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Structural and CatalyticProperties of L-Alanine Dehydrogenase from Bacillus cereus* (Received for publication, October 1, 1986)



Horea PorumbS, DoinaVanceaQ, Letitia Muresad, Elena Presecanq, Ioan Lascuq, Ion Petrescull, Tudor Porumbq, Radu Pop11 ,and Octavian Bbrzu**$$ From the $Departments of Biophysics, §Microbiology,(Biochemistry, and IlPhysical Chemistry, Medical and Pharmaceutical Institute, Cluj-Napoca, Romania and **Department of Biochemistry and Molecular Genetics, Pasteur Institute, 75724 Paris Cedex 15. France



Alanine dehydrogenase fromBacillus cereus, a nonApparently alanine dehydrogenase is involved primarily in allosteric enzyme composed of six identical subunits, the generation of energy during sporulation (11-13). It is was purified to homogeneity by chromatography on important to understand the evolutionary and metabolic jusblue-Sepharose and Sepharose GB-CL. Like other pyr- tification which leads to theformation of oligomeric enzymes idine-linked dehydrogenases, alanine dehydrogenase in some organisms. In this respect, alanine dehydrogenase is inhibited by Cibacron blue, competitively with re- provides an excellent system for the study of subunit interspect to NADH and noncompetitively with respect to actions. pyruvate. The enzyme was inactivated by 0.1 M glyIn this paper, we describe a simple procedure for the puricine/HCl (pH 2) and reactivated by 0.1 M phosphate fication of alanine dehydrogenase from Bacillus cereus, which (pH 8 ) supplemented with NAD’ or NADH. The reac- may be employedfor both small and large scale purposes. The tivation was characterizedby sigmoidal kinetics indi- structural and catalytic peculiarities of the enzyme are also cating a complex mechanism involving rate-limiting folding andassociation steps. Cibacron blueinterfered outlined, with emphasis on denaturation-renaturationand with renaturation, presumably bycompetition with behavior of soluble and matrix-bound enzyme. NADH. Chromatography on Sepharose GB-CL of the EXPERIMENTALPROCEDURES partially renatured alanine dehydrogenase led to the separation of several intermediates, butonly the hexChemicals amer was characterizedby enzymatic activity. By imAll natural nucleotides and commercial enzymes were products of mobilization on Sepharose 4B, alanine dehydrogenase Boehringer Mannheim. L-Aminoacids came from Merck, Darmstadt, from B. cereus retained 66%of the specific activity of the corresponding 2-oxoacids wereproducts of Sigma. CNBrthe soluble enzyme.After denaturation of immobilized whereas activated Sepharose 4B, Sepharose 4B, and Sepharose GB-CL were alanine dehydrogenase with 7 M urea, 37% of the initial from Pharmacia P-L Biochemicals, Uppsala. Sepharose 4B wascrossprotein was still bound to Sepharose, indicating that linked according to Kristiansen (14), omitting NaBH, from the reon the average the hexamer was attached to the matrix action medium. Cibacron blue 3G-A (Cibacron blue) a product of via, at most, two subunits. The ability of the denatured, Ciba-Geigy, Basel, wascoupled to cross-linked Sepharose 4B as (1300 Ci/mmol) immobilized subunits to pick up subunits from solution described by Bohme et al. (15). [35S]~-Methionine shows their capacity to fold back to the native confor- was from The Radiochemical Centre, Amersham. mation after urea treatment. The formation of “hyGrowth of B. cereus and Preparation of Cell-free Extracts brids” between subunitsof enzyme fromB . cereus and Bacteria (strain 11548 from the Institute Cantacuzino, Bucharest) Bacillus subtilis demonstrates theclose resemblance of the tertiary and quaternary structures of alanine de- were grown a t 37 “C up to the late logarithmic phase in broth with Bacto Peptone, Difco, and meat extract a t pH 7.2. When required, hydrogenases from thesespecies.



Alanine dehydrogenase (L-a1anine:NAD’ oxidoreductase (deaminating), EC 1.4.1.1) catalyzes the reversible deamination of L-alanine to pyruvate. The enzyme of halophilic bacteria consists of one polypeptide chain having a molecular weight between60,000 and 72,000 (1,2). Alanine dehydrogenases from different species of bacillus are composed of six identical subunits of a molecular weight between 38,000 and 48,000; some of their structural and kinetic properties have been investigated (3-10).



* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked “aduertisement” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. $$To whom all correspondence should be addressed Unit6 de Biochimie des Rkgulations Cellulaires, Dkpartement de Biochimie et Ghetique Molkculaire, Institut Pasteur, 28, Rue du Docteur Roux, 75724 Paris Cedex 15, France.



the growth medium was supplemented with 1 mCi of [%3]~-Methionine/liter of culture. The cellular mass (20-25 g wet weight from 10 liters of nutritive medium) was harvested by centrifugation. Bacteria were suspended in 250 ml of Buffer A (50 mM potassium phosphate supplemented with 1mM EDTA and 1.5 mM P-mercaptoethanol) (pH 7.0) and disrupted by sonication at 20 kHz and 120 watts (3 X 4 min) using a model W-220 cell disruptor (Heat Systems Ultrasonics, Inc., Plainview). The suspension was then centrifuged at 100,000 X g for 30 min. The clear yellow supernatant containing 10-12 mg/ml of protein and about 1unit of alanine dehydrogenase activity/mg (standard assay with L-alanine as substrate) could be stored for several weeks at -12 “C without any loss of activity. Purification of Alanine Dehydrogenase All operations were carried out at 0-5 ‘C. First Blue-Sepharose Chromatography-The bacterial extract was adjusted to pH 6 with 0.2 M acetic acid and loaded onto a blueSepharose column (2 X 30 cm), equilibrated with Buffer A (pH 6), at a flow rate of 2 ml/min. The column was washed with 300 ml of Buffer A (pH 6), and then alanine dehydrogenase was eluted with 150 ml of 1 mM NADH in the same buffer. Fractions (10-12ml) containing more than 100 units were pooled. Proteins were concentratedand precipitated by dialysis against saturated ammonium
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Dehydrogenase L-Alanine sulfate containing 1 mM EDTA and 1.5 mM 8-mercaptoethanol. Second Blue-Sephnrose Chromatography-The precipitated protein was pelleted by centrifugation at 10,000 X g for 20 min, dissolved in3 mlof Buffer A (pH 6), and desalted by gel filtrationona Sephadex G-25 column (1 X 20 cm). The enzyme was brought to a volume of 20 ml with Buffer A (pH 6) and loaded at a rate of 0.3 ml/ min onto a 0.8 X 30-cm blue-Sepharose column equilibrated with the same buffer. Alanine dehydrogenase was eluted with a 0-1 mM NADH gradient in Buffer A (pH 6). Fractions containingmore than 50 units were pooled and protein was precipitated by dialysis against saturated ammonium sulfate. Sephnrose GB-CL Chromatography-The precipitated protein was resuspended and desalted as in the previous step, and thenapplied to a 2.5 X 40-cm Sepharose GB-CL column equilibrated with Buffer A (pH 7). Fractions of1.5ml were collected while eluting with this buffer a t a rate of 0.3 ml/min. Enzyme activity and AZW were determined for each fraction. Those fractions having a ratio of enzyme activity (units/ml) to A280 greater than 100 were pooled, precipitated by dialysis against saturated ammonium sulfate, and stored at 4 “C. Fig. 1 summarizes the purification procedure. Analytical Procedures Proteins were determined by the method of Lowry et al. (16) using bovine serum albumin (A% = 6.67) as standard or, in the case of purified alanine dehydrogenase, measuring the optical density at 280 nm and assuming a value of Ai’& = 5.1. Molar concentrations were based on a monomer weight of 42,000. The amount of matrix-bound protein was determined directly as described by Bickerstaff and Price (17). The activity of soluble and Sepharose-bound alanine dehydrogenase was measured in 1-ml final volume, a t 25 “C and 334 or 365 nm using an Eppendorf spectralline photometer equipped with a W+W 4410 type recorder (full scale deflection 0.25 absorbance units). In thecase of immobilized alanine dehydrogenase the cuvette content was continuously stirred using a mixing device adaptable to Eppendorf photometers by simple replacement of the cell holder (18). For accurate pipetting of gel suspension, capillary micropipettes of 5 to 10 pl (Labora, Mannheim)were used. The standardreaction medium contained 0.75 M NH4CI/NH40H buffer (pH9), 10 mM sodium pyruvate, and 0.2 mM NADH (amination reaction),or 0.16 M glycine/
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FIG. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%)of fractions obtained during the purification of alanine dehydrogenase from B. cereus. S , standard proteins, top to bottom: a, bovine serum albumin (68kDa); b, bovine liver glutamate dehydrogenase (53 kDa); c, rabbit muscle creatine kinase (41 kDa); d, pig heart malate dehydrogenase (36 kDa); e, bovine erythrocyte carbonic anhydrase (29 kDa); f, trypsin (23 kDa). The first number in parentheses represents pg of protein loaded in each lane, the second number corresponds to protein (8) recovered after each step of purification, and the third number represents the specific activity (deamination reaction).A, 100,000X g supernatant (18/1.88/ 1.1); B, first blue-Sepharose chromatography (21/0.043/41.2); C, second blue-Sepharose chromatography (21/0.031/49.3); D, Sepharose GB-CL chromatography (20/0.016/70.9); E, same as D, but only 2 pg of protein.
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KOH/KCI buffer (pH 10.5), 40 mM L-alanine, and 1 mM ND+ (deamination reaction). The reaction was started by the addition of enzyme. Polyacrylamide slab gel electrophoresis in sodium dodecyl sulfate was run for 4.5 h on a gel containing 10% acrylamide, 0.4% bisacrylamide, and 0.1% sodium dodecyl sulfate. The molecular weight of native alaninedehydrogenase was determined by correlating the distribution coefficients and molecular weight of standard proteins after chromatography at +4 “C in a 1.3 X 40-cm Sepharose 6BCL column. The binding of Cibacron blue to purified alanine dehydrogenase was followed spectrophotometrically a t 25 “C (19). Denaturation and Renaturation of Alanine Dehydrogenase The enzyme precipitated by ammonium sulfate was sedimented in a Beckman Microfuge and resuspended in an equal volume of “renaturation buffer” (0.1 M phosphate buffer, pH 8, 1 mM EDTA, and 10 mM 8-mercaptoethanol). A volume of 1-10 pl of enzyme was added to 200 pl “denaturation buffer” (0.1 M glycine/HCl buffer, pH 2.0). The duration of the acid incubation was 3-24 min as indicated. Assays of alanine dehydrogenase activity showed that the enzyme lost its activity within the first minute of incubation. The denatured enzyme was diluted 10-fold in renaturation buffer supplemented with NADH (3-150 p~ final concentration).The concentration of protein present during reactivation,as noted in the legends, was in the order of 1-10 pg/ml. The reactivation time course was recorded by taking 2-100-pl samples and assaying for enzyme activity. As the kinetics of reactivation was limited by a bimolecular step (see “Results”), there was no reactivation of the alanine dehydrogenase following its dilution in assay medium. Indeed, control experiments showed that the rate of the alanine dehydrogenase reaction during assay was constant for 23 min. Alanine dehydrogenase activity was measured at 1-2-min intervals for the first 15 min of reactivation, and thenless frequently. The activityafter 18 h was considered to be proportional to the total amountof reactivated enzyme. Individual values of activities a t timet ( A E , ) were plottedas AEt - 1 uersust-’. Assuming a bimolecular reaction, intersection with the vertical axis at time 00 should give AEmaX. Effectively, the plots were linear and without scattered points for times greater than 15 min. The extrapolated value (AE,..) could be directly compared with the measured value (AEfind).Both were identical in many cases, which confirmed the correctness of the bimolecular extrapolation. The extrapolated AEma= value was converted into enzyme activity (units/ml), and then,using a specific activity of 70 units/mg of protein (Fig. l ) , into theconcentration of protein which was reactivated (mg/ml). The lastvalue was further divided by the molecular weight (42,000), thus obtaining the concentration of monomer undergoing reactivation. Two assumptions were implicit in this procedure: (i) thespecies undergoing reactivation was the monomer; and (ii) the reactivated species had the same specific activity as thenative enzyme. This lattercritical assumption was supported by kinetic studies, which showed that reactivated alanine dehydrogenase behaved identically to native enzyme and by the observation that, when renaturation was performed under optimum conditions, the AE6.d was identical to thatof the undenatured control (inother words, the yield of reactivation was 100%). A computer program was used to integrate numerically, in stepsof 0.25 min, the differential equations describing a unibimolecular sequence (20). Immobilization of Alanine Dehydrogenase The procedure for immobilization on CNBr-activated Sepharose 4B has been described by Muresan et al. (21). Following immobilization, alanine dehydrogenase retained about 66% of the specific activity of soluble enzyme, corresponding to an average of 21 units and 0.4 mg of protein/ml of packed gel (with 40 mM L-alanine and NAD’ extrapolated to infinite concentration). Experimental details, when different from those given here, are mentioned in the legend of figures and tables. RESULTS



Molecular and Kinetic Properties of Alanine Dehydrogenase from B. cereus The molecular weight of alanine dehydrogenase as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis was found to be 42,000(Fig. 2A), whereas the molecular weight of the native proteinwas found to be 255,000 (Fig.
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Interaction of Alanine Dehydrogenase with Cibacron Blue Cibacron blue inhibitedalanine dehydrogenase activity competitively with respect to NADH (Ki = 8 and 2.1 p~ at pH 9 and 6, respectively) and noncompetitively with respect to pyruvate (Fig. 3). High affinity of Cibacron blue for alanine dehydrogenase was also demonstrated by the considerable alteration ofdye absorptionspectrum upon binding (not shown). Titration of Cibacron blue on 0.02 M phosphate buffer (pH 7) with different concentrations of alanine dehydrogenase gave a Acess between the bound and thefree dye of 4.54 mM". cm". NADH was able to displace Cibacron blue from its site. Titration of alanine dehydrogenase with different concentrations of Cibacron blue in the presence and the absence of NADH allowed us to determine a Kd value of 6.0 f 0.4 p~ for Cibacron blue and a K d value of 50 pM for NADH.
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Denaturation and Reactivation of Soluble Alanine Dehydrogenase Alanine dehydrogenase from B. cereus was stable even at 1 pg protein/ml in 0.1 M phosphate buffer (pH 8).After 24 h of storage at 25 "C, decrease in activity was less than 10%. The enzyme was relatively stable in acetatebuffer (pH 4), butwas rapidly inactivated in 0.1 M glycine/HCl buffer (pH 2). Alanine dehydrogenase did not reactivate in the absence of pyridine nucleotides, regardless of the buffer or the presence of @-mercaptoethanol, EDTA, bovine serum albumin, or adenine ~
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FIG.2. Determination of the molecular weight of SDS-dis-
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sociated ( A ) and native ( B ) alanine dehydrogenase of B. cereu8. A , the log of the molecular weight is plotted againstmobility
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relative to bromphenol blue for the six standard proteins, indicated in Fig. 1. The arrow indicates the relative mobility of alanine dehydrogenase. B, the log of the molecular weight is plotted against the distribution coefficient (Kd)for seven standard proteins of the following molecular masses: a, horse serum cholinesterase (390 kDa); b, rabbit muscle pyruvate kinase (225 m a ) ; c, beef muscle lactate dehydrogenase (140 kDa); d, pig heart malate dehydrogenase (72 kDa); e, human hemoglobin (64.5 kDa); #,rabbit muscle adenylate kinase (25 kDa); and g, horse heart cytochrome c (13.5 m a ) . K d = ( V, - Vo)/ Vi,where V. is the elution volume of alanine dehydrogenase and of standard proteins, Vois the void volume, and V, is the inner volume.



2B), confirming the hexameric structure of enzyme from B. cereus. Alanine dehydrogenase is specific for L-alanine. At 100 mM L-aminoacid and 2 mM NAD' (pH 10.5), the activity with isoleucine was 4%, with leucine 1.5%, with valine 1%, with serine 1%,and with 2-aminobutyric acid 0.8% of that with alanine. Other amino acids were not deaminated to any detectable extent under the same reaction conditions. The substrate specificity for 2-oxoacids seemed to be lower than that for amino acids. Thus, in 0.75 M NH4Cl/NH40H buffer (pH 9), 0.2 mM NADH, and 10 mM 2-oxoacid, the activity with oxobutyric acid was 23%, with oxovaleric acid 3.8%, and with oxoisovaleric acid 0.5% of that with pyruvic acid. The enzyme had maximum activity for oxidative deamination of L-alanine in the pH range 10.5-11. The optimum pH for the reductive amination of pyruvate was in therange of 8.5-9. The apparent K,,, values for the substrateof the reaction in both directions were of the same magnitude as those for alanine dehydrogenase from Bacillus subtilis and Bacillus sphaericus (4,7), i.e. 0.18 mM for NAD',0.037 mM for NADH, 12.5 mM for Lalanine, 0.48 mM for pyruvate, and 30 mM for ammonia. The V, in the amination reaction (322 pmol/min/mg of protein) was three times larger than that in the deamination reaction (109 pmol/min/mg of protein).
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FIG.3. Inhibition of alanine dehydrogenasebyCibacron blue. A, competitive inhibition at pH9.0 with NADH as the varied substrate; B, competitive inhibition at pH 6 with NADH as the varied



.,



substrate. Pyruvate (10 mM) and NHICl(200mM) were held at high and constant concentrations. C, noncompetitive inhibition at pH9.0 with pyruvate as the varied substrate. NADH (0.2 mM) and NH&l (200 mM)were held a t high and constant concentrations. 0, no inhibitor; 0, 10 p~ Cibacron blue; 20 p~ Cibacron blue; A 30 p~ Cibacron blue.



L-Alanine Dehydroge!rime from B. cereus nucleotides. In the presence of NAD+ or NADH, the yield of reactivation obtained with various preparations was as high as 100%. Reactivation of alanine dehydrogenase was characterized by sigmoidal kinetics (Fig. 4) indicating a complex mechanism involving rate-limiting folding and association steps (22, 23). In fact, the curves could be satisfactorily described in terms of two irreversible reactions, the firstmonomolecular and the second bimolecular, with rate constants k , and k 2 , respectively. An attempt todescribe the reactivation curves in terms of a ‘unique set of rate constants failed. The values of k l showed a definite tendency to increase as the concentration of protein increased (Fig. 4). The values of k 2 showed less tendency to vary, although there was a slight trend for them to decrease as theconcentration of protein increased. Ignoring this tendency, a typical value of 3.8 & 1.4 X lO’.s” M” was obtained by averaging 13 values from experiments in which enzyme was reactivated under similar conditions with 100150 PM NADH. The fact that values of k , and k 2 varied with enzyme concentration indicatesthat reactivation kinetics are complex, involving more than two irreversible steps, such that k , and k 2 are composite parameters, incorporating several rate constants. However, analysis of these complex kinetics of reactivation in terms of a minimum number of parameters, helps to emphasize the essential features of the system. Dependence on NADH Concentration-As mentioned above, reactivation did not takeplace in the absence of NADH or NAD+.The yield, but not the rate, of reactivation increased with increasing NADH concentrations (Table I). Preincubation of acid-denatured alanine dehydrogenase at pH 8 in the absence of NADH enhanced the rate of reacti-
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vation after addition of NADH, but resulted in lower yields (not shown). The enhancement of the reactivation rate of acid-denatured enzyme upon preincubation at pH 8 in the absence of NADH, with retention of the sigmoidal character, indicates the accumulation of some intermediary species in the absence of NAD. The nature of the “NADH block may be inferred from gel filtration experiments (Fig. 5). The “partially folded monomer” of larger hydrodynamic volume could be, for example, a structure in which the “catalytic domain” and the“dinucleotide fold domain” (their existence in alanine dehydrogenase being only speculated on the basis of spectroscopic behavior similar to other enzymes), although fully formed, are not “clamped” to each other. The presence of coenzyme is required for this task. Obviously this “isomerization” step would be monomolecular in protein. However, it cannot be excluded that NADH may act earlier in the pathway. The nature of the species responsible for low yields due to low NADH concentrations was not investigated. Dependence on the Presence of Cibacron B l u e ” h e presence of Cibacron blue decreased the rate of reactivation while the sigmoidal character (the lag) was strongly emphasized
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FIG. 4. Kinetics of reactivation of alanine dehydrogenase after a 7-min denaturation in 0.1 M glycine/HCl (pH 2.0) at 26 O C . The renaturing buffer contained 0.1 mM NADH. Enzyme concentration in terms of monomer was 22.3 nM (A),50 nM (m), and 223 nM (0).100% represents the maximal yield of reactivation. A, k , = 0.6 X lO-’s-’; k2 = 4.7 X lo4 s-l ”I. m, k , = 1.3 X 10-’~-~; k, = 4.0 x lo‘ s-l M-’. 0, kl = 2.3 X 10-2s-1; k 2 = 2.7 X lo4 s-’ M-’.



TABLEI Dependence of reactivation kinetics of alanine dehydrogenase on the Concentration of NADH Alanine dehydrogenase was exposed 15 min to acid pH (0.1 M glycine/HCl, pH 2), then diluted in renaturationbuffer supplemented with NADH as indicated. Enzyme concentration in the reactivation medium (in termsof monomerj was 71 nM. NADH concentration Yield of in the reactivation medium BM
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FIG. 5. Separation of intermediates during the renaturation of alanine dehydrogenase following denaturation by acid. 0.4 mgof [36S]methionine-labeledalanine dehydrogenase (30,000 cpm/ mg of protein) were denatured by incubation for 10 min in 1 ml of 0.1 M glycine/HCl (pH 2.0). Thereafter the enzyme solution was diluted with 9 ml of 0.1 M phosphate buffer (pH 8 ) containing 1 mM EDTA, and 1.5 mM 2-mercaptoethanol ( B ) ,or with 9 ml of the same buffer supplemented with 0.15 mM NADH (C). After 30 min of incubation at 25 “C, samples were concentrated to 1mi byultrafiltration on ice, supplemented with 20 units each of pyruvate kinase, lactate dehydrogenase, and malate dehydrogenase and subjected to gel chromatography on Sepharose GB-CL (1.3 X 40-cm column). Fractions of 0.8 ml were collected at a flow rate of 5 ml/h. Full bars indicate the positions of peak activities of marker enzymes. Broken burs indicate the positions of the alanine dehydrogenase monomer, dimer, trimer, tetramer, calculated from the calibration curve made with the three marker enzymes on the basis of the 42,000-dalton monomer. A, represents the chromatographic profile of the native alanine dehydrogenase.
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on protein undergoing reactivation. Other sitesof lower affinity may also become occupiedat higher dye concentration. As a resultof the binding of dye, one or several species undergoing reactivation are reversibly removed from the main pathway. It can be envisaged that one such species is the intermediate which binds NADH, the dye thus antagonizing the effect of coenzyme at this stage. Binding to other sites, perhaps less specifically, could interfere with other stages prior to or after the NADH step, e.g. reassociation or refolding.
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FIG. 6. Effect of Cibacron blue on the kinetics of reactivation of alanine dehydrogenase after a 3-min denaturation in 0.1 M glycine/HCl (pH 2.0) at 25 “C. Renaturing buffer contained 238 nM alanine dehydrogenase (in terms of monomer), 0.1 mM NADH, and 10 p~ (m) or 20 p~ (A)of Cibacron blue. At the time indicated by the arrow, bovine serum albumin (1 mg/ml) was added to thereactivation medium. The control sample (0)contained a t the outset 20 p~ Cibacron blue and bovine serum albumin (1mg/ml).



(Fig. 6). Both k l and k 2 tended to decrease with increasing dye concentration (not shown). For Cibacron blue concentrations higher than 30 pM, reactivation was completely abolished, even in the presence of0.6mM NADH. The inhibitory effect of Cibacron blue on the rate of reactivation could be reversed by removal of dye with excess bovine serum albumin. In an experiment where protein was reactivated in the presence of 20 MM Cibacron blue, bovine serum albumin was added when it had regained one-third of its activity. The subsequent points were normalized and fitted as if all the inactive protein had been in the unfolded form. The curve thus obtained was strictly superimposable over the control curve obtained with denatured enzyme, bovine serum albumin, and Cibacron blue present together from the very beginning (Fig. 6). The significance of this finding, in addition to proving the reversibility of the Cibacron blue effect, is not clear. With due caution (since Cibacron blue was found to have strong nonspecific affinity for proteins (24)) it may be argued that thedye binds specifically to a sitealready present



By immobilization on Sepharose 4B, alanine dehydrogenase from B. cereus retained 66% of the specific activity of the soluble enzyme. The affinity of the immobilized enzyme for NH:, pyruvate, and L-alanine was not significantly different from that of the soluble form. Nevertheless, the Sepharosebound alanine dehydrogenase displayed an affinity for pyridine nucleotides that was 6-8 times lower than that of the soluble form (21). Incubation of immobilized alanine dehydrogenase with 7 M urea resulted in complete inactivation within 20 min. Thirty-seven percent of the initial proteinwas still bound to Sepharose after the gel was washed, indicating that on the average the hexamer was attached to the matrix by only two of its subunits. Incubation of denatured, immobilized alanine dehydrogenase with acid-denatured, soluble enzyme from either B. cereus or B. subtilis (a commercial preparation from Boehringer Mannheim) led to “reconstitution” of 40-48% of the initialactivity of matrix-bound enzyme (Table 11). DISCUSSION



Alanine dehydrogenase from B. cereus is a nonallosteric enzyme composed of six identical subunits. Each subunit has a molecular weight of 42,000. The competitive character of inhibition by Cibacron blue with respect to NADH, as well as the features of the difference spectrum of bound/free dye, places alanine dehydrogenase close to other pyridine-linked dehydrogenases such as alcohol dehydrogenase, lactate dehydrogenase, malate dehydrogenase, or glucose-6-phosphate dehydrogenase, all of which are characterized by the presence of the conformational feature called “dinucleotide f o l d (25,



TABLEI1 Reconstitution of active immobilized alanine dehydrogenasefollowing denaturation by urea 8 ml of Sepharose-bound alanine dehydrogenase (corresponding to 1.4 ml of packed gel and 0.47 mg of protein) were centrifuged a t 1000 X g for 3 min, and the supernatantwas removed by suction. 20 ml of 7 M urea in 0.1 M phosphate buffer (pH 8) were added to the gel. Twenty minutes later, the suspension was centrifuged, urea was removed by repeated washings with 0.1 M phosphate buffer (pH 8), and thegel was resuspended in 16 ml of the same buffer supplemented with 1.2 ml of 50 mM NAD+ solution. The gel suspension was divided into four fractions of 4 ml. In three separate tubes, 40 pl of soluble alanine dehydrogenase (35S-labeledenzyme from B. cereus, corresponding to 0.28 mg of protein and 9500 cpm; nonlabeled enzyme from B. subtilis, corresponding to 0.44 mg of protein; or a mixture of the two enzymes) were treated with 0.4 ml of 0.1 M glycine/HCl (pH 2.0). After 20 min, when the soluble enzyme was inactivated by at least 90%,each of the threesamples was added to 4 ml of denatured immobilized alanine dehydrogenase. After 2 h, the gel was washed several times alternately with 0.1 M borate buffer (pH 8) plus 0.5 M NaCl and 0.1 M acetate buffer (pH 4.5) plus 1 M NaCl and finally resuspended in 2 ml of 0.1 M phosphate buffer (pH 8). For each fraction of immobilized dehydrogenase enzyme activity (deamination of L-alanine), proteins and radioactivity were determined. Enzyme preparation
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100 0.342 Immobilized alanine dehydrogenase Urea-denatured immobilized 1.3 alanine dehydrogenase 0.127 Reconstituted immobilized alanine dehydrogenase With soluble enzyme from B. cereus 0.272 With soluble enzyme from B. subtilis 0.248 0.295 With soluble enzvme from B. cereus and B. subtilis
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L-Alanine Dehydrogenase from B. cereus 26). However, unlike the above mentioned enzymes, alanine dehydrogenase binds weakly to blue-Sepharose at pH values higher than 6.5, even at low ionic strength, and iseasily eluted from the matrix with 1 mM NADH at pH 6. Leucine dehydrogenase from the same strain of B. cereus, which has an affinity for free dye similar to that of alanine dehydrogenase, binds much more strongly to blue-Sepharose (eluting only at pH 8 and 1 M NaCl), indicating that itis the hydrophobic environment within a protein in the vicinity of positively charged residues that confers the ability to interact with the sulfonate group of the dye. The kinetics of reactivation of acid-denatured alanine dehydrogenase of B. cereus were consistent with the usual biphasic mechanism for the reconstitution of several oligomeric enzymes. Unfolded monomer
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Out of several possibilities, two reactivation pathways are suggested which are in agreement with the kinetic state presented so far. (i) The partially folded monomer (M*) cannot associate into dimers before isomerization induced by NADH (“clamping of the two domains”). NADH depletion results in low yield due to branching to “X.”Wrongly paired oligomers, “XX,” formed after the NADH or the dimerization step, also account for loss of activity.
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The dye (CB) binding to U (the unfolded protein) slows down the rate of renaturation. The dye can also compete with NADH for M* or slow downassociation of all otheroligomers. (ii) The NADH block results in accumulation of monomers and dimers (D). Only the “activated dimer” (D*) produced after binding NADH can lead to higher order oligomers. The block at the level of dimer (or higher) can be reconciled with the gel filtration experiment (Fig. 6) by assuming that the monomer-dimer step is reversible, with equilibrium fully favoring the monomer.



U



k,



,i



M S D



1



CB



k;



D.NADH



) I D*



kl



-



T+ H



1



For bothschemata the final stages in the formation of hexamer would probably be rapid. With the aforementioned reserve, it is likely that all other stagesin the reaction pathway are effectively irreversible. At least to some extent, this is consistent with the finding with immobilized alanine dehydrogenase that there is no rapid dissociation of hexamer into monomers (21). The ability of denatured immobilized subunits of alanine dehydrogenase to pick up subunits from solution proves their capacity to fold back to the native conformation after urea
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