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ABSTRACT: Transaldolase (EC 2.2.1.2) was purified from bo- 
vine mammary gland to a specific activity of 4 IU/mg by a 
combination of ammonium sulfate precipitation and chro- 
matography on DEAE-Sephadex A-50, Sephadex G-100, 
and DEAE-cellulose. This purification procedure was found 
to be reproducible within + 10%. The enzyme appears to be 
homogeneous as judged from sedimentation equilibrium and 
sedimentation velocity experiments in the ultracentrifuge. 
An aqueous and neutral solution of this transaldolase prepa- 
ration is stable a t  2" for at least 8 weeks. No evidence was ob- 
tained for the requirement of a cofactor. The molecular 
weight (M> determined by equilibrium sedimentation and 
thin-layer gel chromatography was found to be 65,000 i 2%. 
From sedimentation velocity experiments a sedimentation 
coefficient s20,w of 3.67 S was obtained. The diffusion con- 
stant and the frictional ratio were calculated from M and s20,w 

T ransaldolase (D-sedoheptulose 7- phosphate:^-glycer- 
aldehyde 3-phosphate dihydroxyacetone transferase, EC 
2.2.1.2) catalyzes fructose-6-P + erythrose-4-P $ sedoheptu- 
lose-7-P + glyceraldehyde-3-P. 

When transaldolase isolated from Candida utilis is incu- 
bated with fructose 6-phosphate in the absence of the accep- 
tor, erythrose-4-P, a stable enzymatically active intermediate 
accumulates (Horecker et a[., 1961 ; Venkataraman and 
Racker, 1961). This intermediate has been identified as a 
Schiff base containing dihydroxyacetone linked to  the E- 

amino group of a lysine residue of the enzyme (Horecker et 
al, 1963). Further evidence for the azomethine structure of 
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to be 5.5 x lo-' cm2 sec-1 and 1.37 S, respectively. Apparent 
K ,  values for the substrates fructose 6-phosphate and eryth- 
rose 4-phosphate were determined to  be 2 X lop4 and 7 X 
10-6 M. The enzyme is stable between pH 4 and 9 and has an 
optimum activity at pH 8.2. In contrast to transaldolase from 
Candida utilis transaldolase from bovine mammary gland was 
completely inactivated by treatment with sodium borohy- 
dride at pH 6.0 and 2" in the absence of substrate fructose 6- 
phosphate. The rate of inactivation, however, was strongly 
enhanced by the addition of substrate. No radioactively la- 
beled amino acid derivative could be detected in the acid hy- 
drolysate with two different methods, when the enzyme was 
treated with borohydride in the presence of excess U-14C-la- 
beled fructose 6-phosphate. The results are discussed and 
compared to the structural and catalytic properties reported 
from the yeast enzyme. 

the intermediate was presented by demonstrating the addi- 
tion of HCN to the isolated transaldolase-dihydroxyacetone 
complex (Brand and Horecker, 1968). Histidine residues in 
transaldolase from yeast were reported to have a specific 
function in removing the proton from the C-4 hydroxyl group 
of fructose 6-phosphate and thus promoting the aldol-cleavage 
reaction (Brand et al., 1969). 

It is known that transaldolase is widely distributed in mi- 
croorganisms, plants, and animal tissues. So far, however, 
the enzyme was purified only from various types of yeast 
cells (Pontremoli et al., 1961, Venkataraman and Racker, 
1961 ; Tsolas and Horecker, 1970). No isolation from animal 
tissues is reported in the literature. 

In the present work a purification procedure of transaldo- 
lase from bovine mammary gland is described. Furthermore 
results obtained from studies on the molecular and kinetic 
properties of the enzyme and its modification by sodium boro- 
hydride are presented. 
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TABLE I : Transaldolase Activity in Different Bovine Tissues. 

Sp Act. (IU x 
mg of Extract Act. (IU X g 

Tissue of Tissue-I) Protein-') 

Pancreas 1 53 0.010 
Testis 0.82 0,007 
Mammary gland 1 38 0.020 
Kidney 1.61 0.011 

Thymus 0.32 0.002 
Adrenal gland 0 74 0.005 

Materials 

Bovine mammary gland and the other tissues were freshly 
supplied by the local slaughterhouse. D-Erythrose 4-phos- 
phate, fructose 6-phosphate, NADH, NADPH, ATP, a- 
glycerophosphate dehydrogenase, triosephosphate isomerase, 
hexokinase, and the protein calibration kit for the molecular 
weight determination by thin-layer chromatography were 
purchased from Boehringer Man+eim, Germany. Sodium 
borohydride was obtained from Fluka AG, Buchs, Switzer- 
land, and Coomassie Brilliant Blue R 250 from Serva Entwick- 
lungslabor, Heidelberg. Sephadex G-100, G-100 Superfine, 
G-50, and A-50 were products of Pharmacia Fine Chemicals 
Inc., Frankfurt. DEAE-cellulose was purchased from W. and 
R. Balston Ltd., Maidstone, England. The gels and ion ex- 
changers were used according to the recommendation of the 
producers. [ 4CIFructose 6-phosphate was prepared from 
[14C]fructose with adenosine triphosphate and hexokinase 
(specific radioactivity 124,000 dpm/gmole of fructose 6-phos- 
phate). Uniformly labeled [l 4C]fructose was purchased from 
Nuclear Research Chemicals Inc., Orlando, Fla. Transaldo- 
lase (type 111) was purified and crystallized from C. utilis 
according to the procedure described by Tsolas and Horecker 
(1970).Davies buffer was prepared according to Davies (1959). 

Methods 

Protein concentrations were determined by the Biuret 
method (Layne, 1957). Transaldolase activity was assayed as 
described by Tchola and Horecker (1966). The concentration 
of fructose 6-phosphate and erythrose 4-phosphate in the assay 
mixtures were 2.65 X lop3 and 1.89 X lop4 M respectively. 
Enzyme activity is expressed in International Units. Fructose 
6-phosphate and erythrose 4-phosphate were measured en- 
zymatically using transaldolase, triosephosphate isomerase, 
and a-glycerophosphate dehydrogenase. 

Radioacticity was measured in a Tracerlab Model LSC 40 
liquid scintillation counter, using the solvent of Bray. Quench- 
ing corrections were made with an external standard and the 
caIculations from counts per minute to disintegrations per 
minute were carried out with an Olivetti Computer Pro- 
gramma 101, 

Amino acid analyses were performed according to the 
method of Spackman et a/. (1958) with a Spinco Model 120B 
automatic amino acid analyzer, equipped with a high-sen- 
sitivity cuvet (6-mm light path) and a recorder for the 4- to 
5-mV range. The accuracy of the analyses was 5 %  at the 5-  
nmole range. Acid hydrolysis was carried out at 110" for 24 
hr with 5.7 N HC1 (constant boiling) in a sealed evacuated 
Pyrex tube. For comparison amino acid analyses were per- 
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formed under the same conditions with acid hydrolysates of 
yeast enzyme. 

High-voltage paper electrophoreses of acid hydrolysates 
were carried out on Schleicher & Schiill 2043B paper in 1.5 
M formic acid (pH 1.8) at 4000 V (75 mA) for 35 min. Reduc- 
tion with sodium borohydride was accomplished at pH 6 
and 2". pH and temperature were carefully controlled through- 
out the experiment. A 0.5 M aqueous solution of sodium boro- 
hydride and simultaneously about the same volume of 0.25 
M acetic acid was added continuously by means of a Techni- 
con standard AutoAnalyzer pump to maintain the pH at 6.0. 

Molecular Weighf determination. The molecular weight of 
the enzyme was determined by thin-layer chromatography 
on Sephadex G-100 and by sedimentation equilibrium experi- 
ments in the ultracentrifuge. The first method was carried 
out with a commercial apparatus of Boehringer Mannheim 
using Sephadex G-1 00 superfine and the following standard 
proteins of known molecular weight: cytochrome c, chymo- 
trypsinogen, ovalbumin, and albumin. Proteins were stained 
by the procedure of Radola (1968) with Coomassie Brilliant 
Blue R 250. 

Sedimentation equilibrium experiments were carried out 
according to van Holde (1967) with a Beckman Model E 
analytical ultracentrifuge equipped with uv optics and a pho- 
toelectric scanning system, using a six-channel centerpiece. 
Measurements were made at 280 nm. The light path was 12 
mm. The rotor speed was kept constant within *0.15% by 
an electronic speed control unit. The solution columns were 
underlayed with 0.01 ml of an inert oil, Fluorocarbon 43, to 
give sharp bottom lines. The enzyme was dialyzed against 
100 mM sodium phosphate buffer before use. The same buffer 
was used in the reference channels. 

The sedimentation coeficient was determined from sedi- 
mentation velocity experiments carried out at 25" and 44,000 
rpm. Double-sector charcoal-filled Epon centerpieces were 
used. A multiplexer accessory allowed the use of multicell 
rotors. 

Results 

PuriJication o/ Transaldolase. Unless otherwise stated, all 
operations were carried out at 0-5". pH and conductivity 
values refer to this temperature too. In the chromatography 
steps, fractions were collected automatically using a LKB 
7000 Ultrorac fraction collector. The effluent was monitored 
for protein at 280 nm, pH, and conductivity and the fractions 
were assayed for enzyme activity. 

In order to find a suitable source for purifying transaldo- 
lase several bovine tissues were tested for transaldolase ac- 
tivity. As shown on Table I lactating mammary gland, kid- 
ney and pancreas contained the highest transaldolase activity. 
Comparing specific activities in cell extracts from different 
bovine tissues mammary gland was found to be the most suit- 
able source to isolate transaldolase. 

STEP 1. EXTRACTION. Six 100-g portions of frozen tissue 
were sawed into small pieces and homogenized with six 
400-ml portions of Davies buffer (pH 4.0) in a blender at 
room temperature for 3 min. The homogenate was centrifuged 
for 20 min at 20,OOOg and 20". The supernatant was sucked 
off through a paper filter (Schleicher & Schiill no. 5891) and 
the volume adjusted to 3000 ml with Davies buffer (pH 4.0) 
(fraction Anll of Table 11). 

STEP 2. AMMONIUM SULFATE PRECIPITATION. To fraction 
An/l ammonium sulfate (873 g) was added under stirring at 
20". The mixture was allowed to stand for 10 min and then 
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TABLE 11 : Purification Procedure of Transaldolase from Bovine Mammary Gland. 

Ammonium sulfate fraction 

Extract Alj l  3000 
A211 3000 
A311 3000 
A411 3000 
A511 3000 
A112 60 
A2/2 60 
A312 60 
A412 60 
A512 60 

Combined ammonium sulfate fractions B/l 300 
Sephadex G-50 B/2 1130 
DEAE-Sephadex A-50 C 1000 
Concentrated DEAE-Sephadex A-50 Djl 25 
Sephadex G-100 D/2 122 
DEAE-cellulose DE-52 E 10 

0.112 
0.117 
0.115 
0.126 
0.133 
1.90 
2.47 
2.64 
3.12 
3.10 
2.55 
0.68 
0.73 

28.50 
4.91 

40.80 

336 3.49 
351 2.98 
345 2.77 
378 2.79 
399 3.11 
114 11.30 
148 12.10 
158 11.60 
187 13.50 
186 14.10 
765 12.40 
768 4.12 
7 30 0.73 
712 12.40 
599 1.62 
408 10.61 

0.032 
0.039 
0.041 
0.045 
0.042 
0.168 
0.204 
0.227 
0.231 
0.219 
0.205 
0.165 
1.000 
2.290 
3.030 
3.840 

100 1 .oo 

43.8 5.27 

42.2 5.15 
42.4 4.14 
40.3 25.10 
39.3 57.50 
33.1 76.10 
22.5 96.40 

heated to  35" in a bath within 40-50 min. When a temperature 
of 35" was reached, the pH was adjusted to  3.6 with 2 N HC1 
and the mixture was stirred for an additional 10 min. After 
centrifugation at 20,OOOg and 2" for 20 min, the supernatant 
was treated with 697 g of ammonium sulfate at 2" under con- 
tinuous stirring for another 10 min. The precipitate was then 
collected by centrifugation for 20 min at 20,OOOg and 2", and 
suspended in 35 ml of Davies buffer. After 10-min stirring 
the turbidity was removed by centrifugation for 10 min at 
35,OOOg and 2". The supernatant was adjusted to pH 7.6 with 
2 N NaOH and the volume was brought to 60 ml with Davies 
buffer (pH 7.6) (fractions A1/2 to  A512 of Table 11). At this 
state the material can be stored at -40" for several weeks 
without loss of activity. The procedure described was re- 
peated four times yielding fractions A112 to A5/2. Purification 
and yield in this step do strongly depend on pH. Therefore 
the pH should be strictly maintained in the range of 3.5-3.7. 

STEP 3. FILTRATION THROUGH SEPHADEX G-50. Fractions 
A1/2 to  A512 were thawed and combined (fraction Bjl of 
Table 11). Sephadex G-50 was packed into a 85-mm column 
to a height of 585 mm and equilibrated with 0.02 M Tris buffer 
(pH 7.6). Fraction B/l (300 ml) was applied to this column 
and eluted with 0.02 M Tris buffer (pH 7.6). Fractions (200) of 
15 ml each were collected at a flow rate of 16 ml/min. The 
protein containing fractions were identified by uv absorption 
and combined (fraction B/2 of Table 11). 

(FIGURE 1). A 40-mm column was packed to a height of 355 
mm with DEAE-Sephadex A-50 equilibrated with 0.02 M Tris 
buffer (pH 7.6). Fraction B/2 (ca. 1100 ml) was applied to  
this column and the first eWuent (ca. 1100 ml) was discarded. 
Elution was carried out with a linear Tris gradient, from 0.02 
M Tris-HC1 buffer pH 7.6 to 0.42 M. The reservoir and mixing 
bottle each contained 2 I. of the appropriate solution. The 
head of pressure was 50 cm. Fractions (200; 200 drops/frac- 
tion) were collected and assayed for enzyme activity and pro- 
tein at 280 nm. The enzymatically active fractions were com- 
bined and brought to a volume of 1000 ml with 0.02 M Tris- 
HCl buffer (pH 7.6; fraction C of Table 11). 

STEP 5. FILTRATION THROUGH SEPHADEX G-100. Fraction 

STEP 4. CHROMATOGRAPHY ON DEAE-SEPHADEX A-50 

C (1000 ml) was concentrated by precipitation with 561 g of 
ammonium sulfate under continuous stirring. After 10 min the 
precipitate was collected by centrifugation at 35,OOOg and 2" 
for 10 min. The precipitate was suspended in 15 ml of 0.004 
M triethylamine-0,001 M EDTA buffer (pH 6.5), turbidity was 
removed by centrifugation, and the final volume was brought 
to  25 ml (fraction Djl of Table 11). A 2.5-cm column was 
packed to a height of 100 cm with Sephadex G-100 medium 
and equilibrated with 0.004 M triethylamine-0,001 M EDTA 
buffer (pH 6.5). Fraction D/ l  was applied to the column and 
eluted with the same buffer. Fractions containing transaldo- 
lase activity were pooled (fraction D/2 of Table 11). 

STEP 6. CHROMATOGRAPHY ON DEAE-CELLULOSE. A 17-mm 
column was packed to a height of 300 mm with DEAE-cellu- 
lose (Whatman DE-52) and equilibrated with the buffer used 
in step 5 .  Fraction D/2 was applied to the column and eluted 
with the same buffer. Fractions (120; 200 drops/fraction) 
were collected and assayed for protein and enzyme activity. 

FIGURE 1 : Chromatography of transaldolase preparation on DEAE- 
Sephadex A-50. For details, see purification procedure (step 4). 
Transaldolase activity (A) was measured in each fraction spectro- 
photometrically as described in Methods (Ezao = absorbance at 
280 nm; x = conductivity; Vel = effluent volume). 
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FIGURE 2: Effect of pH on transaldolase. To determine the effect 
of pH on the stability of transaldolase (A), the enzyme was exposed 
for 10 min to the pH values given and the activity was tested at pH 
7.6. The effect of pH on the reaction velocity (0) was tested by 
measuring the activity at the pH values given. 

The active fractions were pooled and concentrated in I;acuo 
at 30". The turbidity was removed by centrifugation a t  
35,OOOg and 2" for 10 min. The supernatant was brought to  a 
volume of 10 ml with distilled water (fraction E of Table 11). 

This final fraction can be stored for several months a t  -40" 
without loss of enzymatic activity. The aqueous neutral solu- 
tion of the enzyme was found to  be stable for at least 8 weeks 
when kept at 2". The procedure resulted in a 100-fold purifi- 
cation with a recovery of 22 %. The transaldolase preparation 
was found to  be homogeneous in ultracentrifugation analyses 
and free of the following enzyme activities: aldolase, glyc- 
erin-3-phosphate dehydrogenase, lactate dehydrogenase, 
phosphoglucose isomerase, glucose-6-phosphate dehydrogen- 
ase, and 6-phosphogluconate dehydrogenase. 

Effect of pH on Transaldolase. As shown on Figure 2, the en- 
zyme is stable in the range between pH 4 and 9. From the pH- 
activity profile it appears that the pH optimum of transaldo- 
lase lies between 7 and 9 falling sharply on either side. 

Kinetic Constants. Apparent Michaelis constants were 
determined in 0.1 M triethylamine-0.01 M EDTA buffer (pH 
8.0) at 25". Under these conditions the apparent K,  for fruc- 

-2 0 4 9  50 Y [mil 51 

F I G U R E  3 : Data from equilibrium sedimentation of transaldolase 
obtained with three different protein concentrations (Cl, Cz, and 
C,$). In order to calculate the correct values for the square of the 
distance from the rotation center (r2) the following equations have 
to be used: curve C,, rz  = u ;  curve CZ, rz  = u + 6.9 cm2; curve Ca, 
r 2  = 11 + 13.3 cm2. For experimental details, see the Methods 
section. 

I 
20 1.0 60 80 100 120 140 t [m~n] 

FlGURE 4 : Inactivation of transaldolase from bovine mammary 
gland by reduction with sodium borohydride at pH 6 and 2" (curve 
1, without fructose 6-phosphate; curve 2, with fructose 6-phosphate; 
A = enzymatic activity). Experimental conditions: 1 mg of trans- 
aldolase preparation (specific activity 4 IU/mg) was dissolved in 
20 ml of 0.02 M triethylamine buffer (pH 6.0). The reaction mixture 
was cooled to 2'. A 0.5 M solution of sodium borohydride and 
simultaneously a 0.25 M acetic acid were continuously added to the 
mixture at  a rate of 15 and 7.5 pmoles per min, respectively. In in- 
tervals of 10 min, aliquots were taken and assayed for transaldolase 
activity. The final volume was 28 ml. The values for the residual 
activity were corrected for dilution. Each curve represents the 
mean values from three experiments. 

tose 6-phosphate was 2 X M and for erythrose 4-phos- 
phate 7 x M. 

Molecular Weight. The molecular weight of the enzyme was 
determined by thin-layer gel chromatography and sedimenta- 
tion equilibrium centrifugation (Figure 3). In the second 
method a partial specific volume of the enzyme protein of 0.746 
cm3/g was assumed as reported for yeast transaldolase type 
I11 (Tsolas and Horecker, 1970). Both methods yielded a 
value of 65,000 i 2 %. The linear shape of the curves in Fig- 
ure 3 indicates the molecular homogeneity of the enzyme 
preparation. 

The sedimentation coefficient determined by sedimentation 
velocity experiments in the ultracentrifuge was found to be 
3.67 S i 3 %. From the molecular weight and the sedimenta- 
tion coefficient the diffusion constant and the frictional ratio 
were calculated to be 5.5 X 10-7 cm2/sec and 1.37, respec- 
tively, which is typical for globular proteins. 

Reduction with Sodium Borohydride. As demonstrated on 
Figure 4 treatment of the enzyme with sodium borohydride 
caused a rapid loss of enzyme activity in the presence of sub- 
strate fructose 6-phosphate. In the absence of substrate the 
inactivation proceeded at  a slow rate. In  both cases, however, 
prolonged exposure to borohydride eventually caused a com- 
plete loss of activity. Under the experimental conditions no 
inactivation was observed when borohydride was omitted. In 
parallel experiments with higher protein concentrations simi- 
lar inactivation reactions were observed. 

In order to study the mechanism of inactivation by borohy- 
dride, about 5 mg of animal transaldolase and the same 
amount of yeast transaldolase were treated in parallel experi- 
ments with borohydride in the presence of excess of uniformly 
I4C-labeled fructose 6-phosphate. The inactivated enzyme 
was hydrolyzed with 5.7 N HC1. The acid hydrolysates were 
used for amino acid analyses and high-voltage paper elec- 
trophoreses to  examine whether 14C-labeled amino acid de- 
rivatives were formed during borohydride reduction. Figure 
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FIGURE 5 : High-voltage electrophoresis of acid hydrolysates of 
yeast transaldolase and animal transaldolase after reduction with 
borohydride in the presence of excess [U-1*C]fructose 6-phosphate. 
Treatment with borohydride was performed as described in the 
legend of Figure 4. Protein concentrations were 5 mg/ml. 80 p1 of 
the acid hydrolysate of animal transaldolase, correspondng to 0.8 
mg of protein, and 20 p1 of the acid hydrolysate of the yeast trans- 
aldolase, corresponding to 0.3 mg of protein, were applied to high- 
voltage electrophoresis. The amino acids were located by spraying 
with ninhydrin. The chromatograms were cut into 1-cm sections for 
counting radioactivity. For experimental details, see the Methods 
section. 

5 shows high-voltage electrophoresis of acid hydrolysates of 
yeast and of animal transaldolase. Radioactivity measure- 
ments shown on the upper part revealed that no radioactivity 
was incorporated into the separated amino acids in case of 
animal transaldolase, while in yeast enzyme the usual radio- 
active peak corresponding to 14C-labeled P-glyceryllysine 
was found. 

Another part of each acid hydrolysate was applied to a 
short column of the amino acid analyzer in order to separate 
the basic amino acids. As can be seen on Figure 6 a small peak 
before the lysine peak appeared in the case of yeast enzyme. 
From earlier experiments (Lai et al., 1967) it is known that 
this peak corresponds to  P-glyceryllysine. In the case of ani- 
mal transaldolase, however, no P-glyceryllysine could be de- 
tected. 

In order to study whether 14C-labeled substrate is cova- 
lently bound to the enzyme after treatment with sodium boro- 
hydride the inactivated complex was repeatedly passed through 
a Sephadex G-50 and the radioactivity was incorporated into 
the protein fraction measured. After the first filtration about 
0.8 equiv of fructose 6-phosphate was found to be incorpo- 
rated into the protein fraction while after the second passage 
only 0.02 equiv of fructose 6-phosphate remained attached to 
the protein. From this result it appears that in contrast to the 
yeast enzyme borohydride reduction does not yield a cova- 
lently linked enzyme-substrate intermediate. 

Discussion 

Since until now transaldolase has been isolated only from 
various types of yeast cells (Pontremoli et al., 1961; Ven- 
kataraman and Racker, 1961 ; Tsolas and Horecker, 1970), 
it was of interest to purify this enzyme from mammalian tis- 
sue. A comparison of transaldolase from various sources ap- 
pears to be relevant since in the case of fructose 1,6-diphos- 

0 20 0 I O  M rnl 

FIGURE 6: Amino acid analyses of acid hydrolysates of yeast trans- 
aldolase (left) and animal transaldolase (right). The same acid 
hydrolysates as described in the legend of Figure 5 were used. In 
this figure only the analyses of the basic amino acids separated on 
the short column of the Beckman amino acid analyzer are shown. 
For details, see the Methods section. 

phate aldolase two different classes are known: class I aldo- 
lase being a Schiff base enzyme and class I1 aldolase obtained 
from yeast and microorganisms being a metal enzyme. From 
the various mammalian tissues tested (Table I) mammary 
gland was found to be the most suitable source for the isola- 
tion of transaldolase. It should be emphasized, however, that 
the cellular concentration of transaldolase and also that of the 
other enzymes of the pentose phosphate pathway in all the 
mammalian tissues tested is extremely low. Because of this 
low concentration, the lack of information in the literature, 
and the special properties of the tissue used, a new purifica- 
tion procedure had to  be worked out, based mainly on mod- 
ern chromatographic techniques. Starting from a specific 
activity of the tissue extract in the range of 0.01-0.04 IU/mg 
it was possible to purify the enzyine up to a specific activity 
of 4 IU/mg corresponding to a 100- to 300-fold purification. 
The final meparation was found to  be stable at 4" and pH 7.6 
in aqueous solution for at least 8 weeks indicating that no 
proteolytic enzymes are present. The preparation was also 
found to be free of a variety of enzymes of the glycolytic and 
the pentose phosphate pathway. The pattern of the ion-ex- 
change chromatography, however, revealed usually more 
than one peak with transaldolase activity, possibly due to the 
presence of isoenzymes. In spite of the high purification all 
attempts to crystallize the enzyme failed. The values for the 
apparent Michaelis constants for fructose 6-phosphate and 
erythrose 4-phosphate were by a factor of 3 lower than thosc 
reported from yeast enzyme (Tsolas, 1967). The pH profile 
is similar to that of the yeast enzyme with a pH optimum be- 
tween 7 and 9. 

The determination of the molecular weight by thin-layer 
gel chromatography and sedimentation equilibrium centrif- 
ugation yielded identical values of 65,000 + 2%. Comparing 
the hydrodynamic parameters of yeast (Tsolas et al., 1970) 
and animal transaldolase it appears that both enzymes are 
very similar in size and shape (Table 111). The data obtained 
from ultracentrifugation studies correspond to those of a 
small globular protein. 

Striking differences, however, between transaidolase from 
mammary gland and yeast have been observed with respect 
to the reaction mechanism. While in case of yeast transaldo- 
lase the occurrence of a Schiff base intermediate duriilg the 
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TABLE III 

Animal Yeast 
Parameter Transaldolase Transaldolase 

M 65,000 65,900 
sz"0.w (S) 3.67 4.24 

f/fk 1.37 1.29 
D & , ~  (cm*/sed 5 . 5 0  x 10-7 6.40 x 10-7 

aldol-cleavage reaction of fructose 6-phosphate has been well 
established (Horecker et al., 1961, 1963) no covalent binding 
of a triose to the enzyme protein could be detected in the case 
of the animal enzyme as judged from studies using the boro- 
hydride technique with I4C-labeled fructose 6-phosphate. In 
parallel experiments carried out under equal conditions with 
both transaldolases no P-glyceryllysine derivative could be 
detected in amino acid analyses of acid hydrolysate from ani- 
mal enzyme and no radioactive amino acid derivative was 
found when the hydrolysate was subjected to high-voltage 
electrophoreses. In control experiments with yeast enzyme, 
however, the presence of IT-labeled P-glyceryllysine with 
both methods could be demonstrated. Borohydride reduction 
in the presence of fructose 6-phosphate was accompanied by 
a complete loss of enzymatic activity in both transaldolases. 
In contrast to the yeast enzyme, however, transaldolase from 
bovine mammary gland was slowly but completely inactivated 
by borohydride also in the absence of substrate. pH 6 has 
been found to be the optimum value for reduction with boro- 
hydride in the cases of fructose 1,6-diphosphate aldolase and 
yeast transaldolase (Horecker et af., 1963) and therefore this 
pH was used also in our experiments. 

The possibility exists that pH 6 is not the optimum value 
for the formation or reduction of the Schiff base intermediate 
in case of mammalian enzyme. If, however, both transaldo- 
lases follow the same mechanism at least part of the enzyme 
should have been found to be labeled under the conditions 
employed. Since only 0.02 equiv of substrate remained bound 
to the enzyme after repeated gel filtration, it is very unlikely 
that a variation of pH would result in a stoichiometric fixa- 
tion of substrate due to the formation of a Schiff base inter- 
mediate. A tight binding of substrate molecules to the animal 
enzyme throughout the purification procedure could also re- 
sult in a temporary blockage of a possible lysine amino group 
at the active site. In case of erythrose 4-phosphate this would 
not affect our results since an  excess of labeled fructose 6- 
phosphate was used. Only an unusual strong binding of fruc- 
tose 6-phosphate or sedoheptulose 7-phosphate, which is 
stable throughout the various purification steps including 

heating to 40" at pH 3.6 could prevent labeling with radioac- 
tive substrate. 

The chemical nature of the inactivation of animal enzyme 
by borohydride both in the absence as well as in the presence 
of substrate fructose 6-phosphate is not yet clear. 

The accelerated inactivation by reduction in the presence of 
fructose 6-phosphate might be due to a substrate-mediated 
change of conformation making certain functional groups 
more accessible to the reducing agent. Evidences for sub- 
strate induced conformational changes have been reported 
by Brand (1970) in case of the yeast enzyme. 

Since no covalent linkage of the substrate moiety to animal 
transaldolase could be detected, a different mechanism has to 
be assumed, which does not involve formation of a Schiff 
base intermediate during aldol cleavage of fructose 6-phos- 
phate. The results reported here do not allow to propose an 
alternative mechanism of action. Further investigations, 
mainly on the basis of kinetic studies, should provide addi- 
tional informations about the different reaction mechanisms 
of transaldolases. 
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