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1. Introdnction.

A great deal has been written concerning the im-
portance of ATP: ADP ratios and the adenylate ener-
gy charge in kinase reactions as possible modifiers in
the contrel of metabolism [1, 12, 16). The 1ole of va-
rious metals, especially divalent caticns, and particu-
larly magnesium has also been widely discussed {2, 5,
7,9, 16—18].

During s recent investigation [14, 15] in which we
were concerned with developing assay procedures for
fiuoromeiric assay of enzyme pathways, we became
aware of the extreme sensitivity of some of these reac-
tions o the ratio of Mg**/ATP or Mg®*/ADP and to
the concentrations of these substances in a fixed ratio.
In determining optimel concentration of assay ingre-
dients for Embden—Meyerhof pathway enzymes, we
found it expedient {0 vary each assay ingredient in
tnrn while holding all others constant. In many in-
stances ingredients exhibited distinet concentration -
optima for observed enzyme veloeity, instead of in-
creasing to a point where a change in concentraiion
had no arther effect.

‘Where kingse enzymes were concerned, or where
zssays were coupled through Kinase reactions with
ATP or ADP helgd constant, variztions in Mg** concen-
tration exhibited broad velocity maxima. With Mg®*
constant, and changes in ATP or ADP, sharper maxi-
ma could be observed with rapid inhibitory changes
at concentrations above the maxinmm. With Mg®* and
ATP or ADP varied in afmed mﬁo, sharp maxima
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were also obtained with strong inhibition at higher
concentrations.

2. Methods and materials

Enzyme velocities betwsen 0.3—0.4 nmoles per
minute were measnred using an Aminco fluorometer
microphotometer fitted with a 4-samnple avtomatic
changer, temperatare control, and recorder readout.
Tatal zensitivity of the instrement was adjusted to

- 1:37° M NADH. Bicchemical ingredients, including

< rapling enzymes, were obiained from the Sigma
Company {St. Lowis, Mo.). “The plan was to initially
vary ingredients using a recenstituted enzyme system
with crystalline enzymes and then to repeat this pro-
czdure using a low-speed supernatant fraction of
bovine gingiva homogenate [13]. In the assay proce-
dures, hexokinase wes coupled to the reduction of
NADP? by glucose 6-phosphate dehydropenase; phos-
phofructokinase was coupled to the cxidation of
MNADH by glycerolphosphate dehydrogenase; phos-
phoglycerate mutase and phosphoglyceraie kinass
were conpled to the oxidation of NADH by glyceral-

- dehyyde phosphate dehydrogenase; and phospho-

pyruvate hydratase and pyruvate Kinase coupled to
ihs oxidation of NADH by lactate dehydrogenase.

3. Resulis

~_ Figs. 16 show vz ariations in DbSB"‘U\ELﬁ veiot:ny of
enzyme Teactions as a result of varying MgCl, , adenine

: nu@leomde, or M 2* 72 denine nu:lecmﬂe ina ﬁxed Tatio
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Fiz. 1. Hexokinase. © = MgCly, smol X 102 (ATP = 1.5 umol);
&= ATP, umol {MgCl, = 5.0 pmol); & = Lﬂg3+fATP H:1 ATP,
pmol X 1071; 8 = MgCly, pmol x 1072 ux’z? 1.0 pmol); &=
ATP, umol (MgCly = 10 pmol); == Mg YJATP 3:1 ATP, pmol
X 1071,

OBSERVED VELOCITY
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Fig. 2. Phosphofimctokinase. © = MgCl:, pmol l[A‘TP D6
pmol); & = ATP, pmol fMgCly = 5.0 pmol); & = Mg *IATP
5:1 MgCly , pmol; ® = Mz2Clz, pmol {ATP = 0.6 nmol); 4 =
ATP, pmol {MgCly = 20 smol); ® = Mg2*JATP 2:1 MgCl,,
wmol,

with all other ingredient concentrations held constant.
The open symbols represent the reconstituted system,
and the closed symbels represent the gingiva superna-
tant. Velocities are given in nmoles per minnte X 10,
and concentrations are indicated on the figure legends.
When the concentration is pmol X 102, and 0.1 is in-
dicated on the chart, the actual fconcemrahon is 10
prncﬂ All assay volumes were 2 0 ml.
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Fiz. 3. Phosphoglycerate mutase. ¢ = MgCl,, pmol {ATP = 3.0
pmol); &= ATP, pmol (MgCly = 30 umol); = = Mg>*fATP 5:1
MgCly , pmol; ®» = MgCly , umol (ATP = 5.0 pmol); a = ATP,

pmol (MeCl, = 10 pmol); » = Mg ATP 2
x 1571,

=1 MgCl, , pmol

1.0~
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Fig. 4. Phosphoplyeerate Kinase. o = MpCls, amol {ATP = 3.0

pmol); 2= ATP, umol {iMeCly = 10 pmol); o = Mg2*/ATP B:1

MgCla , prol; ® = MgCly, pmol X 1072 (ATP = 3.0 umol); &=

ATP, ymol (MegCl, = 4.0 nmoﬂo,i Mg?*JATP B:1 MgCla,
,m:co]x o

Fip. 1 illustrates the hexokinase assay system. Al-
though variations in most ingredients exhibit velocity
maxima, the most striking resu}ts can be seen with va-

* riations of ATP. The optimal Mp*"/ATP ratio was 6:1

with the reconstituted system and 3:1 with gingiva.
- Fig. 2. shows the phosphofructokinase assay sys-
tem. Variations in ATP again produce dramatic results,
with an increase Di’ 1.0 pmol producing .comp:xeta in-

"'hibmon in gmnga. "The MgmfATP ratio is ES 1 for erys-
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Fig. 5. Phosphopymuvate hydratase. © = MgCly, imol {ADP =
6.0 pmol); £ = ADP, pmol X 10 (MgCl, = 5.0 ymol);n =
Mg®*JADP 5:1 MgCly, pmol; ® = MOCE;, pmol {ADP = 0.6

pmol); &= ADP, amol X 10 (MgCls = 5.0 umoi); ® = Mg2*/
ADP 1:1 MgCly, mmol

talline enzyme and 2:1 for gingiva. Increase in concen-
tration of Mg®*JATP 2:1, inhibits gingiva extract.

Fig. . depicts the phosphoglicomutase assay sys-
tem. Heye, variations of the Mg** /ATP ratio and vari-
ations in absoluie concentration in a fixed ratic inhib-
it sherply above the maxima. The Mg?"/ATP ratio is
5:1 for crystalline phosphoglucomutase and 2:1 for
gingiva.

Fig. 4 represents the phosphoglycerate kinase as-
say system. The Mg>*/ATP ratio is 8:1 for both en-
zymes, with strong inhibition in gingiva in higher con-
centrations of ATP or Mg?*/ATP 8:1.

Fig. 5 d:xsplnys the phosphopyruvate hydraiase sys-
tei. Mg/ ADP ratios are 5:1 for crystalline enzyme
znd 1:1 for gingiva. Higher concentrations of ADP or
BMg?JADP 1:1 inhibit gingiva.

Fig. 6 snmmarizes the pymvaie kinase assay sys-
tem. The Mg JADP ratio is 2:1 for both enzymes,
#nd higher concentrations of all ingredizsnis are in-
hibitory.

4. Discussion

Our observaiions indicate that, in assay systesas for
kinase reactions or in systems coupled through certain
kinase reactions, the relative concentrations of Mgg*f
ATP Mg”‘jADP and the abm}uie goncenirations of
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Fig. 6. Pyruvate Xinase. o = MaCly, pmol X 107% (ADP = ] 0
pmol}; 4= ADP, umol X 1§71 moma = 8.0 umol); o=
Mg**/ADP 2:1 MgCly, pmol X 107! ; ® = MgCly, pmol X 107
{ADP = 6.0 pmail); 2 = ADP, pmol X 1077 (MgClz = 8.0 pmol);
== Meg2*/ADP 2:1 MgCl,, pmol X 1070,

these materials in a fixed ratio, have a profound influ-
ence on the observed velocity of the reaction.

These effects were all observed at high concentra-
tions of substratc, other cofactors, and coupling en-
zymes—sufiic’ ently high to observe maximal velocity
of the enzyme being assayed. Conirol experiments
using only the coupling enzymes easured that the ef-
fects shown could only be observed when the kinases
weIE P ent.

If this is true #iz vitro, then it aise should be true
in vivo. This, ther, raises the interesting possibility
that metabolic controls may be mmediated by the in-
fluence of such changes ontlined above on the many
kinase reactions known in living systems as well as
such reactions as pyruvate carboxylase, phospho-
pyruvaie carboxylase, and oxidative phosphorylation
in the mitochondrion.

"The ratio of Mp?*/ATP is known to influence the
veloeity of adenyl cyclase {3, 4, 6], and MgADP com-
plexes of various ratios are optimal for kinase reactions
[9]. Moreover, cobalt, which interferes with Mg®* trans-
port |10}, can inhibit early methylcholanthrene turmors
] presents evidence that
changes in Mg**/ATP ratios in hexokinase produce
allosteric effects which may function as a metabolic
regulator. We huve found that variation in Mg®*, ATP,
or ADP, or in the concentrations of va?’jademne
mucleotide-in a fix2d ratic, 2]l exert a profound effect
on the observed velocity of several kinase reactions
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an'd 'offer these Ie}éatibns}ﬁps a3 poss’ble control mech~ |

ﬁamsms in mtermedmry metabohsm -
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