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Nucleoside Complexing. A Charge Reversed Chelate
Compound between Guanosine and Chloride Ion
Sir:

Metal ions mediate essentially every aspect of nucleic
acid structure, function, and synthesis in living sys-
tems.! The difficulty inherent in specifically identi-
fying binding sites of the metal to the nucleic acids has
led to extensive studies of metal ion interactions with
the constituent nucleosides and nucleotides.! Studies
of metal interactions with the constituent heterocyclic
bases are often carried out with nucleosides since nu-
cleotides bond strongly through phosphate groups.
Nonaqueous solvents are employed in such studies be-
cause the nucleosides are more soluble and the N-H
pmr signals can be observed.

Numerous studies by at least three different groups?—*
have been reported in this journal on the subject of the
interaction of divalent diamagnetic metallic chloride
salts (Zn, Cd, Hg, Mg, Ca, Sr, Ba) with guanosine in
dimethyl sulfoxide (DMSO). As expected, Zn, Hg,
and, perhaps, Cd form complexes as evidenced by
changes in chemical shifts of all the guanosine base
protons. However, it was totally unexpected that
Ca?+ should complex.? This result was apparently
substantiated by a careful, complete study of the inter-
actions of four alkaline earth chlorides (Mg, Ca, Sr,
and Ba).? One study on these alkaline earth metals
concluded that guanosine or its derivatives formed
stable complexes but that other nucleosides tested
(adenosine) formed no complex.? Such a specific inter-
action, particularly of Ba, would be of great value in the
heavy metal labeling of nucleic acids.*=®* Additionally,
if correct, these findings would mean that the concepts
developed! for metal ion—nucleic acid bonding must be
partly revised. We have, therefore, investigated these
phenomena and find that an altogether different, and
perhaps more intriguing, explanation is required.

We believe the correct interpretation is that chloride
ion binds to guanosine. This novel finding requires
that previous studies of binding of metallic chlorides in
DMSO be reevaluated. Further, we find that inter-
actions occur even in 26 & water-74 % DMSO (v/v) for
0.75 M [NEt,]Cl and 0.15 M guanosine. Thus, inter-
actions of this type may be of transient importance even
in aqueous solution. The relative shifts from the free
guanosine of the N;H and C,NH,; protons are not
affected by water, but in greater than 1097 water the
N;H resonance is no longer observable.

Prior to describing our experiments in more detail, we
will briefly summarize previous data. The most note-
worthy aspect of the behavior of the N;H and C,NH,
proton signals is that the resonances shift downfield
smoothly upon addition of alkaline earth salt, with only
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one resonance for each group being observed and with
no decrease in intensity., These shifts are character-
ized by being equal in sign and magnitude for both
resonances, reaching upper limits of 40-50 Hz (60 MHz
instrument) dependent to some extent on the cation.3
The guanosine derivative 0-2/,3’,5'-triacetylguanosine
exhibits the same behavior.? Stability constants deter-
mined from the chemical shifts are larger for the alka-
line earth-guanosine complexes (ca. 10-50 M~-!) than
for the zinc triad guanosine complexes (ca. 0.2-3
M~-1.% For the alkaline earth salts, no shift of the
C:H resonance was found whereas substantial shifts of
this resonance were found with Zn, Cd, and Hg.34
The major discrepancy between published articles?3 is
that when care was taken to exclude moisture, MgCl,
was found to produce shifts,* whereas in the original
study? it was reported to have no effect.? The similar
shifts of the N\H and C,NH, pmr signals were ex-
plained by a physically unrealistic model supported by
an elaborate calculation.?

We have been able to produce this shift behavior with
CaCl, but also with [NEt,]JCl and LiCl, which are quite
soluble, as well as with NaCl and K Cl, which are poorly
soluble in DMSO. Again, characteristically, the CsH
resonance does not shift appreciably. In addition, the
salt K,PtCl, reacts with guanosine to give an addi-
tional set of pmr signals for N;H, CsH, and C,NH, at 7
—1.38, 1.35, and 3.07, respectively (vs. TMS), which we
attribute to a Pt(II)-guanosine complex bonded through
N;. Addition of CaCl, to this solution (to saturation)
also causes shifts of the NH, and N;H proton reso-
nances with a relative ratio of ~1.03 (20.5/20 Hz).

The relative shift data for chloride and bromide salts
are given in Table I. The salt LiCl gave maximum

TableI. Ratioe of Shifts of the NH; to N;H Proton
Resonances of Guanosine (0.2 M) in DMSO
Cation Chloride Bromide
Li 1.05 3.1
Na 1.05 ~3d
K ~1 ~3d
Mg 1.08, 0.93
Ca 1.06, 1.02¢
Sr 0.99
Ba 1.09, 1.09 ~3d
Et:N 1.09
Bu:N 2.9

e Actual values calculated from our data, although error will vary
from ~35 to perhaps 209 for some of the bromide salts. 7T =
29.5°. & From ref 3, maximum shifts. ¢ Maximum shift 20 Hz.
@ Relatively small shifts of ~9 Hz for NH: and 3 Hz for NH reso-
nances,

shifts of 50 and 48 Hz for the NH; and N;H proton
resonances, respectively. Perchlorate salts (Na, Li)
and nitrate salts (Ca, Mg, Sr, Ba, Na) gave no ap-
preciable shifts. Taken together, these results imply
involvement of the anion and rule out significant cation
interactions with guanosine as well as nonspecific ionic
strength effects. For the alkaline earth metal ions pre-
viously studied,>3 the interaction of the anionic chlo-
ride with guanosine is the only interaction which is
causing chemical shifts. For the zinc triad,® the ob-
served shifts can be attributed to a combination of (1)
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the stringent precautions employed in ref 3.
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Cl- interacting with uncoordinated guanosine, (2) Cl-
interacting with coordinated guanosine, and (3) the co-
ordination of guanosine to the metal. This complexity
was obviously not recognized when the stability con-
stants were calculated,??® and, thus, such constants are
inaccurate.

We believe that the charge reversed chelate complex
(D), in which two positive centers chelate a negative ion,
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is formed. Our reasons for suggesting this particular
model are as follows. (1) Downfield shifts are expected
from hydrogen bonding.'* (2) Only when a chelate is
possible are large shifts seen. (No large shifts were ob-
served for adenosine.)** (3) Almost identical inter-
actions have been observed in the solid.!! (4) Both
N;H and C,NH, pmr signals shift substantially and
simultaneously. The shifts level off simultaneously,?
and this is inconsistent with one-point attachment.
(5) The interaction is observed in solvents (DMSO, M-
pyrol) which do not solvate anions, whereas water de-
creases the interaction. (6) Anions which do not ac-
cept hydrogen bonds readily do not show this inter-
action. (7) Modified guanosine derivatives which
leave the six-membered ring unchanged (the triacetyl?
and platinum derivatives) exhibit the same effect. (8)
The ClI~ ion is remote from the CsH group, and the pmr
signal of this group is not expected to shift.

If the effect is due entirely to chloride ion, then we
must explain the different stability constants found for
the four alkaline earth salts.? We attribute these
differences to (1) failure to maintain constant ionic
strength, (2) variation in moisture content of the solu-
tion,!? (3) data analysis based on an incorrect model,
and (4) ion pairing. If we assume a one-to-one chlo-
ride ion-guanosine complex, we calculate!® K = 2.8
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M~1. The observation? of increased acidity of gua-
nosine induced by CaCl; merely requires that depro-
tonated guanosine form a calcium complex.

We believe that the amino group is rotating rapidly
on the pmr time scale because its resonance remains
relatively sharp. If dissociation of guanosine from I is
rapid, the magnitude of the effect of Cl~ on the shift of
the amino proton resonance represents an average value
for the two nonequivalent positions. Thus, the equiv-
alent shifts of both the N;H and the NH, pmr reso-
nances of guanosine upon formation of I are coinci-
dental. This reasoning is supported by the three times
greater shift of the pmr signal of the NH, group than
of the N1H group in guanosine upon formation of the
bromide analog of 1.

Salt effects on biopolymers were recently reviewed!*
and are not completely understood. Geiduschek!s has
found that the melting temperature of DNA’s can vary
as much as 60° by varying salt concentrations and the
phenomenon is due mainly to the anions. The mag-
nitude of the effect is dependent on the base composi-
tion of DNA. It is interesting to note that the in-
fluence of anions on stabilizing DNA follows the order
Cl-, Br— > I- > ClIO,~ > SCN-, and we find that
effectiveness of these anions in causing shifts follows
this same order. Our results provide evidence that
specific interactions between anions and bipolymers are
possible.
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in the absence of CaCl,, the guanosine resonances are concentration de-
pendent.2.¢ Strictly speaking, the calculations? have assumed A should
be a constant (Ay = total shift difference between complexed and free
guanosine), This may not be true unless the effect of CaCl; concentra-
tion exactly balances the change in chemical shifts attending the decrease
in free guanosine concentration. Alternatively, the concentration de-
pendence of the shift of the amino group of the complex must accom-
plish this result, Neither of these possibilities is likely. If we use the
data inref 2 and assume that Ay = 46 Hz and the [C1G~) = (Ao/46 Hz) X
0.282 M, the equilibrium constant for Cl- + G = CIG~ can be calcu-
lated to be 3.9 = 0.5 M~!, If we calculate this equilibrium constant
using the data in ref 2 and a method of varying Am,x for NH: similar to
that in ref 2, we calculate K = 2.82 = 0.09 M~ (Am,x = 52.5 Hz). The
calculation performed as in ref 3 gives K = 2.83, Apax = 52.4 Hz.
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Long-Range 1*C-'H Coupling Constants. 1.
Cyanopyridines
Sir:

Until now, 3C-'H coupling constants have been
measured either from the satellite peaks of proton

nmr spectra! or directly from '*C nmr spectra with
the aid of computers of average transients.? Hence
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