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Abstract

Polymorphic forms of nucleic acids provide platforms for new nanomaterials, and transition metal
cations give access to alternative arrangements of nucleobases by coordinating with electron-rich
functional groups. Interaction of Ag* with 5’-guanosine monophosphate (5’-GMP) is considered
in this work. Ag* promotes nucleotide stacking and aggregation, as indicated by the increased
viscosity of 5’-GMP solutions with Ag*, magnification of the circular dichroism response of
guanine by Ag*, and exothermic reactions between Ag* and guanine derivatives. Isothermal
titration calorimetry studies show that the reaction is favored starting at 10 pM 5’-GMP. Utilizing
the exothermic heat change associated with reaction of Ag* with 5’-GMP, local structure within
the aggregate was assessed. Based on salt dependence and comparison with the corresponding
nucleoside, the dianionic phosphate of 5’-GMP is one binding site for Ag*, although this
electrostatic interaction is not a dominant contribution to the overall heat change. Another binding
site is the N7 on the nucleobase, as determined via studies with 7-deazaguanosine. Besides this
binding site, Ag* also associates with the 06, as earlier studies deduced from the shift in the
carbonyl stretching frequency associated with adduct formation. With these two binding sites on
the nucleobase, the empirical stoichiometry of ~1 Ag*:nucleobase derived from the calorimetry
studies indicates that Ag* coordinates two nucleobases. The proposed structural model is a Ag*-
mediated guanine dimer within a base stacked aggregate.

Graphical Abstarct

Introduction

DNA hybridization has enabled creation of novel nanomaterials, such as self-assembled
biomolecular electronic components whose small size could greatly expand the information
density of electronic devices.! Nucleobase assembly is dictated by the directionality,
strength, and interplay of noncovalent interactions such as base stacking and hydrogen
bonding.2:3 By promoting alternative base pairing arrangements through coordination with
the electron-rich groups of nucleobases, transition metal cations broaden the repertoire of
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base interactions while also conferring magnetic and electronic functionality to DNA-based
nanostructures.*>8 Indirectly, these cations can change patterns of hydrogen bond donor and
acceptors by favoring particular tautomers or by altering ionization constants of acidic
groups on the nucleobase. In addition, transition metal cations can directly chelate electron-
rich nitrogen and oxygen groups to produce both canonical and noncanonical base pairs such
as coordination of adenine and thymine by Pt2*, adenine and cytosine by Ag*, and two
thymines by Hg?*.7:8.9

A new class of nanomaterial that provided the motivation for the present studies is
fluorescent silver clusters that form on DNA templates.1%:11.12 By reducing Ag™ that is
bound with DNA, clusters with ~10 atoms are formed. These chromophores are
distinguished by their spectral tunability that depends on base sequence, high fluorescence
quantum yield, high photostability, and limited blinking.11:13 Our goals are to better
understand how Ag* is organized within a DNA matrix and how this cation influences DNA
structure. This paper considers interaction of Ag™ with isolated guanines and the resulting
nucleobase organization in dilute solutions (10 — 500 ¥sM). Ag* favors o bond formation
with the electron-rich binding sites of aromatic rings, as indicated by the 30 fold greater
affinity for pyridine relative to benzene, and site specific adducts have been characterized by
infrared spectroscopy and x-ray crystallography studies. 141516 Beyond isolated 1:1
adducts, Ag* facilitates higher order interactions such as base pairing due to it’s propensity
for linear coordination.16.17.18.19.20 Thjs paper evaluates interaction with guanine
derivatives, and three potential binding sites on the nucleobase have been considered.
Spectroscopic and crystallographic studies show association with N7, which has been
attributed to the Lewis basicity at this site.21-22 Association with N1 is possibly connected
with the decrease in pH that accompanies Ag* addition to guanine in slightly basic solutions.
15 Alternatively, association could occur via an enolate-like tautomer that concentrates
electron density on the OB, as supported by infrared spectroscopic studies. 21 Consistent
with linear coordination, Ag*-mediated chelation between guanines has been proposed to
produce specific dimeric and tetrameric nucleobase arrangments.t>8 Further higher order
organization via stacking is considered in this work.

This paper examines chelation and aggregation of 5’-guanosine monophosphate (5-GMP)
and related derivatives by Ag* in pH = 8 buffers (Fig. 1). This choice of ribonucleoside and
pH were motivated by extensive studies of 5’-GMP aggregation in basic solutions.23 For
example, NMR studies have used the combination of chemical shifts and translational
diffusion coefficients to discern aggregates of 5’-GMP.24 The quartet based aggregate
represents a distinctive nucleic acid form with alternating C2’-endo and C3’-endo sugar
puckers within the helical base arrangement. With Ag™, three observations indicate that
aggregation of 5’-GMP depends on this transition metal cation. First, viscosities of solutions
of the nucleotide increase with Ag*. Second, circular dichroism associated with the guanine
base greatly increases in the presence of Ag*. These changes are accompanied by a
reduction in the extinction coefficient of guanine. Third, exothermic heat changes result
from association of Ag* with the nucleobase, and the magnitude of these changes is in the
range expected for base stacking. Using the calorimetric signature for the reaction, the local
aggregate structure was investigated using 5’-GMP and structural variants. Exothermic heat
changes are driven by association of ~ Ag* with the guanine base. When the potential
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binding sites for Ag* on the nucleobase are considered, a dimeric base arrangement within
the aggregate is considered to be most reasonable.

Experimental Section

Silver nitrate (99.9995%, Alfa Aesar), 5’-guanosine monophosphate (Sigma-Aldrich, 99+
%), guanosine (Acros Organics, 99%), inosine monophosphate (Acros Organics, 99+%), 5’-
cytosine monophosphate (Sigma-Aldrich, 99%), and 7-deazaguanosine (Berry & Associates,
>97%) were used as received. Buffers were prepared in deionized water (Elix 10 Water
Purification System, Millipore) and the desired pH was obtained using a total concentration
of 10 mM of the acid/conjugate base. A concentration of 10 mM H3BO3/H,BO3™ was used
to maintain pH = 8 in the solutions, and supporting electrolytes were NaClO,4 and LiClOy.
Nucleotide and nucleoside concentrations were determined using extinction coefficients of
14,230 M~1cm™1 for 5°-GMP at 252 nm, 8,860 M~1cm™1 for 5’-cytosine monophosphate at
271 nm, 11,700 M~1cm™1 for inosine monophosphate at 246 nm, 12,300 M~tcm=1 for 7-
deazaguanosine at 260 nm, and 12,500 M~ cm~! for guanosine at 260 nm.25:26.:27 For the
latter compound, its solubility at the 100 %M concentrations used for the calorimetry studies
was experimentally verified.

Using previously described protocols, calorimetry studies were conducted using a Microcal
VP-ITC (Northhampton, MA) controlled by Origin 7.0 software.28 Following degassing, a
solution of AgNO3 was titrated into a nucleotide or nucleoside solution. The solutions were
degassed prior to loading. Heat changes associated with the titration were determined by
integrating the power required to maintain reference and sample cells at the same
temperature. Heat changes associated with dilution of AgNO3 were subtracted after
saturation of the binding sites. The single site binding model in the manufacture software
was appropriate for fitting the binding isotherms to determine the enthalpy and free energy
changes and the adduct stoichiometry. Entropy changes were derived from the free energy
and enthalpy changes. Uncertainties were derived from a minimum of three experiments on
separate samples. The highest 5’-GMP concentration at which a full binding isotherm could
be acquired was 500 M. Absorption (Cary 50, Varian) and circular dichroism (J-710,
Jasco) spectra were acquired using quartz cuvettes with 1 or 0.2 cm pathlengths. Viscosity
studies followed the protocol from prior experiments.2® Measurements were made with a
Cannon-Ubbelohde semi-micro viscometer with a capillary diameter of 0.54 mm (Model 75,
Cannon Instrument Company), and the viscometer was submerged in a water bath to
maintain a constant temperature of 25.00 £ 0.05 °C. Flow times between the viscometer
timing marks were 117.92 + 0.03 s for the buffer and 118.41 + 0.02 s for a 1 mM solution of
5’-GMP. Flow times were measured at least in triplicate, error was propagated using
standard procedures to give uncertainties of +15.39 Low nucleotide concentrations allow
intrinsic viscosities to be calculated from differences between the flow times for the DNA
solutions and for the buffer using:31:32
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where [n] and [n], are intrinsic viscosities of the 5’-GMP solutions with and without Ag*,
respectively. Flow times of the buffer, 5’-GMP, and 5’-GMP:Ag* solutions are t, t,, and t,
respectively. Nucleoside solubility at the high concentrations needed for viscosity precluded
studies with other derivatives.

Base Aggregation and Stacking

Addition of Ag* to solutions with 5’-GMP results in solutions with higher viscosities, while
control experiments without 5’-GMP give no significant viscosity changes (Fig. 2). These
results indicate that Ag* induces aggregation of 5’-GMP. After increasing significantly over
the range of 1 — 3 Ag*:GMP, the relative viscosity ratio reaches a plateau of ~400. This
limiting ratio is maintained with higher concentrations of Ag*, suggesting that available
binding sites are saturated and no further reactions such as precipitation occur. Approximate
size differences between 5’-GMP and its Ag™ adduct are extracted by treating both as
spherical solutes with identical shape factors of 2.5.33 Using the limiting relative viscosity,
the aggregate is ~7 times larger than monomeric 5’-GMP. The concentration used for these
studies allowed reliable measurements in both the absence and presence of Ag* yet is higher
than the 100 %M concentrations used for most of the studies is this work. Calorimetry
measurements up to 500 uM suggest that the same reaction occurs at 100 uM, as indicated
by the similarities of the thermodynamic parameters and relative stoichiometry.

Spectroscopy studies indicate that stacked bases provide the structural basis of the aggregate.
For a 100 uM solution of 5’-GMP, the circular dichroism response of the nucleobase is
magnified by Ag*, as shown by development of two bands with negative ellipticity at 220
and 275 nm (Fig. 3). Given the importance of base stacking in the circular dichroism
response of DNA, the spectral changes that are induced by Ag* are consistent with a chiral
aggregate that is comprised of stacked bases.32 Similar to the viscosity studies, the circular
dichroism response reaches a plateau at ~2 Ag*:5’-GMP. Ag* also alters the absorption
spectrum of guanine by suppressing the primary band with A, = 252 nm while a shoulder
develops at ~300 nm (Fig. 3). Up to 2 Ag*:5’-GMP, addition of Ag* results in isosbestic
points, which supports conversion of 5’-GMP from unbound to to a single type of bound
form. Earlier studies attributed these changes to adduct formation, but temperature
dependent changes suggest that base stacking and aggregation contribute.>-22 For a solution
of 100 uM 5’-GMP, spectra without Ag* are comparable at 25 °C and 90 °C, which is
expected as the monomeric form of 5’-GMP is favored at this low concentration.23 Addition
of 2 equivalents of Ag* at 90 °C has a minor influence, which suggests that monomeric 5’-
GMP is still favored at this high temperature. Upon cooling this solution to 20 °, the
absorbance diminishes from 240 — 290 nm and a shoulder develops at ~300 nm. These
spectral changes do not vary with complete temperature cycling, suggesting that noncovalent
interactions in the complex are disrupted at higher temperatures (Fig. 4). A two-state
transition between an aggregate at low temperature and a monomer at high temperature
forms is supported by isosbestic points.

Association of Ag* with 5’-GMP is further characterized by a negative enthalpy change of
-9.8 (+ 0.1) kcal/(mole Ag™) and a negative entropy change of —11 (+ 2) cal/(K mole Ag*),
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with the former dominating the free energy change (Fig. 5 and Table 1). Base specificity is
indicated by comparison with 5’-cytosine monophosphate. Despite identical phosphate and
ribose groups for both ribonucleotides, reaction of Ag* with 5’-cytosine monophosphate has
an affinity that is 70 times lower and an enthalpy change that is 3.4 times lower relative to
the reaction with the guanine analog (Table 1). Because Ag* displaces a proton from 5’-
GMP, the intrinsic enthalpy change for the reaction is —6.6 kcal/(mole Ag*) when
accounting for protonation of H,BO3™ in the buffer.15:34 This heat change is similar to
values associated with the stacking of purine nucleobases in aqueous solution, which
suggests that Ag* promotes that stacking of 5’-GMP.3%:36 This reaction has a threshold
concentration for calorimetric detection of ~10 uM 5’-GMP, and enthalpy changes and
stoichiometries are consistent from 100 — 500 uM (Fig. 5).

Local Structure of the Ag*-Guanosine Complex

Viscometry and spectroscopic studies indicate that Ag™ induces aggregation of 5’-GMP. The
binding sites on 5’-GMP for Ag* are considered using pH and thermodynamic studies. A
decrease in pH accompanies reaction of Ag*™ and 5’-GMP.1° In an unbuffered solution with
100 mM NaClOy, a 100 pM solution of the dianionic form of 5’-GMP has a pH = 7.6, which
is similar to the pH = 8 conditions used for these studies. Addition of 5 mole equivalents of
Ag* completes complex formation and decreases the pH to 4.4, whereas no significant pH
change occurs without 5’-GMP. Thus, Ag™ drives protons from the nucleotides. Because the
phosphate is doubly ionized prior to addition of Ag*, the most labile proton is associated
with the N1 position of guanine, which has a pK, = 9.2.37 Stoichiometric information on the
Ag*-GMP complex in basic solution was derived from a pH stat titration.1>:38 With addition
of 1.2 equivalents of OH™, the displaced H* is neutralized to recover the initial pH of 7.6.
Besides Ag* complexation with N1, another possible adduct is with O6, as electron density
can be localized on either site in tautomeric forms.1°

By changing reaction conditions and by using structural variants of 5’-GMP, other binding
sites for Ag™ were evaluated via calorimetry studies. For 5’-GMP, a relative stoichiometry of
2.3 +0.1 Ag*:GMP was measured, and two observations suggest that the phosphate group is
one binding site (Fig. 1, Table 1). First, the stoichiometry decreases to 1.3 + 0.1 Ag*™ when
guanosine is used. Both the nucleoside and nucleotide have similar free energy changes for
their reaction with Ag*, so the stoichiometry difference suggests that 1 Ag™ binds with the
phosphate group. Second, increasing the salt concentration from 100 mM to 1 M Na* does
not influence the free energy changes but decreases the empirical stoichiometry to 1.5 £ 0.1
Ag*:5’-GMP. This change suggests that higher concentrations of Na* screen the negatively
charged phosphates to inhibit Ag* coordination.3? The salt dependence was also examined
using Li*. Relative to solutions with 100 mM Na™, stoichiometries and thermodynamic
parameters for reaction of Ag* with 5’-GMP are similar with Li*, thus further suggesting
that cations in the supporting electrolyte predominantly act to electrostatically screen
assembled phosphates (Table 1). While these experiments indicate that Ag* associates with
the phosphate in the nucleotide, both removing the phosphate using guanosine and reducing
the involvement of phosphate using higher salt concentrations makes the reaction more
enthalpically favored. These trends suggest that electrostatic interactions are not a dominant
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contribution to the enthalpy changes, which is consistent with a more favored reaction of Ag
* with nucleobases relative to phosphates (Table 1).17

Two other binding sites were considered using structural variations in the guanine base
(Table 1). A ten-fold lower enthalpy change is observed for reaction of Ag* with 7-
deazaguanosine relative to guanosine, and this significant change indicates that adduct
formation with N7 is necessary for guanosine aggregation. Another potential binding site is
the exocyclic amine. However, absence of N2 in inosine monophosphate does not influence
the thermodynamic parameters, which suggests that this amine is not complexed with Ag™.
This finding is consistent with structural studies that indicate that this group is not a
favorable binding site for transition metal cations.?!

Discussion

A key finding from these studies is that adduct formation between Ag* and guanosine
induces aggregation of the nucleobase in the 102 uM range. In support, viscosities of
solutions of 5’-GMP increase with Ag*, and a spherical model for the solutes predicts that
the aggregate is limited to be ~7 times larger than the 5’-GMP monomer. This size
determination is qualitative, as aggregate shape cannot be deduced from these experiments
and aggregates could be polydisperse. The nucleobases are stacked in this aggregate, as
indicated by a chiral structure that develops with addition of Ag* to 5’-GMP. Because
exciton coupling of electronic states associated with the bases is the largest contribution to
the circular dichroism spectra of nucleic acids, this observation suggests that Ag*-GMP
complexes are stacked, possibly with a helical arrangment.32 Furthermore, the circular
dichroism spectrum is distinct from other assembled forms of guanosine, which suggests
that Ag* alters electronic coupling between assembled bases in this polymorphic form of 5°-
GMP. %0 A reduction in the extinction coefficient of 5’-GMP with the addition of Ag™ is also
consistent with base stacking.33 Furthermore, enthalpy changes associated with reaction of
Ag™* with 5’-GMP are similar to prior measurements of purine association in aqueous
solution.

With respect to binding sites for Ag*, favored association with the N7, N1, and O6 of
guanine is well-established from solid-state and solution studies. Ten-fold lower enthalpy
changes with 7-deazaguanosine relative to guanosine indicate that Ag* coordinates with the
N7 position. This binding site was identified earlier by changes in infrared linear dichroism
spectra that accompany the methylation of the N7 position.2? For the present studies, 7-
deazaguanosine was chosen because the overall charge of the molecule is not altered as with
methylation, thus reducing concerns regarding how electrostatics could influence
aggregation. A decrease in pH accompanies complexation of Ag* with guanine. This
correlation could be due to adduct formation with N1, as this nitrogen is largely protonated
in slightly basic solutions. Alternatively, the pK, may be reduced when Ag™* binds with N7,
thereby changing the electronic distribution in the nucleobase. This altered electronic
distribution may shift electron density to the tautomeric form of the anion to favor Ag*
association with O6. In support, infrared spectra show a significant change in the carbonyl
stretching frequency for Ag* adducts with 5°-GMP.15 An additional binding site on 5’-GMP
is the phosphate group, as demonstrated by an ~ Ag* reduction in stoichiometry when the
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nucleoside is used in place of the nucleotide and when higher concentrations of Na* are used
with 5’-GMP. Coordination of Ag* with the phosphate suggests that compensation of
electrostatic repulsion could be an important factor for nucleotide assembly.244! |t is
difficult to discern the mechanism of aggregation from our studies, as chelation and
aggregation may not be coupled.

These studies utilized exothermic heat changes as a signature of Ag*-induced aggregation of
5’-GMP. By using calorimetry to monitor reaction progress, a relative stoichiometry of ~1
Adg*:quanine nucleobase was derived (Table 1). Yet, two binding sites at O6 and N7 were
identified. This difference between the empirical stoichiometry and the number of binding
sites suggests Ag* mediates coordination between guanines. Crystallographic studies
demonstrate that Ag* favors linear coordination geometries, so the following possibilities
utilize this tendency. Calorimetry studies with 7-deazaguanosine demonstrate that
aggregation is dependent on Ag* complexation with N7, which is consistent with favored
association of many transition metals with this site.*2 One model is based on guanine dimers
in which two Ag* are coordinated by O6 and N7 groups from opposing guanines (Fig. 1F).
15 This structure is supported by the loss or dramatic shift of the carbonyl stretching
frequency when Ag* complexes with guanine and by the proton displacement if Ag*
coordinates with the enolate-like tautomer. Although the O6 position is usually considered to
be a less favorable binding site for Ag*, crystallographic studies have demonstrated that
formation of such adducts.3 Another general type of coordinated structure involves four
bases, and a well-studied form is the G-quartet. The N1-H and N2-H are hydrogen bonded
with O6 and N7, respectively, of an adjacent guanine, and the planar macrocycle forms an
electronegative cavity for a variety of cations, including Group | and Il cations, TI*, Pb2*,
and NH,*.4445464748 Three observations argue against this base arrangement with Ag*
mediated chelation. First, quartets of 5’-GMP are most favored in the concentration range
0.1to 1 M in basic solution, whereas Ag*-induced aggregation is favored in the 1074 M
range. Second, G-quartets are stabilized by hydrogen bonding interactions between N7 and
N2, but the studies with inosine show that the free energy change is not significantly
influenced by the absence of the exocyclic amine. Third, the centrally arranged carbonyls of
G-quartets coordinate cations, and their stabilizing effect depends on the size and hydration
of the cation. However, the reaction of Ag* with 5’-GMP is not influenced by Li* vs. Na*.
Other quartet models have been proposed, but these involve no coordination of Ag* with N7
or steric interactions between the exocyclic amines. 49:50 Experiments are underway to
distinguish these possibilities and to determine the local structure of the aggregate.

These studies provide two general observations. First, Ag* induced base stacking suggests
that aggregates with a high aspect ratio can be produced, which is significant for efforts to
develop biomolecular based electronics. Furthermore, the relatively high concentration of
transition metal cations could have an important impact on the electronic properties of the
aggregates. Thus, efforts to determine the global shape of the aggregate are focusing on the
aspect ratio of the possible rod-like structure using light scattering methods. To supplement
information from circular dichroism studies, other technigues such as NMR spectroscopy
would provide valuable insight into the relative arrangement of the bases in the aggregate.>?
Furthermore, Ag* could produce a helically organized aggregate.24 Specific
oligonucleotides may provide more precise control of the aggregate length, but altered pK,’s
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of guanine’s functional groups relative to the isolated nucleotides might alter interaction
with Ag*.37 Second, coordination of multiple bases by Ag* has implications for
understanding how fluorescent silver clusters form with DNA. For example, we have
recently shown that a red emissive silver cluster is stabilized within a four-stranded i-motif
structure, and cluster stabilization via coordination with multiple bases is a possibility. The
question of interest is whether these interactions reflect the original base arrangement prior
to reduction of the DNA bound Ag™.

Conclusion

Aggregation results when Ag* forms adducts with guanosine. The following evidence
supports a base stacked aggregate: the viscosity of a 5’-guanosine monophosphate solution
increases in the presence of Ag*, the circular dichroism response and the extinction
coefficient of guanine are significantly influenced by Ag*, and the exothermic heat changes
are base dependent and their magnitude is similar to that of base stacking for purines. The
empirical stoichiometry is ~1 Ag*:guanine, but the nucleobase possesses two binding sites
for Ag*. A decrease in pH when Ag* is added to 5’-GMP and a reduced enthalpy change
with 7-deazaguanosine support binding association with the O6 and N7 positions,
respectively. These groups are arranged such that Ag™ could adopt its favored linear
coordination geometry within a Ag*-linked dimer. The general conclusions from these
studies are that Ag™ favors self-association of guanine and derivatives in dilute solution and
also promotes formation of a specific type of specific structure within the aggregate. This
alternative base arrangement with a relatively high concentration of Ag* could influence the
electronic properties of this aggregated form of 5’-GMP, thereby expanding functionality.
These studies also provide important insight in to the role of base coordination in the
synthesis of fluorescent silver nanomaterials.
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Figure 1.
Structures of the nucleotides and nucleosides used for these studies. For 5’-guanosine

monophosphate, the functional groups that were considered as binding sites for Ag* are
emphasized in red. The proposed structure for the dimer of guanine with Ag*-coordination
between N7 and O6 is shown in (F).
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Figure 2.
Graph of the relative viscosity (n/ng) of a 1 mM 5’-GMP solution with increasing relative

amounts of Ag™* (closed circles). For control experiments, Ag* was added to the buffer
without 5’-GMP (open circles). Trend lines are provided to connect the data, and the error
bars are + 1o.
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Wavelength (nm)

Circular dichroism (top) and absorbance (bottom) spectra of 100 pM 5’-GMP solutions in a
100 mM NaClQy solution at pH = 8 with 0.2 molar increments of Ag*. The spectra of 5’-
GMP solution alone are represented by dashed lines. The arrows indicate the development of
the bands, and the inset summarizes the stoichiometry dependence of the spectroscopic

changes.
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Figure 4.
(Top) Absorption spectra of 100 uM solutions of 5’-GMP without and with Ag*. Without Ag

*, spectra were collected at 25 ° (dashed line) and 90 °C (dashed — dotted line). With 2
equivalents of Ag*, spectra were collected at 25 ° (dotted line) and 90 °C (solid line).
(Bottom) Absorption spectra of a solution of 100 uM 5’-GMP with 200 uM Ag™ in 100 mM
NaClO,4. The temperature was increased from 25 °C to 95 °C. At the completion of the
experiment, the temperature was returned to 25 °C, and the two spectra at 25 °C overlap.
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Figure 5.

Binding isotherm from the titration of 10 mM Ag* into 100 uM 5°-GMP at 25 °C. The inset
shows the enthalpy changes for the reaction of Ag* with 5’-GMP as a function of the
concentration of 5’-GMP.
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Table I.

Thermodynamic Parameters for Association of Ag* with Nucleotides and Nucleosides®
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Ligand AH N K (M) AG AS
(kcal/mole) | (Ag*:Ligand) (kcal/mole) | (cal/(mole K))

5’-guanosine monophosphate -98+05 23+0.1 9.6 (x1.9)x10* | -6.8+0.1 -10+2
5’-cytosine monophosphate -3.0+0.8 1.1+0.3 13(x0.3)x10% | -43£0.1 -4+3
guanosine -147+1.0 | 1.33+£0.05 1.8(x02)x10° | -7.2+0.1 -25+3
5’-guanosine monophosphate in 1 M NaClO4 -12.1+08 | 1.5+0.1 6.6 (x1.2)x10* | -6.6%0.1 -19+3
5’-guanosine monophosphate in 100 MM LiCIO, | -11.0+1.0 | 21+0.2 6.0 (x0.6)x10* | -6.5+0.1 -15+3
7-deazaguanosine -1.4+0.3 1.15+0.25 16(x0.7)x10* | -5.7£0.3 14+1
5’-inosine monophosphate -9.7£0.2 23+0.1 9.2(x0.2)x10* | -6.8%0.1 -10.+1

a . . .
Nucleotide and nucleoside concentrations were 100 uM
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