
STUDY OF THE XHTERACFION BETWEEN NADP-DEPENDENT DEHY- 
DROGENASE AND IMMOBILIZED ADENOSINE 2’-MONOPHOSPHATE BY 
MEANS OF AFFINITY ELECTROPHORESIS 

suM_MARY 

A venter-soluble S-substituted adenosine 2’-monophosphate-po~yacrylamicie 
(S-s&-2’-AMP-PA) was prepared as a new afkity ligand for the determination of 
the disso&tion constants of the interactions between immobilized S-s&-2’-AMP 
and NADPdependent dehydrogenases (NADP-dependent DH), NAD-dependent 
dehydrogenases (NAD-dependent DH) and phosphorylase by means of afkity 
ekctropboresis. 

From the dissociation constants, it was found that NADP-dependent DH had 
a much stronger afkity to immobiked S-sub-2’-AMP than did NAD-dependent 
DH and phosphoryiase_ On the other hand, NADP-dependent DH had a much 
weaker affinity to immobilized S-sub-5’-AMP than did N_4D-dependent DH. The 
effects of NADP’ and NAD* on the interaction between immobilized S-s&-2’- 
AMP and NADP-dependent DH were also investigated by means of a&&y electro- 
phoresis. NADP+ inhibited the interaction specificalIy, but NAD’ did not inhibit the 
interaction. 

These results indicate that S-s&-2’-AMP binds to ffie coenzyme binding site 
of NADPx?ependent DH, while other compounds, such as S-sub-5’-AMP and 
N.4D+, do not bind to NADEQiependent DH. Such a difference suggests that the 
phosphate group at pcsition 2’ in 2’-AMP and NADP+ is important for the binding 
at the coenzyme binding site of NADP-dependent DH. 

INTEtODUCTiON 

Adenine nucleotide derivatives have been utilized for studying the coenzyme 
binding to many NADP-dependent dehydrogenases and NADdependent dehydro- 
genases, including Cphosphoghxconate dehydrogenase1-3, glucose &phosphate de- 
hydrogenase ‘as, malic enzyme6*7, iactate dehydrogenaseCxz and malate dehydrogen- 
aseuVr4_ N6-substituted adenine nuckotides~18 and S-substituted adenine nucko- 
tidesxezl immobilixd on agarose have ken utilized in a@nity chromatography as 
general l&31&_ 

Recently, we have reported the determination of the dissociation constants 
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of lactate dehydrogenase isoenzymes for adenine nucleotides utilizing a water- 
soluble %substituted adenosine S-monophosphate-polyacrylamide (S-sub-S-AMP- 
PA) by means of afiinity electrophoresis”. 

Here, We report the synthesis of a water-soluble S-substituted adenosine 
2’-monophosphate-polyacrylamide (8-sub-2’-AMP-PA) as a new af6nity &and and 
the determination of the dissociation constants of NADP-dependent dehydrogen- 
ases, NAD-dependent dehydrogenases and phosphorylase for immobilized S-sub-2’- 
AMP by means of afhnity electrophoresis. The specificity of these enzym~enzyme 
analogue interactions and the effects of NADP* and NAD+ on the interactions are 
di.scussed_ 

Abbreviations 
2’-AMP = adenosine 2’-monophosphate; S-AMP = adenosine S-mono- 

phosphate; S-sub-2’-AMP-PA = S-substituted adenosine 2’-monophosphate-poly- 
acrykunide; S-sub-S-AMP-PA = S-substituted adenosine S-monophosphatPpoIy- 
acrylamide; NAD+ = nicotinamide adenine dinucleotide, oxidized form; NADP’ = 
nicotinamide adenine dmucleotide phosphate, oxidized form; Tris = tris(hydroxy- 
methyl)aminomethane; TNBS = 2,4,6-trinitrobenzene 1-sulphonic acid; TEMED = 
N,N,N’,N’-tetramethylethylenediamine; EDTA = ethylenediaminetetraacetic acid; 
BPB = bromophenol blue; NMR = nuclear magnetic resonance. 

Enzymes 
NADP-dependent dehyclrogenase: 6-phosphoglueonate dehydrogenase (EC. 

1.1.1.44), malic enzyme (EC. 1.1.1.40), glucose 6-phosphate dehydrogenase (EC 
1.1.1.49) and isocitrate dehydrogenase (EC. 1.1.1.42). NAD-dependent dehydro- 
genase: lactate dehydrogenase (E.C. 1.1.1.27) and malate dehydrogenase (E.C. 
1.1.1.37). Phosphorylase (EC. 2.4.1.1). 

EXPERIMENTAL 

/%NADP+, &NAD+, 2’-AMP, S-AMP, nitroblue tetrazolium, phenazine 
methosulphate, tris(hydroxymethyl)aminomethane (Tiis), 2,4,6-trinitroben l-sul- 
phonic acid (TNSS), L-m&c acid, lithium ~-lactate, D-glucose &phosphate, 6- 
phospho-p-gluconic acid, ttireo-D,(i)-isocitric acid and Dowex I-X2 (CL-) (ZO&?tlo 
mesh) were purchased from Sigma (St_ Louis, MO, U.S.A.). Allylamine, bromine, 
acrylamide, N,N,N’,N’-tetramethylethylenediamine (TEMED), N,N’-methylenebis- 
acrylamide, 2-mercaptoethanol, ethylenediaminetetraacetic acid (EDTA) and bromo- 
phenol blue (BPB) were obtained from Nakarai (Kyoto, Japan). Pre-coated silica gel 
Fzsr thin-layer chromatographic (TLC) plates and pre-coated cellulose F TLC plates 
were purchased from Merck (Darmstadt, G-F-R_). Sephadex G-100 was obtained 
from Pharmacia (Uppsala, Sweden). S-Substituted adenosine S-monophospbate-poly- 
acrylamide &s synthesized by a method described previously22. Crystalline r_-malate 
dehydrogenase (EC. 1.1.1.37) (pig heart mitcchondrial and cytosol isoenzymes) 
wez purchased from Sigma. 
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Preparatlbn of crude extracts frunt rabbit bsues~ carrot and putah 

A male rabbit was deeply anaesffietkd with 5 ml of 5% sodium pento- 
barbiturate solution by venous injection and the tissues (Liver and brain) were 
removed immediately. Each tissue was chilled on ice and homogenized with an equal 
volume of 0.01 M phosphate buffer (pH 7.4). Each homogenate was centrifuged at 
11,200 g for I h and the supernatant was stored at -20°C. Carrot was sliced and 
homogenizd with an equal voiume of 0.01 M phosphate btier @H 7.4). The 
homogenat& was centrifuged at 7180 g for I h and the supenatant was stored at 
-20°C. Potato was sliced and homogenized with an equal volume of IO mM EDTA 
and 100 m&f 2-mercaptoethulol @H 7.4). The homogenate was centrifuged at 
7180 g for 1 h and the supematant was stored at -2O”C=. The protein contents of all 
crude extracts were determined by Warburg and Christian’s methodtd. 

Adyricd proceQ3irt3 
TLC data, UV spectra and molar absorptivitics of S-substituted 2’-AMP 

derivatives were obtained by the procedures described previo~sly~. ‘H NMR spectra 
were obtained with a Jeol INM-MH 108 NMR spectrometer operating at 100 Mz 
under the conditions detailed in the legend of Fig. 1. The phosphate contents of all 
of the 2’-AMP derivatives were determined by AlIen’s method’5. 

Sp&ksLs of 8-subsrirured Y-AMP derivatives 

S-Substituted 2’-_&UP derivatives were synthesized by a method slightly modi- 
fied from that described previously”. 

Sprrhesis of 8-bronw-Z-AMP 
2’-AMP (free acid, 4.5 g. 10 mmoIe) was dissoived in 400 ml of 1 i%¶ sodium 

acetate at pH 4.0 and bromine-water (0.87 ml of bromine, 17 mmole, dissolved in 
87 ml of water with vigorous shaking) was added. The solution was gently stirred 
and kept in the dark at 25’C for 24 h. The white precipitate *&at appeared in the 
reaction mixture was collected by filtration on a g,Iass Biichner funnel and washed 
twice with 98% ethanoi (100 ml). The resuhing white solid was dissolved in a 
minimum volume of water (50 ml) and twice the volume of 98 ok ethanol was added 
to the solution. The white precipitate in the solution was coliected end washed with 
98% ethanol (100 ml) on a glass Biichner fimneI. The resulting white solid (3.9 g, 
approximately 87% yield) was confirmed to be 8-bromo-2’-AMP from TLC, UV 
and ‘H NMR spectroscopic data. 

S-Bromo-2’-AMP (1.0 g, 2.1 mmole) was dis.soIved in 10 ml of water to which 
allylamine (4.13 ml, 55 mmcle) was added, and the pH was adjusted to 9.0 with 
2.9 ml of concentrated hydrochloric acid. The solution was refluxed in a water-bath at 
75’C for 38 h. After the coupling reaction was complete, the reaction mixture was 
dihtted to 400 ml with water and then its pH was adjusted to 11.5 with 5 ici sodium 
hydroxide solution_ The sddion was applied to a column (20 x 2.5 cm I.D.) of 
Dowex f-X2 (CH,CCO-, 2m mesh) equilibrated with water. After the coIumn 
had been washed with water (800 ml) until umeacted allylamme was not detected in 
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the ef&xent by the TNBS colour test 26, the nuckotide was eluted with a linear 
gradient of acetic acid (O-1 M; total volume 500 ml). Fractions comprising a major 
peak of W-absorbing materials, &,_ 279 nm, were pooled and lyophilized. The 
resulting white solid (590 mg, approximately 59 % yield) was con&n& to be S-allyl- 
2’-AMP from TLC, W and lH NMR spectroscopic date. 

Preparation of a water-soluble 8-substituted Z-AMP-polyacrylamide (~-SK&T-AMP- 
PA) 

Acry!amide (100 mg), S-allyl-2’-AMP (100 mg), TEMED (0.02 ml) and 
. ammonium persulphate (5 mg) were dissolved in 5 ml of water in a small glass 

cylinder and 1 ml of water was overlayed on the solution. The solution was heated at 
60°C for 3 h. .AfIer cooling to room temperature, the solution~was dialysed against 
a large volume of water (2 1) several times until no W-absorbing materials were 
detected in the outer dialysis solution. The content of 8-sub-2’-AMP incorporated 
in polyacrylamide was determined to be 420 pmoIe/g by UV absorption at 279 mu 
using the calibration graph obtained from 8-allyl-2’-AMP at 279 m-n. The molecular 
weight of the S-sub-2’-AMP-PA was presumed to be over l- 10s by gel Shration 
using Sephadex G-100 because it was eluted in the same fraction as Blue Dextran. 

Electrophoresis 
Polyacrylamide gel disc electrophoresis was carried out by the procedures 

described previouslyz2. 
The synthesized S-sub-2’-AMP-PA was added to the separating gel (5% 

polyacrylamide gel in Tris-hydrochloric acid buffer at pH 8.9 as described by Orn- 
stein and Davis23 in an amount giving the desired concentration of immobilized 
S-sub-2’-AMP. The protein sample (50 ~1, containing 50-150 pg of protein of crude 
extracts or 2 pg of protein of crystalline enzyme solution) in 10% sucrose solution 
containing 30 mM sodium thioglycolate (PH 6.7) was applied to each gel tube. 
Electrophoresis in Tris-glycine buffer (pH 8.3) was carried out at 2 mA per gel 
tube for 2 h until the tracking BPB baud had migrated 4.5 cm from the origin in the 
separating gel. After electrophoresis, a fine metal wire was inserted at the position 
of the BPB band. The migration distances of the enzymes were measured after each 
specific enzyme activity staining utilizing the nitroblue tetrazolium reagent-’ and 
iodide reagenp2. 

The effects of NADP* and NAD+ on the interactions between the enzymes 
and immobilized S-sub-2’-AMP were investigated using the separating gel containing 
S-sub-2’-AMP-PA together with NADP* or NAD+. NADP* or NAD+ was added 
to both the spacer gel and the running buffer solution at the same concentra$on as 
that of the separating gel. From the extent of the decrease in the retardation of the 
original enzymes mobilities due to NADP+ or NAD*, we calculated the strength of 
binding aKmity of NADP’ or NAD+ to the enzymes. 

Catcalatfon of dfssociation constants by affinity electrophoresti 
‘IBe dissociation constants of the interactions between NADP-dependent 

dehydrogenases, NAD-dependent dehydrogenases and phosphorykse and immo- 
bilized 8-s&-2’-AMP were calculated from the extent of the retardation of mobility 
of the enzymes as a function of the concentration of immobilized S-sub-2’-AMP in 
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the separating geL We determined the dissociation constants from the following 
equatiorl? 

1 __=1(lf+-) 
R 61 R &TO 

where I?, and & are the relative m&&ion dis~ces of the enzyme to that of the 
tracking BPB band in the absence and the presence of imm~biiked _S-sub-2’-AMP 
in the separating gel, respeetiveiy, K is the dissociation constant of the interaction 
behveen the enzyme and immobilized S-s&-2’-AAMP and c is the concentrkion of 
immobilii S-sub-Y-AMP in t&e separating gel. !s l/L1 is plotted against c, a 
straight line will be obtained_ The intercept of the line of the c axis gives --K_ 

RESULTS AND DISCUSSION 

Chemical properties of 8-substituted T-AMP ‘derivatives 

2’-AMP and synthesized S-sub-2’-AMP derivatives were detected as single 
spots on the TLC plates under W light. As showu in Table I, they had different 
RF values in each of the three solvent systems. 

TABLE i 

TLC AND UV ABSORPTION DATA ON S-SUFGTITU! ADENOSINE 2’-MONOFHOS- 
PHATE DERIVATIVES AND S-S WD ADENOSME S-MONOPHOS?HATJ% 
DERIVATIVES 
Saknt systems W in TLC: A, isobufyric acid-l M anunonia solution (53) s&.uxted with EDTA; 
B, ethanol-0.5 _W axnmorhrn acetate (9:4); C, 0.5 M lithium chloride solution. Molv a’horpti- 
vitics wcsc determined iz~ 0.1 _%f Trk-hydrcvzhloric acid bufier at pH 7.5. 

RF v&e Mohr L, lNni 

CeZhhe F Silica gel F% 
a&sorprivity 
(I mol- ’ cm- ‘) 

A B A B C 

Adenosiue 0.82 0.53 0.76 0.73 0.72 15100 260 
ZI-AMP 0.66 0.17 0.63 0.41 0.67 luo0 259 
S-BmmoZ-AMP 0.72 0.27 0.70 0.63 0.70 17300 263 
S-A&+2’-AMP O.&o 0.34 0.72 0.65 O-55 19500 279 
5'-AMP' 0.57 0.0s 0.58 0.39 0.6s 15400 259 
S-Bromo-Y-AMP - 0.62 0.21 0.65 0.6o 0.73 17900 263 
8-AllyI-Y-AMP' 0-n 0.32 0.68 0.65 0.57 2o2oo 279 

- - 

The shift in the UV absorption masimum (Imu.) of S-sub-2’4MP derivatives, 
&_ at 2.59 nm for 2’-AMP, ;i,,_ at 263 Ezm for S-bromo-2’-AMP and ;i,,_ at 
279 nm for 8-ahyI-2’-AMP, is characteristic of the substitution at the CS position of 
the adenine nucleu+“. No further shift in i,x_ was observed after the reaction of 
the terminal aliyl group with acrylamide to give a water-soiuble S-sub-2’-AMP- 
polyacryhzrnide_ The molar absorptivities of these 2’-AMP derivatives were deter- 
mined and are given in TabIe I. Phosphate group analysis of ah derivatives demon- 
strated the presence of one phosphate group per molecule of the derivatives (O-94- 
0.97 mok per mole of derivative)_ 
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As shown in Fig, 1, the substitution of bromine or allylamine at the CS 
position of the adenine nucleus was confirmed by the IH NMR spectra. In Fig. lB, 
the signal of adeuine-C&H (6:8.40) disappeared in ‘H NMR spectrum of 8-bromo- 
2’-AMP. In Fig. IC, the signal of adenine-C8-H (6:8.40) disappeared and the signals 
of allyl-Cl-H, (6:4.08), allyl-C2-H (6:5_60-6.00), allyl-C3-H, (65.08) and allyl-Nl-H 
(8:7.85-8.10) appeared in ‘H NMR spectrum of 8-allyl-2’-AMP. 

2’-AMP 
I 

8-brcimo-$-AMP 

I 

lO9 8 7 6543210 
Chemical shift (ppm) 

‘Fig. 1. ‘H NMR spectra of S-substituted adenosine 2’-monophosphate derivatives. A, Adenosine 2’- 
monophosphate; B, 8-bromoadenosine 2’-monophosphate; C, 8-aIIyIadenosine 2’-monophosphate. 
Conditions for ‘H NMR: solvent, dimethyl sulphoxide-D&et 21): internal reference, tetramethyl- 
silane; room temperature. 

Affinity electrophoresis 

NADP-dependent dehydrogenase. A5nity electrophoretic patterns of 6-phos- 
phogluconate dehydrogenase (rabbit liver) and malic enzyme (rabbit liver) are 
shown in Figs. 2 and 3, respectively. The electrophoretic mobility of 6-phospho- 
gluconate dehydrogenase was markedly retarded in direct proportion to the con- 
centration of immobilized 8-sub-2’-AMP in the separating gel (Fig. 2A), whereas the 
mobility of the enzyme was scarcely retarded in the presence of immobilized 8-sub- 
S-AMP in the gel (Fig. 2B). With malic enzyme, similar results (Fig. 3A and B) to 
those with 6-phosphogluconate dehydrogenase were obtained. However, the extent 
of the retardation of the mobility of malic enzyme was smaller than that of 6-phos- 
phogluconate dehydrogenase at the same concentration of immobilized S-sub-2’- 
AMP in the gel. 

NAD-dependent dehydrugenase. Afbnity electrophoretic patterns of lactate 
dehydrogenase isoenzymes (rabbit brain) and malate dehydrogenase isoenzymes 
(rabbit brain) are shown in Figs. 4 and 5, respectively. The electrophoretic mobilities 
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Fig. 2 _QEnity ekctrophoresis of Gphosphogluconate dehydrogtxxse (rabbi: liver). A, Using gels 
containing L~oWized S-sukd’-AMP; B, using gels axmining immobilized 8-sub-Y-AMP. Con- 
centration of immobitkd S-sub-Z’-AMP and &sub-Y-AhfP in the gefs: I.0 mM; 2,O.OizS m&f; 
3.0.025 m&f; 4.0.05 m,W, 5.0-075 m&f; 6,0_ 1 m_W, BPB ) , tracking BPB band; 6-FGD D. activity 
band of 6-phosphogkmate deb~drogesse. 

of lactate dehydrogenase isoenzymes were scarcely retarded in the presence of 
immobilized S-sub-T-AMP in the separating gel (Fig. 4A), whereas the mobilities 
of these isoenzymes were markedly retarded in direct proportion to the concentration 
of immobilized S-sub-Y-AMP in the gel (Fig. 4B). With malate dehydrogenase 
isoenzymes, similar results (Fig. 5.4 and B) to those with lactate dehydrogenase 
&enzymes were obtained. 

In all instances, the mobilities of proteins other than these enzymes were not 
afEcted by the presence of either immobilized E&sub-T-AMP or immobilized S-sub- 
S-AMP in the gel. Therefore, the retardation of the mobilities of these enzymes is due 
neither to any change in the moIecuIar sieving eRct by addition of high-molecular- 
weight S-sub-2’-AbfP-PA or S-su’o-S’-AMP-PA to the separating gel nor to non- 
speci& electrostaPic interactions betxeen these enzymes and 8-sub-2’-AMP-PA or 
S-sub-Y-AM P-PA. 
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Fig. 3. Afhity electrophoresi~ of malic enzyme (rabbit liver). A, Using gels containing immobilized 
&sub-2’-AMP; B, using gels containing immobiid 8-sub-Y-AMP. Concentration of immobilized 
8-sub-2’-AMP and S-sub-S-AMP in the gels: 1,O W, 2,0.125 mM; 3,OZ mM, 4,O.S mM; 5, 
0.75 m&f; 6, 1.0 m&L BPB b, tracking BPB band; ME D, activity band of malic enzyme. 

Determination of dissociation constants 

In Fig_ 6, the reciprocal of the relative migration distances of 6-phospho- 
gluconate dehydrogenase (rabbit liver) (Fig. 6A), malic enzyme (rabbit liver and 
carrot) (Fig. 6B), ghtcose 6-phosphate dehydrogenase (rabbit liver) (Fig. 6C), iso- 
citrate dehydrogenasc (rabbit liver) (Fig. 6D), lactate dehydrogenase isoenzymes 
(rabbit brain) (Pig. 6E), malate dehydrogenase isoenzymes (pig heart mitochondria 
and cytoplasm) (Fig. 6F) and phosphorylase (rabbit brain and potato) (Fig. 6G) 

are plotted against the concentration of immobilized S-sub-2’-AMP or S-sub-S- 
AMP in the separating gel. From these plots, the dissociation constants (K) of the 
interactions between these enzymes and immobilized S-sub-2’-AMP or S-sub-S’- 
AMP were determined (Table II). 
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1 2. 3 
.~- -4 _;- __-s .- 6 _ 

_ _-_ __ __ _. __ __ -__._L ___‘-_ _-.----A- 

Fig_& A&&y ekctrophor&s of Ixtzte dehydrogeuas isoenzymes (rabbit b&n)_ A. Using gels 
coat&kg imrnobilizd S-sub-z’-AMP; B, using gels containing immobilized S-sub-5’-AMP_ Con- 
antration of imrnobiIized S-sub-T-AMP and S-sub-S.-AMP in the gels I 1, 0 mM; 2, 0.125 m%f; 3, 

0.25 KL\f; 4, 0.5 tn.tfi 5, 0.75 m-W; 6, 1.0 m&i. BPB b, tracking BPB tind; LDH-I, -1, -3,4 uld 
-5 > , acti\<ty hnd of lactate dehydrogenze isoenqme-I, -2, -3, 4 and -5. 

NA DP-depemient d~h~cirogemse 
The plot of the reciprocal of the relative mi_mtion distance of B-phospho- 

gluconate dehydrogenase against the concentration of immobilized S-sub-2’-AMP 
was not a straight line (Fig_ 6A). It appeared to be composed of two lines: a gently 
sloping line at low concentrations of immobilized S-s&-2’-AMP and a steeply sloping 
line at high concentrations. The break in the line corresponds to 4.5- IO-’ hf of 
immobilized S-sub-2’-_4MP. Ihe dissociation constant was determined to be 8.5 - lO_’ 
hi from the initial gently sloping line. The inhibition constant of 2’-AIMP for the 
enzyme has been reported as 4.4- Io-‘M (ref. 3) or 9.9- 10-’ M (ref. 2) by kinetic 
measurements. The dissociation constant determined by a&-&y eiectrophoresis is 
one fifth or one eleventh of the inhibition constant determined by kinetic measure- 
ments. At high concentrations of immobilized S-sub-2’-AMP, the binding aEnity of 
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Fig. 5. AfEnity electrophcresis of malate dehydrogenase isoeozymes (rabbit brain). A, Using gels 
containing immobilized S-sub-Y-AMP; B, using gels containing immobilized S-sob-S-AMP. Con- 

* centration of immobilized 8-sub-2’-AMP and S-sub-S-AMP in the gels: 1,O mM, 2,0.125 mM; 3, 
0.25 ~LW, 4.0.5 mM, 5,0_75 mM, 6.1.0 mM. BPB b, tracking BPB band; MDH D, activity band 
of malate dehydrogenase isoenzymes. 

the enzyme to immobilized S-sub-2’-AMP increased. Its dissociation constant was 
calculated to be 2.3. IO-’ M from the steeply sloping line. These results suggest that 
there would be cooperative enhancement of the binding &k&y of the enzyme to 
immobilized S-s&-2’-AMP. In contrast with immobilized S-sub-2:-AMP, the en- 
zyme showed only a weak &ix&y to immobilized S-sub-S-AMP. Its dissociation 
constant was over lOO-fold greater than that of immobilized 8-sub-2’-AMP. 

Malic enzyme from rabbit liver showed a much stronger aflkity to immo- 
bilized 8-sub-2’-AMP than to immobilized S-sub-Y-AMP. The dissociation constant 
of immobilized 8-sub-2’-AMP for the enzyme (4.5 - lo-4 M) was one fourteenth of 
that of immobilized S-sub-S-AMP. On the other hand, ma& enzyme from carrot 
showed only a we& afEnity to both immobilized S-sub-2’-AMP and immobilized 

.S-sub-S-AMP. The dissociation constant of immobilized S-sub-2’-AMP for carrot 
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ticentmtion Of e3nmohi!ized 2’-AMP & 5’-AMP (mM) 

Fig, 6. Plots of the reciprocal of d2tive m&&ion distances (l/R,) of the enzymes against the can- 
centration of immobilized 8-sub-Z’-AMP and S-sub-Y-AMP. A, 6-Phosphogiuconate dehydrogenase 
(nbbit liwzr); B. malie enzyme (rabbit lkr and carrot); C. gIucose 6-phosphate dehydrogenue 
(rabbit liver); D, ktate dehydrogenase isoenzymes (rabbit brain): E, mlate dehydrogenase iso- 
eoq-mes (pig heart mitochoadria and cytoplasm); G, phosphorykse (rabbit brain 2nd pot&o). 
M, With immobilized &sub2’-A!!P; C- 0. with immobii S-sub-Y-AMP. 

DISSOCIATION CONSTANTS OF IMMOBILIZED SSUB-2’-AMP AND IM,WOBIUZED S- 
SUB-S-AMP FOR N.ADP-DEPENDENT DEKYDROGENASES, NAD-DEPENDENT DEHY- 
DROGENASES AND PHOSPHORYLASES 

2’-AMP, imnobiliood 8-sub-2’-AMP; S-AMP. immobilized 8-s&S’-AMP. 

-7 Dtbxiarion CORSQRU (M) 

NADP&pendexxrt aWty&qyrze 

6-Phosphogluconate dehydrogense (nbbit liver) 
Mdic enzyme (rabbit liver) 
MaIic enzyme (carrot) 
GIucasc &phosphate dehy.irogatase (rabbit Iiver) 
Isocitratc debydrogemse (nbbit liver) 

:VAl?-&~ rS&dmg~e 
I.actate debydmgems- I (&, nbbit brain) 
Laaatedehy N-2 (H&S, rabbit brain) 
lactate deh ydrogcnasc-3 (H&4,. rabbit brain) 
Lacraedchydrogs%c 4 (HMJ. rabbit brain) 
J.zctate dehydrosnasc-5 (h&, nbbit brain) 
%&Lzte detydrogesw (rabbit bmin supernaant) 
M&tedehy~ (pig heart q%osoI) 
M&se dehydrogawe (pig beart mitochondrfal) 

PkPkF&= 
Phasphoryke (rabbit brain) 
Phasphoryiase @o-to) 

T-AMP S-AMP 

8.5- 1O-5 l-l- 10-z 
4.5 - lo-o 6.1- lo-’ 
7.3-lo-’ l_O- lo-’ 
s-o- lo-. 2.6- lo-= 
1.6-IO-’ 2.2- lo-’ 

1.6. X0-’ 
1.4-10-L 
9_4- lo-’ 
5.6. lo-’ 
4.8-10-3 
27- 10-3 
2.8-lo-’ 
2.5 lo-’ 

1.4-lo-’ 
4.3 - 10-Z 

3.2-lo-” 
1.9-lo-” 
1.z 10-S’ 
4.1.lo-“ 
8.6- lO-5’ 
1_3- lo-’ 
9.6- IO-’ 
1.9. lo-’ 

1 .o- 10-Z 
1.7-104 
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rnahc enzyme (7.3.10-3 M) was over lo-fold greater than that for rabbit liver malic 
enzyme. 

Glutise 6-phosphate dehydrogenase showed a greater afhnity to immobilized 
8-sub-2’-AMP than to immobilized 8-sub-S-AMP. The dissociation constant of im- 
mobilized &sub-Z’-AMP for the enzyme (E&O- IO-4 &2) was one third of that of im- 
mobilized S-sub-S-AMP. 

Isocitrate dehydrogenase showed a very weak af6nity to both immobilized 
S-sub-2’-AMP and immobilized S-sub-5’-AMP. The dissociation constants of both 
immobilized S-sub-2’-AMP and immobilized S-sub-5’-AMP for the enzyme were 
over 1 - lO-2 M. 

From these results, it was concluded that NADP-dependent dehydrogenases 
have different binding afthrities to immobilized S-sub-2’-AMP; however, the binding 
aEnity to immobilized 8-sub-2’-AMP is always greater than that to immobilized 
S-sub-STAMP. Thus, as ‘be binding afEir&y to immobilized 8-s&-2’-AMP increased, 
the binding affinity to immobilized S-subJ’-AMP decreased. 

NAD-dependent dehydrogenase 
In contrast with NADP-dependent dehydrogenases, NAD-dependent de- 

hydrogenases had a greeter athnity to immobilized 8-sub-5’-AMP than to immo- 
bilized 8-sub-2’-AMP. Thus, the dissociation constant of immobilized S-sub-2’-AMP 
for lactate dehydrogenase isoenzyme-5 (LDH-5, Ma-type isoenzyme) was determined 
to be 4.8 - 1O-3 M and was 55-fold greater than the dissociation constant of immo- 
bilized S-sub-S-AMP (8.6. W5 w. Among LDH isoenzymes, LDH-I (H.&pe 
isoenzyme) had the weakest athnity to both immobilized S-s&-2’-AMP and immo- 
biliid S-subJ’-AMP, and hybrid isoenqmes, LDH-2 (H,M), LDH-3 (H,Ma and 
LDH4 (HMs), composed of the more M-type subunit, have a greater athnity to both 
immobilized S-sub-2’-AMP and immobilized S-sub-S-AMP. 

Malate dehydrogenase isoenzymes showed a relatively strong affinity to both 
immobilized S-sub-2’-AMP and immobilized S-sub-5’-AMP and the aEnity to 
immobilized 5-sub-S-AMP was aIways greater than that to immobilized S-&J-~‘- 
AMP. 

Phosphorylase 
Phosphorylases from rabbit brain and potato showed a very weak afhnity to 

both immobilized S-sub-2’-AMP and immobilized S-sub-5’-AMP. However, it has 
been reported that phosphorylase a had a strong afhnity to N6-(aminohexyl)-S-AMP- 
agarose35 and 8-(a.minohexyl)-5’-AMP-agarose’g in af6nit.y chromatography. One of 
the reasons for this discrepancy would be the difference in the spacer which was used 
for coupling of 5’-AMP to the matrix. We used allylamine as the spacer [-CH,-NH-S- 
AMP] which had a much shorter hydrocarbon chain than that of hexamethylene- 
diamine [-NH-(CHd&IH-5’-AMP] used for couphng S-AMP to agarose. There- 
fore, the immobilized S-sub-5’-AMP used in our experiment would not be able to 
attach to the S-AMP binding site of phosphorylase, which was localized at the 
subunit interface of the climer of the enzyme and formed a sheItered pockeF. 
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Eflects of NADP’ am2 N_4Dc OK the bh.zYng of immobilized ~-SK&-~-AMP or &sub- 
S-AafP to NADP-dependent or NAD-dependenr dekydrogemses 

As shown in Fig_ ?A, whea a&&y ekctrophoresis of 6-phosphoglxonate 
dehydrogenase (rabbit liver) was carried out using the separating gel containing 
S-sub-2’-AMP-P.4 together with NADP+ (gel No. 1), the electrophoretic mobility of 
the enzyme returned to the native mobility, whereas such a return was not observed 
w&t. NAD+ (gel No. 2). Similar resuks were obtained with malic enzyme (rabbit 
liver) and glucose 6-phosphate dehydrogenase (rabbit Iiver)_ On the other hand, as 
shown in Fig. 7B, when afiinity ekctrophoresis of lactate dehydrogenase isoenzymes 

1 -2 3 4 
_ -. - .-- - --.--- -- _-_--_:‘. 

Fig. 7. Effixts of NADP* and NAD‘ on the binding of immobilized S-s&-2’-AMP or 8-s&5’- 
AMP to NADPdepcndent dehydrogesse or NAD-dependent dehydrogenase. A, 6-Phosphoglu- 
conate dehydrogemse (rzbbit liver); B, factate debydrogemse isoenzymes (rabbit brzin). Concentra- 
tion of immobilized S-sulk’-AMP or S-subS-AMP together with NADP+ or NiiD’ in the gels: 
A-l. O-05 mM of S-s&Z’-AMP together with 0.02 m4f of NADP’ ; _A-& 0.05 mM of S-sub-T-AMP 
to&m with 0.02 mMof NAD + ; A-3,0.02 m&f of NADP+ ; Al, 0.02 m_W of NAD+ ; B-1,1.0 mM 
of S-sub-S-AMP together with 0.02. mM of NADP+ ; B-Z, 1.0 m&f of S-sub-S-AMP together with 
0.02 mMof NAD+ ; B-3.0.02 m&f of NADP* ; B+O_OZ nci of NAD+. BPB b , tracking BPB band; 
affiD> and LDH>,. activity band of dphosphogluconate dehydrov 2nd lactate dehy- 
drv isoenzynmes, rCspaxive.Iy_ 



. (rabbit brain) was carried out using the separating gel containing S-sub3’-AMP-PA 
together with NADP+ (gel No. 1); the retardation of the mobiities of the isoenzymes 
did not ‘decrease, whereas the retardation of- the mobilities of the isoeuzymes was 
decreased with NADc (gel- No. 2). These results -indicate that. the immobilized 
8-su*h-T-AMP binds to the NADP4 binding site of NADP-dependent dehydkogen- 
ase s~e&kally and the immobiicd S-sub-S-AMP binds to tEre_NAD+ binding site 
of NAD-dependcut dehydrogenase specif&lly. This binding speci&ity - of immo- 
bilized S-sub-2’-AMP and immobilized S-sub-S-AMP suggests that the phosphate 
group at the position 2’ of the adenine ribose moiety of NADP+~ and 2’4MP is 
important for the binding of these adeuine uucleotides at the coenzyme binding site 
of NADP-dependeut dehydrogenase. 

Afhuity electrophoresis is a simple and userl method for exploring bio- 
specific interactions. Recently, studies of many biospecific interactions by this method 
have heeu reported~.2J.3745. In this paper, we have presented its applications to the 
study of the interaction between NADP-dependent dehydrogenases and immobiked 
S-sub-2’-AMP. By our method, the dissociation constants of enzymexoewme 
analogue interactions can be determined with a very small amount of the enzyme 
(kss thau 0.1 mg) in a few hours. Further, there is no need to puriw the enzyme. 
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