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The solubilization, purification and property of hexose 6-phosphate dehy-
drogenase from guinea pig liver microsomes is described. The enzyme was
effectively solubilized by ammonium hydroxide in the presence of 0.5%
detergent, and highly purified. The enzyme showed a different pH depen-
dency for various substrates. The optimum pH for galactose 6-phosphate,
glucose 6-phosphate and glucose was 8.5, 10.2 and more alkaline, respec-
tively. Km values for the substrates were also changed, pH dependently.
The enzyme exhibited the lowest Km values in an order of 107 ¢M for
glucose 6-phosphate at pH 7.0. The enzyme activity was inhibited by CaCl,
and HgCl;, but other metal compounds, steroids, pPCMB and NADPH did not
inhibit the activity. The antibody against the purified enzyme inhibited
the enzyme activity of Triton X-100 treated microsomes while the inhibition
of the enzyme activity of intact microsomes by antibody was very low.

H6PD is a microsomal enzyme widely distributed in mammalian and fish
tissues. This enzyme appears to be identical with the microsomal glucose
dehydrogenase (B-D-glucose : NAD (P)* 1-oxidoreductase, EC 1.1.1.47), and
has properties quite distinct from the soluble G6PD (1). H6PD oxidizes G
6P, Gal 6P and hexoses including glucose, using either NADP* or NAD" as
cofactor (2). It has been considered that this enzyme plays a physiological
role in microsomes by supplying the reduced coenzymes for microsomal mixed-
function oxidase systems (3, 4). Recently, it was reported that H6PD of rat
liver was located on the luminal side of microsomal membranes (5). Therefore,
whether H6PD is actually associated with the mixed-function oxidase system
functioning on the cytoplasmic side of microsomal membrane remains to be
determined.

On the other hand, Kahl (6) reported that NADPH-dependent aromatic

ketone reductase was present in rat liver microsomes, and the enzyme could

Abbreviations : H6PD, hexose 6-phosphate dehydrogenase; G6PD, glucose 6-phosphate
dehydrogenase ; G6P, glucose 6-phosphate ; Gal 6P, galactose 6-phosphate ; NH4OH,
ammonium hydroxide ; pCMB, p-chloromercuribenzoate,
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be activated using G6P or NADPH. Sawada and Hara (7) reported that
NADPH-dependent aromatic ketone reductase occurring in liver microsomes
of rabbit, rat and guinea pig showed a unique cofactor requirement, and that
the addition of NADP' and G6P was as effective as that of the NADPH
generating system, whereas adding NADPH alone produced lower activity.
It was also reported that H6PD existed in liver microsomes of guinea
pig and the unique cofactor requirement of aromatic ketone reductase was
based on production of NADPH by H6PD, thereby indicating that one of
the roles of H6PD was to supply NADPH for aromatic ketone reductase (8).
However the properties and location of H6PD in liver microsomes of guinea
pig have not yet been clearly elucidated.

We now report the solubilization, purification and some properties of
H6PD. The intramembraneous location of H6PD in guinea pig liver micro-
somes using rabbit antiserum against the purified enzymes is also described.

MATERIALS AND METHODS

Reagents

Reagents were obtained from the following sources : pyridine nucleotides
and G6P from Oriental Yeast Co.; androsterone, dehydroepiandrosterone
and Gal 6P from Sigma Chemical Co.; phospholipase C from Boehringer
Mannheim ; Ultrogel AcA 34 and Ampholyte from LKB Productor AB;
Sephadex G-200 from Pharmacia ; phosphate cellulose from Brown Co. ; DEAE
cellulose (DE32) from Whatman Ltd. Human prostatic acid phosphatase was
isolated according to the method of Sawada ez al. (9). All other reagents
were commercial products of the highest grade available.

Preparation of Microsomes

Male Hartley guinea pigs, weighing 200—300 g, were exsanguinated and
the liver was immediately excised and thoroughly perfused with 0.15 M KCI
and homogenized in 0.25 M sucrose. The microsomal fraction was separated
by centrifugation according to the method of Sawada and Hara (7). The
microsomal pellet was resuspended in 0.25 M sucrose at a protein concen-
tration of 20 mg/ml. Protein was determined by the method of Lowry et al.
(10) with bovine serum albumin as a standard.

Enzyme Assays

H6PD activity was assayed using a Hitachi 200 spectrophotometer equipped
with a Hitachi 056 recorder. The assay mixture contained in a total volume
of 2.5 ml; 200 umoles glycine-NaOH buffer (pH 10.2), 2 umoles G6P, 0.2
pumoles NADP* or NAD" and 50 pl of enzyme preparation. The reaction
was started by adding enzyme solution and the rate of coenzyme reduction
was followed spectrophotometrically at 340 nm (¢=6.22x103 M 1.cm~!) and
37°C. One unit of activity is defined as the amount of enzyme required to
produce 1 umol of NADPH or NADH per min. G6PD activity was assayed
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by the method of Chung and Langdon (11).

Treatment of Microsomes

The microsomal suspension was frozen at —45°C and thawed at 25°C.
This procedure was repeated 5 times. The microsomal suspension was soni-
cated in a Kubota Insonator 200M for 20 min at 0°C and 2.5 A. The
microsomal suspension was incubated with phospholipase C at 37°C for 30
min or with trypsin at 0°C for 16 hrs. The microsomal suspension was
treated with Triton X-100 or desoxycholate at 0°C for 1 hr. NH4OH treat-
ment of the microsomes was conducted as follows; pH of the microsomal
suspension was adjusted with 4% NH4OH at 0°C under constant stirring for
5 min, and the suspension was brought back to pH 6.5 by adding 25%
acetic acid. After each procedure, the treated suspension was centrifuged at

105,000 X g for 90 min at 4°C.

Purification of H6PD

The enzyme preparation, solubilized with 0.05% Triton X-100 at 0°C for
30 min and then NH4OH at pH 10.7, was applied to a phosphate cellulose
column (1.6X25cm) which had been equilibrated with 10 mM phosphate
buffer (pH 6.5). The column was washed with 280 ml of the same buffer,
and H6PD was then eluted with 20 mM phosphate buffer (pH 7.0). The
enzyme-rich fraction was concentrated by ultrafiltration with YM-10 filter
(Amicon Co.), and the resulting solution was subjected to gel filtration
through a Ultrogel AcA 34 column (1.2X70 cm) in a 20 mM Tris-HCl
buffer (pH 7.5). The enzyme fraction was directly applied to a DE32
column (0.8%15 cm), equilibrated with 20 mM Tris-HCl buffer (pH 7.5),
and the column was washed with 50 ml of the same buffer. The enzyme
was eluted by using a linear gradient formed with 300 ml of 20 mM Tris-HC1
buffer (pH 7.5) and 300 ml of 0.1 M NaCl in 20 mM Tris-HC1 buffer (pH
7.5). The enzyme active fraction which was eluted at 0.050 M of NaCl
concentration, was concentrated by ultrafiltration and stored at 4°C.

Soluble G6PD was purified as follows ; the homogenate of guinea pig liver
was centrifuged at 105,000 X g for 60 min and the pellet was discarded. The
supernatant was fractionated with ammonium sulfate. After removing the
precipitate formed at 30% saturation of ammonium sulfate, the supernatant
was brought to 60% saturation and the so-obtained precipitate was collected
by centrifugation at 10,000Xg for 10 min, and dissolved in 10 mM phosphate
buffer (pH 6.5). The solution was dialysed against the same buffer and the
dialysate was placed on a phosphate cellulose column (1.6%X40 cm). The
non-absorbed fraction was collected and concentrated by ultrafiltration with a
YM-10 filter. The fraction was subjected to gel filtration of Ultrogel AcA
34.

Polyacrylamide Gel Electrophoresis

Disc gel electrophoresis of the purified enzyme was performed according to
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the method of Davis (12) using 7.5% polyacrylamide gel. Electrophoresis
was carried out at 4°C with a constant current of 3 mA per tube. The gel
was stained for protein with Coomassie brilliant blue R 250.

Determination of the Molecular Weight

Molecular weight was estimated by gel filtration (13) using the Sephadex
G-200 column (1.1X90 cm), equilibrated with 10 mM Tris-HCI1 buffer (pH
7.5) containing 0.15 M KCl. The column was calibrated with cytochrome C
(M. W. 12,900), ovalbumin (M. W. 45,000), bovine serum albumin (M. W,
68,000), human prostatic acid phosphatase (M. W. 104,000) and catalase (M.
W. 230,000), as standards.

Isoelectric Focusing

Isoelectric focusing was conducted in a 110 ml of LKB focusing column
containing 1% solution of ampholytes, pH 3.5—10, and 0—409% sucrose
gradient at 4°C for 2 days at a constant voltage of 280 V. The column was
then drained slowly through the bottom tubing and fractions of 2.5 ml were
collected. The pH and enzyme activity of the fractions were determined.

Preparation of Antibody

Purified enzyme (1 mg/ml) was mixed with an equal volume of Freund’s
complete adjuvant, and 0.5 ml of the mixture was given intramuscularly to a
rabbit. This injection was repeated 4 times, biweekly. Two weeks after the
last injection, the serum was obtained and immunoglobulin fraction was pre-
pared by fractionation with ammonium sulfate. The antibody was dialysed
against 20 mM boric acid buffer (pH 8.0) containing 0.15 M KCI for 3 days.
The normal immunoglobulin fraction was obtained from an unimmunized
animal by the same procedure.

Immunological Study

Ouchterlony’s immunodiffusion test was performed in 1.2% agarose gel
containing 20 mM phosphate buffer and 0.15M KCIl. For the inhibition
study with antibody, 0.2 ml of microsomal suspension (10 mg/ml protein),
Triton X-100 treated microsomes and partially purified soluble G6PD were
incubated with antibody and 50 umoles Tris-HCl buffer at 20°C for 1 hr,
and then the enzyme activity was assayed.

RESULTS
1. Solubilization of H6PD

The efficacy of various treatments on solubilization of H6PD from guinea
pig liver microsomes is compared in Table I. Hydrolytic enzymes, trypsin
and phospholipase C, did not solubilize the H6PD. Freezing and thawing
released a small amount of the enzyme and sonication gave a moderate solu-
bilization. Use of a high concentration of desoxycholate and Triton X-100
resulted in a maximum release of the enzyme and the activity was increased
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TABLE 1. Solubilization of Microsomal Hexose 6-FPhosphate
Dehydrogenase by Various Treatments

Relative activity** recovered in

Treatment Supernatant Pellet
25 pug/mg Trypsin 0 152
6 units/mg Phospholipase C 0 76
Freezing and Thawing 22 121
Sonication 85 30
0.059;, Desoxycholate 66 73
1.09, Desoxycholate 225 12
0.052, Triton X-100 19 111
1.09, Triton X-100 183 88
NH,4OH (pH 10.7) 57 63
0.052;, Desoxycholate+ NH4OH (pH 10.7) 103 78
0.059; Triton X-100 + NH,OH (pH 10.7) 204 29

* The supernatant and pellet obtained after treatment of microsomes
were assayed for dehydrogenase activity with G6P and NADP*,

** Relative activity is given as a percentage of the activity recovered in
the supernatant or pellet relative to that in untreated microsomes,

2-fold in comparison with that of the untreated enzyme in the microsomes.
Treatment with NH4OH solubilized a moderate amount of the enzyme and
the maximum release of the enzyme was obtained at pH 10.7. The combi-
nation of alkaline treatment and 0.05% desoxycholate or 0.05% Triton X-100
treatment resulted in a considerable solubilization. The activity was compa-
rable to that with 19% detergent treatments and the specific activities were
enhanced to 0.033 and 0.040 unit/mg respectively, such being higher than
those of 19, desoxycholate or Triton X-100 solubilized preparations 0.010 or
0.007 unit/mg, respectively. Consequently, this procedure was used for
solubilization of H6PD from guinea pig liver microsomes.

2. Purification of H6PD

The vields and activities of the various fractions obtained during one
purification procedure are summarized in Table II. The specific activity of

TABLE Il. Purification of Microsomal Hexore 6-Phosphate Dehydrogenase

Total Total ~ Specific
Purification step protein activity* activity Re(c;\;ery
B (mg)  (unit)  (unit/mg) 7 .
Microsomes** 5290 15.9 0.003 100
Supernatant fraction
after treatment with 0,059, 724 26.0 0.036 163
Triton X-100 at pH 10.7
Phosphate cellulose
chromatography 12,1 17.0 0.89 107
Ultrogel AcA34
chromatography 6.2 13.9 2.2 88
DE32 chromatography 1.0 5.6 5.8 35

* Activity was assayed at pH 10.2 wilh G6P and NADP+,
** Starting material was 265 ml of microsomal suspension from guinea pig liver,
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the final product was 5.8 unit/mg, which was about 2000-fold higher than
that of the starting microsomes. The overall recovery of the activity from
the microsomes was 35%. When physical homogeneity of the enzyme was
examined by polyacrylamide disc gel electrophoresis, a single band was observ-
ed on electrophoresis, as shown in Fig. 1. Partially purified preparation of
soluble G6PD had a specific activity of 0.03 unit/mg.

Fig. 1. Polyacrylamide gel electrophoresis of hexose 6-phosphate
dehydrogenase.

Purified enzyme (10 yg) was run on 7.5% polyacrylamide gel
and stained for protein.

3. Isoelectric Point and Molecular Weight

A symmetric peak with activity was obtained at pH 6.46, on isoelectric

focusing. The apparent molecular weight of the enzyme which was estimated
by gel filtration of Sephadex G-200 was 224,000.

4. Catalytic Properties

The enzyme oxidized various hexoses and their monophosphates in the
presence of NADP* or NAD". The pH optimum for the H6PD varied with
the substrate or cofactor used (Fig.2). NADP*.dependent G6P dehydrogenase
activity exhibited the maximum rate at pH 10.2, while the rate of NAD"-
dependent activity was increased up to pH 10.8. The dehydrogenase activity
for glucose or Gal 6P showed the same pH optimum in the presence of
NAD*® and NADP*, as cofactor. In the oxidation of GO6P or Gal 6P, the
enzyme activity with NADP*' as cofactor was higher than that with NAD".
However in the oxidation of glucose, the enzyme showed a higher activity in
the presence of NAD™ than that of NADP*. The Km and Vmax values for
these substrates were estimated under optimal and physiological pH conditions.
As indicated in Table III, the affinity for G6P with both NADP* and
NAD~ as cofactor was elevated at pH 7.0, though Vmax values were reduced
to one-eighth compared with those at pH 10.2. The Vmax value for G6P
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Fig. 2. Effect of pH on NAD*- and NADP*-dependent activity of hexose
6-phosphate dehydrogenase with different substrates,

The activity was measured with 160 uM NAD* (.----- ) or 80 uM NADP*
(——) as cofactor and 0.8 mM G6P (»), 500 mM glucose (O) or 0.8 mM
Gal 6P (@) as substrate.

TABLE IlI. Kinetic Constants* of Hexose 6-Phosphate Dehydrogenase
for Some Sugars under Different Conditions of Various pH

pH 10.2 pH 7.0
Substrate Cofactor** T Kom ooz #* o Vmac® %
. (mM) (%) (mM) (%)
Gép NADP+ 0.31 100 0.009 13
G6P NAD* 0.043 16 0.004 2
Gal 6P NADP* 0.30 31 1.0 24
Glucose NAD* 5000 110 — —

* Km and Vmax values were estimated from Lineweaver-Burk plots with
80 mM glycine-NaOH buffer, pH 10.2, or 80 mM phosphate buffer, pH 7.0,
** The concentrations of NADP* and NAD* were kept constant at 80 uM.
*k% Vnar values are given as a percentage of that obtained with G6P
and NADP+ at pH 10,2,

with NADP* was 6 times higher than that with NAD®', under both pH
conditions. The Km and Vmax values for Gal 6P were slightly changed
between pH 10.2 and pH 7.0, and those for glucose were extremely high at
pH 7.0. The Km values for NADP® and NAD* with G6P as substrate
were 8 and 2 uM at pH 10.2, respectively.

5. Inhibition Studies

The enzyme activity was inhibited 52% by 0.1 mM HgCly and 57% by 1
mM CaCly, but was not effected by the addition of other metal ions such as
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Mn2*, Mg2*, and Fe2*, at a concentration of 1 mM. No effect on the
enzyme activity was observed in the presence of 0.1 mM androsterone and
dehydroepiandrosterone, and 1 mM pCMB. The effect of NADPH,a product
of the enzyme reaction, was examined under various ratios of NADPH to

NADP" (Table IV). The enzyme activity was inhibited only 139 by the ratio

TABLE IV, Effect of NADPH Concentrations on
Hexose 6-Phosphate Dehydrogenase*

NADP+  NADPH  RatioN2PPH 1/ hibition
(+M) (uM) ~ NADP* (%)
12 2 2.16 13
12 50.9 4.24 6
12 100 8.33 13
24 17.2 0.72 0
24 33.3 1.39 0
24 9.8 4.03 13

* Enzyme activity was assayed in the reaction mixture containing 200
umoles glycine-NaOH buffer (pH 10.2), 2 umoles G6P, varying
concentrations of NADP* and NADPH, and enzyme preparation,
Corrections were made for controls without G6P,

2.16 of NADPH to NADP", but further inhibition of the enzyme activity was

not observed with increases in the ratio.

6. Immunological Studies

The Ouchterlony’s immunodiffusion test with the IgG against the purified
H6PD showed a single precipitin line with the purified enzyme but none with
the partially purified soluble G6PD (Fig. 3). The enzyme activity of Triton

Fig. 3. Ouchterlony’s immunodiffusion test using hexose 6-phosphate
dehydrogenase antibody and the purified enzyme preparations,
Anti-H6PD IgG was placed in center well (A), microsomal H6PD (Ms) and
soluble G6PD (S) were in peripheral wells, and run for 17 hrs at 37°C.

X-100 treated microsomes was inhibited by the anti-H6PD antibody up to
75%, with increase in the amount of IgG (Fig.4). However, the inhibition
of the enzyme activity of intact microsomes by the antibody was very low,
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Fig. 4. Inhibition of hexose 6-phosphate dehydrogenase activity by anti-hexose
6-phosphate dehydrogenase antibody.

Soluble G6PD (A), intact microsomes (B) and Triton X-100 treated microsomes
(C) were incubated with the IgG fraction (40 mg/ml) for 30 min in 10 mM
Tris-HC1 buffer (pH 7.5) containing 0.15 M KCl, and assayed for their activity,
The enzyme activities are expressed in percentage of each enzyme fractions
without the IgG fraction.

and the addition of the same amount of antibody which gave a maximum
inhibition of the activity of Triton X-100 treated microsomes, resulted in only
26% inhibition of the activity of intact microsomes. The antibody was not
inhibitory to soluble G6PD. It should be noted that the normal IgG from
control rabbit serum did not effect the activity of either the intact or the
Triton X-100 treated microsomes.

DISCUSSION

The activation of rat liver H6PD by desoxycholate, NH;OH, glycine-NaOH
(pH 8.0), Triton X-100 and sonic treatment has been reported by Hori and
Takahashi (14). They also found that desoxycholate, NH4,OH and sonic
treatment were effective for solubilization of the enzyme. We used various
treatments to solubilize the enzyme from liver microsomes of guinea pig. The
H6PD of guinea pig liver was moderately released by NH4OH and sonic
treatments from microsomes. The high concentration of detergents markedly
solubilized the enzyme and the activity was increased 2-fold in comparison
with the original enzyme activity in microsomes. Kuriyama (15) reported
that the nucleoside diphosphatase was solubilized from rat liver microsomes
by alkaline treatment in the presence of a low concentration of desoxychol-
ate. We noted that the H6PD of guinea pig was effectively solubilized by
NH4OH in the presence of 0.05% desoxycholate or 0.05% Triton X-100,
and had a higher specific activity. These values, 0.033 or 0.040 unit/mg
are higher than values in the rat, 0.0086 unit/mg, by Emulgen 913 (16) or
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0.012 unit/mg, by sonication (17). These results clearly show that NH4,OH
treatment in the presence of detergents is a more effective solubilization
procedure for the purification of the enzyme.

The purified enzyme preparation of H6PD had a specific activity 5.8 unit/
mg and is approximately equal to that in the rat 10 unit/mg (17) or 3.36
unit/mg (16). The overall yield was 35%, these values being much the
same as in the rat 13.2% (17) or 45% (16). Detergent was not required to
keep the enzyme soluble throughout the process of column chromatography.
This observation suggests that the enzyme behaves as a hydrophilic protein.

The molecular weight of guinea pig liver H6PD was 224,000, as estimated
by gel filtration method. This is close to that of the rat 190,000 (17) or
210,000—220,000 (16) and is an excellent agreement with the value of 223,000
of human liver by Srivastava et a!. (18). The isoelectric point of guinea pig
liver H6PD 6.46 is strikingly close to that of the rat 6.4 (16).

The H6PD of guinea pig liver microsomes used either NADP" or NAD"
as cofactor, and a similar cofactor requirement was observed in the rat (16,
17), ray (19) and rainbow trout (20). The pH optimum for G6P oxidation
with NADP* as cofactor was at pH 10.2, and the value is close to that of
rainbow trout pH 10.5 (20) and rat pH 10.8 (17) or pH 10.2 (16). Hori and
Sado (17) reported that pH optimum of G6P dehydrogenase activity with
NAD"' as cofactor was at pH 11, in the rat. In the guinea pig, dehydrogen-
ase activity for G6P with NAD®" as cofactor was increased up to pH 10.8.
In this study, however, as the enzyme activity was not assayed around pH
11, the extent of pH optimum of the enzyme is unknown. Hori and Sado
(17) reported that the pH optimum with NADP* and Gal 6P or NAD" and
Gal 6P in rat was 10.0 or 10.5, respectively. The enzyme activity of guinea
pig in Gal 6P oxidation was independent of cofactors, NADP* or NAD".
The pH optimum of Gal 6P was 8.5 and this value varies from that noted
in the rat. Beutler and Morrison (2) reported that the pH optimum shifted
to lower pH levels at lower Gal 6P concentrations. Even though the concen-
tration of substrate used in our study differed from that used by others,
there were no differences in pH optimum for G6P oxidation activity with
NADP* as cofactor. These results suggest that there may be a variation in
Gal 6P oxidation of individual species. As found in the rat (17) and rainbow
trout (20), the affinity of guinea pig H6PD for G6P was considerably higher
in physiological pH range than that in pH optimum. In the guinea pig, the
Vmax value for G6P in physiological pH range was decreased to one-eighth
compared with that in pH 10.2, and a similar tendency was seen in other
species (2, 17).

Hori and Sado (17) reported that rat liver H6PD was not inhibited by
steroid, but was somewhat inhibited by pCMB. The enzyme of guinea pig
liver was not inhibited by steroids and pCMB. Like the enzyme in the rat,
H6PD of the guinea pig was resistant to pCMB and dehydroepiandrosterone.
H6PD was slightly inhibited by Mg2* ion, an activator of soluble G6PD.
NADPH, an inhibitor of soluble G6PD, inhibited slightly the H6PD. The
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enzyme had a low Km value 9 uM for G6P with NADP"* in physiological
pH and was not inhibited by NADPH. On the basis of these observations,
it is considered that one of the physiological roles of H6PD is to supply
reduced coenzymes for the NADPH-dependent enzyme. In a previous report
(21), we suggested that aromatic aldehyde-ketone reductase could serve as a
steroid metabolizing enzyme in microsomes and there was an interaction
between the reductase and H6PD. These suggestions may be supported by
the result that H6PD activity was not inhibited by a steroid or NADPH.

In the immunodiffusion test, we found that the purified H6PD was clearly
distinct from the soluble G6PD. The homogeneity of the enzyme was evi-
denced by the result that a single band was observed on the polyacrylamide
electrophoresis, and a single precipitin line was observed between the antibody
and purified enzyme on the immunodiffusion test. It has been reported that
the antibody inhibited the H6PD activity of phospholipase or detergent treated
microsomes, but had no effect on the enzyme activity of intact microsomes
(5, 22). The incubation of Triton X-100-treated microsomes with antibody
had an effect on the H6PD activity in the guinea pig, but the incubation of
intact microsomes with antibody did not affect the H6PD activity. The
enzyme was effectively released from microsomes by NH4OH and detergent
and the activity of intact microsomes was slightly inhibited by the antibody.
These observations are in agreement with the findings in case of the nucleo-
side diphosphatase from rat liver microsomes described by Kuriyama (15).
Therefore, the H6PD of guinea pig liver is probably located on the luminal
side of the microsomal membrane.

This report concerns a study on the solubilization, purification and property
of guinea pig liver H6PD. The NH4OH and Triton X-100 treatments were
found to be useful for solubilization of the enzyme. The location and the
role of H6PD in microsomal membrane was discussed. The relationship
between H6PD and NADPH requiring enzymes is the subject of ongoing
studies.
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