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forms cannot constitute significant amounts of the
conformational population. The high energy all-chair
ground state of CSC-PHP makes the possibility that
boat forms contribute to the conformational popula-
tion more probable, but again the agreement between
calculated and experimental spectra indicates such
contributions are probably not significant.

(D) Carbon-13 Magnetic Resonance as a Tool in
Conformation Analysis and Compound Identification.
It must be concluded from the results presented here
that carbon-13 spectroscopy is a powerful and relatively
simple tool for identification of uncharacterized paraffin
hydrocarbon isomers and for analyzing the conforma-
tional properties of molecular systems. Although
much remains to be done, an accumulating library of
chemical shift and parametric values and relevant ex-

perience will provide an increasingly useful technique
in the fleld of conformational and configurational
analysis and characterization of complex molecules.*!
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(41) It has come to our attention that between the time at which this
work was completed (D. K. Dalling, Ph.D. Thesis, University of Utah,
1969) and that at which it was accepted for publication, other workers
(N. L. Allinger, B. J. Gorden, I. J. Tyminski, and M, T. Wuesthoff,
J. Org. Chem,, 36, 739 (1971)) have characterized the four PHP isomers
treated in this work by synthetic organic methods. Their results are in
agreement with those presented herein, and upon comparing the requi-
site labor involved the advantages of using cmr spectroscopic techniques
as compared with traditional chemical methods are readily apparent.
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The nature of binding between manganese ions and adenosine 5’-triphosphate (ATP) was studied using
natural abundance Fourier transform !'*C nmr techniques.
of Mn(Il) ions were determined together with their temperature dependence.

Relaxation times for the 13C nuclei in the presence
The adenine base carbons show

specific effects while the ribose carbons remain unaffected. The transverse relaxation time data indicate a con-
secutive binding mechanism, namely that the metal ion binds first to the phosphate groups of ATP and then, in
the second step, the metal interacts with the N(7) nitrogen. The equations for this exchange process are derived.
The rate constant for the interaction of the metal ion with the adenine baseis 2.7 X 107sec ! at 27°. The distances
between the metal ion and the carbon and proton nuclei of the adenine base of ATP were evaluated on the basis of

the longitudinal relaxation time studies.

he interaction between metal ions with nucleotides

has been studied extensively for several years.2?
The search has been for the elusive backbound phos-
phate-metalion-ring interaction that was originally pro-
posed by Szent-Gyorgyi in 1957.4  This hypothesis was
to explain why in many enzymatic reactions which re-
quire adenosine 5’-triphosphate (ATP) the actual en-
zyme substrate was the complex Mg-ATP.

Nmr has shown that the divalent metal ions Zn(II),
Cu(Il), Ni(II), Co(II), and Mn(II) all interact with the
adenine ring of ATP57 as well as with the phosphate
groups. The nature of this ring interaction has only
been established in the case of Ni(II) and Co(II). With
these two metal ions it has been demonstrateds® that

(1) Postdoctorate Fellow, 1973-1974.

(2) R. M., Izatt, J. J. Christensen, and J. H. Rytting, Chem. Rev., 71,
439 (1971), and references therein,

(3) C. M. Frey, 1. L. Banyasz, and J. E. Stuehr, J. Amer. Chem. Soc.,
94,9198 (1972), and references therein.

(4) A. G. Szent-Gybrgyi, “‘Bioenergetics,” Academic Press, New
York, N.Y., 1957, p 64.

(5) M. Cohn and T. R. Hughes, Jr., J. Biol. Chem., 237, 176 (1962).

(6) H. Sternlicht, R. G. Shulman, and E. W, Anderson, J. Chem.
Phys., 43,3123 (1965).

(7) H. Sternlicht, R. G. Shulman, and E. W, Anderson, J. Chem.
Phys., 43,3133 (1965).

(8) T. A. Glassman, C. Cooper, L. W, Harrison, and T. J. Swift,
Biochemistry, 10, 843 (1971).

The results indicate that the metal binds directly to the N(7) nitrogen.

there is a bridging water molecule between the metal
ion and the adenine ring and that this “trapped’’ water
molecule probably forms a hydrogen bond with the
N(7) nitrogen of the base. The metal ion Mn(II) sub-
stitutes for Mg(Il) in vitro in most enzymatic reactions
that require Mg-ATP as a substrate. The nature of
the paramagnetic ion-Mn-ring interaction of ATP is
therefore important as the study may shed light on the
diamagnetic metal ion Mg-ATP complex.

Recently, natural abundance !'3C nmr transverse
relaxation times due to the presence of paramagnetic
metal ions have been measured’® and these measure-
ments indicate the potential of using the '*C nmr probe
for studying nucleotide-metal ion systems. In this
paper we wish to report our studies on !3C longitudinal
and transverse relaxation time measurements on the
Mn-ATP system. The results yield information about
the nature of the metal ion binding site on the adenine
ring. In addition, the most consistent interpretation
of our data indicates that the following consecutive
binding mechanism (eq 1) occurs in solution, where L

M + L= MLp == MLpr (1)
(9) G. P. P. Kuntz, T. A. Glassman, C. Cooper, and T. J. Swift, Bio-

chemistry, 11, 538 (1972).
(10) G.Kotowycz and K. Hayamizu, Biochemistry, 12, 517 (1973).
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is the ligand, namely ATP, M is the Mn(II) ion, MLy
is the Mn—ATP complex with the metal ion bound only
to the three phosphate groups, and MLpyr is the Mn-
ATP complex in which the metal ion is bound simul-
taneously to the three phosphate groups and to the
adenine ring. This mechanism has been observed for
the Ni-ATP system.!!

Theory

The three-site chemical exchange has been treated by
McConnell.'? Swift and Connick!? applied the modi-
fied Bloch equations to a three-component system (a,
b, ¢) for the case in which the concentration of species a
is much greater than the concentration of species b or c.
In addition, site a undergoes exchange with either site
b or site ¢ with no exchange occurring between site b or
site c¢. Swift and Connick!? then applied their equa-
tions to a study of paramagnetic metal ions in an
aqueous solution.

In the present work, we wish to report in more detail
than Swift and Connick!?® presented the equations for
the exchange process

ac=b—c (2)
(withnoa —>¢)

as these equations are of interest to biological systems.
Species a is unbound ATP, species b is the complex with
the metal ion bound only to the three phosphates of
ATP, and species ¢ is the complex with the metal ion
bound to the three phosphates and simultaneously to
the adenine ring. We have also started with the modi-
fied Bloch equations!?!? for the three site exchange
process given by eq 2. The resulting equation for the
absorption mode is

v = _wlMOa(ka + kx)
(ko 4+ k) + (Aw. + Aw,)?

where Aw,, Awy, and Aw,. are the differences between
the resonance frequency for sites a, b, and ¢ and the
actual frequency. Ty, is the usual transverse relaxation

—‘kb(kc2 -+ ch2)kabkba + kckbckcbkabkba

T (ko + Ak + Awg?) +
2(Awawc - kbkc)kbckcb + kcb2kbc2]

A Awb(kc2 -+ ch2)kbakab + chkbckcbkabkba
W, =

C [(ko? + Awp)(ke? + Awe?) +
2(AwsAwe — kukoYkencke, + KobKoe?]

ka = 1/T2a + kab
ko = 1/To + kos + ki
kc = 1/T2c + kcb

time in the j environment and k;; is the exchange rate of
the nucleus from site j to site /.

In eq 3, the term Aw, describes the resonance shift and
is useful for systems which satisfy eq 2 and display a
significant chemical shift, e.g., Ni(IT) complexes. How-
ever, (k. 4+ k) is the half-width at half-height, since eq
3 is a normal Lorentzian curve for which 1/T; is defined
as

3)

X

Tr! = ke + ks )

(11) C. M., Frey and J. E. Stuehr, “Metal Ions in Biological Systems,”’
Vol. 1, H. Sigel, Ed., Marcel Dekker, New York, N. Y., 1973,

(12) H. M. McConnell, J. Chem. Phys., 28, 430 (1958).

(13) T.J.Swift and R. E. Connick, J. Chem. Phys., 37, 307 (1962).

1835

In analogy with Swift and Connick,!? this equation for
the line width may be rewritten as

T2_1 = T2a_1 + kab + kx

(5)
Tyl = Ty~ + Typ™!

where T, now contains all the relaxation effects due to
the presence of the paramagnetic ions.

Since this study deals only with the interaction of
Mn(II) with ATP, the temperature effects that are pre-
dicted by eq 3 were investigated using the following
limiting cases.

(I) Chemical controlled region

1/T2c2 > kcb2, kba2 > ch2, Awb2, Tgb_2 (6)

kbc
Toy™! = kop ———
- ° kba + kbc
with Kue > kb
b
Top ! = ko = Tu”! = %a_:::'rba_l (7

Ta1 18 the lifetime for the exchange between free ATP and
ATP with the metal ion bound to the phosphates.
(II) Fast exchange region

keo? >> Toe? > Aw,?

(8)
kba2 > Tgb_2 > Awb2
kab Kva [(bl{c] - _
~1 = fablhae gy DI
A TS
] )
Top~! = P?] Tyt

In the chemical controlled region, case I, we see
that nmr is sensitive to the exchange rate of the entire
molecule rather than to the exchange rate of species b
to species ¢. In case II, nmr is sensitive to the trans-
verse relaxation of species c.

Results

The 13C nmr line assignments were based on earlier
work on nucleotides!*® and nucleosides.'® Theribose
carbon resonances were assigned on the basis of the
work of Mantsch and Smith.!* To evaluate the effect
on the relaxation rates arising from the metal, the dif-
ferences between the pure ATP 13C signals and those
for Mn—~ATP solutions were calculated using

i=12 (10)

Tip_l = Ti,metal_l - Ti,blank_l

where T;, and T, refer to the spin—lattice and transverse
relaxation times, respectively, due to the presence of the
metal ion. On progressive addition of the manganese
ions, the *C Ty, and T;, values for the ribose carbon
nuclei were not affected. However, the adenine base 13C
resonances showed specific effects. The results are
shown in Figures 1 and 2. The T;,~! and T3,~! values
for C(5) and C(8) were affected most strongly on the
addition of Mn(ll) ions. Average results are reported
as Tip,~tand Ty~ 'in Table I.

(14) D. E. Dorman and J. D. Roberts, Proc. Nat. Acad. Sci. U. S,,
65, 19 (1970).

(15) H. H. Mantsch and I. C. P. Smith, Biochem. Biophys. Res.
Commun., 46, 808 (1972).

(16) A, J. Jones, M. W, Winkley, D. M. Grant, and R. K. Robins,
Proc. Nat, Acad. Sci. U. S\, 65,27 (1970).
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Table I. Summary of ¥C T,~! and T3, ™! Values for Mn(I)-ATP Solutions®

C(6) C) C4) C® C(5)
T: (pure ATP), sec 6.33+0.25 0.17 £ 0.01 5.90 £ 0.25 0.13 £ 0.01 6.54 = 0.25
Tip~ L5 sec™! 1.1+0.15 0.59 £ 0.07 50x=0.2 2.8+0.3
Top~ 1t sec™! 41+£0.8 <0.03 107 +0.5 28.6 2.4 33426

¢ Experiments were carried out in D;O at a pD of 7.0 at 30°.
measurements normalized to the [Mn]/[ATP] ratio of 3.7 X 10~4,
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Figure 1. The effect of Mn(II) on the 13C longitudinal relaxation

rates of the adenine base nuclei of ATP. The measurements were
carried out in D20 at a pD of 7.0 at 30°, The ATP concentration

is 0.30 M.
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Figure 2. The effect of Mn(II) on the 13C transverse relaxation
rates of the adenine base nuclei of ATP. The measurements were
carried out in D;O at a pD of 7.0 at 30°. The ATP concentration
is 0.30 M.

Transverse relaxation rates were further studied as a
function of temperature from —5 to 90° over which the
ATP was stable. The temperature profile of Ty,~! is
shown in Figure 3. Carbons 5, 8, 4, and 6 exhibited
similar behavior, converging to the same slope at low
temperature. Carbon 2 and the ribose carbon line
widths remained unchanged over this temperature
interval and concentration.

Discussion

The changes in T, and T, of the adenine base carbon
nuclei indicate that manganese ions interact with the
adenine ring whereas the sugar carbons are unchanged
and hence are not likely involved in the binding with

[ATP] = 0.30 M; [Mn])/[ATP] = 3.7 X 10~

b Average values from five
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Figure 3. The temperature dependence of T:,~! of the 1*C nuclei
of ATP that are affected by the presence of the Mn(II) ions. Ty~!
values are normalized to a [Mn]/[ATP] ratio of 2.5 X 10-%,
[ATP] = 0.30 M.

the manganese ions. This agrees with previous
studies.’"8 In 1968, Sternlicht, et al.,'" proposed a
model for the complex formed between metal ions and
ATP, namely M(ATP),. However, this complex has
not been observed for Mn(II),'® Ni(Il),'* or Mg(II)?
complexes with ATP. In addition, Frey and Stuehr!!
have shown that the mechanism of metal-ATP binding
as proposed? is not self-consistent. The temperature
jump kinetic data obtained by Sternlicht, et al.,"" for the
interaction of Mn(II) with ATP can be fit?® by the
presence in solution of Mn(ATP) and Mny(ATP)
species as was done for the Mg(II)-ATP system. Under
our conditions, it is expected that the metal ion will
exist predominantly in the Mn(ATP) form.

Above 30° (Figure 3), the transverse relaxation of
species ¢, Ty~ !, is dominating the relaxation of carbons
6 and 4. In this region Typ~! = f/(To)~!, where f' =
[c]/[a]. Therefore it is valid to compare Ty, with Ty,
as above 30° Ty, must be controlled by Ti.. The ratios
Tip:Tp are 4 and 20 for carbons 6 and 4, respectively
(Table I). This implies that T, and T3, are governed
by different relaxation mechanisms. Hence, under our

(17) H. Sternlicht, D. E. Jones, and K. Kustin, J. Amer. Chem. Soc.,
90, 7110 (1968).

(18) M. S. Zetter, H. W. Dodgen, and J. P. Hunt, Biochemistry, 12,
778 (1973).

(19) C. M., Frey and J. E. Stuehr, J. Amer. Chem. Soc., 94, 8898
(1972).

(20) J. E. Stuehr, Department of Chemistry, Case Western Reserve
University, private communication.
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Figure 4. The temperature dependence of the water proton trans-
verse relaxation times for the Mn-ATP system. The curve is the
calculated sum of the two straight lines evaluated using eq 15.
The ATP concentration is 0.27 M, fmo = 1.1 X 10~¢ where
fmo = nMn)/[H,0]. The assumed complex is MnATP(H;0),
so that n = 3. Toevaluate C, a value of 4/h = 4.6 X 105 Hz was
used.

conditions (25.15 MHz), the Solomon-Bloembergen
equations for Tix and Tyy become?!.22

mmw=nﬁ=§ms+mWwWh<m

mmw=nﬁ=§ﬂ%ﬁhm (12)

where 7. and 7. are the correlation times for the dipolar
and scalar interactions, respectively. These equations
indicate that (f"Ty,)~! is controlled by scalar relaxation,
while (f*T,,)~! by dipolar relaxation.

The temperature dependence of Ty,~* (Figure 3) can
be used to study the ring-metal ion interaction since in
the rapid exchange region, the transverse relaxation of

the !3C nuclei is governed by the scalar relaxation

mechanism. This property is in contrast to the 3!P
Typ~! data which are in the chemical controlled region®
and the 'H Ty~! data which are dominated by the
dipolar relaxation.” The analysis of the temperature
profile curves of carbons 8, 5, 4, and 6 (Figure 3) requires
a knowledge of Ty, v, and the distribution of ATP in
environments b and c. As discussed in the theory sec-
tion, in the chemical controlled region (low-temperature
region), chemical exchange between species a and b will
dominate T;,~' (eq 7). The exchange rate rv.—! is the
same as 7,~! obtained from phosphorus exchange
studies by Sternlicht, er al.® (2.3 X 10 sec—! at 27°).
In the fast exchange region (high-temperature region),
T2~ ! will be governed by Th.~! (eq 9) and therefore will
be dominated by the scalar mechanism (eq 12). Equa-
tion 12 may be rewritten as?!.22

Tom' = Cre = C(Ty™' + 7~ 1) (13)

where C = [S(S + 1)/3)(4/%), Ti. is the longitudinal elec-
tronic relaxation time, and 7.,~! is the exchange rate of
the metal ion-ring interaction. From hereon we will
refer to 7, as 7® 50 as to distinguish it from 7m (= Tha)s
the metal ion-phosphate exchange time.

(21) 1. Solomon, Phys. Rev., 99, 559 (1955).
(22) 1. Solomon and N. Bloembergen, J. Chem. Phys., 25, 261 (1956).
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Figure 5. The analysis of the temperature dependence of Ty,~!
for the carbon nuclei 5 and 8. The limiting values to the curve
are represented with the straight lines as discussed in the text,

To determine if the T}, temperature dependence alone
could account for the slope of the curves of the T;,~!
values in the high-temperature region (Figure 3), the
théory of Rubenstein, et al.,2? was applied. The tem-
perature dependence of Ti.~! is predicted by

_ 2 s _
= 55 A4S + 1) — 3] X

T 4r
M Y 14
R e e B

v = 79 exp(V+/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.
To verify the applicability of eq 14 to the Mn-ATP-
aquo complex, the values of Ty, for the water protons as
a function of temperature were determined for a Mn-—
ATP solution and were analyzed using

(Topfr0) ! = Clra,o~! + Ty ! (135)

When values for A equal to 195 G,24 r, equal to 8.5 X
10-1% sec at 27°,24 and ¥, equal to 2.6 kcal were used,
eq 14 and 15 did fit the data for T, of the water protons
(Figure 4). (AH¥ and AS¥ parameters are listed in the
Appendix.)

Knowing the temperature dependence of Ti, it is
seen that the Ti. temperature dependence does not
account for the steep slope of carbons 5, 8, 4, and 6
(Figure 5). In addition, the effect of 7o} on the tem-
perature dependence of T»,~! (eq 13) must be considered.
Actually a wide range of values of 4/4 and 7,,® will fit
the temperature profile for carbons 5 and 8. However,
from eq 13 and 14 we can calculate the 7.} as at the
point of intersection of the two straight lines, 7. =
7y® (Figure 5, T ~ 22°). In addition, similar lines
describing T, and 7y*® for all the adenine ring carbon
nuclei must cross at the same temperature, i.e., all the
adenine carbon nuclei display the same exchange rate
ru®.  Therefore combining these requirements to-

(23) M. Rubenstein, A. Baram, and Z. Luz, Mol. Phys., 20, 67
(1971).

(24) G. H. Reed, J. S. Leigh, and J. E. Pearson, J. Chem. Phys., 55,
3311 (1971).

Tle_1

where
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gether with eq 13 and 14 leads to a reasonably unique
set of values for 4/ and ru®. These values are given
in Tables II and III together with AH*r and AS¥y

Table II. Scalar Coupling Constants for the Adenine Base
Carbon Nuclei of ATP*

C®) C(5) C4) C(6)
Alh,Hz 4.9 X105 49X 105 2.8X 105 1.2X 10

s The solution composition is: [ATP] = 0.3 M, [Mn] = 7.6 X
10-¢ M, [b] = 0.8[Mn]; [c] = 0.2[Mn].

Table III.  Activation Parameters and Rate Constant for
the Process® c 22 b

AHR¥F, kcal AS®¥, cal/deg
7.1 -1.2

= Evaluated at 27°, The solution composition is [ATP] = 0.3
M; [Mn] = 7.6 X 10~*M; [b] = 0.8[Mn]; [¢] = 0.2[Mn)].

1/7mR, sec™1

2.7 X 108

values. The A/h values observed for the interaction of
Mn(IIl) with the !'3C nuclei are of the same order of
magnitude as those observed between Mn(Il) with O
of H,0,!* 'H of H,0,!%! 3P in ATP,® and '3C in
pyruvate. ??

In Figure 5, the temperature profile of 7,,~! for car-
bons 5 and 8 is shown with the limiting values of ([b]/[a])-
™Y, C(c)/[a)Ti, and C([c}/[a]yrm®. It is found that
the best-fit values to the curve are obtained with 4/h =
49 X 10° Hz, 1/7,® = 2.7 X 107 sec—! at 27°, [b)/[a] =
0.8[Mn]/[ATP], and [c}/fa] = f/ = 0.2IMn]/[ATP] =
0.2f, where f = [Mn]/[ATP]. Hence not all of the
manganese ions interact with the adenine ring as was
originally believed’ but only 209 of the ions are com-
plexed to the ring.

Sternlicht and coworkers’ found that the exchange
rate of Mn(II) with the adenine ring was the same as the
exchange rate of the Mn(Il) with the phosphates and
interpreted this result as implying that the adenine
ring-metal ion bond was broken simultaneously as the
phosphate-metal ion bond. However, we have demon-
strated that this equality does not necessarily mean that
the bond with the adenine ring is made and broken at
the same rate as the bond with the phosphate groups.
But, as suggested by Frey and Stuehr,!! what was seen
by Sternlicht, et al.,” was a rate-determining interaction
of the metal ion with the phosphate oxygens followed
by a rapid interaction with a ring position. The life-
times obtained from proton resonances simply reflect
the slower process.

The T, measurements can be used to estimate the
conformation of the Mn-ATP complex and yield fur-
ther insight into the binding of Mn(II) to the adenine
ring. The determination of the distances between the
metal ion and the various carbon nuclei requires a
knowledge of f’ and 7. (eq 11). The lifetime 7. is the
“effective” rotational correlation time which may either
be (1) that of the phosphorus ligand,’ 7. ~ 1 X 10~° sec,
or (2) that of the water ligand in the Mn—-ATP solution,
Te ~ 3 X 10 sec.5 Calculated distances using both
7. values and f” are presented in Table IV along with the
recalculated proton-metal distances from the data of
Sternlicht, et al.”

(25) C. H. Fung, A. S. Mildvan, A. Allerhand, R. Komoroski, and
M. C. Scrutton, Biochemistry, 12, 620 (1973).

When 7, = 3 X 10~ sec, the correlation time of the
water ligands, the predicted distances are very short,
e.g., the manganese-C(8) distance is 2.5 A. Moreover,
we believe that 7. corresponding to the water proton
correlation time is too fast for both proton and carbon
nuclei of ATP as rotation about the Mn-water oxygen
bond is expected to exist.?® With the metal ion binding
to the ring as well as to the phosphate groups, 7. of the
carbon and proton nuclei is expected to be similar to
that of the phosphorus nuclei. In the earlier 'H nmr
study,” 7. of the water ligand correlation time was
believed to be correct for the distance calculations in-
stead of 7. of the phosphate groups because the latter
calculations gave distances that were too long to be
acceptable” Now comparing the distances found
knowing that only 20 97 of the manganese is ring bound
and that 7. is the phosphate correlation time (Table IV,
row II) with the distances from the molecular Mn—-ATP
model (Table IV, row 1II),# it is found that calculated
distances based upon nmr data are most consistent with
Mn(II) binding directly to the adenine ring at N(7).

In summary, nmr theory has been extended to the
three site exchange a = b = ¢ where [a] > [b] > [c].
The theory has been successfully applied to the Mn-
ATP system where species a, b, and ¢ are free ATP,
manganese~phosphate bound ATP, and phosphate-
manganese-ring bound ATP, respectively. This study
has shown that approximately 2097 of the manganese
ions are ring coordinated. Furthermore, longitudinal
relaxation studies have demonstrated that the correla-
tion times of the phosphate, proton, and carbon nuclei
are similar in value to those one might expect with the
metal ion-ring interaction being present. The results
of the longitudinal relaxation time study indicate that
the manganese ion binds directly to N(7) of the adenine
ring.

Experimental Section

Natural abundance 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 resonance of the solvent
was used as the lock signal. All measurements were carried out
under controlled temperatures using the Varian temperature con-
trol unit and were calibrated with a thermocouple before and after
each run. Samples were put in the probe at least 30 min before
the measurements were begun.

Transverse relaxation times were measured from the line widths
at half-height from the Fourier transformed spectra. For each
spectrum, 2000 free induction decay (FID) signals were stored in
16K (16384) data points over a corresponding frequency domain of
4000 Hz. The Digilab system yields 16K data points in the trans-
formed real spectrum by zero filling and carrying out a 32K trans-
form. (~0.25 Hz per data point over 4000 Hz). The pulse
widths and noise-decoupler offset values were optimized by maxi-
mizing the signal intensities at a reduced power of the noise de-
coupler.

Spin-lattice relaxation times were evaluated from proton de-
coupled partially relaxed Fourier transform spectra obtained
using the (—180° — 7 — 90° — T —), pulse sequence.%®~% For
each spectrum, 500 FID signals were accumulated. Least-squares

(26) A. R. Peacocke, R. E. Richards, and B. Sheard, Mol, Phys.,
16, 177 (1969).

(27) M. Sundaralingam, Biopolymers, 7, 821 (1969).

(28) R. L. Vold, J. S. Waugh, M. P, Klein, and D. E. Phelps, J. Chem.
Phys., 48,3831 (1968).

(29) R. Freeman and H. D. W, Hill, J. Chem. Phys., 51,3140 (1969).

(30) A. Allerhand, D. Doddrell, V. Glushko, D. W. Cochran, E.
Wenkert, P. J. Lawson, and F. R. N. Gurd, J. A4mer. Chem. Soc., 93,
544 (1971).
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Table IV. Metal-Nuclei Distances (A) for the Mn(IT)-ATP Complex
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Tos SEC f' = [c)/[a] C-6 C-4 C-5 C-8 H-8 H-2 H-1

3 X 107w 0.2fa 3.2+0.2 3.6 0.2 2.8+0.2 2.5+0.2 2.7 3.5 4.5

1 X 10~ 0.2f= 4.0=+0.2 4.4+0.2 3.4+0.2 3.1+0.2 3.40 4.4 5.7
Model study 4.0¢ 4.6¢ 3.4¢ 3.2¢ 3.3¢ 6.9¢

3.54 6.8¢4 6,54

e The value fis the ratio of the total manganese concentration to the ATP concentration. ? Proton-metal ion distances recalculated from
the data of Sternlicht, ez al.,” using f’ = 0.2f. ¢ The distances from the Mn(II) ion to the carbon and proton nuclei were calculated from the
molecular model by fixing the metal 2.3 A22 from N(7) in the same plane as the adenine base with the Mn-N(7)-C(5) bond angle equal to
135°. The adenine base bond lengths and bond aqgles were taken from X-ray studies (J. Kraut and L. H. Jensen, Acta Crystallogr., 16, 79
(1963). The error limits are estimated to be 0.3 A. ¢ Distances from the proposed model of the Mn~ATP complex as given by Sundara-

lingam.2” The error limits are estimated to be +0.3 A.

analyses were carried out on the data from 14 different r settings,
which yielded spin-lattice relaxation time values with standard
deviations less than 8%7. For small Ti values (<0.2 sec), each
spectrum was obtained from 5000 FID signals and each experi-
ment was repeated twice. The pulse widths were 100 and 50 usec
for the 180 and 90° pulses, respectively. The 13C pulse frequency
was offset in a way such that the signals to be studied were within
1500 Hz from the carrier.®! Therefore, for ATP, the carbon
signals in the adenine base region and the sugar region were mea-
sured separately.

ATP (disodium salt) of highest grade was obtained from Sigma
Chemical Co. Samples were purified by passing a 0.5 M ATP
(pH ~7) solution through a Dowex 50 exchange resin. ATP
solutions were then prepared in DO and were adjusted to a pD
of 7.0.52 Stock solutions of Mn(II) were prepared from Fisher
certified reagent MnCl,-4H,O crystals. The solvent (D,O) was
from Columbia Organic Chemical Co.

The ATP concentrations were determined by uv spectrometry
(émax 1.572 X 10¢ at 260 mu at pH 7). The metal solution was
added with calibrated H. E. Pedersen micropipets. The pH of the
solution was checked after the last addition of paramagnetic ions
and remained constant at pD 7.0 = 0.3. Samples with different
concentrations of Mn(II) ions were used for the relaxation time
experiments and the normalized data are given in Table I and
Figures 3 and 5.

The H,O proton line broadening experiments were carried out on
a 0.27 M ATP solution containing 2.0 X 10~% M Mn(Il) ions on a
Varian HA-100-15 nmr spectrometer at 100.0 MHz in the continu-
ous wave mode. The temperature was calibrated using a thermo-
couple.
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Appendix

The activation parameters and the rate constant for
the exchange of water molecules with the Mn-ATP-
aquo complex are listed in Table V. The proton cou-
pling constant A/A is 4.6 X 10% Hz.

Table V. Activation Parameters and Rate Constant for Water
Molecule Exchange®

AHF, keal AS¥, cal/deg
8.4 2.3

TH,0™ !, sec™?!
1.4 x 107

@ The calculations were carried out at 27° for a solution with
[ATP] = 0.27 M and fa,o = 1.1 X 10~% fa,o = n[Mn}/[H:0],
where n is the number of water molecules in the assumed complex
MnATP(H:0);. The proton frequency is 100.0 MHz,

The activation parameters (Table V) differ slightly
from the values obtained by Zetter, et al.®® Their
value of . at 30° (1.1 X 10~!2 sec) is too short since
substituting it into eq 14 at K-band frequencies, a de-
crease in T1.~! with increasing temperature is predicted.
However, this is contrary to the epr studies of Reed,
et al.,?* who observe an increase in the line width of the
epr signal with an increase in temperature. Therefore,
since Zetter, et al.,'® assumed that 7,.~! was indepen-
dent of temperature, their values of AH¥ and AS¥ are
in slight disagreement with the present work.
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