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INTRODUCTION

The enzyme ATP:NMN adenylylirensferase {Hnzyme Commission
number: 2.7.7.1) catalyses the reaction of adenosine triphosphate
with nicotinamide mononucleotide to give nicotinamide adenine
dinucleotide e¢nd inorgenic pyrophosphate (Figure 1 and equation 1).

(1) 2T + NMN &= NAD + pyrophosphate
The equilibrium constant for this reaction is spproximately O.45
(Kornberg, 1950), so that the reaction can be readily demonstrated in
both directicns, It was first described by Kormberg (1948, 1950),
who partially purified the corresponding enzyme from both yeast and
Plg liver, The enzyme has subsequently been found in meny animal
tissues (see lorion, 1961) where it appears to be locelised in the cell
nucleus (Hogeboom and Sohneider, 1952; Crenster and Morton, 1956),

¥ore recently it has been found that the enzyme from pig liver
will also catalyse nucleotidyl transfer from ATP to nicotinic acid
mononucleotide, yielding nicotinic acid adenine dinuclectide and pyro-
phosphate (shown in parenthesis in Pigure 1); this reaction has been
postulated as a step in the biosynthesis of NAD (Freiss and Handler,
1958). The enzyme from liver is apparently quite distinet from those
found in Escherichia coli and in humen erythrocytes which are specific
for nicotinic acid nucleotide and its adenylyl derivatives (Fig.1)
(Imsende, 1961; Preiss end Hendler, 1958a).

these enzymes are menbers of a group which catalyse the reaction

of' a nucleoside triphosphate with an orthophogphate ester of en slcohol,



1 (a)

Pig. 1

The reaction catalysed by ATP:NMN adenylyltransferase.
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giving rise to a pyrophosphate diester and inorganic pyrophosphate

(equation 2),
o 0 o Q
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( where XOH is a nucleoside)

In this thesis the term 'pyrophosphorylase' is restricted to this class
of enzymes; the related enzymes which catalyse pyrophosphorolysis of
orthophogphate diesters or of C-N bonds will not be considered.

Twenty four of these pyrophosphorylases, catalysing reactions of the
type shown in equation (2), have been described. There are several
for each of the four naturally occurring ribomucleoside triphosphates
(vTP, CTP, GTP and ATP) and two that catalyse reactions involving the
deoxyribonucleoside triphosphate, TTP (Teble V - 13].

A1l these pyrophosphorylases are thought fto be involved in
processes of synthesis within the living cell., A sugar phosphate
always acts as the nucleotidyl acceptor iun the reactions catalysed by
the 9 pyrophosphorylases utilizing UIF as the nucleoside triphosphate.
The pyrophosphate diesters so formed are further utilized for poly-
saccharide synthesis (Roseman, 1959; Strominger and Smith, 1959).

Of the 5 pyrophosphorylases using CTP, two are involved in the synthesis
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of pyrophosphate diesters which act as precursors for teichoic scids
of the cell wall of microorgenisms (Shaw, 1962) =and two in the
biosynthesis of phospholipid precursors (Kennedy and Weiss, 1956).
Fyrophosphoryleses which catalyse guanylyl transfer from GTP give
products which are thought to be involved in polysaccharide formation
(Ginsberg, O'Brien and Hall, 1962), and those utilizing TT® form
dinucleotides which may also be involved in polysaccharide synthesis
(Kornfeld and Glaser, 1961).  The pyrophosphorylases involving ATP
are implicated in polyseccharide synthesis in plents (Zecondo and
Leloir, 1961), and in the synthesis of such cofactors as coenzyme A
Hoagland and Novelli, 1954), FAD (Schrecker and Kornberg, 1950;
Deluca and Kaplan, 1958) and NAD (Kormberg, 1950; Preiss end Handler,
1958; Imsande, 1961).

It is clear that this class of enzymes has an important part
to play metabolically, and that its members should have many features
in commen in view of the type of reaction they catalyse, 4 little
is known of the actual mechenism of the reaction, For the reaction
catalysed by ATP:NMN aﬂer;yslr.;mnsferase from pig liver, inorganic 3 ZP
pyrophosphate was incorporated into the £ and Y positions of ATP on
pyrophosphorolysis of NAD. (Kornberg end Pricer, 1951). The adenylyl
transfer may be formulated as a nucleophilic attack of the mononucleoe~

tide on the a~phosphorus atom of ATP (equation 3).
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This mechanism is also indicated for the reactions catalysed by
CTP:choline phosphate cytidylyltransferase and CTPjethanolamine
phosphate cytidylyltransferase, since s when the mononucleotide concerned,
labelled with 2P, is incubated with OT® ang trensferase, the label
@ppears in the synthesised dinucleotide (Kemnedy and Vieiss, 1956),
Eadiocactive pyrophosphate was not incorporated into the triphosphate
in the presence of enzyme unless the moncphosphate ester was present
and it has been postulated that a umucleotidyl-enzyme complex is not
formed by ATP:NMN adenylyltransferase (Kornberg and Pricer, 1951),
UTP:q=D=glucose~1=phosphate uridy%;]fransferase (Munch-Petersen, 1955 "
1957) and the uridylyl transferases of mang bean preparations (Neufeld
et al., 1957).

In genersl the properties of the Pyrophospuorylases have not
been studied to any great extent, and in no case has a member of
this importent group been obtained in a homogeneous form, The present
thesis deals with a study of one member of this class of enzymes,

ATP:NMN adenylyltransferase from pig liver. The investigations have
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been aimed at furthering our knowledge of the mechanism of action
of this enzyme. Vherever possible in this report, the findings
with this enzyme are discussed in relation to possible similarities
with other pyrophosphorylases,

There are three main ways of studying the mechanism by which
an enzyme catalyses a resction., All are dependent on unusual
characteristics not found with other catalysts. The first of these
is a kinetic spproach, In general, enzymes can bring sbout a reaction
et a higher rate than can other known cotelysts (Leidler, 1958, p.164),
In addition, the rate laws for enzymic catalysis are different from those,
for example, for acid-base catalysis, where the rate of reaction
increases indefinitely as the substrate concentration is increased,
The kinetics of enzymic resctions are usually governed by the
Mchaell s-Menten law {lSchaelis and Menten, 1913), which implies that
an increase in the concentration of the substrate above a certain level
does not bring sbout a further increase in the rate of reaction. 'The
law is based on the hypothesis that the enzyme forms a complex with its
substrate, and that this complex then bresks down to give the products
of the reaction, There is now some evidence that such complexes are
in fact formed (Chence, 1943, 1949),

The velocity of an enzymic reaction is given by equation (4),

(li-) v ':"Ea%‘

1+
S
where v is the rate of reaction at substrate concentration 8, Vm

is the theoretical limiting velocity at high substrate concentration

and Km is a constant termed the lichaelis constent. In practical
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terms this is the substrate concentration for which v = vmax/z.
In some cases the !“ichselis constant is thought to be s measure of
the dissociation constant for the enzyme~substrate complex and thus
cen zive en indication of the affinity of the substrate for the enzyme,
However, this assumption has to be treated with caution, as Driggs and
Haldane (1925) have shown that the constant may contain a kinetic element
and so not be a true measure of this affinity (Dixon and Webb, 1958, p. 96).

A second spproach to the elucidation of mechanism is to study
the effect of hydrogen iom concentirsiion on the rate of the enzymic
reaction. In the majority of cases the rate is found to pass through
& maxinum as the pH is varied. A kinetic study of these effects can
lead to a knowledge of the state of imnization of groups involved in the
catalysis (Dixon and Webb, 1958, p. 120; Aberty, 1956; laidler, 1958,
p. 117). Such an investigation has been carried out in the ATP:NMN
adenylyltrensferase reaction (Atkinson, Jackson and Horton, 1961; Jackson,
1960), From a statistical snelysis of the variation of K end Vo
for NMN with pH, it was deduced that two dissociating groups, with pX
values of 5.76 and 9.97, participated in the reaction, and that these
groups are involved in the binding of NMV to the enzyme (or enzyme-ATP-
magnesium complex) and not in the breakdown of the enzyme-subsirate
complex, One of these groups is thought to be the phosphorgl group
of NMN, where the doubly dissociated ionic species would have a greater
ability to carry out a nucleophilic attack on the c~phosphorus atom
of ATP (equation 3). The other dissociating group was thought to be
in the enzyme or the enzyme-ATP-magnesium complex (/tkinson, Jackson and

Mortan, 1961).
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A study of the gpecificity of en enzyme provides a third
wey of learning more about engymic mechsnisms., The 'lock and key!
hypothesis of Fischer (1894), who sought to explain the extracrdinary
selectivity of the chemistry of living cells, forms the basis of more
recent ideas on the specificity of enzymes, Side by side with the
growing conviction that the overall shape of a substrate molecule
determined whether or not it would enter into a resction catalysed
by a particular enzyme, the concept of an active site (for a review
see Koshland, 1960) in the enzyme was introduced; it was postulated
that the substrate molecules are bound as a preliminary to the reaction
which gives vise to the products. There are indications that the
substrate molecules are bound to the active site by means of weak
chemical forces such as hydrogen bonds and electrostatic attractions s
and by nonlocalised dispersion forces (van der Waals forces) which
arise from the complementary shape of substrate and active centre (for
discussion of this point see Toolley, Hershey and Koehelick, 1962;
Koshland, 1959; Dixon and Webb, 1958, p. 242). Thus a kinetic study
of the rate with which substrate analogues can participate in an
enzymic reaction may throw some light on the groups in the active
centre end in tue substrate molecule which are responsible for these
attractive forces,

Most of the present investigation is concerned with third
approach to the mechenism of action of ATP:NMN adenylyltransferase
The aim of this work has been to examine the specificity of the enzyme

from pig liver with respect to campounds related to the two substrates



8.
ATP and NMN, and to interpret the results in terms of the sbove
theories. The transferase requires a metal ian as cofactor in the
reaction; magnesium and manganese ions will satisfy this requirement
(Kornberg, 1950). To gain a better knowledge of the function of this
metal ion in the reaction a kinetic study of the specificity of the
enzyme with regard to a number of divalent metal ians has been attempted.

These investigations could have several spplications., The
substrate specificity pattern may indicate the requirements for a
molecule to be an inhibitor of the transfer reaction., Such an inhibitor
may be useful in chemotherapy (Norton, 1958),  Secondly, the transferase
from pig liver has been shown to be capable of using either NMN or
nicotinic acid mononucleotide as the nucleotidyl acosptor (Preiss and
Handler, 1958), snd it has been suggested that nicotinic acid monomucleo-
tide is the natural substrate in vivo (Preiss and Handler, 1958; Imsande
and Handler, 1961). Quantitative studles of the specificity of the
reaction, with regard to the mononucleotide reactant, may indicate the
relative importance of NMN and nicotinic acid nucleotide as biological
precursors of NAD,

‘Recent work indicates that there is an inverse relationship
betwecn the rates of NAD synthesis and ribomucleic acid synthesis in
cell nuclei (Revel and Mandel, 1962). This may result from depletion
of li.e pool of nucleoside triphosphates through nucleotidyl transfer to
pyridine nmucleotides, and information sbout the specificity of the
nuclear enzyme studied here is needed for any evaluation of its function

in this inhibition of nucleic acid biosynthesis]
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The report that follows also includes a section on the
purification of ATP:NMN adenylyltransferese from pig liver. |This
work was carried out in an attempt to obtain enzyme which was free

of interfering activities and thus suiteble for the kinetic experiments
reported here,
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Purification of ATP:NMN Adenylyltransfersse

from Pig Iiver

In this section procedures for the extraction of ATP:NMN
-adenylyltransferase from pig liver acetone powder or the 'nuclear'
fraction fram pig liver cells are described. A brief description is
given of attempts to purify the transferase from sodium chloride extracts
of pig liver nuclei. This is followed by an account of s reproducible
method of purification of the ensyme from phosphate extracts of the
'nuclear' fraction, Procedures for further purification are then
described in some deteil and finally an appraisal of the purity of the
preparations so cbtained is disocussed in the light of their behaviour

during starch gel electrophoresis.
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A.  Materials
Yeast alcohol dehydrogensase. 4 crystalline

suspension was purchased from C. . Boehringer und Soehne G.m,b,H. s

lannheim, Germany. Suitsble dilutions (see below) were made in
0.01 M~sodium phosphate, pH 7.5,

Diaphorase (dihydrolipoamide dehydrogenass)., The

engyme was purified from pig heart as described by Massey, Gibson and
Veeger (1960).
Calcium phosphate gel. Unless otherwise stated, the

gel was prepared according to the method of Keilin and Hartree (1938).

Hydrolysed starch was obtained from the Connaught
Medical Research Laboratories, Toronto, Canada (1ot 140).

Ion exchange materials. DEAE cellulose was purchased
from Pharmacia, Uppsala, Sweden, and carboxymethyl cellulose from
Biorad Leboratories, Richmond, California. The Amberlite CG~50
used was of 100-200 mesh (type I).

Glycylglycine was obteined from British Drug Houses
Ltd., Poole, Dorset (laboratory reagent grade).

AIP. Katerial of the purity described by Atkinson ’
Burton and Norton (1961 b) was from Sigma Chemicel Co., St. Louis,
Mo., U,S.A.

NMN. The mononucleotide was pPrepared as described by
Atkinson, Jackson and Morton (1961).

Nitroblue tetrazolium. G. T, Gurr Ltd., London

supplied this compound.
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Detergent. | The detergent used was *Supreem' brand
(formila 410) purchased from J, R. Alexander and Son Ltd., Adelaide.
The mein active constituent was probably sodium dodecylsulphate,

Urea. Anelytical reagent grade urea was obtained
from British Drug Houses, Ltd.

fcetone, British Drug Houses, Ltd, supplied the
acetone, which was redistilled before use.,

Inorganic reagents. These were analytical reagent
grade (British Drug Houses, Ltd.)

B. Ysthods
Protein determination

In most cases the spectrophotemetric method of Warburg and
Christian (1942) was routinely used. In the descriptions of the
purification of ATP:NMN adenylyltransferase given below, the rutio
of absorption at 280 mu to that et 240 my for the various preparations
is indicated where possible. This permits estimation of the ratio
of protein to nucleic acid to be made, and may be important in the
present work, where the starting materials are derived from the cell
nucleus, which is known to contain large emounts of nucleic acid.
#arburg end Christian (1942) showed that the protein enolase had a
ratio of 1.75, anc nucleic acid a ratio of approximately 0,50,

¥here indicated, protein was estimated as described by Lowry et al,

(1951).
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hssay for ATP:NMN adenylvltransferase.

For routine estimation of the transferase during its
purification a reaction mixture was employed containing NMN at a
relatively low concentration, giving sub-optimal rates. A correction
factor, based on a study of the effect of NMN concentration on the rate
of transfer was used to calculate maximum velocities, The enzyms
was incubated with 4 umoles of ATP, 16 umoles of ll;'gClz, one pmole
of NMN and 200 umoles of glycylglycine, pH 7.6. 'The total volume of
the incubation mixture was 1.0 ml., and was cantained in a tube 10 em,
x 1 cm, internal diemeter. After tem minutes at 37°, the reaction
was stopped by the addition of 1.5 ml. of a 0.5 Metrichloroacetic acid
solution and the resultant precipitate centrifuged to the bottom of
the tube. Two ml, of the supernatent was pipetted into a spectro=
photometer cell with a 4 cm, light path, followed by 3.0 ml, of a :
solution conteining 0.835 leethanol = 0.417 Keglycine = 0.416 lesodium
hydroxide.  After cereful mixing of the resultent solution (pH sbout
9.5), NAD was determined from the increase in optical density at 340 my
on addition of 0,02 ml. of a solution of yeast alcohol dehydrogenase
containing 66 Y of protein. A millimolar extinction coefficient of
6.22 was used for reduced NAD (Horecker and Kormberg, 1948).  After
calculation of the total amount of NAD formed in the incubation mixture,
this value was multiplied by a factor of 1.3 to allow for the gub-
optimal concentration of NMN used during the assay, One unit of
ATP:NMN adenylyliransferase was defined as theismount of enzyme
which synthesises one pmole of NAD per minute under the sbove
conditions, allowing for the low concentration of NMN., The specific
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activity of the transferase breperation was expressed as units

ber mg. of protein,

S ¢l electrophoresis and the hist c
detection of ATP:NMN adenylyl transferase activity,

The starch gel electrophoresis of transferase preparations
wes carried cut by the following modification. of Poulik's (1957)
method. Twelve grams of hydrolysed starch was ‘sugpended in 100 ml,
of 0,09 M=-Tris = 0,019 M-citrate = 0.5 mli=EDT4, pH 6,25, The
mixture was heated over a gas flame. It became very viscous and
with further heating the syrup became more mobile, At this stage
it was degassed by means of a water pump for one to two minutes,
and poured into a perspex tray with the dmensions 14.9 x 5 x 1.2 em.
A plastic cover was placed on top of the gel and the whole allowed
to cool for about one hour. The gel was sliced level with the top
of the tray, and the required number of slots made in it with 3 MM .
chromatography psper. 5 mm lengths of this paper were then soaked
in the enzyme preparation (1 to 2% protein) and carefully placed
in the slots. ‘The gel was conpressed a little from each end, the
wicks (plastic sponge) put into position, and the wicks and gel
covered with a piece of this plastic. The tray was than placed in
the bath such that the two wicks dipped into the electrode vessels
containing 0.3 M-borate (Na*), pH 8.25. The bath was placed in a
refrigerator at 2° and an electrical potential @pplied across the

gel. DBest results were obtained by applying 35 volts between the

inner ends of the wicks for a period of 9 %o 10 hours.
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At the end of the run, when the borate front had moved
e suitable distance towards the enode, the Plastic cover end wicks
were removed. the gel was then split horizontally with a thin wire
and ane half stained for protein with sn amide black solution (0.672%
in acetic acid-methanol-water). Excess amide black was removed by
washing in acetic acid-methenol-water (1:5:5; vols) overnight on
& rocking device. The other half of the gel was used to demonstrate
areas of ATP:NMN adenylyltransferase activity, It is adviseble to carry
out the histochemicel test for the transferase first in ome half of
the gel, and then to cut amall incisions in the other half at positions
of enzyme sctivity, before staining for protein., This corrects for
shrinkage of the gel during the latter process.

The demonstration of areas of transfersse activity on the
starch gel was made possible by coupling together the ATP:NMN
adenylyltransferase with ye=ast alcohol dehydrogenase and disphorase.

In the presence of ATP, NMN and ethanol thi: gystem converts the
colourless nitroblue tetrazolium into an insoluble diformazen s which is

purple in colour,

ATP + NMN-—> NAL

ethanol
aleohol

dehydrogenase
\_> acetaldehyde

\
NADHZ

nitroblue tetrazolium
disphorase

nitroblue formazan

v

NAD
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To carry out the test, 0.5 ml., each of the following two
solutions were mixed : & mhmaTF - 32 m}.ei-Is?gClz— 2 mM-NMN = 400 mi-
glycylglycine, pH 7.6 and 500 mM~ethanol - 200 md=Tris,pH 9.5,

1.5 milligrams of nitroblnetetrazoliun_l was dissolved in this mixture.
Just before the experiment was carried out, 0,025 ml. of s 1% solution
of pig heart diaphorase and 0,075 ml. of a solution of yeast aleochol
dehydrogenase (containing approximately 250 Y of protein) were added.
Whatman no 1 chromatography paper was cut to the epproximate dimensions
of the starch gel (15 o, x 5 cm.) and soaked in this solution.

The soaked paper was then carefully placed in contact with the cut sur-
face of the gel. After tem minutes at room temperature, purple areas
sppeared in regions of ATP:NMN adenylyltransferase activity, and were
fully developed after twenty minutes. The Paper was quickly passed
through a solution of glacial acetic acid-methancl-water (1:5:5; vols)
and dried, The colour fades slowly in strong light. The use of
peper to adsord the precipitateddiformezen snd to carry substrates and
enzymes provides a permanent record of the experiment., In carrying
out this test it i=s advisable to avoid the use of a larger excess of
yeast alcohol dehydrogenase than that indicated, as this leads to

a faintly purple background, This phenomenon has been recorded by
Nachlas, Walker end Seligmen (1958) when using yeast alcohol dehydro-
genase and nitrobluetetrazolium to detect disphorasse in tissues,

It is probsble that the use of lactate dehydrogenase in combination
with lactate in the above method would elimingte this background colour.

In some experiments starch gel electrophoresis was carried out
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using apparatus and procedures similar to those described by
Smithies (1959). However, the method described in detail sbove
gave the best resolution of protein components in the case of ATP:

yl
NMN adeny]f;ransfarase Preparations. Any major varistion in method-
ology will be indicated in the text.

c. Eemilts
(2) Extraction of ATP:NMN adenylyltirensferase from sm scetone

powder of pig liver.

Mn acetone powder of pig liver was made by the method of
Kornberg (1950) except that mincing of the liver was carried out in
a power driven mincer. This ensbled larger amounts of liver to
be processed and considersbly shortened the whole procedure.

500 grams of pig liver mince was stirred with 2.5 litres of redistilled
acetone (precooled to =15°) for 15 minutes at -15°, The mixture was
then filtered through a Buchner funnel at 2°, end the precipitate
washed with more acetone (precocled to -15%), The residue was sucked
dry in the funnel, immediately spread in a thin layer over paper, snd
dried for two hours at 2° with the eid of a fan, It was then dried
in the same way at room temperature for a few hours, giving 167 g.

of dry powder., This was stored at =15°,

Extraction of 25 g. lots of powder at room temperature (20~-25°)
was conducted by stirring with 250 ml, each of the solutiong
indicated in Table I-1. after the time indicated the mixture was
centrifuged at 4000 g for 20 minutes at 2%, snd the supernatant

asseyed for ATP:NMN adenylyltransferase activity and protein,



8.

In the case of the water and 0,05 M-potassium chloride extractions :
the residue, after centrifugation, was re-extracted for ten minutes
with 0.1 M~disodium phosphate solution. Again after centrifugation
as above, the supernatent was examined for enzyme and protein., The
results are shown in Tsble I-1,

The yield of transferase,obtained by extraction of the acetone
powder with Q.1 M-disodium phosphate, is about 70 units from 167 g.
of powder, which is equivalent to 500 g. of fresh liver. As sbout
70 units of transferase is obfained from the 'nuelear' fraction of
pig liver cells from 500 g. of liver by extraction with 0.2 li-disodium
phosphate (Table I-6), there would seem to be little to choose between
the two methods in obtaining an initial extract for large scale
purification of the enzyme. However, the latter method, although
rather tedious, can lead to higher specific activities with respect to
the transferase in the initial extract, and so was finally adopted
for the purification. The other extracting solutions indicated in
Teble I-1 were not very satisfactory for solubising the transferase.
Although re-extraction of the 0,05 I=potassium chloride residue with
0.1 M~dipotassium phosphate did give a slight improvement in the
specific activity of the transferase over that for initial extraction

with 0.1 M phosphate, the yield was poor.



Tsble I-1

Extraction of ATP:NMN adenylylirensferase from pig liver acetone powder,

solution NaZI"IPOI'_ HaQHPOA_ Kol KCl Nazccs Nazﬁi’i}h_ NazHPOZ'.
after af'ter
KC1
BExtraction
time (minutes) 10 30 10 30 10 10 10 10
Trensferase .35 1045 0 135 0 0 3.83 2.86
(units)
E
280/ %260 0.85  0.89] 0.2 | 0.0 0.90 0.86| 0.9 |  0.65
Protein (mg,) 6,400 10,500 | 5,500 (7,650 | 5,680 | 6,500 | 1,700 | 2,090
Hpecific
activity
(units/mg.) 0.0015 0.0010 - 0,0002 - - 0,0023 0.0014

‘61
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1
(b) Extraction of ATP;NMN adenyliransferase from the

‘nuclear' fraction of pig liver.

The 'muclear' fracticn from pig liver cells was obtained by
slicing up 100 g. of pig liver with scissors and blending in a
Semak Vitamizer with 400 ml. of blending medium (see below) for
three minutes., The homogenate was cenirifuged for 20 minutes at 2° in
an International refrigerated centrifuge (700 g). After the super-
natant had been sucked off, the loosely packed pellet was mixed with
more blending medium and centrifuged as above., ‘This process was
repeated once more, The final pellet was grey in colour and covered
with a 'smear' of red cells, licroscopic exsmination showed it to
consist largely of nuclei. For the small scsle work described below,
this pellet was resuspended in the blending medium,

The blending medium was mede up by dissolving 342 g. of
sucrose, 1 ml, of saturated calcium chloride and 5,3 ml, of triethenol~
amine in 3 litres of water., The hydrogen ion concentration was brought
to pH 7.2 with approximately 3 ml, of 10 Hehydrochloric acid solution,
After dilution to four litres, the solution was cooled to 2° before
use.

ATP:NMN adenylyltiransferase can be extracted from pig liver
nuclei with 0.2 M-disodium phosphate (Atkinson, Jackson and Morion,
1961). ‘Tobles I=2 and I-3 show the results of a series of experiments
in which the pig liver 'nuclear' fraction was extracted with 0.25 k=

disodium phosphate and other solutions.
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Iable I=-2
Extraction of AlP:NMN adenylyliransferase from the 'nuclear!
fraction of pig liver. ‘ihe freshly prepared'nuclear' fraction,
suspended in blending medium, was mixed with an equal volume
(400 ml.) of the extracting solution to give the concentration
indicated below. The mixtures were stirred for 30 minutes and
centrifuged. The .supematants were assgyed for transferase and

for protein,

Extracting solution 1% detergent ¥eilall O.25M—-Na2H80h
Transferase (units) 18.1 164 18.6
Eogo/5

_‘260 ’ 0.69 c-65 0.65
Protein (mg.) 4800 2,800 1,085

Specific activity
(units/mg, protein) 0.0038 0.0058 | 0,017

The date in Tables I-2 and I-3 are not strictly camparable
as freshly prepared nuclei were used for ths work described in
Table I~2 and nuclel after storage frozen at =15° for that in Table
I-3. THowever, freezing of the nuclei has little effect on the
amount of extractable ATP:NMN adenylyltransferase, but does seem to
lower the specific activity of the extract when 0, 25¥=di sodi.um

phosphate solution is used.
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In addition to 0,25M~disodium phosphate solution, 3Meurea =
12.5% saturated ammonium sulphate (pH 7.0), 3M-urea (pH 7.0), 12.5%
saturated ammonium sulphate (pH 7,0), 0.1M~pyridine - 0.02)-triethanol-
addne (pH 7.7), M-NaCl, 1% detergent and 25% saturated armonium
sulphate (pH 7.0), all extract significant amounts of the enzyme
from the 'nuclear' fraction, in that order of decreasing effectiveness,
Insignificant amounts of transferase are extracted by water, blending
medium and 25% saturated ammonium sulphate « 0,25M disodium phosphate
(Table I-3).

The case of 3M urea is an interesting one, in that it was the
only solution tried which extracted ATP:NMN adenylyltransferase
from the 'nuclear' fraction to give a higher specific activity then
that of the 0.25N-disodium phosphate extract. Although it has been
shown that partielly purified trensPerase of specific activity 0.3
pmoles NAD synthesized per minute per mg. protein does not lose any
sctlvity on standing in 5Meurea for 48 hours at 2°, it was thought
that the use of 3M~urea to extract the 'muclesr! fraction as a
regular step in the purification of the enzyme was to be avoided,
Alteration of proteins by urea solutions is well known (stark, Stein
and Moore, 1960).

ixtraction of ATP:NMN adenylyltransferase from the ‘nuclear!'
fraction by detergent sppears to be spproxiamtely proporticnal to
the detergent concentration and to the amount of protein extracted.
This situation holds until a concentration of 2,54 detergent is

reached, At this cancentration more protein is extracted, but

transferase activity in the extrsct is not increased (Table I=4),



used were the same as described in Table I~2, except that the ‘nuclear' fraction had been stored

Table -3
Extraction of ATP:NMN adenylyliransferase from the '‘nuclear' fraction of pig liver.

Conditions

frozen for three deys before use, and much smaller samples of the nuclear suspension were used (5 ml,).

Extracting 0.25k~ 3M ures - 3k 12.5 3 Colil 25% 255 Plending Water
solution Hazlﬁ’ch 12.5% urea saturated pyridine- saturated saturated medium
saturated (pH 7.0) (M, ),S0,  0.02- (wH,) 50,  (NE,) 50,- (see
(5, ) ,50,, (pH 7.0) ‘Fiethanol= (,y'70) 0.2 text)
(pH 7.0) a‘m(PH 17.?) NatPO,
Trensferase
in
supernatant 0.23 0.22 G.20 0.19 G117 C. 11 0.05 0,05 0.03
(unite)
E
280/E260 o.&l 0061 00610- 0.62 bt 0.65 0.65 0.79 0.80
Protein in
supernatant
(mg.) 69.5 69.5 57.0 61.5 - 65.6 5l 26.8 36.1
Specific
activity
(units/mg.)| 0.0033 0.0031 0.0036 00031 - C.0017 0.0009 0.0019 0,0009

*¢2
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However 1% detergent eppears to extract most of the engyme from the
'nuclear' fraction, and it is probable that at this concentration (1%)
all the nuclear menbranes have been broken up. At concentrations
higher than 1%, the detergent is possibly solubizing protein by some
other mechenism than ‘the disruption of the nuclear membrane.

Table I=k
Extraction of ATP:NMN adenylyliransferase from the 'nuclear'
fraction of pig liver by detergent. Conditions of the

experiment were the same as described in Table I=-3,

Detergent

concentration 0 0.10 0.25 0,50 1.0 2.5
2 (v/v)

Enzyme

extracted 0.065 0.077 0,117 Outh3 0,192 0.163
(units)

EZBO/E

Protein (mg.) 27.2 384 44,8 Sk 72,0 123.0
Bpecific

sctivity

(units/mg.) 0.,002% 0.0021 0,0026  0,0026 0.0027 0,0013

4s indicated in Teble I~4, the specific activity of transferase
freed from the 'nuclear' fraciion in the presence of up to 1%
detergent is not very different fram that which escapes from the
nuclei suspended in blending medium in the sbsence of detergent.

Since the latter is considered to be due to the mechanical disruption




25.
of nuclear membranes in handling the materials (Hogeboom and
Schneider, 1952), it is not surprising that similar specific
activities are obtained in the presence of detergent if disruption
of membranes is the only way in which detergent brings sbout

liberation of transferase from the nucleus.

(e) Attempted partial purification of ATP:NMN adenylyl-
transferase from the }-NaCl extract of pig liver

'nuclear' fraction.

It has been shown by Hogeboom and Schuneider (1952) that
most of the ATF:NMN adenylyltransferase of the nucleus can be
extracted into sclution with a molar sodium chloride solution,

They also Jdemonstrated that if this solutlon is diluted six fold
with water, asbout half the enzyme is co-precipitated with a fibrous
precipitate containing nucleic acid. It was decided to investigate
this phenomenon and attempt a purification of the transferase from a
molar sodium chloride extract of nuclei.

Table JT«2 shows the result of extracting the 'nuclear' fraction
of pig liver with molar sodium chloride solution., ihen the extract
was @iluted with water (six fold), a stringy precipitate resulted,
This was removed by centrifugation, leaving a supernatent with a
specific activity of 0.014 with respect to the iransferase. The
supernatant contained 52% of the enzyme present in the original
extract. in attenpt was made to use this step in the attempted

purification.
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4 'muclear' preparation from 800 g. of pig liver was
obteined in the usual manner, This was suspended in 600 ml.
of cold molar sodium chloride and stirred for 30 minutes at 2°.
The suspension was centrifuged at 3,500g and the pellet discarded.
The resulting supernatant was poured into 3,6 litres of cold water
and stirred for 30 minutes at 2°. This was centrifuged as above.
The supernatant was taken to pH 6.2 with cold 0.2M~acetic acid
solution and the transferase adsorbed onto calcium phosphate gel
with stirring. = The amount of gel required was determined by enzyme
assays., Af'ter collectinn of the gel by centrifugation, the enzyme
was eluted with O,5M~dipotassium phosphate solution, giving 372 ml.
of eluate, This was subjected tc ammonium sulphate fractionation,
the precipitates obtained at 0-25, 2535 and 35-45/% saturation of
ammonium sulphate being collected by centrifugation and dissolved in
cold water. A1l three precipitates were white in colour, the 45%
supernatant being red. Table I~5 shows the course of the purification,

This method of purificetion of ATF:NMN adenylylirsnsferase was
abandoned because of the large volumes ¢ be handled at the stage
of dilution of the molar sodium chloride extract, Cverall purific-

ation was very low - only about four fold from the original extract.

(d) Partial purification of ATP:NMN adenylyliransferase

from a phosphate extract of the piz liver 'muclear'

fraction.
The 0,20~disodium phosphate extract of the pig liver 'nuclear!’
fraction was obtained essentially as described by itkinson, Jackson

and Morton (1961). Further purification was carried out by
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Table I-5
Partial purification of ATP:NiN adenylyltransferase

from M NaCl extracts of pig liver 'muclear' fraction.

Frotein E,q., /% Irensferase Specific Volume
(mg.) “260  (units) activity (ml,)
V=i{aCl
sxtract 6,180 .64 80 0.013 840

Gel elugte {1,250 0.69 25.2 0,022 372
Ammonium
sulphate
fractionation

C=25% Satn, | ~ - 113 - 125
25-359’0 Sain, 204 0.87 90’"‘ 000% 60
55"‘1’;“5}"2 Satn, 82 Q. 5 5 )’5'9 2 Q . 051 25

s;\&soxbing the enzymes in the phosphate extract onto calcium phosphate
gel vhich was formed by adding calcium chloride solution to the
extract. It was then eluted from the gel snd fractionated with
ammonium sulphate.

Livers were removed at the siaughterhouse, packed in ice
end used within an hour, 100 gram lots of frest pig liver were
sliced into small pieces and each lot homogenized in 400 ml, of
0+25¥~sucrose = 0,003M-calcium chloride solution with u Waring blender
at 2°, the blended material was filtered turough o cheese cloth.
Vhen 4 litres of homogenate had been obtained it was centrifuged at
1000 g for 20 mimates a’c. 2°.  The loosely packed pellet was

resuspended in the sbove medium to 4 litres and centrifuged again,
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The resulting 'muclear' fraction was suspended in J.25N-sucrose =
0.015k=HaCl = ©,01l=disodium phosphate to a final volume of
346 litres and stirred for 30 minutes at room temperature (20-25°),
sfter centrifugation at 1000g for 20 minutes (2°), the pellet so
obtained was extracted with 0.2¥~disodium phosphate solution (finsl
volume 1.2 litres). After three to five minutes of vigorous
stirring the mixture becomes extre;mely viscous as the intact nuclei
bresk up, liherating material into solution. 'The mixture was
stirred a further 60 minutes at room temperature (during this time
the viscosity decreased), and cenirifuged at 3500g for 60 minutes
at 2°, The supernatent was stored frozen at -15°, 1.6 kilograms
of pig liver could be hendled in this way each day. Teble I=6
shows the recovery of transferase at each stsge in the preparation of
a 'muclear' extract.

The 0,2M=disodium phosphate 'nuclear' axtract from approximately
13Kg. of plg liver was thawed and centrifuged at 1000g. The
supernatant after standing overnight at 2° was poured off from a
small amount of precipitated sodium phosphate. This gave a solution
of total volume 16.4 litres with a pH of 8.5, Pilot experiments showed
that the enzyme could be sdsorbed onto calcium phosphate gel without
previocus lowering of the pH of the extract with dilute acetic acid,
and that O.2N~calcium chloride solution added to the extent of 20 ml,
per 100 ml., of phosphate extract was sufficient to generate enough

gel for total adsorption of the enzyme.
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Zeble I-6
hecoveries of transferase in the preparation of a 'nuclear'
extract from 800 g, of pig liver. issays for transferase activity
were conducted in the presence of O.2W-nicotinamide, to inhibit

NAD nucleosidase present in the initial homogenate.

Stege Volume (ml.) Transferase
(units)
Sliced, blended and filtered 4,000 266

Centrifuged, resuspended in
0.25k=sucrose = 0,0031~CaCl,, . 4,000 199

Centrifuged, suspended and stirred
in C,25M=-sucrose = 0,015M~NaCl -

0.01 Iv‘l—NaZHPOI’_ 3,600 218

Centrifuged, susgpended and stirred

Centrifuged, final extract 730 114

To the phosphate sxtract, 3.3 litres of 0.2M-calcium chloride
solution was added with constant stirring at 2° over a period of
30 minutes. the pH fell to 7.k. The wiole batch was then centrifuged
at 2,000g for 20 minutes at 2° and the supernatant discarded. ‘The gel
was sugpended in 3,25 litres of O.bi-sodium chloride ~ $.,020=sodium
phosphate, pH €.4 and stirred at 2° for 30 minutes. The mixture was
then centrifuged as above and the supernatent discarded., sbout
1.8 litres of elution fluid (0.21M-ammonium sulphate - 0,08k=disodium
phosphate - 0,5mM=-EDTA) was added to the gel and the mixture stirred

for one hour at 2°. It was then centrifuged as before, and the
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supernatant (first eluate} put aside. This procedure was repeated
uatil four eluates were obtained. The stirring of the gel with
elution fluid was carried out at 2°, and for times which varied from
5¢5 hours to 13 hours. The second, third and fcurth eluates were
combined and fractionated with ammonium sulphate., The precipitate
cbteined at 28% saturation was discarded. 4t 45% saturation the
precipitate was collected by centrifugation end dissolved in the
minimum smount of cold water. This final solution keeps well for
several months frozen at -15°, The overal yield from the miclear'
phosphate extract was 30% with a 57.5 fold purification, The enzyme
had & specific activity of 0.54 umoles NAD synthesized per minute per

nge protein., Table I-7 shows the details of this purification.

Table I-7
Partial purification of ATP:NMN adenylyltransferase from pig

liver nuclei.

Volume Units 3280 /E Protein Specific Purification
(ml.) of 260 (mg.) active factor
enzyme ity
Nuclear extract [16,400 1,000 0,695 106,000 0.0094 1
Pirst gel eluate | 1,750 7% 0,98 1,770 0,042 4.5
Second gel cluate| 1,900 198 0,96 1,750 0.12 12.8
Third gel eluate | 1,100 101 0.97 1,144 0,088 94
Fourth gel eluate| 1,500 73 1.00 885 0.083 8.8
Second, third and
fourth eluates 4,500 372  0.97 3,779 0,10 10.5
combined

28=450% satd. (NH, ),SO
fraction “| %57 302 4.3 564 0,54 57.5
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inother vatch of 17.5 litres of 'nuclear! extract from

epproximetely 14 kg. of pig liver was partially purified using the
same procedure as above except that five eluates were obtained from
the gel, and that eluates 2, 3, & and 5 were canbined for fraction-
ation.with ammonium sulphate. This gave a 41% overall yield with a
77.5 fold purification from the'nuclear' extract. ATD:NMN adenylyl-
trensferase with a specific activity of 0.52 umoles NAD synthesized
per minute per mg. of protein was cbtained as indicated in Table I=8,

Tsble I-8
Fartial purification of ATP:NMN adenylyltransferase from pig

liver nuclei.

Volume Units Ezac /i Frotein Specific Purif-
(ml.} of 260 (mg.) activity ication

engyne factor

Nuclear extract 17,500 730 0. 7% 108,400 0.0067 1

First gel eluate 1,360 22 1.15 1,960 0.0%1 1.6
Second gel eluate 1,880 175 1,08 2,400 0,073 10,9
Third gel eluate 1,260 114 1402 1,220 0,093 13.9
Fourth gel eluate 1,380 89.5 0.97 883 0,10 15.0
Fifth gel eluate 1,420 53 0491 795 0.067 10,9
Second - fif'th :

eluates conbined 5,940 432 160 5,296 0.082 12.2
26-457 (NH, )50, 37 300 13 57  0.52 71.5

(e) Chromatographic behaviour of ATP:NMN adenylyltransferase

preparations.
DEAE: cellulose
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In general, chromatography of the transferase preparations
on DEAE cellulose can be carried out in two weys. If the
preparation contains relatively large amounts of nucleic acid,
much of this material can be removed by chromatography at pH 6.5,
and a small but useful amount of conteminating protein removed as
well. Under these conditions the transferase emerges from a column
of DEAE cellulose at the 'break-through' point. The other method
is to adsorbt t!_le transferase onto a DEAE cellulose column at PH 7.5
end elute by spplying a salt gradient. ‘he second method gave varying
results with different trensferase preparations and generally is less
useful then the first. A description of each method is given in (i)
and (ii) below.

(i) DEAB -cellulose chromatography at pH 6.5. 4 colum of
DEAE cellulose was washed with O.QM-KZHPOL'_, water and finally with
10 litres of 0.025l~potassium phosphate, pH 6.5. The final dimensions
of the columnwere 12.1 cm. long x 2.5 cm, diameter. To 40 ml. of a
solution of ATP:NMN adenylyltransferase obtained by a method similar
to that described in Tsble I-7, 5 ml. of O.2N-potassium phosphate, pH 6.5,
was added. The preparation had a specific activity of 0.56 umoles
NAD synthesized per minute per mg.protein and conteined relatively
large amounts of nucleic acid (E280/ﬂ260;= 0.92). This solution (at 2°)
was added to the top of the cellulose colum and washed through with
G025 ~potassium phosphats, pH 6.5. T eluate wes collected in
fractions and sech fraction tested for its protein and transferase

content, Table I=9 shows the resulis of the experiment.
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Table I=9
Chromatography of ATS:NMN adenylyltransferase on DHAH

cellulose 3t pH &.5.

Fraction | Volume Transferase & Irotein Specific
nunber (m1.) {units) 280/ “260 (mg.) activity
1 5 C - - -
2 13 0 = - -
3 5e5 6.3 1617 Ee5 C.97
4 6e5 1040 154 114 0.88
5 6.5 15.8 1.50 15.6 101
6 6.5 15.9 147 1645 0.94
7 6.5 14,7 1.48 16.9 0.87
8 6.5 1240 1448 150 Q.80
9 6.5 746 143 1761 045
10 10 1.6 122 240 0.8
11 & 0 bl 0 -

A recovery of 68% of the transferase was obtained, Better

recoveries can be attained using smaller amounts of DEAE cellulose
(in relation to the amount of protein added), but in these cases the

purification achieved is much less than that indicated in Pable I=9,

(11) ©DEAE cellulose chromatography at pH 7.5. A colum

of DEAE- cellulose was washed with six litres of 0,01l-sodium phosphate
PH 7.5. The final dimensions of the colum were 1.8 cm. diameter x

11 cm. long. 9 millilitres of an ATP:NMV adenykyltrensferase
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preperation (Table i-8) conteining 89 mg. of protein and 4G units
of ATP:NKN sdenylyltransferase was dialysed against two changes
(2 litres esch) of 0.01l=~sodium phosphate, pil 7.5, overnight at 2°,
A precipitate develcped after several hours., [Hext dsy the dialysed
material was centrifuged at 10000g for 25 minutes.

Nine ml. of the supernatant was spplied %c the DEAN cellulose
colum. Af'ter adsorption of the transferase prepasration, the colum
was washed with 35 ml, of O0.01M=-sodium phosphate, pH 7.5, and then
with approximately 60 ml. of 0.08k=NaCl - 0,0{l=sodium phosphate, pH 7.5.
Up to this stege no transferase activity had appeared in the eluate.
Much of the tranéi‘erase was eluted by means of a linear salt gradient
from 0,08V~NaCl - Q.01M-sodium phosphate, pH 7.5 to 0.20=NaCl « 0,01M
sodium phosphate, pH 7.5, liore enzyme was eluted by passing a solution
of 4l=NaCl - 0,01l=sodium phosphate, pH 7.5 through th¢ solumm, Fractions
of 5 %0 10 ml, were collected throughout and the whole operation was
conducted at 2°. Each fraction was tested for ATE:NMN adenylyltrang~-
ferase activity and the protein estimated by the method of lowry et al.
(1951).

Figure I-i1 shows the results of the experiment in deteil.

4 totel of approximately 50% of the transferase was recovered from
the mmion exchange cellulose, kibst of that recovered was eluted by
a sodium chloride concentration of 0.08 to 0.12¥ (in the presence of
0,01V~sodium phosphate, pH ?.5) in two distinct peaks, and the
remainder by 1lesodium chloride = 0.01M~sodium phosphate, pH 7.5.

The specific activity of the two peaks cbtained at spproximately
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Pig, I=1

Chromatography of ATP:NMN sdenylyltransferase on DEAE cellulose.

units of trensferase

S B R e ebsorption at 280mu



Units per m!

or
Conc. NaCl (M)

80

°
c
c
e
=
[*)
o
L
w

Fig. 1-1



35.
Uofl=godium chliordide is shown in figure I=2. The most active
fraction had a specific activity of 2,33 umoles NAD synthesized per
minute per mg. of protein, This represents a purification of 4.4
fold over the materia}. spplied to t.he; column, slthough it is recog=
nised that the two peaks obtained could be due to an uneven Plow of
solutions through the colun:z, it is an interestiné result when
considered in the light of the experiments where transferase
preparations were subjected to starch gel electrophoresis. Here
at least two ‘iscenzymes' of the trensferase were epparent.

Chrowstography of the transferase on DEAR cellulose at pH 7.5
under the above conditions was carried out a number of times and
elways resulted in the appearance of multiple pesks in the region
of Q.1V=sodium chloride, Fron; preparations of specific activity
U.25 to 0,5 pumoles HAD gynthesized per minute per mg. protein, a
purificetion o three to four fold only wes achieved in the most
active frections. Use of this method in e routine purification of
ATF:NMN adenylyltransferase does not seem warranted in view of the
low yields of transferase with significantly increased specific
activity.

{iii) Corboxymethyl cellulose.  AIP:NMN adenylyltransferase
preparations were chromatographed on the calion-exchanger, CM
cellulose, at pil 6.5 and 5.0, with little improvement in specific
activity.

Malysis of a itrensferase solution containing 2.45 units of
specific sctivity 1.19 in 4,0 ml. sgainst O.1d-sodium ecetate (pH 5.0) -

0.1 mM=-EDTA for six hours at 2°, gave a preparation containing 2.1 units
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Fig- I=2

Chromatography of ATP:NMN adenylyltransferase on DEAE

cellulose.
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of specific activity 0.93 in 44 ml,, sfter centrifugation to
remove & precipitate. 4 recovery of only 25% of the transferase

was cbtained after dialysis at pi 5.0. This sclution was applied
| to a columm of CM cellulose 2.5 cm. dlameter x 3 cm. long, which had
previously been washed with G.5k=sodium hydroxide, Q.5Y-godium chloride
and finally with O.,1¥=sodium acetate, pH 5.C = O,1umM=EDTA, until an
eluate of pH 5.0 was obtained., The transferase was found tc be
adsorbed to the cation exchanger, and only about 25% of this could
be eluted with 1l-sodium crloride - O.,1mN=-ZDT4A, The specific activity
of the eluted enzyme was approximately 1.0.

fnother column was set up with similar dimensions and washed

successively with C.5k=sodium hydroxide, Ce5k=sodium chloride, 0,01M=
sodium chloride, O.1lM~sodium acetate, pH 4.55 and finally with 0.01M-
sodium chloride. in enzyme sclution containing 14.2 units of specific
activity C.34 in 12,5 ml. (pH €.5) was added to this column, kst
of the transferase was eluted at the 'breake-through' point and more
appeared éfter elution with O.1M-sodium chloride and M-sodium chloride,
4 total of 80% of the transfersse was reeovered, with specific
activities ranging from .2 to Q.7 for the various fractions collected.
In another experiment carried out under the same conditions, 54% of tae
édded transferase preparation was eluted at the 'break-through'.
Ir this case 4% units of iransferase (specific activity 1.03) in 5.3 ml.
was applied to the cation exchanger, and 26.4 units recovered with a

specific activity of 1.05 to 1.48,
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(iv)  imberlite CG-50. In general the behaviour of ATF:NMN
adenylyltransferase on the cation exchange resin :mberlite CG~-50 is
consistent with the enzyme molecuie having an iso~ionic point in the
neutral pH region. 4t pH 7.0, (0.05M-sodium phosphate buffer) about
50% of the transferase is eluted from a column of the resin at the
"break-through' point. All the transferase is adsorbed by the resin
at pl 5.8 (0,02l~sodium phosphate Li ffer),

A column of imberlite CG~50 of dimensions 4.4+ cm. diazeter x

13.3 cm. long was equilibrated with 0,05N~sodium phosphate, pH 7.0.
In preparation for chromatography, a transfersse sample was dialysed
against 0,05M~sodium phosphate, pH 7.0 for four hours at 2°, ‘his gave
25 ml, of a solution containing 43 units of transferase with o specific
activity of 0.28. The dialysed material was added %o the resin, snd
the column eluted successively with 0,05M-sodium phosphate, pH 7.0,
O.2k=sodium phosphate, pH 7.0 end finally with O.2M-disodium phosphate
solution, The eluates were collected as & ud, fractions, and assayed
for their protein and transferase content. Tne elution pattern is
shown in figure I-3. Recovery of transferase from the columm wes
about €0%, and 90% of the protein was accounted for. fpproximately
5005 of the transferase recovered appeared at the 'break-through' i th
a relatively low specific activity (0.18), and the remainder was
eluted by U.2M=-sodium phosphate, pH 7.0 with an increased specific
activity (epproximately 0.6).

Dialysis of 10 ml. of & solution containing 26 units of

transferase (specific activity 0.3) against four litres of 0,02M-sodium
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phosphate, pH 5.8 for 7 hours at 2° gave a precipitate. The super-
natant, obtained by centrifugation, had 16,5 units of the enszyme
with a specific sctivity of 0.26. This was found to be adsorbed
to a colum of the resin of the same dimensions as above, but
previously washed with 0.02k-sodium phosphete, pH 5.8. Only some
inactive protein was eluted with 0.02V~-sodium phosphate, pH 5.8.
The resin wes then eluted with 0.0kM-sodium phosphate, pH 6.5,0.04N~
sodium phosphate, pH 7.0 and finally with O,2V~-sodium phosphate,
pE 7.0, Very little protein and no transferase was cluted with the
first two solutions. [fpproximately 11% of the transferase was
‘recovered by elution with 0,2M-sodium phosphate, pH 7.0, the most
active fraction having a specific activity of 0,32,

Chromatograply of the transferase preparations on imberlite
G~50 in the prusence of urea gives a small but useful increase in
specific activity. ‘hree ml., of a solution containing 9.2 units of
transferase (specific activity C.3), which had previously been dialysed
versus 6.1)¥-urea = 0,146k~3cdium phosphate, pH 6,15 without loss of
activity or decrease in specific sctivity, was added 4o a columm of
smberlite UG-50, 1.3 cm. diameter x 15.2 e, long. This column had
been washed extensively with 6.1l~urea - C.i4bl-~sodium phosphate,
PE €6.15. Frotein was washed through the coluin with the starting
solution (urea-phosphate, pH €.15). A total of 3.9 uvnits of trans-
ferase was cluted with a specific activity ranging from 0.5 to 0.6.
Thus 42.45% of the transferase setivity and 24.5% of the protein wes

recovered., However, when the transferase was chromatographed on
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this cation~exchanger in the presence of Sl~urea - 0,05Mesodium
vhosphats, pH 6.0, less than 10% of the enzyme was recovered.

(v) Caleium phosphate. A limited amount of work only has
been carried out on the chromatogrephic behaviour of ATP:NMN
adenylyltransferase on calcium phosphate preparations. The results
obtained were very encouraging, especially as good recoveries were
found. This method of purification deserves further attention., The
calcium phosphate used was prepared by the method of lain, Wilkins
end Cole (1959) by precipitation at pH 6.7 and boiling with saturated
calcium hydroxide solution. Eefore use, a column of this material
was washed with 200 ml. O.1X-potassium phosphate, pid €.5, followed
by 2 litres of 0.01¥=potassium phosphate, pH 6.6 = C.0%al=cysteine.

6 euch & oolum of calcium phosphate (1.2 cm, diameter x
2.8 cm. long) 5 ml. of a trensferase preparation containing 19.3 units
of specific activity 0.98 ("260/E g = 1.37) in 0.01¥-potassium
phosphate, pH 6.5 was added. The column was immediately eluted with
O.35M~-potassium phosphate, pH €.6. The best fraction contained 18.2
units (9% recovery) of specific activity 1.57 (E..?.SO/E%O = 1.46),

This fraction was fractionated vith ammonium sulphate, snd the
material precipitating between 35 and 45/ saturation was dissolved
in C,5 ml, of cold water to give a solution with 4.8 units of the
transferase of specific activity 1.4 ("280/E, ) = 1.65). This was
applied to another column of calcium phosphate, 1.2 cm. diameter x
2.9 cm, long. The colum was eluted successively with O.{M~potassium
phosphate, pH 6.6, 0,2M~potassium phosphate, pH €.6 snd finally with

0.35M potassiumr phosphate, pH 6.6, Three ml, fractions were collected.
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A total recovery of the transferase of 75% was achieved, most of
this appearing on elution with the last mentioned solution, However,
little further purification was obtained, .the best fraction containing
2.3 wnits of specific activity 1.66 ("280/E ¢ = 1.59).

(f) [The effect of urea on ATP:NMY adenylyl transferase.

ATP:NMN adenylyltransferase preparations sre remarkably stable
in solutions containing up to 6M-i1rea. It is this property which
allowed chromatography on Amberlite CG-50 to be conducted in the
presence of urea, and which permitted the extraction of active
transferase from pig liver nuclei by solutions cantaining urea,

Three experiments illustrate this stability towards urea.

A transferase preparation containing 8.5 units of enzyme of specific
activity 0.31 (E!SO/EZGO = 1,12) was dialysed sgainst SM-urea =

O;OBM = sodium phosphate, pH 6.0 overnight at 2°, fThe dialysed solu-
tion was then kept at 2° for 48 hours. There was no loss in transfer-
ase activity. This solution was dialysed against 0.05b=sodium
Phogphate, pH 7.0 overnight at 2°. The resulting precipitate was
removed by centrifugation. The supernatant was found to contain

80% of the original transferase with a specific activity of 0,78
(E28°/Ezso = 1.07). A similar behaviour was found after dialysing
4O units (specific activity 0.3) of transferasse ageinst 5M-urea =
0.04l=sodium phosphate, pH 5.8, and keeping the solution for 48 hours
at 2°, In this cese, subsequent dialysis of the solution against

0.05=sodium phosphate, pH 7.0, gave a 96% recovery of the transferase
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in the supernatent with a specific sctivity of 0.8.

An increase in specific activity of the enzyme was not
attained during a shorter treatment of this kind. In another
experiment 3 ml. of a 0.025M-potassium phosphate solution, pH 6.5,
containing 7.8 units of transferase (specific activity 0.3) was
made up to 5M~urea by the addition of solid urea and kept fc;r 30
minutes at 2°. This was dlalysed sgainst water overnight at 2°.

After centrifugation to remove a precipitate, the supernatant (k.4 ml,)
was found to have 6.46 units of transferase of specific sotivity 0,28
(83% recovery).

Tebles I-7 and I~-8 above show a recovery of 81 and 69.5%
respectively of transferase in the precipitate obtained at 28 to 45%
saturation during ammonium sulphate fractionation. Frequently lower
recoveries are obtained, and in at least one case, to be described,
the presence of urea has resulted in a higher recovery in this fraction
during treatment with ammonium sulphate.

Iwo solutions of transferase in 30 ml, of O.5M~dipotassium
phosphate, each containing 24.8 units of enzyme of specific sctivity
0.07, were fractionated with ammonium sulphate at 2°, The precipitates
obtained at 25 and 45% saturation with ammonium sulphate were dissolved
in ice=-cold water and assayed for their trangferase and protein content,
The 25 to 45% fraction, obtained in the presence of 2M-urea, contesined
17 units with a specific activity of 0.61, representing a recovery of
68.5%., That obtained in the absence of urea yielded 7.1 units
with a specific activity of 0.7 (30,2 recovery), In the latter case,

more transferase of low specific activity was obtained in the 0-25%
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saturation fraction than was the case in the bresence of urea,
This may indicate that the urea is acting by preventing to same

extent the interaction of the enzyme with other proteins.

(g) Acetone fractionation of ATE:NMN adenylyltransferase
Preparations.
ATP:NMN adenylyliransferase with a specific activity of

approximately O.5 umoles NAD synthesized per mimute per mg. protein
can be readily prepared by the procedures outlined in Tables I-7
and I-8. The purity of these prepasrations can be increased to a
specific activity of about 1.0 to 2.3 by some of the techniques
described above., Fractionation with acetone also gives a useful
purification of the transferase, leading to preparations capeble of
synthesizing 2 to 3 pmoles NAD per minute per mg. protein. However,
in general, this method gives only relatively low yields of enzyme
of this purity. The course of fractionation of the transferase
with acetone is shown in Tables I~10 and I=11.

The starting material for the fractionation summerised in
Table I-10 was obtained by dialysing a trensferase Ppreparation
against 0,025M-potassium phosphate, 0.01ulM~EDTA, pH 6.5, for 16
hours at 2°. The mixture was then centrifuged and the supernatant
cooled at 0° in an alcohol bath, Acetone (precooled to =~15%) was
added slowly until it made up 15% of the solution; the temperature
of the mixture was allowed to drop to =10° during addition. The slight
precipitate was isolated by centrifugation at 20000g at =15°, In

this way, fractions were collected at 30 and 50¢ acetone.
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Iable 1-10

Acetone fractionation of ATP:NMN adenylyltransferase,

Starting materisl: 125 units transferase
1.03 specific activity
105 ml, 0.025M~potassium phosphate

0.01mM-EDTA (pH 6,5)

Precipitated Soluble in Soluble in
by: 0.025M phosphate 0.9M phosphate
. ma BE. | == 5
15 335 2.2 9.0 2.68
30 3e32 1.23 2.6k 1.90
50 154 - 10.8 -
(supernetant) 0.5 - - -

The precipitates were suspended in 0.025M-potassium phosphate, pH 6.5.
These suspensions and the supernataent obtained after collecting the
50¢% acetone precipitate were dialysed overnight against 0,025k~
potassium phosphate, pH 6.5, at 2°. As only a portion of each
precipitate sppeered to be soluble in this bufifer, the next day all
residues were dissolved in 0.1M-aisodiw;x phosphate, and the various
solutions obtained were asseyed for transferase and protein,. The
purest fractions were obtained at 15% acetone; however, most of the
transferase recovered was precipitated at 50% acetone (Table I-10).

M oversll recovery of 36/ of transferase was found.
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Table I-11

Acetone fractionation of ATP:NMN adenylyltransferase.

Sterting material: 105 units transferase
0.47 specific activity
30 ml. 0.025M~potassium phosphate,

0.01mM-EDTA (pH 6.5)

£ _acetone units specific activity
16.5 1041 33
33 8 0.7
( supernatent) 78 -

The fractionation summarized in Teble I=11 was conducted under
the conditions described in Table I-10, In this case the starting
material was the supernatant obtained after dialysing an enzyme
preparation of specific activity 0.61 against 0.025M-potassium phosphate
0.01mM~EDTA,pH 6.5, for 16 hours at 2°. Only two fractions were
collected (at 16.5 and 33% acetone). The precipitates were suspended
in 0,025M=-potassium phosphate? PpH 6.5 and &lalysed against this solution
overnight at 2°. Both dissolved completely in this buffer. The
supernatsnt, conteining 33/ acetone, was dialysed against this buffer
to rid it of acetone. Again, the best fraction was that obtained at
1€.5% acetone. This represented less than 10% of the transferase
recovered. A total recovery of 91% was obtained, most of the transfer-

ase being soluble in 33% acetone solutions. Further experiments on
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acetone fractionation of ATP:NMN adenylyliransferase preparations

are described in the following section,

(h) Starch gel electrophoresis of ATP:NMN adenylyl-
transferase preparations.
Continuous buffer systems.

ATP:NUN adenylyltransferase of specific achivity 0.82 was
obtained by the procedures outlined in Tables I~7 and I-8 followed
by chromatocraphy on DEAE-zellulose at pH 6.5, 4 sample of this
pig liver engyme (0.075 ml. conteining 0.7 units) was subjected to
starch gel electrophoresgis in 0,025M~boric acid -~ 0,01M-sodium
hydroxide, pH 8.4, according to the method of Smithies (1959).

A voltage of 270 volts (10V/cm.) was applied acress the gel for a
period of 6,5 hours at 2°, At the end of the run, the starch block
was sliced into two equal parts in the usual menner. One half was
stained for protein with amido black solution. Two protein
components were cobserved at a distence of 1.4 and 1.7 inches on the
anode side of the origin, There wes a large concentration of adsorbed
protein at the origin, snd a pronounced streaking of protein from the
origin towards the anode was evident., The other half of the gel was
sliced into 0.25 inch sections moving down the block from the

origin towards the anode. The sections were frozen overnight at -15°,
thawed the next day and each placed on the 'mushroomed' end of a

glass rod which rested in a centrifuge tube. The ‘mushroom’ was

held at a distance of approximately one inch from the bottom of each

tube by a constriction in the latter. These tubes containing the
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gel sections were centrifuged at 300g for 30 minutes to express
the solution from the spongy starch. The liguid collected in the
bottom of each tube (approximately 0.2 ml,) was assayed for its
transferase activity by incubation with 0.8 ml, of a solution
containing one umole of NMN, 4 pmoles of ATP, 16 umoles of Mg¢312
and 200 umoles of glyeylglycine, pH 7.6. The incubation was
carried out at 37° for 45 minutes. Only a trace of activity was
found in the ligquid from the section . teken from the origin, and
no detectable HAD synthesis was apparent in the sclutions from the
other sections. In view of the following experiment, it seems that
the trensferase is rather firmly attached to the starch under the
above conditions, perhaps due to freezing of thq gel before expression
of the solution it conteins.

Starch gel electrophoresis of the same enzyme preparation
was repeated under the conditions stated above. For a period of
13,75 hours, 270 volts was spplied across the gel, The gel was
split horizontelly as before. Staining with amido black solution
showed that the two protein bands cbserved sbove had moved a distance
of 4.1 and 4.2 inches towards the anode from the origin. Again there
was much protein adsorbed at the origin, and heavy 'streaking' of
protein awsy from the origin towards the snode was spparent. As
sbove, the other half of the gel was cut into 0.25 inech sections
dovs: the:starch gel block from the origin toward the anode. Fach
section was pleced in 0,5 ml. of water snd macerated. To each of

the resultant suspensions, O.k ml. of a solution containing one umole
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of NiN, & umoles of AIF, 16 umoles of }:’gClz and 200 umoles of
glycylglycine, pH 7.6 was added, and the mixture incubated st
37°.  The reaction was stopped with trichloxcacetic acid in the
usual way. From the amount of NAD so formed, the relative activity
of transferase in each section was ascertained, Figure. I-4 (a)
shows the distribuition of transferase activity in relatién to the
observed protein components. ATP:NMN adenylyltransferase activity
was observed to cover a large srea of the block, and could not be
allocated to any distinct protein component, except perhsps a portion
of it to that protein diffusing out from the origin towards the anode,
At a specific activity of 0,82, the transferase is evidently far
from pure, or is modified by the conditions of electrophoresis,

The techniques of Smithies (1959) were used to conduct two more
investigations into the electrophoretic behaviour of transferase
Preparations on starch gel. Here the starch gel was made up in
0.01)-sodium phosphate buffers, pH 7.5 and 6.8. fach buffer hed a
specific conduatence of 6.6 x 10™" ohm'cm.™! » which was found suitsble
for electrophoresis under these conditions. 4 trensferase Preparation
obtained as described in Table I~7, was dialysed ggainst these two
buffer solutions, giving enzyme of specific activity O0.54. 0.4 units
of enzyme at pH €.8 and 7.5 were applied to the gels at the same pH,
and 150V was applied across each gel (27 om.) for six hours at 2°.

The procedures outlined sbove were employed to detect protein and
transferase activity. The distribution of transferase and protein
is shown in Figures I-4 (b) and I-4 (e). At pH 6.8 the transferase



47 (a)

preparations

resis of ATP s NMN adenylyltrm.sferase

starch gel electropho

{ransferase

M

// /[ protein




1-0

4 (a) 06
pH 84
Relative
Activity 02 //////
! /
1-0
4(b) 06
PH 75 ynits of

Transferase H
0-2}

4(c) 01
H -
PHEB  nits of
Transferas% 0

0 +10 +20 +30 +40 +50
Distance from origin (inches)

Fig. 1-4



48,

appears to have little net negative charge as most of the activity
hes remained neer the origin (figure & (e)). 4t pH 7.5 (figure I-
4 (b)) a significent portion has migrated towards the anode, whereas
at pH 8.4 (figure I-4 (a)) most of the trensferase has moved awey
from the point of application. The preperation subjected to electro-
phoresis at pi 8.4, which had been passed through a DEAE cellulose
column at pH 6.5, is devoid of the third protein component seen at
electrophoresis at pH 7.5, where the transferase spplied was not
given this additional treatment, ‘This indicates that it is the
removal of this component that results in the rise in specific sctivity
from 0.5 to 0.8.
Discontinuous buffer gygtem.

The following experiments, describing the behaviour of
ATP: NN adenylyltrensferase preparations on starch gel electrophoresis,
were carried out using the discontinuous buffer gystem of Poulik (1957).
The transferase was detected by the coupled enzymic test, detalls of
which are given in the methods section above.

(1) #n enszyme preparation originally of specific activity
G52 (obtained as in Teble I~8), af ter having been kept frozen at =15°
for 6 months was found to have a gpecific activify of 0.31. After
dlelysis ageinst 0.005K-sodium pyrophosphate-HCl, pH 8.0 at 2°, the
gpecific activity was raised to 0,36, 'Two ml, of this solution, con=
taining 7.1 units was added to 2 ml., of acetone at =15°, A heavy
precipitate resulted, which was collected by centrifugation at

20000g for ten minutes at 2°, The precipitate was dissolved in
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0.005K=s0odium pyrophosphate~HCl, pH 8.0, and dialysed against this
buffer overnight at 2°. 1.2 millilitres of a yellow solution
containing the transferase was obtained., Of this 0.7 ml. was
centrifuged at 259000g for 30 minutes at 4° (lbdel E Spinco).
A hard yellow pellet was found at the bottom of the cell at the end
of the run. 0.5 millilitres of the supernatant was withdrawn with a
syringe, yielding a colourless ATP:NM{ adenylyltransferase preparation
of specific activity 0,62 (5.15 units per ml., “280/E,c) = 1.35).

Two slots were used for starch gel electrophoresis. The right
haend slot contained the preparation before centrifugation on the
Spinco, and the left hand slot, the supernatant after this treatment.
4s can be seen in figure I-5, centrifugation at 259000g removes high
moleculer weight material (yellow), which becomes adsorbed to, and
streaks out from, the origin on starch gel electrophoresis. Some ATP:
NMN adenylyltransferase is associated with the major protein band which
moves with a mobility of elightly more than half that of the 'borate
front', 'This electrcphoresis was carried out by spplying a potential
of 105 volts across the gel for 5 hours. A high voltage like this
appears to distort the pattern somewhat., The left side of figure 5
shows the protein pattern, while regions of trensferase activity are
depicted at the right.

(i1) 47.2 Unite of transferase of specific activity 0.26 was
freshly prepared from pig liver nuclei as described in Table I-8,
Mter dialysis against 0.005k~sodium pyrophosphate - HC1l, pH 8.0 at

2° overnight, it was subjected to an acetone fractionation., At 40%
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acetone (~15°) fine crystals appeared. They were collected by
centrifugé.tion (20,000 x g for 10 minutes), but little transferase
activity was associated with them. At 60% acetone a heavy precipitate
resulted. This was removed by centrifugation as before and suspended
in 0.005k=-sodium pyrophosphate~HCl, pH 8,0, After dialysis sgainst
this buffer overnight, the =smsll ‘amount of insoluble material was
removed by centrifugation. The supernatant contained 31 units of
transferase of specific activity 0.24 (665 yield),

To improve the specific activity, this material was subjected
to an ammonium sulphate fractionation. Fractions were collected at
(1) 29.2%, (2) 38.3%, (3) 505 and (&) 60 saturation with ammonium
sulphate. The precipitates were dissolved in 0,005M=-sodium pyrophos~
rhate-HCl, pH 8.0 and dialysed against this buffer overnight at 2°,
Fraction (3) had the best purity, giving 9.8 units of specific activity
1.05. This fraction was centrifuged at 259000g for 45 minutes, and the
supernatant used for the following studies. <nce again, a hard yellow
pellet was found at the bottom of the cell after centrifugation,

When the supernatant from fraction (3) was subjected to starch gel
electrophoresis, it became apparent that in this case enzyme activity
was not essociated with the main protein band cbserved in (i) sbove.
However, this protein component was still present. Instead, most
of the trarsferase moved with a lower mbbility, and could not be
allocated to any clear protein band., As shown in figure I-6 a second
less marked transferase component migrated with a lower mobility then

the main enzyme band., Here the protein pattern is shown on the right
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of the photograph. Toth slots contain the same material.

(ii1) To check that there is a real difference in mobility
between the preparation used in (i) and that used in (ii), starch gel
electrophoresis was carried out using three slots (figure I-7).

In the left hand slot is fraction (3) (section (ii), above). The

middle slot has a mixture of (ii)(fraction 3) end that used in (4)

(2 1:1 mixture). That used in (i) occupies the right hand slot,

A11 three solutions were &lalysed against C.005M-sodium pyrophogphate~

HC1l, pH 8.0 before application to the gel, As can be seen in

figure I=-7, there is a real difference in mcbilities of the tranferase

in (1) and (1i). The left hand portion of figure I=7, in which

incisions can be seen in the gel at positions of transferase activity

shows the protein pattern. The results suggest that fraction 3 (ii)

is far from pure at a specific sctivity of 1.05. 4 total of three

regions of pyrophosphorylese sctivity are easily discernible, The

enzyme components with the greatest and least mobilities are associated
with definite protein r«gions, but the band of transferase with an

| intermediate mobility migrates just shead of one of the more minor

protein bands,

(iv) Fraction 3 (1i) after centrifugation at 259000g,
was subjected to starch gel electrophoresis in which a continuous
buffer system of borate, -H 8.25, was substituted for the discontinuous
buffer svztem used above, This resulted in a power resolution, both
protein and transferase activity appearing to 'streak' out from the
origin towards the anode. It would seem that the phenomenon seen

in figure I-4 (a) is a result of the use of a continuous buffer
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system, giving a diffuse distribution of components. #igh molecular
weight meterial, present in the preparastions not centrifuged at

259000g is probably not able to move freely in the gel,

D. Disussion

The formation of gels from nuclei has been studied in some
detail by Dounce and his coworkers. It was found that gels are
formed in the presence of dilute alkali, pH 9 to 10, or in molar
saline solutions, pH 7 to 8, (Dounce, Witter and ionty, 1955);
(Dounce gnd Monty, 1955). This gel arising from the contents of the
nucleus is related to the formation of a 'halo' around the nucleus
in the presence of molar sodium chloride solution, presumebly due to
the swelling of DNA through the nuclear periphery (Philpot and Stanier,
1956).  nother agent known to produce gels from nuclear preparations
is the detergent, sodium dodecyl sulphate. At a concentration of
O.41%, this latter compound, in bringing sbout gel formation, extracts
very nearly 100% of the DNA from the nucleus (Kay, Simmons and Dounce
1952). It is believed that for this gel Prmation to take place, the
deoxyribonucleoprotein structures must be intact and that mitochondrial
deoxyribonuclease inhibits gel formation (Dounce, OConnell end Monty
1957).

Some of the most effective agents in extracting ATP:NMN
adenylyltransferase from liver nuclei do so with the formation of
gels as sbove., Thus molar sodium chloride has been found to extract

most of the transferase from liver nuclei (Hozeboom and Schneider, 1552),
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and the present work shows that detergent is capeable of deing the
same, The use of {,2M-disodium phosphate solutioxis in the routine
extraction of tnis enzyme from the pig liver 'nuclear' frection ,
described here as an initial step in its Purification, also leais
to the formation of a gel, There would thus seem to be little
doubt that the transfersse is intimately associated with the contents
of the cell nucleus, as suggested by the work of Hogeboom and
Schneider (1952), and Branster and lorton (1956}, Further confirme
ation, and possibly an identification of transferase activity with
.some of the structures of the nucleus, may result if the method
described here for the demonstration of transferase on starch gel
blocks cen be spplied to its histochemical detection in tissues.

Prior to the extraction of the transferase from the 'nuclear'
fraction with 0,2M~-disodium phosphate solution for further purification,
the standard practice of washing the nuclei in Outlli-sodium chloride
solutions has been adopted here. It was thought that this treatment
would raise the specific ectivity of the final extract by removing
some unwanted proteins from the still intact nuclei. Saline solutions
of this concentration have been shown to remove epproximately 42%
of the nuclear protein from nuclei isolated in organic solvents from
calf thymus, leaving the nuclei intact (Kirkhem snd Thomas, 1953).
In addition, Roodyn (1956, has demonstrated that 90 to 95% of the
total muclear aldolase can be extracted from nuclei, isolated in
aqueous media, with O.14M-sodium chloride. In the present studies,
a large proportion of the transferase was found to have escaped from

the nuclei when washed with solutions containing salt of sbout this
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concentration (Teble I=6). It is thought that most of this is
due to mechanical disruption of some of the nuclei in stirring the
suspension (c.f. Hogeboom and Schneider, 1952}, %t the end of this
treatment, most of the nuclei appear to be intact, and have clumped
together, as noted by Kirkham and Thomas (1953),
The present work has shown that meny techniques can be applied

in purifiying the enzyme from 'nuclear' extracts., It is suggested
that the most relisble method is to work up the phosphate extract of
the 'nuclear' fraction according to Tsble I-7, giving a preparation
with a specific activity of approximately 0.5 umoles NAD synthesized
per minute per mg. protein. This can be chromatographed on DEAE
cellulose at pH 6.5, thus removing most of the nucleic acid and improve
ing the specific activity somewhat (Table I-9), sn acetone fraction=
ation will then yield some transferase with a specific activity of
epproximately 3.0 (Table I-10 end I-11). If it is assumed that pig
liver contains 20% protein on = wet weight basis (Spector, 1956), then
the specific activity of ATP:NMN adenylyliransferase in fresh pig
liver is approximately 0.0017 umoles NAD synthesized per minute per
mg. protein (Table I-6), This is similar to the specific activity
of en extract of acetone powder in phosphate buffer (Table I-1),

A specific activity of 3 would tlms represent a purification of about
2,000 fold from pig liver. FPreviously a method has been given for
obtaining transferase of specific activity 0.3 from pig liver nuclear
extracis (Atkinson, Jackson and Morton, 1961). Kornberg (1950), has
purified the enzyme to a specific activity oi 0.21 frow an acetone

powder of pig liver. The yeast enzyme has been purified to a
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specific activity of 7.55 (Kornberg, 1950).

The histochemical technique described above for the detection
of ATP:NMN adenylyltrensferase on starch gel is essentially en
extemsion of the method ocutlined by Larkert snd Loller (1959) for
dehydrogenases, except that péser and not agar was used to carry
the necessary reagents. In addition, the use of nitroblue tetra~
zolium instead of neotetrazolium @ispenses with the need for a
catalytic amount of a redox dye (e.g. methylene blue), which served
2s an intermediate in the transfer of electrons from diaphorase to
the tetrazolium salt (b.?achlas, Welker and Seligmen, 1958), ‘mis
is because nitroblue tetrazolium, due to its nitro group, has e mch
greater ability to serve as an electron acceptor compared to athsr
tetrazolium salts (Tsou, et al. 1956).

In combinetion with the detection of protein on starch gel
with amido black solutions, this histochemical method suggested that
at a specific activity of about 1.0, the ATP:NMN adenylyl transferase
purified from pig liver nuclei s is far from pure, The same deduction
wes mad: from experiments in which transferase activity was determined
by direch assay of segments of the starch gel block (figure I-4),
However, some caution is needed in accepting thesge conclusions, as
it has been shown that crystalline yeast alcohol dehydrogenase, which
geve only cne major protein peak in the enalytical ultracentrifuge,
gives 18 protein components on starch gel electrophoresis using a
discontinuous buffer system; only 5 of these had dehydrogenase
activity (Watts, Douninger and Whitehead, 1961; Watts and Donninger,
1962).
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(n starch gel electrophoresis of ATP:NMN adenylyltransferase
Preparaticns using a discontinuous buffer system, a totel of three
regions of enzyme aciivity were observed (figure I~7). Two of
these corresponded with protein components and the other could not
be allocated to any distinect protein band. In addition the mobility
of transferase camponents in two different preparations, one prepared
six months beforehand and the other just before the electrophoresis
was carried out, was quite different. 4 one to one mixiure of the
two ran just as expected from the electrophoretic behaviour of esch
elone. Although this may suggest the existence of miltiple molecular
forms (iso-enzymes) of the transferase, one cennot rule out altogether
the possibility of denaturation or some related phenomenon giving
rise to these iso-enzymes during the purification procedure, or some
rather strong interaction of the {ransferase with other proteins in
the preparation leading to formation of complexes which are not broken
up during starch gel electrophoresis. lMany snzymes have been shown
to exist in multiple forms es indicated in a monograph edited by
Wroblewski (1961), and it seems that the transferase from pig liver
nuclei is no exception in this vegard. This may explain the occurrence
of multiple peaks of transferase activity in the eluate from DEAE
dellulose, pH 7.5 (figure T=2), and the dMfficulty encountered in
further purifying the preparations obtained so far,

It was found that a discontinmious buffer system similar to
thet of Poulik (1957) gave a much better resclution of the transferase

on starch gel electrophoresis, than did 2 continucus buffer system,
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This aspect of starch gel electrophoresis has been investigated
to some extent by Barret, Friesen and Astwood {1962), who find that
it is the "borate front' (as yet not a fully explained phenomenon)
which sppears to be a mejor factor in obtaining a high degree of
resclution and separation. The individual components are sharpened
by the 'borate front' as it passes,and the mobility of all anionic
bands increased at this time,

The stability of transferase preparations towards urea may
eventually prove useful in further purification., OCther enzymes have
been found to be stable towards urea soclutions, including ribonuclease
(snfinson et al., 1955), pepsin (Steinhardt, 1938; Perlman, 1956) and
trypsin (Harris, 1956). Pyruvic kinase (Morswiecki, 1960) and
chymotrypsin (Harris, 1956) are among those enzymes which lose enzymic
activity in urea solutions. It is not known as yet if ATP:NMN adenylyl-
transferase, like ribonuclease and unlike trypsin, is fully active in
urea solutions, but it certainly retains its activity after removsl
of urea by dialysis.
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I
Specificity of ATP:NMN Adenylyltransferase with Respect

to NMN /inalcgues.

This section describes the preparation and properties of
a number of analogues of nicotinamide nucleotide. The analogues
were compared with NMN as adenylyl acceptors in the presence of
ATP end the transferase, they also were tested as inhibitors of

adenylyl transfer to NMN.
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Hucleotides ATP and NAD were purchased from
Sigma Chemical Co., end thionicotinamide adenine dinucleotide (lot
number 4601), 3-acetylpyridine adenine dinucleotide (lot number 2702)
and pyridine-aldehyde adenine dinucleotids (lot number 3301) from
Pabst Leboratories, Milwaukee, Wisconsin, NMN was prepared as
previously described (Atkinson, Jackson and Morton, 1961). Synthetic
samples of thionicotinamide mononucleotide, pyridine wononucleotide,
é-phogsphoglucosyl nicotinamide sand nicotinemide riboside were provided
by Mr. k. Naylor. The method of Haynes et al. (1957) was used to
prepare these analogues. Synthetic a~NKN was also provided by
¥r. Naylor; this was prepared from tribenzoylribosylamine.

Buffers. Glycylglycine was cbtained from
B.D.H, (lsboratory resgent grade) and tris (hydroxymethyl) amino
methane from Nutritional Bicchemicals Corporation, Cleveland, Chio.

Inorgenic keagents were zll of snalytical
reagent grade.

NAD Pyrophosphatase was partially purified
fram potato by the method of Kormberg and Procer (1950). Essentially
an ammonium sulphate fractionation was used, followed by two successive
Practionations with ethanol., The final product was dissolved in
water and stored at -15°.

ATP :NMN adenylyltransferase was prepared
fram pig liver nucleer extracts according to the method cutlined

in Teble I-7. Before use, the preparation, of specific activity
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0.54 umoles of NAD synthesized per minute per mg. of protein, was
dialysed against 0.01Mesodium phosphate, pH 7+5, and diluted with

water,

B. lMathods
Determination of the rate of adenylylransfer from

ATE to NMN and its analogues.

Ihree methods were used to determine rates in this system:

(a) & non~coupled assay, where the substirates were incubated with
transferase, the reaction was stopped and the dinucleotide formed

was estimated with yeast alcohol dehydrogenase; (b) a coupled assay,
in which ethancl and yeast alcohol dehydrogenase was included in the
incubation mixture together with the transferasse and its substrates s
engbling a direct estimation of dinucleotide formation; (c) estimation
of pyrophosphate formed after incubation of the transferase with its
substrates as in (a). Frocedure {c) was adopted where nicotinic acid
mononucleotide was used as substrate. This method is necessary in
this case, as nicotinic scid adenine dinucleotide is not reduced by
yeast alcohol dehydrogenase (Lamborg et al., 1958; van Eys et al., 1958)

(a) Non-coupled assay. NMN or its analogues were

incubated with the transferase in the presence of 100 mM~glycylglycine,

PH 8.0, & wh~ATP and 10 mM~MgCl, at 37°. The total volume of the

2
wixture was .0 ml, After an appropriate time interval, the reaction
was stoppscd by the addition of 1.5 ml., of 0,5F-trichloroacetic acid,
and the small amount of precipitated protein was centrifuged to the

bottom of the assay tube. 2.0 Millilitres if the supernatant was
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added to a spectrophotometer cuvette of 4 cm. light path containing
3.0 ml. of & soluticn of U.835M-ethanol - 0,417k=zlycine = O.416M-
sodium hydroxide. The amount of HAD, or its analogues, present in
the mixture, now at a pH of 9.5, was estimated by the difference in
optical Jensity of the solution at the wavelength of maximm sbsorption
of the reduced dinucleotide before and after the addition of 200 Y of
yeast alcohol dehydrogenase contained in 0.02 ml, YFor reduced NAD,
s millimolar extinction coefficient of 4,22 at 340 mu was used
(Horecker snd Kornberg, 1948); for reduced thionicotinemide adenine
dinucleotide the millimolar extinction coefficient used was 11.3 at
395 my, for veduced Iwacetylpyridine adenine dinuclectide 9.1 at 363 myu,
and for reduced 3-aldelydepyridine adenine dinucleotide 9.3 at 358 mu
(Pabst Laborateries, 1961).

(b) Coupled assay. The coupled enzymic reaction
was initiated by the addition of 0.01 ml, (or 0,02 ml, where NMN
snalogues were present) of an ATP:NMN adenylyltrensferase preparation
canteining 0,027 units (or 0.054 units) of enzyme to 2,795 ml. of a
solution containing 3.6mM-MgClz, 0.72mk=ATP, 0,3mM-NMN or snalogue,
75 ¥ of yeast alcohol dehydrogenase, 620mM=ethanol and 143mM-Tris,
pH 9.5. The reaction was cerried out in a spectrophotometer cuvette
of 4 cm, light path, The formation of reduced NAD or analoguec was
observed from the increase of optical density of the solution in the
region 300 %o 450 mpu., A recording DK2 Deckmen spectrophotometer was

used for this purpose; measurements were carried cut at 25°,
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(c¢) issey by pyrophosphate determination,

Nicotinic acid mononucleotide or Vil was incubated with transfersse,
100mk=glycylglycine, pH 7.6, 5md=ATE and 15 m&i’-MgClz at 37° for

four minutes. The total volume of the reection mixture was 4.0 wul.
The enzymic z*leacticn was stopped by adding 1.5 ml, of 0.5M~trichloro-
acetic acid, and the precipitated protein was centrifuged to the
bottom of the tube., 2.0 ¥Millilitres of the supernatant was added
to a small tube containing 100 mg. of acid-washed charcoal (Norite
SX¥-30), and the mixture was shaken to aid the adsorption of the
nucleotides onto the charcoal. The contents of the tube was then
poured into a small sintered funnel, and the Tiltrate wes collected
in a 10 ml,., standard flask, The tube was rinsed with 2x2 ml,

of water, and this was filtered through the same sinter into the flask,
¥hen a series of such filtrates from various incubation mixtures had
been collected in this menner, 2.0 ml. of a molybdate~hydrazine
solution was added to each flask, and the volume made up to 10.0 ml,
The molybdate-hydrazine solution was prepared by mixing s 1% amacnium
molybdate solution (in 5N-sulphuric acid) with 0.25% aqueous hydrezine
sulphate solution in the ratio of & to 1 just before the experiment
was to be carried ocut., The flasks were then heated at 100° for 30
mimutes, cooled, mixed, and the opticel density of the solutions they
contained measured at 825 mp. Internal pyrophosphate standexrds were
erployed by edding suitable volumes of a 1mM=pyrophosphate solution
to similar incubation mixtures., This method is based on Boltz and

Mellon's (1947) method for the analysis of orthophosphate.
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C. BEResults

(a) Preparation of thionicotinsmide mononucleotide,

Jmacetyloyridine mononucleotide
and J-pyridinealdehyde moncmucleotide.

100 Hilligrams of thicnicotinamide adenine dinucleotide was
dissolved in 10 ml., of water, and the solution was adjusted to pH 7.0
with 4N-potessium hydrexide solution. After the addition of 1 ml,
of a NAD-pyrophosphatese preparation, the pH of the solution was
meintained near neutrality by the automatic sdditien of 4N-potassium
hydroxide using a type TIT 1 titrator in caxbination with a type SBR 2
titrograph (Radiometer, Copenhagen). The 1eactants were kept at 25°,
The engzyme preparation added was capable of hydrolysing 66 pmoles of
NAD per ml. per hour at 37°, when assayed according to the method of
Kornberg and Pricer (1950). The hydrolysis of the dinucleotide was
complete after 7.67 hours at 25°, by which time 0,12 ml. of sii~potassium
hydroxide had been added. Cold 727 perchloric acid solution (2 ml.)
was added to the reaction mixture and the resultant suspension was
centrifuged at 10000g for 30 minutes. The pH of the supernatant was
adjusted to 7.0 with 4N-potassium hydroxide solution, and the mixture
allowed to stand at 2° for 24 hours to allow complete precipitation
of insoluble potassium perchlorate. The precipitate was filtered off,
leaving 22,5 ml, of filtrate. Ascending chromatography in butanol-
acetic acid - water (20 : 3 : 7 ; vols) and paper electrophoresis in
2% formic acid showed that the filtrate in addition to thionicotinamide

mononucleotide, conteined traces of thionicotinamide riboside, and
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substantial smounts of adenylic acid, adenosine and adenine. ‘The

mononucleotide was purified by chromatography on dmberlite CG-400
(chloride form, dimensions of the column: 2.3 cm, diemeter x 5.4 om,
long) end then on Dowex-50 (hydrcgzen form, dimensions: 1.4 cm. diameter
x 3 cm, long). 411 conteminents which absorbed light at 254 mu were
removed by this procedure, the thionicotinamide mononucleotide moving
freely through both resins. The final eluate was freeze dried,
yielding a yellow solid, which was dissolved in water and stored at
=15%  Assuming a millimolar extinction coefficient of 6.0 at 266
(obtained by Nr. R, Neylor cn synthetic material; see below), spectro-
photometric enalysis of the solution showed a ¥ield of 31% of the mono-
nucleotide from thionicotinemide adenine dinucieotide.
=tcetylpyridine monenucleotide and 3-pyridinealdehyds
mononucleotide were prepared in the same manner, starting fram 100 mg,
of dinucleotide. It was found that 2 ml. of the NAD~pyrophosphatsse
preparation was sufficient to corpletely hyérolyse these dinucleotides
in 3.75 and 4.5 hours respectively, 0.1 ml. of hli=potessium hydroxide
solution being consumed in the process. PRoth the sbove nucleotides
were obteined in a 45% yield from their respective dinucleotides, on
the basis of @« millimolar extinction coefficient of 4.6 (see below)
at the sbsorption maximum in O.1dM~sodium pPhosphate solutions, pH 7.5.
The time taken for the complete hydrolysis of thionicotinamide
sdenine dinucleotide, S~acetylpyridine adenine dinucleotide and F-
aldehydepyridine adenine dinucleotide was approximately the same as
that for equivalent amounts of NAD, indicating the broad specificity

of the nucleotide pyrophosphatase preparation from potato., ®With all
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these substrates, including NAD, considerable amounts of adenosine
and sdenine were obtained during hydrolysis by this rarticular
preparation. Four previous preparations from potato, cbtained in
the same way, did not show the formation of these byproducts when

incubated with NA&D,.

(b) Preparation of nicotinic acid moncnucleotide

The nucleotide was made by a modificaticn of Atkinson and
Vorton's (1960) method., 0,95 Gram of NAD was freeze-dried in a
20 ml, tube and the residue was covered with 10 ml. of dry acetic acid.
The contents of the tubewere frozen by immersion in a cellosolve~
dry ice mixture and appreximateiy 10 ml., of dry nitrous anhyaride,v
generated from the reaction of 50 ml, of concentrated nitric aciad
on 50 g, of arsenibus oxide, was condensed into the tube. The tube
was kept at room temperature for one hour, in which time the nitrous
enhydride had penetrated through the thawing scetic acid and reached
the NAD at the bottom of the tube., This resulted in the evolution
of gas; this ceased after s further 30 minutes, 'The acetic acid and
nitrous anhydride were removed by passing a2 stream of dry air through
the tube, end finally by freeze-drying. The residue was dissolved
in water and titrated to pH 7.0 with 4N-potassium hydroxide solution.
To this solution 10 ml, of a nucleotide pyrophosphatase prepara-
tion was added, and the solution was kept at pH 7 by the autcmatic
addition of 4N-potassium hydroxide as before, Aifter 50 hours at 25°,
hydrolysis sppeared to be complete. 3.0 Grams of solid trichlorow
acetic acid was dissolved in the mixture, and the precipitated protein
removed by centrifugation at 10,000g for 30 minutes. The supernatant

(50 ml.) was extracted with 3 x 50 ml. of ether, and the aqueocus phase
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brought to pH 8.0 with a solution of dilute ammonia.  The
resulting solution was applied to a columm of Dowex=2 formate
(3.1 em, diemeter x 13.5 cm, long), and the resin was eluted successe
ively with water, Q¢iN=, C,25N=, 1.00=, and 2,0N~ formic acid solutions,
Hicotinic acid riboside (250 umoles ; for details see below), appeared
on elution with water, followed by some hy:ioxanthine derivatives, which
were not characterized. Nicotinic acid mononucleotide (262 pmoles)
was eluted from the resin with 1.0N-formic acid, and was preceded by
a mixture of this nucleotide (330 umoles) and a hypoxanthine derivative,
n overall recovery of 70.. of pyridine derivatives was achieved,
Before use in the enzymic experiments described below, the mononucleo-
tide was further purified by passage through a colum of Dowex-50
resin (H* form).

Atkinson and Morton (1960) did not observe the formation of
nicotinic acid riboside in a similar experiment. This compound,
which had the same spectrum as its 5'~phosphate in 0,1¥~sodium phosphate,
PH 7.5 or lpotassium cyanide had the same R, €0.16) in butanol-scetic
acid~water (20:3:7; vols) as a synthetic sample provided by lir. R. Naylor.
The riboside may have been formed by enzymic hydrolysis during the long
incubation with the potato enzyme or by acid hydrolysis through inadequate
drying of the starting materials. The procedure described here
proved to be less convenient than Atkinson and Morton's (1960) synthesis
of nicotinic scid nucleotide directly from NN as this does not involve

separation from hypoxenthine derivatives.
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() Characterization of NMN analogues

fach nucleotide was Found to move as a single spot on paper
chromatography. The Rf values for the nucleotides in two solvent

systems are shown in Table IT-1. ‘he nucleotides were shown to have

Table II-14

Chromatography of NMN analogues.

Rucleotide Ba in Rf_‘ in
butanol/acetic acid/| isobutyric acid/
water conc, water

(20:3:7; vols. ) (66:1:33; vols.)

(2 days after mixing)

Nicotinic acid

mononucleotide G019 0.30
S5=-pyridinealdehyde

mononucleotide 0,099 G.32
nicotinamide

mononucleotide 0,037 0.43
thionicotinsmide

mononucleotide 0.102 0.49
S~acetylpyridine

mononucleotide (3,056 0452

The chromatograms were developed over a period cf 10 hours, using

the ascending technique.

the same mobility as NMN on peper electrophoresis in 2% formic
acid solution, with the excertion of niceétinic acid menonucleotide

which migrated towards the anode, NMY under these conditions remsins
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in the vicinity of the point of application, Thicnicotinamide
menonucleotide, like ¥, was shown to fluoresce after exposure to
an atmosphere of methyl ethyl ketone = ammonia (Carpenter =nd
Kodicek, 195C).

The ultraviolet absorption spectra of these nucleotides in
Osil=sodium phosphate, pH 7.5 and in aqueous molar potassiun cyanide
is shown in figures II-1 to II=k, is expected, they all show an
ebsorption maximum neer 266 mp in phosphate buffer, and s maximm
at higher wavelengths in cyanide, Their spectral cheracteristics
ere recorded in Table II=-2. 1IFillimolar extinction ceefricients of
6.0 for the thicamide nucleotide =nd 4.6 for the other mucleotides
at their maxima were derived from values found by lMr. K. Naylor for
enelytically pure samples of corresponding ribosides., NNucleotlides
usually have the same spectra as the corresponding nuclecesides
(siegal, Montgomery and Bock, 1959). NMN also hasx a willimolar
extinction coefficient of 4.6 at 265.5 mu (atkinson ¢t zl., 1961),
the concentrations and the extinction coefficients of the nucleotides
in cyanide were calculated on this basis.

In aqueous molar cyenide the spectra of these nucleotides is
relatively unstable. This has been noted previously for NMN
(Jackson, 1960). In general the highest optical density reading at
the absorption meximum is quickly attained, and then falls off slowly
wvith time. The time at which the highest opticel density measurement
is cobtained after adding the nucleotide to cymnide is noted in Teble II=-
2. 'the extinction coefficient for the absorption maximum wes

calculated from the optical density at this time. ‘there is also a
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Fig, II-1

UeVe spectrum of thionicotinamide mononucleotide

(a) in 0.1¥~sodium phosphate, pH 7.5
(b) in N-FON after 60 minutes

(e) after 30 minutes

(a) after 11 minutes

(e) after 6 minutes 40 seconds
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Fig 1I=-2

U.V, spectrum of acetylpyridine monomucleotide

(2) in O.1¥~sodium phosphate, pH 7.5

(b) in M~-KCN after 2.5 minutes
(c) after 30 minutes
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Fig TI=3

U.V. spectrum of pyridine sldehyde mononucleotide

(2) in G.1M~sodium phosphate, pH 7.5
(b) in M=KON after 2 minutes 33 seconds
(e) after 6 minutes

(a) after 46.5 minutes
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Pig, IT=4
U.Ve spectrum of nicotinic secid mononuclectide
(a) in O.iM~sodium phosphate, pH 7.5

(b) in M-KCN after 3 minutes

(e) after 6 to 25 minutes.
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shift at the wavelength of the absorption meximum concomitant with
the fall in optical density. These phenomens probsbly account for
the differences in the extinction coefficients in agueous cysnids
recorded in Table II-2 and those for the corresponding adenine
dinucleotides noted in ‘Ultraviolet fbsorption Spectrs of Pyridine
Coengymes ahd Coenzyme Analogues'(circuler (Re15, Pabst Leboratories
(1961)), where allowsnces may not have been made for the lack of
stability of the spectrum in cyanide. Thus NAD in cysnide is recorded
as having a millimolar extinction coefficient of 5.9 at 327 mu,
3=apcetylpyridine adenine dinucleotide &.7 at 343 myu, 3~aldehyde-
pyridine adenine dimucleotide 4.6 at 317 mp and thionicotinamide
adenine dimicleotide 10.0 at 355 mu.

It would seem that measurements of opticel density in gyanide
solutions is of little use in determining ‘concentrations of these
pyridine mononucleotides accurately. The ultraviolet spectrum of
nicotinic acid mononucleotide is the most stable in cyanide, followed
by nicotinamide-, 3~acetylpyridine=-, thionicotinamide~ and j-aldehyde-
pyridine mononucleotides in that order of decreasing stability.

(a) EPreliminery experiments on substrate specifiecity

3=pcetylpyridine monopucleotide was shown to be a substrate
for ATE:NMN adenylyltransferase by réecording at variocus time intervals
the spectrum of a solution containing the nucleotide (O..mi) and the
components of the coupled assay system (Methods (b)), the formation
of reduced 3=acetylpyridine adenine dinucleotide was very slow. after
18 hours at 25° the greatest increase of absorption was at 363 mp

and this corresponded to the synthesis of 0,098 umoles of reduced



Toble II=2

UV, dbsorption properties of scome
E q27.5
Nucleotide
choulder (- shoulder isosbestic ]
- riex - e A\ max
() (mge) () point (ine2)
) () )
Hicotinamide
mononucleotide |261 265.5 272.5 207 325 3.5 = 7.0
me ' 2‘1‘ i)6 : 6 9.;:5

i

Mecotinic acid

mononucleotide 267 266.5 272.5 305 316 6,0 = 45,0
ms ‘ L6 b6

dine
mononucleotide |264- 266.5 276 280 24 2.5
|
me !‘:'06 /iOoQ

Z=fyridinealds=

hyde k |
moncnucleotide [260 26k 270 287 %35 £,0 = 10,0 ‘
e L6 A

Thicnicotinamlds

o . .-ﬁ‘ - e oy ay pon -
mononuclectide | = 266 290 - 300 7% 6.7

me 6&0 ?cg

The wavelength data were teken from figures II-1 to II=b: me represents
. s . . s 5 TR . 3 . - .
the millimolar extinction coefficient (see text). The term lsosbestic

point represents the (only) wevelength at which no chenge in optical

cyeanids. The fact that there is only one isoshestic point suggests

density occurs during decomposition of the cyenide sdduct in agueous
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dinucleotide. Under the same conditions O.lml=UMN gave rise
to 0415 pmoles of reduced dinucleotide in 18,5 minutes, indicating
that the analogue reacts approximately 1% as fast as NMN at these
concentrations, The same system only gave rise to a trace of reduced
thionicotinamide adenine dinucleotide from O.4mM thionicotinemide
mononucleotide, and synthesis of reduced dinucleotide from 3~pyridine-
aldehyde mononucleotide was not spperent at this concentration.

It is possible that the lack of reactivity of the last of these
nucleotides is due to a lower rate of reduction of the corresponding
adenine dinucleotide by yeast alcohol dehydrogenase, compered with
3=acetylpyridine adenine dinucleotide, 3~Pyrdidinealdehyde~ snd
S~acetylpyridine adenine dinucleotides have been reported to be
reduced by the dehydrogenase at 2% and 10, respectively of the rate
of NAD reduction, The apparent Km for the two dinucleotide analogues
" was shown to be the same as for NAD (Keplan et gl., 1956). 4t a
concentration of 0,2md, thionicotinamide adenine dinucleotide is
reduced by the dehydrogenase at 164 of the rate of NAD reduction
(Anderson and Kaplen, 1959).

To render the system independent of the rate of redaction
of the NAD analogues by dehydrogenase, the moncnucleotide snalogues
were incubated with ATP, 2@.}12 and transferase, the reaction stopped
and the amount of dinucleotide analogue: so formed estimated by
reduction with dehydrogenase (Methods (a)). Table II=-3 shows the
results of such an experiment. The analogues were incubated for
45 minutes (37°) with 0.27 units of ATP:NMY adenylyltransferase (535 ¥

protein), and NMV for 5 minutes with 0.054 units of the same preparation,
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The spectrum of the products of the reaction was recorded in the
region of 300 to 400 mu before and after the addition of 200 T of
yeast alcohol dehydrogenase. In each caese there was maximal increase
in #bsorption at a wavelength consistent with the spectrum for the
reduced dinucleotide analogue concerned, indicating that all analogues
tested can act as substrate for the nuclear trensferase. 3-Pyridine-
aldehyde mononucleotide reacted with ATP et an extremely low rate N
although the reactiun was conclusively demonsirated. However, there
is also a small increase in optical density over the region 300 to
400 nu during reduction with dehydrogenase, which is not centred at
the ebsorption maximum of 3-pyridinealdehyde adenine dinucleotide » but
is spread over the entire region. This is possibly due to the formstion
of an alkali product of the moncnucleotide, and confuses to some
extent accurate measurements of dinucleotide formation in this case,
At approximately equivalent concenirations, 3epyridinealdehyde mononucleow
tide entered into the adenylyl trensfer reaction at about one sixth
the rate of 3=acetyl pyridine mononucleotide,

(e) Kinetic parameters for N snd snalogues in

the transferase reaction

Using the non-coupled asssy system (iethods (a)), apparent
kinetic parameters for adenylyl iransfer to 3-acetylpyridine mono-
nucleotide and thionicotinamide mononucleotide where compared to those
for NMN. For thionicotinamide mononucleotide, 535 ¥ of the transfer-
ase preparation was employed during a 30 minute incubation, for

3wacetylpyridine mononucleotide 267.5 Y for 30 minutes and for NN



3

Table I1-3
A Comparison of the ability of mononucleotide ansglogues to

substitute for MIN in the ATPINE adenylyltransfer reaction.

Nucleotide Con«lzentration

S max NAD or Hate of
(mN) af ber analogue dinucleotide
reduction formed per formation
i minute compared
o (pmoles) with
dehy (;‘;33“”3 2., 22mh NIV
(%)
Nicotinamide 0.4 340 0.158 7643
manomoleotide 2,22 340 0.207 100.0
3= Acetylpyridine 2.82 363 0,0034 1.5
mononuecleotide 5,65 363 0.0070 3.0
mononucleotide
3=-Aldehydepyridine| 2,12 Ce8.4360 < ¢.0005 < 0u25
mononucleotide

107 ¥ for 5 minutes. The results show that both analogues are

very poor substrates compared to NMV (Teble II-4 and figures II-5 to
II-7). There is however, a striking difference between the two
analogues in their kinetic behaviour. ilthough 3~acetylpyridine
mononucleotide is capable of higher rates in the transfer resction
then is thionicotinamide mononucleotide, it has an extremely high Km’
This is in contrast to the thio anslogue which has an apparent Km only

slightly more than four times that of NMN (Table II-4), A kinetic
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Fige II=7
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study of adenylyltransfer to 3-aldehydepyridine mononucleotide was
not attempted because of the very low rates at which this reaction
tekes place end the extraneous sbsorption increase discussed above

which prevented accurate measurements of dinucleotide formation,

Teble Il=k

Kinetic constants for adenylyltransfer to NMN and analogues.

Hucleotide uplMoles dinucleotide
concentration per minute
(mt) per 107 Y protein
Micotinamide
mononucleotide 045 0.0309
0.90 0.0366
-ly.
V. 0,044 umoles 2.26 0.0398
dinucleotide per minute
per 107 ¥ protein 4,52 0.0432
ihionicotinamide
mononucleotide 0.115 0,000253
. 0.000
K 8.3 x 10”4 0.285 609
0.575 0.000982
Vmax 0,002l umoles 1.15 0.001388
dinucleotide per minute .30 0. 0
per 107 T protein 203 00159




5
Table II-i contd.

3=icetylpyridine 0.584 0.000156
mononucleotide i 46 .
K, ~ 0.1 i s 0.000780| -
Vx> thionicotinamide ko358 0.00122
S 5484 0.00163
6495 0.00185

(£)  Adenylyl trangfer & nicotinic acid monomucleotide

The rates of adenylyl transfer to nicotinic acid mononucleotide

and to NMN were conpared by estimating the pyrophosgphate formed

during the reaction (Methods (¢))., Many errors are inherent in the
method, and generally spesking it is not suitsble for accurate kinetic
studies., The rates obtained are shown in Teble II~5 and the
corresponding lLineweaver-Burk plots in Figure II-8. The results
indicate that at the cancentrations used, trensfer to nicotinic acid
mononucleotiide proceeds sbout twice as fast as that to Ni. Vhere
NMN was used ratea were also checked by determination of NAD with
yeast alcohol dehydrogenese (ifethods; (2)). A comparison of the two
methods in this case shows the lack of precision in rates obtained

by pyrophosphate estimation., However, where nicotinic acid mononucleo~
tide was used as substrate, the rates fitted a straight line when
plotted according to lineweaver and Burk, and generally the rates
obtained by pyrophosphate determination appeared to have less scatter,

possibly because of the higher rates with this substrate canpared to
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those for NiN. /n analysis of the reciprocal plots indicated that
nicotinic acid mononucleotide had & K (0.85mit) sbout four fold
greater than that for NMN (0.21m¥) under the same conditions.
Although this figure for the spparent Km of nicotinic acid mononucleoc~
tide under the sbove conditions of assay has to be treated with
caution in view of the inaccuracies of the method, it does agree
reasonsbly well with conclusions from an analysis of the inhibition

by nicotinic acid mononucleotide of adenylyltransfer to NMN (see below).

Teble IT - 5
A comparison of the rates of adenylyltransfer to NN and to

nicotinic acid mononucleotide.

Rucleotide uboles pyrophosphate pioles NAD
concentration per minute per mimte
- ()
Nicotinamide O 246 0,0288 0,0298
mononucleotide
0.492 0,0587 0.0388
K 0,21mM
w 1423 0.0575 0,070
v 0.055 2.46 0.0470 00,0505
mﬁoles NAD
per minute 3.69 0,0665 0.0520
4,92 0.0527 0.0530
Nieﬁtinic aeid 5125 00027 -
mononucleotide
K 0.85mM
L 1 [ 26 0 0079 b
A 0 . 25 4 n89 0.098 =
les pyrophosphate
per minute 2,52 0,086 -
3 Py 78 4] . 11 l‘. -
5404 0.110 -




7.
(g) Inhibition of ATPeNMN ad 1 _transfer
by NMN analogues
The effect of various analogues of NN on the rate of
adenylyl transfer to NMN was investigated by incubating each analogue
with Smi=-ATF, 1 5nﬂ.k*§-}s’ig(}12, 1+ 10mli~NMN and 100mb=glycylglycine, pH 7.6
in the presence of ATP:NMN adenylyltransferase, The reaction was
initiated by the addition of 0.02 ml. of a transferase preparation
capable of synthesizing 0.5 umoles of NAD per minute per mg protein,
bringing the total volume to 1.0 ml., After 3 minutes at 37°, the
reaction was stopped with 1.5 ml, of Q.5M trichloracetic awid and the
NAD synthesized estimated in the usual manner (lMethods, (a)). Under
these conditions, in the sbsence of analogues, 0.140 pmoles of NAD |
were synthesized during the incubation., The ribosides and nucleotides
used in this series of experiments, with the exception of nicotinic
acid riboside, nicotinic acid mononucleotide and NMN, were supplied
by ir. R. Nsylor and hed been prepared synthetically. The a-NMN
preparation contained,as well as the 5'-phosphate, approximately
20% (molar proportions) of a-nicotinamide riboside~3'-phosphate and
1% P=NMN, This proportion of natural substrete would not have any
significant effect at the overall concentrations employed on the
rate of NAD synthesis.
As indicated in Teble II~6, nicotinic acid mononucleotide
was found to be the only effective inhibitor under the conditions
used. An analysis of these results, assuming nicotinic ecid mono-

nucleotide to be a competitive inhibitor of adenylyltransfer to NMN,
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Table II=6

Effect of NIN analogues on ATF¢NEN adenylyl transfer.

NMN Analogue Concentration Helative rate
(mb)

. - 1.00
Nicotinamide riboside* 1.18 1.0k
Nicotinamide riboside® 11.80 0.96
Pyridine mononucleotide* 1.0 1.07
Pyridine mononucleotide* 5.0 1.0k
Thi onicotinixide mononucleotide® 0.9 1,04
Nicotinic acid riboside 1.89 1.02
Nicotinic acid mononucleotide 0.895 0,825
Nicotinic acid mononucleotide L48 0.485
a=Nicotinamide mononucleotide 5.0 0.97
6~Fhosphoglucosyl nicotinamide® 2.3 0.99
(*Mixtures of a= and P-snomers)

was made by plotting the reciprocal of velocity ageinst inhibitor
(nicotinic acid monomucleotide) concentration, according to the method
of Dixon (1950). In previous work with this enzyme (Atkinson, Jackson
& Norton, 1960) it was found thaet nicotinic acid mononucleotide was

s competitive inhibitor (Ki 0.38mk) of adenylyl transfer from ATP ( Lumde)
to NMV; in these experiments NMN had K O.12ul so that K; (nicotinic
ecid mononucleotide)/ K () was 3.2. On the basis of NMV having

a kX - of 0.2mM in the conditions described in Tables II-5 end II-6
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consideration of the slope of the resulting line (figure II-9)
indicates that the corresponding ratio of K, (nicotinic acid
manonucleoti&e)/Km (1M0) found here is also 3.2, and the K, is
0.,69mM. This value is close tc the value of K (0.85mM) calculated
for nicotinic acid mononucleotide (Table II-5)
(B).. _Eyridine monanucleotide end adenylyl trensfer

To e reaction mixture containing 1 pumole of ATP, 3.7 moles
MgClz, 0.005 units of ATP:NMN adenylyltransferase and 25 pmoles of
glycylglycine, pH 7.6, 1 wmole of pyridine mononucleotide was added,
The total volume of the reaction mixzture was 0.2 ml., ifter 2.5 hours
at 37°, o portion of the mixture (0.025 ml.) was applied to a paper
strip (3MM ¥hatmen chrona tography paper) and subjected to electrophor-
esis at pH 4.2 (O.Ohli-sodium citrate) for 3.25 hours at 400 volts
(14 V per cm.) The nucleotides present were then detected on the
paper by printing on reflex document psper with ultraviolet light,
Under these conditions replacement of the pyridine mononucleotide
by NM¥ (or thionicotinamide moncnucleotide) gave rise to a new
nucleotide component which moved with the same mobility on electro-~
phoresis as NAD (or thimnicotinamide adenine dinucleotide). However,
no dinucleotide component was detected when pyridine mononucleotide
was included in the reaction mixture, suggesting that the itransferase
will not catalyse adenylyl transfer to this analogue.

(i) ZEyrophosphorolysis of NAD snalogues.

The pyrophosphorolysis of thionicotinamide adenine dinucleotide,

3=acetylpyridine adenine dinucleotide and 3-pyridinealdehyde adenine

dinucleotide was demonstrated by incubating 1 umole of each of these
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analogues with 20 pmoles of pyrophosphate, 3.7 uwoles 1igCl,, 25 pmoles
of glyeylglycine, pH 7.6 and 0,005 units of ATF:NMV adenylyltransfer-
ase (total volume 0.2 ml.,) After 2.5 hours at 37, the products -
were subjected to electrophoresis as sbove. 4s with NAD, these
dimicleotide analogues gave rise to ne';v nucleotide components with
the same mobility as ATP and NMN after elecirophoresis, thus esteblishe
ing that the transferase catalyses a freely reversible reaction with

thése analogues, Jjust as it does with the natural substrate,

D.  Disgusalon

In previous work (Jackson, 1960; Atkinson et al., 1961)
a sensitive modificatiocn of the routine transferase assay was used
to give relisble initial rates for the calculation of Km for NMN,
With the MMV analogues the high abzorbances of some of the compounds
at 340 wye snd the small quantities of the analogues available have
prevented the use of the modified assay. Km for NEN in the experi-
ments described here (cf. Tsble II-5) is asbout twice the value found
with the more sensitive assay; this discfepancy mey also be partly
due to the use of a different buffer system snd reaction temperature.
Though o similar discrepancy usy exist for the Ii;m values of the
snalogues studied here the values obtained for relative Em and Km
provide a useful indication of the structural factors required for
dinucleotide formation with this enzyme.

Table II-7 sumerizes the idnetic date obtained for N¥N and

its anaslogues, in which the side chain at the 3 position of the
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pyridine ring has been c.tered.

Table II-7
Specificity of ATP:NMN adenylyltransferase - NMN analogues

Nucleotide 3=-5ide chain Apparent Km Apparent Vm
(o) (relative)

Nicotinamide 0

menonucleotide -G—Nﬂz 0.2 400
Nicotinie acid Q

mononucledbtide =G 0.85 ca, 200
Thionicotinamide

mononucleotide 8 0.583 S5

M
2

F=Anetylpyridine e ca, 100 5¢5

mononucleotide -C}-CH‘3
F=Aldehydepyridine Q

mononucleotide «~g-H - slight reaction
Fyridine ' ~H - no reaction

mononucleotide

Tt seems that a substituent in the pyridinium ring is essential
for activity in the reaction catalysed by the transferase, since
pyridine mononucleotide is not e substrate. 1In addition, eny alteration
in the 3~carboxsmide group of NMN results in e less favoursble (higher)
L It is noteworthy that the two substrates with highest Vm and
lowest K (NMY and nicotinic acid mononucleotide) each have o substit-
uent with two relatively polar groups. The groups concerned are :
capable of participating in hydrogen bond formation, the amino group
being able to act as a proton donor or accepior and the carbonyl and

dissociated hydroxyl groups as acceptors (Bernal, 1959). It may be
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that NMN, the substrate with the most favourable K , is bound to
the enzyme through its amide, which could form one or two bhydrogen
bonds to & group in the active centre.

From an examination of molecular models it is evident that
f-NMN cen take up a compact conformation with a hydrogen bond between
the amino group of the amide end an oxygen of the phosphate. This
conformation is probebly favoured by the close approach which it
permits between the anionic phosphate and the cationic nitrogen atom
of the pyridine ring. Nelther the hydrogen bend nor the ionic inter-
action is likely in nicotinic acid mononucleokide, which probably has
& different shape in solutian. Reduction in polarity of either of
the two potential hydrogen bonding groupe in the amide substituents
of NM¥ leads to a higher Km, perhaps reflecting a lowering in affinity
for the enzyme., Thus when the oxygen atom of the carbonyl group is
substituted by a sulphur atom, or when the amino group is replaced by
a methyl group, the K is raised (Teble II-7). Both these groups
are known to have less tendency to form hydrogen bonds, particularly
in the case of themethyl moiety. The rate of reaction is reduced
still further by substituting a hydrogen atom (as in 3~aldehyde pyridine
mononucleotide) for the methyl group.  The methyl group might still
interact weskly by van der Waals' forces vith structures in the active
centre.

In a previous investigation (Atkinson et al., 1961) it was
found thet & group with an apparent i of 9.97% 0.07 was involved
in the binding of NMN, As there is no corresponding dissociation

in the NMN it is probebly that of & group in the enzyme (eage
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e-ammonium of a lysyl residue or -OH of s tyrosyl residue) or in
the engyme-ATP-magnesium complex. It has not been possible +to
identify this binding group, but hydrogen bond formation between
the amide group of the nucleotide and a tyrosyl residue of the
enzyme might be involved in the enzyme-substrate interaction.

Nicotinic acid mononucleotide was shown to be a substrate for
ATP:NMV adenylyltransferase by Freiss and Handler (1958), who compared
the rate of adenylyl transfer to NIN and to nicotinic acid mononucleo-
tide at various stages in the partial purification of the enzyme
from pig liver acetone powder. It was found that adenylyl trensfer
proceeded at approximately equal rates with Q. 4mu nicotinic acid
mononucleotide and 2mM NMN throughout the Preparation, It seemed
that the transfer took place at a higher rate with the acid snalogue
than with MMN (Imsande end Hendler, 1961). The equality of rates
at O.mM and 2mM concentraticns of the respective nucleotides is
consistent with the relative values of Km and Vm quoted here for
the two analogues (Table II-5).

The higher Vm for nicotinic acid mononucleotide may be an
expression of the greater overall nucleophilic charscter of this
enalogue, compared to NMN, due to the carboxylic group which is
dissociated at a physiological pH (Lamborg et al., 1958), 4e dis~
cussed above, in NN, there may be a tendency for the 5=-phosphoryl
group to form an internal salt with the postively charged quaternary
pyridinium nitrogen atom. with nicotinic acid mononucleotide on the

other hand, the phosphoryl group may not show such a tendency, due to
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the proximity of the negatively charged carboxylic zroup to the
quaternary nitrogen, leaving the phosphoryl group greater freedom
in cerrying out a nucleophilic attack on the 2«phogphorus atom of ATP.

The only other HIN analogue which has been shown to be a
subgtrate for the iransferase is reduced NMN, This analogue reacts
at sbout 305 the rate of M (Kormberg, 1950), indicating that the
positive charge on the quatermary nitrogen is not essential for binding.
The relatively small decrease in rate obtained by substituting the
reduced NMN for oxidized NMN mey be the result of a slight cheange in
overall shape of the nucleotide on reduction; the hydrogen bonding
potentialities of the amide group would also be changed by this reduction.

Kornberg (1950) also showed that nicotinamide riboside is not
8 substrate., The present work indicates that at a concentration of
11 times that of NMN (present at 1md) the riboside causes less than
5/ inhibition of adenylyl transfer (Table II=-5), Hence although the
substituent on the pyridinium ring is essential for binding other
groups are also needed, since the riboside is a relatively ineffective
inhibitor. Presumebly the phosphoryl group of NMN is also bound in
some way, perhaps by electrostatic forces. Pyridine mononucleotide
was not found to be inhibitory at the concentrations used -« five times
that of NMN. These two experiments, together with other inhibitory
studies (Table II=6) indicate the importance of a 'multiple attachment'
in the binding of NMNV to the transferase.

The steric specificity of the intersction is evident from the

fact that the a=5'-phosphoribofurancsyl=, (a + B)~ &'~phosphoglucopyran=
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osyl= and 2'-phosphohydroxyethyl~- analogues of NMN are nedither

substrates of the transferase nor effective campetitive inhibitors

of adenylyl transfer to NMN., (The last of these analogues wes

prepared and tested by Dr, M. H. Atkinson).

From the results obtained so far it seems likely that effective

competitive inhibition of this adenylyl trensfer might be obteined

with NMN analogues having the following structural features:-

i.

ii.

iii.

iv.

a hydrogen bonding group in the position meta to the
quaternary nitrogen (eeks -:3021‘&12, ~CClHYe , -CGNHOH);
isosteric replecements of atoms in the pyridinium ring
2 NH N
NSCCNH, S/j/ 2 <°>\/|( 2
(eeg. 'y N , N
+ON + '\ +°N
slight modificatiuns of the ribofuranosyl portion
(ag. B=5'=-phosphoxylofuranosyl or £=5'=phosphosrabino-
furanosyl derivatives of nicotinamide)
replacement of the phosphate by groups with a similar

charge at physiologicel pH values  eg. -CHZ—PGBZ N --(3112&&()3

2-)'
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IIT

Specificity of ATP:NMN adenylyltransferase with

respect to ATP analogues.

This section describes experiments in which a nunber of
mucleoside 5'=triphosphates were tested as nucleotidyl donmors with

the transferase snd as inhibitors of adenylyl transfer from ATP to NMN.



A Materigls

Nucleotides. NAD, ATF, deoxyiTP (lot number
128=693=1), I from muscle, lot number 126-64G), GTP (lot number 31B-
732-3), UTF and CTP were obtained from Sigma Chemical Co., Pabst
Laboratories supplied 8~asaguanosine=5'-triphosphate (lot number
X30351), deoxy GTP, nicotinamide hypoxanthine dinucleotide, 3-acetyl-~
pyridine hypoxanthine dinucleotide and 3-pyridinealdehyde hypoxanthine
dinucleotide.

6-Mercapto~purine riboside was purchased from
Sigma Chemical Co. (lot number M 110B-73) end Californian Corporation
for Biochemical Research, Los Angeles (lot number 441011).

ATP:NWN sdenylyltransferase. A preparation
capable of synthesizing 0.54 pmoles of NAD per minute per mg. of
protein was used, unless otherwise stated., This was prepared as
described in Table I~-7. For kinetic studies it was dlalysed against
0.01N~sodium phosphate, pH 7.5, end diluted with ice~cold water before

use.

B. lethods
Determinstion of the rate of nucleotidyl transfer

from ATP and snalogues to NNN

(a) Non-coupled assey
The reacticn mixture conteined SmN~-NMN, 100mbi-

glycylglycine, pH 7.6, k@Clz, and s ..clcoside triphosphate. In

view of the dependence of rates of nucleotidyl transfer on the ratio
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of the concentrations of nucleoside triphosphate to metal ion
(see Section IV), totel ¥gCl, concentration was maintained at
twice that of the nucleoside triphosphate. Whenever the concentra=-
tion of the latter was varied, MgClz was varied in the same ratio.
The reaction was initiated by the addition of ATF:;NIN adenylyltrange
ferase, bringing the total volume to 1,0 ml, ifter an sppropriate
time interval at 37°, the reaction was stopped by adding 1.5 ml. of
cold Q. 5li=trichloracetic acid solution, and the resultant mixture
was centrifuged, 2.0 }M1llilitres of the supernatant was added to
a spectrophotometer cuvette, of 4 cm, light path, followed by 3.0 ml,
of 0.835M~ethanol=0,417M-glycine = O.416M~s0dium hydroxide, ifter
the solution had been mixed the amount of NAD (or analogue) present
was estimated by recording the optical density of the solution at
340 mu before and after the addition of 200 ¥ of yeast alecohol
dehydrogenase (0.025 ml.). A millimolar extinction coefficient of
6.22 at 340 mu was assumed for those NAD anslogues in which the adenine
moiety waes replaced by hypoxanthine or guanine (c.f. Pullmen et.al.,
1952).  Although under these conditions the reduction of NAD is complete
in spproximately one minute, the reduction of nicotinamide hypoxanthine
dimucleotide (and nicotinemide guenine dinucleotide) is not camplete
until 90 minutes after the addition of dehydrogenase. This is in
keeping with the low rate of reduction and the high Km of both the
hypoxanthine analogue (Pullman et al., 1952; van Iys et al., 1958)

and the guenine :w.alogue (see below) with yeast alcohol dehydrogenase.
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(b) Coupled assay
Nucleotidyl frensfer in this case was carried out in s
spectrophotometer cuvette of 1 em. light path, It conteined 200 umoles of
glycylglycine, 500 pmoles of ethanol, 4 umoles of NIN, 16 pmoles of
IfgClz, 82Y of yeast alcohol dehydrogenase snd a mucleoside triphosphate
in a total volume of 2,5 ml., and at pH 8.0, The resction was started
by the addition of pig liver ATP:NMN adenylyltiransferase end its progress
followed by measuring the increase in absorption at 340 my due to the
formation of reduced dinucleotide. A recording K2 Beckman spectro=-
photometer was used for this nurpose. The rate of transfer was calcu-
lated irom the rate of furmation of reduced dinucleotide, using a
millimolar extinction coefficient of 6,22 at 340 mu,
GQuelitative aspects of specificity -
examination by pasper electrophoresis

For dinucleotide synthesis the reaction mixture contained 25 umoles
of glycylglycine, pH 7.6, 3.7 umoles of ¥gCl,,1 wmole of NMV, 1 umole
of nucleoside triphogphate and 0,005 units of ATF:NMN adenylyltransferase,
in a total volume of 0.2 ml. The reaction, if any, was initiated by
the addition of transferase, and allowed to proceed for 2.5 hours st
37°. 4fter this time interval a portion of the mixture (0,02 to 0.05
ml,) was applied to a strip of chromatograpiy peper (thetman 3 MM) and
subjected to electrophoresis at pH 4.2 (0.04M sodium citrate) for
3.5 hours at 400 V (epproximately 14 V, per cm.)., The separated
nucleotides were detected on the paper strip (after drying), by
printing on reflex document paper with ultra violet light (see .tkinson

et al., 1961}b:). Quaternary nicotinamide compounds were detected by
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their fluorescence after exposure to an atmosphere of methylethyl
ketone~ammonia (Carpenter and Kodicek, 1950).

the pyrophosphorolysis of NAD snalogues was detected by incubate
ing the dinucleotide (1 umole) with 25 umoles of glycylglycine, pH 7.5,
347 umoles of Ivfgclz, 20 pmoles of pyrophosphate and 0.005 units of
the transferase, contained in a totsl volume of 0,2 ml. The reaction
was started by the addition of trensferase, and after 2.5 hours at 37°
& portion of the reaction mixture was analysed for its nucleotide
content by paper electrophoresis as above,

Preparation of Ewmercaptopurine nucleotides

B L e et e )

é-bercaptopurine riboside=5'~phosphate was prepared from the
nucleoside in a 25/ yield by the method of Koy et al., (1961).
The compound migrated as one component on chromatography in 95%
ethanol-1l~armonium acetate, pH 7.5 (7:3;v/v) and in 1% ammonium
sulphate~isopropanol (1:2;v/v). Paper elecirophoresis showed the
product to have the same mobility as IMP at pH 4.2, and in addition the
nucleotide on paper geve a positive test for reducing sulphur compounds
(Toennies and Kolb, 1951). The ultraviolet spectra of the compound
in O.,1}=~sodlum phosphate at several pH values were in accord with those
reported for the corresponding riboside by Fox et al., (1958).
The spectrum showed a dependence on pH (5.7 to 8.,0) and an isosbestic
point at 311 mu was spparent.

The é-mercaptopurine riboside-5'-phosphate was converted into
the nucleoside triphosphate Ly treatment with orthophosphate and

dicyclohexylesrbodiimide in dry pyridine (Roy et al., 1961). 4fter
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removal of pyridine and carbodiimide, the nucleotide products of the
reaction were adsorbed to charcoal (Worite 4), the charcoal was
washed with water, and the nucleotides were eluted with 505 ethanol=-
2/% emmonia solution. Fhis step removes inorganic phosphates and
polyphosphates from the mixture. The eluate, after removal of
ethenol end ammonia in yacuo, epparently contained é~-mercaptopurine
riboside ~5'~-monophibsphate, =5'=diphosphate and -5'-triphosphate,
Paper electrophoresis of the mixture (preparation A) showed three
components which sbsorbed light at 254 mu and had the same mobilities
at pH 4.2 as inosine ~5'~monophosphate, ~5'~diphosphate and -5'=tri-
phosphate., Bach component gave a positive test for reducing sulphur
compounds (Toennies and Kolb, 1951}, Ion exchange chromatography
of preparation A on ECTEOLA cellulose (Roy et al., 1961) gave four
fractions, the last of which was subsequently shown by engymic assay
to contain 6-merceptopurine riboside=5' triphosphate (preparation B)
(Atkinson et al., 1962). The yield of this nucleotide was too low
to permit characterization.

C. Results

The following nucleoside triphosphates, when incubated with
i, M“g(:l2 end ATP:NMN adenylyltransferase, were found to give rise to
a mucleotide component which had the same motility as NAD or tine
cerresponding dinuclectide analogic on paper electrophoresis: ATP,
ITP, GTP deoxy ATP and 6~mercaptopurine riboside-5'-triphosphate

(preparation A). The new component in each case was shown to
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contain a quaternary nicotinamide moiety. The results suggest
that nucleotidyl trensfer had taken place to give & nicotinamide
adenine dinucleotide analogue. A4IF and deoxy AIP sppeared to
react much faster than the other {hree nucleoside triphosphates,
The new compound formed with the 6-mercaptopurine derivative gave
a positive reaction for -~SH.

No new nucleotide component was observed, after electrophore
esis, by photographing the paper strip in ultraviolet light, when
analysing the reaction mixtures containing 8 aza GTP or deoxy GIF.
However, in both these cases the more sensitive technique of Carpenter
end Kodicek (1950) showed that a compound containing a quaternary
nicotinamide moiety was present in the region expected for a NAD
analogue. It is thus probable that both these nucleoside triphosphates
cen act as a nucleotidyl donor to NMN, but onily at an extremely low
rate.

No reaction was apparent when UTF or GTF was substituted for
ATP,

(v) Eyrophosphorolysis of NAD snalogues
Using the techniques described in the lethods section,

nicotinamide hypoxanthine dimucleotide in the presenée of pyrophosphate
end ATP:NMN adenylyliransferase was showni to give rise to two products
which absorbed ultraviclet light and had the same mobilities as NN
and ITP on paper electrophoresis. In addition the component with the
same wobility as NMN fluoresced when treated according to the method

of Carpenter and Kodicek (1950)., Hence the reversibility of the
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transfer, in which the adenine moiety of the substrates is
replaced by hypoxantili... 1z established.

The substitution of 3=-acetylpyridine hypoxanthine dinucleotide
and 3-pyridinealdehyde hypoxanthine dinucleotide for nicotinemide
hypoxenthine dinucleotide in the akove reaciion did not give rise to
any new nucleotide components. These two dinucleotides do not
sppear to have any reactivity in the system.

(¢) Preparation and properties of nicotinamide

guanine dinucleotide

GTe (75 mge; 124 wmoles) was incubated at 37 with 100 umoles
of KMN, 2.5 millimoles of glycylglycine, 300 umoles of ﬁz’fgcl? and
5 units of ATP:NKN adenylyltransferase. The total volume of the
reaction mixture was 10 ml. and the pH 7.7. The transferase used was
cepable of synthesizing 2.7 pmoles of NAU per minute per mg. protein.
ifter & hours, enough inorgsnicpyrophosphatase (from yeast) to
hydrolyse 1 pmole per minute of pyrophosphate was added and the
reaction was allowed to proceed for a further 5 hours. The mixture
was stored frozen overnight. After thewing, it wes acidified with
perchloric acid and the precipitated protein removed by centrifugation,
The supernatant was titrated to pH 7.0 with 4N~potassium hydroxide
solution. After 24 hours at 2°, the precipitated potassium perchlor-
ate was iiltered off and the filtrate was aspplied to a column of
Dowex~2 formate (200400 mesh), The resin was first weshed with
water and theu subjected to gradient eluticn with an increasing

concentration of formic acid. 3 Killilitre fractions ‘Wére collected
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on an sutomefic fraction coilector. NMN was eluted with water,
and what proved to be nicotingmide guanine dinucleotide with 1.0 to
1.5N=formic acid. The fractions montaining this compound were
combined and freeze dried. ‘the residue was dissolved in 0.01N-HCI.

the properties of the compound are consistent with those of
a dinucleotide of nicotinamide and guanine, the spectra of the
compound in M-KCK and 0.1N~HC1l solutions is shown in figure III-1,
In ¥~KCN it has o meximam sbsorption at 266 mu and at 325 mu, On
the basis of the millimolar extinetion coefficient at 325 my in cysnide
being the same as that of NAD (6.3; see Colowick et al., 1951), then
10 umoles of the compound were obtained from the enzymic reaction
(2 yield of 8% from GT¥), The new dinucleotide migrated as one
component en ascending chromatographyin isobutyric acid ~ water -
concentrated ammonia {33:66:1; vols,). In this system, where NAD was
found to have an R, of 0.45, the analogue had an R, of 0.52, (n psper
electrophoresis at pH 4.2 (0.0hlM-sodium citrate; 10V per cm. for 3:5
hours) the compound agein moved as one component with a mobility between
that of NAD and AMP.

#hen the compound was hydrolysed in 50/ foriwic acid at 180°
in g sealed tube, chromatogrsphy of the product gave two ultraviolet
absorbing components, one of which had the seme Rf as guenine and the
other the same as nicotinic acid. The former component was eluted
from the paper end geave an ultraviolet absorption spectrum identicel with
that of guanine whici: had been chromatographed and eluted alongside
the hydrolysate., NaD, under the same conditions of hydrolysis, geave

adenine and nicotinic acid. The hydrolysis of these dinuclectides,
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U.V. spectrum of nicotinamide guanine dinucleotide
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gnnd the subsequent chromatography of the products s Was carried

out using the method of Hyatt (1951).

£ summary oi' the properties

of nicotinamide guanine dinucleotide is given in Table IIT~1.

Teble III~1

4 comparison of the properties of NAD and nicotinamide guanine

dinucleotide.
sxoperty Nicotinamide Hicotinamide
adenine anine
dinucleotide dinucleotide
on chromatography in
isobutyric s0ld - water =
axmonia (33:66:1; vols)
Treatment with methylethyl- fluorescent fluorescent
ketone-ammonia (Carpenter
and Kodicek, 1950)
Heterocyclic compounds adenine and guanine
liberated by hydrolysis nicotinic acid and nicotinic acid
tbsorption gpectrum in
0, 1N-HC1 )‘maxzso e max25 i o
(me, 17.2)
inflexions: 273
and 288 mp
tbsorption spectrum in Xm 260 mu and >‘max 266 mu and
pemlt " 325 m 325 mu
“260/ by o= 2439 3‘..*266/1::325 = 1.96
’ » Y -lhu; -3
Reaction with yeast K, 1.6 x 10 U K¥2x10~7%

alcohol dehydrogenase amd
ethanol (pH 10)

Ve about 2% of

Vmax with NAD
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Nicotinamide guanine dinucleotide cen be reduced by ethanol
and yeast alcohol dehydrogenase. ILike AP end nicotinamide hypoxane
thine dinucleotide (Siegal et al., 1959; Fullmen et al., 1952),
the reduced guanine analogue has an sbsorption mexdimum near 340 mu,
The affect of the concentration of nicotinamide guanine dinucleotide
on its rate of reduction by yeast alcohol dehydrogenase in 0,1k=
'Iris', pH 10,0 = 0.05M=ethanol was briefly studied. ‘the reaction
was started by the addition of dehydrogenase to the reaction mixture
in a spectrophotometer cuvette of 0.5 em, light path. The initel
rate was determined as the optical density change at 340 mu over the
first 30 seconds of the reduction., Figure III-2 shows the Line-
weaver-Surk plot of the results for analogue reduction compared to
that for NAD reduction. The latter was obtained in the same way
except that a spectrophotometer cuvette of 4 cm. light path and a
different concentration of dehydrogenase was used, Under these

conditions NiD showed a K of 1.6 x 10" and nicotinemide guanine

dinucleotide 2 x ‘é0-3

M or higher. ‘The relative concentrationg of
dehydrogenase used to obtain these two results was not determined,
so that the relative magnitude of Vm for the two analogues cannot
be ascertained from this experiment. [Iowever, earlier experiments
ghowed the rate of reduction of nicotinamide guanine dinucleotide %o
be sbout 2 of that with NiD, 2t a dinucleotide concentration of
Co5mids

(d) [EKinetics of nucleotidyl trensfer from ITP to NMN

The rate of inosinyl transfer from ITP to NMN wes compared
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Reduction of NAD and nicotinamide guanine dinucleotide

by yeest alcohol dehydrogenase

O n&p
A Nicotinamide guenine dinucleotide
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to adenylyl trensfer from ATF by means of the direct assay (Methods(a)).
For the former triphosphate the substrates were incubated with an
4T0: NN adenylyltransferase preparation containing 500 ¥ of protein
for 30 minutes at 37°. Adenylyl transfer was carried out with
83,3 ¥ of protein over a period of 5 minutes at the same temperature,
The rate of iransfer in both cases was calculated as umoles of NAD
or analogue synthesized per minute per 500 ¥ of protein. Table III=2
shows the results obtained, and the corresponding lineweaver-Burk plots
are given in figure I1II=3,

Tus ITP has an spparent K vwhich is 4,25 fold greater than
that for ATF, while the apparent maximal velocity with the analogue
is only 4 133 of that with the natural substrate (Table IIT=2).
If Km obtained in this way is a measure of the affinity of the
substrate for the engyme then ITr should be a relatively effective
inhibitor of adenylyl transfer from ATF to NMV, vith a K, similar
in value to that for the Km of ITP,

Tor the transferase acting on ATF and ITF together, the rate

of total dinucleotide formation is given by

Vo 1
VeVt Vi ® K K T s
1 -ﬁ (1 + 1+ -sigi (4 +i-f*;—ﬂ'i)
KI:E&. [T ATP

(Dixon end Webb, 1958, equation IV-65, p.92), where V. and Vi
are maximal rates attained in the vresence of either ATF or ITP,
s is the nucleoside triphosphate concentration giving the rate of

dinucleotids formetion, v, and K ATP and KI'H’ are the Km values for
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Fige III=3

Nucleotidyl transfer to NMN from ATP and from ITP
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Table IIT=2

4 comparison of ALP and ITP as subsirates for ATP:NMN

per 500 Y protein

edenylyltransferase,
Mucleoside Concentration (Moles NAD or
triphosphate (ml1) analogue per minute
per 500 Y protein
0,025 3.0115
AT 0.050C 0.0226
0.125 0.0548
K_ 4 x 107" 0,250 0.,0865
3.5C 0.1275
'Vm (6233 pmoles NAD 1.25 0.1728
per minute 5.0 0.212
per 500 ¥ protein 10.C 00229
1 2 . 5 ‘J . 235
0.5 000419
e 1.0 0,000662Z
1625 0000737
K 1.7 % 10™2u 2.5 0,00102
Zeb (.00110
4 * Y’ -0 0:001 6
Vm 3,00175 pmoles 3
NAD analogue 5.0 0.00127
per minute 5.0 0.00133
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ATP end for ITP respeciively. Since VITE‘ is much smaller in
magnitude than V AT® the last term in the above equation becomes

negligible and the equation takes the form

VA’IT‘

1+-‘"—-(1
ATP

K:['.np

ihis is of the same form for the equation describing competitive
inhibition (Dixon and ¥ebb, 1958, equation IV-214, p.173), and
predicts that ITP is a competitive inhibitor of adenylyl trensfer
with a Ki equal in value to the Km for IT¥ participating in inosinyl
transfer.

jo test this prediction, the inhibition of adenylyl transfer
by ITF was observed over a tenfold range of ALF conceniradion
(0,125 to 1.25 mM) at 1.25 and 5.0 mhi~I1P,  Jgain the techniques
described in liethods (&) were used to measure the rate of formation
of HAD. Under the conditions used, no measurable quantity of nicotin-
amdde hypoxanthine dinucleotide was formed. The reaction was initiated
by sdding the transferase preperation containing 3.3 ¥ of protein
to the reaction mixture, and was allowed to proceed ror 5 minutes
at 37%. The rate of adenylyl trensfer in the presence of 1TF is
shown in Teble IIT=3. 4 Lineweaver=Surk plot (figure ITI-4)
indicated competitive inhibition by 1TV, with a K, of 2,1 mM.

i
This is in reascnsble agreewent with the Km obtalned above for

I (1.7 mit).
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Mg, II1I-4

Inhibition of ATP:NMN adenylyl transfer by ITP.
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Leble I1J=3

inhibition of adenylyl transfer to NN by ITP.

ATP 1TE pbioles NAD
cancentration concentration per minute
(mis) (1) per 500 ¥ protein
0.125 ) 0.0669
C.25 o 0.0965
1.25 0 0.1618
1.25 0 0.1592
125 0 041630
0.125 1425 0.0498
0.25 1.25 0.0745
1.25 1425 0.1462
04125 5.0 0.0268
0.25 5.0 0.0449
125 5.0 Oe11d4

(e) KRinetics of mucleotidyl transfer from GTF to NMN

Using the coupled assay system (lethods (b)), the rate of
guanylyl transfer to NMN wes compared to the rate of formation of NAD
and nicotinamide hypoxanthine dinucleotide from AT% and ITP respectively.
The reaction was carried out at 25°, and was started by the addition

of the ATP:NMN adenylyltransferase preparation where GIP or ITP was
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Fig » 111-5

4 comparison of GTP and ITP as nucleotidyl donor to NMN,
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Teble 111k

4~ comparisgon of GIP and ITF as nucleotidyl donor to NMN,

Mucleoside Concentration iivles NAD analogue
triphosphate (mbs) per minute
per 990 ¥ protein

GIP 3459 000244
K 4,0 mi
m
1.795 000169
vmax 0.00535 umoles
NAD wmnslogue per minute ¢.8975 £5,00095
per 990 T protein
v ITF 3.98 0,30203
K'm 163 mM
1.99 0.00163

Wmax 0.00269 umoles

NAD analogue per minute
per 990 ¥ protein

(£f) Inhibition of AIF:NMV adenylyl transfer by &

6~liercap topurine=-riboside=5"'=triphosphate preparation.

ihe é=mercaptopurine-riboside~5'~triphosphate preparation
(preparstion i) was found to conpetitively inkibit ATP:NMV adenylyl-
transferase, The non-coupled asssy system (lethods {a)) was used for
these inhibitory studies, the resction being initiated by edding
transferase 1o ihe feaction mixture containing substrates and inhibitor.

After 5 minutes at 37°, the reaction was stopped and the amount of NiD
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formed was estimeted in the usual manner, The retec dobteined

in the presence znd dbsence of preparation A and t-mercaptopurine

riboside~5'-monophosphate ere indicated in Table ITI-5.

Table iil=H
Inhibition of ATP:NMY adenylyltransferase by &~mercaptopurine
derivatives.
ATP kercsptopurine Bgtimated * pmoléa NAD
concentration | riboside monophospheate| mercaptopurine per minute
(it} concentration riboside triphosphate
(mbt) concentration
(mp)
125 0 G 0,0260
125 0 0 0.0262
1625 Oy 2lide 0 0.0264
Te2h 0 Set2h 0.0238
1625 0 G313 0,0196
2.5 0 0 040308
2e5 0. 2hde 0 0.0310
2.5 0 0ui2k 0.029%
2.5 0 0e313 0.0256

*  The estimated &-mercaptopurine riboside-5'-triphosphate

concentration in preperation & is based on the electrophoretic

results and on the yiclds obtained by Roy et al. (1961).

The total

amount of G-mercaptopurine nucleotides present (including the tri-

phosphate) is twice that given sbove.
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The inkibitory material (preparation &) contained é~mercapto-
curine viboside =5'-monophiosphate, =5'-diphosphate and -5'-triphose-
phate {see kethods sbove), and was free of pyridine, dicyclohexyl=
narbodiimide and inorganic phosphates (including pelyphosphates).

As shown in Table III~-5, 6=mercaptopurine riboside-5'~-moncphosphate is
not inhikitory =nd it would seem unlikely that the corresponding
éiphosyhate is the inhibitory factor. Assuming the triphosphate to
be the cause of competitive inhibition, a lineweaver-Burk plot of the
rates of sdenylyl transfer (figure II1-6) indicated & K, of 3,0 to
27 % 10‘4)% for this compound. The Pim for 41F under the same con-
citions is & x 107N (feble IIT-2). If, as seems likely (see
Tiscussion), the inhibition is due to this mucleoside triphosphate
enslogue, then it has sn extremely high affinity for ATP:NMN adenylyl-
transferase. These vesults have been confirmed subsequently with
purified &-mercaptopurine viboside=3'=triphosphate (Atkdinson, Jackson,

torton and Murray, 1962).

A variety of ATP analogues have been tested for their sbility

to replace ATP in the reaction catalysed by pig liver ATP:NMN
adenylyltrensferase. In genersl the enzyme was found to be relative-
iy specific, slight changes in the structure of the nucleoside triphos-
phate from that of AP having a marked effect on the rate of nucleo~
tidyl transfer to lidl, The [indings are summsrized in Table IXI-6.
inalysis by electrophoresis indicates that deoxy ATP is the

best substitute for ATF as far as the oversll rate of dimucleotide
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Inhibition of ATP:NMN adenylyltransferase by
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The ability of ATP analogues to participate in the ATP:NMN adenylyltransferase reaction with NMN.

Structure Nucleoside Km : Vmax I‘;i Remarks
triphosphate (., (relative) (mb)
b 3 Hz
PPPOCH, N ;JN
AT Ok 100 - -
HO OH
NH,
PPROCH, (NikN
N NJ deoxy ATP - - - Appears to be
a good substitute
H for ATP
SH
PPROCH, N—N
<N IN) 6~mercapto-
purine - - 0.35 Reacts slowly
H H ribosi de=5'-
OH triphosphate
PPPOCH NfN
6<NINJ 1P 1.7 0.75 2.1
° ° ol =
H H OH
PPPOCH, N—N
N
HO OH GTP 4,0 15 - -

"Got



Tsble III-6 contd.

Structure Mucleoside K v K, Remark
triphosphate (ﬁ) (relative) (nd) :
H
PPROCH, N
(k’l 7LN Hy deoxy GTP - - - Reacts very
slowly
H
H
P PP'QCHS- th,l NH, | Basac® - - - xfs’gz:;s; very
MO OH gy
N
PPPRO-CH, /LO P - - - No reaction
PPROCH: [ L.
1%?§%:,BVLO CTe - - - No resction
H H

X*

Where PPP repressnts the trinhosphate molety.

‘901
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synthesis is concerned. Alteration of the substituent at the 6
position of the purine ring of ATP appears to have a greater
depressing effect on the rate of nucleotidyl transfer than does the
removal of an hydroxyl group from the 2' position of the adendsine
moiety. Fowever, 6-mercaptopurine riboside~5' triphosphate and ITP
each have a relatively low I"{i (or Km) value, perhsps reflecting a high
affinity for pig liver ATVF:IMN adenylyltransferase. Further
alteration of the molecule by the introduction of an amino group at

the 2 position of the purine ring (as in GTP) has a small but definite
effect on the transfer reaction, GTP having a higher Km and Vm than
ITP, The ommission of an hydroxyl group in the ribose moiety of

GIP (deoxy GIP), or the introduction of a nitrogen atom in place of
carbon 8 (8 aza GIP), lowers the rate of reaction still further. Thus
interaction with ATP:NMN adenylyltransferase is dependent on at least
four points sround the nucleoside triphosphate molecule. Substitution
of a pyrimidine ring for the purine ring (as in UTP or CTP) results

in complete loss of activity. In keeping with the conclusion that
both the 6-amino group of the purine moiety and the 3ecarboxamide

side chain of the pyridine ring play an important part in the binding
of substrate to the transferase, is the observation that the enzyme
does not catalyse detecteble pyrophosphorolysis of 3-pyridinealfiehyde
hypoxenthine dinucleotide or 3~acetylpyridine hypoxanthine dinucleotide.
Here two changes have been made in the substrate molecule., This is
in contrast to the finding that deoxy GIP, where three changes have

been made in the ATP molecule, participated in the transfer resction,
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even though very slowly.

Deoxy ATP can also serve as a substrate for ATP:NMN adenylyle-
transferase from yeast (Klenow end indersen, 1957), where it reacts
at sbout 20 to 25% of the rate found for ATP at a concentration of
1mM, It is probable that this snalogue reacts with the pig liver
enzyme at ebout the same relative rate. Klenow and Andersen (1957)
isolated the dinucleotide formed from deoxy ATP and NMN, Partial
characterization of the product showed it to have “he properties
expected of deoxy NiD (Ejunicctinamide riboside=5' Po- deoxyadenosine-
5' pyrophosphate).

Deoxyadenosine derivatives have been shown to be capable of
replacing the corresponding adenosine derivetives in many other
enzymic reactions, Thus deoxy ATF, one of thg natural substrates
for INA polymerase (Lehman et al., 1958), can replace ATP in the
myokinase reaction (Klenow and Andersen, 1957), and in the reections
catalysed by yeast hexokinase, phosphofructokinase s phosphoglycerate-
kinase and pyruvic kinase (Siebert and Beyer, 1961). In each case
the deoxy analoguc reacted at a rate greater than 30% of that of ATP.
Siebert and Beyer (1961) also found that deoxy ADP can be used as
a phosphate acceptor in the glycolysis of rat liver extracts. Deoxy
NAD, synthesized chemically from NMN and deoxy AMP, can be reduced
by many NiD-dependent dehydrogeneses (Honjo et al., 1962; PFawcett and
Kaplan, 1962). Those capable of reducing the enslogue include yeast
and horse liver alcohol dehydrogenase, lactic dehydrogenase, malie

dehydrogenase, glutamic dehydrogenase and triosephosphate dehydrogenase.
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The rate of reduction of deoxy NAD varies fram 9% to about 90% that
of NAD with these enzymes, Klenow and indersen (1957), who mede
the deoxydinucleotide enzymically, also found it to be reduced by
yeast alcohol dehydrogenase and glutamic dehydrogensase.

In view of the relatively high rates with which deoxyribomucleo-
tide analogues can participate in enzymic reactions normally thought
to involve ribonucleotides, it is not surprising that many pyrophos=-
phorylases, including ATP:NMN adenylyltransferase, can utilize deoxyrib-
onucleoside tripliosphates in the synthesis of dinucleotides., The
rate of deoxycytidylyl transfer to choline-phosphate, catalysed by
CTP: choline phosphate cytidylyltransferase, is approximetely the
same as that for cytidylyl transfer (Kennedy et al., 1959). The
resction is readily reversiblec; the K_for CDF choline was found to
be 2 x 10" "M, end for deoxy CIF choline, 1 x 107°M, ~CIP:ethanolemine
phosphate cytidylyltransferase preparations can use deoxy CIP at ebout
10% of the rate with CTP (Kemnedy et al.,1954). Neufeld (1962) has
found that UTP: a~D-glucose-1=-phosphate uridylyliransferase from
yeast will catalyse deoxyuridylyl transfer to g~Deglucose-i-phosphate.
Two of the known pyrophosphorylases have a deoxyribonucleoside triphos-
phate as their natural substrate. ‘They are TTP:a~D-glucose-i-phosphate
thymi dylyltrensferase (Kornfeld and Glaser, 1961) and TTP: a-Degalactose-
{-phosphate thymidylyltransferase (Pasur, Kleppe and Cepure, 1962).

I1P has been investigated in a number of enzyme systems for its
ability to replace ATP. Kleinzeller (1942) showed that activity with
this desminated nucleotide is low, for many enzymes, compared to ATP,

with the exception of myosin ATP'ase., Hexokinase is quite active
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in the presence of ITP, where it has a K of 3.7 x 1072 (4P K, 9.5
x 107K) and &V, epproximately 30% that of ATP (Vartinez, 1961).
ith muscle phosphoglycerate kinase, ITP has up to 40y the activity
of ATP (Reo and Oesper, 1961), ATP: creatine transphosphorylase can
also use ITP in place of ATP; with this enzyme it has 2 Km of 130 mM
(a1P Km,O.l»mM) and a Vo spproximately the same as that for ATP (Nihei
et 2l., 1961). In ell these cases either the K_is very high relative
to that for ATP or the maximal velocity obtained in the presence of ITP
approaches that for ATP. ‘sﬁthl ATP:NMN adenylyltransferase however,
the K for ITP is relatively low and the V __ is less then 1% thet
cbtained for ATP, ihis combination of circumstances makes ITP an
effective inhibitor of nucleotidyl transfer to NEN.

A nucleoside triphosphate which should have similar properties
to ITP is 6~merceptopurine riboside~5'=triphosphate, This snalogue
has in fact also been shown to be capable of replacing ATP in the
ATPINMY adenylyltransferase reaction. The reaction was cbserved to
proceed at a slower rate than with ATP, and the preliminary work
described sbove indicated that this analogue competitively inhibited
adenylyl trenafer with a Ki of spproximately the same value as the Km
for ATP, making it an extremely powerful inhibitor. Iy analogy with
ITP it should have a Km of sbout the same value as that for ATP.

Kore recently, 6~-merceptopurine-riboside=5"'=triphosphate has
been purified, eand, in support of eerlier work, found to be a very
effective competitive inhibitor of adenylyl transfer (Atkinson gt al.

1962), Using a coupled assay system, where the K for ATP was found
m
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to be 7.4 x 10'5115, the K, for 6~mercaptopurine riboside 5'~triphosphate
was 5 x 10‘5 M, At a concentration of O.4% ml, the thio analogue
of ATP reacted at about 7% of the rate found with ATP in effecting
nucleotidyl transfer to NMN,

é-lercaptopurine derivatives have been implicated as potent
inhibitors in a number of enzymic systems. Thus 6=-mercaptopurine
was found to be a substrate for xenthine oxidase, with a K, of 17.5 x
106y (xenthine: K, 5.4 x 10"635) and giving a maximel velocity
approximately 1% of that obtained with xanthine, It competitively
inhibited xenthine oxidation, with a K, of 18 x 1075 (st 1berman
and hyngaarden, 1961). 6Mlercaptopurine riboside 5'-phosphate
inhibits conversion of IMP into AMP (Salser and Balis, 1959).
The I~suceino form of the 6-thio analogue of' adenylsuccinic acid
inhibits the cleavage of adenylsuccinic acid by partially purified
adenylosuccinase, and is ltself slowly snd irreversibly cleaved
(Hampton, 1962). That 6-mercaptopurine can be substituted for
hypoxanthine or adenine moieties in enzymic reasctions, is not without
precedent, It has been shown that 6~mercaptopurine can replace
hypoxanthine in the reaction catalysed by inosinic acid pyrophosphory-
lase from beef liver (Lukens and Herrington, 1957) and from E. goli
(Carter, 1959). In additicn, nicotinamide 6emerceptopurine dinucleo-
tide can be reduced by yeast alcohol dehydrogenase and dihydrolipoamide
dehydrogenase, and 6~mercaptopurine riboside 5'-triphosphate can
phosphorylate glucose in the presence of hemokinese (Atkinson et al.,
1962), 6é=Yerceptopurine riboside 5'-diphosphate is a powerful

inhibitor of polynucleotide phosphorylase (Carbon, 1962).
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The relatively specific character of the resction éata.‘lysed
by pig liver ATP:NMN adenylyliransferase is exemplified by the insbility
of UTP or CIP to replace ATP, This is in contrast to the dehydrogenases,
where 1t is known that nicotinamide uracil dinucleotide can be reduced
by yeast and horse liver alcohol dehydrogenase, beef liver glutamie
dehydrogenase, rabbit muscle and beef heart lactic dehydrogenase and

malic dehydrogenase from pig heart (Fawcett and Keplsn, 1962).
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Iv
The Effect of zvgclz Concentration of the Rate
of ATP:N!MN Adenylyl transfer

The effect of varying magnesium ion concentration on
the rate of adenylyl transgfer to NMN is described in this section.
The results are interpreted in terms of the relative concentrations
of the species ATP (uncomplexed) and MgATP complex.
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A Msterizls

E‘ﬁl_-a This was purchased from Dritish Drug
Houses Ltd. (A.R. grade).

AP,  ATP (best grade from Nutritional Biochemicals
Corporation) was dissolved in water and ¥itrated to pH 7.5 with
sodium hydroxide before dilution to make two stock solutions 3.12 and
34.4 mM, The concentrations were checked by reading the opticel
density at 259 mt.

IMi, A stock solution of 45,2 mM was used.

Glyeylglycine. A solution of glycylglycine
(British Drug Houses i;td; lsboratory reagent grade) was titrated to
pH 7.5 with sodium hydroxide before dilution to 500 mM. An insoluble
crystalline impurity in the preparation (possibly diketopiperazine)
was removed by filtration.

Ethsnol-glycine~sodium hydroxide mixture. This
solution was 0.835K~ethanol - Q.41 7N-glycine - 0.416l=sodium hydroxide,
The glycine used was from British Drug Houses, Ltd. (1leboratory reagent
grade).

ATP NI adenylylirsnsferase. The preparation used,
after dialysis against 0.01¥~s0dium phosphate, pH 7.5, was capable of
synthesizing 0,52 pmoles of NAD per minute per mg. of protein, 1t was
stored frozen at =15°, Just before use it was thawed and 0.25 wl. was
diluted to 1.5 ml. with ice~cold double distilled water,

The components of each reaction mixture were meagured out

with sutomebic -zero micropipettes. The enzymic reaction was carried
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out in thick-walled tubes 10 em, long x 1 cm., diemeter.

B. Yethods

BEach reaction mixture contained 100 mi~-glycylglycine, pH 7.5,
2.26 mi=iN, and ATP and Iy’gClz at the concentration indicated.
The reaction was initiated by the addition of 0,05 ml, of the ATP:NM.
adenylyltransferase preparation, conteining 54 Y of protein. The
reaction was carried out at 37°, the total volume of the veaction mixture
in each case being 1.0 ml, After 10 minutes the reaction was stopped
with 1.5 ml, of O.5N~trichloreoacetic acid solution, and the precipite
ated protein removed by centrifugation. TIwo ml, of the supernatant
was added to a specirophotometer cell with a light path of & cm,
After the sddition of 3.0 ml. of the ethanol-glycine-sodium hydroxide
solution, bringing the pH to about 9.5, the opiical density of the
resultent mixture was measured at 340 mu before and after the
addition of 75 ¥ of yeast alechol dehydrogenase in 0,025 nl.
(Boehringer). The spectrophotometer used was a menual CFh Optica,
fitted with a dsuterium lamp., The difference in optical density was
used to calculate the amount of NAD formed during the reaction,
assuming a millimolar extinction coefficient of 6.22 at 340 mp for

the reduced coenzyme (Schrecker and Kornberg, 1948).

C. [Ressults

Two series of experiments were carried out to observe the
effect of varying MgCl, (end ATP) concentration on the rate of NAD

synthesis by ATP:NM adenylyltransferase., The results are given



Isble IV-1
The effect of verying magnesium ion and ATP concentration on the rate of adenylyl

tranafer to WMV,

ATP (mM) 04156 0.312 0,78 1657  3Betd  T7.85 3414 3,44 3.4 3446 34h 0 3.1k

ygma(mm) 20 20 20 20 20 20 0.1 0.2 0.5 1.0 2.0 540
=

umoles  [0.,0088 0.0114 0,014 0.0159 0.0167 0,0179 0.0051 0,0082 0,0125 0.0152 0,0152 0,044 :

NAD

formed per

minute




Table IV-2
The effect of varying magnesium ion and ATF concentration on the rate of adenylyl

transfer to NMN,

ATE 1,57 oM
NgClz( mi) 0.1 De2 0.5 1,0 2.0 5.0 10.0 200

pmoles NAD
formed per minutb 0.0068 0.0095 00133 0.013¢& 0012k C.0138 0.0155 0.0160

ATP 3.4k mM
¥gC1L () 0.1 0.2 0.5 1.0 240 5.0 10.0 20.0

umoles NAD
formed per minute 0.0053 0.0079 0.0123 0.0145 0.0149 0.0142 0.0156 0.0170

ATP  7.85mM
z@c12(mm) C.1 0.2 0.5 1.0 2.0 540 10,0 20,0

pmoles NAD
formed per m’.nute‘ 0.0032 0.0050 ©.0090 0.0130 0,015k 0.0164 0.0163 00175

*Lyy
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in Tebles IV=1 and IV-2, and shown graphically in figures IV-1 and
W~2.

‘Under the conditions used here, the effect of varying Mg012
concentration does not follow the usual Michaelis-ilenten rectangular
hyperpobolic relationship between velocity and concentration.,

Instead there is a discontimaity in the region where the MgClz snd
ATP concentrations are approximately equal. Below this region
(i.e. at ¥gCl, concentrations less than about 1 mM), raising the ATP
concentration at any particular level of M’gClZ results in decreaszed
NAD synthesis. Above this region (i.e. at ¥gol, cancentrations
greater then 10 mM) reising the ATP concentration gives increased
NAD synthesis. In contrast, the rates of adenylyl transfer obtained
by varying ATP concentration at a fixed and relatively high IfgClz
concentration (20 mM) conform to the usual Michaelis-Menten pattern.
In seeking en explenation for these phenomena it would be of
interest to know the relative concentration of ATP and MgATP complex
in each of the above reaction mixtures. To do this an equation was
derived, the solution of which permits the calculation of the concen-
tration of each of these species, as well as that for Mgg+ and Mg
glycylglycine complex. The essentiel steps in the derivation of this
equation follow, Hydrogen icn eguetien concentration was not taken
into account., ‘The stebility constant for MgATP was assumed to be
o5 ™! (Nanninga, 1961) end that for ¥g glycylglycine 0.0145 i |
(Chem. Soc., Londen, ipecial Publication number 6. 'Stebility Constantis

Part I = Organic Ligands', 1957).
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I,Fig . f= 1

EBffect of I»igclz or ATP concentration on the

transf'er reaction.

(a) ATP concentration varied

(b) MgClz concentration varied
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:Fig . IV"2

iffect of Isfgclz concentration on the transferase reaction

7.85 m ATP
- g g gee g o 1.56 m}ﬁ A‘IP
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The symbols used are explained below.

Initially (md) Species
2 3@2-5-
b ATP
100 glycylglycine
0 Mg ATP
0 ¥g glycylglycine
(1 ) 210-05 = X
(e=x~y) (b=x)
(2) ©.0115 = ¥

(e=x=y) (100-y)
from (1), ¥ = a=x x

(2445)(bex)

substituting in (2),

@;0115 £ a"x"'___ X

2#.5 (b=x)

(e=x=a+xs. x

or (3)

m..x) ) ( 100ma x4

At Zquilibrium (p)
BX=y
bex
100=y

X

v

2h.5 b-x))

2(599.72) -x" [[52.66 + (59.72)a + (1,199.72)1)

+xb [52.675 + (1,199.72)a + 600 ]

«600 abz
=0
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BEquation (3) was used to calculate the concentration of ATP
and MgATY in the resction mixtures indicated in Tables IVei1 and IV=2,
The results are glven in Tables IV-3 and IV-4 respectively. TFor
conparison Table IV-5 gnd IV-6 show the ATP aond MgATP concentrations
calculeted for the conditions in Table IV=1 and IV-2 when the presence
of glycylglycine and metsl ion complexing sgents other than ATP has
been ignored.

Tnspection of Tebles IV~3 to IV-6 shows that the presence of
the weak magnesium icn-complexing ligand, glycylglycine, does depress
the concentration of MgATP to a small extent, The concentration of
the complex, ig glycylglycine, is not high (with respectto MgaATP)

until most of the ATP® has been complexed with megnesium ion,



Isble IV=3

The concentration of ATP and MgATP for the conditions described in Table IV=4.

Effects due to the presence of glycylglycine have been accounted for.

Total ATF (mM)
Total 3gCl,
Vg ATP

ATP

0.156 0,312

20 20

C.15¢ 0.310

- 0.002

0.78  1.57
20 20
0.777 1.563

0.003 0,007

3.1 7.85 3.4
20 20 0.10
34125 7.80 0.097

0.015 0,05 3,043

344 3414 3.4 3.1b
0.20 0.5 140 2.0

0194 048k 0.961 1.87
2.946 2.656 2.179 1.27

3.1k

5.0

3.01

0.13

‘12t



dable IVed
The concentration of ATP and Kg ATP for the conditions described in Table IV-2,

Effects due to the presence of glycylglycine have been accounted for.

Totel ATP (mi) | 1.57 1.57 1457 1.57 1.57 1.57 1457 1457

Total MgCl, 0.10 0.20 0.50 1.0 2,0 540 10.0 20.0

Vg ATP 0.09% 0,188 0.463 0.886 1.377 14531 14554 14563

ATP 1476 1.382 1.107 0.684 0.193 0.039 0.016 0.007 §
Total ATP 3ol 3e1b 3otk 3otk 3.1k 31k 3014 3.4

Total }gCl, 0.10 G.20 0.50 1.0 2.0 540 10.0 20.0

Mg ATP 0.097 0.194  0.484 0.961 1.87 3.01 3410 34125

ATP 3.043 2.946 2.656 2.179 1.27 G130 0,04 0.015




Table IV=-4 contd.

Total ATP 785 7.85 7.85 7.85 7.85 7.85 7.85 7.85
Total h@Clz 0.10 0.20 0.50 1.0 2.0 5.0 10,0 20,0
KgATE 0.099 0.198 0.494 0.988 1971 4,858 7581 7.800
ATP 7751 7.652 74356 Selib2 5.879 2.992 0.269 G050
Table IV~
The concentration of ATP and MgATP for the conditions described in Teble IV-1,
The presence of glycylglycine has been ignored.
Total ATP(mM) 0.156 0.312 0,780 1.57 314 7.85 3,48 3.4 304 3448 3494 3.1b
Total Ivfg(}l2 20 20 20 20 20 20 0.10 0.20 0.50 1.0 2.0 5.0
Mg ATP 0155 0.319 0.778  1.567 3.132 7.824 0,099 0.197 0.492 0,981 14.935 3.075
ATP 0.001 0001 0.002 0.003 0,008 0,126 3.044 2.943 2.648 2.159 1.205 ©.065
Nigz" 19.845 19.589 19.222 18.433 16.868 12,176 0,004 0.003 0.008 0,019 0,065 1.925

¢Sl



The concentration of ATP and gilP for the conditions described in Teble IV-2.

Table IV-b

‘The presence of glycylglycine has been ignored.

Total ATP(mM)| 1.57 157 1.57 1457 1.57 1457 1457 1457
Total 4gCl, | 0.10 0.20 0.50 1.0 2.0 5.0 10.6 20.0
NgATP 0.097 .87 0482 0,939  4.480  1.552  1.562  1.567
ATR 14735 1.383  1.088  0.631  ©0.110 0,018  0.008  0.003
¥t 0.003  0.013  0.018 0,061  0.540 3,448 8438 18433
Total ATP 3.4 3.1k 3.k 3.4 3tk 3.4 3.4k 3.0k
Total BgCl, | 010 0.20 0.50 1.0 2.0 5.0 10,0 20.0
KgATP 0.099 0.197 0.492 0.98% 1935 3.075 3e12i 3.132
ATP 3,061 2.943 2,648 2,159 1,205 0,065  0.019 0,008
g2t 0.001  0.003  0.008 0,019  0.065  1.925  6.239  16.868

el



Table IV-56 contd.

Total ATP
Total MgCl,
Ng ATP

AT

h@2+

7085
0,10
0.099
7.751
0,001

7485
0.20
04199
7651
0.001

7+85
0.50
G497

1355
0.003

7.85
2.0
1.986
5864
C.01k

7485
50
4,931
2,919
C,069

7485

7.824
0.026
12.176

N TAS
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Ihe following is sn attemptio explain the experimental results
(Table IV=2) in terms of the thesis that UgATP is the active form of
the subsirate, using the data accumilated in Table IVed., For
convenience the results are considered in two sections; first, at
concentretions where total Iz.igcl2 { total ATP, and second, where total
Mg(:lz ? total ATP,

(a) Total kg Cl, € total ATP

Under these conditions, & higher concentration of totel ATP
at any one total Dfig&’lz concentration gives rise to lower rates., 'his
suggests that if NgATP is the true substrate for the trensferase, then
uncomplexed ATE is acting as 2 competitive inhibitor., This is a
likely situation.

To test the lyypothesis, the reciprocal of the velocity was plotted
against uncomplexed ATP concentration at three levels of NgaTP (0,099,
0.0194 and 0.484 mM) according to the method of Dixon (1953). 4s
shown in figure IV-3, the result is consistent witi: this hypothesis.

A Ki for ATF of 2.0mi, a i'{h for NMgAIP of O.i2md, and a Vmax of

0.01925 pmoles NAD/min, was deduced from figure IV-3., ‘'The concentra~
tion of MgATP complex indicated in figure IV-3 are averege values only,
as they vary a little, depending on the itotal ATP concentration (see
Table IVe~it}.

The velocity im the presence of a competitive inhibitor, i,
and substrate, s, is given by

v

Vo= max (1._)

1+I_E12(1+

i
LS &
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Pig. V=3

Inhibition of adenylyl transfer from NgATP by ATP.
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Inhibition of Adenylyl Transfer from MgATP by ATP

Fig.IvV-3
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Using equation (4) and the values for K,, X an

50 X 4 me indicated

above, velocities were calculated for the set of conditions given

in Teble IV-k end compared with the observed velocities (Tsble IV-2),
The results are tebulated in Teble IV~7 and shown graphically in
figure IV~4, The solid lines in figure IV-l represent calculsted
velocities and the observed velocities are indicated by points.

There is fairly good sgreement between calculated and observed
velocities where total ¥g ¢ total ATP, but as expected, when total
¥g ion concentration epproaches total ATP concentration, the velocity
falls eawsy below that of the predicted value,

#Again the hypothesis that ATP is a competitive inhibitor of
lgATF under conditions where totel Mg ( total ATP, is in agreement
with the kinetic behaviour of the system in these regions, This
hypothesis also predicts that there will be a 'cross-over' of lines
of different ATP concentration (see figure IV-5), so that in cne
region (Mg ¢ ATP) increased ATF will give rise to lower rates and in
the other region (¥g ) ATF) increased AP will give higher rates.
This is also in agreement with the experimental results.

The results here would also be in accord with the presence of
en inhibitor in the ATP preparation (e,g. inorganic pyrophosphate)

or with the possibility that HA 3-

is an inhibitor of the transferase
It the pK'a of the dissociation

HATES™ h M:PL"' + H

is assumed to have a value of 6.8 (lelchior, 1954; Smith and ilberty,
1956), then at pH 7.5 the retio T /HATES™ ig 5.01. 1If HATEO™ is
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Fig IV=4

Effect of Mgmz concentretion on ATP:N¥N adenylyl transfer.
The solid lines represent the relationship assuming inhibition
by ATP not complexed with Mg ion. The points represent
experimental values.

A 7.85 mM 4TP

X 314 mif ATP

O 1.57 mi a
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Fig. IT¥=-5

#ffect of Mgcl2 concentration on the rate of ATP:NMN adenylyl
transfer, assuming inhibition by ATF not complexed with
magnesium ion,

(a) 7.85 mM 418

(b) 3.1k mM ATP

(e)  1.57 mM ATP
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Zsble IV-7
Correlation between the observed rate of adenyiyl transfer

end that predicted assuming competitive inhibition of
transfer from VgATP by ATP.

ATE Mg ATP Fredicted Chserved
(xdt) (mbt) velocity velocity
(umoles NAD/min.) (umoles NAD/min,)

Total ATF added 7,85 mil

7751 0.099 0.0028 0.0032
7.652 0.198 0.,0049 0.0050
7.356 09 0.0090 0,0090
6.862 0,988 0.0125 0.00130
54879 1.571 0,0155 0.0154
2.992 4,58 0.0181 0.0164
‘ 0.269 7561 0.0189 0.0163
0,050 7.800 0.0190 0.0175

Totel ATP added 3,14 mM

34043 0,097 0.0047 0.0053
2,946 o194 0.0076 0.0079
2,656 0,484 0.0122 0.0123
2,179 0.961 0.0153 0.0145
14270 1.870 0.0174 0.0149
0.130 3.010 0.01845 0.0142
0,040 34100 0.0185 0.0156

0.015 3125 C.0186 0.0170




Table IV-7 contd.
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ATP
()

Mg AT?
(mig) -

Totel ATF added 1.57 mi

1476
1.382
1.107
0,684
0,193
0e039
0.016

0.007

0,09
0.188
0.463
0,886
1377
1531
1554
14563

tredicted Cbsexrved
veloci velocity
(umoles NAD/min,) (umoles NAD/min,)
0.0060 0.0068
0.00925 0.0095
0.0137 : 0.0133
040163 G.0138
C.0176 0.012h
0.G176 0.,0138
00179 G.0155
0.,0179 0.0160

the only inhibiting species present in the reaction mixtures,

then it would be a competitive inhibitor with a Ki of O.4 md,

These two cases camnot be ruled out with tue present experimental

results; however a study of the kinetics at several hydrogen ion

concentrations would test the second case,

(b) Total MgCl, > total ATF

Table IV=1 and figure IV=1 show the veloecities obtained whmsn

ATP concentration is varied and Mg2+ concentration maintained at a
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high constant value (20 mM). They indicate a K i of 0,171 mi
4

and &V of 0.01755 umoles NAD/min. These kinetic parsmeters are
different from those noted sbove, and indicate lower velocities.
However, this experiment was carried out under conditions where

total Lg > total ATP. This may suggest that in passing from a
region where ¥z ( ATF to one where iig ) A%, as in figure IV-2, there
would be a general lowering of retes, giving rise to a discontinuity
similar to that in Figure IVe2.

The reason for the lowerding of rates is obscure. It could
be due to inhibition by MgZA'IEP or by Mg glycylglycine, or sinply
a chenge of mechanism whereby an enzyme-ig complex binds NgATP,
However if it was solely due to inhibition by .MgEATP or Mg glycyl-
glycine, then one would expect the rates to progressively decrease
a8 b‘gClz concentration is increased. ‘the reverse is the case
(figure IV=-2), the rates actually increasing as ¥gCl, is increased.
This would seem to leave a change of mechanism as at least part of the
explanation,

To sum up then, the results embodied in figure IV-2 can be
explained by eassuming thet MgATP is the substrate for the transferase,
Where total Mg ¢ total ATP, ATP scts as & competitive inhibitor,
causing rates to be lowered when AIF concentration is raised ét any

particular igCl, concentration, Wwhen LIP has been removed from the

2
system by an excess of }gCl, (i.e. when total kg » total ATP),

there is a 'crossover' of lines representing different ATF
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concentrations (totel) causing a higher rate when total ATE is increased
at sny one I&gclz concentiration. In passing from the region where
total Mg < total ATP to one where total iig > tdtal ATP, there is a
change-over in mechenism, resulting in a general lowering of rates
(higher K , lower Vm) end the discontinuity observed in figure IV-2.
The nature of this mechasnism chenge is not clear,

It is of interest here, that DIr, K, X, Atkinson, using a
coupled asssy system (i.e., courling the transferase reaction with that
of yeast alcohol dehydrogenase) at pH &.0 for measuring initisl rates,
found that Michaelis-Nenten kinetics were spproximately obeyed when
varying total lgCl, concentration (0.4 to 0.0k mlM) et constant total
ATP (3 mM) or when varying totel ATP (0.4 to Q.04 mM) at constent
1gCl,, (3md), ‘his is consistent with the above conclusion, as at

the low concentration of ¥gCl, used in the first experiment (0.4 to

2
0.04 mM) the concentration of ATP (competitive inhibitor) is almost
constant. He also noted that higher rates were obteined in this
experiment where total Mg { totel AP, compared with the second where
total Mg > total ATP. In this coupled assay the total concentrations
of ATP, Mg, or NilN needed to give half the rates found on extrepolation
to infinite reactant concentrations were: 7.1 x 107 °M bg, 7.1 x 10 k-
ME end 3.9 x 10 °}=NMN. In each cese the totel concentration of
each reactant which was not being varied was 3md, The apparent
equality of the Km- for ATF and the concentration of all magnesium
speclies for half maximum rate is consistent with mechanisms in which

¥gATP is a substrate (Tixon and vebb, 1958, p.hé62;



132.
D. Discussion

A munber of enzymes using ATP as substrate and Mg2+ ag the
activating ion show a striking dependence on the ratio of Mg2* to
ATP, Usually meximm rates are obteined when the Mg2'/ATP ratio is of
the order of one to two, with the velocity falling away on either side
of this meximum. Such behaviour is shown by fructokinase (Hers, 1952),
hexokinase (lLiebecq, 1954), gluconokinese (Leder, 1957), phosphohexo-
kinase (Lardy and Parks, 1956), actomyosin ATP'ase {Perry and Grey,
1956) snd ATP: creatine transphosphorylase (Kuby, Noda and Lardy, 1954).
The last group of authors found & similar relationship between velocity
and Mgso4 concentration to that described above for ATF:NMV adenylyl-
transferase, They concluded that Mg-AlF is the reactive component,
and that at a high concentration of L‘rgsoh, Isigz-zzﬁ'f is formed, This
latter complex was asszumed to be somewhat less reactive than the
former.

A portion of this work on ATP:creatine transphosphorylase has
been repeated hy Noda, Nihei and lorales (1960), using magnesium acetate
instead of iﬁgsoh_. They glve data which show sulphate ion to be a
competitive inhibitor with respect to ATP, This is thought to be
responsible for the discontimuous increase in the rate of transphose
phorylation as the Mg:@@h concentration is increased. The use of
magnesium scetate certainly did appear to smooth out the curve somewhat,
but inspection of their result show that they have only considered a

relatively narrow span of magnesium ion concentration, In the case
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of ATP:NMN adenylyliransferase, at concentrations of X—f;gClz higher
than that at the discontinuous region, the velocity increases once
more with increasing mmz concentration, ‘ihis is hard to reconcile
with the possibility that chloride ions are inhibitory.

Inorganic pyrophosphatase shows a similar type of behaviocur to
the above enzymes, Here again pyrophosphate has a high tendency to
form complexes with magnesium snd other divalent ions (Wolhoff end
Overbeek, 1959). Yeast inorgenic pyrophosphatese, whether hydrolysing
inorganic pyrophosphate in the presence of Mg ions or hydrolysing ATP
in the presence of Zn ions, shows a maximum veloclty where the ratio
of divalent ion to polyphosphate is sbout one to two (Schlesinger and
Coon, 1960; Kunitz, 1962), Inorganic pyrophosphetese, purified from
rat brain, shows asnother similarity with ATP:MMV adenylyltiransferase
(Robbinge, Stulberg and Boyer, 1955). It was found that ak all
concentrations, addition of pyrophogphate in excess Iof‘ B.-"gz"' concentra~
tion results in decreased velocity, indicating competitive inhibition
by uncomplexed pyrophosphate, The results of rate studies could be
explained by assuming a I‘Ei of 5 x 10"5 ¥ for uncomplexed pyrophosphate,
and a Km of 1.72 x 10’4}&2 for the Mg~-pyrophosphate complex.

¥eny of the pyrophosphorylases exhibit this dependence on the
ratic of I*f-gz"' ion to polyphosphate (nucleoside triphosphate or pyro-
phosphate). Among those involved are ATP:FMN adenylyltransferase
(De luce snd Ksplan, 1958; Schrecker and Kornberg, 1950), CiP:
cholinephosphate cytidylyltransferase (Borkenhagen and Kennedy, 1957),

UTP: a.-gwglucose-'l-phosphate uridylyltransferase (Mmch~Petersen, 1955;

Turner and Turner, 1958), UTP:N-acetylglucosamine-i-phosphate
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uridylyltransferase (Strominger and uith, 1959) and TTF: u=D-glucose-
1=phosphate thymidylyl transferase (Kornfeld and Glaser, i961). 1In
all these cases, inhibition is shown at a ratio of Ifgz"'/polyplmsphate
greater than sbout one or two. 3¢ far as is known, none of them
show the recovery of velocity that is shown by ATER:NEN adenylyliransferase

at higher I\f;gz"' concentrations.
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v
The Specificity of the Hetal Ion Regquirements for ths

ATPINMN Adenylyltransferase Reaction.

The cations of megnesium, nickel, cobalt, zine snd mangsnese
have been found to satisfy the metal ion requirements for the
ATP MY adenylyltransferase reaction. [he maximum rates obtained
with these cations cen he correlated with the heat of hydration of
the divalent metal ion. Fossible explanations for the role of the cation

in this snd related transfer reaciions ere discussed.
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_:le__(_l_]_;z was purchased from British Drug Houses itd. as a
20% (w/w) aqueous solution, It had a specific gravity of 1.134 g./ml,
A stock solution of concentration 200mM was used for the experiments
described below.

gL, (malar;A.R.), Nicl, (anelar;a.g.), Gocl, (B.L.Hes 4.R.)
¥ncl, (4nalar; f.R.) end @_S_Q#(Analar; AR.) were used as agueous
solutions of concentration 2, 20 and 200 md,

AT® (best 'grade from Boehringer or from Nutritional Biochemicals
Corporation /was used from stock solutions, pH 7.5. The concentrations
were checked by spectrophotometry at 259 my before use.

1IP was purchased from Sigma Chemicel Co., The stock solution
was 50 mM, pH 7.6

Glyeylplycine was obtained from 3igma Chemicaul Co. and from
British Drug Houses Ltd. The commercial source of this buffer will
be indicated in the experiments described below. That obtained from
Sigma did not have the insoluble impurities present in the other
preparation, Stock solutions were 1M or 0.5k, titrated to pH 8.0,

7.6 or 7.5 with sodium hydroxide solution.

Tris(hydroxymethyl) amino methene from Nutriticnal Biochemicals

Corporation was used as a stock solution titrated to pH 7.4 or 7.6 with
an HCl solution.

Ethylene dismine tetraacetic scid (B.D.H.). After titration
to pH 8.0 with scdium hydroxide, the stock solution was diluted to

200! before use.
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Yeast alcobol dehydrogenase was purchased from either Sigms
or Eoehringer.

NMN. 4 stock solution of 45.2 ml was used.

Other resgents used are described in Section IV,

B. Lathods

The composition of each remsction mixture used will be indicated
as each experiment is desoribed. All resctions were carried out at 37°.
The procedure adopted for stopping the enzymic resction and estimating
the amount of dinucleotide formed was the same as described in Section IV,
Where nicotinamide hypoxsnthine dinucleotide was estimated, a more
concentrated solution of dehydérogensse was used., This dinucleoti@e
is reduced more slowly than NAD in the presence of yeast alcohol

dehydrogenase (Fullman, Colowick and Kaplarn, §952).

C. Zesilts
(a) CEFreliminery Fxperiments
In the presence of 200mM glycylglycine (Sigma), pH 7.6,
4,52 mM=NilN and 4 mi=~ATF (Boehringer), the metel ion specificity of

ATP:NMN adenylyltransferase was tested using 20 mi-}gCl,, NiCl

2° 2?

80012 ,Mnclz and ZnSO#. The reaction was sterted by the addition of
0.,02ml, of a prepsration of the transferase containing 198 Y of protein.
(specific activity 0.54 umoles NAD synthesized per minute per mg. protein).
After four minutes at 37°, the reaction was stopped and the NAD
synthesized was estimated in the usual manner, Table V-1 shows the
results of two experiments carried cut in the same way. The rates

of N&D synthesis indicated in this table are relative to one of the



138.
two cases in which }r’;'gclg was used as the metal ion component, In
this case, 0.0321 umoles of NAD were synthesized every minute. In
Ithe absence of divalent wetsl ion, no NAD was synthesized, There

}z‘n012 or ZnSO&_ was present, a slight precipitate was observed to form
during the incubation period.

Table Vw1
Relative activities of some divalent metsl ions

in the ATP:NMN adenylyltrensferase reaction.

Netal ion (20mif) Mg Mi Co n Zn

Relative activity (1)] 1,00 3.95 2.5k 0.33 0.73

(i1)] 1.12 3.86 2.66 0.32 0.68

" 45 A58 0029 G
Roo oo oy 2Ab oa O
(b) Metal ion specificity of inosinyl trensfer from

ITF to NMN, catalysed by oTP:NEN adenylyltransferase
The reaction mixtures in this case consisted of 200 mM glycyl-

glycine (Sigma), PE 7.6, 4.52 mi=NMN, 5md~ITP and 20 mi~metal ion.

The reaction was started, as before, by a solution conteaining ATP:NMN
adenylyltransferase (198 ¥ Of protein; specific activity 0.54 wmoles
NAD synthesized per minute per mg. protein). The reaction was carried
out at 37° for 30 minutes, and the nicotinamide hypoxanthine dinucleo-
tide so formed estimeted as for NAD. Under these conditions in the
presence of 20 m&i—-MgClz, 0.00112 umoles of nicotinamide hypoxanthine

dinucleotide were synthesized per rinute. Pable V-2 shows the relative
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activities of the various divelent ions in aiding inosinyl transfer
to NMN in the presence of the adenylyl transfering enzyme, The
relative activities are not very different from those observed for

adenylyl trensfer listed in Table V=1 above.

Table V-2
Relative activities of some divalent metal ions in the
ITP:NMN inosinyl transfer reaction.

Metal ion (20md) Mg Ni Co n

Relative ectivity 1.00 320 1.9 0.50

Ls observed in (a) cbove, & precipitate appeared during the enzymic

reaction in the case where Zn ions were present.,

(o)  Ibe relative activities of ¥¢Cl, and NiCl, in sctivating
the ATP:NMN adenylyltrensferase reection of a pig-liver

homogenate,
4 pilg=liver homogenate was obtained by homogenising 100 g.

(wet weight) of sliced pig liver with 400 ml, of 0,25M-sucrose=
0.003}&-&229.012 (precooled to 2°) ;Ln a Waring blendor. It was filtered
through hospital gauze before use, to rid it of coarser meterial.

To test the homogenate for its transferase activity in the presence

of YgCl, or NiGl,, the resction mixtures used contained 200 mli~
glycylglycine (Sigma), pH 7.6, 4.520M-NMN, 4mM-ATP and metal ions

as indicated, Synthesis of NAD was initiated by the addition of 0.2 ml.



of homogenate. Adenylyl irensfer was allowed to proceed at 37°
for five minutes, the reaction was storped, and the synthesized NAD

was estimated as before. The results are tabulated in Tsble V=3.

Table V=3
telative asctivities of 'mg(;lz and EfiClz in activating the

transferase reaction o' a pig liver homogenate.

1 2 3 LS
Yetal ion mclz(zonm) Mgclz(ZOmM)
+ none
NiClz( “0mid) Niclz( 20mM )
umoles HNAD :
per min, 0,0180 040206 0.0306 0.,0113

Here again more NAD was formed in the pressence of Niclz than
with E‘m‘gclz, glthough the effect is less marked than with the enzyme
partielly purified from pig liver. As there is some synthesis of
NAD when no divalent metal (other than Ca*) ie edded to the system,
it is probable that there ere some metal ions in the homogenate. This,
together with the possibility that Ni ions are bound by the protein end
other molecules present in the homogenate to a larger extent then are
lig ions, may account for the smeller magnitude of activation by I\XiClz.
However, the presence of c:)‘ai):l.‘,2 in the homogenising medium introduces
Cs ions into the reaction mixture to a final concentration of 0.48 mi,
4is noted in the discussion to follow, although Ca ions are not active in

| promoting NAD synthesis in the presence of the transferase, they have
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not been tested for any possible inhibition of the sy stem,

(d) ZXinetics of the metsl ion gpecificity of the transferase
at pH 8,0 using glycylglycine buffer.

Lxperiments were carried out to compare the kinetic perameters
for Mgclz, NiClz, 00012, Znsoa and &*hClz at a constant high concentration
of 4TP with those obtained for ATP at a constant, high concentration of
either E’fgclz, Niclz, 00C12, msok or h‘hClz.

4s indicated in section IV sbove, variation of Mg012 concentration
does not give rates in accord with the usual Michaelis~Menten pattern,
and this may be so with the other metal ions vhich are active in the
ATP:NMN adenylyliransferase system, However, in order to gain some
idea of the relative gpparent Km and Vm for these various metal ions,
the trensferase was incubated with 0.2, 2 and 20 mM concentrations of

either MgCl %012, RiClz, MnCl, end 2!1301’_. Besides these materials

2’ 2

the reaction mixture contained 2.26 mi=NMN, 3,02 mM-ATF and 200 mM-
glycylglycine (B.D.H.), pH 8.0, in a total volume of 41,0 ml, Just before
use, a stock solution of trensferase conteining 5.4 m.. protein per ml.

was thawed and a small portion diluted six~fold with 0.01M-sodium phosphate,
pH 7.6. The reaction was started by the addition of 0,05 ml. of this
preparation, containing 45 Y of protein (specific activity 0.5 umoles

NAD synthesized per mimute per mg. protein). To ensure that spproximately
the same amount of NAD was synthesized in each case, the reaction was

allowed to proceed for three minutes in the case of N5.012 s five minutes

for CoClZ, 10 minutes for Idfg()l2 and 2’.1153.04, and 16 minutes for lihCl?.
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The resction was stopped and the synthesized NAD estimated in
the usual manner,

The rates so obtained fell approximately on a straight line
for each metal, when plotting the data according to the method of
Lineweaver end Burk, (1934). This enabled spparent K and Vo
values to be assigned to each of the divalent metal ions used,

These kinetic parameters were then campared with those
obtained by varying ATP concentration in the Presence of constant
amounts of either Mgc:tz(hmm‘), Ni012(20mM), CoC12(1OmM), znsou(?omz)
or thlz(lmlM‘). Agsin, the reaction mixture also contained 2.26mi~NiN
and 200mli=glycylglycine (BDH), pHS.0. The resction was initiated
by the addition of the same transferase Preparation used sbove.

Where NiC].2 or 00012 was used as cofactor, NAD synthesis was allowed

to proceed for five minutes; for ZnSOz'_ and IﬁgClz, 10 minutes and for
M‘nclz, 16 minutes elapsed before the reaction was stopped. Rates

were calculated from the amount of NAD synthesized and plotted according
to the method of Lineweaver and Burk (1934).

The results of the two sets of experiments are given in Table
V-b. The apparent kinetic parameters indiceted in this tsble were
calculated from the double reciprocal plots shown in figure V=1,

The velocities of the enzymic reaction obtained in the Presence of
I;;hclz ar¢ unreliable, as in most cases a precipitate developed in the
reaction mixtures on standing, This also occurs occasionally where
?mSOl‘_ is a component of the reaction mixtures, Because of this, most
emphasis is given to the kinetics of the reaction in the presence of

MgCl,, CoCl, end NiCl,.

2
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Fig o V=1

Kinetics of the metal ion specificity of ATP:NMN
adenylyl transfer.
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Netal ion specificity of the ATP-NIN adenylylirsnsferase reaction

Table V-4
Kinetics of metal ion specificity at pHB8.0 using
glycylglycine buffer.

lgol(ma) |20 2 0.2 4 b b

ATP (mM) 3,02  3.02 3,02 0.157 0.628  3.02

V(pm;les I‘)LAD 00177 00,0143 0.0094 0.0083 0.0121 04,0135
min,

NiCl, (mi) |20 2 0.2 20 20 20

ATP (mM) 3.02  3.02  3.02 1,51 3.02 7455

v(umoles NAD|0.,0199 0,0016 O 0.0198 0.,0212 0,0218
/min.)

Coclz(mﬁ) 20 2 0.2 10 10 10

ATP (mM) 3.02  3.02  3.02 0.314  0.628  3.02

v(umoles NAD|0.0317 0.0216 0.0058  0.0180 0.0215 040295
/min,)

'z?xsolF (m¥) |20 2 0.2 10 10 10

ATP (mb) 3.02 3.02 3,02 0u314  0.628 3,02

v{umoles NAD|0.,0205 0.,0128 0.0030 00114 00,0146  0,0199
/min,)

¥nCl, (mM) |20 2 0.2 b 4 L
ATP (mM) 3,02 3.02 3,02 0157 0.628  3.02
*
v(umoles NAD| * 0.0059 0.0035  0.00333 o.oole% 0.00594
Jmin. )

* precipitation during the enzymic reaction
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Km(metal ) . ..Km( ATP) Vmax(metal) vmax( ATP)
(mhM) (umoles HAD/min.)
Iw‘gClz 0145 0.110 0.0159 0.0141
NiCl o very high 0.19 very high 0.0223
C‘)Cl2 091 0425 040334 0.0313
21’130"_ 1.18 0.28 0.0204 0.0213
MnCl 2 017 = 0.0065 -

** Total concentrations, uncorrected for buffer effects.

As expected, the maximel velocity approaches spproximately
the seme value in the presence of any particular divalent metal ion
whether ATP concentration is varied and metal ion kept at a constant
value, or metal ion concentration is varied and ATP concentration
held constant. However, there is one exception; with Ni(‘:12 the
spparent geximal velocity is vastly different when comparing that
obtained by varying NiCl, concentration (\rmx(]lma . al)) with that when
varying ATP concentration (me( A:EP)) (Table V-4)., 'Mis situgtion
could arise if the Ni ions present in the reaction mixture formed a
complex with glycylglycine, wnich is present in a large excess, If
this is the case and if the Ni glycylglycine complex has a stability
constant comparable with that for the Ni ATF complex, then little

Ni ion would be left for forming the latter, especially at the lower
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N:i.012 concentrations. Table V-5 lists the stability oonstants for
the complexes of the metal ions. concerned here with glycylglycine.

The stability constants for the uetal ion - ATP complexes are given in
Table V-1lk.

Iable V-5
Stability constants for metal ion complexes with glycylglycine.
Metal ion Glycylglycine - metal ion complex
=1 ~1
K, (mM ") KE(mM )

Mg 0.0115 s

In 0144 -

Co 5.09 0.246

7n 64300 0.590

Ni 30,900 2.630

The stability constants noted in Table V=5 are taken from
Chem.Soc., London, Special Publication No.6 ('Stability Constants,
Part 1 - Organic Ligands', 1957).

Assuming the stability constent for NiATP to be 41.6 mi |
(Tsble V-14) and neglecting hydrogen ion concentration, it has been
calculated for a reaction mixture containing e total of 200 mif
glycylglycine, 3 mki ATP and 0,2 mi Ni012 s that at equilibrium the
concentrations of Ni glycylglycine and Ni ATP are 0,19999 mi¥ and

< 10’5 m¥ respectively. If a total of 20 mlif NiCl, is present,

2
then the concentration of Ni ATF is sbout 10™2mM, At pH 8.0, less
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Ni will be bound to glycylglycine thap indicated above, but the general
trend will be the same., The calculations in which hydrogen ion
concentration is accounted for are rather complicated and will not
be attempted here.

These calculations indicate that where s buffer ligand has
a stability constant comparable with or higher than that for ATP
with respect to their metal complexes, then the concentration of the
metal - ATP complex {and even more so » the concentration of free
metal) is indeed seriously lowered. If this phenomenon is overloocked,
then analysis of the kinetic behaviour of an enzyme system utilizing
ATP may lead to false interpretations. Besides the inequalities
of the apparent Vmax(met al) and me D) in the presence of NiClz,
couplexing of metal ions with the buffer ligand can explein the
finding that the magnitude of Km(me tal) increases in the order
¥g ( Mo {Co ¢ Zn { Ni (Teble V~k), This is precisely the order
of the magnitude of the stability constants of glycylglycine - metal
complexes (lsble V~5), Where the metal ion is present in relatively
high concentrations, thus tending to nullify the effects due to
complexing of metal ions vith buffer, as in the case where en spparent
Km for ATP was determined on the presence of each divalent metal ion,
the kinetic parameters obtained do not reflect the metal ~ buffer
complex stability constants. In fact the Km( ATE) values obtained
(Tsble V-4) in the presence of each metal do not Biffer a great deal.



To study these effects of the buffer ligand further, a series
of experiments were carried out at a lower pH (7.5) and at three
different concentrations of glycylglycine (B.D.H.). At each
concentration of buffer the Ni(112 concentration was varied between
the limits O.1 zl and 40 mi, Otherwise the conditiontf the experiment
were the same as described in (d) above. ‘The effect of these
variations on the velocity of adenylyl transfer is shown in Table V-6
and grephically in figure V~2. Under the conditions used, 0.0172
pmoles NAD were synthesized per minute when the resction mixture
contained 20 mi-igCl,, 200 mglycylglycine (B.D.H.), pH 7.5, 3.02 mhi-

ATP and 2.26 mi~NEN (total volume 1,0 ml.),

Table V=6
Rates &f ATP:;:NMV adenylyl tranzfer at varying levels

of glycylglycine in the presence of NiClz.

200 mM glycylglycine (B.D.H.), pH 7.5

NiClg(mM) Lo 20 10 b 1.0 Ok 0.1
w( p.mo}es NAD 0.0313 0.0365 0.0325 0.0152 0.0037 0,002 0,0016

100 mM glycylglycine (B.D.H,), pH 7.5

NiClz(mM) 4o 20 10 4 1.0 Ol 0.1
v{umoles NAD ¢:.0313 0.0366 0.0353 0.0308 0.0118 0.0052 0.0030
/min .
50 mM g].y(ﬂ'lgl}’cma (B‘.D.Hu ) s pH 75
Nicl, (mM) 4O 20 10 k4 140 O 0.1

/min,
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Fig. V=2

Rates of ATPtNMN adenylyl transfer in the presence of

N3'.012 at different concentrations of glycylglycine.

O 200 md glycylglycine
X 100 mii glycylglycine
A 50 mi glyeylglycine
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A lower pH and lower glycylglycine concentrations should
decrease the amount of Ni-glycylglycine complex present in each
reaction mixture, and leave more Ni ions availeble for chelation
with ATP. This should increase the rate of NAD synthesis, A4
comperison of the results compiled in Table V=6 with those in
Table V- show that at 200 mli~glycylglycine in the presence of 20 mbi-
NiClz, the rate was almost doubled in lowering the pH from 8.0 to
7¢5. As indicated in Teble V-6, at pH 7.5 a lower concentration of
glycylglycine also leads to higher rates, egpecially at NiCl

2
concentrations ¢ 10 md,

(£) Comparison of rates of adenylyl transfer with
NiOlE and &GIE in Tris buffers.
In Tris buffers, pH 7.6 end 7.+ (Pable V-7), the rates

obtained in the presence of 20 mM~-igCl ‘are about the same as that

2
obtained in glycylglycine (E.D.H.) buffers., However, 20 and 40 mi~
N:1012 give rates of synthesis higher than was obtained in glycyl-
glycine (B.D.H.) (see Table VI), but lower than that observed in
glycylglycine (Sigme) (Tsble I).

 Unlike the vesult in glyaylglycine (B.D.H.), pH 7.5), no

inhibition is epparent at 40 mM NiCl, in Tris buffers., That there

2
is an interection between Tris (hydroxymethyl) amino methane and
Ni ions is apparent, as the higher concentration of buffer leads
t0 lower rates of adenylyl transfer. The reactions were carried

out in the presence of 3.02 mi=ATP and 2,26 mM-NMV at the Tris snd

1‘@012 or NiClz concentrations indicated in Table V-7. The reaction
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was initiated by the addition of the seme transferase preparation

used in (4) and (e) sbove, and the synthesized NAD determined in

the customary manner,

Table V-7
Rates of adenylyi transfer in Iris buffers
150 mM Tris 80 mM Tris
v(umoles NAD per min,) v{(umoles NAD per min,)
Mgclz(ZO ml) 0.0162 0.0169
Niclz(zo mi) 04,0324 0.,0396
NiClZ(er mbi) 0.0340 0,0458

(g) Inhibition by ethylene diamine tetre acetic acid

If the sbove effects observed for ATP:NMV adenylyl transfer
in the presence of Mi ions aré due to chelation of the metal ion
with the buffer ligsnds, thus effectively removing metel ions needed
for complexing with the substrate (ATP), then EDTA, a powerful
chelating agent, should inhibit the system at certain concentrations.
To test this, the transferase was incubated with 3.02 mli=ATP, 200 mM=
glycylglycine (B.D.H.), pH 8.0, 2.26 mb=NMN, end either MgCl, or
NiCl, with or without EDTA (40 mM), ‘The reaction was initiated by
the addition of transferase (as in (d), (e) and (f) sbove), and was
carried out at 37° for 10 minutes, After stopping the reaction,
the dlnucleotide was estimated in the usual msnner.

Table V=3 shows that at a concentration of 40 mM, EDTA
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conpletely abolishes all ATP:NMN adenylyltransferase activity in the

presence of 4 mM snd 0,1 mi&Ma'gClz » and also at 20 mM=NiCl Thus

o
as predicted, EDTA does inhibit the system, and appears to do so in

a wgy that appears qualitatively speaking, to be competitive with

the metal ion ~ 2 mM EDTA suffices to completely inhibit the reaction

at 0.1 mk 3gCl,, but 40 mi~EDTA only inhibits by 90% at 20 m-1igClL, o

That at 40 mM, EDTA inhibits the activity associated with 20 mM-N@Clz

by 90, yet at the same concentration completely suppresses adenylyl
transfer in the presence of 20 mI&—NiClz, is to be expected from the
stability constants of the two metal = EDTA complexes., Log K1 for

the Mg Chelate is reported to be 9.12, while that for the Ni ~ EDTA is
18,52 (Chem. Soc., London, Special Publication No. 6 *Stability Constants

Part 1 = Orgenic Ligands'. 1957).

Table V-8
Inhibition of ATP:NMN adenylyltrensferase by EDTA

Experiment Nod 14, 2¢ 3. 4 5. 6. 7. 8. 9.
MgClz (M) 20 20 & & 04 04104 - -
NiC1, (mM) = - 5 & - = - 20 20
EDTA (M) - - W - k2 - 4o

v(umoles NAD [0.0169 0.0017 0.0139 0 0.0061 O O 0.0i87 ©
/min,)

o inhibition | O 90 0 100 0O 100 100 0 100

The complete inhibition ef the transferase by EDTA, could
be spplied eas a means of stopping the resction before estimation

of dinucleotide. This would be quite feasible ss yeast alecohol
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dehydrogennse was Juund to be anaffected by the eoacentrstions of
31s ueed al sl Seil.
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and MATF are given by &, b, ¢, x and y respectively, then the
concentrations of M°¥ and ATP at equilibrium are (0.02-x-y) and
(0.003=y) molar.

Thus from equations (i) to (iv) above

(1) K, = B
a
(2) K, = H
27 3
(3) Kj = x
(Co02=x~y)c
() x = X
b (Gnay ) (0 505y)

(5) ¢ = 0,0kma=bex

from (1), a z-;%-li
1
Substituting in (5), 6 = 0.0k = 2= ~bex
1
b‘m(z),bz%}z
2
aHZ cH
« ¢ =0, "K"'""K "'""'E - X
- 1h2 B
roll"'x
.. E  H
1+ +2)
KX
12 B .ﬂ_e.K 5
Substituting in (3), K. = x A+ + K) (e

2 _(0.02-x—y) (0.0 - x)

Dividging (&) by (6)

H
L oo K%+ KD (60037
KL]- ( 0.021' - X) y
ij(o.olp)

e o X =

He H .
Ey + K, (0.003-y) (14 meme )
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Substituting in (5}, and denoting (1 + iHEK X =} by D
172 "2
then
2 .
K1+ J

(0.02)k5y + (c.02)K, (0. B-y)n- -Khy(GQOOB-y)D-KBy(O.O;)][C.OO}-y]
which in another form is

yj’x [K -K xz
« y2 X 4(0.003)3:3 + KK,(0.04) - K;K, (0.003) = KK, (0,02) - Ky-
KD+ K (o.oz)n-]

Kk(o.aw')\[xz(o.oe) + D = 2,(0.02)D - K,(0,003)D-K;(0.04)]
K, %(0.003)%(0.02)p

+

-

L]
L]

S &)

tience the solution of equation (7) gives the concentration of the

Vg-4TF complex (y), given the values of Ki» K,y K, and X, end the

22 73

pH of the reaction mixture involved. The stability constants have
been recorded as X, = 6.3 x 10-7M; K2 = 5.5 x 10"11‘!«1‘; K3
(Chem. Soc., Londan, Special Publication No.6, "Stebility Constents

Part 1 - Organic Ligands®, 1957); Kl:- = 2.45 x 102"17 (Nanninga, 1961),

=1 x 109577

&t PH 8.0, H = 1 x 10~
Under these conditions, equation (7) becomes

7(2.4389 x 101%) 4 y(4.18393 x 10M1) = y(1.28437 x 107) + 2.006

N

x40 =0
From this it was deduced that ¥ = 1.3 x 10 2N (Mg=aTP)
and so  x = 1.998682 x 10”2y (Mg-EDTA)

2+

and ¥g™ = 1.78 x 10" (free z«rgz")
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Part of the latter will, of course, be present as the glycylglycine
complex. These concentrations spply to the conditions for experiment
number two in Tsble V=E. The control (experiment No.1, Table V-8),
in which no EDTA was present is rather similar to one of the reaction
mixtures described irn Teble IV~3, where the concentrations of MgATP,
Vg glycylglycine, free Mg and free ATP were calculated to be 3.125,
8.372, 8,503 and 0,015 ml respectively,

Now knowing the concentrations of the Mg-ATP chelate present
in experiments 1 and 2 (Teble V-8), and knowing the rate of adenylyl
transfer in experiment i, where no EDTA was present, one cean predict
the rate of N4l formation in experiemnt 2, where EDTA was added to &
total concentration of 40mM. A K for Mg ATP of 0.15 ml (see section IV)
is assumed.

For experiment 1, where the conceniration of Mg~-ATP is approxi-
mately 3.0 mM, 0.0169 pmoles NAD were synthesized per minute.

Using the Michaells equation,

vmax
Vv =
X
1+n—§lﬂ-
Mg 4TP

8 Voo OF 0.01775 pmoles NAD/min was determined for the enzymic
resction, For experiment 2, the concentration of Ig-ATP was calculated
to be 0,013 m¥. Using the above V —— the Michaelis equation
predicts a rate of 0,0015 umoles NAD synthesized/minute. This is

very close to the observed velocity (0.0017 umoles NAD/minute), and
indicates that this type of problem cen be tackled on the basis of

the MgAlP conpléx being the actual substrate species utilized by the
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transferase. THowever, it must be emphasized here, that experiment~
ally it has not been determined if FDTA has any effects on the trans~
ferase protein itself; such an interaction could effect the

rate of WAl synthesis.

(1) Kinetic paramsters for ATE in the presence

of Mg, Ni and Co ions.

It would appear from the present work that the buffer ligends
interfere seriously with the rates of adenylyl trensfer, especially
where Ni ions are present, due to competition with ATP for the
divalent metel ions., ‘ihis effect is of course more merked at low
concentrations of metal ion, and makes the interpretation of the
kinetic behaviour cbtained by varying metal ion concentration rather
complicated. However, if the metal ion is kept at a relatively high
and constant concentration, and ATP concentration is varied, these
effects are minimized, The kinetic parameters so obtained could
tell us more about the nature of the metal ion specificity.

To this end the transferase was incubated at 37° with reaction
mixtures containing 100 mbglycylglycine (B.D.H.), pH 7.5, Z.26 mi-NMN
08 NiCl2 or Coclz. AZP concentration was varied from
0.157 mM to 7.55 m,  The reaction wos initiated by 0.05 ml. of a

and 20mi-}gCl

transfersse preparation containing 45 ¥ of protein (specific activity
0.5 umecles NAD per min, per mg. of protein) as in (d), (e), (£) and (g)
ebove,  After 10 minutes (in the presence of I.ZgClz) or five minutes
(I\I:}.Cl2 and CcC’lz), the reacticn was stopped and the estimation of

NAD was carried out as before,
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Table V=9 and figure V=% show the rates obtained under these
conditions; they conform to the usual Michaelis Meriten behaviaur.‘
As indicated in Table V-9, the apparent K for ATP (or the metal-ATP
complex) has very nearly the same value whether Ig, Ni or Co ions
arc present in the reaction mixtures. However, & higher vmax is

obtained in the presence of Ni or Co ions compared with that found

when lg ions are a component of the :eaction.

(i) The effect of DeCl on the ATP:NMN adenylyltransferase

reaction.
It was found that Berslz (20mk or 4mki} in the presence of
bo52 mi=NN, 4 miesTP, 200 mbi-glycylglycine (sigma) pH 7.6 and
ATR:NMN adenylyltransferase (total volume 1.0 ml.) did not give rise

to any detectable amounts of NAD. &4 control, conteining 16 nk-MgCl,,

in place of BeCl,, was found to have synthesized 0.18 pmoles of NAD
2 detectable

under the same conditions. fThe smallest /ammmt of NAD under the
conditions of the experiment would have been approximately 1% of this
figure. 4 slight precipilate was observed to have formed in the
cases wliere Be2+ ions were present.

To test BeCZL2 as an inhibitor, the transferase was incubated
with reaction mixtures containing 4.52 mkeNMN, 4 mii=ATP, 200 miie

glycylglycine (Sigma), pH 7.6 end either igCl. or NiCl_, with or

2 2?

without BeClz. where 1\'74_1,012 was present, addition of Beﬁ‘l‘ gave

2

rise to a slight precipitate. No precipitate was formed when BeClQ

was added to the reaction mixture containing NiClz. The engymic

reaction was started by the addition of 04 ml, of & partly purified
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F.‘lg ° v‘}

Effect of ATP concentration on adenylyl transfer in the

presence of Niclz, Coclz and M’gClz.



0-035

0-025

0-015

0-005,

120

Mg
—8 g: 100 }-
80 |-
—o Mg
60

Co
Ni

2 4
ATP (mM)

l | ] 1
-8 -6 -4 -2 0 2 4 6 8

Yarp (MM

Effect of ATP Concentration on ATP:NMN Adenylyl Transfer
in presence of NiCl,, CoCl, and MgCl,

Fig,V-3



157.
Table V=9

The effect of ATF concentration on adenylyl transfer in the

presence of ljgCl,., NiCl, or CoCl,.

2° 2 2

11, 2omi
ATP(mM)  C.157 0344 Cu785  4.54 3.02 7.55
Yae 636 3.8 1.27h 0.662  G.331  0.1325

v(umoles NAD C.0087 0.0119 0.0144 0.0161 0.0170  0.0174
per min,

e 115.0  84.0  69.5  62.1 58.9  57.5

NiClE 20mi{

ATP(30M) 0.157 0.314% 0.785  1.51 3,02 7455
T/ae 636 3.8 1.27h  0.662  0.331  0.1325

v(umoles NAD
per min.) 040199 0.0267 0.0315 0.0336 0.035% 0.0352
Yy 50,2 37.5 31.8  29.8 28,6 28.4
Go(}lE 20m

ATP(mM)  0.157 0.314 0,785  1.51 3402 7.55

Yae 6036 3.8 1.27h  0.662  0.331  0.1325

v(umoles BAD 00,0190 0,0240 0,0295 0,033 0.0331 00,0346
per min, )

e 52,6 41,65 33.9 32,0  30.0  28.9
Metal fon  lg?t CoZ* Ni &t
Ky ae) 0.4 Guki O 3mM Ouf3mM

vmx( AT) 0.0179 0.0342  0,0367 (upmoles NAD per min,)
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ATP:NIN adenylyltrensferase preparation containing 9 ¥ of protein
(specific activity 1.28 umoles NAD synthesized per minute per mg, of
protein). ifter 10 minutes at Z7° the reaction was stopped. The
rates of adenylyl transfer were calculated from the amount of NaD
formed in each case,
As shown in Table V=10, BeCl, inhibits adenylyltransfer in

the presence of either N:i.C:l2 or F-gClz.

Iable V~-10
Inhibition of adenylyl transfer by BeCl

2
ygclz(mu) 16 16 - -
NiClz(mM) . - 20 20
Beclz(mM) - 'S - 4
v(pmoles NAD 0.00911 0.00698 0,0280 0.0008

per min,)
Relative activity 100.0 7646 307.0 546

(k) EPfect of NaF on ATP:NIN adenylyltrensferase
in_the presence of various divelent metel ions.

The transferase was incubated with reaction mixtures containing

100 m¥=glycylglycine (B.DoH.), PH 7.5, 2.26 md=iMN, 3.02 mi~ATP znd
either 2 mIv‘E-MgClz, NiClg, ZnSOw ‘E/hclz or G@ﬁlz with or without 50 mbi~
NaF. No precipitations were observed at these bw cation concentrations.
The reaction was started by the addition of 0,05 ml, of a transferase

preparation containing 45 Y of protein (specific activity 0.5 umoles

HAD synthesized per min. per mg.), and stopped after five minutes
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where 3&.¥:§.Cl2 or CoClg was present, or ten minutes where Es:‘?gclz,
2‘15,01,. or rmclz was included in the reaction, The dinucleotide
formed in each case was estinsted in the usual manner,
Table V-11 shows that addition of Hal caused no significant
effect on the rate of NAD formation under the conditions used with

reaction mixtures containing either Mg, Co s Fi, ¥ or 7n ions,



Bffect of Nal on the ATP:NMN adenylyltransferase reaction.

Table V=11

NaF (mM)

v{umoles NAD
per min.)

bgcCl,

0 50

0.0136 0C.0143

NiCl o

0 50

040183 0.0174

(.«t:}(}l2

0 50

0.0262 0.0268

ZnSO}‘_

0 50

0.0216 0.0226

¥nCl

0 50

0.0053 0.0047

‘o9t
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D. Llscusgion
Metal ion specificity of the pyrophosphorylases end the
effect of complexing ligands
The metal ion specificity of ATP:NMN adenylyliransferase has
been examined by Dr. M. R. itkinson (unpublished results). He has
surveyed a much wider range of divalent metal ions than that described
above, using a coupled assay system to detect adenylyl transfer.
The reactions were carried out directly in spectrophotometer cells
containing 3 md-NMN, 3mM-ATP, 100 mM-Tris (sulphate), pH 8.0, 0.3 ¥-
ethenol, ATP:NMV adenylyltransferase and an excess of yeast alcohol
dehydrogenase. The rsection, if any, was inititated by the addition
of a metal ion solution, to give a final concentration of 0.2 mM
with respect to the divalent cation. The formation of reduced NAD
was followed by the increase in optical density at 340 mu. Taeble V=12
gives the rate of NADH formation obtained in the presence of each
divelent cation relative to that obtained with Efégi‘»‘()h.
It would seem from Table V=12 and the experiments described
in the results section, that the cations supporting adenylyl transfer

2+ 2+ 24 2 2+

are N2*, Co2*, m?*, ¥g?*, m** ana ca“*, ana that Cu 2

s Ca2+, Sr
BaZ* and Be2* do not assist in the enzymic transfer reaction. In
addition to these, Fe* wes also tried (as Fesoh_) by Dr. Atkinson,
but the results were uncertain, #ith this cation an increase in
optical density in the region of 340 mu was observed in his assay
system in the absence of the trensferase. This point needs further

investigation.
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Isble V=12

detal ion specificity of ATP:NMY adenylyl transferase.

Metal salt (C.2mi) Relative rate
1gS0, 1400
¥MnCl 2 0.39
CoCl o 1.29
Ni SOI'_ 0.48
ZnS0, 0.88
CdSGh_ 0,03
CaClz 0
SrCl o C
BaCl 5 0
Cusg, 0

iny kinetic work carried out in this system, in which the
alm is to compare the rates of adenylyl transfer in the presence of
various divaelent cations, is necessarily complicated because of the
presence of buffer ions which interect with these metals, The
buffer molecules are present in a large excess snd will have a different
affinity for each of the metals concerned, thus disguising effects
due to engymic trensfer. [Fortunately stebility constants are
aveileble in the case of the glycylglycine ligand, (Table V-5), so
that it is possible to meke sllowances for this, It was for this
reason that the present work was carried ocut in glycylglycine buffer.

systems, in the hope that accurate corrections could be made.
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However, the purity of the buffer used is obviously suspect, when
one compares the results found in glycylglycine (Sigma) (Teble V-1)
with those in glycylglycine (B.D.H.) (Table V-6 and Teble V-9), although
the reactions were carried out at different NMN concentrations and with
different ATP:NMN adenylyltransferase preparations, In addition the
calculations necessary to evaluate these corrections are extremely
complicated, especislly as it is essential to take hydrogen ion
concentrations into account.

Tris is a potentially powerful chelating agent, possessing
three hydroxyl groups end sn amino group, and has the added disadvan-
tage that no stability constents are available for its metal-chelate
complexes which could be spplied in the present work. The only studies
describing the nature and extent of actual complex formation by Tris
have been performed vith Ag® as the metel ion. Bemesch and Benesch
(1955) found log K, = 3.09 and log K, = 3.47 for the stepwise dissocia-
tion constants for Ag"' and one or two moles of Tris respectively. In
comparison, glycylglycine end Ag' show log K, = 2.72 and log K, = 2.26
(Monks, 1951). NeEthylmorpholine might be suitable for this purpose.

Because of these complications due to buffer ions, the only way
in which a kinetic comparison of the behaviour of these divalent
cations could be carried out in the present system would be to omit
buffer ions altogether, and use reagents carefully titrated to the
appropriate pH before addition of the transferase. 1t has been

postulated that there should be an increase in pH during the reaction

in which pyrophosphoate is formed following adenylyl: transfer, due to

) ]
the high pKa (8.5) of the fourth dissociation of pyrophosphate
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(Imsande and Handler, 1961). If thisis so, this ftype of experiment
would not easily be carried out, However, it is felt that the divalent
cations present would suppress this dissociation almost entirely and
no significaent pH changes have been found in large scale experiments
with a pH stet.

PBecause of these huffer effects, it is difficult to sum up
the results obtained by rate studies. However, consideration of
Tsbles U=h and V=11 suggest that the meximum velocity obteined in the
presence of each metal ion is different and follows the order N:lz"' b
co2* > m2* > 1g? » m2* > ca®*. e K_ for ATP sppears to be
unchanged whatever cation is used, at least in the case of Ir"gz"', 002*
and ok (Table V=9). ‘hese results would follow from a mechani. sm
in which the metal p;.ays little part in the binding of ATP to the
'enzyme , but is essential for the adenylyl trsnsfer reaction at the
sotive centre. It would also follow from this that 4IP (uncomplexed)
should act as & competitive inhibitor, if the enzyme has 1ittle affinity
for the cation itself. This phenomenon has been described in Section IV,

+ divalent metal ion seems to be necessery for the reactions
catalysed by other pyrophogphorylases which, like ATP:NMN adenylyl=-
transferase, synthesize a pyropuosphate diester from a nucleoside
triphesphate snd an orthophosphate ester of an alcohol, liberating
inorganic pyrophosphate, Tsble V=13 shows the. known metal ion
specificity of the 24 pyrophosphorylases so far described. Some of
these enzymes have not been extensively purified (CTP:icholine shosphate

cytidylyltrensfera=s, CTP:ethenoleminephosphate cytidylyltransferase,

UTP:glucurcnic mid phosphate uridylyltransferase, UTPigalacturonic
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acid phosphate uridylyltransferase, UTP:xylose phosphate uridylyl-
trensferase, UTP:arsbinose phosphate uridylyltransferase). Cthers
have cnly very recently been described and their properties chly
briefly reported (aTP:glucose phosphate adenylyltransferase, CTP:glucose
phosphate cytidylyltransferace, GTP:D=glycero D mannohep tose thosphate
guanylyltransferase, dTTF:galactose phosphate thymi dylyltrensferase) .
it least one, UTP:glucosamine phosphate uridylyltransferase, which so
far hes only been demonstrated in crude systems (daley, Maley and Lardy,
1956; lialey snd Maley , 1959; yaley and Lardy, 1956; Silbert and Brown,
1961) may be the result of the sctivity of another pyrophosphorylase,
as Maley and Garrehan, (1960} have shown that highly purified UTP:
glucosephosphate wridylyltransferase can synthesize UDP glucosamine
from UTP and glucosamine phosphate.

However, desplte these 1imitations, meny of the pyrophosphorylases
have slready been shown %o have quite a broad specificity with respect
to the metel ion, and it may be that they all will eventually be shown
to have similar requirements to that exhibited by ATP:NMN adenylyl=-
transferase. As indicated in Tsbhle V=13, 21 have been shown to use
2 9 12, 2 M2, 7 o™ and only ATPINMN adenylyltrensferase
hes so far been shown to be capable of using Zn2+ as the metal cofactor.
In no case has Caz"' been shown to be effective ih satisfying the
divalent ion requirement.

1f the chelation of metel lons by buffer ligends renders the
metsl ion unaveilable for participation in adenylyl transfer as
suggested ebove, then more powerful complexing agents, such as EDTA,

should give an even more pronounced effect. This hes been shown to be



Tsble V=13

Pyrophosphorylese Hgg" L»hz" 1\212"' 002+ an"‘ Reference

ATP:NMN adenylyltransferase + + + + + Kornberg (1950); present investigations

ATP:nicotinic acid mononucleotide + i . . . Imsande (1961)
adenylyltransferase

ATP:FMN adenylyltransferase + + . . . Schrecker & Kornberg (1950)

ATP:4'-phosphopantetheine + . . . . Hoagland & Hovelli (1954)
adenylyltransf'erase

ATP:glucose-1=phosphate . * ) . . Tiecondo & Leloir (1961) =
adenylyltransferase o

CTP:choline phosphate cytidylyl- + + s . . Borkenhagen & Kemnedy (1957)
transferase

CTP:ethenolamine phosphate + . . . . Kennedy & Weiss (1956)
cytidylyliransferase

CTP:glycerol phosphate + + . + - Shaw (1962)
cytidylyltransferase

CTP:ribitol phosphate + . . . . Shaw (1962)
cytidylyltransferase

CTP:glucose phosphate cytidylyl- + , g g s Ginsberg, O'Brien & Hall (1962a)
transferase

UTP:glucose phosphate + + + + . Turner & Turner (1958)
uridylyltransferase

UTP:galactose phosphate + + . + . Neufeld et al., (1957)
uridylyltransferase




Teble V=13 contd.

UTP:Nacetylglucosamine phosphate
uridylyltransferase

UTP: Nacetylgalactosamine phosphate
uridylyltrensferase

UTP:glucosamine phosphate
uridylyltransferase

UTP:glucuronic acid phosphate
uridylyltransferase

UTP:galacturonic acid phosphate
uridylyltransferase

UTP:xylose phosphate
uridylyltransferase

UTP:arabinose phosphate
uridylyltransferase

GTP:mannose phosphate
guanylyltransferase

GTP :glyceromannohep tose
phosphate guanylyltransferase

GTP:glucose phosphate
guanylyltransferase

dTTP:glucose phosphate
thymidylyltransferase

aTTP:galactose phosphate
thymd. dylyltransferase

Pattebiramsn & Bachhawat (1961).
Maley, Maley & Lardy (1956)
Kaley, Maley & Lardy (1956)
Feingold, Neufeld & Hassid (1958)
Feingold, Neufeld & Hassid (1958)
Neufeld et al. (1957)

Neufeld et 21.(1957)
Manch-Petersen (1956)
Ginsberg, O'Brien & Hall (1962)
Carlson & Hensen (1962)
Kornfeld & Glaser (1961)

Pazur, Kleppe & Cepure (1962)

L9t
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the case (Yable V-8).  Although analysis of the inhibition due to
EDTA would suggest the sbove mechaniam (Results, section h), it has
not been proven experimentally that EDTA has no other effects on the
transferase,
Three other pyrophosphorylases have been examined briefly

for inhibition by the ligend., lawch-Fetersen (1955) reports that
the reaction catalysed by UTP:glucosephosphate uridylyltransferase

is not afifected by 10 mM~EDTA in the presence of MgCl However,

o
the concentration of MgClz is not indicated, and the reaction was
carried out at pH 7.2, where EDTA has less affinity for metal ions

than at the hydrogen ion concentration employed in the present work

(pE 8.0).

The UTP:galactose phosphate uridylyltrsnsferase reaction has been
shown to be inhibited completely by 10 mM=EDTA in the presence of
10 mM-lgCl, at pH 7.6 (Isselbacher, 1958). This is completely in
agreement with the present investigations,

At pH 7.4, Pattebiramen and Bachhawat (1961) found that
UTP:N-acetylglucosamine phosphate uridylyltransferase activity was
inhibited 60% by 10 mM-EDTA. This inhibition was reversed by the
addition of 20 mté-MgClz. They do not indicate the initial metal ion
concentration and the gystem is complicated by the fact that these invesge
tigators found transferase activity without addition of metal ions.

The latter is probably explained by the fact that the enszyme used had

only been purified 46 fold from the initial sheep brain extract.
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The effects of EDTA on other pyrophosphorylases of the same type have

not been described as yet.

Inhibition of ATP:NMN adenylyltransferase by BaGl2

The investigetions into the effect of this compound on ATP:NMN
adenylyltrensferase were complieated by precipitations in the
resction mixture, ilowever, in the presence of 20 mi-NiCl, and at
4,52 mM=-NMN, 4 mi=ATP, pH 7.6, no precipitation occurred on the
addition of 33012 to a concentration of 4 mb., It is significant
that in this instance a 97,/ inhibition was observed, whereas where
16 m&%-b;gclz was used, a precipitation occurred on adding BeClz, and
only a 23.4% inhibition resulted (Table V-10).

Stirpe end sldridge (1961) found that intravenous injection
into rats of 0.6 mg. BeSOh_/Kg body weight gave a significant lowering
(by 25%)of the specific activity of ATP:NMN adenylyltrensferase
contained in the nmuclei of rat liver cells, isolated 24 hours after
trestment, This may suggest that beryllium ions are cgpasble of binding
to the enzyme in some wey and blocking edenylyl tranafer at the sctive

centre. It has been shown that Be-” has a very high affinity for
ATP (see Table V-14). The mechenism by which this metal ion inhibits
the transferase is uncertain es yet and is discussed further below.

Other enzymes are known to be inactivated by this ion
(e.g. carnosinase - Rosenberg, 1960). Alkaline phosphetase has been
investigeted rather thoroughly from this point of view (Mortom, 1955;
Ahmed and King, 1960). Klemperer, Miller and Hill (1949) claim that

the inhibition of alkaline phosphatase by Be2+ is independent of the
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nature of the substrate, The inhibition by Bez"' was found to be
reversed to some extent by Iv‘;gz"' (4ldridge, 195C; see also liorton, 1955)
It hes been shown that surine tricarboxylic acid reversed the
inhibition (Lindenbaum, White end Schubert, 1954), and it has been
suggested that the effectiveness of this ligend can be accounted for

2¢

by bringing about reversible chelation of Be™ with alkaline phosphatase

(Schubert snd Lindenbaum, 19%54).

It is of interest to note here that Bez"'

is the most active of
the divalent metal ions necessary for the non-enzymic activation of

acetate by ATP (Lowenstein and Schatz, 1961).

Bffect of sodium fluoride on ATH:NMV adenylyltrsnsferase

Fluoride ion is inhibitory to many enzymes acting on phosphate
esters, including some inorganic pyrophosphatases (Elliot, 1957).
In the case of phosphoglucomutase this inhibition sppears to be due
to the formation of a Mg=-fluorophosphate complex (Najjar, 1948).
The present work was prompted by the investigations of Strominger ard
smith (1959}, who found that the pyrophosphorolysis of ULP-Nacetyl-
glucosamine by UTP:Nacetylglucosamine phosphate uridylyltransferase
from Staphylococcus gureus was inhibited by 10 mi-NeF when Yg2* was
the activating icn. No inhibition was found when Mn2* was used in
place af N?g2+¢

Sodium fluoride (50 ml) was not found to be inhibitory to ATP:NMN

2"', 002+ » .'th"' » Mg2+ or Imz"' we.s used as

adenylyltransferase, when Ni
the metal cofactor.  Kornberg (1950) had already shown that 50 mb

fluoride does not inhibit this trensferase in the presence of ¥g2'.
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Cther pyrophosphorylases which have been shown not to be affected
by fluoride in the presence of Mgz"' are CIP:cholinephosphate cytidylyle
transferase (Borkenhsgen end Kemmedy, 1957), CTP:glycerophosphate
cytidylyltransferase (Shaw, 1962), UTP:glucosephosphate uridylyle
transferase (Minch-Petersen, 1955) snd ealf liver UTP: Nace tylglucose=
aminephosphate uridylyltrensferase (Strominger and Smith, 1959).

It is interesting that the latter enzyme behaves differently to fluoride,
depending whether it is prepared from calf liver or Staphylococcus
gureus. There is no information aveileble for the other pyrophos~

phorylases relating to the effects of fluoride ion.

General considerations of metal ion ggecificig:

The metal ion specificity of enzymes transferfirgphosphate
groups exhibits a bewildering pattern. If generalisations have to
be made, it would seem that most enzymes transferring -1?«032" groups
are at least activated by some divelent metal lons, and that kinases,
which utilize a nucleoside triphosphate, require divalent cations for
reaction. lMeagnesium and manganese are encountered most often here
(Koshland, 1959). 4s indicated in Table V=13, the pyrophosphorylases,
as far as is known, require divalent cations for nucleosidyl transfef.
If the only prerequisite for the metal ion in promoting the
transfer of phosphate groups from nucleoside triphosphates is its
ability to form a chelate with this type of polyphosphate » them a
wide range of divalent cations have to be considered as likely to
aid the reaction, The stebility constants of various metal-ATP2~

complexes are listed in Table V=14,
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Table V=14

~log stability constants of metaleATP* complexes (M-1).

. 5 5 T

Metal ion | T, and N, B, and ¥, N. Se and A, We
cu?* 6.13 5.50 - - =
BeZ* - 5.01 . B -
ca® B ko 70 s 2 ;
Niz"' 5.02 b.64 - - -
2 4,85 - . - ;
m?* 478 - = 3.98 | 4.75
co2* 4,66 k53 - - k.62
yg2* b.22 - 439 347 | 4Ok
ca?* 3.97 - 3493 3.20 | 3.77
sr?t 3.54 - 3.60 3.03 -
Ba2* 5429 - 5436 - -

*T, snd M. from Taqui Khan and imrtell (1962)

B, and F, Brintginger and Fallab (1960)
N, Nanninga (1961)

S. and A, Smith and Alberty (1956)

W Walaas (1958)

The univalent alkali metal ions form only week complexes with ATP,
and the tervalent cations have not been investigated for their ability
to intersct with this polyphogphate.
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It is noteworthy that all metal ions active in ATP:NMN adenylyl
transfer (Ni, Co, Zn, Mg, in and Cd) form complexes with high

stability constants with ATF. However this cannot be the only factor

2+ 2+ 2+ 2

involved, as it has been shown that Cu™ , Be™ , ca’, sr * and

Baz", all able to form complexes with ATP, are not active in adenylyl -

transfer., In addition, the order of maximum velocities obtained

with each metal ion (Ni > Co > Zn > Mg » ¥ > Cd) does not follow

the order of numeral velues of stsbility constants with ATP (Cd > Mi )
Zn ) Mn > Co > Mg). As far as other ensymes s-= concerned, hexokinase,
when catalysing the phosphorylation of fructose with ATP, has been

shown to use the same six metal ions found active in adenylyl transfer

2+ 2 2+

and sgain Ca“’, Cu“* snd Be“* do not aid the reactien at all (Brint-

zinger and Fallab, 1960). On the other hand, another kinase, muscle

phosphoglycerate kinase, cen use ng"' or l‘v‘hz"' 2 5

Coz"' or Niz"' (Rao and Oesper, 1961). Clearly in these three enzyme

ions, but not Zn

gystems, other factors are involved besides the necessary condition
that the metal ions form a conplex with ATP, It is likely that these
factors have to be considered separately for each enzyme, perhaps
depending on the nature of its active site and the exact mechanism of
the reaction 1t catalyses,

Bven in reactions involving a4T¢, where no enszyme is required,
the metal ion requirements are by no means easily explained.
Lowenstein (1958) showed that the non-enzymic transfer resction

involving ATP end inorganic phosphate (equation 1)

inorgenic — inorganic
(1) ATP + orthophosphate —> ATP 4+ pyrophosphate
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required certain divalent ions, eand had a pH optimum at 9.0, The

megnitude of the rate of reaction obtained with each metal ion was in

the order Ca2*y w2ty cg2*

24

> m%> co®* ana P, u?, w2, pe?t
and ¥g~ gave little or no reaction.

Yet another non-enzymic reaction, apparently related to the
sbove, showed an altogether different metal ion specificity
(Lowenstein and Schatz, 1961). Vhen acetate is used as an acceptor
in place of inorganic phosphate, and the product trepped as the hydrox-

amate (equation 2)

0 O ®H .

Il = i i i inorgeanic

(2) cnj-cuo +A3IL~‘+NH20H-—9_CH5~O-I\i'-OH+Am’+ortho-
phosphate

the reactivity of the divalent ions was in the order Bez* D Niz"' >

24 2+’ Ba2+, 0&2* and ng"'

0o?* > m®* > 1®*, e ions ¥g?, ca®*, 5
gave no reaction at all, and no reaction occurred in the sbsence of
divalent ions. The results with Guz"' were reported to be erratic,

and no satisfactory comparison with the other cations was pessible,

Ihe pH optimum of the transfer was 5.2. The differences in metal
specificity in reactions (1) and (2) must lie in differences of reaction
mechanism, It is noteable that the order of reactivity of the metal
ions (vith the exception of Be’') in reaction (2), is not unlike that
cbteined for enzymic ATP:NMV adenylyl transfer.

Many investigators have attempted to relate the sctivities of
various divelent ions in enzymic systems with the ionic radii (crystal)
of the ions concerned, and have achieved some correlation in many cases
(see Malmstrom and Rosenberg, 1959; Dixon and Webb, 1958, p.448; Williams,
1959).
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A correlation between the velocities obtained for each cation in ATP:NMN
adenylyl transfer and crystel ionic radii is shown in figure V=& (a).

2 24

The rate data (V) for ¥g?*, Go?* and Mi%* are taken from Tsble V-9,

the rate for Mn®* was taken as being 305 of that for M2 (Tables V-1,
Vek, V=11 end V-12) and for C&°* 3% of the figure for Mg2* (Table V=12).
z0®*, for which thereare no relisble data, was teken as having a V,__

2

between that of Co-* and Mg2*, as indicated in Tables V-b and V-1,

It is realized that in some cases rates obtained in the presence of

2+ were lower than that obtained with ¥%* (as in Tebles V-1 and

Zn
V-12) bowever under the circumstsnces it is reasonsble to aseume the
lowsr velues to be due either to intersction with buffer ligends (Tsble
V-12) or precipitation (Table V-1),

The plot of ienic radius against maximal velocity for each
divalent cation gives a bellwshaped curve, suggesting that divalent
cations with en lonic radius of sbout 0,70 .&0 are most active in
promoting edenylyl transfer, and that ions with radii smaller or larger
than this have less or no activity, The curve predicts that Bez*, Ca2+,
sr?* ana Ba2+ will have no ectivity. However, Cu’, which falls in
the active range, has been shown to be inactive in adenylyl transfer
(Table ¥-12),

It has been pointed out by Williams (1954) that such properties
as ionic radii, ionization potentials, electronegativities and entropies
of hydration of a group of cations show some matual interdependence.
¥ith this in view, and since the heats of hydration of a wide renge of

cations have been evaluated, we have plotted this property against
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F‘ig . V-li-

The relationship between rate of ATF:NMN adenylyl transfer
and ionic radius, heat of hydration and entropy of hydration

for the various activating divalent metal ions.
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velocities of adenylyl transfer., Figure V-i(b) shows that an almost

linear relationship is obtained, and sgain Ca>*, Sr2% end Ba®* are

2+ and Bez* do not

excluded from promoting transferase activity. OCu
£it the relationship. Heats of hydration were taken from Williams (1954),
except that for Pe2*, which is recorded by Conway and Bockris (1954).
The date obtainéa by Lowebstein and Schatz (1961) for the relative
sctivities of divalent cations in oarrying out reactions (1) and (2)
sbove, also appear to fit a "Anlurdrati on Versus activity plot such
as this (figure V=5). The relationship for reaction (2) is very
similar to that for adenylyl transfer to NMN, except that Be2+ glves a
high rete of transfe: in the former. As expected, there is a correlation
between a closely related property, the entropy of hydration of cations
and the rate of adenylyl transfer (figure V-i{c)). The value for
entropy of hydration for each cation wes taken from Nancollas (1964).

It is not clear at present whether it is the size of the ion
which is important in promoting ATE:NMN adenylyl transfer, or some
other property closely connected with it. Iowever, it is the change
in enthalpy of a reaction which has to be taken as a measure of the
strength of the chamical bonds which are broken or formed during the
reaction. This mey be importent if the divalent cation is considered
to act mainly in inducing adenylyl transfer rather than playing the
more passive role of binding ATP to the active centre. From this point
of view it is noteworthy that the heat of hydration of en ion can be
correlated with its coefficient of polarization (Guerdjckov, 1961).

This property, also termed polarizebility, is a measure of the ease
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Fig . V"5

The relationship between the rate of reactions (1) snd (2)

and the heat of hydration of various activating divalent

wmetal ione,
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with widch an ion can be polarized. Guerdjckov (1961) has shown
that the larger the heat of hydration of the ion, the smaller its
polerizebility becomes. If, as seems likely, the polarizability
of an ion is inversely related to its polarizing offects on neighbour-
ing ligends (see lasstone, 1953, for a discussion on polarizebility
and polarizing power of ions), then higher rates of adenylyl transfer
are associated wuth the presence of divalent cations with greater
polarizing powers. Hammes and Kochavi (1962) have postulated a similar
role for the metal ion in the hexckinase reaction, where they consider
the primary role of Mgz"' is to polarize the O-P bond being broken,
while anchoring the polyphospnate chain of ATP to the enzyme. FPurther
work on the reactions investigated by Lowenstein (1958) and Lowenstein
and Schatz (1961), where the catelysis is not complicated by the
presence of an enzyme, may throw more light on the way in which metal
ions aid in the transfer of phosphoryl groups from ATP.

The type of complex concerned in the interaction between ATP
and metal ions may be important for effective adenylyl transfer to NMN
4 study of the nuclear magnetic resonance spectra of some of these
complexes has been carried out by Cohn and Hughes (1962). They found

2+ and 2n2+ form coumplexes with the B and ¥

indications that I&igz"' s Ca
phosphate groups, that B.fhz"' and Coz+ interact with «, P and Y phosphate
moieties, and that of those metal ions studied, only Cu®* complexes
solely with the o and B phosphate residues of ATF, Since the bond
between the o =snd P phosphorus atoms of ATP is broken during ATP:NMN
adenylyl transfer, it may be advantageous to have only the B and Y

groups chelated to the cation, This may be a reasan for the
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non=-participation of Cuz"' in adenylyl transfer.
Recently Taqui Khan and Martell (1962) have obtained evidence
that Cu2+ can form a polynuclear metel camplex with ATP of the type

POS PO~
o/ g \io
O\\P o 5 o —Z° (R = adenosin
—_ o ) — = adenosine
/
o \0u< \ Cu/ \C} residue)
P 0/ 0/ \0 F<
U=y H \.©
oR ' COR

Furthermore, . they suggest that in the pH range 7 to 8, a large

2+

proportion of the Cu™ is bound to ATF either as this dimer or as

the hydroxychelates. Either of these forms may not be suitsble for

adenylyl trensfer. It is possible that Bez"' behaves in a similar

msnner,

It has often been assumed that divalent cations can bind to the
6-amino group on the purine ring as well as to the polyphosphate chain
of ATP. However, it seems to be generally accepted now that they do
not interact with this amino group (see Taqui Khan and Matell, (1 962);
Cohn and Hughes, (1962)) except possibly in the case of =", Since
in genersl nitrogen-containing ligends have a much higher affinity for
the transition elements than do oxygen ligends (Schwarzembach, 1961),
if chelation to the 6-amino group is important in the mechanism of

adenylyl transfer, one would expect a change to be reflected in the
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retio of rates obtained with the various divalent cations when ITP

is substituted for 41m, It was found that the ratio of rates cbtained
by the various cations in the ATP:NMN adenylyl trensferase system is
approximately the same whether the nucleotl@yl donor is ATP or ITF
(Tables V=i ana V-2) suggesting that the chelation of the metal ion
with the 6~amino group is non-existent ) asjﬁzhcught t be the case,

Or is not important in this trensfer reaction.
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General Discussion

A study of the specificity of pig liver ATP:NMN adenylyl=-
transferase has shown thet in general little lattitude is allowable
in the structure of its substrates for the reaction to proceed at
reasonebly high rates. The points about the substrate molecules to
which the enzyme has been shown to be sensitive to changes in structure
are indicated in Figu‘._re Vi-1, and listed below.

Nicotinamide mononucleotide

1. Carbonyl group on the substituent of 0(5) of the pyridine
ring, Substitution of the oxygen atom by sulphur lowers VM and
raises Km‘

2. Amino group on the substituent at 0(3) of the pyridine
ring., Substitution by a hydroxyl group raises both I'Em and Vmax'
Replacement by a methyl group or a hydrogen atom raises Km‘ Removal
of the 3j-carboxsmide side chain results in complete loss of transferase
activity.

3. Reduction of the pyridinium ring lowers the rate of trsnsfer
(Rornberg, 1950).

4, Configuration sbout the N-ribose linksge must be B
(Jackson, 1960).

5. Phosphoryl group must be present for adequate binding,
as nicotinamide riboside is not an effective inhibitor. Previous
studies (Atkinson, Jackson and Morton, 1961) indicated that the doubly

dissociated form was the effective ionic species.
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Fig, VI=1

Substrate specificity of ATP:NMN adenylyl transferase

(see text).
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Substrate Specificity of ATP:NMN Adenylyltransferase

Fig. VI -1
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Adenosine triphosphate

6. Amino group at the G-position on the purine ring,

Its replacement by an hydroxyl group lowers Vm, and, to a lesser
extent, raises Km' Substitution by a sulphydryl group lowers rate
of nucleotidyl transfer,

7. Introduction of a substituent here (an amino group)
effects rate of transfer only slightly.

8. The purine ring is essential, Pyrimidine analogues give
no transfer reaction.

9. 2' Deoxy enalogues give a lower rate of 4transfer.

10, Y-Phosphate group is essential for transfer., ‘There is
no transfer reaction with &% (Kormberg, 1950).

11. 0(8) of purine ring., Substitution of this carbon atom
by nitrogen lowers the rate of transfer,

This list is not intended to be exhaustive. The studies were
necessarily limited by the aveilability of substrate analogues,
However, the number of points of sensitivity so far encountered sbout
the substrate molecules, indicates a multipoint attachment to the active
centre. It is probable that the overall shape of the substrates is
important in the formation of the enzyme-substrate complex, and that
the attractive forces involved are wesk chamical bonds such as hydrogen
bonds and electrostatic attractions, together with non-localised
dispersion forces associated with "shape-matching" between the substrate
and the active centre.

The indications are that certain parts of the substrates involved
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are more important than others in effecting the enzymic reaction,
Structural changes at 'points of sensitivity' 1, 2 and 6 have a greater
effect than at 3, 7, 9 end 11 (see figure VI-1). It has been pointed
out that 1 and 2 appeai' to require relatively polar groups for high
rates of transfer, and that it is likely that dual hydrogen bonding
plays a role here in attachment of the mononucleotide to the enzyme.
It is known that hydrogen bonding provides stronger sttractive fc;rces
then do van der Wemls' forces (Bernsal, 1959). If, for example, the
2t=hydroxyl group on the ribose moiety of ATP merely aids in binding by
virtue of van der Waasls' forces between the ATP molecule at about this
point and the active centre, then one would expect its substitution by
2 hydrogen atom to have less effect than the substitution of the amino
(or hydroxyl) group at the 3-side chain of NN (or nicotinic acid
mononucleotide) by a hydrogen atom, where hydrogen bonding is postulated

Substitution of the amino group at the 6 position of the purine
ring of AP appears to have a greater effect on Vm than on Km.
Thus both ITP and é=mercapto purine riboside-5'-triphosphate are
effective inhibitors of adenylyl transfer. The reason for these effeots
is obscure at present. It would seem that hydrogen bonding at this
position is not involved, as sulpbur containing groups, due to the
lower electronegativity of the sulphur atom, form poorer hydrogen bands
then do nitrogen or oxygen containing residues (Boyer, 1959), yet the
Ki for t=mercapto purine-riboside-5'-~triphosphate has spproximately
the same value as the Km for ATP, and is lower than the Ki for 1ITP.

However, the chemistry of a sulphydryl group positiomed at the 6-position
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of a purine ring is not well known as yet, and it could have special
characteristics enabling firm binding somewhere at the active site.
Because the hydroxyl and sulphydryl groups on the purine ring have
dissociations near the physiological pH region (pK'a 8.7 and 7.7
respectively (Fox et al., 1958)), a study of the effect of pH on
inhibition and nucleotidyl transfer by both ITP and 6-mercapto purine
riboside~5'=triphosphate could lead to more informetion on the binding
of these nucleoside triphosphate analogues.

The finding that the peculiar effects of varying both Mgz"' and
AT® concentrations (such that the total Mg2' concentraticn is always
less than the total ATP concentration) on the rate of adenylyl transfer
can be internreted in terms of the Mg-ATP complex being the true substrate
and uncomplexed ATP acting as a competitive inhibitor, serves as a
vointer to the role of the metal ion in the transfer reaction. Since
the suggested X, for ATP (2mM) is not so very different from the X of
MgATP (0,12mM), then it would seem that ATP can be bound to the active
centre in the absence of metal ion and that this metel ion does not play
a substantially greater part in binding than sny of the 'points of

2+ 2+ 24

sensitivity' listed sbove., Yet a metal ion such as Ni™", Co  , Zn

o or Cd2+ is ebsolutely essential for the reaction.

The fact that sibstitution of ¥g2' by NiZ*

3ng-l-” ¥in
.l

Or Co™ does not effect

‘the Km for ATP, but greatly increases Vm, suggests that the metel ion

plays sn important part in the breakdown of the enzyme-subsirate complex.

For the reaction catalysed by ATP:NMN adenylyltrensferase, the studies

of metal ion specificity reported here indicate a relationship between

v — and the heat of hydration of the metel ion used. Because the heat
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of hydration for = cation may be an expression if its polarizing
power, it is suggested that the function of the metal ion is to polarize
certain portions of the polyphosphate chain of ATF during nucleophilic -
attack by NMY end thus oid in the bond breaking step (cf.. Hammes and
Kochavi, 1962). The greater the polarizing power of the uetal
ion, the easier nucleophilic attack becomes, and the higher the rate
of trensfer. A kKinetic study of the relationships be';éen NMN and
metal ions, similar to that carried out for ATP sbove, may provide a
fuller understanding of the mechanism of edenylyl transfer. It seems
that the 5'-phosphoryl group is essential for adequate binding of NMN,
i investigation of the effect of substituting ¥g2* by M* or Go®*
on the Km for NMN could indicate whether or not the metal ion plays &
part in this binding. The Vm of course will be increased.

The role the enzyme molecule plays in effecting the actual
nucleotidyl trensfer step is unknown as yet. Presumably, besgides
forming & complex with ATP end NMN, such that the two substrates are in ‘
en adventagecus spatiel relationship to each other for a transfer
reection, the groups at the active site also effect the positioning of
the L’g2+ ion along the polyphosphate chain of 4TF to give the polar-
ization of bonds needed for nucleophilic attack at the u-phosphorus
atom of ATP,

Tn snalysing the specificity relationships for the pig liver
enzyme it must be remembered that starch gel electrophoresis of some
preparations indicated the presence of two or three isoenzymes. It
has been shown in at least one case that the members of an isoenzymic

series, separated by mesns of starch gel electrophoresis, may exhibit
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different substrate specificities (4llen, 1961). It is clear then
that caution is needed in drawing conclusions frem the predent specificity
studies and that this point requires further investigation., It would
be of interest to test the sgpparent isocenzymes of ATP:NMN sdenylyl-
transferase for their relative activities with ATP and deoxy ATP, and
with MMV end nicotinic acid mononucleotide.

The results presented here suggest that nicotinic acid mononuclec=
tide has both a higher Km and higher maximel velocity then NMN in the
reaction catalysed by the pig liver transferase. The higher Vmax
has been attributed to the greater overall nucleophilic character of
the nicotinic acid analogue, end the higher K (if this involves a

lower affinity) to the diminished sbility of the c( substituent

3)
of nicotinic acid mononucleotide (compared to NMN) to form hydrogen
bonds at a physiological pH, ‘That the same enzyme is responsible for
adenylyl transfer to NMN and to nicotinic acid monomucleotide (Preiss
end Hendler, 1958) is further supported by the finding that both the
Ki and Km for the nicotinic acid analogue are approximately 3.5 fold
greater than the E‘m for NMN.

The specificity of the nmuclear ATP:NMN adenylyltransferase is
such, that there appears to be no reason to suppose that the enzyme,
in vivo, would use one mononucleotide much more effectively than the
other, The only factor which will determine this is the availability
of NMN and nicotinic acid mononucleotide in the animal tissue. 4An
enzyme catalysing the synthesis of nicotinic acid mononucleotide is
known (Preiss and Handler, 1958). Howsver no metebolic pathway

cepable of synthesizing NMN under physiological condlitions has yet
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been described (Imsande and Handler, 1961). If the synthesis of
NAD proceeds only via the nicotinic acid analogues, as suggested
by Frelss and Handler (1958), then it is necessary to consider snother
function of the transferase in postulating =n evolutionary advantage
in a 'physiological’ K for NAD (and NMN), since NAD has been found
present in all tissues which have been tested. This function could
be to provide ATP, from NAD, for synthetic reactions taking place within
the nucleus at certain times in the life of a cell.

It has been suggested that an effective inhibitor of ATP:NMN adenylyl-
transferase could find applications in cheiotherspy (lorton, 1558).
6=Mercaptopurine riboside;-E'-triphosplmﬁe sppears to be a potent
inhibitor of the enzyme (Atkinson gt al., 1961 a; Atkinson et al., 1962),
a finding which could explain some of the effects of 6-mercaptopurine
when administered to rapidly growing cells. The ;ncrease in liver
NAD following injection of wmice with nicotinamide was found by Kaplan
et al., (1956) to be reduced by 6-merceptopurine, which slso tended to
reduce the subsequent dimunition of the high NAD level., However,
the conclusions to be drawn from these observations is complicated by
the fact that 6-mercaptopurine analogues can also inhibit certain steps
in the symthesis of AMP (Hempton, 1962). To provide a specific
inhibitor for the transferase it would be preferable to find an enalogue
of NMN with a sufficiently high affinity for the enzyme. All the
analogues of NMV examined so far have a relatively low affinity for the
transferase and do not fulfill the requirements for a specific and

effective inhibitor.
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1+« DMethods for the purification of ATF:NMN adenylyltransferase
from pig liver nuclel are described.

2. A histochemical technique for the demonstration of areas
of transferase activity on starch gel has been developed. Starch gel
electrophoresis of the enzyme preparations show that they are not
homogeniecus,

3« Nicotinamide guanine dinucleotide and the mononucleotides
of thionicotinamide, B-acetylpyriajne end 3~-aldehydepyridine have
been prepered enzymically snd characterised.

b, A study of the gpecificity of the transferase has shown that
many nicotinamide mononucleotide and adenosine triphosphate snalogues
will participate in the transfer reaction. 4 kinetic investigation
into the ability of some of these anslegues to act as substrate or
inhibitor has indicated the relative importence of some of the
structural units of the natural subsirates in aiding binding to the
enzyme.,

5. The metal ion requirements for the transfer regction can

2 o2t m®, 1g? or In®*.  The Kinetics of

be satisfied by Ni
the rate of transfer in the presence of these cations is consistent
with the possibility that the cation-ATP complex is the true form of
the substrate.

6. The metal ion does not appear to play a more important

role in the binding of nucleoside triphosphate to the active centre



188.
than eny of the other structural units of the cation-ATV complex.
It is thought to be involved in the polarization of bonds about the
a=phosphorus atom of ATP that may be necessary for the nucleophilic
attack by NMV to result in adenylyl transfer,

7. The significance of these findings is discussed.
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