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Heavy Metal-Nucleoside Interactions. Binding of
Methylmercury(II) to Inosine and Catalysis of the
Isotopic Exchange of the C-8 Hydrogen Studied by 'H
Nuclear Magnetic Resonance and Raman Difference

Spectrophotometry®

Samir Mansy and R. Stuart Tobias*

ABSTRACT: Raman difference spectrophotometry reveals
that CH3Hg!! binds quantitatively to N(1) of inosine at pH
8, substituting for the proton. When N(1) is saturated,
binding occurs at a second site. Measurements of the 'H
nuclear magnetic resonance spectra of both inosine and of
CH;3Hg!! are in agreement with the N(1) binding and indi-
cate that the second site for mercuriation is N(7). This sec-
ond binding reaction is observed to increase the rate of ex-
change of the C(8) hydrogen with solvent, consistent with
results observed for alkylation at N(7). Coordination of the
electrophilic CH3Hg!! to N(7) increases the acidity of
H(8), facilitating OH™-catalyzed proton abstraction and
reprotonation by the medium. For comparison, the reaction
of CH3;Hg!! with [8-2H]inosine has been studied. Displace-
ment of the N(1) hydrogen upon mercuriation of inosine

Recently, we used Raman difference spectrophotometry
to study the binding of CH3;Hg!! to GMP in H,0 and D,0
at pH 2 and 8.5 (Mansy and Tobias, 1974a). The methyl-
mercury(IT) cation makes an ideal probe for determining
the binding sites of heavy metals. At pH 8.5, a quantitative
substitution of the proton bound to N(1) occurred up to a
1:1 metal:base mole ratio, and at higher ratios a second, al-

* From the Department of Chemistry, Purdue University, West La-
fayette, Indiana 47907. Received December 17, 1974. This work was
supported by Public Health Service Grant No. AM-16101 from the
National Institute for Arthritis, Metabolism, and Digestive Diseases
and by National Science Foundation Grant No. GP-4002X.

! Since Guo refers to the neutral molecule which is a dibasic acid, we
have used GuoH_; to describe the conjugate base which has lost the
N(1) hydrogen. The methylmercury complex of this ligand then is
written CH3HgGuoH_;. Mercuriation at N(7) of guanosine that is
protonated at N(1) gives CH3HgGuo™*. This emphasizes the pH de-
pendence of the formation of these complexes.
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causes a significant electron delocalization into the ring, in-
creasing the basicity of N(7), and accounting for the syner-
gic effect in metal binding observed originally by Simpson.
In contrast, 1-methylinosine interacts only slightly with
CH;Hg!" at pH 8. Coordination appears to be at N(7),
since H(8) again is observed to exchange rapidly with sol-
vent protons. In acidic solution, pH <2, binding to inosine is
almost quantitative and exclusively to N(7). The behavior
of CH3Hg!" is compared with that of Pt(II) and with
Ni(II), Co(II), and Zn(II). A brief comparison is made
among ultraviolet absorption spectrophotometry, nuclear
magnetic resonance (NMR), and Raman difference spec-
trophotometry for studying reactions of nucleosides and nu-
cleotides.

most quantitative reaction occurred with additional binding
of CH3Hg!! to the base moiety. There was no indication of
any coordination to the phosphate. The changes in the
GMP vibrational spectrum suggested that the electron dis-
tributions of the base in [CH3;HgGuoH_;-5-P] and
[GuoH_,-5-P]~ ! were quite similar, i.e. that binding of
CHsHg™ does not prevent extensive delocalization of the
lone electron pair into the ring system. The second binding
site could not be assigned definitely, although Simpson
(1964) had suggested that binding could occur at N(1),
N(7), and the C(2) NH; group by analogy with protona-
tion. A recent Raman study of the binding of CH3;Hg!!' to
the amino groups of cytidine and adenosine (Mansy et al.,
1975) indicates that this type of reaction will be unimpor-
tant under the conditions of the GMP binding studies. At
low pH, the Raman spectra suggested that binding occurred
with displacement of the N(7) proton of [GuoH-5-P]*
which is the predominant species at pH 2.
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In order to study further the binding of heavy metal ions
to purine nucleosides, we decided to investigate the reac-
tions of CH3Hg!! ‘with Ino using Raman difference and 'H
nuclear magnetic resonance (NMR) spectroscopy. Some of
the results of the !H NMR studies have been reported in a
preliminary communication (Mansy and Tobias, 1974a).
Since the gel formation that takes place at moderate con-
centrations with GMP does not occur with inosine, the nu-
cleoside could be used. Simpson (1964) also studied the
reactions of CH3Hg!! with inosine using ultraviolet (uv)
spectrophotometry. Binding at N(7) was reported for pH
2-4 and at both N(1) and N(7) at pH 5-9. One puzzling
feature of the binding reactions was that mercuriation at
one site seemed to enhance mercuriation at the other site in
the molecule.

Although mercury binding to nucleosides and nucleotides
has been studied more thoroughly than the reactions of any
other heavy metal, more extensive studies have been carried
out with first row transition metal ions, especially Cu(II).
This work has been reviewed recently by Eichhorn (1973).
Ino proved to be remarkably versatile in its binding of Cu?*
(Berger and Eichhorn, 1971a,b), and at low pH coordina-
tion occurs almost exclusively at N(7), while at pH 5-6 the
Cu?* is distributed almost equally between N(1)--O(6) and
N(7). Paramagnetic metal ion broadening of the H(2) and
H(8) nuclear magnetic resonances with 0.1 M Ino was used
to assign binding sites. Similar studies with Ino-5'-P (Ber-
ger and Eichhorn, 1972) indicate that N(7) binding is sta-
bilized by phosphate, suggesting that there is cooperative
binding between one phosphate and N(7) of another nucle-
otide. In contrast to the behavior of Cu2*, Mn2* shows no
N(1) binding. Recently it was observed that 13C NMR of
ca. 0.5 M IMP solutions at pD 7.4 to which CuCl, was
added showed preferential broadening of the C(4), C(5),
and C(8) resonances indicating that Cu?* is attached main-
ly at N(7) (Kotowycz and Suzuki, 1973).

With first row transition metal ions such as Mn2* and
Cu?*, the binding is mainly to the phosphate moiety, and
coordination to the base then may be facilitated by the che-
late effect (Anderson et al., 1971). Line broadening mea-
surements of H(8) and H(1)’ resonances of GMP by Mn?*
(Anderson et al., 1971) show that this ion does interact with
the base rings in the presence of the phosphate groups.

Recently 'H NMR spectra have been reported for sub-
stitutionally inert complexes of diammineplatinum(II) and
ethylenediamineplatinum(II) with inosine (Kong and Theo-
phanides, 1974). Coupling of the 195Pt (spin ') with H(8)
in these diamagnetic complexes indicated only binding to
N(7). The results of the CH3Hg!! binding studies reported
here can be compared with the detailed data available for
Cu?* as well as with data for another heavy metal, Pt(II).

Experimental Procedures

Inosine and 1-methylinosine were obtained from Sigma
Chemical Co., St. Louis, Mo., and were used without fur-
ther purification. [8-2H]Inosine was prepared by exchang-
ing the C(8) hydrogen in DO at 95° (Bullock and Jardetz-
ky, 1964). Methylmercury perchlorate was prepared as de-
scribed earlier (Mansy et al., 1975). Stock solutions of the
nucleosides were prepared by dissolving weighed quantities
in doubly distilled, deionized H,O or 99.8% D,0 (Columbia
Organic Chemicals, Columbia, S.C.). The pH values (pD
values) of the solutions were adjusted with HCIO4 (DCIO4)
or NaOH (NaOD) solutions using a Radiometer PHM-4
meter. For the D,O solutions, a standard glass electrode
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Table I: Equilibrium Constants@ (25°) Used in the Description
of the CH,Hg!l ~Inosine System (Previously Assigned Sites
of Binding Are in Parentheses).

Reaction u  LogKeq

CH,Hg!!

CH,Hg* + H,0 = CH,HgOH + H* 0.1 -4.59

CH.HgOH + CH,Hg" = (CH,Hg),OH" 01 237
Ino

InoH_,~+H* =Ino(N,) 0.1 8.9

Ino + H* = InoH*(N,) Var  ~1.5

InoH_,~+ CH,Hg* = InoH _HgCH,(N,) Var 8.2

Ino + CH,Hg* = InoHgCH,*(N,) Var 3.7

InoH _,~ + 2CH, Hg* = InoH _(HgCH,),*(N|,)N,) Var 12.5

a Dissociation of the protons from the 2'- and/or 3'-OH groups for
which pK is ca. 12.4 is ignored.

was used, and the meter reading was corrected (Glascoe
and Long, 1960).

The Raman difference instrument has been described
(Amy et al., 1974), and the general procedure for obtaining
difference spectra for metal ion-nucleoside solutions also
has been described (Mansy et al., 1974). All spectra were
excited with the 514.5-nm line of an Ar* laser at a power of
ca. 800 mW. Unless otherwise specified, the photon count-
ing times were 10 sec per step, and data were collected at
0.25-A (ca. 1 ecm™!) intervals. The monochromator slits
were 300 X 300 X 300 u (ca. 5.4 cm™!). The sample tem-
perature was 25 £ 2°. For the Raman spectra all solutions
were 0.100 M in ClO4~ as an internal intensity and fre-
quency standard.

Nuclear magnetic resonance spectra were obtained with
a Varian XL-100 spectrometer. All spectra, unless other-
wise noted, were obtained with the same radiofrequency
field and spectrum amplitude. The standard sweep width
was 1000 Hz, and the sweep time was 250 sec. For the more
dilute solutions, the spectrum amplitude was reduced, and
64 scans were accumulated. With the D,O solftions, the
solvent provided the lock signal; with H,O solutions an ex-
ternal lock was provided by D>O in a capillary. Chemical
shifts were measured from an internal standard of
[N(CH3)4]*NO;s~ obtained by neutralizing a D,O solution
of [N(CH3)4]OH-5H,0 (Sigma Chemical Co.) with DNOj3
solutions. The usual sodium 3-(trimethylsilyl)-1-propane-
sulfonate reference was not employed since the sulfonate
group would compete to some extent with inosine for
CH3Hg!! Since the solubility of [N(CH3)4]ClOy4 is low, ni-
trate was used as the anion for the NMR experiments. The
solutions were maintained at 25 + 2° except when the spec-
tra were being measured, and the probe temperature was
ca. 40°.

Results

Species Distribution. As in our previous work (Mansy et
al., 1975; Mansy and Tobias, 1974a), we have used litera-
ture values of available equilibrium constants to form a
model of the system. Equilibrium constants of Schwarzen-
bach and Schellenberg (1965) were used to describe the hy-
drolysis of CH3Hg!!L proton equilibrium constants for inos-
ine were taken from the tables of Izatt et al. (1971), and the
values of Simpson (1964) for the CH3Hg!-inosine reac-
tions were taken as a first approximation. The values used
are collected in Table I. Species distributions were comput-
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FIGURE 1: Species distribution in the CH3;Hg*-inosine system com-
puted from a model based on Simpson’s (1964) equilibrium constants.
Proton transfer from ribose is ignored: (A) 50 mM CHj3Hg*; (B) S0
mM CH;3;Hg* + 50 mM Ino, metal distribution; (C) 50 mM CH;Hg*
+ 50 mM Ino, Ino distribution; (D) 50 mAf Ino.

ed as described previously (Mansy et al., 1974), and these
are illustrated in Figure 1.

On the basis of the model, it was decided to make mea-
surements at pH ~8 where the system should consist main-
ly of CH3HgOH, CH;3HgInoH_, and Ino, and at pH ~1.5,
where CH3HgOH,*, CH3HglIno*, InoH*, and Ino should
be present. These spectra should be adequate to establish
the binding sites.

Raman Spectra. The Raman spectra of 0.25 M inosine
and I-methylinosine solutions in H,O and D;0 have been
reported by Medeiros and Thomas (1971). In order to ex-
amine the reactions between CH3Hg!! and Ino at pH ~8,
Raman difference spectra were obtained for both H,O and
D,O solutions 50 mAM each in inosine and CH3Hg!! from
300 to 1800 cm™!, and these are illustrated in Figure 2. The
parent spectra and tabulated frequency and intensity data
are available in the microfilm edition (see Supplementary
Material Available paragraph at end of paper). All of the
frequencies of inosine bands with relative intensities of 2 or
larger (10 = maximum intensity) for both H,O and D,0O
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FIGURE 2: Raman difference spectra, 50 mM Ino + 50 mM CH;Hg!
vs. 50 mM Ino: (top) D20, pD 7.8; (bottom) H,O, pH 7.5. All solu-
tions 0.100 M in C1O4™.
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FIGURE 3: Raman spectrophotometric titration of 25 mAf inosine in
D,0O (pD 8.0): (A) 0; (B) 6.25; (C) 12.5; (D) 18.75; (E) 25.0; (F) SO
mM CH3Hg!. All solutions 0.100 M in ClO4™.

solutions agree with the values of Medeiros and Thomas
within #2 cm™!. Both the H,O and D,O solutions show a
large decrease in the intensity of the highest frequency band
(1692, H,O; 1677, D,0O) when CH3Hg" reacts with inos-
ine. Since this band is relatively isolated from other inosine
bands, it appeared that it would be useful for determining
the stoichiometry of the binding reaction. For this purpose
D,0 solutions have an advantage, since there is no signifi-
cant scattering in this region.

A Raman spectrophotometric titration of 25 mAM inosine
with CH3Hg!! was carried out with D,O solutions (pD 8.0).
The spectra are illustrated in Figure 3. Bands which change
significantly as the [CH3;Hg!!']:[Ino] ratio increases are
shaded. Up to a ratio of 1:1, the spectra appear to be a sup-
erposition of the spectrum of inosine itself and the spectrum
of a single CH3;Hg!-Ino complex.
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FIGURE 4: Variation of the integrated intensity of the 1675-cm™! in-
osine band as a function of the total CH3Hg!! concentration in D,0O;
[Ino] = 25 mM.

To ascertain the stoichiometry of this reaction, the inte-
grated intensity of the inosine band at ca. 1675 cm~! was
determined and plotted as a function of the CH3Hg!! total
concentration. This is illustrated in Figure 4. Clearly the
reaction that leads to the disappearance of the 1675-cm™!
inosine vibration has 1:1 stoichiometry. The integration of
the band was achieved by plotting the spectra illustrated in
Figure 3 in a 20 X 40 in. format and measuring the band
area with a Gelman planimeter. Although PROGRAM
RAMAN used to process the raw digital data (Lundeen,
1974; Amy et al., 1974) has provisions for determining inte-
grated band intensities, the planimeter integration is as ac-
curate in this case. Very weak scattering grows in with in-
creasing [CH3;Hg!]:[Ino] over the 1600-1650-cm™! region,
and a smooth base line must be drawn through the 1600-
1700-cm™! range in order to determine the integrated in-
tensity of the 1675-cm™! band. This is done most easily
with the large scale plots.

The disappearance of the 1675-cm~! band (D,0) is simi-
lar to the change observed when inosine is titrated with
NaOH to pH 13 where it exists as InoH-;~. In D,0, pD
>13, only very weak, broad scattering at 1636 cm™! is ob-
served (Medeiros and Thomas, 1971). Very similar changes
are observed with GMP (Mansy and Tobias, 1974a), Urd
(Mansy et al., 1974), and dTMP (Chrisman et al., 1974).
Substitution of the N(1) proton of inosine by CH;Hg!! al-
lows almost as much delocalization of the lone-pair electron
density into the ¢ and = systems as occurs with the simple
conjugate base, InoH_;~. Previously, on the basis of
Raman spectral changes, we have assigned binding of
CH3Hg!! to the ring nitrogen, N(1) of GMP and N(3) of
uridine. This is supported by the recently published struc-
ture of Hg(1-MeThyH_;), (Kosturko et al., 1974) which
shows mercury coordinated to N(3) with a rather short
bond distance, d(Hg-N(3)) = 2.04 A.

With {[CH3Hg!"]:{Ino] ratios greater than 1.0, a second
reaction occurs at pD 8 as indicated by the shift of the band
at 1555 to 1584 cm™! (Figure 3). Only very minor changes
occur in the rest of the inosine spectrum. This reaction is
not quite quantitative at pD 8, because the 2:1 solution
shows weak scattering at ca. 496 cm™! characteristic of un-
dissociated CH3HgOD (Mansy et al., 1974). The inosine
band at 720 which shifts to 733 cm™! with the 1:1 complex
still is found at 733 cm™! with the 2:1 solution. The shift of
the 1584-cm™! band to higher frequency suggests a de-
crease in electron delocalization as might be expected to re-
sult from binding of a second CH3;Hg!, but it is not possible
to establish the second binding site from the spectrophoto-
metric titration data alone.
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FIGURE 5: Raman difference spectrum, 25 mM 1-Melno + 25 mM
CH;Hg" vs. 25 mM 1-Melno; D,O (pD 8.0): (top) parent spectra;
(bottom) complex-ligand difference spectrum, ordinate expanded 3X.
All solutions 0.100 A in ClO4.

To test the conclusion from the Raman spectrophotomet-
ric titration of inosine with CH3Hg!! that the initial binding
is to N(1), a Raman difference spectrum was obtained for a
DO solution 25 mM in CH3Hg!T and 25 mM in 1-methyli-
nosine. This spectrum is illustrated in Figure 5. In this case,
CH;Hg!! cannot bind at N(1), and as expected there is no
change in intensity of the l-methylinosine band at 1678
c¢m™! in the solution containing CH3;Hg!!. This confirms
that the 1:1 reaction described above for inosine does in-
volve binding at N(1). The CH3;Hg!"-1-Melno vs. 1-Melno
difference spectrum does show that some interaction occurs.
If no reaction at all took place, the difference spectrum
would simply be the spectrum of CH3;HgOD with bands at
496, 569, and 1211 cm™! (Mansy et al., 1974). Small
changes occur in the I-methylinosine modes in the 1300~
1600-cm™! range. In addition, the relative intensity of the
ca. 500-cm™! band due mainly to (Hg-O) stretching com-
pared to the 569-cm~! (Hg-C) stretching band indicates
some substitution of bound hydroxo groups by nucleoside.
The (Hg-C) stretching frequency of 569 cm™! observed in
the difference spectrum is the value of CH3;HgOD, indicat-
ing relatively little reaction with the nucleoside has oc-
curred. Clearly a reaction takes place, but only to a small
extent, and it probably involves CH3Hg!! coordination to
N(3) or N(7) of the 1-methylinosine. At this point, a 'H
NMR study of the CH3Hg!!-Ino and 1-Melno solutions
was undertaken to attempt to establish the nature of this
second reaction.

Proton Magnetic Resonance Spectra. The 'H NMR
spectra of inosine have been studied by Broom et al. (1967)
and 1-methylinosine spectra have been studied by Ts’o et al.
(1969). Since CH3Hg!! is diamagnetic, its addition to a so-
lution of inosine in D;O causes only small changes in the in-
osine chemical shifts. Figure 6 shows spectra of 25 mM in-
osine (pD 8.0) to which varying amounts of CH3Hg!! have
been added. The inosine H(2) and H(8) signals show no ev-
idence of coupling with '°Hg (spin !5), because exchange
of CH3Hg!! is very fast on the NMR time scale (Simpson,
2955
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FIGURE 6: Proton magnetic resonance spectra of D,O solutions con-
taining inosine or 1-Melno and CH3;Hg!! (pD 8.0): (A) 25 mM Ino +
varying concentrations of CH3Hg!; (B) Ino-CH;3;Hg!! solutions after 1
week; (C) 25 mM [8-2H]Ino + 25 mM CHsHg!t (D) 25 mM 1-
Melno and 25 mM 1-Melno + 25 mM CH;Hg!!.

1967; Geier and Erni, 1973). The slight broadening of the
inosine H(8) resonance probably is caused by traces of
paramagnetic metal ion impurities. When the solutions con-
taining 25 mM or higher CH3;Hg!" concentrations, stored at
25°, were examined a week later, the chemical shifts were
unaltered, but the resonance assigned to H(8) had disap-
peared completely. This slower reaction will be considered
below, but let us first examine the NMR spectral changes
that accompany the fast complexation reactions.

Data for an NMR titration of inosine with CH3Hg! in
D>O (pD 8.0) corresponding to the Raman spectrophoto-
metric titration illustrated in Figures 3 and 4 are illustrated
in Figure 7. The chemical shifts of H(8) and H(2) change
as the concentration of CH3;Hg!! increases. Initially the
H(2) resonance shifts most, but at [CH3;Hg]:[Ino] ratios
above 1.0, the H(8) resonance changes more. This is what
would be expected for binding first at N(1) by a quantita-
tive reaction followed by binding at a second site. The larg-
er effect on the H(8) resonance at ratios above 1.0 suggests
binding is to N(7). These reactions are fast, and the chemi-
cal shifts of the proton resonances measured beginning only
a few minutes after sample preparation show no changes
with time. Since the chemical shifts are only ca. 0.15 ppm
for binding at an adjacent nitrogen and ca. 0.05 for binding
at the more distant site, 'lH NMR pmr is not a very sensi-
tive method for studying these reactions.

The solid points in Figure 7 refer to solutions for which
the H(8) resonance disappears completely within a few
days at 25° (pD 8.0). These chemical shifts were measured
within a few minutes after preparation of the solutions. For
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FIGURE 7: Proton magnetic resonance titration of 25 mM inosine with
CH3Hg!! in DO (pD 8). Chemical shifts of H(2) and H(8) relative to
N(CHzs)s*. Solid points indicate stoichiometries for which complete
exchange of H(8) with solvent deuterons occurs.

a solution 25 mM in inosine and 25 mM in CH;Hg!' (pD
8.0), exchange was essentially complete in 2 weeks at 25°.
With higher [CH3Hg!']:[Ino] ratios, exchange was faster.
Under the same conditions, a solution of inosine itself as
well as solutions containing CH3Hg! with [CH3Hg!']:[Ino]
ratios of less than 1.0 showed little exchange. Spectra in
H>O showed both signals even after prolonged periods of
time indicating that a simple deuterium exchange is respon-
sible for the disappearance of the H(8) resonance. The
spectrum of a freshly prepared solution 25 mAf in [8-2H]i-
nosine and 25 mM in CH;Hg!! (pD 8) was identical with
that of the corresponding solution prepared with inosine
after the H(8) resonance had disappeared; see Figure 6. No
changes in any other resonances were observed for the D,O
solutions. Clearly the binding reaction which occurs up to a
[CH3Hg!""):[Ino] ratio of 1.0 has little effect on the C(8)-H
exchange rate, while at higher ratios CH3Hg!! catalyzes the
exchange process. A similar effect is observed with Guo-5'-
P solutions containing CH;Hg!.

In a separate NMR experiment, 25 mM CH3;HgOD was
titrated with Ino in D>O at pD 8.0. The methyl proton shift
and the '°Hg-proton coupling constant are illustrated in
Figures 8 and 9. Because of the rapid exchange of
CH;Hg!!, again only a single resonance is observed. For
CH3;HgOD, the chemical shift § is 2.35 ppm relative to
N(CH3)4* and the coupling constant 2J('9°Hg-H) is 202
Hz, in good agreement with the values reported by Libich
and Rabenstein (1973) of 2.34 ppm and 203.0 Hz, respec-
tively. At low inosine concentrations, both [H3CHglnoH -]
and [(H3CHg)2InoH_]* will be produced, so the chemical
shift and especially the coupling constant change rapidly
from the values characteristic of CH3HgOD. If a quantita-
tive 1:1 reaction were occurring, the plots of 6 and J vs. the
inosine concentration would be linear. The values for the
1:1 complex [H3CHglnoH_,] are 6 2.15 ppm and J = 211
Hz.

The '"H NMR spectrum of a 25 mM CH;Hg!'-25 mM
1-Melno solution (pD 8) also was obtained together with
the spectrum of 1-methylinosine as a control. This is illus-
trated in Figure 6. The spectrum of the ligand has been dis-
cussed by Ts’o et al. (1969) and by Berger and Eichhorn
(1971a,b). The H(2) resonance appeared to be unshifted in
the solution containing CH3Hg!! compared to 1-methyli-
nosine alone. The CH3Hg!! resonance shifted downfield by
0.05 ppm, and 2/ (?°°Hg-H) increased to 207 Hz. These are
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FIGURE 8: Variation of the chemical shift of the CH3Hg!" protons
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FIGURE 9: Variation of 2J(!99Hg-!H) with inosine concentration in
D;0 (pD 8); [CH3Hg!"] = 25 mM.

the changes expected for a system containing both
CH3;HgOD and [CH3;Hg-1-Melno]*, bonded through
N(7). The H(8) resonance, however, disappeared complete-
ly.

From the NMR data, it can be concluded that coordina-
tion of CH3Hg! to N(1) of inosine has little effect on the
rate of exchange of either H(2) or H(8) with solvent, but
coordination of CH3Hg! to the second binding site of inos-
ine or the binding site of 1-methylinosine markedly in-
creases the rate of exchange of H(8).

Raman Spectra of [8-2H]Inosine and Its Complex with
CH3Hg!!. In order to determine if any of the shifts in the
inosine Raman spectra for D,O solutions upon the addition
of CH;3Hg!!, e.g. the experiments illustrated in Figure 3,
were caused by exchange of H(8), we have examined the ef-
fect of deuteration on the spectrum. The difference spec-
trum [8-2H]inosine vs. inosine is illustrated in Figure 10
and frequency-intensity data for [8-2H]inosine are tabulat-
ed in the microfilm edition (see paragraph at end of paper
regarding supplementary material). The only large effect is
the disappearance of the inosine band at 1507 cm~! and in-
creases in scattering at 1485 and 1546 cm~! with [8-2H]Ji-
nosine. In studies of base stacking interactions, Medeiros
and Thomas (1971) noted that heating inosine to 85° in
D50 induced exchange of H(8), and they followed the ex-
change using the Raman spectrum. The spectrum reported,
however, only showed a small amount of exchange.

Figure 11 compares the spectra of the 1:1 CH3Hg!! com-
plexes with inosine in D>O (measured directly following
sample preparation) and with [8-2H]inosine in D,Q. The
shifts caused by deuteration of [HsCHglnoH_;] at C(8)
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FIGURE 10: Raman difference spectra, [8-2H]Ino vs. Ino in DO (pD
8): (top) 25 mM [8-2H]Ino + 0.100 M NaClOy; (middle) 25 mM Ino
+ 0.100 M NaClOg; (botom) (A — B), ordinate expanded 2X.
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and of 25 mM [CH3HglInoH_,;] (bottom) in DO at pD 8. Both solu-
tions are 0.100 M in ClO4~
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are very similar to those which occur when inosine itself is
deuterated. Exchange was minimal within the time required
to obtain the Raman spectrum as indicated by the absence
of the 1473-cm™! band due to coordinated [8-?H]inosine in
the [CH3;HgInoH_{] spectrum. The Raman difference
spectrum of 25 mM CH3Hg!! + 25 mM [8-2H]Ino vs. 25
mM [8->H]Ino in D,O (pD 8) illustrated in the microfilm
edition is qualitatively very similar to the corresponding dif-
ference spectrum in Figure 2. The positive feature at 1491
shifts to 1472 and the feature at 733 shifts to 729 cm™! in
the 8-2H-labeled complex, effects which are similar to those
observed in the spectra of [8-2H]inosine and inosine alone.
These spectra show that the CH3Hg!! cannot be bound to
C(8), since there would be no deuterium isotope effect on
the complex in that case.

Reaction of CH3Hg!! with Inosine at Low pH. A high
hydrogen ion concentration should block coordination of
CH3Hg!" to N(1) effectively. Figure 12 shows the Raman
difference spectrum of 25 mM inosine + 25 mM CH3Hg!!
vs. 25 mM inosine for D,O solutions at pD 1.6. Frequency-
intensity data for the complex are tabulated in the micro-
film edition. The reference solution at this pD value should
consist of a mixture of Ino and InoH* according to Figure
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1. Comparison with spectra for DO solutions, pD <1 and
7, reported by Medeiros and Thomas (1971) clearly shows
this to be the case. The reference spectrum has strong bands
both at 1507, 1549 (Ino), and 1564 cm™! (InoH?), and the
relative intensities suggest that inosine predominates. The
vibrations involving predominantly (C=0) stretching are
observed at 1677 (Ino) and 1699 cm~! (InoH*). Addition
of CH3Hg!! causes these two bands to disappear, and a sin-
gle band is observed at 1691 cm~!. Clearly, this reaction
does not lead to displacement of the proton bound to N(1)
as occurs at pH 8. The increase in frequency of the (C=0)
vibration relative to that for inosine and the small decrease
relative to InoH* are consistent with coordination to N(7)
with a concomitant reduction in electron delocalization
compared to inosine and a slight increase in delocalization
compared to InoH*. The other major changes upon com-
plex formation are disappearance of the intense bands at
1570 and 1549 cm™! characteristic of inosine and the ap-
pearance of a single intense band at 1562 cm~!. The result-
ing spectrum is quite similar to InoH™, protonated on N(7).
The appearance of a sharp (Hg-C) stretching band at 561
cm~! which is characteristic of methylmercury bound to a
nucleoside at a nitrogen donor site (Mansy et al., 1974;
Mansy and Tobias, 1974a) indicates that reaction is virtual-
ly quantitative.

Discussion

The results of the Raman studies on inosine and 1-meth-
ylinosine may be summarized as follows. At pH 8§,
CH3HgOH reacts quantitatively with inosine (I) displacing
N(1)-H and binding to N(1) according to eq 1. The spectra

CH;HgOH + N | > — HO +
NN

R
I
Nk > o
N I|‘J
R
I

clearly show there is extensive delocalization of electron
density into the ring system of II. The spectrum of Il com-
pared to I shows changes which are similar to those which
occur when H(1) of inosine is removed at high pH. The ef-
fect is very much like that observed with uridine (Mansy et
al., 1974; Mansy and Tobias, 1975), deoxythymidine
(Chrisman et al., 1974), and guanosine (Mansy and Tobias,
1974a). With uridine and deoxythymidine, the CH3Hg!!
complexes also have spectra similar to the conjugate bases
produced at high pH. LCAO-SCF calculations on the thy-
mine conjugate base, ThyH_;~ (Snyder et al., 1970), indi-
cate delocalization of ca. 3 of an electron into the ¢ and =
systems, and it may be reasoned that similar delocalization
occurs in the CH3Hg!! complex (Mansy and Tobias, 1975).

The increased electron delocalization in II compared to |
would account for Simpson’s (1964) observation that mer-
curiation at one site enhanced mercuriation at the second
site. The Raman spectrophotometric titration clearly shows
2958 14, NoO.
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FIGURE 12: Raman difference spectra, 25 mM Ino + 25 mM
CH3Hg!" vs. 25 mM Ino in D,O (pD 1.6): (top) parent spectra; (bot-
tom) complex-ligand difference spectrum; ordinate expanded 1.5X.

that mercuriation at pH 8 occurs exclusively at N(1) until
this site is saturated when reaction 2 with binding at N(7)
occurs, almost quantitatively. Examination of the data re-
ported previously for GMP (Mansy and Tobias, 1974a) in-
diciates that the binding reactions are the same as with in-
osine. In the Guo-5/-P study, the second site could not be
assigned with complete confidence. Apparatus modifica-
tions have improved the quality of the spectra in this work,
the Raman titration procedure is more useful than the con-
tinuous variation method used previously, and the NMR
data help in the assignment.

.'()'.
H;;CHg\u N
I\L [ \> + CH;HgOH — OH™ +
X N
|
R
11
G e
H;CHg\ N
N | \> (2)
N-
‘
R
I

Enhancement of the basicity of a ligand for a second
metal ion by coordination of the first is rare in coordination
chemistry and only will occur where there is extensive elec-
tron delocalization. Ford et al. (1968) found that coordina-
tion of pentaammineruthenium(Il) to pyrazine increased
the proton basicity of the second nitrogen by two orders of
magnitude, and Creutz and Taube (1973) found that the bi-
nuclear complex, [((NH3)sRu)>(CsHsN2)]#* was synthe-
sized easily. In this case, there appears to be charge transfer
from the ruthenium(II) center to pyrazine, while in the
CH;Hg!"-inosine system the methylmercury(ll) cation is
just less able to localize charge than the proton.
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The equilibrium constants estimated from the uv absorp-
tion spectra (Simpson, 1964) are only very approximate
values because of the similarity in the spectra of the differ-
ent species. For example, with the solutions giving the data
in Figure 3, they lead to the prediction that only 12% of the
inosine will be mercuriated in both positions, while the
Raman spectra show that the reaction is nearly complete.

The increase from the highest frequency band of II with
binding of the second CH3;Hg!! suggests a decrease in elec-
tron delocalization occurs. This electron withdrawing effect
also is indicated by the increase in the rate of exchange of
'C(8)-H with solvent protons which occurs when N(7) is
mercuriated both with inosine and Guo-5-P. The effect is
very similar to what is observed upon alkylation at N(7).
For example, 7-methylinosine exchanges C(8)-H with sol-
vent deuterons in D,O very rapidly (Ts’o et al., 1969).

The changes in the spectra upon mercuriation appear to
result largely from electronic effects, i.e. there is very little
mixing of the (Hg-N) coordinate into the normal modes.
This is to be expected because of “energy factoring” as a
consequence of the large mass of mercury.

The isotopic exchange of C(8)-H of guanosine was stud-
ied by Tomasz et al. (1972) using tritium labeling. The
mechanism suggested involved OH-catalyzed abstraction of
C(8)-H from the 7-protonated form giving rise to a ylide
type intermediate which is then reprotonated at C(8) by the
medium. A second pathway involving participation of a new
tautomeric form of guanosine, the zwitterion, also was pro-
posed (eq 3). Coordination of CH3Hg* to N(7) of GMP or

Bees
| ‘H

H,N T :
R
slow T OH

7N/k\*

R

inosine then has a similar effect to protonation, and the ki-
netics should be first order in base (eq 4). The exchange in-

BIOCHEMISTRY, VOL.

P
o IiI g,
H,CHg ~N | N\ dlow
—
g X T oD
R
(|:H3 (|:H3
g o Tg + o} He,
HSC g\N N, fast CHg\N N
N | \>:‘ D,0 N | \>—D
SN SN
! !

dicates that the second binding site with both inosine and
GMP must be N(7). The kinetics of these exchange pro-
cesses are being investigated in more detail.

No tendency was observed for CH3;Hg!! to stabilize the
ylide form of inosine, i.e. for III to isomerize to give C(8)-
rather than N(7)-bound mercury. The high stability of mer-
cury-carbon bonds suggests that such a reaction might
occur; however, as noted by Pearson (1973), the CH3™ lig-
and has a strong antisymbiotic effect, and the affinity of
CH3Hg!! for soft bases is considerably less than that of
Hg(II).

Although the Raman spectrophotometric titration of in-
osine with CH3Hg!! in D0 at pD 8 was done with freshly
prepared solutions, there was a question concerning the ex-
tent of exchange of H(8) and its effect on the spectra. Deut-
eration at C(8) was observed to cause significant changes in
the Raman spectrum of inosine itself as well as in its com-
plex with CH3Hg!!. Comparison of the spectra of the com-
plexes between inosine and [8-2H]inosine with CH3Hg!! in
D,0 at pD 8 shows that no significant exchange occurred
during the time required for Raman data collection.

As expected, 1-methylinosine reacts very differently at
pH 8 than does inosine. Binding at N(7) occurs, but the ex-
tent of reaction is very much less than is the case with
CH;HglnoH_,. Clearly the methyl group at N(1) blocks
mercuriation at that site and consequently the increased de-
localization of electron density into the ring system, and 1-
methylinosine is a much poorer ligand -for N(7) binding

H:C i
N
\>—H + CHHgOD 2%
G H§CH3
R H;}C\N N
\ | >—H + OD”
R
(5)
slowlOD'
IiIgCHJ HgCH3
1
H.,C
NN
N \: D fast k)lI > + HOD
R R
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than is CH3HgInoH_,. At pH 8, hydroxide is able to com-
pete very effectively for CH3;Hg!! with N(7) of 1-methyli-
nosine. Coordination of CH3Hg!!" at N(7) again enhances
the rate of exchange of H(8) of I-methylinosine, and com-
plete exchange was observed with the DO solvent (reaction
S).

At low pH, reaction of CH3Hg!! with N(1) of inosine is
minimized, but the nucleoside is still a good ligand for the
more reactive CH3HgOH; ", and the reaction for binding at
N(7) (eq 6) is almost quantitative even at pD 1.6.

5 }I{+ 5

By ( N\> B B | 1\\>
L = G
: k

+CH HgOH,™ (6)

«+  HgCH,

G HecH
KN N’
k

The reactions of CH3Hg!! with inosine and 1-methyli-
nosine are not unlike those found for Cu?*. At pH 3, NMR
line broadening experiments (Berger and Eichhorn,
1971a,b) indicated binding at N(7), while at pH 7 and
above, coordination at the N(1)--O(6) site was observed. In
the intermediate pH range, there appeared to be interaction
of Cu?* with both sites. Since these experiments were done
with rather high inosine concentration (0.1 M) and low
Cu?* concentration (£10~% M) only the 1:1 interaction was
observable. At pD 7.8, 1-methylinosine interacted with
Cu?* at N(7), since N(1) is blocked.

IMP behaves somewhat differently. First row transition
metal ions interact to give quite stable complexes with the
phosphate moiety. At pD 7.5, Cu?* broadens both H(2)
and H(8) of IMP indicating that it interacts with both sites.
Recent '3C NMR measurements (Kotowycz and Suzuki,
1973) suggest that binding is primarily to N(7) with D>O
solutions, pD 7.4. A crystal structure has been reported for
[Zn(IMP)]-H,O (DeMeester et al., 1974). Each Zn(Il) is
bound both to the N(7) position of the base and to phos-
phate oxygens from three other nucleotides. The structures
of [Ni(IMP)(H»0)5]-2H>0 (Clark and Orbell, 1974) and
[Co(IMP)(H,0)5]-2H,0 (DeMeester et al., 1974) exhibit
a somewhat different geometry in which the metal ion is
coordinated only to N(7) of the IMP but not to the phos-
phate moiety. These compounds generally are crystallized
from acidic aqueous solution (pH ~4), and this as well as
solubility considerations probably govern the nature of the
metal ligand binding in the crystals.

It is clear from the behavior of CH3Hg!! with uridine,
deoxythymidine, GMP, and inosine that this heavy metal
binds preferentially at N(1) of the purines and N(3) of the
pyrimidines substituting for a proton. With first row transi-
tion metal ions, N(7) binding seems relatively much more
favorable. The only other reactions of inosine with a heavy
metal which have been reported are those with Pt(Il)
(Kong and Theophanides, 1974). The compounds cis-
[Pt{NH3),In0,]Cl; and [Pt(en)Ino;]Cl; (en = ethylenedi-
2960 BIOCHEMISTRY,
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amine), when dissolved in D,0, gave 'H NMR spectra
showing a significant downfield shift of H(8) together with
195Pt coupling to this proton, consistent with N(7) binding.
We have observed similar spectra for solutions of
[Pt""en(OH,);]2* and inosine at pD 7. The reason for the
apparent absence of N(1) binding is not clear, particularly
since hydroxide should not compete as effectively for Pt(II)
as for CH3Hg!!. With [Pt(NH;3)2(OH3);]%* the acid disso-
ciation constants are pK = 5.66 and pK, = 7.32 (Sillefi and
Martell, 1964) compared to those with CH3Hg!!, pK; =
4.59; see Table 1. The conditions under which the syntheses
of these substitutionally inert platinum complexes are car-
ried out may be quite important, since considerable time is
required for equilibration.

Comparison of Ultraviolet Absorption Spectrophotome-
try, Nmr, and Raman Difference Spectrophotometry for
Studying Metal Ion Binding. The study of the shifts in elec-
tronic transitions of the base moieties upon metalation is
the classical method for studying metal binding; 'H and
more recently 13C NMR have been used extensively in the
past S years, and Raman difference spectrophotometry has
been used only recently. The advantage of uv absorption
measurements lies in their sensitivity which permits the use
of 10~4 to 10~5 M solutions. The main disadvantage is that
metalation at different sites gives very similar shifts in the
spectra, and the different bases all absorb in the same re-
gion of the spectrum. It is easy to tell when a reaction oc-
curs but difficult to tell exactly what it is. NMR is an excel-
lent technique with paramagnetic ions where easily measur-
able effects such as line broadening at low metal ion con-
centrations occur. It usually is possible to assign the binding
site unambiguously. With diamagnetic metal ions and labile
systems, the effects are small. In the case of inosine, both
H(2) and H(8) shift as CH3;Hg!" binds at N(1), and the
same is true for binding to N(7). Because the proton shifts
are small, it would be difficult to use these data to assign
binding sites. Raman difference spectrophotometry is very
sensitive to metalation, and metalation at different sites
generally gives different shifts in the spectra. Coordination
by displacement of a proton from a ring nitrogen is distin-
guished easily from binding to a nonprotonated site. Solu-
tions in the 5-50 mM range can be studied fairly easily.
The interpretation of the spectral changes is less obvious
than in the case of NMR, but enough data are available
now to permit unequivocal assignments of binding sites in
most cases.

Supplementary Material Available

Raman spectra will appear following these pages in the
microfilm edition of this volume of the journal. Photocopies
of the supplementary material from this paper only or mi-
crofiche (105 X 148 mm, 24X reduction, negatives) con-
taining all of the supplementary material for the papers in
this issue may be obtained from the Journals Department,
American Chemical Society, 1155 16th St., N.W., Wash-
ington, D.C. 20036. Remit check or money order for $4.00
for photocopy or $2.50 for microfiche, referring to code
number BIO-75-2952.
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