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ABSTRACT: The nature of binding between manganese
(Mn(II)) ions and inosine 5’-triphosphate (ITP) was stud-
ied using '3C, 'H, and *'P nuclear magnetic resonance
(NMR) techniques. The longitudinal relaxation data for
protons H-8 and H-1’ indicate that the complex present in
solution involves one manganese ion interacting with one
ITP molecule. The transverse relaxation time temperature

In a continuing study of metal ion-nucleotide interactions,
the manganous ion (Mn(II)) complex with inosine 5’-tri-
phosphate (ITP)! (Figure 1) has been studied. Metal ion-
nucleotide complexes have been studied by many research-
ers since Szent-Gyorgyl (Szent-Gyorgyi, 1957) proposed
that the Mg(II) ion complex with adenosine 5’-triphosphate
(ATP) was biologically active due to a backbonded Mg-
ATP complex. Nuclear magnetic resonance (NMR) spec-
troscopy has shown that the divalent metal ions Cu(II),
Ni(IT), Co(Il), Zn(II), and Mn(II) interact with the phos-
phate groups of ATP as well as with the adenine ring (Cohn
and Hughes, 1962; Sternlicht et al., 1965a,b, 1968; Glass-
man et al., 1971, 1973b, 1974a,b; Kuntz et al., 1972, 1975,
Brown et al., 1973; Wee et al., 1974; Feldman and Wee,
1974; Lam et al.,, 1974; Naumann et al., 1974). Reviews on
metal ion-nucleoside and metal ion-nucleotide stability
constants, and including other data on these complexes,
have been written (Phillips, 1966; Izatt et al., 1971; Weser,
1968; Tu and Heller, 1974; Frey and Stuehr, 1974; Eich-
horn, 1973; Kotowycz and Lemieux, 1973).

Since 1957, several methods of studying metal ion-nucle-
otide interactions have been proposed. The results of the ul-
traviolet study of metal ion-nucleoside interactions
(Schreider et al., 1964) have been questioned (Glassman et
al., 1973b). The bis Mn-ATP complex, in which the metal
ion is bound to the triphosphate chain of one molecule and
to the base of a neigiboring molecule, proposed by Stern-
licht and coworke + (Sternlicht et al,, 1968), has been
shown to be based on an inconsistent analysis (Wee et al.,
1974; Frey and Stuehr, 1974; Lam et al, 1974). A
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dependence of the hypoxanthine ring carbon nuclei indi-
cates that the manganese ions interact at two distinct sites
on the inosine ring, namely at C=0 and N-7. The equa-
tions for a four-site exchange process are derived. The life-
times of the metal ion bound to the phosphate groups on
ITP are 6.7 X 1078 and 5 X 10~% sec when bound to the
C=0 and the N-7 groups, respectively, at 27°.

“trapped” water molecule between the metal ion and the
N-7 position of the base has been shown for the Ni-ATP
system (Glassman et al., 1971) and for the Co-ATP system
(Kuntz et al., 1972). Direct coordination is observed be-
tween Mn(II) ions and the N-7 nitrogen in Mn-ATP solu-
tions (Lam et al, 1974). It is felt that neither the
Mn(ATP), species (Sternlicht et al., 1968) nor the complex
proposed by Wee et al.,, (1974) in which the metal ion is
bound simultaneously to the phosphate groups of one ATP
molecule and to two adenine rings (either directly or
through a water molecule bridge) is present in solution
(Zetter et al.,, 1973; Glassman et al.,, 1973b; Lam et al.,
1974). The present data indicate that these species are also
not present in the biologically important Mn-ITP complex.
In the Mn-ITP complex the Mn(II) ions can interact with
the inosine base moiety not only at the N-7 nitrogen but
also with the carbonyl oxygen at C-6 (Kotowycz and Suzu-
ki, 1973). Knowledge of the Mn-ITP complex in solution
will aid in the understanding of, for example, the enzyme
system succinyl coenzyme A synthetase from pig heart
which requires a metal ion and either GTP or ITP as a sub-
strate (Brownie and Bridger, 1972; Bridger, 1974).

The '3C NMR transverse relaxation time data on the
Mn-ITP system is analyzed as a four-site exchange system:
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The theory for this exchange process is presented in the Ap-
pendix.

Experimental Procedure

Natural abundance !3C and 3'P NMR transverse relaxa-
tion time measurements were obtained in the Fourier trans-
form mode with proton noise decoupling on a Bruker
HFX-90 NMR spectrometer (22.6 and 36.4 MHz, respec-
tively) interfaced with a Nicolet computer. The deuterium
resonance of the solvent D,O was used as the lock signal.
All measurements were carried out under controlled tem-
peratures using the Bruker temperature control unit. Sam-
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FIGURE 1: Structure of inosine 5’-triphosphate.
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FIGURE 2: The temperature dependence of 75, for carbons C-5, C-6,
and C-8 of ITP in the presence of Mn(1l) ions. 73, values are normal-
ized to a [Mn]/(ITP] ratio of 3.66 X 1073, [ITP] = 0.3 M; pD = 6.5
+0.2.

ples were in the probe for at least 15 min before the mea-
surements were begun.

Transverse relaxation times due to the paramagnetic ion
(T3p) were measured from the line widths at half-height
from the Fourier transformed spectra and calculated using

Top' = 7lAVI/2 00ea = AVisg,0] = TAV )y, (1)

where Av),2,0bsa is the observed line width at half-height of
the ligand resonance for the metal ion solution, Av/s, is
the line width at half-height for the same resonance without
metal ions, and Awy,3, is the effective paramagnetic line
width. In the 3'P measurements, corrections were made for
the J(3'P — 3!P) splitting of 19.5 Hz. Depending on the re-
quired resolution, the free induction decay (FID) signals
were stored in either 8K or 4K data points corresponding to
a frequency range of 3000 Hz. The transformed spectrum
then yields 4K or 2K data points, respectively.

The spin-lattice relaxation times (7)) of natural abun-
dance proton decoupled 13C NMR spectra were obtained in
the Fourier transform mode on a Varian HA-100-15 NMR
spectrometer (25.15 MHz) interfaced with a Digilab
FTS/NMR-3 data system, the Nova 1200 computer, and
the pulse unit (FTS/NMR 400-2). The deuterium reso-
nance of the solvent was used as the lock signal. Spin-lat-
tice relaxation times were evaluated from proton decoupled
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FIGURE 3: The concentration dependence of the longitudinal relaxa-
tion times of protons H-2, H-8, and H-1’ of ITP. pD = 6.5+ 0.2, T =

33°. EDTA was added to the solutions for these studies as discussed in
the text.

partially relaxed Fourier transform spectra obtained using
the triple pulse sequence (Freeman and Hill, 1971). For
each spectrum of 3000 Hz, 1500 FID signals were stored in
2K data points. Spin-lattice relaxation times due to the
paramagnetic ion (T') were evaluated using

T1p-1 = Ti,obsd-1 - Tl 0-1 (2)

where T'| obsa is the observed spin-lattice relaxation time of
the 13C nucleus for the metal ion solution and 7T g is the
spin-lattice relaxation time for the same resonance without
metal ions. The spin-lattice relaxation times of protons
were also measured on the Varian HA-100-15 NMR spec-
trometer (100 MHz) using the deuterium resonance as the
lock signal and the triple pulse sequence. Each spectrum
was stored in 2K data points with a bandwidth of 1000 Hz.
Samples with different concentrations of Mn(II) ions were
used for the relaxation time experiments and the data nor-
malized. The viscosity measurements were performed in a
constant temperature bath at 33°.

ITP (trisodium salt) of highest grade was obtained from
Sigma Chemical Company. Samples were purified by pass-
ing a solution through a Dowex 50 or Chelex 100 cation ex-
change resin. ITP solutions were then prepared in D,O and
were adjusted to a pD of 6.5 (Glasoe and Long, 1960). The
ITP concentrations were determined by uv spectrometry
(emax 1.22 X 10*4, pD 6). Stock solutions of Mn(II) ions
were prepared from Fisher certified reagent MnCl,-4H,0
crystals.

Results

T>p values for the '3C nuclei are plotted vs. the reciprocal
of the absolute temperature in Figure 2. The slope for C-8
and C-5 in the high temperature region is different from the
slope of C-6. The maximum line width occurs at approxi-
mately 20°. In Figure 3, the longitudinal relaxation times
4145
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FIGURE 4: Plot of T,~! and T,~! as a function of the ITP concentra-
tion for protons H-8 and H-1". The 7',~! data are from Figure 3. The
[Mn]/{ITP] ratio is normalized to 1 X 10~4. T = 33°. The error limits
are £10%. The symbols are: (o) 77 = H-8; (O) ) = H-1"; (&) Tp =
H-8: (m) T\, = H-1".

Table [: '3C Longitudinal Relaxation Times (sec) as a
Function of the ITP Concentration.?

[1TP] (M) T,C8 T,C-2
0.3 0.25 £ 0.01 0.24 + 0.01
0.1 0.45 +0.03 0.50 + 0.03
0.075 0.51 +0.03 0.56 + 0.03
0.05 0.68 = 0.07 0.68 + 0.07

@ Temperature, 42°, pD = 6.5 + 0.2.

T (33°) for protons H-8, H-2, and H-1’ are plotted vs. the
ITP concentration. The change in the T, of H-8 and H-1’
between 0.3 and 0.055 M ITP is 2.7 and 3.1, respectively,
whereas between 0.3 and 6 X 1073 M, the change is ap-
proximately 5.8 for both protons. EDTA was added to the
solutions for these studies to eliminate the effects of trace
metal ions on the proton 7 measurements ([EDTA]/{ITP]
~ 107%). The importance of following this procedure has
recently been emphasized (Wasylishen and Cohen, 1974).
The T, values for protons H-8 and H-1" at 33° are plot-
ted in Figure 4 as a function of the ITP concentration, and
are compared with the H-8 and H-1’ proton T:~! values.
The T,,~' values for these protons change by about a fac-
tor of 6.5 when 0.3 and 6 X 10~3 M ITP solutions are com-
pared.

The longitudinal relaxation times of C-2 and C-8 at 42°
are listed in Table I for several concentrations of ITP. The
change in T of C-8 and C-2 between 0.3 and 0.05 M is ap-
proximately a factor of 2.8. 71 measurements at lower con-
centrations must wait for enriched '3C samples. Measure-
ments on the 0.05 M solution took 6 hr. The values of T,
and T for carbons C-6, C-2, C-4, C-8, and C-5 are listed
in Table IT at 42° for [ITP] = 0.3 M, [Mn]/[ITP] = 1.73
4146
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FIGURE 5: The analysis of the temperature dependence of T for car-
bon C-8. The limiting values to the curve are represented with straight
lines. The correction for the dipolar term has not been made in this
analysis as discussed in the text.

Table I1: Summary of "*C T, and T,p Values (sec) for
Mn—ITP Solutions.?

C-6 C-2 C-4 C-8 C-5
Tp, 051005 1.50+0.25 0.320.05 0.36 +0.04
Top 0.10 £ 0.02 0.42+0.08 0.1320.02 0.09:0.02

4 Experiments were carried out in D,0 at a pD of 6.6 + 0.2 at
42°. [ITP] = 0.30 M; [Mn]/[ITP] =1.73 X 1072,

X 1073, and pD = 6.6 £ 0.2. T, and T differ by about a
factor of four. Therefore, there is spin leakage into the hy-
poxanthine ring and, hence, direct coordination between the
ring and the Mn(II) ion. Finally, in Figure 5, the T, tem-
perature dependence of carbon C-8 is analyzed. The esti-
mated uncertainty in the measurements is given in Tables |
and II.

Discussion

From Figure 2 it can be seen that the slope for carbon
C-6 in the high temperature region is different from the
slope for carbons C-5 and C-8. This implies that there are
at least two sites for metal ion-ring interactions (Figure 1)
on the hypoxanthine ring, namely the N-7 nitrogen and the
carbonyl oxygen at C-6 (C==0). Although the individual
points in Figure 2 may have a range as large as 30%, the ex-
istence of the crossover is not in question because the mea-
surements at each value of 1/7 were made simultaneously
on the same solution.

The Mn(II) ion cannot bind simultaneously to the N-7
nitrogen and to the C==0 oxygen. This can be demon-
strated by taking the hypoxanthine ring distances and an-
gles from monosodium inosine 5'-monophosphate (Rao and
Sundaralingam, 1969; Sletten, 1971; Kraut and Jensen,
1963). By assuming that the carbonyl oxygen lone pairs
occur at 115° with respect to the double bond, and that the
lone pair of N-7 bisects the C-N-C angle, projections from
the two lone pairs of electrons (C=0 and N-7) intersect at
37°. Simultaneous binding of Mn(II) to both the carbonyl
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oxygen and N-7 would therefore be extremely strained. A
similar conclusion was reached in the X-ray studies of 9-
methylhypoxanthinecopper(II) crystal (Sletten, 1971), as
well as of the inosine 5’-monophosphate-nickel(II) crystal
(Clark and Orbell, 1974). However, Ag* ions appear to
form a five-membered chelate of the type

Ag*-0-C-C—N
el

(Bamberg and Hemmerich, 1961; Hala, 1965; Tu and Rei-
nosa, 1966). There is no further evidence (Izatt et al., 1971)
to support this type of complex occurring with the first-row
transition metal ions such as Mn(II), Ni(Il), or Cu(Il).
Further experiments, such as X-ray studies on this system,
can prove the validity of our approach, namely, that the
Mn(II) ions interact with the C=0 oxygen and the N-7 po-
sitions of the hypoxanthine base independently.

To show that the metal ion interactions which influence
the '3C transverse relaxation times (Figure 2, metal ion
binding to N-7 and C=0) are due to the Mn(ITP) species,
and not to the Mn(ITP), species in which the metal ion
binds simultaneously to two hypoxanthine rings, the proton
longitudinal relaxation times were studied. From Figure 3,
the T values for protons H-8 and H-1’ increase by a factor
of 2.7 and 3.1, respectively, as the ITP concentration de-
creases from 0.3 to 0.055 M. The increase in T is 5.6 for
both protons when the ITP concentration decreases from
0.3 to 6 X 1073 M. The H-8 and H-1’ relaxation is domi-
nated mainly by the sugar protons (Gueron et al., 1973).
These data are now compared with the T relaxation times
for the carbon nuclei with directly bonded protons, namely
C-2 and C-8. The relaxation of carbons with attached pro-
tons in dipolar in nature (Solomon, 1955; Doddrell et al.,
1972; Lyerla and Grant, 1972). Therefore, changes in the
spin-lattice relaxation times of these carbon nuclei yield ac-
curate information on changes in the tumbling correlation
time. The longitudinal relaxation times of C-2 and C-8 in-
crease as the ITP concentration decreases from 0.3 to 0.05
M (Table I). These carbon nuclei relax approximately 2.8
times more slowly at the lower concentration. This is very
similar to the change seen by H-8 and H-1’. Therefore, car-
bons C-2 and C-8 and protons H-8 and H-1’ are “seeing”
the change in the tumbling correlation time as the ITP con-
centration decreases. Observation of the proton spin-lattice
relaxation times at lower concentrations of ITP should then
yield accurate information with regard to the tumbling cor-
relation time. The increase in the H-8 and H-1’ 7 relaxa-
tion times as the ITP concentration decreases from 0.055 to
0.006 M indicates that there is still a significant amount of
self-association present in 0.055 M ITP solutions. There-
fore, the T values for C-8 and C-2 at 0.006 A should be
approximately 1.2 sec.

Since the paper by Bloembergen et al. (1948), research-
ers have attempted to correlate changes in the spin-lattice
relaxation time with changes in the viscosity of the solu-
tions. However, it is known that this need not be the case
(Pople, 1967; Dwek and Richards, 1967; Jardetzky, 1964;
Reeves and Yue, 1970; Armitage et al., 1974). The ratio of
the viscosities between the 0.3 M and 0.006 M ITP solu-
tions and between 0.3 M ITP solutions and distilled water
are 1.7 and 2.1, respectively. These results are similar to the
ATP viscosity results (Wee et al., 1974) from which Wee et
al. (1974) argued that the dipole-dipole interaction is con-
trolled by the viscosity of the solution. The present authors
feel that the effect of varying the nucleotide concentration
on the tumbling correlation time can best be approached by
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measuring the proton longitudinal relaxation times of
metal-free ITP solutions (Figure 3). That is, changes in the
tumbling correlation time of molecules that self-associate
cannot be studied by measuring the macroscopic viscosity.

From Figure 4 it can be seen that in the Mn-ITP solu-
tions protons-H-8 and H-1’ relax about 6.5 times faster at
0.3 M ITP than at 6 X 10~3 M ITP. This is similar to the
change found by Wee et al. (1974) for the Mn-ATP sys-
tem. In the Mn~ATP complex, H-8 relaxes 7.2 times faster
at 0.3 M ATP thanat 1 X 1073 M ATP (Wee et al., 1974).
To within the precision of the measurements (£10%) the
ratios for protons H-8 and H-1’ for Mn-ITP solutions are
comparable to the ratios for these protons for metal-free
ITP (Figure 4). That is, changes in the relaxation times of
C-2, C-8, H-8, and H-1’ accurately predict the changes in
the tumbling correlation time and, therefore, the changes in
Tlp“ as a function of the concentration of ITP. An ML,
species with the metal ion bound to one triphosphate chain
and simultaneously to two hypoxanthine rings need not be
proposed to account for the concentration dependence of
the proton 7T1,~! values in the Mn-ITP system as was done
by Wee et al. (1974) in the Mn-ATP system on the basis of
the viscosity measurements. Stability constant measure-
ments also indicate that the Mn(ATP), complex could not
be measured in solution (Mohan and Rechnitz, 1974).

The Mn-ITP system is therefore analyzed by considering
that a single ligand ring is bound to one metal ion. Unfortu-
nately the proton relaxation time study does not rule out the
possibility of some Mn(ITP); species existing in which the
metal ion binds to the phosphates of one ITP molecule and
to the ring of another ITP molecule at high concentrations
of ITP. It is felt that such an event occurring on a one-to-
one basis would be extremely fortuitous. A transverse relax-
ation time study of enriched !'3C samples at low concentra-
tions of nucleotide (0.01 M) would definitely answer the
question as to the presence of an Mn(ITP), species, as
would a study of 9-(8-D-glucopyranosyl)inosine 6’-triphos-
phate. A study of 9-(8-D-glucopyranosyl)adenine 6'-tri-
phosphate with Ni(II) showed that the Ni(ATP), complex

.was not present (Glassman et al., 1973b). Since self-associ-

ation is present in the nucleotide solutions (Ts’o, 1970), our
analysis of the data based on the assumption of interactions
in a 1:1 complex may be an oversimplification of the sys-
tem. However, the Mn-ITP and Mn-ATP data (Lam et al.,
1974), when analyzed in terms of a 1:1 complex, are self-
consistent.

The data in Figure 3 warrant further discussion. The
much larger change in T for H-2, relative to H-8 and H-1’,
is probably due to hydrogen bonding between neighboring
sugar and hypoxanthine rings. In this way, as the ITP con-
centration decreases, proton H-2 is “seeing” not only a
change in the tumbling correlation time, but is also affected
by the increase in distance to the sugar protons which
causes the relaxation time of H-2 to increase. Figure 3 also
demonstrates that stability constant information can be de-
termined from spin-lattice relaxation data if one could
measure the proton 7' values at infinite dilution. Thus sta-
bility constants can be determined between interacting dia-
magnetic molecules or ions even when a chemical shift is
not measurable. The equations are similar in form to the
equations used in determining a stability constant from
chemical shift data (Wang and Li, 1966, 1968; Shimokawa
et al,, 1973).

In the analysis of the !3C transverse relaxation time
(T,p) data (Figure 2), following the previous discussion, the
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concentration of any Mn(ITP), species is assumed to be
negligible with respect to the various Mn(ITP) species. Due
to the rapid exchange rates that are observed and the simi-
larity of the present system to the Mn-ATP system, the 13C
T, data were analyzed in terms of the following exchange
mechanism:

a b c
M+ L = ML, = ML,.n

|

MLg, g,
d

Species a is the free ligand ITP, species b is the metal ion-
phosphate bound ligand (MLp), species ¢ is MLpygry, in
which the metal ion is bound simultaneously to the phos-
phates and the N-7 nitrogen, and species d is MLpyg»,
where the metal ion is bound simultaneously to the phos-
phate groups and to the carbonyl oxygen at C-6. It is as-
sumed that there is no exchange between sites a and ¢, a
and d, and c and d.

In the slow exchange region NMR *“sees” only thea = b
exchange (Kuntz et al., 1975) (Appendix). That is, 7,y is
measured experimentally using 3P NMR, and from this
term, 7p, is calculated using the equation 1,,"! =
7,57 ' [2]/[b]. In the fast exchange region, the concentration
of species b is estimated from the '3C T, data by assuming
a range of probable binding distances (e.g., N-7 to metal
ion and the C=O0 oxygen to metal ion distance of 2.0-2.5
A) and calculating the corresponding amount of ring bind-
ing using the Solomon equation (Solomon, 1955)

2
T19-1 =f 5—

S(S + 1B (1/7°) (3)
where f = [c]/[a] or [d]/[a], and the other terms have
their usual meaning. The '3C T, values are listed in Table
Il at 42°. The ITP correlation time, 7, at 42° was calculat-
ed using the pure ATP relaxation times for C-8 and C-2
(0.13 sec at 30° 7. = 1 X 1077 sec) (Sternlicht et al.,
1965a; Lam et al., 1974) and the pure ITP relaxation times
for C-8 and C-2 (0.24 sec). Hence 7. (42°) = (13/24) X
107 ~ 5 X 107'0 sec. The assumption in this calculation is
that the change in the tumbling rate of the free molecule
will be the same as for the complex.

The analysis of the Ty, '3C data for carbons C-4, C-5,
C-6, and C-8 indicates that the amount of ring binding is
self-consistent when the metal ion is located between 2.3
and 2.5 A from the N-7 nitrogen and the C-6 carbonyl oxy-
gen. The total ring binding is 8-12%, with approximately
one-eleventh of the ring bound metal ion coordinated to
C=0, and the remainder bound to N-7. The smaller
amount of ring binding for the Mn-ITP system relative to
the Mn-ATP system (Lam et al., 1974) is not surprising in
light of the calculations of Glassman et al. (1973a). These
workers (Glassman et al., 1973a) have applied generalized
perturbation theory (Klopman, 1968) and have calculated
the “ability” of metal ions to interact with various purine
ring systems. The calculations demonstrate that there is a
significant difference in the N-7 lone-pair electrons between
inosine and adenosine.

From Table II it can be seen that T3, values are smaller
than the corresponding T, values. In NMR relaxation
terms, this indicates that there is a significant amount of
unpaired spin density that is transferred from the metal ion
to the hypoxanthine ring (Swift, 1973), and hence the metal
ion is directly bonded to the ring (Dwek, 1973; Swift, 1973;
4148
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Espersen et al., 1974). In terms of the Solomon and Bloem-
bergen equations (Solomon, 1955; Solomon and Bloember-
gen, 1956), these data indicate that for the Mn-ITP com-
plex T, is dipolar in nature (eq 3), while the hyperfine
term (eq S and 6) controls T2, As the high temperature
portions of the curves for C-5 and C-8 are parallel (Figure
2), spin-leakage to the C==0 carbon does not enter the re-
mainder of the purine ring. In addition, in the Mn-ATP
system, T, for C-6 is approximately 2.5% of the T, values
for C-5 and C-8 (Lam et al., 1974). Hence the spin-leakage
to C-6 from the metal ion binding at N-7 is expected to be
small, as in the Mn-ATP system. The large effect that is
seen on the 7>, C-6 values is due to Mn(1I) ion binding at
the carbonyl oxygen. Hence the T, data for C-S and C-8
(due to binding at N-7) and the T, data (Figure 2) for C-6
(due to binding at C==0) can be analyzed as a function of
the temperature.

The curve fitting analysis for carbons C-8, C-5, and C-6
was carried out as discussed previously (Lam et al., 1974).
A correction for the dipolar term (Table IT) could not be
made in the following calculation due to the experimental
difficulties in performing a natural abundance 13C T, tem-
perature study. The temperature-dependent curves (Figure
2) are fitted using the slow exchange region (low tempera-
ture) equation (Appendix)

Ty,' = ((b)/[a)m,! ()

and the fast exchange or high temperature region equation

sz-l = %%]I TZc-1 + E]‘TZCI-1 (5)

S(S + 1)

3 (A/h)Z(Th-I + ij-l)-l =

C(ry,t + 1)t (8)

T. is the longitudinal electronic relaxation time, and rj,™!
is the exchange rate between species ¢ or d with species b.
We will refer to 7cp as 7mR! and 74 as TmF? to distinguish
it from rm(Tm = Tva), the metal ion-phosphate exchange
rate. The metal ion-phosphate exchange rate was measured
by 3'P FT NMR and found to be in the slow exchange re-
gion as is the Mn~ATP system (Sternlicht et al., 1965a;
Kuntz et al,, 1975). A plot of 7T5,™' vs. 77! is a straight
line and AH? for this process is 10.9 £ 0.5 kcal/mol. The
value of Tn ™} at 27° is 2.3 X 10° sec™! which may be calcu-
lated by solving for rm~! = 7,7 '[a]/[b] where [b] =
0.89[Mn], and [a] = 0.3 M ITP.

The temperature dependence of the electron spin-lattice
relaxation rate is predicted using the following equation
(Rubenstein et al., 1971):

T = 2 Afas(s + 1) - 3)x

~ 50
Tv 4Tv
[1 + wyT,2 1y 4w527‘,2:| (7)

where 7, = 7,0 expV,/RT, A is the zero field splitting, 7, is
the correlation time for the impact of water molecules of
the solvent upon the complex, and the other terms have the
usual meaning. The A and , values for Mn-adenosine tri-
phosphate and Mn-uridine triphosphate (Reed et al., 1971)
were used for the Mn-ITP complex. The temperature de-
pendence of 7' does not account for the steep slope of car-
bons 5, 8, and 6 (Figure 2). Therefore, TmMR! and 7R2 are
required to fit the high temperature region of Figure 2. Ac-
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Table III: Scalar Coupling Constants for the Inosine Base
Carbon Nuclei of ITP.?

C-8 C-5 C-6
Alh (Hz) 3.7 X 10% 4.0 x 10° 1.2 x 108

@ The solution composition is [ITP] = 0.3 M; [Mn] =1.1 X 1073
M; [b] = 0.89[Mn]; [c] =0.10{Mn]; [d] = 0.01 [Mn].

Table IV: Activation Parameters and Lifetimes of the Metal Ion
Involved in the Ring Interaction.?

™R AH®R, ™R?

5x 10™%sec 9.4 kcal/mol 6.7 X 10™®*sec

Af'[*R2
14 kcal/mol

@ Evaluated at 27°. The solution composition is [ITP] = 0.3 M;
[Mn] =1.1 X 1073 M; [b] = 0.89[Mn}; [c] = 0.10[Mn}; [d] = 0.01
[Mn].

tually a range of 4/h values and R! will fit the tempera-
ture profiles of carbons 5 and 8. However, we can calculate
MR1, since, at the point of intersection of the two straight
lines, The = rmR! (Figure S, T = 27°). Obviously these two
straight lines must cross at the same temperature for both
carbons 5 and 8. This limits the values of 4/h and ryR!toa
reasonably unique set. As this cannot be done for C-6, the
values for 4/h and 7R? may not be as reliable as those for
C-5 and C-8. These values, and the corresponding AH?
values are listed in Tables III and IV.

In summary, the theory for the four-site exchange system
has been developed and has been successfully applied to the
Mn-ITP system. Species a, b, ¢, and d are free ITP, manga-
nese-phosphate bound ITP, phosphate-manganese-N-7
ring bound ITP and phosphate-manganese-C=0 ring
bound ITP. This study has shown that approximately 11%
of the bound Mn(II) ions are ring coordinated. The
transverse relaxation time study indicates that there is di-
rect metal ion-ring binding at nitrogen N-7 and at the car-
bonyl oxygen. '

Appendix

The four-site chemical exchange is treated in an identical
manner to the three-site exchange system (McConnell,
1958; Swift and Connick, 1962; Lam et al., 1974)

_AGa+ % + _(;-e + @ Zi(.U1M0a

ba ca Tda.
G G G ,
22 — BG, + =% + 2 = jw M
Tap Ten Tap
G Ga .
% + Lo CGc + — = Z(.UiMoc
Tac Toe Tde
G G ,
Go y G0\ Ge pg, = iwuy
Tad Tod cd
where
1 1 1 1 ,
A==+ — + = 4+ = —jAw,
T2a. Tab Tac ad
Ty~ is the transverse relaxation rate of site j; 7;;*! is the
exchange rate from site / to site j. Setting rac™! = 77! =
Tad"! = 7da~! = 747! = 74,71 = 0 and solving for the line

width in the usual manner, the relationship for 1/7T, be-
comes

Tyl = by + by = Ty + Tl 4 R

X
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where

b Raka(ek ke’ + kokakevkne + kakcPhakyd)
> {kbzkczkdz + kgthgpky? + klkndlkg? +
2kdkckbckcbkdbkbd‘—“lzkbkckdzkcbkbc - 2kbkc2kdkdbkbd}

1

-1 -
ka = TZa t Ta

-1

-1 -1 -1
By = Ton™" + Toao + Tpe F Toa

-1 -1
kc = TZc + T

kd = T2d-1

The effect of the metal ion on the line width, T2~ is 757!
+ ky. The following limiting cases are of importance in the
analysis of the Mn-ITP system. Case I: slow exchange

1 -1

1
_— = T.

ab
TZD

(o] .
= [a] Toa
Case II: fast exchange

To ! > Ty !
Tt > Tyt
T ly Tap ! > Tyu™!
Hence

1 e}, o, 4], .
T = [a) 72 [a) T
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