
DETERhGNATLON OF THE INTERACFION OF EAmATE DEHYDROGE- 
NASE W?XH HIGEi-MOLECULAR-WEIGHT DERIVATXVES OF AMP BY 
AFFlNITy ELECTRBPHORESIS 

Ikstitute of Macromokcufar Ckemiwy, Czeckodovak Academy of Sciences, 162 06 Prague 6 (Czecko- 
Sfbrmkirr) 

and 

M. SEMANSK~ 

ikpartment of BiochemMry, Chtutes University, Alhov 2030, 128 40 Prague 2 (Czechoslovakia) 

(Received February Sth, 1980) 

SUMMARY 

The interaction of lactate dehydrogenase with high-molecular-weight deriva- 
tives of AMP was studied by afbnity electrophoresis in an alkaline buffer system and 
by means of kinetic measurements. AMP was coupfed to synthetic hjdroxypropyI- 
methacrylamide copolymers through @y&e, 6-aminohexauoic and 12-aminodode- 
~anoic sparer arms. The values of the ctksociation constants (K) of the lactate dehy- 
drogenase isoenzymes-immobilii AMP complexes determined by afhnity electro- 
phoresis decreased with increasing length of the spacer arm. Lactate dehydrogenase 
was competitiveiy inhibited by high-molecular-weigfit derivatives of AMP; values of 
the inhibition constants (Ka also depended on the spacer arm: the longer the spacer 
arm the stronger was the interaction between the enzyme and the inhibitor. Kt values 
for high-molecular-weight derivatives of AMP were lower than those obtained for 
free AMP. 

INTRODUaON 

AfRuity electrophoresis is a type of electrophoretic separation of proteins based 
OQ their different afhnities for ligands immobilized in the seperating gel. This method 
represents a convenient tool for the quantitative study of the interaction of proteins 
with immobilized and free ligauds. 

So far, afbui@ electrophoresis In polyacrylamide gels has been used for the 
study of the interaction ofphosphorylases with glycogenrJ, lectins34, a-galactosidase’ 
and antiiodi& with immobilized aud free sugars and trypsin with irrunobilized 
~amiuobeuzamidine derivatives*. ABnity ekctrophoresis in polyacrylamide gel has 
been also used for tie qualitative and quantitative study of the interaction of several 



cnzyms, mostly possessing 2 dinucleotiide fold in their structure, with Blue &xtrarG”. 
lXssoci2tion constants of complexes of lactate dehydrogenase with immobilized 
Cibacron Blue obtained using afhnity eIectrophorc& were in good agreement r&h 
the inhibition constants of the enzyme and Blue Dextran obtained by kinetic measure- 
ments1*-u, zs well as with association constants of enzyme-Cibacron Blue compIcxes 
determined using different&I spectroscopy I3 However, Blue Dextran as a group- . 
specSc aihity medium interacts both with enzymes containing a dinucleotide fold 
aud with some other proteins lo. The possibihty of gpplying afhnity media containing 
more specific li_gands for the study of protein-&and interactions is in some instances 
more advantageous, using both a&&y chromatography and al&&y electrophoresis. 

For the aEini?y chromatography of lactate dehydrogcnasc, immobilized NAD 
or part of its molecuIe are currently used la. In this work the applicability of aflinity 
electrophoresis for the quantitative study of interactions of the enzyme with its 
immobilized inhibitor was empIoyed_ The data obtained characterizing the binding 
parameters were compared with the inhibition constants of lactate dehydrogenasc by 
high-molecular-weight derivatives of AMP and with those of free AMP. 

EXPERIMENTAL 

Bovine heart Iactate dehydrogenase was prepared by the precipitation of 
au aqueous extract of heart muscle with ammonium suIp&e to 65% saturation and, 
after diaIysis, was Iyophilized. AMP was purchased from Re2n21 (Budapest, Huug;ery). 

Copolymers of the 4-nitrophenyl ester of N-methacroyl derivatives of o-amino 
acids were prepared as described by Labsky and Kal.al~s~x6. The moIecnlar weight of 
the polymers was determined by the light-scattering method. 

Coupling of AMP to these polymers was performed by heating the polymer 
@IO mg) with AMP (100 mg) in 3 ml of dimethyl sulphotide in 2 closed vessel at 

50 “C for 5 h. The resulting polymer derivative was dialyscd exhaustively against 50 o/0 
ethanol. The dialyzed solution was evaporated to dryness, the residue was dissolved in 
methanol (2 ml) and the AMP derivative was precipitated with acetone (30 ml). 

Affinity electrophoresis 

Polyacrylamide gel electrophoresis was performed using the 2pp2atus designed 
by Davisi in 2 discontinuous alkaline buffer system*’ according to the standard 
procedure (omitting iarge-pore gel layers). 

Protein samples (SO pg) in 20% glycerol solution (20 ~1) were applied to each 
XI&. (5 x 75 mm) and eiectrophoresis was run at 4 mA per tube for 1.5-2 h. Gels were 
stied specif~cally~*.The migration distances of the zones of lactate dehydrogenase 
isoenzym~ were measured with an 2cur2cy f 0.5 mm. 

The dissociation constants (K) of the complexes of the lactate dehydrogenase 
isoenzymes and immobihzed AMP were obtained by a modification of our original 
method3mg. The values of l/d, - d were p lotted against 11s (4 = mobility on control 
gel,d= mobility on an affinity gel containing 2 molar concentration cE of immobilized 
li_gmd). The straight line yields -l/K as the intercept with the abscissa. 

Affinity geXs were prepared by addition of an appropriate amount of the solu- 
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eion of AMP~maining polymer to the polymerizaeion mixture to give a desired con- 
centration c, of immobilized emqme inhibitor; q was used 3n the range 3.2. 10-5- 
6_4* LO-4 lW_ 

The AMP conce~&~tio~ in the polymer solution was determined specFropho- 
Fometically at 259 nm using a molar extinction coefficient of 15.4 mm01 -1-l - CI&. 

Measurement of tke rate of the reaction catalysed by lactate d&y&ogenase 
The determination of Fhe raFe of rea&on in Fhe direction of lacF&e oxidation 

was based on Fhe spectrophotometic measurement of Fhe hydrazone formed in 
alkaline medium by pyruvaFe and 2,4diitrophenylhydrazine. The reaction mixture 
contained, in 0.6 ml of 0.1 M Tris-acetate buffer @H 9-l), 0.12 mmole of sodium 
lactate, OS-2 pmole of NAD and an appropriate amount of inhibitor. The reaction 
was sFarFed by addition of I pg of enzyme dissolved in 50 ~1 of buffer. The type of 
inhibition and values of the inhibition constants were determined both by the method 
of Lineweaver and Burk and that of Dixon. 

R!sULTs 

Coupling of AMP to kydroxypropylmetkacrylamide copolymer 
By means of CopolymerizaFion of N-(2-hydroxypropyl)meFhacrylamide with 

4-nitrophenyl esters of N-methacroyl derivatives of o-amino acids, copolymers were 
obtained, in which the content of reactive Cnitrophenyl esters was about 3 mole% 
(Fig. I, R = 1, 5, It ; R = bnitrophenyl residue)_ The moIecuiar weight of the 
prepared copolymers was 37,OQO for n = 5 and I I and 42JlOO for n = l_ 

I 
CY 

OH 
1 I 
C-CO-W-Ct-iZ-CX-CH3 

1 1 
CH L I’ J -30 

C&g-$--CO-NH-CCH2’+O-R 

Fig. 1. Struct~ of AMP derivatiws. R: (A) AMP immobilized through the 6-tine group of 
adentne; (B) -NX(CH&X,. 

For coupling of AMP to soluble polymers, Fhe reaction of 4nittophenyl esters 
with the damino group of AMP was employed. AMP was bound to Fhe polymer 
through different spacer arms (Fig. I, R = A, n = I, 5,l I). The same reaction was 
used for the preparation of polymer containing coupled hexylamine (Fig. 1, R = B, 
R= 5). 

A&nity electropkoresis 
The addition of hydroxypropylmethacrylamide copolymers containing coupled 

AMP to polyacrylamide gels caused a decrease in the electrophoretic mobility of 
lactate dehydrogenase &enzymes in comparison with control gels. The decrease in 
electrophoretic mobility is dependent on the concenFraFion of immobiii .4MP in 
ehe polyacrylamide gels_ 
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The control gels were prepsed by an addition of hydroxypropyknethacrylate 
cop&ymer containing no AMP to polyacryhmide gels. The presence of the copolymer 
without a Iigand did not afkct the mobility of lactate dehydrogenase koenzyms, 
indicating no “non-qecifxc” interaction of the poIymer with the enzyme_ To eliminate 
the possible efkct of interaction of lactate dehyckogenase with the spacer arms, 
hydroxypropyhnethacryknide copolymer containing coupled hezylamine was tested. 
The presence of this alIcy polymer derivative in polyacrykmide gel in the same con- 
centration as the poiymer AMP derivatives did not afkct the ekctrophoretic mobility 
of lactate dehydromase &enzymes under the experimental conditions. Similar 
results were obtained with the alkyl derivatives of dextmn which were prepared 
according to Nakamun ef al.=, used for the detection of hydrophobic interactions in 
the case of lactate deh~drogena&*. 

In the preparation of bovine heart lactate dehydrogenase, three isoenzymes 
were detected, which diXer slightly in their interaction with immobilized AMP. The 
apparent dissociation constants of lactate dehydroge;las&mmobiIkd AMP com- 
plexes cakulated from the dependence of the electrophoretic mobility on A_MP 
concentration are given in Table I. 

TABLE I 

DI5j.S0CIA-l-iON CONSTANTS OF LACTATE DEHYDROGENASE ISOENZYMES AND 
IMMOBILIZED AMP COMPLEXES DEXERMINED BY MEANS OF AFFiNlTY ELECIRO- 
PtiOREsIs 

Po!y mcr = K(M) 

HPnfA No interaction observed 
!XPhfA-C&-hC@ No interaction o’bser%zd 
HPMA-C~ATUP VJeak interaction 
I-IPkfA-&AMP 2.7 - 10-J 2.3 - lo-’ 1.9 - lo-’ 
H.P,CLGc&A_MP 3.9 - lo-’ 3-7 - fo-= 27 - Ii)--’ 

lIpM.A = &droxypropyinxXhzcry~te polymer; C, = glycine residue; G = 6-zuxinohexanoicacid 
residue; C, = 12-amincdodecanoic acid residue_ 

Kinetic znearurement of inhibition of lactate dehyc5ogenase by AMP am2 its high- 
molecular-xefght &riwtP~es. 

Free AMP and AMP coupled to hydroxypropylmethacrylamide copolymer 
through spacer arms of different IenW& were found to decrease the rate of the reaction 
catiysed by lactate dehydrosenase from bovine heart muscle. The dependence of the 
reacGon rate either on the concentration of coenzyme (NAD) or on the concentration 
of inhibitor indicated that all derivatives of AMP as well as free AMP acted as 
com~xtitive inhibitors to coenzyme (Fig. 2). From these dependences the values of the 
inhiiition constants were calculated (Table II). As can be seen, all high-znolecular- 
weight derivatives of AMP were characterized by a higher aEnity to the enzyme than 
free AMP; values of the inhibition constants were one order of magnitude lower for 
high-molecuk-weight derivatives than for free AMP. Values of the inhibition con- 
stants depended on the Iength of the spacer arm. The lowest aEnity of the enzyme was 
O~XXWXI with tEe shortest spacer arm. The rate of the enzyme reaction was not infiuen- 
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Fe. 2 Determination of iobiiition constaots for bovine heart factate dehydrogesase snd derivatives 
of AMP. I, No inhibition; 2, inhiiition by free AMP (5.7 - IO-’ M); 3, inhibition by HPMA-& 
AMP (concentration of coupkd AMP, 5 - lo-* ~%f). C = concentration of NAD (M); V = rate of 
reaction (in International Units). 

TABLE H 

lNHLBZ.TION OF LACTATE DEMYDROGENASE FROM BOVINE HEART MUSCLE BY 
AMP AND ITS HIGH-MOLECULAR-WEIGHT DERIVATIVES 

Values of Kr determked from kinetic measurements_ 

AMP 5.4 - 10-s 
HPMA-C&lMP 5.9 - lo-’ 

HPMA_CGAMP 2.0 - lo-’ 
HPMA-CUAMP 1.0 - lo-’ 
HP,MA No inhibition . 
HPMA-crbewI No in&b&ion 

‘HPMA = hydroxypmpytiwkk polp~~; Cr = glycine residue; G = 6aminobexanoic acid 
residue; C, = 12-aminodod~ok acid residue. 

ted by bydroxypropyhnethacqkmide copolymer alone, or by this copolymer con- 
taining coupkd bexyt residues. 

The results show that the strength of the interaction of lactate dehydrogenase 

with derivatives of AMP increased with increasing spacer arm length from C, to C6, 
whereas almost no mereace was observed between C6 and C, spacer arms. These 
observation aze in a good agreement with the results of Hipwell et aLzz 0x1 tile afiinity 
chromatography of lactate dehydrogenase on homologous series of immobilized N6- 
aminoakyI--AMP- This phenomenon could be explained by an improved steric 
accessibility of the ligand bound through a longer spacer arm and/or by the fact that 
the spacer arm contriiutes to the binding of the enzyme. However, our resuks have 
shown that high-molecuk-weight derivatives containing coupled hexyl residues 
without AMP do not interact with the enzyme studied_ The contribution of the spacer 



arm ta the binding of lactate debydro,cenase to AMP derivatives was also suggested by 
Hipwell et al_= 

ISI a previous paJd” we described the application of a.Enity efectrophoresis to 
a qua&t&ve study of the interaction of lactate dehydrogenese isoemqms with 
immobilized Cibacron Blue- Disation constants of complexes of lactate dehy- 
drogenase and immobilized Cibacron Blue determined by aEnity electrophoresis 
agreed satisfactorily with values of inhibition constants (Kr) determined kinetically” 
and aIso with dissociation constants measured spcctrophotometrically13_ by the case of 
-high-molecular-weight derivatives of AMP used in the present work, values of the 
dissociation constants of enzyme-immobilized inhibitor complexes determined by 
means of aEinity ekectrophoresis are in good rqeement with the constants of inhibition 
of lactate dehydrogenase by free AMP (our results and ref. 23) determined kinetically. 
However, interesting data were obtained from kinetic measurements of the inhibition 
of lactate dehydrogenase by AMP derivatives coupled to hydroqpropylmethacryl- 
amide copolymer. In -&is instance inhibition constants were about by one order of 
mqnitude lower thzn with f= AMP. This fact could ‘be explained by non-biospecik 
iriterference of the spacer arms and/or of hydroxypropyImethacrykmide copolymer, 
which could contribute to the binding of the inhibitor to the enzyme, even though 
hydroxypropylmethacrylamide copolymer zlone or with a coupled spacer arm does 
not interact with the protein and does not affect its enzyme activity_ Such non-bio- 
specitic contributions of the spacer arm arc known to be al%ctcd by the nature of a 
space: arm and by the composition of buEer solution used, mainly by ionic strengthz4_ 

The difference between the dissociation constants of enzyme-immobilized 
inhibitor compIexes determined by z&in&y efectrophoresis and constants of inhibition 
of the Iactate dehydrogenasc activity by high-molecular-weight derivatives of the 
inhibitor might be attributed to several factors : (i) the conditions for the determination 
of inhibition constants by kinetic measurements differed from those in the determina- 
tion of dissociation constzmts by afiinity eIectrophoresis. (ii) Kinetic measurements of 
inhibition constants were performed in the presence of the substrate lactate, whereas 
in aflkity electrophoresis only the interaction of lactate dehydrogenase with im- 
mobilized AMP wzs followed; the presence of the second substrate might influence 
the binding of inhibitor. Analogous phenomena were described for the precipitation 
of lactate dehydrogenase with a bifimctional NAD coupound; &in&y precipitation of 
the enzyme occurred onIy in the presence of substran?. This fact is also used for the 
specific dution of lactate dehydrogenase from an aftinity column”. (iii) Interaction of 
lacttte dehydrogenase with immobilized AMP under the conditions of &inity eIec- 
trophoresis could be stronger than with free AMP, as was determined from kinetic 
measurements; however, higher values of the dissociation constants of enzyme- 
immobilized AMP complexes in comparison with inhibition constants determined 
kineticaNy might be also caused by the Iower effective concentration of immobilized 
ligznd in polyacrylamide gel than the analytical concentration used for the calcrrlation 
of the dissociation constants. 
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