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species in solution at the low chelate concentrations used here
(0.007 to 0.009 M).

A detailed analysis of the CPE results reported in this study
must await further theoretical development of f-f optical ac-
tivity in dissymmetric lanthanide complexes. Almost nothing
is known about the mechanisms whereby lanthanide ion f-f
transitions acquire optical activity in a chiral ligand environ-
ment nor about the influence of specific chelate-solvent in-
teractions on optical activity in metal complexes in general.
It seems clear that both TE and CPE are very sensitive probes
for investigating chelate-solvent interactions and that they can
provide a great deal of qualitative (and, in some cases, semi-
quantitative) structural information not readily obtainable by
other techniques. However, the development of detailed and
specific spectra-structure relationships must await further
experimental and theoretical study.
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Proton Magnetic Resonance Study of Divalent Metal
Ions Binding to Adenosine 5’-Triphosphate
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Abstract: The monometallic Co?*, Ni2*, Mg2*, and Ca?* complexes with adenosine 5’-triphosphate have been investigated
by proton magnetic resonance. The experimental pD values were adjusted so as to have the adenine ring either protonated or
unprotonated, and the phosphate chain triple or fully ionized. The effect of ring protonation or the secondary phosphate hydro-
gen ionization on the metal-ring and metal-chain interactions has been studied. The formation of a bis M2*-ATP complex
was established. The equilibria equations involving the formation of 1:1 and 1:2 metal-ligand complexes and the nucleotide
molecules self-association are discussed, and a method for calculating the formation constants from the NMR shifts is present-
ed. A model for the bis complex, compatible with the experimental results, is proposed.

Nuclear magnetic resonance has been extensively used
in the study of adenine nucleotides and their metal complexes.2
Concerning the complexes of adenosine 5’-triphosphate (1) and

NHz
o o o H.—</N‘f\N'
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Hs Hy' s
0 0 o] Hq Hi

OH OH
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divalent metal ions, the main results may be summarized as
follows. The paramagnetic ions (Mn2*, Co2*, Ni2*) bind si-
multaneously to the three (a, 3, ) phosphates and to the ad-
enine ring.3-® The binding to the ring is not direct but via a
water molecule which is coordinated to the metal ion and hy-
drogen bonded to N7 of the adenine ring.?!0 In addition, the

metal complex contains another two water molecules in the
inner sphere of coordination.’-!' A more recent 13C NMR
study of the Mn2* complex of ATP indicated however a direct
binding of the manganese ion to the N ring nitrogen.!3 At high
total ATP concentration it was found that 1:2 metal-ligand
complexes are formed.!2!4 The diamagnetic ions (Mg?™,
Ca?*) were found not to interact with the adenine ring®!° and
their binding is to the 3 and vy phosphates® or to the 3 phosphate
alone.!®

ATP has two major ionization sites: the phosphate moiety
and the adenine ring. The three primary phosphate hydrogens
were estimated to have pK < 2,!7 and the final hydrogen was
found to have pK ~ 7.'8-23 Hence the major part of ATP will
be fully ionized (ATP4~) at pH Z 8. At a lower pH both
ATP*~ and ATP3~ will be present, and at pH < 5 the major
part will be ATP3~, 3!P NMR studies3¢!¢ revealed almost no
difference in the metal-phosphate interaction in the pH range
5.5-8.5. In the present work we show that the same is true also
regarding the metal-ring interaction. This metal-ring inter-
action, however, may be expected to depend on the ionization
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state of the ring. The pK associated with the ionization from
the protonated ring of ATP was found to be ~4.20-22 The
problem was to determine the site of protonation/ionization
in the adenine ring. Although some workers have claimed that
the ionization is from the protonated C¢-amino group,2%-21:25-27
it is commonly agreed that the proton ionization site is the
N;H* group.?®-31 We now present a study on the effect of the
ring protonation on the metal-ring interaction in divalent metal
complexes of ATP. The possibility of formation of 1:2 metal-
ligand complexes has been taken into account (for the para-
magnetic ions) and formation constants for the various pro-
cesses have been calculated.

Experimental Section

Materials. ATP (disodium salt) and adenosine (A) of highest grade
were obtained from Sigma Chemical Co. and were used without
further purification. The metal salts Co(NO3)»-6H,0 and MgCl,-
6H,0 were obtained from Merck and Ni(NO3)»6H-0 and CaCl,-
2H-,0 from BDH Chemicals. The salts were dried overnight by slight
heating in vacuo (to prevent decomposing). Stock solutions (2-3 M)
of the nickelous and cobaltous salts were prepared with D,O (99.7%)
as solvent and standarized by EDTA complexometry with murexide
as indicator. All other concentrations were determined gravimetrically.
The ATP concentrations used were in the range 0.06-0.09 M, the Ni2+
and Co?* concentrations varied from 1 X 1073 to 5 X 10~ M, and
those of Mg?* and Ca?* from 8 X 1072to 6 X 10! M. In the higher
Ca?* concentrations a small volume of precipitate appeared in the
APT solution and was dissolved after slight heating of the solution (to
about 50 °C). The pH was adjusted, using concentrated acid or base
solutions in D,0.

NMR Spectra. Proton magnetic resonance measurements were
recorded on a Bruker HFX-10 spectrometer operating at 90 MHz.
A trace of p-dioxane in the experimental solutions served as internal
reference for shift measurements. All the measurements were per-
formed at an ambient probe temperature of 27 °C, except for one case
(see below) when a temperature study was made. The temperatures
were stabilized by a Bruker B-ST 100/760 control unit and were
calibrated by measuring the peak separation of an ethylene glycol
sample. The experimental error in the field shift measurements was
taken as about 5% of the line width values but not less than | Hz. An
average of three or four measurements has been taken in order to
improve the overall accuracy.

Experimental pD. Considering the following equilibria between
ATP and D*(H") in D,0 solutions:

*DATP3~ = ATP3~ 4+ D*
ATP}~ = ATP*~ 4+ D*

pK’' ~4
pKN~ 7

where *DATP3~ denotes a protonated ring state, we have

3_
LATPY) e
[*DATP3")

4_

Accordingly, the experimental pD values, which are the pH meter
readings +0.4,32 were chosen to be: pD ~ 3 for the study of the
+*DATP3- species, pD 5-6 for the study of ATP3~, and pD ~ 8 for
the study of ATP4~.

Calculation of Formation Constants

Taking a solution containing divalent metal ions and ATP,
in appropriate pH (pD), so that the ATP-proton reactions can
be neglected, the major processes that take place are the for-
mation of 1:1 and 1:2 metal-ligand complexes and dimeriza-
tion of ATP molecules due to self-association.!233:34 (The
complexation and association of higher orders, i.e., ATP, and
M?2*-ATP,, n > 2, are neglected.) The equilibria and the
formation constants involved may be expressed as

[ML]

K\
M+LE=M
=ML IMIL]

K|=

M
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ML +L & ML, K, [MLI[L] 2)
K3 [ML,]
M+L, & ML Ky=—-=- 3
+L, <= 2 = IMI[La] 3)
L+L _’(6;4) L2 K4 = %:]2—1 (4)
KK, = K3K,4 (5

where M represents a divalent metal ion, L represents ATP in
any one of it’s ionization states (i.e., TDATP3~, ATP3~, or
ATP*), and [M] and [L] denote free concentrations. The
total concentrations Lo and M are given by

Lo=[L] +2[L,] + [ML] + 2[ML;] (6)
Mo = [M] + [ML] + [ML,] ™

Taking M to be a paramagnetic ion then under conditions
of fast chemical exchange (in the NMR scale) between free
and bound ligands, the following relation holds3’

AHp = (1 + Py~")AH, (8)

where AHp is the field shift between the signals of the free and
bound ligands, AH, is the observed coalescent signal shift with
respect to metal free solution, and Py is the mole ratio of bound
and nonbound ligands. In our case, having two types of com-
plexes, Py is given by

[ML] + 2[ML,]

Py = 9
M7 Lo — [ML] - 2[ML,] ®)
Substituting eq 9 in 8 we get
af, = ML+ 2MLy] (10)

Lo

It should be noted that in eq 10 an assumption has been made
that the ligands bound either in the 1:1 or the 1:2 complexes
undergo the same field shift. This assumption will be discussed
later on. In principle, by solving simultaneously eq 1-4 one can
get expressions for [ML] and [ML,] in terms of the formation
constants. Then, by fitting eq 10 to the experimental results
the formation constants may be calculated. Since eq 1-4
cannot be solved analytically, an approximate solution is re-

quired.
Equations 1 and 2 give
[ML] = K [M][L] (1
[ML,] = K1K,[M][L]? (12)

Substituting (11) and (12) in (7) gives
Mo = [M](1 + Ky[L] + K|K,[L]?) = [M] - Q(K1.K2,[L])
(13)

The concentrations of the various types present may be
written now as

[M] = Mo/Q (14)
[ML] = K \Mo[L]/Q (15)
[ML;] = K\ K:Mo[L]%/Q (16)
(L] = K4[L]? (17)

Lo = [L] + 2K4[L]? + Mo(K,[L] + 2K1K,[L]?)/Q (18)

(i) Linear Approximation Solution. In solutions where the
paramagnetic ion concentrations are small relative to the li-
gands, i.e., Mo << Lo, eq 18 reduces to the form

Lo = [L] + 2K4[L]? (19)
Hence [L] = L,(Lo,K4) == constnt. If K4 is independently

Granot, Fiat | Divalent Metal Ions Binding to Adenosine 5’-Triphosphate



72

.OBL
7’ Ay
/' \1"2 \\ /, Il
- ’
/
E .OZ(\ // \\ ,)(\ I/
j— \ / \A 1
[=3 AN /1 /&\ A 1
L, % H Ho /2 SN )
Ol N 2/ s/ MHy H
AN / Hy / \\ y X
\ e / AN
N\ / / VNS
N\ ’ / \ )I
0 Sadll i Y h, o
Huac
HDO

Figure 1. Proton magnetic resonance spectrum of ATP (0.081 M, pD 3,
27 °C) in metal free DO solution. In the upper part the paramagnetic
shifts induced by adding Co?* ions are shown. H,, H,, and H. indicate
ribose hydrogens. The uncertainty in the metal-free shifts of these protons
is £15 Hz. The scale markers are at 40-Hz intervals.
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Figure 2. Linear fit of measured field shifts (H,, H,’) for the Co?t-ATP
system at pD 3 ([ATP]o = 0.081 M) in the low metal concentration
range.

known, then L, can be calculated. If not, K4 may be taken as
zero and then L) ~ Lo. We now get

O1=1+KL, + K\K;L? (20)
[ML] = K1MoL1/Qh (21
[ML;] = K1K2MoL1%/Q: (22)
Substituting eq 20-22 in eq 10 we obtain
= a(AHp,K1,K2.L1)Mo  (23)

Plotting AH, vs. M will give a straight line with a slope a.
Applying this method for several solutions of different Lo will
enable evaluation of K; and K,. Another experimental method
is to choose Lo such that KyL; > 1, then eq 23 will reduce
to
(1 +2K,L)M,
AH, = ————AH

T+ KLl T
and K> may be derived. On the other hand, under the condition
K>Ly « 1,eq 23 will reduce to

(24)

AH, = 1Mo

=120 Ag
1+ KL, F

(25)

As may be expected the interpretation of eq 24 and 25 is that
in solutions dilute in the metal ions, but concentrated in ligand
molecules, the 1:2 metal-ligand complex forms the major part.
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Figure 3. Measured proton shifts in the Co2*-ATP system at pD 3
([ATP]o =0.081 M (@), [ATP]o = 0.070 M (0)). The data were fitted
by means of the nonlinear approximation method described in the text.

Table I. Formation Constants (in M~") of the 1:1 (K;) and 1:2
(K2, K3) Metal-ATP Complexes and of ATP Self-Association
(K4) at 27 °C

log K log K> log K3 log K4
Co?t- 2.40 +£0.20 195+ 360+ 080+0.20
ATP< (2.329) 0.15 0.20 (0.79)
Niz+- 2.85+0.25 1.20+ 328+ e
ATP< 0.08 0.20
Niz+- 2.85+0.25 132+ 338+ e
ATP? (2.72¢) 0.06 0.20

apD3.%pD5.5. ¢ Fromref 21. ¢ From ref 12. ¢ The value of K4
obtained from the CoATP study was used.

When the ligand is also dilute, the 1:1 complex is the more
abundant.

(ii) Nonlinear Approximation Solution. In order to solve eq
15 and 16 for [ML] and [ML;] in terms of the formation
constants, the value of [L] is needed. This can be done nu-
merically in the following way. A computer program calculates
for given M and Lo and for initial values for K, K», and K4
a value for [L] which fulfills eq 18. This value is used to cal-
culate [ML] and [ML;] (eq 15 and 16) which subsequently
are substituted in eq 10. This is repeated for all the metal ion
concentrations, and the calculated field shifts are compared
with the experimental results. The program then changes in
a systematic way the values of the formation constants and
repeats the above process until a best fit (in a least-squares
sense) between the calculated and experimental data is ob-
tained. This method is expected to be very fruitful if the metal
ion concentration range is suitably chosen, i.e., changing the
values of Mg so that the relative concentrations of the mono
and bis ATP complexes vary from [ML] «< [ML;] to [ML]
> [ML,]. It is important to note that while a priori knowledge
of AHp is needed in the nonlinear approximation, this may not
be required in the linear approximation (eq 23). Moreover, the
linear approximation may also be used to derive the values of
AHp. In the case of ATP complexes with Co2* and Ni?*,
values of AHp could have been directly measured and hence
the nonlinear apprximation could have been applied.

Results and Interpretation

Co2*-ATP. The proton spectrum of ATP at pD 3.0 is shown
in Figure 1. In the course of the experiment which consisted
of titration of ATP with Co?*.ions, the shifts of Hg, H», and
H’, and also those of other ribose protons, which we denote
as Hy, H, (a double line), and H;, were observed. (Another
ribose proton signal was obscured by the water signal.) Some
of the shifts were upfield and others downfield, relative to their
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Figure 4. Calculated concentrations of the various species present in the
ATP (0.081 M) solution as a function of added Co2* ion concentrations.
The formation constants from Table | were used.

Table II. Bound State Field Shifts (AHp), Line Widths (Avau),
and Metal-Proton Distances (R) for the CoATP (1:1) Complex at
pD 3¢

AHP, Hz Allzm, Hz R, A
H, 170+ 5 25+ 3 5.0
Hg —350 + 20 450 + 50 3.1
H/ 285+ 5 30+ 3 48
H. 11 +5 2443 5.1
H, —60 % 20 2443 5.0
H. —250 £+ 20 100+ 5 4.0

¢ H,, H,, and H. denote ribose hydrogens. Negative shifts are to
low field.

metal-free shifts, indicating the presence of both contact and
pseudocontact hyperfine interactions contributing to the shifts
(compare with the solely downfield shifts observed for the
NiATP complex, cf. Table V below). Since the chemical ex-
change of ATP in the cobaltous ATP system is fast34 the above
method for calculation of the formation constants could be
applied. Since the Hy and H; shifts could be observed
throughout almost the whole measuring range, they were thus
used for the calculation. First we applied the linear approxi-
mation solution assuming L; =~ Lo. It came out that eq 24 is
the appropriate one for this case. A least-squares fit of the
experimental results (Figure 2) for [Co2*]o << [ATP]p yielded
an average value of K, = 75 £ 20 M~! (log K, = 1.88). The
deviation of the higher concentration shifts from the straight
line in Figure 2 may be attributed to departure from the linear
approximation conditions. Next, the nonlinear approximation
was applied toall the Hy and H; experimental shifts (Figure
3). The formation constants obtained (an average of the two
data set results) are given in Table I. The relatively large errors
in the formation constants are due to “flatness” and relative
low sensitivity of the fitting function for large formation con-
stants. It should be noted, however, that although the published
errors for the formation constants determined by pH titration
are very small, the distribution of the various results is no better
than our error range.2 Using the derived formation constants,
the concentrations of the different species present in the ex-
perimental solution were calculated as a function of the Co?+
concentrations. The results are presented in Figure 4. It can
be seen that in our experimental solution the linear approxi-
mation (in the low Co?* concentration range) is partly fulfilled.
[L] is indeed approximately constants but [L;] is not zero, and
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Figure 5. Measured Hg field shifts (to low field) in the Co?*~ATP system
at pD 3 ([ATP]o = 0.081 M).
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Figure 6. Measured paramagnetic line width broadening in the Co**-ATP
system at pD 3 ([ATP]o = 0.081 M, [ATP] = 0.070 M (Q)). f = ([ML]
+ 2[ML:])/Lo. For f « 1, f~ Pp (see text). For f ~ 1, the bound line
widths were directly measured.

thus a lower value of K, was obtained. At low-metal concen-
trations the Co(ATP), complex predominates, but as the
concentration rises the CoATP complex becomes dominant.
Experimental values obtained for [Co?*]o Z [ATP] can thus
be assigned to the 1:1 metal-ligand complex.

The proton field shifts in the bound state (AHp) of the 1:1
compex are given in Table II. The H,, Hy', H,, H,, and H.
shifts were measured directly. Since the metal-free shifts of
H, and H; could not be determined accurately, the errors in
their paramagnetic shifts were accordingly noted. The shifts
of Hy (Figure 3) and Hg (Figure 5) were determined by a
least-squares fitting of eq 10 to their experimental results.

The line widths (Avyn) of the bound state (1:1 complex) are
given in Table I1. Except for Hg all the other line widths were
measured directly. The Hg line width was calculated in the
following way. Let Awy be the shift (in rad/s) between the
bound and the fast exchange coalescent signals and Ton ™!
(=mAvyn) the relaxation rate in the bound state, then for the
CoATP complex, Awp? 3> Tam~2 Hence, the paramagnetic
and exchange contributions to the relaxation rate of the non-
bound molecules (for [Co?*]y « [ATP]p) are given by3¢

sz_l = PMTzM_l + PMTMAwM2 (26)

where 7u is th mean lifetime in the bound state, Awy =~
2mAHp, and Py =~ ([ML] + 2[ML;])/Lo. Thus if we de-
fine

Avsp’ = Avsp — 4wPMTMAHp? 27

we get
Avop’ = PmAvsv (28)
The appropriate Py values for any Co2* concentration can be
calculated using the formation constants obtained above.

Equation 28 was fitted to the line widths of H, and H’ (Figure
6) to yield a mean value of (8 & 1) X 1073 s for 7). With this
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Figure 7. The field shifts (®) and paramagnetic line broadening (O) of

the signal of the coordinated water molecules in the Co?*-ATP system
at pD 3 ([ATP]o = 0.081 M).
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Figure 8. Proton field shifts in the Co2*-ATP system at pD 5.8 (@) and
pD 8.5 (0).

value, and the same fitting procedure, the Hg line width was
determined.

The transverse relaxation rate of the protons in the bound
ATP, being of a dipolar character,* is given by’

Tom™! = 4%S(S + Dh2g2Be>yn*R™¢Te (29)

where R is the metal-proton distance and T is the metal ion
unpaired electronic relaxation time. In eq 29 any anisotropy
in the Co?* g factor3® is neglected and an “effective” g is used.
Sternlicht et al.# estimated the relative error in the relaxation
rates, due to this, to be smaller than the factor 4. In order to
calculate the metal-proton distances eq 29 was used, assuming
g and T to have the cobaltous-aqueous complex values, hence
getting the relation,

szM(Hzo)]1/6 (30)

R(ATP) = R(H:0) [AWM(ATP)

The combined uncertainties in this method of calculation may
result in about 40-50% error in the metal proton distances. This
is quite an apprecible error, but since the relative distances are
reasonably reliable itis still worth calculating them. The values
obtained are given in Table I1. (The parameters for the co-
baltous aqueous complex are given in the Appendix.)

The solvent molecules (HDO) may also enter the metal ion
coordination sphere either in a pure aqueous complex, with
coordination number 6, or in the 1:1 and 1:2 metal-ligand
complexes, with coordination numbers Vy and V,, respectively.
The number of bound water molecules in either complex could
not be determined directly. However, an estimate of this
number can be made. Assuming that the coordinated water
in the three complex types undergoes the same field shifts
(AHp(H>0)), an assumption that will be considered later on,
the shifts of the bulk water molecules may be written as:

Table III. Calculated Number of Coordinated Water Molecules in
the 1:1 (N;) and 1:2 (N3) M2*-ATP Complexes

M2+ Ny N,
Co2t a.c 3.6 +0.1 3.5+0.1
Co2tad 3.1+£0.1 33+£02
Ni2+ ad 44+0.2 4005
Nj2+ b4 40+0.2 3805

@ pD 3. % pD 5.5. ¢ From shift measurements. ¢ From line width
measurements.

Table IV. Bound State Field Shifts (AHp), Line Widths (Avan),
and Metal-Proton Distances (R) for the CoATP (1:1) Complexes
at pD 5.8 and 8.5

AHP, Hz AUZM, Hz R,A

H> 230 £ 15¢ 24£3 5.0
245 £ 15% 25+£3 5.0

Hg —900 + 807 210 £ 30 3.5
—870 £ 80° 230 £ 30 34

H/’ 51459 2243 5.1
70 £ 5% 24£3 5.0

4pD5.8. ¢ pD8.5.

AH,(HDO) = Y%(6[M] + N1[ML]
+ N3[ML;])AHp(H,0) (31)

A similar relation may be written for Avyy(HDO):

Avam(HDO) = Yso(6[M] + N [ML]
+ N>[MLy]Avym(H20)  (32)

The bulk water shifts and line widths were analyzed by
means of eq 31 and 32 (Figure 7). The values obtained for the
coordination numbers are given in Table II1. As a coordination
number 2-3 is expected for the water in the CoATP com-
plex,%-!! our results may indicate: (a) shortening of the co-
baltous electronic relaxation time relative to the aqueous
complex (a similar result has been obtained from ESR mea-
surements in MnATP complex??); (b) a smaller paramagnetic
shift in the CoATP complex relative to the aquo complex. This
may be attributed to the presence of a pseudocontact contri-
bution in the ATP complex having a symmetry lower than
octahedral. But the major significance of the results lies in the
equality (within the error range) of the water coordination
numbers in the 1:1 and 1:2 complexes. This may be of impor-
tance in understanding the structure of the 1:2 metal-ATP
complex.

To complete the study of the cobaltous-ATP system at pD
3, additional experiments have been carried out by titrating
a Co2* solution (0.027 M) with ATP (in the concentration
range 5 X 1073 to 7 X 1072 M). The advantage of carrying out
these ATP titrations lies in the ability to measure the lower
field part of the CoATP spectra, since owing to the low metal
concentration the water signal is almost unchanged. Also line
broadenings due to susceptibility effects are absent. Indeed the
last ribose proton (denoted as H.’) was observed, its bound
state parameters being AHp = —170 £ 20 Hz, Avom =70 £
5 Hz, and R = 4.2 A. In addition, the bound Hg parameters
which could be directly measured were found to be AHp = 380
+ 15 Hz and Avam = 410 + 10 Hz, in good agreement with our
calculated values.

The observed H,, H,, H;, ad H.’ could not be unequivocally
identified with the appropriate ribose protons because their
metal-free shifts could not be determined accurately enough.
However, with reasonable certainty H, and H.” may be
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Figure 9. Proton field shifts in the Ni2*-ATP system at pD 3 ([ATP]o
= 0.082 M). All the shifts are to low field.
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Figure 10. Proton field shifts in the Ni?*~ATP system at pD 5.5 ([ATP],
= 0.082 M). All the shifts are to low field.

identified with the two Cs’ protons. In the anti-gauche-gauche
conformation of ATP in divalent metal com-
plexes,3340-42 Hy is the nearest proton to the metal ion followed
by Hs’ and Hs”. The metal-proton distances obtained above
for Hg, H., and H,’ are compatible with this conformation.
Also, H,, whose metal-free shift could be determined from its
paramagnetic shifts (Figure 3), may be identified with the Hy’
proton.*3 The two remaining H,, protons are then the ribose
H,’ and Hy'. This is quite reasonable since these two protons
are approximately equidistant from the metal ion in the
CoATP complex.

Additional study of the cobaltous ATP system has been
carried out at pD 5.8 and 8.5. In this pD range the proton sig-
nals for higher metal concentrations (i.e., [Co]o ~ [ATP]o)
were obscured by the water signal. Hence the bound state
parameters (AHp and Avyy) had to be calculated by least-
squares fitting of the low metal concentration shifts (Figure
8) with eq 10 and the line width data with eq 28 and 30. For
the pD 5.8 calculations we used the formation constants cal-
culated above, since the charge state of the ring is not expected
to affect the binding constants,** as indeed is confirmed by
comparison of our K value with that obtained by pH titration
(Table I). For the pD 8.5 calculations, the formation constants
reported in ref 10 and 32 were used. The results are summa-
rized in Table IV.

Ni2+-ATP. The experimental proton field shifts at pD 3 and
5.5 and the paramagnetic line broadening at pD 3 are shown
in Figures 9, 10, and 11, respectively. Examining the three
figures, a similar concentration-dependence character is ob-
served which may be interpreted as indication of the prevalence
of fast exchange conditions. First, in the whole experimental
range a single distinct signal is observed for each resonance,
which is shifted from the free to the bound state position. And
second, an attempt to fit the line widths with the general
relation4’

Ty Y = fa/Toa + M/ Tom + fafmMTMAwm?

where T is the relaxation time of nuclei in the uncoordinated
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Figure 11. Proton paramagnetic line broadening in the Ni2*-ATP system
at pD 3 ([ATP], = 0.082 M).

Table V. Bound State Field Shifts (AHp), Line Widths (Avanm),
and Metal-Proton Distances (R) for the NiATP (1:1) Complex at
pD 3,5.5,and 8.5

AHp, Hz Avam, Hz R, A

H, —32+ 3¢ 68 + 3 5.0
—25 £ 3% SIS 5.2

=20 £ 3¢ 50+ 5 5.2

Hg —70 £ 74 149 £ 10 4.2
—-35£ 3% 110+ 10 4.5

—-37 £+ 3¢ 120+ 10 4.4

H,’ —56 + 5@ 92+ 3 4.7
—23 & 3 74£6 4.9

—26 + 3¢ 78 £ 6 4.9

apD 3. %pD 5.5 < pD8.5.

Table VI. Calculated Bound State Line Widths in the 1:1 and 1:2
Ni2*-ATP Complexes at pD 3

AVzM(]), Hz AVzM(Z), Hz
H» 66 £2 68+ 3
H/’ 93+2 85+ 3

ligand, and fao = 1 — f; = (1 + Py) ™', revealed that the last
term is too small to have a significant contribution. The H, and
H, data were analyzed by the nonlinear approximation
method for the calculation of the formation constants. The
results are given in Table I. The bound state (1:1 complex)
parameters are given in Table V. It appears that in the NiATP
complex Thm ™2 >> Awm?, hence the relevant relation for the
line-broadening analysis is Avyp = Py Tam 136 Let AvymV
and Avym(? be the line widths in the bound state in the 1:1 and
1:2 complexes, respectively, then we have:

Avzp = ([ML] - Avym® + 2[ML;] - Avom) /Lo (33)

The H; and Hy’ line width data were analyzed with eq 33 to
yield the values of Avam(!) and Avam(® (Table VI).

The water coordination in the nickelous-ATP 1:1 and 1:2
complexes has been studied by fitting the line widths (Figure
12) with eq 32 (the water signal shifts were too small to enable
significant study). The results are given in Table III, indicating
a more pronounced shortening of the electronic relaxation time
in the nickelous relative to the cobaltous ATP complex.

We should point out that our results for the proton satura-
tion shifts in the NiATP complex are lower than those obtained
by Glassman et al.® and Sternlicht et al. from temperature
studies. It is our opinion however that temperature studies
should be very carefully interpreted and that simple temper-
ature-dependence assumption may be erroneous. To demon-
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Figure 12. The paramagnetic line broadening of the water coordinated
in the NiZ*-ATP system at pD 3 (@) and pD 5.5 (O).
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Figure 13. Temperature dependence of the H> (a) and H,” (a) field shifts
in 1:18 and in 1.1:1 (®, O respectively) Ni2*-ATP systems ([ATP]o =
0.082 M, pD 3).

strate this we studied the protons field shifts temperature de-
pendence of 1:18 and 1.1:1 Ni2*:ATP solutions (Figure 13).
(The paramagnetic shifts were measured relative to metal-free
ATP shifts in the appropriate temperatures.) The temperature
dependence of the shifts in the Ni?* diluted solution may be
interpreted* as governed by a chemical exchange process: as
the temperature is raised the exchange becomes more rapid
and the shifts of the bulk signals increase. In the limit of fast
exchange a 1/T dependence is expected.*¢ Clearly, the de-
crease of the shift (Figure 13) is much faster than predicted,
in a similar “anomalous” way as found in the CoATP com-
plex.* Moreover, in the study of the 1.1:1 solution the bound
signals were observed directly, and these are expected to shift
with 1/T dependence in the whole temperature range. The
results contradict this expectation completely. Taking into
account the possible degrees of freedom of the ATP mole-
cule*®47 and the complexation and self-stacking temperature
dependence we conclude that the temperature study of ATP
complexes reflects mainly conformational and complexational
changes rather than exchange controlled temperature behav-
ior.
Additional study of the nickelous-ATP complex at pD 8.5
yielded bound state parameters similar, within the error range,
to those obtained at pD 5.5 (Table V).

Mg?*-ATP and Ca?*-ATP. Measurements of proton field
shifts in the magnesium and calcium ATP complexes at pD 5.5
and 8.5 revealed no significant change (within the experimental
error) relative to the metal-free ATP solution, in accordance
with previous sudies.*% At pD 3 however significant shifts
were observed (Figure 14). The data were analyzed assuming
the formation mainly of 1:1 complex in the metal’s concen-
trations range investigated and using the binding constants
1020 and 10!! for the MgATP and CaATP complexes as de-
termined by fluorescence study at pH 2.8.4° The results are
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Figure 14. Measured proton field shifts in the M2+~ ATP system, M2+ =
Mg?t (@) or Ca?* (O). The shifts (to low field) are given relative to p-
dioxane ([ATP]o = 0.082 M).

Table VII. Proton Field Shifts in the Mg?*- and Ca2*-ATP (1:1)
Complexes at pD 3

M2+ H; Hg H/
Mg2+ —-4.2+0.2 -2.7+0.2 -7.4+£0.2
Ca?+ —7.6 £0.1 —-34+0.1 —12.7+0.5

given in Table VII. The broadening of the lines in either
complex was found to be negligible.

Co2*—ATP-Adenosine. The complexation of adenosine (A)
with Co?* in the absence and the presence of ATP has been
studied. The aim was to examine the possibility of the forma-
tion of a ternary Co?*ATP-A complex, i.e., to demonstrate
the ability of the CoATP monocomplex to bind a second
molecule via ring binding alone. The measurements were
performed at pD 2.5. (Adenosine has a pK ~ 3.6 for ring
protonation.2?:24) The effect of the cobaltous ions (0.040 M)
on the Hs, H,, and H |’ resonance of A (0.038 M) is shown in
Figure 15b. The very small effect (H; and H;’ were almost
unchanged and Hg only slightly broadened and downfield
shifted) is expected, considering the low formation constant
between A and divalent metal lons.2 Moreover the solvent
(HDO) signal was shifted downfield to an extent compatible
with the formation of a regular hexacoordinated cobaltous
aqueous complex. The adenosine binding is thus an outer-
sphere coordination. When ATP (0.009 M) was added to the
Co?*-A solution, a considerable effect on the A resonance
(with Hg undergoing the largest) was induced (Figure 15¢).
Clearly A which binds very weakly to the Co2* ion binds more
strongly to the CoATP complex. The dependence of the field
shifts of the Hg, H, and H|’ resonances of A, as well as that
of the solvent (HDO) on the concentration of ATP added to
the 1:1 Co?*:A solution, has been studied. The results are
shown in Figure 16. As the ATP concentration was raised more
A was bound and water molecules were expelled from the co-
baltous coordination sphere. This resulted in shifting the water
signal back upfield, and saturation was achieved at about half
the original shift, for 1:1 Co>*:ATP concentrations, indicating
that three water molecules were taken out from the aqueous
complex as the CoOATP complex was formed. However, as the
ATP concentration exceeded that of Co?* (and A), the com-
petition between the free ATP and the adenosine bound in the
ternary complex resulted in the latter being removed from the
complex, as is inferred from Figure 16. It should be noted,
however, that an ATP concentration-dependent irregularity
of the adenosine Hg and H shifts is observed. The Hg shift is
being saturated much faster than that of H, and “decays”
much faster for [ATP] > [A]. This phenomenon is not yet
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Figure 15. Proton magnetic resonance spectra of the Hg, H», and H’
resonances of A (0.038 M), pD 2.5, in (a) metal free solution, (b) with
0.040 M Co?*, (c) with 0.040 M Co?* and 0.009 M ATP. The shifts are
measured downfield from a p-dioxane internal standard.

|

completely clear to us and a more thorough examination is
needed.

In order to estimate the influence of the ring-ring interacton
on their resonance shifts in the Co?*-ATP-A complex the
above study was repeated, but Mg?* was used instead of Co?*.
The results shown in Figure 16 reveal that negligible shifts are
induced by one ring current on the second ring protons. We also
consider this to be the case in the bis M2*-ATP complex.

Discussion

(A) The Formation Constants. Comparing the formation
constant obtained for the metal complexes of ATP3~ and
+* DATP3~ (Table I), we find that the ring protonation does
not significantly affect the metals binding to ATP as reflected
in the formation constants. This implies that the main metal
binding site is the phosphate chain, and indeed the secondary
phosphate hydrogen ionization results in considerable changes
in the binding constants.?! It is interesting to note that in the
Co?*-ATP system K> < K, while in the Ni2*-ATP system
K; « K. In view of the bis complex model proposed below,
this may be attributed to a lower tendency of Ni** to form
outer-sphere complexes. As the ligand exchange mechanism
in metal complexes is expected to be mainly of the Sx1 type
and to a lesser extent Sn2, it seems to us that information on
the relative importance of the Sn2 process in the Co2*- and
Ni2*-ATP complexes (i.e., from thermodynamic study) may
contribute to the understanding of the bis complex. In a recent
potentiometic titration study, Frey and Stuehr> reported that
they found no evidence for a Ni(ATP), complex. In view of the
small value obtained for K, and the low concentrations (2-5
X 1073 M) they used, their results are now explicable.

(B) The Effect of Ring Protonation on the Metal-Ring In-
teraction. Evidence that ATP (and other nucleotides) has a
folded structure has been presented.!%:40:41.47 This folding
makes possible the formation of metal complexes in which the
metal binds simultaneously to the phosphate moiety and to the
adenine ring. However, the lack of variation of divalent metal
complex formation constants with variation of the ring struc-
ture,3! as well as the thermodynamic values obtained for sec-
ondary phosphate hydrogen ionization in ATP and other nu-
cleotides,’? indicates that in the pH range 6-9, i.e., in the un-
protonated ring state, the ring chain interaction is very small.
On the other hand, it has been suggested*-53-55 that when the
ring becomes protonated there is electrostatic interaction be-
tween the positive ring and the negative chain. Our results
provide additional evidence for interaction between the phos-
phate chain and the protonated ring, which subsequently en-
hance the metal-ring interaction. Inspecting the bound state
data of the Co?*- and Ni2*-ATP complexes at pD 3 and 5.5
(Tables I, IV and V), it is evident that the ring protonation
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Figure 16. The field shifts of the HDO and the adenosine Hg. H,, and H/’
_esonances as functions of the _elative concentration of added ATP to 1:1
Co?*:A and 3:1 MgZ+:A ([A] = 0.038 M) solutions. The shifts are mea-
sured downfield from a p-dioxane internal standard: (x) A alone; (O) A
+ Co?* + ATP; (A) A + Mg?t + ATP.

results in bringing the adenine ring nearerto the metal ion
(actually the ribose ring is also affected), i.e., an “over-folding”
of the ATP molecule is effected. This is revealed in broader line
widths and more pronounced hyperfine interaction shifts.
Comparing the changes in the proton field shifts it may be
concluded that the 1 /R? dependent pseudocontact interaction
is increased relative to the contact interaction. As to the dia-
magnetic metal complexes of ATP, the chain-ring interaction
causes enhancement of the metal-ring interaction to an extent
which is enough to be reflected in the proton field shifts. It
seems reasonable to assume that the diamagnetic metal ions
do interact with the adenine ring of ATP in a similar way to
the paramagnetic ions. However, since the diamagnetic effect
is very short ranged, the metal-ring interaction in the unpro-
tonated ring state may be too small to be reflected in the proton
shift. It should be noted that most of those who reject the as-
sumption of metal-ring interaction in diamagnetic metal-ATP
complexes® 1348 performed their measurements in the un-
protonated ring state. Recently Glassman et al.>¢ predicted by
using the generalized perturbation theory that the Mg2+ and
Ca?* jons may interact with the N or N3 ring nitrogens of
ATP (in contrast to the paramagnetic ions). Our results (Table
VII) are compatible with this prediction, as the Hg signal is
seen to be less affected by the ATP complexation with the
diamagnetic ions. Note that Hg and H are shifted to low field,
i.e., in the same direction as caused by the ring protonation.
This supports the assumption of the diamagnetic ions binding
to the ring (either directly or via a hydrogen bond to a coor-
dinated water), since the binding of a positive charge to a ni-
trogenous ring site may result in redistribution of the electronic
charge in the adenine ring, similar to ring protonation, hence
causing low-field shifts of the proton signals. As H," is the most
affected, it may imply that the diamagnetic ions interact with
the N of the ATP ring.

(C) The Effect of Secondary Phosphate Hydrogen Ionization
on the Metal-Ring Interaction. The measurements in the pD
range 5.5-8.5 indicate no significant change in the metal-ring
interaction as reflected in the proton-bound state parameters.
Thus, within the limits of the experimental error it can be said
that the secondary phosphate ionization does not affect the
metal binding to the adenine ring. This is compatible with the
small chain-ring interaction in this pD range as discussed
above. However, evidence for lowering the pK of the secondary
phosphate ionization due to the presence of a metal ion#4.37
provides an additional way of interpreting the lack of variation
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Figure 17. The proposed structure of the bis M2*-ATP complex. The
molecule presented by the dotted line lies beneath the other one.

of the NMR data (including 3!P results) in the concerned pD
range.

(D) The Paramagnetic M(ATP), Complex. The fundamental
assumption made as the basis for the analysis of our experi-
mental data was that the two ATP molecules in the 1:2metal
ligand complex are magnetically equivalent as far as the
metaling interaction is concerned. Actually, due to the fast
chemical exchange in the metal-ATP system, any differences
between these two molecules are averaged out. Thus, the above
assumption leads to the requirement that the average metal-
ring interaction in the bis complex would be similar to that in
the mono complex. The results for both the Co?*- and Ni?*-
ATP complexes demonstrate the validity of this assumption.
The measurements have been carried out over wide metal
concentration ranges, with the appropriate concentration of
the ATP complexes varying from the limit where M(ATP),
predominates to where MATP predominates. The ability to
fit the whole concentration range of the results with a single
set of parameters clearly indicates that within the experimental
error there is no significant difference between the metal-ring
interaction in the 1:1 and 1:2 complexes. Had there been a
significant distinction between the two, such as continuous
fitting could not have been possible.

The possible bis complexes having the metal ion equivalently
bound to the two adenine rings (it is to be remembered that the
binding is via a water molecule bridge) are: (a) simultaneously
binding to the phosphate chain and the adenine ring of both
ATP molecules, (b) binding to the phosphate chain of one ATP
molecule and to the adenine ring of the other,!? and (c) binding
to the phosphate chain and adenine ring of one ATP molecule
and to the ring of the other one. The first model is rejected on
the basis of the study of the coordinated water in the M2¥-
ATP system. If the metal were bound to the two phosphate
chains in the bis complex, then the number of coordinated
water molecules should have been reduced considerably rela-
tive to the mono complex. Our results (Table III) clearly
contradict this. Also, 3P NMR competition study of metal
complexation with ATP and AMP!2 negates the formation of
such a bis complex. The second model, from the point of view
of the metal-ring binding, is equivalent to the 1:1 complex and
could not be simultaneously fitted to both our low- and high-
metal-concentration results. Thus the only model for the bis
M?2*+-ATP complex consistent with all the experimental results
is the following. The metal ion binds directly (inner-sphere
coordination) to the three ATP phosphates and to three water
molecules. The adenine ring is outer-sphere coordinated via
a hydrogen bond to one of the coordinated water molecules and
the second ATP molecule is similarly outer-sphere coordinated

Table VIII. Bound State Field Shifts (AHp), Line Widths (Avanm),
and Metal-Proton Distances (R) in the Cobaltous and Nickelous
Aqueous Complexes at 27 °C

M2+ AHp(H,0), Hz Avan(H20), Hz R, Aa
Co?* —6270 + 30 692 + 20 28
Niz+ —642 % 10 2025 + 30 2.8

4 Calculated taking the metal-oxygen distance as 2.1 A, 0.96 A for
the oxygen-proton distance, and 104°24’ for the HOH angle.

by ring binding solely. The study of the adenosine binding to
Co?* confirms that the MATP complex can bind a second
ATP (or A) molecule only via ring binding. The expulsion of
A molecules from the ternary MATP-A complex by excess
ATP molecules proves unequivocally that a bis M(ATP),
complex is formed. It also indicates that ATP is a stronger
competitor than A for outer-sphere cordination; hence the
phosphate chain plays some role in stabilizing the outer-sphere
coordinated molecule apparently through a bridging interac-
tion with the ribose of the other ATP molecule. The bis com-
plex is however mainly stabilized by the base stacking of the
two ATP rings. Recent study of the intramolecular interactions
of adenosine 5’-monophosphate’® showed that self-association
of two nucleotide molecules occurs through vertical stacking
involving almost 100% base overlap, while the phosphate
moieties are well apart. On the basis of these and our results
a proposed structure of the bis M2+*-ATP complex is given in
Figure 17.

Conclusions

It is confirmed that metal ions bind ATP predominantly
through metal chain interaction and that ring protonation does
not affect this interaction. Secondary phosphate ionization,
though it has considerable effect on the binding constants, has
no significant effect on the chain or metal interactions with the
unprotonated ring. The adenine ring protonation causes
“over-folding” of the ATP molecule; hence it causes the metal
ion and the ring to come closer. This is reflected in enhanced
hyperfine interactions experienced by the ring (and ribose)
protons. In the M2*-ATP system with an excess of nucleotide
concentration, a bis complex is formed in which the phosphate
chain (and three water molecules) of one ATP is inner-sphere
coordinated, and the adenine rings of both ATP molecules are
outer-sphere coordinated through a water bridge.
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Appendix

The bound state parameters of water coordinated in the
Co2* and Ni2* aqueous complexes were needed for the scaling
part of the M2*-ATP results. Field shift and line width mea-
surements have thus been carried out at a temperature of 27
°C, using metal ion concentrations in the range 1072-5 X 10!
M. The derived bound-state parameters are given in Table
VIIL

References and Notes

(1) Address correspondence to this author.

(2) For a completed survey ot the adenine and adenine-nucleotides Interactions
with metal ions the reader |s referred to the reviews by: (a) R. Phillips, Chem.
Rev., 68, 501(1966); (b) R. M. Izatt, J. J. Christensen, and J. H. Rytting, ibid.,
71, 439 (1971).

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

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

(5) R. G. Shulman and H. Sternlicht, J. Mol. Biol., 13, 952 (1965).

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

(7) M. J. Heller, A. J. Jones, and A. T. Tu, Biochemistry, 9, 4981 (1970).

Journal of the American Chemical Society | 99:1 / January 5, 1977



(8) F.F.Brown, J.D.Campbell, R. Hensen, C. W. J. Hirst, and R. E. Richards,
Eur. J. Biochem., 38, 54 {(1973).

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

(10) G. P.P. Kuntz, T. A. Glassman, C.Cooper, and T. J. Swift, Biochemistry,
11, 538 (1972).

{(11) M. S. Zetter, H. W. Dodgen, and S. P. Hunt, Blochemistry, 12, 778
(1973).

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

{(13) Y. Lam, G. P. P. Kuntz, and G. Kotowycz, J. Am. Chem. Soc., 96, 1834
(1974).

(14) V. Wee, |. Feldman, P. Rose, and S. Gross, J. Am. Chem. Soc., 96, 103
(1974).

(15) J. A. Happe and M. Morales, J. Am. Chem. Soc., 88, 2077 (1966).

(16) T. Son, M. Roux, and M. Ellenberger, Nucleic Acid Res., 2, 1101

(1975).

P. George and R. Rutman, Prog. Biophys. Biophys. Chem., 10, 1{1960).

M. Smith and R. A. Alberty, J. Am. Chem. Soc., 78, 2376 {1956).

C. Melchior, J. Biol. Chem., 208, 615 {1954).

E. Martell and G. Schwarzenbach, Helv. Chim. Acta, 39, 653 (1956).

M. T. Khan and A. E. Martell, J. Phys. Chem., 66, 10 (1962).

L. Khalil and T. L. Brown, J. Am. Chem. Soc., 86, 5113 (1964).

C. Phillips, P. George, and R. Rutman, Blochemistry, 2, 501 (1963).

R. A. Alberty, R. M. Smith, and R. M. Bock, J. Blol. Chem., 193, 425

(1951).

(25) G. E. Cheney, H. Freiser, and Q. Fernando, J. Am. Chem. Soc., 81, 2611
(1959).

(26) S.Lewin and N. W. Tann, J. Chem. Soc., 1466 {1962).

(27) S. Lewin, J. Chem. Soc., 792 (1964).

(28) C. D. Jardetzky and O. Jardetzky, J. Am. Chem. Soc., 82, 222 (1960).

(29) (a) W. Cochran, Acta Crystallogr., 4, 81(1951); (b) J. Kraut and L. H. Jensen,
ibid., 16, 79 (1967); (c) O. Kennard et al., Nature (London), 225, 333
(1970).

(30) G. Zubay, Biochem. Biophys. Acta, 28, 644 (1958).

(31) J. J. Christensen, J. H. Rytting, and R. M. |zatt, Biochemistry, 9, 4207
(1970).

(32) P.K. Glasoe and F. A. Long, J. Phys. Chem., 64, 188 (1960).

R.
N.
A.
M.
F.
R.

79

(33) M. P. Schweizer, A. D. Broom, P. O. P. Ts’o, and D. P. Hollis, J. Am. Chem.
Soc., 90, 1042 (1968).

(34) A.D.Broom, M. P. Schweizer, and P. O. P. Ts’o, J. Am. Chem. Soc., 89,
3612 (1967).

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

(36) J. Granot and D. Fiat, J. Magn. Reson., 15, 540 (1974).

(37) A. Abragam, ''The Principles of Nuclear Magnetism’’, Oxford University
Press, London, 1961, Chapter 8.

38) H. Sternlicht, J. Chem. Phys., 42, 2250 (1965).

39) M. J. Heller, A. J. Jones, and A. T. Tu, Biochemistry, 9, 488 (1970).

40) M. Sundaralingam, Blopolymers, 7, 821 (1969).

41) F. E. Evans and R. H. Sarma, FEBS Lett., 41, 253 (1974).

42) O.E. Millner, Jr., and J. A. Andersen, Biopolyrmers, 14, 2159 (1975).

43) (a) |. Feldman and R. P. Agarwell, J. Am. Chem. Soc., 90, 7329 (1968); (b)

P. Tanswell, J. M. Thornton, A. V. Korda, and R. J. P. Williams, Eur. J.
Biochem., 57, 135 (1975).

) V. Handschin and H. Bintzinger, Helv. Chim. Acta, 45, 1037 (1962).

) A. C. McLaughlin and J. S. Leigh, Jr., J. Magn. Reson., 9, 296 (1973).

) H. M. McConnell and R. E. Robertson, J. Chem. Phys., 29, 1361 (1958).

)

)

(
(
(
(
(
(

N. Yathindra and M. Sundaralingam, Biopolymers, 12, 297 (1973).
M. S. Hammes, G. E. Madel, and J. S. Waugh, J. Am. Chem. Soc., 83, 2394
961).

(

S. Watanabe, L. Evenson, and |. Gulz, J. Biol. Chem., 238, 324 (1963).

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

E. Walaas, Acta Chem. Scand., 12, 528 {1958).

R. Phillips, F. Eisenberg, P. George, and R. S. Rutman, J. Bio/. Chem., 240,

4393 (1965).

(53) B. H. Levendahl and T. W. Samer, Biochim. Biophys. Acta, 21, 298
(1956).

(54) K. Hotta, J. Brahms, and M. Morales, J. Am. Chem. Soc., 83, 997
(1961).

(55) M. F. Morales and S. Watanabe, The Myocardium, New York Heart Asso-
ciation, 1960, p 360.

(56) T. A. Glassman, G. Klopman, and C. Cooper, Biochemistry, 12, 5013
(1971).

(57) G. Weitzel and T. Spehr, Happe-Seyer's, Z. Physlol. Chem., 313, 212
(1958).

(58) F. E. Evans and R. H. Sarma, Biopolymers, 13, 2117 (1974).

—

Studies of Proteins in Solution by Natural-Abundance
Carbon-13 Nuclear Magnetic Resonance. Spectral
Resolution and Relaxation Behavior at High Magnetic

Field Strengths

Raymond S. Norton, Arthur O. Clouse, Robert Addleman, and Adam Allerhand*

Contribution No. 2883 from the Department of Chemistry, Indiana University,
Bloomington, Indiana 47401. Received June 7, 1976

Abstract: Natural-abundance '3C nuclear magnetic resonance spectra of hen egg-white lysozyme at 63.4 kG are compared
with spectra at 14.2 kG. The increase in resolution when going from the low to the high field is much greater for aliphatic and
methine aromatic carbon resonances than for carbonyl and nonprotonated aromatic carbon resonances. This result is consis-
tent with experimental and calculated spin-lattice relaxation times, which demonstrate the dominance of chemical shift anisot-
ropy as a relaxation mechanism for nonprotonated unsaturated carbons of a native protein at magnetic field strengths much
above 40 kG. For the aliphatic and methine aromatic carbons, the '3C-'H dipolar relaxation mechanism should be dominant

at all magnetic field strengths now available for NMR.

Most 13C nuclear magnetic resonance studies of proteins
have been carried out at low magnetic field strengths, such as
14.21-3 or 23.5 kG.** With the increased availability of
high-field high-resolution Fourier transform NMR spec-
trometers,%” it becomes important to evaluate the effect of high
magnetic field strengths on the information content of 13C
NMR spectra of proteins. It is not necessarily true that reso-
lution and sensitivity will automatically increase with magnetic
field strength. It has been suggested® that, for some carbons
of native biopolymers, sensitivity at high magnetic field
strengths (such as 50-90 kG) may be adversely affected by
long spin-lattice relaxation times (7). This suggestion was
based on the assumption of purely 13C-1H dipolar relaxation
for all carbons. It is now well documented that, in general, this

relaxation mechanism is dominant for 13C resonances of pro-
teins at 14.2 kG, even when dealing with nonprotonated car-
bons.2 However, there is evidence that at 63.4 kG chemical
shift anisotropy (CSA) contributes strongly to the relaxation
of nonprotonated unsaturated carbons of organic molecules
in solution.” If, as expected, CSA is also the dominant relax-
ation mechanism for some carbons of a protein (at high field),
then the T values of these carbons may be significantly shorter
than predicted on the basis of the 13C-!H dipolar mechanism.
However, the dominance of the CSA relaxation mechanism
will adversely affect the use of high magnetic field strengths
for improving spectral resolution (see below).

In this report we present natural-abundance '3C Fourier
transform NMR spectra and spin-lattice relaxation data for
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