nM, Table 2).

Equilibrium measurements of C—Hg""-T formation

To further evaluate the thermodynamic parameters of C—
Hg'"-T formation, the changes in fluorescence intensities of
21-mer duplex DNA X13 or X15 containing a single PMAT-
C mismatch, PMAC-T mismatch, or a wild-type C-T mis-
match placed adjacent to a PMAC-G base pair were mon-
itored as a function of Hg"' concentration following 1 h
equilibration at 4 or 25°C (Figure 6A, Supplementary Fig-
ures S15-S18, SI). K4 values were calculated from equilib-
rium quenching data with the assumption of 1:1 binding
stoichiometry by curve-fitting the raw data to mono- or bi-
phasic binding curves (eq 8-12, SI). Duplexes lacking any
base pair mismatch and containing a PMAC-G base pair ex-
hibited a mono-phasic ‘non-specific’ binding curve with a
modest apparent affinity of K4 = 2.3 & 0.1 wM (green tri-
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Figure 5. (A) Representative fluorescence data showing the time-dependent quenching of X13 PMAT_C upon addition of 2, 4 or 6 equiv of Hg!!. See
Supplementary Figure S10, SI for the data and fits obtained for all other duplexes. Association rate constants (kon) were determined by plotting the reaction
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100 mM citric acid and 100 mM NaNOs, pH 7.35).

Table 2. Rate constants of association (koy), dissociation (ko) and calculated equilibrium dissociation constants (Kg = kogr/kon) of Hg'! binding to

DMAT_C PMAC_T or C-T in duplex DNA?

Sequence kon M~ 1571 kor (s71) K4 (nM)P
X13PMAT_C 7.7+ 1.4 x 10* 94+33x 107 124+5.0
X15PMAT_C 8.5+6.7 x 10° 2.7+0.5x 1072 32426
X15PMAC_T 234+ 1.0 x 10° 224+0.5% 1073 10+ 5.0
X15PMAC.G, X14 C-T 7.6 +0.8 x 10* 14+02x 1073 18 + 3.0

4 Reported values = mean =+ standard deviation from three independent measurements. Dissociation rate constants were determined by addition of 50

equiv of unlabeled DNA. For duplex sequences see Supplementary Table S1, SI.
b Equilibrium dissociation constants (Ky) calculated as Kq = kor/kon.

Table 3. Steady-state equilibrium dissociation constants (Kg) of Hg!'! binding to PMAT-C,PMAC_T, PMAT_T or wild-type C-T in duplex DNA#?

Sequence Temperature Kq (nM) non-specific® K4 (nM) mismatch specific®
X13PMAT_C 25°C - 152 + 4
X13 PMAT_C 15°C - 107 + 4
X13PMAT_C 4°C - 56 + 4
X15PMAT_C 25°C 1300 + 300 123 + 76
X15PMAC.T 25°C 2300 + 300 153 + 27
X15PMAC_G, X14 C-T 25°C 2200 + 400 107 + 45
X15PMAC_G 25°C 2260 + 130 -
X13PMAT_T 25°C - 77 + 4
X13PMAT_T 15°C - 122 + 11
X13PMAT_T 4°C - 144 + 27

4 Reported values = mean =+ standard deviation from three independent measurements. Samples contained 25 nM of DNA in an aqueous buffer containing
200 mM Na, HPOy, 100 mM citric acid and 100 mM NaNOj (pH 7.35). Ky values were calculated by fitting quenching data to either a monoexponential
curve (eq 11, SI) or to a biphasic curve (eq 12, SI). All R? values were > 0.97 (Supplementary Figures S16 and S17, SI). For duplex sequences see

Supplementary Table S1, SI.
b Represents local, mismatch-independent binding to duplex DNA.
¢ Represents local, mismatch-dependent binding to duplex DNA.

angles Figure 6B, Table 3). Similar results were previously
obtained for duplexes containing PMAT-A and lacking a
base pair mismatch (29). Duplexes containing a PMAC-G
base pair placed adjacent to a wild-type C-T mismatch ex-
hibited a bi-phasic binding curve (Figure 6B), with a low
affinity component having the same apparent affinity as the
non-specific binding (K4 (1) = 2.2 + 0.4 pM) and a high-
affinity component (Ky (2) = 107 £+ 45 nM, Table 3) ex-
hibiting a similar affinity as determined from the ratio of

kinetic rate constants (Table 2). Similar values were ob-
tained for the duplexes containing a single PMAT-C, PMAC—
T or PMAT_T mismatch (Table 3, Supplementary Figures
S16 and S17, SI). These results demonstrate that Hg'' ex-
hibits high affinity for C-T mismatches in duplex DNA-
even in the high salt, metal-coordinating buffer conditions
(200 mM of Na,HPO,, 100 mM of citric acid and 100 mM
NaNOj; (pH 7.39)) that were previously shown to minimize
non-specific binding interactions with duplex DNA (29).
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Figure 7. (A) Structure of proposed, hypothetical (N3)C—Hg"'~(N3)T coordination complex (36) based upon structural analogy with T-Hg""-T (4,37) and
C-Ag'-C (5,8,10). (B) Structure of (N4)C-Hg""-(N3)T coordination complex recently observed in an X-ray crystal structure of a short, A-form duplex

DNA containing a C-T mismatch bound to Hg/' (9). (R, R’ = duplex DNA).

Temperature-dependent Ky measurements revealed that
the specific binding affinities of PMAT-C mismatches to
Hg"' are three-fold higher at 4°C (K4 = 56 nM) than at
25°C (K4 = 152 nM, Table 3). In contrast, PMAT_T mis-
matches exhibited a two-fold lower affinity for Hg'! at 4°C
(Kgq = 144 nM) than at 25°C (K4 = 77 nM, Table 3). This
latter result is consistent with the positive entropy of for-
mation (AS) previously reported for T-Hg!'-T base pairs
determined using isothermal titration calorimetry (44). By
plotting the free energies of formation (A G) calculated from
Ky measurements at 4°C and 25°C, and assuming a constant
enthalpy change (A H) over this small temperature range,
our data suggest that the formation of C-Hg"'T base pairs
involve very little or no positive entropy change, whereas the
formation of T-Hg''-T base pairs exhibit a relatively large
positive entropy change (Supplementary Figure S18, SI).

DISCUSSION

Here we report the use of fluorescent nucleobase analogs
DMAT and PMAC for the characterization of site-selective
Hg" binding to C—T mismatches in duplex DNA. Our flu-
orescence and '"H NMR data revealed that Hg'! selectively
and stoichiometrically binds to C-T mismatches with high
affinity (Kg = 10-153 nM). These affinities are very similar
to those for Hg'! binding to T-T mismatches under the same
conditions (Table 3 and reference (29)). Unlike the widely

studied T-Hg"-T metallo base pair, C-Hg''-T formation
was previously undetected by thermal melting temperature
analyses (44). Despite the high-affinity binding, little or no
increase in 7y, was observed for duplexes containing C-T
mismatches upon addition of Hg'' (Table 1 and Supplemen-
tary Table S4, SI). This apparent contradiction is likely a re-
sult of the lower Hg'! affinity to C—T mismatches at higher
temperatures (Table 3). These results highlight the fact that
ATy, values must be interpreted with great caution, and that
fluorescent nucleobase analogs offer attractive alternatives
for the identification and isothermal study of DNA-metal
binding interactions.

Despite their similar equilibrium binding affinities, there
are some notable differences between the formation of T—
Hg'"-T and C-Hg""-T metallo base pairs in duplex DNA.
According to temperature-dependent Ky measurements, the
AS of formation of C-Hg""-T is much smaller than the AS
of formation of T-Hg""-T (Supplementary Figure S18, SI).
The unusual positive AS of T-Hg""-T formation was previ-
ously ascribed to the release of water molecules from Hg'!!
upon DNA binding (6,44). The smaller AS of C-Hg"'-T
formation therefore suggests less water is released from Hg!!
upon binding C-T mismatches as compared to T-T mis-
matches. Consistent with this, C-T mismatches exhibited
approximately 10-fold higher rate constants of Hg'! associa-
tion and dissociation as compared to T-T mismatches, sug-
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gesting a kinetically less stable, more solvent-exposed coor-
dination site of Hg!" in C-Hg"-T than in T-Hg'"-T. Taken
together, these observations are consistent with a recently
reported X-ray structure of a C-Hg"'-T base pair in an A-
form duplex DNA (9) where the metal ion was unexpect-
edly bound to the exocyclic amine (N4) of a deprotonated
cytosine residue and to the N3 of a deprotonated thymidine
(Figure 7). Additional studies using '>’N-NMR (4,5) will be
required to determine if one or both of these metal bind-
ing modes are present in duplex DNA containing C-Hg"'-T
base pairs in solution.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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