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For several years, data have been presented which suggested that the en- 

zyme aldolase, from rabbit muscle, is composed of three subunits of identi- 

cal, or nearly identical, size and structure (Drechsler et al 1959; Kowalsky - -A, 

and Bayer, 1960; Schachman, 1960; Stellwagen and Schachman, 1962; Deal e 

al,,19653 Rutter et al 1965; and Winstead and Wold, 1964). More recent 3 

data, however, indicate the presence of four subunits of at least two types 

(Her&wits et al,, 1967; Kawahara and Tanford, 1966; Penhoet et al - -A, 1966 

and Rajkumar e_t al,> 1966) including the possibility of two identical half- 

molecules (Chan and Morse, 1967; Lai et al,,19653 Udenfriend and Velick, 

1951). The data to be presented here support this latter model. 

Materials and Methods 

Aldolase was prepared from rabbit muscle by the method of Green and 

Taylor as modified by Drechsler, Boyer and Kowalsky (1959) and recrystallized 

at least four times to a specific activity of 15-17 units/me protein. Fruc- 

tose-1,6-diphosphate, sodium salt (FDP) was obtained from Caibfochem; gly- 

ceraldehyde-5-phosphate dehydrogenase from Boehringer; and NADH and gly- 

cylglycine were obtained from Sigma Chemical Co. Aldolase activity was 
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assayed as described by Rutter et al - -9 1963). A unit of enzyme activity 

is defined as the cleavage of one nmole of substrate per minute. 

Foneol Titrations: Reagent grade formaldehyde (30$) was adjusted to 

pH 9.0 (this was freshly prepared each day). The eneymes in 0.05 g KC1 

were diluted to 5 to 15 mg/ml protein and carefully titrated to pH g.OO- 

9.05, using standardized NaOH solutions of approximately 0.01 g and 0.05 & 

A 5-ml aliquot of the pH 9.0 formaldehyde was added, and the pH apain titrated 

to 9.00-g. 05. Volumes~and concentrations were adjusted to give a total vol- 

ume of 15 ml at the end of the titration. 

Molecular weinht determinations were made by molecular sieve chromato- 

graphy with Sephadex G-200 in a manner similar to that of Andrews (1965). 

A 1.0 cm x 40 cm column was used with 0.05 g tris-HCl, 0.1 M, KCl, 0.005 g 

PDP, pH 7.5 buffer. Two mg of each protein,in a volume of 0.5 ml, was 

layered under the buffer head onto the top of the column bed. Pyruvate kinaso 

was obtained from Mr. Paul Hollenberp and Dr. M. J. Coon of this department, 

and fumarase, k-amino acid oxidase and lipoyl dehydrogenase from the labora- 

tory of Dr. Vincent Massey. The other proteins used were obtained from com- 

merical sources. 

Disc electrophoresis was performed by the technique of Davis (1964). 

Results and Discussion 

The ultraviolet absorbance of aldolase is slowly altered and the enzyme 

develops a yellow color upon incubation with the substrate, FDP. At room 

temperature (ca. 22OC), more than 60 hours are required to complete this 

reaction. Althouph the solution develops a strong yellow color, absorbance 

maximum is at approximately 330 mu, trailing into the visible region, Fisure 

1. The spectral change occurs at protein concentrations ranging from 1 to 

16 mg/ml, with a molar ratio of FDP/aldolase of 1000. Although glycylgly- 

tine, 0.05 Pl, pli 7.5,was used in most incubations, similar results were ob- 

tained with phosphate and Tris-HCl buffers. During the incubation the pH 

dropped from 7.5 to approximately 6.7. 
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1. Fin. Spectrum of Aldolase-Substrate Mixture after 84 hours at ca. 22" C. 
The enzyme (150 mg) at 10 mg/ml protein in 0.05 fi glycylglycine, pH 7.5, 
was placed in a dialysis bag and dialyzed = 30 ml of 0.10 M_ fructose-1,6- 
diphosphate in 0.05 E glycylglycine, pH 7.5, at ca. 22°C. After 84 hours, 
50 ul of the bag contents were diluted to 1.0 ml with dialysis medium and 
the spectrum measured in a Gary Model-14 spectrophotometer s the -same 
dialysis medium as blank. 

Sedimentation velocity (S~O,~ * 5.9 S) and diffusion (D~o,~ = 6.7 x 
-7 2 -1 

10 an set ) measurements on the product gave molecular weights of approxf- 

mately 85,000,indicating a half molecule of aldolase. On dialysis to rezmve 

excess substrate, the product is stable and retairnapproximately 15% of the 

specific activity of the native enzyme, but the intensity of the yellow color 

is decreased. Forsml titration yields 110-113 amino groups per 158,000 mole- 

cular weight units of native enzyme, and 29-34 for the modified protein, thus 

indicating blockage of 65-76 of the lysine c-amino groups suggesting a 

Schiff s base formation with the carbohydrate which apparently stabflizes 

the half-molecule. Amino acid analyses on the product, after reduction with 

sodium borohydride, revealed less than half the expected lysine, and as as- 

yet-unidentified compound. 

The molecular weight determination by molecular sieve chromatography 

with eleven proteins of known molecular weight and Blue Dextran 2000 (mol. 

wt. 2,000,OOO) as standards is shown in Figure 2. Based on 158,000 as mole- 
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Molecular Weight Determination on Sephadex G-200. 
k%ed in the text. 

Gondi t ions are 
Proteins to standardize the column are: 1. cyto- 

chrome c, 2. trypsin, 3. carboxypeptidase, 4. bovine plasma albumin, 5. 
yeast hexokinase, 6. pip heart lipoyl dehydroeenase, 7. venom L-amino acid 
oxidaee, 8. native muscle aldolase, 9. fumarase, 10. liver catzlase, 11. 
pyruvate kinase. 12. is Blue Dextran 2000. 

cular weight for the native enzyme (Kawahara and Tanford, 1966), the mole- 

cular weight of the half-molecule would be ~,OGO. If 41 lysines per half- 

molecule reacted with the dihydroxyacetone-phosphate moiety, the molecular 

weight for the substrate-modified enzyme would be about 84,000. From the 

molecular sieve column, see Figure 2, one arrives at a molecular weight of 

approximately 86,000. 

If  this enzyme-substrate reaction blocks the c-amino proups of the lysine 

residues as suggested by the forum1 titration data, one would expect the 

electrophoretic behavior of the protein to be chanped markedly. The broad 

band for the substrate-modified material on disc electrophoresis, Figure 3, 

suggests a considerable variation in the number of lysine e-amino groups re- 

acted for any molecule. Thus the number determined, by formol titration must 

be an average. There does not appear, however, to be native enzyme present 

to account for the residual activity observed. 
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Fia. 2. Disc electrophoresis of Native Aldolase (left) and Substrate-modi- 
fied Aldolase (right). Arrows indicate the top of the separation eel. 
Sample approxtmately 15 q. 
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