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1. Introduction

General ligand affinity chromatography has been
shown in recent years to be an effective technique in
the separation and purification of various groups of
enzymes in particular the adenine nucleotide depen-
dent enzymes such as the NAD-linked [1—5] and
NADP-linked [6—-9] dehydrogenases as well as ATP-
dependent enzymes [10] and cyclic-AMP enzymes
[11,12]. An analogue of AMP (the adenine nucleotide
half of NAD substituted at position 6 of the adenine
moiety with a hexamethylene diamine spacer-arm
has been shown to be an effective general ligand for
NAD-linked dehydrogenases [1,3,4] . Similarly the
corresponding analogue of 2,5"-ADP (the adenine
nucleotide half of NADP) has been shown to be
effective as a general ligand for NADP-linked dehydro-
genases [6,8]. We decided to investigate the potential
of such a ‘half-molecule’ of CoA i.e., 3',5-ADP, as a
general ligand for use in the affinity chromatographic
separation of CoA-dependent enzymes. We show here
that an analogue of 3',5"-ADP, i.e. N®(6-aminohexyl)
3',5'-ADP, (which is a byproduct in the syntheses of
the above mentioned analogues having the same spacer
molecule and point of substitution in the adenine
moiety), is an effective affinity chromatographic
ligand when coupled to CNBr-activated Sepharose 4 B
or to epoxy activated Sepharose 6 B. Succinate thio-
kinase was chosen as a model enzyme and its binding
to the three adenine nucleotide gels compared. Effective
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biospecific binding was observed only with the
3',5'-ADP analogue which was in accord with the
K-values obtained with the corresponding soluble
analogues. The enzyme was also purified from crude
extracts of pig heart using this affinity chromato-
graphic procedure.

2. Experimental

Coenzyme A (grade I-L from yeast), 2',5"-ADP,
3',5'-ADP, GTP (type II-S, sodium salt), ATP (disodium
salt), NADP* (sodium salt) and succinate thiokinase
(succinyl-CoA synthase), (EC 6.2.1.4) from pig heart
(specific activity = 6.9 U/mg) were all obtained from
Sigma Chemical Co., St. Louis. Sepharose 4 B, and
Epoxy-activated Sepharose 6 B were supplied by
Pharmacia, Uppsala.

Succinate thiokinase was assayed at 30°C by
spectrophotometrically monitoring the increase in
absorbance at 233 nm due to thioester formation
according to the method of Cha [13]. N®-(6-amino-
hexyl) 3',5"-ADP and N®-(6-aminohexyl) 2',5'-ADP
were synthesized by the method of Brodelius et al.

[6] and N5-(6-aminohexyl) 5'-AMP was synthesized

by the method of Guilford et al. [14] . These ligands
were coupled to Sepharose 4 B by a modification of
the CNBr-activation technique [15], except that the
CNBr was dissolved in acetonitrile. (The 2',5'-ADP
Sepharose and 5'-AMP Sepharose are now commercially
available from Pharmacia, Uppsala.)

The 3',5'-ADP analogue was also coupled to epoxy-
activated Sepharose 6 B as follows: The 3',5'-ADP
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analogue (0.148 mmol) dissolved in 0.2 M NaHCO,
(3 ml) was added to a suspension of 3 ml (1 g dry
weight) epoxy-activated Sepharose 6 B in an equal
volume of 0.4 M NaHCO; which had been previously
titrated to pH 11.7 with 6 M NaOH. The gel—nucleo-
tide mixture (pH 10.7) in a sealed container was
gently agitated for 20 h at 28°C and then washed
extensively with 0.2 M NaHCO,, 0.2 M NaCl and
distilled water respectively. The substitution levels of
the nucleotide gels (which ranged from 1.8—2 umol
ligand per ml of wet gel — see legends to figs.1 and

2 for exact quantities) were estimated by direct ultra-
violet spectroscopy as follows (taking the molar
absorption coefficient of the N®-(6-aminohexyl)
3'(2"),5'-ADP ligands at 267 nm to be 18 500

M~ X cm™ [6] and that of N®{(6-aminohexyl)
S'-AMP at 267 nm to be 17 300 M™! X cm™ [14]);
100 mg of moist nucleotide gel (i.e., gel sucked on a
sintered glass funnel until the gel begins to crack) is
suspended in 2.9 ml of 0.5% aqueous solution of
polyethyleneglycol (Polyox WSR 301) (to prevent
rapid setting of gel) and the absorbancy at 267 nm is
read against a blank consisting of an equal amount of
CNBt- (or epoxy-)-activated Sepharose made up the
same way.

Protein concentrations were determined by a
modification of the Lowry method as described by
Hartee [16]. Samples were first precipitated with
10% TCA to remove interfering nucleotides and Tris.
Bovine serum albumin was used as a standard and
was treated in the same way.

A crude extract of pig heart was prepared accord-

Fig.1. Affinity chromatographic behaviour of succinate thio-
kinase on three different 6-immobilized adenine nucleotide
Sepharose derivatives (see inserts on the individual diagrams):
Samples (500 ul) of crude extract of pig heart (prepared as
described in Experimental) containing approx. 0.75 units of

succinate thiokinase activity were applied to miniature columns

containing 1 ml of nucleotide gel (CNBr coupled) which had
the following substitution levels: (a) 5'-AMP Sepharose

(2.00 umol immobilized nucleotide per ml wet gel), by 2'.5'-
ADP Sepharose (1.89 umol immobilized nucleotide per ml
wet gel), and (c) 3',5'-ADP Sepharose (1.88 pmol immobilized
nucleotide per ml wet gel). The irrigating buffer was 20 mM
Tris—HCI, pH 7.2 to which CoA was added (in a total vol. of
2 ml) as indicated by the vertical arrows. 1 ml fractions were
collected at a flow rate of 4.2 min per ml.
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Fig.2. Partial purification of succinate thiokinase from pig heart by affinity chromatography on 3’,5'-ADP Sepharose (CNBr coupled):
A column (140 X 10 mm) containing 8 ml of 3',5’-ADP Sepharose (2.00 umol immobilized nucleotide per ml of wet gel) was
equilibrated with a 20 mM Tris—HCI irrigating buffer pH 7.0. A sample (7 ml) of crude extract of pig heart (prepared as described

in Experimental) containing 18 units of succinate thiokinase was applied to the column and 2 ml fractions were collected at a flow
rate of 3 ml/min. NADP" and CoA (dissolved in 8 ml of irrigating buffer each) were applied to the column separately as indicated

by the vertical arrows.

ing to Cha [13]. Fresh, non-frozen pig heart with
excess fat removed, was minced and washed with
cold distilled water and rinsed through a cheese-cloth
and excess water squeezed out by hand. The mince
was homogenized with 3 vol of ice-cold 10 mM
KH,PO, and centrifuged for 30 min at 10 000 X g
and the residue discarded. The supernatent was
brought to 70% saturation with ammonium sulfate
and left stand overnight after which the extract was
centrifuged at 26 000 X g for 20 min and the super-
natent discarded. The pellet was stored at 3—5°C
small portions (approx. 9 g) (when required for affinity
experiments) were redissolved in 15 ml of 20 mM
Tris—HCI buffer, pH 7.0, and dialysed overnight

against 3 litres of 20 mM Tris—HCl, pH 7.0, at 3—5°C.
All chromatography experiments were carried out in
the cold.

3. Results and discussion

Succinate thiokinase from pig heart was shown to
bind strongly to 3',5'-ADP Sepharose and could be
competitively eluted with CoA (fig.1¢). The bio-
specificity of the binding was further evaluated by
applying the enzyme to nucleotide—gel columns
closely analogous to the 3',5'-ADP Sepharose derivative.
As shown in fig.1b, succinate thiokinase was only

263



Volume 70, number 1

retarded on the corresponding 2, '5' ADP Sepharose
gcl and retarded even less on the 5 LAMP -oepuarose gcu
(fig.1a). Care was taken in these comparative studies
to use gel-preparations of equal nucleotide concentra-
tion to permit proper evaluatlon.

These results show that there is an essential require-
ment for the phosphate group on the 3'-position of
the ribose moiety for binding of succinate thiokinase
to be effective. The stronger affinity of this CoA-
dependant enzyme for its ‘natural’ 3'-phosphate
derivative in contrast to both 2',5"-ADP Sepharose
and 5'-AMP Sepharose is substantiated by the varying
abilities of the soluble analogues to inhibit the thio-
kinase reaction (see table 1).

Binding of succinate thiokinase to 3',5'-ADP
Sepharose considerably weakened at higher buffer
strengths (100 mM) the enzyme being only retarded.

This would seem to suggest that at the lower buffer

A1115 VYU LW SUTILL LU SUpavOt Wil @ b AW Uil

strengths, the biospecific binding is reinforced by
non-specific components which are abolished at higher
buffer strengths leaving just the weak biospecific
binding which is only capable of weakly retarding the
enzyme. Such ‘compound affinity” [2] has been
suggested to occur in other affinity systems [17,18]

mAd ia menlalads 45 M _qman hudranhahic and

H iFin
ana is provaory due to Non-specinic ny uxuyu.uuh, and

ionic forces [19] contributed by the CNBr-coupled
spacer-arm matrix assemblies.
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The epoxy coupled 3',5'-ADP Sepharose which

lldU a bUlllPdldUlC buUbllLullUll lCVGl \1 O I.l.lllUl umuu-
bilized nucleotide per ml wet gel) to that of the CNBr
coupled 3',5"-ADP Sepharose, also bound succinate
thiokinase. The exact chemical nature of this epoxy—
Sepharose—nucleotide complex remains to be deter-
mined, a negative trinitro benzene sulfonate test for
free aminogroups on the gel [20] indicates that the
terminal aminogroup of the analogue is involved in
the binding,

A 50-fold purification of succinate thiokinase from
crude extracts of pig heart was obtained using the
3',5'-ADP Sepharose gel followed by biospecific elu-
tion of the enzyme with a pulse of CoA (fig.2 and
table 2). It was shown that a pre-wash of the column
with a pulse of NADP" was advantageous (tabie 2)
probably removing NADP-dependent enzymes which
may also weakly bind to the gel. We found that
succinate thiokinase could also be eluted with GTP
(the other nucleotide participating in the enzymic
reaction), however, the purity of the recovered
enzyme was much lower in comparison to elution
with CoA (see table 2).

Preliminary studies with phosphotransacetylase from

£ Aatwidss 237 s d Anwniiian aaads PO N

Lostriaium Mu_yi/'cu and carnitine aucty’1 transierase
from pigeon breast muscle have shown that these
enzymes also bind to 3',5'-ADP Sepharose (S. Barry

Table 1

Inhibition of succinate thiokinase from pig heart® by AMP and ADP ligands
Ligands Ligand concentration (mM) CoA concentration (mM) % Inhibition kb (mM)
5'-AMP 0.6 0.1 78 —
N*-(6-aminohexyl)
5'-AMP 0.1 32 1.0
2',5’-ADP 0.6 0.1 82 -
N®-(6-aminohexyl)
2',5’-ADP 0.6 0.1 38 0.9
3',5'-ADP 0.6 0.1 83 -~
N*-(6-aminohexyl)
3',5'-ADP 0.6 0.1 46 0.6
AT T Aialua ninl nranaratiane of cuccinata thialinaca

Undialysed commezcial PISparauons o1 succinate thickinase were used for these assays.

DThe inhibition constants were calculated from double reciprocal plots of the initial velocity activities versus variable concentra-
tions of CoA in the presence of 0.2 mM nucleotide analogues. Held constant were succinate (Tris salt, pH 7.4) at 50 mM, GTP
at 0.1 mM and MgCl, at 10 mM. A K, of 0.0042 mM was calculated for CoA in the absence of inhibitor.

The nucleotide ligands, dissolved in 100 ul of 100 mM Tris—HCI, pH 7.4, were added to the standard assay and the reaction

started bv the addition of the enzvme,

€C Dy 1he acailion of e Snzyr
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Table 2
Comparison of the effectiveness of various specific elution methods for succinate thiokinase from
3',5'-ADP Sepharose

Method of elution Specific activities?

Purification (fold) Recovery (%)

crude extract

peak fraction

8 ml pulse of 0.2 mM CoA® 0.24

‘Pre-wash’ with 8 ml pulse
of 0.5 mM NADP" followed
by elution with 8 ml pulse of

0.5 mM CoA (see fig.2) 0.28
GTP gradient (0—2 mM)

peakfraction (0.7 mM GTP) 0.23
8 ml pulse of 0.5 mM ATP  0.22

14.17

N.D.€

30.0 62
504 54
12.6 50
N.D.€ 24

48 pecific activity is expressed in units of enzyme per mg protein whete one unit of enzyme is the
amount of enzyme catalyzing 1 umol of substrate per minute.

by ower specific activities (e.g., specific activity = 2.8) were obtained when the affinity column was
irrigated with a 0.2 mM CoA pulse immediately after the emergence of the non-specific protein peak.

CN.D. = Not determined.

The pig heart extract was prepared as described in Experimental and the chromatographic conditions

were as desribed in legend to fig.2.

and K. Mosbach, unpublished data). However further
studies on 3',5'-ADP Sepharose are needed to evaluate
the generality of this system for affinity chromato-
graphy of CoA-dependent enzymes and also to deter-
mine whether the affinity of these enzymes for the
3'.5"-ADP ‘half molecule’ of CoA is sufficient for
effective binding as has been shown to be the case for
the corresponding adenine-containing half molecules
of NAD and NADP used in affinity chromatography
of NAD(P)-linked enzymes.
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