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SUMMARY 

A new enzyme, galactose-6-phosphate dehydrogenase has 
been purified about 50-fold from goat liver. The enzyme can 
be distinguished from the nonspecific hexose-6-phosphate 
dehydrogenase and glucose-6-phosphate dehydrogenase by 
its high substrate specificity and absolute pyridine nucleotide 
requirement. In contrast to the hexose-6-phosphate dehydro- 
genase, this enzyme is located exclusively in the cytoplasmic 
fraction of the cell. The enzyme is a metalloprotein and is 
highly sensitive to mercurials. The product of the reaction is 
possibly a ketoaldose, phosphorylated at the primary alco- 
holic group. 

We have recently reported the presence of a new enzyme in 
mammalian liver that specifically oxidizes galactose 6-phosphate 
in the presence of NAD (1, 2), galactose 6-phosphate has not yet 
been shown as a normal metabolite for any tissue or organism. 
Inouye et al. (3) claimed that the compound accumulated in red 

blood cells under galactosemic conditions but this has been 
disputed by Ng (4). In 1966, Ohno et al. (5) and Shaw (6) detected 
the presence of a dehydrogenase in mammalian liver which could 
oxidize both glucose g-phosphate and galactose g-phosphate quite 
efficiently in the presence of both NAD and NADP. This enzyme 
was later found to be identical with the well known microsomal 
glucose dehydrogenase (7). Because of the much lower K, values 
for both galactose B-phosphate and glucose 6-phosphate in 
comparison to glucose, glucose dehydrogenase was renamed as 
hexose-g-phosphate dehydrogenase. Because both hexose-6- 
phosphate dehydrogenase and galactose-6-phosphate dehydro- 
genase could utilize galactose g-phosphate as a substrate in the 
presence of NAD, a detailed study regarding the differences in 

property and the separate identity of the two enzymes was in 
order. Along with the above aspect of the problem, this paper is 
also concerned with a general characterization of the new enzyme, 
galactose-6-phosphate dehydrogenase. 

MATERIALS AND METHODS 

All of the biochemicals used for this work were purchased from 
Sigma Chemical Co. The mixed bed resin, Rexyn 300 was pur- 
chased from Fisher Scientific Co. The sodium salt of galactose 
g-phosphate was assayed for any possible contamination of alcohol 
with alcohol dehydrogenase. The compound was found to be 
virtually free of alcohol. This precaution was taken to avoid any 

possible confusion that might arise because of the presence of 
alcohol dehydrogenase in our enzyme preparations (8,9). Calcium 
phosphate gel was prepared according to the method of Keilin 
and Hartree (10). The reducing value of the sugars was deter- 
mined by the method of Nelson (11). Estimation of inorganic 
phosphate was carried out following the method of Lowry and 
Lopez (12). In purified enzyme fractions, protein was determined 
by the method of Warbura and Christian (13). For some other 
samples the method of Lowry et al. (14) was used. 

Galactose-6-phosphate dehydrogenase was routinely assayed 
spectrophotometrically. The usual assay mixture contained in a 
total volume of 1 ml, 100 pmol of potassium phosphate buffer, 
pH 7.6, and 0.5 cmol of NAD. The reaction was started by the 
addition of 1 pmol of galaetose g-phosphate. The rate remained 
linear for more than 5 min and could be very conveniently meas- 
ured by following the increase in absorbance at 340 nm. One unit 
of the enzyme was defined as the amount of enzyme needed for 
the formation of 1 wmol of NADH per min. The optimum pH of 
the enzyme was found to be around 8.4, when the enzyme was 
assayed with glycylglycine buffer. But at this pH there was often 
a nonspecific increase in absorbance which complicated the ac- 
curate determination of the rate. For some experiments however, 
the phosphate buffer for the routine assay was replaced either by 
100 Mmol of glvcvlnlvcine buffer. uH 8.4. or bv elvcine buffer, pH 
9.6;which is-mentioned in the appropriate pl&&“in the text. 

For the assay of the nonspecific hexose-6-phosphate dehydrogen- 
ase, galactose B-phosphate was not normally used as the substrate. 
The enzyme was usually assayed in a total volume of 1 ml, con- 
taining 100 pmol of potassium phosphate buffer, pH 7.4, and 
1 umol of NAD. The reaction was started bv the addition of 500 
rmol of glucose and the rate of increase in absorbance at 340 nm 
was followed over a period of 5 min. Control blanks without glu- 
cose were simultaneously run. Assay of the enzyme at pH values 
over 9 often posed some problems because of a rapid increase in 
absorbance even in the absence of the substrate. This was also 
noted by Beutler and Morrison (7). In such cases, the enzyme 
could be conveniently assayed in the presence of NADP because 
the nonspecific increase in absorbance was much smaller when 
NADP was used instead of NAD. Lactic dehydrogenase and 
glucose-6-phosphate dehydrogenase were assayed following the 
standard methods described in Refs. 15 and 16. Glyoxalase I was 
assayed according to the method of Racker (17). 

RESULTS 

Pur$cation of Enzyme-Since our preliminary communication 
on this enzyme (l), the purification procedure has been somewhat 
modified and extended. The enzyme being highly sensitive to the 
presence of ethylenediaminetetraacetate, it was omitted from the 
extraction medium. Unless otherwise stated all of the operations 
were carried out at 5-6”. A typical purification procedure with 
goat liver proceeded as follows. Twelve grams of freshly frozen 
goat liver were taken into 36 ml of 0.02 M sodium phosphate 
buffer, pH 7.4. The liver was homogenized in a Waring Blendor 
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for 60 s. The homogenized suspension was centrifuged at 12,000 
X g for 30 min. The supernatant was now treated with a solution 
of protamine sulfate (2% w/v) until the volume of added prota- 
mine sulfate was 15% of the original volume of the supernatant. 
After standing for 10 min the precipitate was centrifuged at 
12,000 x g. The protamine sulfate-treated supernatant was now 
subjected to fractionation with the increasing ammonium sulfate 
concentration. Solid, recrystallized ammonium sulfate was 
slowly added to the supernatant with constant stirring until the 
amount of the ammonium sulfate present, as determined at 0”, 
was 35% of its saturating concentration. The accumulated 
precipitate was rejected and to the supernatant another quantity 
of ammonium sulfate was slowly added until 55% saturation 
was obtained. The centrifuged precipitate was collected and 
redissolved in 5 ml of 0.02 M sodium phosphate buffer, pH 7.4. 
The solution was dialyzed for 6 hours with one change against 
the same buffer. Two milliliters of the dialyzed solution contain- 
ing approximately 40 mg/ml of protein was then treated with 
calcium phosphate gel. Two milliliters of the gel (16 mg dry 
weight per ml of solution) was lightly centrifuged and the 
centrifuged gel was added to 2 ml of the dialyzed enzyme solution. 
The gel was mixed with stirring for 3 min and then centrifuged 
at 2,000 x g. The enzyme was not absorbed on the gel and was 
further purified on a DEAE-cellulose column. 

Coarse mesh DEAE-cellulose, purchased from Sigma Co. was 
thoroughly washed. About 2 g of washed DEAE-cellulose was 
used to prepare a column of about 22 cm in height with diameter 
of 1.6 cm. The column was first equilibrated with 0.02 M sodium 
phosphate buffer, pH 7.4 One milliliter of enzyme solution 
containing 0.35 unit of galactose-6-phosphate dehydrogenase 
activity and 20 mg of protein was now absorbed on the column 
and the column was then eluted with increasing concentrations 
of sodium phosphate buffer of the same pH. The rate of flow was 
maintained at 15 drops/min and 2.5 ml of the eluted sample was 
collected in each tube. The column was eluted with 40 ml of each 
of 0.02 M, 0.04 M, 0.07 M, and 0.1 M of sodium phosphate buffer, 
pH 7.4. The enzyme which was unabsorbed in the column 
usually came out between tubes 7 to 10. Two to three tubes 
containing about 80% of the total eluted activity were now 
combined and the enzyme was reprecipitated with the addition 
of ammonium sulfate. The enzyme which precipitated between 
40 to 60% of saturating ammonium sulfate concentration was 
redissolved in 1 ml of 0.02 M sodium phosphate buffer, pH 7.4. 
When kept frozen at - 10” the enzyme was found to be stable for 
3 to 4 days. Because the spectrophotometric assay could not be 
used on the crude extract, the yield and purification at this stage 
is expressed in terms of the total activity present in the super- 
natant fraction after protamine sulfate treatment. The final yield 
over the protamine sulfate fraction was usually between 50 to 
55% and the enzyme was purified about 30-fold over this frac- 
tion. The respective yield and purification during the various 
stages of purification are presented in Table I, 

Separation from Hexose-&phosphate Dehydrogenase-During 
the purification of the enzyme, the hexose-6-phosphate de- 
hydrogenase activity was also assayed in the various fractions. 
More than 60% of the total activity of this enzyme was precipi- 
tated between 0 to 35’% of the saturating concentration of 
ammonium sulfate. The remaining activity was ultimately 
completely separated from the galactose-6-phosphate dehydro- 
genase on the DEAE-cellulose column (Fig. 1). Hexose-B- 
phosphate dehydrogenase which was measured in terms of the 
glucose dehydrogenase activity was eluted with 0.07 M sodium 

as expected, also showed activity when assayed with galactose 
6-phosphate as substrate and NAD or NADP as the hydrogen 
acceptor. The rate of oxidation of galactose 6-phosphate however 
was considerably slower than in case of glucose indicating that in 
goat liver at least glucose is much more efficiently oxidized than 
the hexose 6-phosphates by this enzyme. In contrast to this 
enzyme fraction, the fraction containing galactose-6-phosphate 
dehydrogenase activity failed to catalyze oxidation of glucose 
under different conditions of pH and glucose concentrations. 

Substrate Spec$Gty-The purified enzyme from the goat liver 
obtained after the second ammonium sulfate treatment was found 
to be completely free of glucose-6-phosphate dehydrogenase and 
hexose-6-phosphate dehydrogenase. The enzyme was found to be 
absolutely specific both for galactose 6-phosphate and for NAD. 
Our previous report that NADP could partially replace NAD (1) 
was shown not to be correct with this purified enzyme. A large 
number of sugars and sugar phosphates including glucose, 
galactose, fructose, mannose, glucose 6-phosphate, mannose 6- 
phosphate, glucosamine 6-phosphate, glucose l-phosphate, 
galactose l-phosphate, and fructose g-phosphate were tested both 
at pH 7.4 and 9.6 and with NAD and NADP as the potential 
electron acceptors. No significant increase in absorbance at 340 
nm was detected with any of these compounds as the substrate. 

The clear difference between galactose-6-phosphate dehydro- 
genase and the nonspecific hexose-6-phosphate dehydrogenase 
was also evident when the enzyme preparations were obtained 
from rat liver. The two enzymes from the rat liver could be 
separated by basically following the same procedure as that 

TABLE I 

Purijication of galactose-6-phosphate dehydrogenase from goat liver 

step 

- 
Total 

rctivity 
Total 

protein 
Yield Specific 

activity 

Crude 
Protamine sulfate.. 

Ammonium sulfate. 

Calcium phosphate gel.. 
DEAE-cellulose column.. 

Second ammonium sulfate. 

units w 

2.43 600 106 

2.33 280 96 
2.18 126 90 
1.41 14 58 
1.24 8.4 51 

unitdmg 
protein 

x 10’ 

0.40 

0.83 
1.73 

10.10 

14.5 
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FIG. 1. Separation of galactose-6-phosphate dehydrogenase 
and hexose6phosphate dehydrogenase on DEAE-cellulose 
column. O---O indicates the elution pattern of the proteins 
from the column. O-O, denotes the activity of galactose-6- 
phosphate dehydrogenase in various tubes. The activity of hexose- 

phosphate buffer between tubes 38 to 42. This enzyme fraction, g-phosphate dehydrogenase is indicated B----H. 
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developed for the goat liver. Ten grams of freshly excised rat liver 
were homogenized in 30 ml of 0.02 M potassium phosphate buffer, 
pH 7.4. The suspension was centrifuged at 12,000 x g for 30 min. 
The crude homogenate was treated with protamine sulfate 
exactly in the same manner as described for goat liver. The 
supernatant obtained after the protamine sulfate treatment was 
separated into two fractions of 0 to 40% and 40 to 55y0 of 
saturating concentration of ammonium sulfate. The precipitates 
obtained from both these fractions after centrifugation were 
separately redissolved in 5 ml each of 0.02 M sodium phosphate 
buffer pH 7.4. Hexose-6-phosphate dehydrogenase was pre- 
cipitated completely in the 0 to 40% fraction whereas galactose- 
6-phosphate dehydrogenase was obtained almost exclusively in 
the 40 to 55% fraction. The difference in substrate specificity 
between these two fractions at two different pH values and 
using both NAD and NADP as the potential oxidants is shown 
in Table II. The substrate specificity of the 0 to 40% fraction 
followed very closely the substrate specificity obtained for the 
hexose-6-phosphate dehydrogenase in rat liver by Beutler and 
Morrison (7). In contrast, the other fraction containing galactose- 
g-phosphate dehydrogenase could oxidize galactose 6-phosphate 
alone only in presence of NAD, thus clearly indicating the 
separate identity of galactose-6-phosphate dehydrogenase from 
the nonspecific hexose-6-phosphate dehydrogenase in the rat 
liver system. 

pH Optimum-Galactose-6-phosphate dehydrogenase was 
found to be active over a wide range of pH. The enzyme could be 
conveniently assayed at pH 7.4 in 0.1 M sodium phosphate buffer 
or around pH 9.2 in glycine-sodium hydroxide buffer. Using 
glycylglycine buffer of varying pH and saturating concentration 
of the substrate, the optimum pH of the enzyme was determined 
to be 8.4 (Fig. 2). When glycylglycine buffer was replaced by 
Tris-hydrochloric acid buffer, the rate was found to be con- 
siderably lower though the nature of the pH curve remained 
basically the same. 

Determination of &-The Michaelis constant for galactose 6- 
phosphate was determined for the enzyme at pH 7.4 with phos- 
phate buffer and at pH 8.4 with glycylglycine buffer. The 
substrate saturation curve followed the usual Michaelis-Menten 
kinetics at both the pH values. The K, when plotted according 
to the method of Lineweaver and Burk came out to be 1.5 mM 
at pH 7.4 when the concentration of NAD was kept at a fixed 

TABLE II 

Differences between galactose-6-phosphate dehydrogenase and hexose- 
b-phosphate dehydrogenase from rat liver in relation to specificity 

towards substrates 

The method for obtaining the two fractions are described in the 
text. 

Substrate 

Galactose 6-phosphate., 
Galactose 6-phosphate., 
Galactose g-phosphate. 
Galactose 6-phosphate. 
Glucose............... 
Glucose............... 

C0lKeKP 
tration 

?nM 

1.0 
1.0 
1.0 
1.0 

500.0 
500.0 

-- 

- 

CCXllZplle PH 3alactose 
6-phos- 
phate 

dehydro- 
genase 

lexose-6- 
hosphate 
dehydro- 

genase 

NAD 7.4 22.5 4.3 
NAD 9.6 20.0 6.0 
NADP 7.4 0.0 9.8 
NADP 9.6 0.0 15.0 
NAD 7.4 0.0 20.0 
NAD 9.6 1.2 18.0 

Activity 
(bA/min) X 10’ 

level of 1 mm (Fig. 3). No significant variation in the value of K,,, 
was observed with the change of pH. At a fixed concentration of 
galactose B-phosphate (1 mM) , the Ii, for NAD was calculated to 
be 0.6 mM at pH 7.4 (Fig. 4). 

Localization of Enzyme-For the determination of the localiza- 
tion of the enzyme, freshly excised goat liver was homogenized 
and fractionated according,to a modified method of Schneider 
and Hogeboom (18). The excised liver was first cut into small 
pieces. About 2 g of the liver were suspended in 14 ml of 0.25 M 
sucrose containing 0.02 M sodium phosphate buffer, pH 7.4. The 
cells were homogenized in a Potter-Elvehjem type glass homog- 
enizer with a glass pestle. The operation was repeated four times, 
so that a total of 8 g of liver were homogenized in a total volume 
of about 60 ml. The nuclear fraction consisting of nuclear 
material, whole cells, and cell debris was obtained by centrifuging 
the homogenate for 20 min at 600 x g. For washing, the pre- 
cipitated mass wa6 resuspended in 5 ml of the same medium and 
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FIG. 2. Galactose-6-phosphate dehydrogenase activity as a 
function of pH. Enzyme activities were determined in 0.1 M 
glyeylglycine buffer of varying pH containing 2.8 mM of galactose 
6-phosphate, 1 mar of NAD, and requisite amount of galactose-6- 
phosphate dehydrogenase. 
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FIG. 3. Determination of apparent Michaelis constant for 
galactose B-phosphate. Each assay mixture contained in a total 
volume of 1 ml, 166 pmol of sodium phosphate buffer, pH 7.4, 1 
amol of NAD, requisite amount of purified galactose-6-phosphate 
dehydrogenase, and varying amounts of galactose 6-phosphate. 
Reciprocal of the rate was plotted against the reciprocal of galac- 
tose g-phosphate concentration. 
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FIG. 4. Determination of apparent Michaelis constant for NAD. 
Each assay mixture contained in a total volume of 1 ml, 100 pmol 
of sodium phosphate buffer, pH 7.4, 1 pmol of galactose 6-phos- 
phate, requisite amount of purified galactose-6-phosphate de- 
hydrogenase and varying amounts of NAD. Reciprocal of the rate 
was plotted against the reciprocal of NAD concentration. 

recentrifuged at the same speed. The supernatant, after the 
separation of the nuclear fraction, was centrifuged at 1000 x g 
for 20 min and the precipitate collected at this stage was rejected. 
The supernatant of 1000 x g was then centrifuged for 10 min at 
9000 x g. The precipitate collected at this stage was washed twice 
in the same medium and at the same speed. The washed fraction 
was designated as the mitochondrial fraction. The supernatant 
of QOOO x g was further centrifuged at 20,000 x g for 20 min to 
remove any unwanted mitochondria still remaining in the 
supernatant. The supernatant from this treatment was centri- 
fuged at 100,000 x g for 40 min. The pellet collected at this stage 
was washed once in the same medium and was presumed to 
contain the microsomal fraction. The supernatant after 100,000 
x g centrifugation was designated as the soluble supernatant. 

The soluble supernatant was fractionated with ammonium 
sulfate in two portions. Both of the precipitates obtained with 
0 to 38% and 38 to 55% saturation of ammonium sulfate were 
redissolved in 3 ml of 0.02 M sodium phosphate buffer, pH 7.4. 
The washed nuclear, mitochondrial, and microsomal fractions 
were finally disrupted by freezing and thawing four times in 5 ml 
of 0.02 M sodium phosphate buffer containing 0.5% sodium 
cholate. The disrupted nuclear and mitochondrial fractions were 
finally centrifuged at 40,000 x g for 20 min. The microsomal 
fraction was centrifuged at 100,000 x g for 20 min. Both galac- 
tose-6-phosphate dehydrogenase and the hexose-8phosphate 
dehydrogenase were assayed in the clear supernatants of the 
various fractions. The hexose-g-phosphate dehydrogenase 
activity was assayed with glucose (500 mM) and NAD (1 mM) as 
substrates at pH 7.4. The results of such an experiment are 
shown in Table III. Galactose-6-phosphate dehydrogenase 
appears to be almost exclusively a cytoplasmic enzyme as almost 
90% of the total activity is present in the soluble supernatant 
fraction. The localization of the hexose-6-phosphate dehydro- 
genase is generally consistent with the earlier report of the 
localization of this enzyme (7). 

Metal Ion Involvement-During the purification of galactose-6- 
phosphate dehydrogenase, we observed that the presence of even 
low concentrations of ethylenediaminetetraacetate rapidly 
destroyed the enzyme activity. On addition of ethylenediamine- 
tetraacetate at 5 mM concentration, the enzyme was almost 

TABLE III 

Localization of galactose&phosphate dehydrogenase and hezose-6- 

phosphate dehydrogenase in subcellular fractions from goat liver 

Fraction 

Nuclear. . 
Mitochondrial 
Microsomal. 
Soluble supernatant 

35yo ammonium sul. 
fate............. 

35-55% ammonium 
sulfate. 

Galactosc6-phosphate 
dehydrogenase 

Hexose-6-phosphate 
dehydrogenase 

I- 

;pecifi< 
ctivit: 

(fL*it/ 
m;&*x 

0.11 
0.10 
0.18 

0.19 

1.53 

Total 
ctivity 

units 

0.10 
0.10 
0.31 

0.30 

3.4 
- 

‘er cell 
If total 
ctivity 

2.3 
2.3 
7.2 

mit/ng 
x 101 

0.41 
0.24 

12.40 

7.2 1.64 

81.0 0.40 

Specific 
activity i 

1 

- 

Total 
rctivity 

units 

0.37 
0.27 

20.60 

1.55 
1.13 

86.20 

1.94 8.2 

0.72 3.0 

1 

1 

Per cent 
of total 
activity 

immediately deactivated by about 40%. When the enzyme was 
preincubated for 10 min in presence of ethylenediaminetetra- 
acetate at 10 mM concentration, the activity was completely lost 
(Table IV, A). To check if the inactivated enzyme could be 
reactivated in presence of specific metal ions, the inactivated 
enzyme was precipitated with 70% saturation of ammonium 
sulfate and redissolved in 0.02 M glycine-sodium hydroxide buffer, 
pH 8.4. The inactive enzyme was then dialyzed against the same 
buffer for 4 hours and then tested for reactivation with various 
metal ions. A large number of metal ions were used between 5 mM 
to 50 mM concentrations but except for Ca.+ none of the metal 
ions were found to restore the activity even partially (Table IV, 
B). Ca2+ ion at a concentration of 10 mM restored about one-third 
of the original activity. Increasing the concentration of Cat+ 
however did not significantly further increase the activity of the 
inactivated enzyme. Addition of Znzf at 10 mM concentration led 
to some nonspecific precipitation of proteins. These were removed 
by centrifugation. The clean supernatant was found to be devoid 
of any activity. Fresh addition of Zn2+ (10 mM) in the assay 
medium failed to restore any enzyme activity. 

Involvement of Suljhydryl Group-The enzyme was also found 
to be highly sensitive to the treatment of p-chloromercuri- 
benzoate (Table V). The enzyme could also be inactivated with 
iodoacetate but the concentration of iodoacetate needed was 
considerably higher than in the case of p-chloromercuribenzoate. 
Incubation of the p-chloromercuribenzoate-treated inactive 
enzyme with mercaptoethanol for 10 min could fully restore the 
activity of the enzyme. Total inactivation at very low concentra- 
tions of p-chloromercuribenzoate and complete reversal of this 
effect with mercaptoethanol suggest that one or more specific 
sulfhydryl groups might be involved in the active site. 

Partial Characterization of Products-The enzymatic reaction 
catalyzed by galactose-6-phosphate dehydrogenase is not ac- 
companied by any cleavage of the ester linkage of galactose 6- 
phosphate. Thus, when the enzymatic reaction was allowed to 
proceed for over 30 min in glycine buffer, pH 8.8, until about 25% 
of the initial galactose g-phosphate was converted to its oxidized 
product, assay of an aliquot at that stage revealed that the value 
of the total organic phosphate remained constant. Moreover, 
release of no inorganic phosphate could be detected in the 
incubation medium. 

Formation of 1:4 NADH during the course of this reaction 
was confirmed by reoxidizing completely and quantitatively the 
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TABLE IV 
Involvement of metal ion for catalytic activity of enzyme 

For this experiment, the enzyme was prepared by replacing the 
usual sodium phosphate buffer with 0.02 M glycylglycine buffer, 
pH 7.4. The complete system for A contained in a total volume of 
1 ml, 100 pmol of glycine buffer, pH 8.8,0.5 rmol of NAD, and the 
requisite amount of the enzyme. The reaction was started with 
the addition of 1 firno1 of galaetose 6-phosphate. For experiments 
in B, 0.15 unit of the enzyme was incubated for 10 min in a total 
volume of 1 ml containing 30 pmol of glycylglycine buffer, 7.4, and 
10 pm01 of ethylenediaminetetraacetate. The complete inactiva- 
tion of the enzyme was checked by assaying an aliquot. To remove 
excess ethylenediaminetetraacetate, the inactive enzyme was then 
precipitated with 70y0 saturation of ammonium sulfate and the 
precipitate was redissolved in 1 ml of 0.02 M glycylglycine buffer, 
pH 7.4. This process was repeated once more. The complete (inac- 
tive) system for this set contained in a total volume of 1 ml, 100 
pmol of glycine buffer, pH 8.8, 0.5 pmol of NAD, and the requisite 
amount of the ethvlenediaminetetraacetate-free inactive enzyme. 
A control was run-simultaneously. 

Addition Activity 

A. Complete................................ 
+ Ethylenediaminetetraacetate (5 mM) 
+ Ethylenediaminetetraacetate (10 mM) 
+ Ethylenediaminetetraacetate (10 mM) 
After 10 min 

% 

100 
59 
35 
0 

B. Control.................................. 100 
Complete (inactive). . 0 
+ Mg”+ (10 mM) 0 
+ Mn*+ (10 mM). 0 
+ Na+ (10 mr.Q.. 0 
+ K+ (10 mM). 0 
+ Fe8+ (10 mM). . 0 
+ Cu*+ (10 mrd) . 0 
+ Zn’+ (10 mM). . 0 
+ Ca*+ (5 mM) . 20 
+ Cap+ (10 mbr) . 30 
+ Ca*+ (50 mM) 35 
+ Cal+ (160 mM) . . 42 

NADH formed with pyruvate and the lactic dehydrogenase 
system (15). 

During the oxidation of galactose g-phosphate, the free alde- 
hydic group remained unaffected as was evident by the increased 
reducing value of the total incubation medium. The formation of 
NADH over a period of time closely corresponded with the 
increase in reducing value (Fig. 5). A control for this experiment 
was simultaneously run with the glucose-6-phosphate dehydro- 
genase system which showed, as expected, a progressive decrease 
in the reducing value with increasing time. Because the en- 
zymatic oxidation led to an increase in the reducing value, the 
formation of an additional center of oxidation should be assumed. 
Further, because there was no liberation of inorganic phosphate, 
it may be presumed that a ketoaldose phosphorylated at Cg 
position is the product of the reaction. Confirmation of the 
generation of a product having the properties of a reducing sugar 
containing a keto group was obtained by treatment of the product 
with alkaline phosphatase and subsequent characterization by 
paper chromatography and by color reactions. 

For the chromatographic characterization of the product, the 
following procedure was adopted. 0.03 unit of purified galactose-6- 
phosphate dehydrogenase was added to a total volume of 1 ml, 
containing 100 pmol of sodium phosphate buffer, pH 7.4, 2 pmol 
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TABLE V 

Involvement of sulfhydryl group for enzyme activity 

The complete system contained in a total volume of 1 ml, 100 
pmol of sodium phosphate buffer, pH 7.4, 0.5 pm01 of NAD, and 
the requisite amount of the enzyme. The reaction was started 
with the addition of 1 pm01 of galactose 6.phosphate. 

Additions Activity 

% 
Complete 
+ p-Chloromercuribenzoate 

(5 X UY3 mM) 
(2 x 10-Z rnM) 

(5 x 10-Z rnM) 

(5 X lO+ mM) 
+ Mercaptoethanol (10 mM) 
Complete 
+ Iodoacetate 

106 

74 
30 
0 

106 

100 

(lrnM)............................... 83 
(2 rnM) 65 

, 

I- 
15 30 45 60 

Time ( mins 1 

FIG. 5. Correspondence between NADH formation and in- 
creased reducing value. For this experiment, the change in ab- 
sorbance at 340 nm was measured in a cuvette that contained 100 
pmol of sodium phosphate buffer, pH 7.4, 1 wmol of NAD, and 1 
pmol of galactose 6-phosphate. The readings were taken at fixed 
intervals of time as is indicated in the figure. For the determi- 
nation of reducing value several tubes were set up with the same 
composition. The enzymatic reactions were stopped in each tube 
at different times with alkaline copper sulfate solution and put 
on a water bath. O--C and R---m indicate increase in ab- 
sorbance at 340 nm and absorbance at 540 nm. 

of galactose 6-phosphate, and 1 pmol of NAD. About 0.75 pmol 
of the product was allowed to form as measured by the increase 
in absorbance at 340 nm. Contents of five such tubes were pooled. 
Along with these incubation mixtures, five control tubes were run 
which contained all of the reagents except NAD. Contents of 
these control tubes were collected together and were subsequently 
treated in the same manner as the experimental sample. After 
adjusting the pH of the solution to 9, 30 units of alkaline phos- 
phatase were added and the reaction was allowed to proceed for 
2 hours at 37”. The protein was removed by trichloroacetic acid 
precipitation and centrifugation. Mixed bed resin was added 
batchwise to the clear supernatant until the pH of the super- 
natant corresponded to the pH of the distilled water. The 
solution was evaporated to dryness under reduced pressure at 
room temperature. The dried material was dissolved in 0.1 ml of 
water. Ten microliters of the solution were now spotted on What- 
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man No. 1 paper. In separate lanes the following were simul- 
taneously spotted, (a) 10 ~1 of the control sample, (5) 10 ~1 of a 
mixture containing 15 pg each of glucose, galactose, and fructose, 
(c) all of the reference sugars individually in separate lanes. 
Several chromatograms were developed with two solvent systems. 
Solvent A consisted of ethylacetate-pyridine-water in 8 :2: 1 
proportions (v/v) and Solvent B consisted of glacial acetic acid- 
isopropyl alcohol-water in 3:l:l proportions (v/v). After 18 to 
20 hours of descending chromatography, chromatograms were 
developed in each case with the following spraying reagents, (a) 
alkaline silver nitrate (19), (5) p-aminobenzoic acid (20), and 
(c) a-napthoresorcinol (21). Assuming the distance travelled by 
glucose to be 1.00 (RoiJ, both the experimental and the control 
sample showed with both the solvents one spot which cor- 
responded with known galactose. The experimental sample 
however, showed a faster moving spot with both of the solvents 
which was absent in the case of the control sample. The RGle 
value of this faster moving spot was 2.0 and 1.2 for Solvent A and 
Solvent B, respectively. Under identical conditions, the RGlc 
values for galactose and fructose were found to be 0.81 and 1.37 
in Solvent A and 0.93 and 1.08 in Solvent 3. p-Aminobenzoic acid 
and a-napthoresorcinol are known to be generally specific for 
reducing sugars. Moreover, oxidation of the sugar at Ci position 
would have resulted in the adsorption of the product on the 
resin. 

Color reaction tests specific for ketoses were also carried out. 
For this, the product of the enzymatic reaction was formed in 
the same way as for chromatographic separation except that 0.3 
pmol of galactose 6-phosphate was taken in each tube to ensure 
compiete conversion of galactose 6-phosphate into the product. 
Control samples without NAD were also incubated in this case. 
After treatment with alkaline phosphatase and the resin, aliquots 
from the experimental and control tubes, each containing about 
25 to 40 pg of reducing sugar were subjected to cysteine-carbazole 
(22) and resorcinol (23) color reactions, Control reactions were 
also carried out for tubes containing separately, 100 pg of 
galactose, 50 I.cg of fructose, and 100 pg of methylglyoxal. After 
10 min of color development with cysteine-carbazole reaction, 
only tubes containing fructose and the product showed the 
typical pink colors for the keto group. Methylglyoxal developed 
blue color whereas tubes containing galactose and the control 
showed the color of the blank. The absorbance at 560 nm with 
l-cm light path for fructose and the product were 0.650 and 0.095, 
respectively. The nature of the spectrum for the two samples 
were also identical between 500 and 600 nm. When similar color 
reactions were carried out with resorcinol (23), galactose and the 
control failed to develop any color but the tubes containing 
fructose, the product, and methylglyoxal developed pink colors. 
The absorbance at 520 nm for these tubes was 0.26, 0.09, and 
0.04, respectively. In this case, also the nature of the spectrum 
for fructose and the product were almost identical. The positive 
color tests with cysteine-carbazole and resorcinol indicated the 
possible presence of a keto group in the molecule. 

The ketoaldose nature of the phosphorylated product raised 
the possibility that this compound could serve as the substrate 
for the glyoxalase enzyme system. This was tested with glyoxalase 
I alone, following the method of Racker (17). About 0.2 pmol of 
the product was first formed in a total volume of 1 ml containing 
100 pmol of sodium phosphate buffer, pH 7.4, 0.4 pmol of galac- 
tose 6-phosphate, excess galactose-6-phosphate dehydrogenase, 
and limiting amounts (0.2 pmol) of NAD. Two-tenths milliliter 
of this aliquot containing about 0.04 pmol of the product was now 
transferred to an assay mixture of 1 ml containing 100 pmol of 

sodium phosphate buffer, pH 7.0, and 3.5 pmol of glutathione. 
Absorbance of this incubation medium at 240 nm was 1.030. 
On addition of 2 ~1 of glyoxalase I, containing 2 units of activity, 
no increase in absorbance could be observed for 4 min. When 
0.2 pmol of methylglyoxal was however added to the system, a 
very rapid increase in absorbance was noted. The product there- 
fore apparently failed to react with glutathione in the presence 
of glyoxalase I. Further, addition of excess glyoxalase I and 
glyoxalase II to the product in the presence of catalytic amounts 
of glutathione failed to show any decrease in the total reducing 
value. Under identical conditions, with methylglyoxal as the 
substrate, a significant decrease in the reducing value was ob- 
served at the end of a 30-min incubation period. 

DISCUSSION 

Galactose has been shown to be uniformly catabolized in a 
large variety of cell types through the Leloir pathway described 
in Ref. 24. The only other route of galactose metabolism that has 
been characterized in detail, is the one operative in Pseudomonas 
saccharophi2ia (25, 26). There is, however, evidence in literature 
that suggests that an alternate weaker pathway may also be 
operative in the mammalian systems. Thus, certain galactosemic 
individuals were shown to have the ability to metabolize con- 
siderable quantities of galactose (27, 28). Further, Segal et al. 
(29) reported that some galactosemic individuals were able to 
convert carbon 1 of intravenously administered galactose to 
carbon dioxide to quite a large extent. Using [1-YJgalactose, 
these workers also showed that galactose is metabolized to a 
significant extent in galactosemic liver when compared to a 
normal liver control (30). More recently, Petricciani et al. (31) 
have shown that galactosemic fibroblasts produce 14C02 from 
[1-14C]galactose, but this does not begin until after 4 days of 
incubation. Radioautography of cultured, human galactosemic, 
and normal cells also suggests the possible existence of an alter- 
nate pathway for galactose metabolism (32). The existence of 
UDP-galactose pyrophosphorylase discovered by Isselbacher 
(33) is not adequate enough to explain these data as the rate of 
conversion of galactose l-phosphate to UDP-galactose by this 
enzyme is not very significant (34). The possibility that hexose-6- 
phosphate dehydrogenase might be involved in the supposed 
auxiliary pathway was initially suggested by Beutler and 
Morrison (7) but has subsequently been ruled out by these 
authors on the basis of both physiological (35) and biochemical 
(36) experiments. Thus, the product of hexose-6-phosphate 
dehydrogenase reaction with galactose 6-phosphate as substrate 
is 6-phosphogalactonic acid which is a dead-end product of 
metabolism (36). As for galactose-6-phosphate dehydrogenase, 
there is no absolutely direct evidence at the moment to suggest 
that this enzyme might be involved in an auxiliary pathway of 
galactose metabolism. However, we have observed that UDP- 
glucose or UDP-galactose specifically inhibits the enzyme at low 
concentrations of the substrate (2). In any case, if the product 
is a phosphorylated ketoaldose and not 6-phosphogalactonic 
acid, the possibility cannot be excluded that the enzyme lies on 
an alternate pathway for the catabolism of galactose. 

We have already pointed out that the presence of galactose 6- 
phosphate as a normal metabolite has not yet been unequivocally 
demonstrated (3,4). Galactose 6-phosphate has been shown to be 
formed from galactose l-phosphate by phosphoglucomutase in 
in vitro systems by Posternak and Resselet (37) and also by 
Lowry and Passonneau (38). The rate of formation of galactose 
6-phosphate in such artificial systems is however too small to 
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suggest any possible metabolic role for the enzyme in synthesizing 18. 

galactose 6-phosphate in cellular systems. It is therefore not 19, 
unlikely that a specific enzyme may be present in mammalian 
liver for phosphorylating galactose in the Cg position. Whether 20. 
galactose-6-phosphate dehydrogenase along with other un- 
detected enzymes leads to an alternate path in mammalian liver 21. 
remains to be established. 22. 
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