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from the AM, = 2 transition. This result indicates
that copper has migrated from the native copper site
of one subunit to the vacant zinc site of another subunit,
forming the imidazolate-bridged binuclear unit found
in Cuy,Cu,SOD. The disappearance of the Cu,E,SOD
signal fits a titration curve for a single ionizable group
with a pK, of 8.2. This pK, could represent the de-
protonation of histidine-61, a necessary step in forming
the bridged species. The visible absorption spectrum
of Cu,EsSOD changes at high pH to that characteristic
of CuyCu,SOD, providing additional confirmation of the
interpretation of the ESR results.

The migration of copper at pH >7 means that studies
of Cu,E;SOD conducted at alkaline pH were actually
carried out on dicopper subunits and apoprotein sub-
units. Earlier work on the activity and thermal stability
of Cu,E;SOD must therefore be reevaluated. The
specific activity of Cu,E,SOD at pH 6.0, where no di-
copper active sites are present, was found to be 80%
of that of CuyZn,SOD, confirming that zinc is not es-
sential to enzymatic activity.

Visible and ESR spectra indicate that, below pH 4,
CuyZn,SOD and CuyCu,SOD lose the metal in the zine
site giving Cu,E;SOD.* The different metal binding
preferences of the copper and zinc sites at low pH
makes possible the preparation of metal-substituted
derivatives of SOD having specific metals in each site.
The difference in metal binding properties of the two
sites and the metal migration observed at pH >7 may
be important if the true function of the protein is
something other than superoxide dismutation.®

(65) Fee, J. A. Trends Biochem. Sci. 1982, 7, 84.

Toward the Future

We have shown the value of model compounds in
elucidating the properties of the imidazolate-bridged
bimetallic center in SOD. Especially important were
the binucleating macrocycles A and A’ which stabilized
the Cuy(im)3* unit over the physiological pH range in
aqueous solution. Using ligands of this kind it should
be possible to build models for other ligand bridged
bimetallic centers in biology. A step in this direction
has been taken with the synthesis and characterization
of [Cuy(OH)(C10,) C AJ?*. This monohydroxo-bridged
strongly antiferromagnetically coupled dicopper(1l)
complex has spectroscopic and magnetic properties
similar to those of binuclear copper sites in other pro-
teins.® Two metals in a binucleating macrocycle could
also promote new chemistry of significance to areas
apart from biological ones. The future of this field
holds considerable promise.
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Nucleoside triphosphates, most frequently adenosine
triphosphate, play a central role in the bioenergetics of
the cell. As shown in Figure 1, the formation of ATP
from ADP and inorganic phosphate is coupled with
energy-producing reactions such as oxidation through
the electron-transport system, photophosphorylation,
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and glycolysis. Conversely, the expenditure of the
chemical potential energy of the nucleoside tri-
phosphates by conversion to diphosphates and inor-
ganic phosphate, or alternatively the monophosphate
and inorganic pyrophosphate, is coupled to many en-
ergy-requiring processes. Those processes that are
characterized by the transfer of chemical energy derived
from hydrolysis of nucleoside triphosphate to other
forms of energy, such as mechanical work in muscle
contraction, translocation during protein synthesis, or
ion transport by the Na*t, K*-ATPase, are of necessity
complex processes of cellular organelles. However,
those processes in which chemical energy is transferred
for endergonic chemical reactions, such as biosynthesis

* Address correspondence to Institute of Cancer Research, Philadel-
phia, PA 19111.
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Figure 1. Role of ATP in cellular processes.
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Figure 2. Structures of phosphorothioate analogues of ATP:
ATPaS, R and S diastereomers, ATPSS, R and S diastereomers,
and ATP+S.

of macromolecules and phosphoryl transfer in metabolic
regulation, are in general simpler and, consequently,
more amenable to detailed analysis at a molecular level.

Among the attempts to specify the detailed mecha-
nism of the multitudinous enzymic reactions with
adenosine 5'-triphosphate (ATP) as substrate, the
substitution of the obligatory divalent Mg ion by other
active divalent ions and of ATP by active analogues of
ATP has been highly rewarding. The phosphorothioate
analogues of ATP shown in Figure 2 were first intro-
duced by Eckstein and co-workers,! and many of their
properties and applications to biochemical problems
have been reviewed.? The unique characteristics of
these analogues that have proven particularly useful
include the following: (a) the phosphorus bearing the
substitution in ATPaS? and ATPSS (see Figure 2) is
chiral in nature; (b) for a given diastereomer the metal
chelates differ in their geometric configuration for hard
and soft metal ions with their respective preference for
O and S ligands as shown in Figure 3; (¢) three ana-
logues of ATP become available by sulfur substitution

(1) (a) Eckstein, F. J. Am. Chem. Soc. 1966, 88, 4292. (b) Eckstein,
F.; Goody, R. S. Biochemistry 1976, 15, 1685.

(2) (a) Eckstein, F. Acc. Chem. Res. 1979, 12, 204. (b) Eckstein, F.
Trends Biochem. Sci., Pers. Ed. 1980, 5, 157. (c) Knowles, J. R. Annu.
Rev. Biochem. 1980, 49, 877. (d) Frey, P. A. 1982, Tetrahedron, in press.
(e) Webb, M. R. Methods Enzymol. 1982, in press.

(3) The following abbreviations are used: ADPSS, adenosine 5-0-(2-
thiodiphosphate); ATPaS, adenosine 5’-O-(1-thiotriphosphate); ATPSS,
adenosine 5-0-(2-thiotriphosphate); ATP+S, adenosine 5-0-(3-thiotri-
phosphate).
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Figure 3. The metal chelate configurations, A or A, of 8,y bi-
dentate ATPSS diastereomers with oxygen and sulfur ligands,
respectively.

on a nonbridge oxygen of a- or 8- or v-phosphate (see
Figure 2); and (d) the free energy difference between
MgATPSS and MgADPSS differs from that between
MgATP and MgADP by more than 2 kcal.

Investigations of the stereochemical course of a va-
riety of enzymic ATP reactions, i.e., retention or in-
version of configuration at a chiral phosphorus, using
diastereomeric phosphorothioate analogues have been
reviewed? and will not be discussed further. This Ac-
count will focus on three other aspects of enzymic
mechanism that are revealed by (a) stereoselectivity and
its metal ion dependence for the diastereomeric forms
of ATPaS and ATPSS, (b) the effects that different
metal ions have on reaction rates resulting from sub-
stitution of an oxygen by S on o-, 8-, or v-P, and (¢) the
shift in equilibrium constant for ATPSS relative to ATP
in reactions where the triphosphate is converted to the
diphosphate.

Stereoselectivity

The absolute configurations have been established for
both ATP«S* and ATPSS® diastereomers. Many ex-
amples of stereoselectivity have accumulated in the past
5 years for both major types of cleavage of ATP(S)
species (1) at the terminal O-P bond (phosphoryl
transfer) and (2) at the «,8-P-O bond (adenylyl
transfer) as shown:

adenylyl
transfer

phosphory!
transfer

The results of early work showing low stereospecificity
should be viewed with caution because the diastereo-
mers were not always sufficiently stereochemically pure.
Contamination of an inactive diastereomer with even
a few tenths of 1% of the active one is particularly
serious in cases of high selectivity: a factor of 100-1000
in the rates is not unusual, but the Michaelis-Menten
constants (Kyy) usually vary only by a factor of 2-5.

For the dozen phosphoryl-transfer reactions (kinases
and synthetases) investigated, there is no consistency

{4) Burgers, P. M. J.; Sathyanarayane, R.; Saenger, W.; Eckstein, F.
Eur. J. Biochem. 1979, 100, 585.
(5) Jaffe, E. K.; Cohn, M. J. Biol. Chem. 1978, 253, 4823.
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Table I
Stereoselectivity and Its Metal Dependence of Some Kinase Reactions for the ATPaS and ATP3S R and S Diastereomers

Type I [Metal Dependence «-S(—), 5-8(+)]

ATPaS ATPsS
JL selectivity® VsiVr selectivity?®
kinase Mg Cd Cd/Mg Mg Cd Cd/Mg ref
acetate 4.6 52.5 11.4 <0.0006 1.1 0.00066 8
adenylate 8.9 9.7 1.16 8.9 0.035 3.2 22
hexokinase 20.4 23 1.13 0.0017 36.7 0.062 5
Type II [Metal Dependence «-S(+), 8-S(~)]
Mg Zn Zn/Mg Mg Zn Zn/Mg
3-P-glycerate 235 0.98 0.0043 1000 3000 3 7
Type III [Metal Dependence a-S(+), 8-S(+}]
Mg Cd Cd/Mg Mg Cd Cd/Mg
arginine 0.092 9.8 0.90 0.041 137 5.6 23
creatine 0.12 3000+ 0.016 41.7° 24

@ Stereoselectivity is defined as the ratio of the Vi, values of the more active substrate to the less active substrate and the
ratio of selectivities for Cd to Mg are listed. P Initial rates at 1 mM nucleotide concentration.

either qualitatively or quantitatively in the stereose-
lectivity. The preference is almost evenly divided as
shown in Table I between the R and S diastereomers
of both MgATPaS and MgATPBS (see Figure 2).
Quantitative values of stereoselectivity, i.e., ratios of
rates, are meaningful only if Ky and V,,,, (the rate at
substrate saturation) have been determined for highly
purified diastereomers; values at a single concentration
may be misleading because of differences in Ky and in
substrate inhibition. Evaluation of stereoselectivity by
measurement of relative amounts of each diastereomer
of ATP(S) formed from ADP(S) is invalid since the
ratio will be time dependent and will approach the
equilibrium value of 1 in all cases. Wide variations in
the degree of stereoselectivity have been reported for
kinase reactions (cf. Table I). The stereoselectivity ratio
for MgATPasS in the fructose-6-P kinase reaction® is
about 2 and in the 3-P-glycerate kinase reaction’ it is
235. With MgATPgSS as substrate, in the fructose-6-P
kinase reaction® again a preference of about 2 is found
for one diastereomer whereas in the acetate kinase re-
action the preference is greater than 1600.%

The relative rate patterns of ATP and the ATPSS
diastereomers in reactions involving phosphorylated
enzyme (E~P) intermediates have proven to be espe-
cially informative. For example, in the hydrolysis at
the terminal O-P bond of nucleoside triphosphates
catalyzed by sarcoplasmic reticulum Ca®*,Mg?*-AT-
Pase® and by Escherichia coli alkaline phosphatase!’
the rates are the same for ATP and for the two dia-
stereomers of ATPSS. In both cases, the identity of
rates for the three nucleotides implies that nucleoside
tri- or diphosphate is not involved in the rate-deter-
mining step. However, not all phosphoryl transfer re-
actions that involve an E-P intermediate exhibit this
pattern. For example, dog kidney Na*,K*-ATPase®
shows no stereoselectivity between the ATP3S diaste-
reomers, but the rate for both is about half that for
ATP. This suggests that a step involving the nonchiral
ADPSS is probably rate determining for this ATPase.
Nucleoside diphosphokinase, which also involves an

(6) Ngoc, L. D.; Jebeleanu, G.; Barzu, O. FEBS Lett. 1979, 97, 65.
(7) Jaffe, E. K.; Nick, J.; Cohn, M. J. Biol. Chem. 1982, 257, 7650.
(8) Romanuik, P. J.; Eckstein, F. J. Biol, Chem. 1981, 256, 7322.
(9) Pintado, E.; Scarpa, A.; Cohn, M. J. Biol. Chem., in press.

(10) Taylor, J. S.; Cohn, M., unpublished experiments.

E-P intermediate, reveals yet another pattern, namely
high stereoselectivity for ATPSS R.}° This finding
suggests that the formation of E-P may be the rate-
determining step in this case.

For those hydrolytic reactions where no evidence
exists for a phosphorylated intermediate and stereo-
chemical inversion? indicates a one-step reaction, ste-
reoselectivity is invariably observed. One such example
is provided by myosin subfragment S1!! involved in
muscle contraction: &.4(S)/k4(R) is 0.058 for ATPaS
and >70 for ATPBS. Similarly for the chloroplast
light-induced, proton-transporting ATPase,'? the ratio
Vs/ Vg is 34 for ATPaS and 19 for ATPSS. For the
mitochondrial ATPase and the chromaffin granule
ATPase, the rates for ATPSS R were 3% and 30% of
ATP, respectively, and the activity of ATPSS S was
undetectable.’ In all of these cases, a step involving the
chiral substrate does contribute to the overall rate. A
detailed analysis of the rates of individual steps in the
ATPase reaction catalyzed by myosin subfragment S1
has been reported.!!

In an examination of the stereoselectivity of the
adenylyl transfer reactions, some interesting patterns
emerge. With MgATPaS as substrate for macromo-
lecular synthesis including DNA,® RNA polymerases,
polynucleotide phosphorylase,'® and tRNA nucleotidyl
transferase,' the S isomer is greatly preferred. The
aminoacyl-tRNA synthetases catalyze two partial re-
actions, an adenylyl transfer to form enzyme-bound
aminoacyladenylate followed by an acyl transfer to
tRNA.

E + ATP + amino acid == E-aminoacyl-AMP + PP;
(1)

E-aminoacyl-AMP + tRNA =
aminoacyl-tRNA + AMP + E (2)

(11) Goody, R. S.; Hofmann, W. J. Muscle Res. Cell Motil. 1980, 1,
101.

(12) Strotmann, J.; Bickel-Sandkétter, S.; Edelmann, K.; Eckstein, F.;
Schlimme, E.; Boos, K. S.; Liistorff, J. Biochim. Biophys. Acta 1979, 545,
122.

(13) Burgers, P. M. J.; Eckstein, F. J. Biol. Chem. 1979, 254, 6889.

(14) Armstrong, V. W.; Yee, D.; Eckstein, F. Biochemistry 1979, 18,
4120.

(15) Burgers, P. M. J.; Eckstein, F. Biochemistry 1979, 18, 450.

(16) Eckstein, F.; Sternbach, H.; von der Haar, F. Biochemistry 1977,
16. 3429.
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Table II
Relative Rates (V) of Mg(II)- Activated Reactions
Catalyzed by E. coli Aminacyl-tRNA Synthetases

methionyl enzyme!®

valyl enzyme!™®

amino- amino-
substrate acylation interchange acylation interchange
ATP 100 100
ATP+S 21.4 nd?® 57.6
ATPSS R 114 nd nd nd
ATPsS S 3.3 3.6 10.7 69.5

% nd, not detectable.

For about 20 such synthetases investigated, preference
for MgATPaS S or R is about equally divided, with a
few showing very low stereoselectivity and a few very
high selectivity in the overall aminoacylation reaction.”
With the normal substrate, MgATP, the first partial
reaction (eq 1) is generally 1 or 2 orders of magnitude
faster than the second. With MgATPaS as substrate,
the relative rates of the two partial reactions have not
been determined. Consequently, it is not known
whether the observed stereoselectivity in the overall
reaction has contributions from both partial reactions
or only one of the two.

The interpretation of observed stereoselectivity for
ATPSS in adenylyl-transfer reactions is complicated by
the possibility of a rapid stereoselective conversion of
ATPBS to ATP~S concurrent with the adenylyl transfer
and pyrophosphate formation. Such a complication
arose in the aminoacyl-tRNA synthetase investigation
from a novel reaction designated the interchange re-
action catalyzed by these enzymes,!’*18 namely an in-
terchange of the 8-P and y-P groups resulting in the
conversion of ATPSS to ATP~S. The equilibrium be-
tween ATPSS and ATP+S lies far toward ATP~S, and
the latter’s conversion to ATPSS is not observable. The
interchange reaction occurs in the absence of tRNA, and
it has been shown!® that it is not due to the reversal of
the first partial reaction (eq 1), i.e., E-aminoacyl-AMP
+ PP(8); = ATP~S + amino acid + AMP. It will be
noted from Table II that (a) the rate of aminoacylation
with ATP~S as substrate is faster than with ATPSS
and (b) for the valyl enzyme, the S isomer is preferred
in the interchange reaction but the R isomer is preferred
in the overall aminoacylation reaction. The conse-
quence of these properties is that on the one hand, the
observed rate of aminoacylation of the R isomer of
ATPSS is a valid measure of the reaction rate for this
substrate since this isomer does not undergo inter-
change (cf. Table II), and on the other hand for the S
isomer which converts readily to ATP+S via the in-
terchange reaction, the observed rate of aminoacylation
is in fact a reflection of the rate of the interchange
reaction. If other adenylyl-transfer reactions also cat-
alyze an interchange reaction, straightforward inter-
pretation of the observed stereoselectivity may not be
possible. When the stereoselectivities of the overall
reaction and of the interchange reaction are different,
the observed stereoselectivity due to both reactions
need not represent the preference in the reaction of
interest. This possibility has not been ruled out in the
case of RNA polymerase. An alternative explanation

(17) (a) Mideifort, A., personal communication. (b) Connolly, B. A.;
von der Haar, F.; Eckstein, F. J. Biol. Chem. 1980, 255, 11301. (c) Smith,
L. T.; Cohn, M. Biochemistry 1982, 21, 1530-1534.

(18) Rossomando, E. F.; Smith, L. T.; Cohn, M. Biochemistry 1979,
18, 5670.
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for the lack of stereoselectivity with the MgATP3S
isomers based not on rates but on different modes of
binding of the two isomers has been invoked.!*

Metal Chelate Structures

The structures of the A or A diastereomers of bi- and
tridentate metal-ATP complexes and of the R and S
diastereomers of ATPaS, ATPSS, and their metal
complexes have been depicted and discussed in an
earlier review.? Jaffe and Cohn!® presented NMR ev-
idence that Mg(II) chelates via oxygen and Cd(II) via
sulfur of the thiophosphate groups of the nucleotide
thio analogues as would be expected for hard and soft
metals, respectively. As shown in Figure 3, the same
diastereomer of ATPS3S yields opposite stereochemical
configurations of the 8,y bidentate chelates A or A,
when complexed either to Mg(II) through O or to Cd(II)
through S. If reversal of stereoselectivity occurs in a
Mg-vs. Cd-activated ATP enzymic reaction, for exam-
ple, if MgATPgS, R, and CdATPSS, S, are the pre-
ferred substrates in a particular enzymic reaction, such
reversal indicates unequivocally that in a rate-deter-
mining step in the reaction the metal is chelated to the
phosphate group bearing the sulfur. This criterion for
determining the metal chelate structure of nucleoside
triphosphate substrates in enzymic reactions was first
applied to the hexokinase reaction® by measuring the
steady-state kinetic parameters, Ky and V,,, for a
series of metal ions: Mg(II), Ca(Il), Mn(II), Co(II),
Ni(II), Zn(II), and Cd(II). The Vg/Vp ratio for ATPaS
of ~20 varied little with metal ion, but for ATPSS the
Vs/ Vg ratio of 0.0017 with Mg(II) increased monoton-
ically in the series above to a value of 37 for Cd(II) (cf.
Table I). It was concluded that the metal ion is che-
lated to the 3-phosphate group of the nucleotide and
probably not to the a-phosphate.

When there is no change of stereoselectivity, as in the
above case with ATPasS, the interpretation is equivocal.
The simplest explanation is that the o-phosphate group
is not a ligand for the metal. The possibility that metal
is chelated to the a-phosphate group in spite of the
absence of metal-dependent stereoselectivity cannot be
excluded. The enzyme may impose other constraints,
e.g., obligatory binding to an a-phosphate oxygen atom,
thus forcing all metals, regardless of their normal
preference, to bind to the same ligand. For the reaction
catalyzed by hexokinase, the interpretation that 8,y-
bidentate ATP is the substrate was given credence from
the prior results with substitution-inert metal com-
plexes that established the bidentate Co™(NH;),~ATP
as a substrate in the reaction but not the tridentate
Co'(NH,);-ATP.2!

Subseqently, a number of phosphoryl-transfer reac-
tions were investigated with hard and soft metal ions,
and some representative systems for which Ky and V.
values have been determined are listed in Table 1.2
In general, the Ky values vary only 2- or 3-fold but the
Vmax values may vary over 3 orders of magnitude. Metal
dependency of stereoselectivity as measured by V..

(19) Jaffe, E. K.; Cohn, M. Biochemistry 1978, 17, 6562.

(20) Jaffe, E. K.; Cohn, M. J. Biol. Chem. 1979, 254, 10839,

(21) (a) Danenberg, K. D.; Cleland, W. W. Biochemistry 1975, 14, 28.
(b) Cornelius, R. D.; Cleland, W. W, Ibid. 1978, 17, 3279.

(22) Tomaselli, A. G.; Noda, L. H. Fed. Proc. 1981, 40, 1864.

(23) Cohn, M.; Shih, N.; Nick, J. J. Biol. Chem. 1982, 257, 7646.

(24) Burgers, P. M. J.; Eckstein, F. J. Biol. Chem. 1980, 255, 8229.
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Relative Rates of ATP and Its Active Thio Anal
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1
ogues with Mg(II)and Cd(I1) or Zn(II)

adenylate kinase

arginine kinase

3-P-glycerate kinase

substrate Mg Cd Mg/Cd Mg Cd Mg/Cd Mg Zn Mg/Zn
ATP 100 25.6 3.90 100 10.1 10 100 70.9 1.41
ATPaS 64.0 17.3 3.69 0.38 2.0 0.19 58.0 87.0 1.15
ATP3S 0.19 0.024 7.38 13.6 38.9 0.35 3.0 66.8 1.52
ATP~S 5.9 0.95 6.2 10.6 0.63 17 1.2

ratios of the diastereomers manifests itself either by a
decrease in the ratio of 1 or 2 orders of magnitude
(relaxation of stereoselectivity) in a series from hard to
soft metals or by a reversal of the stereoselectivity.
Three patterns of metal-dependency of the three
phosphates of ATP are observed: type I, reversal or
relaxation on 8-phosphate and not on a-phosphate; type
II, a-phosphate and not on 8-phosphate; and type III,
on both a- and §-phosphate. Qualitative data available
for additional systems not listed in Table I indicate that
many adenylyl transfer reactions'*151"0< show a type 1
pattern; pyruvate kinase,® glutamine synthetase,?” and
carbamoyl synthetase® fall in the type III category;
carbamate kinase? may be type II since its stereose-
lectivity for ATPgSS like that of 3-P-glycerate kinase
appears to have no metal ion dependence.

It is apparent from Table I that the degree of ste-
reoselectivity and its metal dependence for each thio
analogue vary greatly with enzyme and for any given
enzyme vary with the position of sulfur substitution.
Within the group of enzymes where reversal of stereo-
selectivity occurs only with ATPSS (type I, Table I) the
relative stereoselectivities for Cd and Mg complexes of
ATPSS vary more than three orders of magnitude (from
3.2 for adenylate kinase to <0.0007 for acetate kinase).
With myosin ATPase,”” there is a striking difference
between the oS and 3S analogues for both the degree
of stereoselectivity with a given metal ion and in the
degree of metal dependence of stereoselectivity. With
Mg(II) rates between diastereomers vary 3-fold for oS
and >3000-fold for 8S and the ratio of stereoselectivities
with Mg(II) and Cd(II) is 1.7 and 690 for «S and 88S,
respectively.

Although the preference of Cd(Il) for S ligands and
Mg(1I) for O ligands is usually the dominant contribu-
tion to their effects on stereoselectivity, other contri-
butions may also play a role. Such contributions may
arise from interactions of the active site with a partic-
ular oxygen of the substrate through hydrogen bonding
and from steric effects deriving from the ionic radius
of the metal. In some cases the steric effects become
very significant, and since they may also exist for dia-
stereomeric metal chelates of ATP itself, they should
influence the stereoselectivity for metal-ATP chelates.
Hopefully, spectroscopic studies of enzymic complexes
of labeled isotopic oxygen diastereomers®® of metal-
ATP chelates will aid in evaluating these aspects of
stereospecificity.

Of the approaches used to specify the chelate struc-
ture of the metal nucleotide substrates, two are kinetic
and one is structural. Cleland and co-workers?/% in-

(25) Pillai, R. P.; Rauschel, F. M.; Villafranca, J. J. Arch. Biochem.
Biophys. 1980, 199, 7.

(26) Rauschel, F. M.; Anderson, P. M.; Villafranca, J. J. J. Biol, Chem.
1978, 253, 6627.

(27) Connolly, B. A.; Eckstein, F. J. Biol. Chem. 1981, 256, 9450,

(28) (a) Sammons, D.; Frey, P. J. Biol. Chem., in press. (b) Connolly,
B. A; Eckstein, F.: Fuldner, H. H. Ibid.. in press.

vestigated the relative reactivities of bidentate (3,y) and
tridentate (e,8,y) exchange-inert ATP complexes with
Co(III) or Cr(III) and the relative inhibitory constants
of bidentate («,8) and monodentate (8) exchange-inert
ADP complexes. These investigators concluded that
there are two classes of metal chelation for kinase
substrates and products, both of which utilize the 8,y
bidentate metal-ATP as substrate rather than the o8,y
tridentate form, the two classes being differentiated by
the chelate structure of the metal-ADP product. One
class, represented by hexokinase, produces 8 mono-
dentate ADP, and the other exemplified by creatine
kinase, yields the «,3 bidentate ADP as product.?® The
second kinetic approach evaluates the metal depen-
dence of stereoselectivity for the diastereomeric ATP
thio analogues and yields the three patterns of behavior
discussed above (see Table I). The interpretation from
both kinetic approaches for type I enzymes, exemplified
by hexokinase, leads to the conclusion that the 8,y
bidentate metal chelate of ATP is the substrate.
Insofar as type III enzymes have been compared by
the two methods, all evidence indicates that the 8-
phosphate is a ligand for the metal, but there is dis-
agreement on the a-phosphate of ATP. Since the dis-
sociation of metal-ADP may be the rate-determining
step in these reactions, it may be that only the «-
phosphate of ADP but not of ATP is coordinated to the
metal ion. Burgers and Eckstein? favor the 3,y bi-
dentate metal chelate structure of ATP as substrate and
«, bidentate metal ADP as product for creatine kinase,
a type 11T enzyme. Their choice rests on the finding®
that bidentate 8,y Cr'™~ATP is a substrate, albeit a very
poor one, but that tridentate «,8,y Cr'*-ATP is un-
reactive in the creatine kinase reaction. For another
very similar type III enzyme, arginine kinase,” we
preferred to interpret the stereoselectivity data in terms
of metal ligation to the a-phosphate as well as the §-
phosphate of both ADP and ATP. In this case,? there
is also cogent kinetic evidence that the metal is liganded
to the y-phosphate as well, based on the following
reasoning. When Cd(II) is substituted for Mg(Il), the
Vimax for ATP as substrate decreases by a factor of 10,
but for ATPaS and ATPSS as substrates, V,,,, with
Cd(II) actually increases by factors of 5 and 3, respec-
tively, as shown in Table III. This result is plausible
if Cd(II) chelates to both «- and §8-phosphate and the
foreign atom is in the chelate ring not exposed to direct
interaction with the enzyme. For ATPvS, however, the
rate with Cd(II) is 17-fold slower than for MgATP,
strongly suggesting that the rate-determining step has
become the breaking of the strong Cd(II)-S ligand bond
in the formation of the thiophosphoarginine product.
The establishment of «,3,y tridentate metal-ATP as
the true substrate for type III enzymes is most firmly

(29) Dunaway-Mariano, D.; Cleland, W. W. Biochemistry 1980, 19,
15086,
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supported by the 170 hyperfine coupling observed in
Mn(II) EPR spectroscopy of metal~enzyme—substrate
complexes. The spectroscopic method is not subject to
the ambiguities of the kinetic methods. By appropriate
labeling with 170, the six ligands to Mn(II) in a creatine
kinase transition-state analogue complex (enzyme-
MnADP-formate—creatine) have been shown to include
the two phosphate groups of ADP and the formate
anion.® The latter is an analogue of the y-phosphate
of ATP in the transition state. Furthermore, Reed and
Leyh have also shown?®! that in an equilibrium mixture
of the central ternary complexes, all three phosphate
groups are liganded in both the E-Mn—-ATP-creatine
complex and in the E-Mn-ADP-P-creatine complex.
As discussed by Reed and Leyh,* the apparent dis-
crepancy between their conclusion and those from the
CrlIATP experiments? may arise from the inability
of the Cr(III) tridentate complex to undergo puckering
motion of the chelate ring formed by the «- and §-
phosphate groups and the metal ligand, a motion that
facilitates the cleavage of the ATP B,y bridge bond.
Although Mn(II)-170 studies are not available for ar-
ginine kinase, it is highly probable that the substrate
for arginine kinase is also the tridentate «,8,y ATP
chelate, in view of the similar behavior to creatine ki-
nase by both kinetic approaches.

Displacement of Equilibria of Kinase Reactions
with ATPSS as Substrate

It has been noted that when ATPSS replaces ATP
as a substrate in the 3-P-glycerate kinase reaction, the
equilibrium appears to be displaced toward the for-
mation of ADPSS and 1,3-bis-P-glycerate.>% Since
the only components of the equilibrium system that
change are the nucleoside di- and triphosphates, the
same shift in equilibrium constant between oxy-
nucleotides and thionucleotides should be observed in
all kinase reactions. Thus the equilibrium constants,
measured by 3P NMR at pH 8.0 and 30 °C, for both
the creatine and arginine kinase reactions were shifted
about 60-fold in the direction toward ADPSS formation
relative to ADP formation.’* The finding that the
equilibrium shifts in favor of formation of a terminal
thiophosphate group from an internal thiophosphate
group is consistent with the earlier observation on
aminoacyl-tRNA synthetase, where ATPSS was con-
verted completely to ATP~S and the reverse reaction
was not detected.!®

The thermodynamic property of the nucleoside
phosphorothioates described above, namely that the
free energy difference between ATPSS and ADPSS is
more exergonic by about 2.4 kcal/mol than between
ATP and ADP, can be used in a number of different
applications. First, it becomes possible to determine
the equilibrium constants of those phosphoryl-transfer
reactions where direct determination is not feasible
because the oxynucleotide equilibrium lies too far to-
ward ATP. The apparent thionucleotide equilibrium
constant is readily measurable, and the oxynucleotide
equilibrium constant, K, may be calculated since K,

(30) Reed, G. H.; Leyh, T. S. Biochemistry 1980, 19, 5472.

(31) Reed, G. H.; Leyh, T. S., personal communication.

(32) Jaffe, E. K.; Cohn, M. J. Biol. Chem. 1980, 255, 3240.

(33) Stingelin, J.; Bolen, D. W.; Kaiser, E. T. J. Biol. Chem. 1980, 255,
2022.

(34) Lerman, C. L.; Cohn, M. J. Biol. Chem. 1980, 255, 8756.
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= Kipnio/60. The measured values of Ky;, for the py-
ruvate and 3-P-glycerate kinase reactions in the direc-
tion of ADPAS formation were 0.019 and 0.018, re-
spectively, and the corresponding values of K,,, are
therefore 3.1 X 107 and 2.9 X 10™4.3¢ Second, if it is
desirable to increase the yield of a phosphorylated
product, e.g., a phosphorylated protein, it would be
advantageous to use ATPgS rather than ATP as sub-
strate since the equilibrium will always be shifted sig-
nificantly toward the phosphorylated product and
ADPSS.

Perhaps the most promising application lies in studies
of energy transduction systems where an endergonic
process such as the formation of an ion gradient is
coupled to the exergonic hydrolysis of ATP. The nature
of that coupling may be elucidated by using ATPS3S as
the energy source. Such a study has been done for the
transport of Ca(Il) in the sarcoplasmic reticulum cou-
pled to the hydrolysis of ATP.? For the sarcoplasmic
reticulum system, it had been calculated® that the free
energy change involved in the maintenance of the Ca(Il)
gradient was very close to that predicted from the free
energy change derived from the concomitant hydrolysis
of ATP to ADP and P, The question posed was
whether an increased Ca(Il) gradient would result when
ATPSS replaced ATP as substrate, corresponding to
the increased free energy of hydrolysis of the thio-
nucleotide compared to the oxynucleotide. Fortunately,
both ATPSS R and S are hydrolyzed as rapidly as ATP
itself so that there are no kinetic limitations introduced
in comparing the efficacy of the substrates. The Ca(Il)
gradients produced and maintained were the same re-
gardless of substrate, thus demonstrating the absence
of a 1:1 correspondence between the free energy change
of the hydrolytic reaction and the free energy change
associated with the Ca(II) ion gradient.

Concluding Remarks

The versatility of the thio analogues of ATP in
probing mechanistic aspects of ATP reactions has been
amply demonstrated. (1) the chirality of «-P and 3-P
in ATPaS and ATPSS, respectively, has permitted the
stereochemical course of many enzymic reactions to be
followed. (2) Wide variability has been revealed in the
degree of stereoselectivity within a class of enzymic
reactions such as kinases, indicating a variability in the
geometric configuration at the active sites even though
the grosser aspects of kinase structures in the crystalline
state often show many common features. The stereo-
selectivity of the metal chelates of the thio analogues
has stimulated interest in the question of whether
stereoselectivity also exists for the diastereomeric
species of metal chelates of ATP itself. (3) Multiple
reactions catalyzed by the same enzyme become dis-
tinguishable if their stereoselectivities differ signifi-
cantly. The reversal of stereoselectivity for ATPSS in
the 8,y phosphate interchange from that in the ami-
noacylation reaction was the most direct evidence for
the existence of a hitherto unsuspected reaction cata-
lyzed by E. coli valyl-tRNA synthetase. Differences in
rates of reaction of the thio analogue substrates and in
their stereoselectivities are useful for differentiating
ATP reactions in complex or multienzyme systems. For
example, in the sarcoplasmic reticulum system, the

(35) Tanford, C. J. Gen. Phys. 1981, 77, 223-229.
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Ca(ll)-dependent ATPase proceeds at the same rate
with ATP and ATP3S (R and S) as substrates but the
Ca(Il)-independent ATPase is not detectable with
ATPBS as substrate. (4) The metal dependence of
stereoselectivity of ATPaS and of ATPSS has contrib-
uted significantly to the elucidation of the metal chelate
structures of the nucleotide but has often raised as
many questions as it has answered. Again, the varia-
bility of the patterns among the phosphoryl-transfer

reactions is striking. (5) The use of the difference in
free energy change between the nucleoside di- and
triphosphate pairs of the 8-S analogues relative to the
oxynucleotide as a probe in energy transduction systems
has only begun. In addition to studies of equilibria and
coupling mechanisms, the ability to manipulate con-
centrations of products in metabolic and biosynthetic
pathways by replacement of ATP by ATPSS may yet
prove the most valuable property of the thionucleotide.

Formation of Carbon-Hydrogen Bonds by Reductive
Elimination

JACK HALPERN

Department of Chemistry, The University of Chicago, Chicago, Illinois 60637
Received March 1, 1982 (Revised Manuscript Received July 12, 1982)

Formation of a C-H bond by coupling of a metal-
bonded alkyl, aryl, or acyl ligand with a hydride ligand
constitutes an important and widespread class of re-
actions in organometallic chemistry. Such reactions
commonly are referred to as reductive eliminations
because they typically are accompanied by a decrease
in the formal oxidation states of the metal complexes.
Reductive elimination reactions may be either intra-
molecular or intermolecular, specific examples being

cis-[PtUH(CH,)(PPhy),] — CH, + [Pt’(PPhy),] (1)
1

[CGH5CH2MHI(CO)5] + [HMnI(CO)5] -
2
C6H5CH3 + [MHZO(CO)lo] (2)

Such reactions commonly constitute the product-
forming steps in catalytic processes such as hydrogen-
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While the distinction between intramolecular and
intermolecular reductive elimination reactions, exem-
plified by eq 1 and 2, is readily apparent from a stoi-
chiometric standpoint, the mechanistic implications of
the distinction are less clear. For example, mononuclear
hydridoalkyl complexes may undergo reductive elimi-
nation through intermolecular mechanisms (de-
monstrable by double labeling)?* as in the schematic
example of eq 5. On the other hand, apparently in-
termolecular reductive elimination may proceed
through an intramolecular step (eq 6).

This Account is concerned with the scope of such
reductive elimination reactions, with their kinetic and
mechanistic aspects, and with the factors that influence
their rates and reactivity patterns. The study of such
reactions also is of obvious relevance to an under-
standing of the reverse process, i.e., the oxidative ad-
dition of C-H bonds, a topic of considerable current
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ation! and hydroformylation? as exemplified by the
simplified mechanistic schemes of eq 3 and 4 (where
RhL, = [RhICI(PPh,);] and CoL, = [Co(CO),]).
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