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Homogeneous  myo-inositol oxygenase (EC 1.13.99.1) 
has been obtained in 45% yield by a 550-fold purifica- 
tion from a centrifuged homogenate of hog kidney. Of 
particular importance in developing the purification 
procedure was  the finding that although the enzyme 
becomes less catalytically active during purification, it 
could be reactivated by incubating with 1 m~ Fe(II) 
and 2 m~ cysteine.  The molecular weight of the homo- 
geneous oxygenase, as determined by 3 independent 
methods, is 65,000 2 1,000, and no evidence  could  be 
found for the existence of any smaller subunits. The 
specific activities of homogeneous preparations  vary, 
and this was found to  correlate with the  iron content; 
the most active preparations have 4 atoms of iron/ 
65,000 daltons. 

The homogeneous oxygenase has kinetic character- 
istics (pH  maximum at 6.0) different from those (pH 
maximum at 8.0) of the oxygenase present in crude 
extracts. By modifying the purification procedure, an- 
other form of the oxygenase, which retains  the kinetic 
characteristics of the enzyme in the homogenate, was 
purified 300-fold in 36%  yield. Analytical gel electro- 
phoresis indicates that 1 migrating species accounts for 
about 90% of the protein in  the purified preparation. 
This labile species,  which has a molecular weight of 
approximately 250,000, was shown to be an enzyme 
complex,  which contains not only the oxygenase, but 
also D-glucuronate reductase (EC 1.1.1.19) and at least 
2 other unidentified proteins. In its native state,  the 
oxygenase is believed to exist as  part of this complex. 

In animals, the f i s t  committed step in the metabolism of 
myo-inositol occurs exclusively in the kidney and involves the 
cleavage of the ring to give  D-glucuronic  acid  (1-3) as shown 
in Equation 1. In subsequent steps, the D-glucuronate is 
successively converted into L-gulonate, 3-keto-~-gulonate, L- 
xylulose,  xylitol, D-XyhdOSe, and D-XyhdOSe 5-phosphate which 
then enters the pentose phosphate cycle (4, 5). myo-Inositol 
oxygenase (EC 1.13.99.1), which catalyzes the initial reaction 
(Equation 1) of this pathway, has been previously  purified 
from rat kidney (2, 6) and oat seedlings ( 7 ) ,  but, because the 
enzyme isolated from these sources is very unstable, not much 
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information is available concerning its detailed characteristics 
and concerning the mechanism of the reaction. 

Although purified  oxygenase preparations have received 
relatively little  study,  the reaction is of considerable interest 
physiologically.  Weinhold and Anderson (8) observed that 
inhibition of the enzyme in vivo leads to rapid and early death 
from  kidney failure, but for reasons which are not clear. For 
some time it  has been known that individuals with diabetes 
mellitus excrete excessive amounts of inositol in  their urine 
(9), and recent evidence indicates this is due to a decreased 
activity of myo-inositol  oxygenase (10). The alterations in 
tissue levels of inositol in diabetics are believed to contribute 
to diabetic neuropathy (10) and to infantile respiratory dis- 
tress (11). 

As part of our continuing interest in the mechanisms of 
biological oxidation-reduction reactions (12, 13), we have re- 
cently begun a detailed investigation of the mechanism of the 
inositol  oxygenase reaction. Because of the demonstrated 
instability of the  rat kidney enzyme (2,6), we initially surveyed 
homogenates of other animal kidneys and found that  the 
enzyme  in  hog  kidney appeared to be more easily stabilized. 
Consequently, we have developed a method for the purifica- 
tion of the hog  kidney  enzyme to homogeneity and have 
determined several of its characteristics. One notable feature 
of the homogeneous  enzyme is that it is maximally active at 
pH 6.0, while the enzyme present in crude homogenates has 
a  pH maximum at approximately 8.0. By modifying the puri- 
fication procedure, it was  possible to obtain a nearly pure 
preparation of a complex of several proteins, one of which  is 
the oxygenase and another of which  is NADPH-linked D- 
glucuronate reductase (EC 1.1.1.19). This enzyme catalyzes 
the next step in the pathway of inositol catabolism, namely, 
the conversion of D-glUCUrOnate to L-gulonate. The oxygenase 
in this complex has kinetic characteristics (pH maximum at 
8.0) similar to  that in crude homogenates so presumably this 
form is the native state of the enzyme. 

In  the present article, we report the methods developed for 
obtaining both the homogeneous  oxygenase and the complex 
and describe many of their characteristics, especially those of 
the homogeneous enzyme. In addition, since  D-glucuronate 
reductase co-purifies with the oxygenase through several 
steps, a simple method for obtaining this enzyme in a near 
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homogeneous state is also described. In  an accompanying 
article (14), some kinetic characteristics of the homogeneous 
oxygenase and  the effects of various additives on its catalytic 
rate  are reported. 

EXPERIMENTAL PROCEDURES’ 

RESULTS 

Purification Procedures-In early attempts  to develop a 
purification procedure for the hog kidney oxygenase, assay 
conditions similar to those used by Charalampous (1,2) were 
employed. Although good activity was observed in  crude 
homogenates, it was frequently observed that nearly all of the 
catalytic activity, measured using these assay conditions, is 
lost when the enzyme is subjected to relatively mild purifica- 
tion conditions, especially ion exchange chromatography at  
pH 6 to 7 .  In subsequent experiments, it was found that  this 
catalytically inactive enzyme could be reactivated by incuba- 
ting with 1 mM Fe(I1) and 2 mM cysteine. Thus, by using these 
components  in the assay medium, it became possible to locate 
the enzyme in various fractions following purification steps, 
and a  method was developed to readily purify it approximately 
550-fold  in  45%  yield from the  supernatant (105,000 X g) of a 
crude homogenate (Table I). Especially effective steps in the 
purification procedure are chromatography on a  DEAE-cel- 
lulose (DE52) column and gel filtration  on  a Bio-Gel P-150 
column, both performed at  pH 6.0. The final chromatographic 
step using quaternary aminoethyl  (QAE)-Sephadex at  pH 6.0 
removes some minor protein contaminants. The use of pH 6.0 
acetate buffers for these steps is important; when similar steps 
were attempted using various buffers at pH 7.0, poor separa- 
tions resulted, and large losses in catalytic  activity were ob- 
served, especially with phosphate buffer. On the  other  hand, 
the preparation of crude  extracts in pH 6.0 acetate buffers 
resulted in relatively low recoveries of catalytic  activity. For 
these reasons, the final purification procedure involves using 
a pH 7.0 phosphate buffer for homogenization and ammonium 
sulfate  precipitation  and  pH 6.0 acetate buffers for the re- 
maining steps. 

The results given  in Table I show that whereas the oxygen- 
ase in the crude  extract, and after ammonium sulfate  fraction- 
ation, is nearly twice as active at  pH 8.0 as  it is at pH 6.0, the 
enzyme after subsequent purification steps is approximately 
7 times more active at pH 6.0 than  at pH 8.0. Such  results 
imply that  the enzyme is present in a different state when it 
is in  crude  extracts than when it is highly purified. Preliminary 
evidence that  it may  be  present in the crude state  as  an 
aggregate of several proteins was obtained when it was ob- 
served that following ammonium sulfate  fractionation, the 
enzyme in a buffer at  pH 7.0 elutes from a  Sephadex G-150 
column near the void volume. By  using pH 8.0 buffers rather 
than pH 6.0 ones for purification steps subsequent to  the 
ammonium sulfate  fractionation, it was possible to purify this 
protein complex 300-fold  in 36% yield from a centrifuged crude 
extract (Table 111). Negative adsorption on calcium phosphate 
gel and chromatography  on  a  DEAE-Sephadex column are 
particularly effective steps in the purification. Throughout 
this purification procedure, the inositol oxygenase activity at  
pH 8.0 is always higher than  that  at pH 6.0; after  the final 
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Bio-Gel P-200 gel filtration, the catalytic activity at  pH 8.0 is 
3 to 4  times that  at pH 6.0 (Fig. 5). For convenience, the 
enzyme purified as summarized in Table I, and more active at 
pH 6.0 than  at  pH 8.0, will hereafter  be  referred to  as  the “pH 
6 oxygenase,” while that purified as summarized in Table 111, 
and more active at  pH 8.0 than  at  pH 6.0, will  be referred  to 
as  the  “pH 8 oxygenase complex.” 

It is evident from Figs. 4 and 5 that a considerable amount 
of NADPH-linked D-glucuronate reductase activity co-puri- 
fies with the pH 8 oxygenase complex. In  the final preparation, 
the D-glucuronate reductase  activity is 107 mkat2/kg com- 
pared to 24 mkat/kg for the oxygenase activity at  pH 8.0. 
Since the reductase is considerably more active than  the 
oxygenase, the oxygenase activity of the complex can be 
determined by following the change in absorbance at  340 nm 
when NADPH (0.25 m ~ )  is present. The  rate observed with 
inositol as  substrate is identical with that obtained using the 
orcinol assay when the reaction is carried out under the  same 
conditions but with NADPH  absent. This is further evidence 
that  the reductase  and oxygenase are closely associated in the 
complex. 

In  the purification of the pH 6 oxygenase, all of the D- 
glucuronate reductase  activity separates cleanly from the 
oxygenase during anion exchange chromatography  on  DEAE- 
cellulose at  pH 6.0 (Fig. 1). One further  step (gel filtration  on 
Bio-Gel P-150) of purification of the reductase  leads to a 
preparation which was estimated by analytical gel electropho- 
resis to be approximately 90% pure. This relatively simple 
purification procedure (summarized in Table 11) is thus a 
convenient method for obtaining nearly homogeneous D-glU- 
curonate  reductase  in good yield (43%). 

Stability of the Oxygenase Preparations-The presence of 
reduced glutathione (1 mM) in the buffers is essential through- 
out purification and storage  in order to avoid irreversible 
losses of oxygenase activity. The glutathione could not be 
replaced by other reducing agents, and most other thiols were 
also ineffective (cysteine was able  to stabilize the enzyme to 
some extent).  The presence of  50 m~ KC1 was also found to 
improve the stability of the oxygenase both during purification 
and storage. The pH 6 oxygenase is inactivated by ammonium 
sulfate  precipitation so ultrafiltration was always used for 
concentrating this protein in the  later stages of the purifica- 
tion. 

If stored in a  pH 6.0 acetate buffer (50 m ~ )  containing 1 
m~ glutathione and 50 mM KC1, the pH 6 oxygenase is stable 
for months at  -20 “C. By “stable,” it is meant  that  the 
catalytic activity measured in the presence of 1 m~ Fe(I1) and 
2 mM cysteine is constant. Although the pH 6 oxygenase can 
be frozen and thawed once with no appreciable loss of catalytic 
activity,  repeated freezing and thawing leads to activity loss, 
i.e. as measured  in the presence of Fe(I1) and cysteine. At 
4 “C,  the enzyme gradually loses activity over a few days  and 
more rapidly if it  has been frozen and thawed. 

A  systematic  series of experiments to find optimum condi- 
tions  for  storing the pH 8 oxygenase complex has not  yet been 
carried out, but some data have been gathered concerning this 
point. The partially purified preparation following calcium 
phosphate gel treatment can be  stored at least  3  months at  
-20 “C in pH 8.0 buffer with little loss of pH 8 catalytic 
activity. However, the highly purified oxygenase complex 
gradually loses pH 8.0 activity over a period of days at -20 “C 
or 4  “C, and sometimes a similar loss occurred during the final 
purification steps at  4 “c. The presence of 50 mM KC1 and 1 
mM glutathione seemed to protect the pH 8.0 activity to some 
extent, but increasing the enzyme concentration was ineffec- 

* The abbreviations used  are: mkat, millikatals; SDS, sodium do- 
decyl sulfate. 
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tive. No conditions have yet been found for reconstituting the 
pH 8.0 activity after it is lost, Specifically, the addition of 
sulfhydryl compounds and/or ferrous ions has no effect in this 
regard. In all cases where it was checked, the loss of oxygenase 
activity at  pH 8.0 leads to  the generation of oxygenase activity 
at pH 6.0. 

Effect of Fe(I4  and Cysteine on  the  Catalytic Activity of 
the Oxygenase Preparations-As stated earlier, and  as illus- 
trated by the  data in Table IV, the pH  6 oxygenase has very 
little  catalytic activity measurable by the orcinol assay unless 
Fe(I1) and cysteine are present. However, Fe(I1) and cysteine 
are not necessary to  obtain maximum activity with the  pH 8 
oxygenase complex when assayed at  pH 8.0. In fact, the results 
suggest that Fe(I1) and cysteine may increase the  rate of 
decomposition of the complex to  the pH  6 oxygenase. A more 
extensive investigation of the effects of various additives  (in- 
cluding Fe(I1) and cysteine) on the pH  6 oxygenase is given in 
the accompanying paper (14). A similar extensive series of 
experiments on the pH 8 oxygenase complex has not yet been 
carried out. 

Purity and Composition of the Oxygenase Preparations- 
The freshly prepared  pH  6 oxygenase (from Step V) elutes as 
a single symmetrical peak when reapplied to a Bio-Gel P-150 
column, and  the specific activity is the  same in  all of the 
protein-containing fractions. As illustrated  in Fig. 6, only one 
protein band is seen  on sodium dodecyl sulfate (SDS) gel 
electrophoresis and on  analytical gel electrophoresis at pH 
7.5. Furthermore, the enzyme activity is located at  a position 
corresponding to the protein band on the analytical gels. 
Similar results are obtained when the electrophoresis is per- 
formed at pH 4.3 and at  pH 8.3 and when the gels are 
overloaded with large amounts (25 to 50 pg) of protein. These 
results indicate, therefore, that  the enzyme is essentially ho- 
mogeneous. 

When a sample of the pH  6 oxygenase, which has been 
stored at -20 "C for 1 week or more, is subjected  to  analytical 
gel electrophoresis at  pH 8.3, several protein  bands are ob- 
served, one at  the same position as seen with the freshly 
prepared enzyme, and some slower  moving bands. SDS gel 
electrophoresis of a similar sample reveals only a single sharp 
band with the  same mobility as obtained with freshly prepared 
enzyme. The results suggest that when the pH  6 oxygenase is 
stored a t  -20 "C, it polymerizes. However, the specific activ- 
ities of the freshly prepared enzyme and of the stored enzyme 
are  the same when assayed with Fe(I1) and cysteine present. 

One indication that  the  pH 8 oxygenase complex  is near 
homogeneity is that  the specific activities of both  the oxygen- 
ase  and the reductase are constant  throughout the region that 
the complex elutes from the Bio-Gel P-200 column (Fig. 5). 
Further evidence for this conclusion was obtained  on analyt- 
ical disc gel electrophoresis. As shown in  Fig. 7a, a freshly 
prepared sample of the  pH 8 oxygenase complex  gives only 1 
major protein band, and  this band  contains both inositol 
oxygenase and D-glucuronate reductase activities. Approxi- 
mately 90% of the protein  on the gel  is  in this band so the 
preparation is about 90% pure. 

Oxygenase activity at  pH 8.0 is lost, and  that  at  pH 6.0 
appears when the pH 8 oxygenase complex is left at  room 
temperature for several hours or is dialyzed overnight at  4 "C 
versus a pH 6 buffer (Buffer C). When such  a dialyzed sample 
of the pH 8 oxygenase complex is subjected to analytical gel 
electrophoresis, the  pattern shown in Fig.  7b is obtained. At 
least 4 distinct  protein  bands are now evident. As indicated  in 
Fig.  7b, 1 of the major protein bands has pH  6 oxygenase 
activity and a second major band has D-glucuronate reductase 
activity. These bands appear in the  same regions as  the pure 
proteins do when electrophoresed under the same conditions. 

When the pH 8 oxygenase complex is subjected to  SDS gel 
electrophoresis, at  least  4  distinct  protein  bands (not illus- 
trated)  are also seen. 

Molecular Weights of the Oyxgenase Preparations-Three 
different methods for determining molecular weights all indi- 
cate that  the pH  6 oxygenase has a molecular weight of  65,000 
+. 1,OOO. As shown in  Fig. 8, gel filtration of this enzyme along 
with marker  proteins on a  Sephadex G-150 column yields a 
molecular weight of  64,000. SDS gel electrophoresis of the 
enzyme and marker  proteins in  10% polyacrylamide gels (Fig. 
9) leads to a molecular weight estimate of  65,000. Inasmuch 
as this sample of the pH  6 oxygenase had been treated prior 
to electrophoresis with SDS and/3-mercaptoethanol at  100 "C, 
the enzyme is presumably not composed of smaller subunits 
held together by disulfide bonds. Data (Fig. 10) obtained from 
a  sedimentation equilibrium experiment were used to calcu- 
late (15) a molecular weight of 66,000 for the pH 6 oxygenase. 

Gel filtration of the pH 8 oxygenase complex and marker 
proteins on a Bio-Gel P-200 column leads to  the results shown 
in  Fig. 11. From these data, a molecular weight of approxi- 
mately 250,000 for the  intact complex, which was shown to 
have both D-glucuronate reductase activity and high inositol 
oxygenase activity at  pH 8.0, is estimated. If the complex is 
broken up by dialysis versus a pH 6 buffer (Buffer C), then 
the oxygenase activity (measured at pH 6.0) elutes from a 
Bio-Gel P-200 column (not illustrated) at  a position corre- 
sponding to a molecular weight of 65,000 and  the reductase a t  
a position expected for a  protein of molecular weight approx- 
imately 32,000. These  are well enough separated on such  a 
column that  the D-glucuronate reductase thus obtained was 
found to be homogeneous by analytical and  SDS gel electro- 
phoresis. 

Isoelectric  Focusing of thepH 6 Oxygenase-When the pH 
6 oxygenase was subjected to isoelectric focusing, 2 compo- 
nents of equal intensity having PI values of 4.4 and 4.5 were 
observed, as shown in  Fig. 12. These 2 charged isomers are 
not  separated  on gel electrophoresis under  both  denaturing 
and  nondenaturing conditions. When the 2 components from 
the isoelectric focusing were eluted and tested for their inositol 
oxygenase activity, both  had essentially the  same specific 
activity. 

Specific Activity of thepH 6 Oxygenase-During the course 
of the present  research, the  pH 6 oxygenase was purified 
several different times. Although the specific activity of any 
given preparation remained constant when stored at -20 "C 
for months, the specific activity of the various preparations 
ranged from 11 to 24 mkat/kg. In all cases, the purified 
preparations were judged to be homogeneous by analytical 
and  SDS gel electrophoresis. Whether  a  preparation of high 
or low specifk activity was obtained seemed to be  determined 
by the activity in the crude homogenates rather  than by some 
loss in activity during the purification procedure. Thus,  ap- 
proximately the same  per cent yield and fold purification were 
obtained  each  time  through the purification procedure; if the 
crude homogenate had a relatively low activity, then  the 
homogeneous enzyme would have  a low specific activity, and 
a homogeneous enzyme of high specific activity was obtained 
if the crude homogenate had  a relatively high activity. The 
only difference in the various preparations which was detected 
is the  amount of iron which each contains as described in the 
following section. 

Iron Content of the pH 6 Oxygenase-As shown in Table 
V, the  amount of iron  present in different homogeneous prep- 
arations of the pH  6 oxygenase varies and  appears  to correlate 
with the specific activity of the preparation. The most active 
preparation has approximately 4 iron atoms/65,000 daltons, 
while less active preparations have as low as 1.5 atoms of 
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iron/molecule. No differences in the electrophoretic or chro- 
matographic properties of the different preparations were 
detectable. 

Sulfhydvl Content of the pH 6 Oxygenase-From the 
results shown in Fig.  13,  one can calculate that 7 "SH groups/ 
65,000 daltons of the intact enzyme are reactive toward p -  
chloromercuribenzoate, and 8 such groups react when the 
enzyme is present in 6 M urea. When similar titrations were 
performed using 5,5'-dithiobis(2-nitrobenzoate) as  titrant  (not 
illustrated), the numbers obtained were essentially the same. 

Optical Spectrum of the p H  6 Oxygenase-The  homoge- 
neous enzyme has  an absorption maximum at 278 nm and a 
minimum at 249 nm with extinction coefficients of  42,000 and 
17,000 M" cm", respectively (assuming a molecular  weight of 
65,000). In addition, considerable tailing in the absorption 
above 300 nm is observed but with no well defined peaks.  At 
350,400, and 500 nm, the absorption is approximately 8%, 5%, 
and 2%, respectively, of that  at 278 nm. 

DISCUSSION 

The Homogeneous Inositol Oxygenase @H 6 Oxygenase)- 
Critical to  the development of a procedure to purify the 
oxygenase to homogeneity was the finding that although the 
enzyme  loses catalytic activity during the purification, it could 
be reactivated by incubating with 1 m~ Fe(I1) and  2 mM 
cysteine (14). The 5-step purification procedure developed as 
a result of this observation is a relatively convenient and 
simple one, and,  thus,  the enzyme is now readily obtainable. 
The purified  oxygenase is homogeneous by the usual standard 
criteria. 

Of considerable importance for subsequent work  on the 
mechanism of the reaction is the finding that  the hog  kidney 
oxygenase can be stored indefinitely at -20 "C in  a  pH 6.0 
acetate buffer with no appreciable loss in catalytic activity. 
This represents a major improvement over results obtained 
with the  rat kidney  enzyme  which can be kept active for only 
a few hours or a couple of days at most (2, 6). A possible 
explanation for the notable instability of the purified rat 
kidney  enzyme is that it may also exist in its native state  as  a 
protein complex, as found here for the hog  kidney  enzyme; it 
is reasonable that  an unstable protein might result from the 
breakup of such a complex during purification. 

The molecular  weight of the hog  kidney  enzyme  was found 
to be approximately 65,000  by several different methods. This 
is  very similar to  the reported molecular weights of the  rat 
kidney (2, 6) and oat seedling (7) enzymes. Another common 
feature of the enzymes from the various sources is that they 
are all prone to polymerization either on storage (this re- 
search) or when the pH of the medium is altered (6, 7). One 
difference, however, between the  rat and hog  enzymes is that 
the hog  enzyme appears  to be a monomer, while the  rat 
enzyme is a  tetramer of  17,000 dalton units (6). No evidence 
for smaller subunits of the hog  enzyme  was obtained even 
when it was heated for extended periods of time with SDS 
and mercaptoethanol, conditions which lead to  the smaller 
subunits being formed from the  rat enzyme (6). Given the 
other close similarities between the  rat and hog  enzymes, and 
that  the most active preparations of the hog  enzyme contain 
4 iron atoms/molecule (see below), it seems possible that  the 
hog  enzyme  may  be  composed of 4 identical amino acid 
sequences of about 16,000 daltons, but which are covalently 
linked. Perhaps  this also contributes to  the greater stability of 
the hog  enzyme  when compared to  that from the  rat. 

Another difference between the  rat and hog  oxygenases  is 
their behavior on isoelectric focusing. Whereas the  rat enzyme 
gives a single  peak with an isoelectric point at pH 3.9 (6), the 
homogeneous hog  enzyme separates  into 2 catalytically active 

components with isoelectric points at pH 4.4 and 4.5. Whether 
these charged isomers are  an artifact of the purification pro- 
cedure or are present as such in the physiological state remains 
to be determined. 

Both groups of investigators who have worked  with the  rat 
kidney inositol oxygenase  have reported that  the enzyme 
contains iron, but  the  amount found per molecule  of  enzyme 
has varied. Charalampous (2) found 1 atom of iron/63,000 
daltons, while  Koller and Hoffmann-Ostenhof (6) reported 
that their preparations had more than 1 atom/65,000; they 
concluded that  the catalytically active enzyme probably had 
2 atoms. We observe (Table V) that  the iron content of the 
hog  enzyme varies from preparation to preparation, and it 
correlates with the specific activity of the homogeneous en- 
zyme. The most active preparations have 4 atoms of iron/ 
65,000 daltons. Since the iron content  (and specific activity) 
of the enzyme seems to be  fured  in the intact animal rather 
than being  modified during enzyme purification, the lower 
activity of inositol oxygenase in diabetic animals (9,lO) could 
possibly  be due  to  a decreased iron content of the enzyme. 

The finding of 4 iron atoms/molecule in the most active 
preparations suggested that inorganic sulfide might be present 
in an iron-sulfur cluster. However,  using the method of Gilboa- 
Garber (16), no inorganic sulfide  could  be detected (limit of 
detection, 0.3 atom/molecule) in the preparation shown to 
contain 4 iron atoms/molecule. Similar findings have been 
reported for the  rat kidney  enzyme (6). Although the hog 
kidney  enzyme  does not contain inorganic sulfide, it is a 
sulfhydryl enzyme, with 7 to 8 easily titratable "SH groups/ 
molecule. Since the presence of 6 M urea has little effect  on 
the number which is obtained, the  titratable "SH groups are 
presumably on the surface of the molecule.  Modification of 
these groups by sulfhydryl reagents leads to loss of catalytic 
activity (14). 

No cofactor other  than iron has been implicated in the 
inositol oxygenase reaction. Since the overall reaction cata- 
lyzed  by the enzyme  involves a glycol  cleavage, and since 
chromium compounds are known to carry out such reactions 
(17), we considered the possibility that  the enzyme might 
contain chromium, which is an essential trace element for 
animals (18). However, it was  found by atomic absorption that 
there is no detectable chromium (limit of detection, 0.1 atom/ 
65,000 daltons) in the homogeneous  enzyme. 

The optical spectrum of the hog  kidney  enzyme is similar 
to  that reported for the  rat enzyme (2) except that there is no 
well defined  peak around 415 nm. Presumably, the diffuse 
absorption in the 300- to 400-nm  region is due  to  an iron 
chromophore, but the lack of spectral detail precludes any 
conclusions at  this time concerning the nature of the groups 
binding the iron. 

The Enzyme Complex $H 8 Oxygenase Complex)-The 
procedure reported here for obtaining in  90% purity an oxy- 
genase-containing enzyme  complex of molecular  weight ap- 
proximately 250,000  is relatively straightforward. The main 
difficulty in characterizing the complex is that  the purified 
species is somewhat labile; it tends to decompose readily into 
its component proteins both on storage and during purifica- 
tion. Despite this problem, some initial characteristics of the 
complex have been determined. 

Several pieces of evidence  suggest that  the complex repre- 
sents the native state of the oxygenase. For example, the pH 
activity profile  given by the oxygenase in the purified  complex 
is similar to  that  (pH 8 maximum)  observed  using crude 
homogenates and quite different from that (pH 6 maximum) 
given  by the homogeneous  enzyme (14). Also, Fe(I1) and 
cysteine are not required in order to observe catalytic activity 
in crude homogenates or with the purified  complex, but are 



8514 myo-Inositol Oxygenase: Purification and Characterization 

required in order to observe high activity with the homoge- 
neous  enzyme. Although the purified  complex is labile and 
breaks up into  its component proteins readily, the oxygenase 
in the complex appears to be  in a more stable  state, ie. does 
not require activation in order to show catalytic activity. 

It is evident from the reported results that  the purified 
enzyme  complex contains not only inositol oxygenase but also 
NADPH-linked D-glucuronate reductase, the enzyme  which 
catalyzes the second step in the pathway of inositol catabo- 
lism. In addition, the complex has at least 2 other proteins, 
but  their  identity and function are  not yet known. It has been 
determined, however, that  the complex does not contain 
NAD-linked  L-gulonate dehydrogenase (EC 1.1.1.45), the en- 
zyme  which catalyzes the  third  step in inositol catabolism, 
namely, the conversion of L-gulonate to  3-keto-~-gulonate 
(19). Most of the L-gulonate dehydrogenase separates from 
the complex in the ammonium sulfate fractionation step and 
the  rest during the calcium phosphate gel treatment. 

Not all of the D-glucuronate reductase co-purifies with the 
oxygenase  complex, but a major fraction of it does (Fig. 4). 
Since only 1 form of the reductase is observed after breakup 
of the complex during the purification of the pH 6 oxygenase, 
presumably the complex-bound reductase is the same enzyme 
as  that which is not bound to  the complex.  Also, this enzyme 
is probably identical with the aldehyde reductase obtained 
from  hog  kidney by Bosron and Prairie (20). The specific 
activity of the purified  enzyme toward D-glucuronate is com- 
parable to  that reported by Bosron and Prairie (20), and the 
molecular  weight (approximately 32,000 as estimated by  gel 
filtration) is similar to  that previously  found  for the aldehyde 
reductase (20,21). For some time there  has been considerable 
controversy concerning the metabolic function of this rela- 
tively nonspecific aldehyde reductase. The finding in this 
research that a large amount of the activity is associated with 
the inositol oxygenase  complex  implies that,  at least in kid- 
neys, a major function of the enzyme is to catalyze the 
reduction of D-glucuronate. 

A reasonable rationale for the close juxtaposition of inositol 
oxygenase and D-glucuronate reductase in  biological systems 
can be  offered,  based  on the suspected chemistry of the 
enzymic reactions and on the properties of D-glucuronate. In 
solution at equilibrium, D-glucuronate exists almost exclu- 
sively as a pyranose hemiacetal (22), but  this would have to 
be converted to  the acyclic aldehyde form  before it could  be 
transformed into L-gulonate by the reductase. The initial 
product of the oxygenase-catalyzed  cleavage of myo-inositol is 
expected to be the free aldehyde, which should be a much 
better  substrate for the reductase than equilibrated D-glucu- 
ronate (K ,  approximately 8 mM) (20). Thus, with the oxygen- 
ase and reductase in the same complex, inositol could  be 
converted to L-gulonate without the hemiacetal form of D- 

glucuronate being an intermediate, and, therefore, D-glucuro- 
nate would not build  up  in solution. 

forming the analytical ultracentrifugation experiment. 
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SUPPLEMENTARY MTERIAI 

TO 

w - I n o s i t o l  oxygenase f7m Hog Kldney. 1. Pur l f icat ion  md  Character izat ion 
of the Oxygenare. and Of an Enzyme Cmplex  Containing  the  Olygenale and D- 

Glucuronate Reductase 

BY 

C. Channa k d d y ,  James 5 .  %an and Gordon A. Hamilton 

EXPERIMENTAL  PROCEDURES 

H o g  kidneys were obtalned  ei ther frm the Pennsylvanld  State  Unlverrity 
k a t  laboratory or fm local  slaughter houses. Orclnal,  %-inositol, NADPH. 
bavlne serum a l b m i n ,  reduced glutathione. cytochrome-C. h m g l o b l n ,  glucose-6- 

Chemical co. ~ ~ i \ ~ - c e l l u l o s e  (batman DE-52) was purchased from ~eeve A y e l .  QAE- 
phosphate dehydrogenase. and alcohol dehydrogenase ere &tmned frm Signra 

Sephadex (A-50) and  OEAE-Sephadex (A-50) f m  P h a m c i d ,  Biogel P-150 and 
~~~~~~~~~~~~~-~~~~~~~~ f l l e t B I : a p : Y ~ g 4 r 6 ~ 1 1 f ; ~ o m B ~ ~ d : ; ~ h L : ~ ~ : ~ ~ ~ :  d l  

the  other  chemical5 used were reagent grade if not   o thewrre   spec i f ied .  

Measurement o f  Oxygenase Activities: Unless otherr ise  stated. a c e l o r i m t r i c  
procedure based on the  reaction  of  orcinal  with  the  product  0-glucuronate 

sodlum acetate  buffer pH 6.0,  or 50 d4 Trir.HC1  buffer pH 8.0, 2.0 mM L- 
(1,241 was mployed. The standard assay mixture I2 m l l  contained  either 50 f l  

cysteine. 1.0 n*l ferrous m n i u l n  sulfate, 60 n*l i n o s i t o l ,  and appropriate 
quan t i t i es   o f  enzym 110 t o  500 y g ) .  P r i o r   t o   i n i t i a t i n g   t h e   r e a c t i o n  by 
addlng an al iquot  of   the  subst late,   the Other  reagents were incubated  fo? 
5 min a t  30°C. A f t e r   i n i t i a t i o n ,  the react ion vas a l l a e d   t o  pmceed  with 
shaking i n  an a ~ r  atnosphere f o r  15 min  a t  30°C. and temlnated by  adding 
0.2 m l  Of 30% triChloroaCetiC acld .  F o l l a i n q  removal Of the  precipi tated 
p r o t e i n  by centr i fugat ion.   the amount of D-glucurcnare formed was determined 
as previously  deacribed (1,241 

Mearuremnt  of  0-Glucumnate Reductase A c t i v i t  : The enzyme a c t i v i t y  was 
d e t e m n e d   s p e c t r o p h o t m t r i c a l l y   a t  B'C by  tYOllaing a t  340 m the  Fate  of 
ox ida t ion   o f  NADPH during  the  reduction of D-glucuromte  to  L-gulonate. The 
reaction  mixtures  (1  al)  contained: M n*l sodium phosphate buffer,  p~ 7 . 2 ,  
0.2 0" NADPH, 10 nll D-glucuronate, and appropriate  quanti t ies of enzyme 
( 5  t o  50 "9). 

E n r p  Act iv i ty   Uni ts :  All SPeClfic d C t i w t i e S  are  reported 1" katd ls /kg 
proteln; one Lata1 i s  equal t o  me rmle of  product f o m d  01 substrate  reacted 
per second. 

Po!yaciylamide Gel Electrophoresis:   Analyt ical   d isc  gel   e lectmphoresi l  was 

described by D&I ( 2 5 ) .  A CUlrent of 2 . 5  mA per  tube was app l i ed   un t i l   i he  
performed w t h  7 52 palyacrylamlde gels using  t r i r -g lyc ine  buf fer ,  pH 7 .5  as 

bromophenol blue  t racking dye f m n t  war 1   to  2 m f m  the end. A f t e r   r i m i n g ,  
the  gels were ei ther   s ta ined  for   prote in   detect ion o? s l i c e d   i n t o   1  m s l i c e s  
for  subsequent  determination Of enzyme a c t i v i t y .  men stained,  the  gels were 

water; 5:7.5:87.5).  destained  electropharetlcally i n   a c e t i c  m d :  methanol: 
t reated w i t h   C w m l l i e   b r i l l i a n t   b l u e  R-250 (0.1% i n  methanol: acet ic  acid:  

water.7:10:83). and scanned a t  610 m using an ISCO recording  monitor 
equipped wi th  a gel  scanning u m t .  The shced  gels were e lu ted   w i th   e i ther  
buffer B (when the pH ti oxygenase was subjected to   e lec t rophore r i r )  or buffer 

eluate *ere w e d  for  enlym assays 
E (when the pH 8 oxygenase c n p l e x  war re rublected). and I l i m o t s  of  the 

were prepared  according to   the method Of Ueber and Olbom ( X ) .  PFior t o  
SDS Gel Electmphorer i r :  Gels with  101  polyacrylamide (2.51. c r w r l i n k r n g )  

electrophoresis  at  8 inA per tube f o r  6 h, the  proteins Were Incubated a t  1OO'C 
f o r  10 min i n  a solut ion m n t a i n l n q  1% SM and 1% 8-mercaotaethanol. me Rr 

Anal t i c a l  Gel F i l t r a t i o n :  Gel f l l t r a t i a n  O f  the homogeneous pH 6 oxy enare 
was LF o m  us ng a x 110 m column of Sephadex G-IS0 (40-120 ~ 7 :  A 
Bio-gelfP-20: (5 ;  to  l k 5 w )  column of the r a w  s ize was used for   ge l  filtration 
of the pH 8 oxygenare CmPICX. Buffer B "111 used for  Column e w l i b r a t ? m  
and e l u t i o n  of the Sephadex c o l ~ m ,  and b u f f e r  E for   the  Bio-gel  column. I n  
each care the enzyme plus  marker  proteins were applied w t h   b l u e  dextran  to 
the column prev ious ly   egui l ib fa ted  wi th   buf fer ,  and 2 .5  mi  fractions were 

was determined by u s i n g   l i t e r a t u r e  procedures for   the i r   detect ion,  and the 
c o l l e c t e d   a t  I fla rate  o f  12 ml/h. The e l u t i o n  valme of  reference  cmpoundr 

molecular  weight was ertlmated  by a standard method ( 2 7 ) .  

Analy t ica l  Ultracentrifugation. An AnF-Ti ro to? and a Spinco b d e l  E analy t ica l  

was Used for  sedimentation equilibrium analysis. Enzyme samples (0 .4 mqlml) 
u l t racentr l fuge.  equipped wi th  a photoelectrc scanner and Ul t rav io le t   op t ics ,  

dl6IOlVed i n   b u f f e r  B were centrr fuged  at  16,WO rpn and  27-C for  48 h. 

H i n d a r  were used t o  measure the absorbance a t  280 m. A par t ia l   spec i f i c  
OOuble sector   ce l ls  equipped w t h  a charcoal f i l l e d  Epon centerpiece and quartz 

v o l w  of  0.73 n l i g  war aLIUmd ~n c l l c u l i t i n g   t h e  molecular weight. 

Isoelect r ic  F O C Y I I ~  : Polyacrylamide gels 15 x 125 m) used fo r   i iOe leCt r iC  
facuring wwe prepa?ed by  photopolymerfration  (8.4 uM FUl  present]  of 7.5% 
t o t a l  manmer l u i t h  2.51 o f   t h l s  as methylene b i s a ~ ~ y l m i l d e l .  Each gel 
also  contained 5% ( W v )  glycerol and  2% Bio- ly te  13/10 or 4 /61 ,  Enzyme smples 
(20 yg) were applied i n  2 5 %  SUCTOSB solutions and Overlayered w t h  10% 
I u c ~ o s e .  The gels were fDCUIIed a t  4'C foT 20 h  using a patentla1 Of 200 V. 
C y t o c h r m - c  *dB present a s  I marker ~n one Of the  gels.  Urlng  the modification 
of h d e h ' s  procedure (281, the  gels were stained i n  ethanol:  water: acetic 
acld (50:45:51 containing 0.21. brmphenol  blue,  then  destained and scanned 

gradlent along  the gels at   the  end of the focurlng. 
a t  560 M 18 previously described. Blanks were Tyn to  determine the pH 

Oetemlnatlon O f  Iron Content: I n  moIt cares the l m n  Content of  the  enzym 
was determ7ned by  atomic  ab$orptlon  using a Yarian AA-5 Ipect rophotmeter  
equipped w t h  a Model 63 carbon rod a t m i z e r  and mrbon tube furnace. In  one 
care the  color imetr ic method Of Landerr and  Zak (29) vas em layed using 
c m r c ~ a l l y  avai lable  blthophenanthrol ine  sulfonate (Sigmdy. 

Special precautions were tdken to  avoid  metal I o n  contamnat ion  of   the 
enzyme samples. All Hz0 was doub ly   d is t i l l ed .   the  second time  using a 
Kontes US-2 q1.15 r t i l l  f o l l a i n g   p e r c o l a t i o n  through  Barnsted  organic and 

HNO3 and then  rinsed 8 t o  10 times wi th  H2O. Pipetman w t h  disposable plastic 
ion  erchange ~01umnr. All glalrware war soaked overnight  in  concentrated 

t l p s  were used fo r   a l l   so lu t ion   t rans fern .  The p l a s t i c   t i p s  were f i r s t  soaked 
l n  100 0" EOTA then  rinsed  thoroughly m t h  Hz0  and d r i e d   i n  a v~cuum desicator. 

Syrlnge  attached t o  a length O f  polyethylene  tubing Io tha t   the   ro lu t ionr   d id  
Injectlonr ( 5  "1) in to   the carbon  tube  furnace were p e r f o m d  using a Io  "1 

not Cme into  Contact  With  the  Syrlnge  needle.  Fresh  tublng was used far  each 
IDIYflOn. and it Yd6 r rnred 3 timer x l t h  the  lOlUtlDn  to be lnJected  before 
a n  lnJectlon was made. 

An enzyme $ample (0.5 ml) contalnlng approximately 0.5 qlml was dlalyzed 

Clp l ta te by centr l fugat lm,  the supematant was sub.iected t o  analvs16 f o r  
15 t o  20 h v e l ~ u s  2 1 Of Hz0 a t  4'C. A f t e r  removing a small amount o f  pre- 

i ron,   Cata ly t ic  activity, and protein content. The :ran Content o+ the 
dialysate was detetmned and w e d  as a blank  for  the enzyme solut ion.  Iron 
standards were prepared by d i lu t rn   appropr ia te  amounts of   F lsher  Scientific 
certified l l o n  standard (1.000 pm?. Each reported  enlym determination was 
done on a d l f ferent  day ur lng  a d l f ferent  enzym sample and f reshly  prepared 
i r o n  standards. The I ron Content  per mole O f  enzyme was LalCUlated assum?ng a 
m ~ l e c ~ l d r  welght of 65,000. 

Determlnatlen O f  Sulfhydryl  Content. I n  the   fo l la r ing  procedure a l l  buffers 
used f o r   d l a l y r i r   o f   t h e  enzyme sample were f lushed  with N2 p r i o r   t o  use, and 
a l l  containers were wrapped i n  aluminum f o i l  or black  c loth l n  order  to exclude 

dialyzed a t  4-C f o r  12 h w t h  3 changer Of a 50 nH sodium acetate  buffer 
l i g h t .  The enzyme sample (concentrated t o  2 . 5  w/ml by u l t r a f i l t r a t i o n )  WII 

(pH 6:O) contarning 2 mM glutathione.  Af ter   centr i fugat lan  to remove in ro lub le 
matenal .   the sample was redialyzed i n  a s imi lar   fash ion using 1 50 d4 sodium 
acetate  buffer ( p H  6.0) which d?d  not  c o n t a n  glutathione.  Fal lor ing  centr l -  
fuqdtion,  the  sulfhydiyl Content Of the   re ru l t inq   IO lUt ion  was determined 
USing P-ChlOr04TC"rlben~oate I S  described  by BOyer (301 and Benexh and  Benesch 

The enzyme s o l u t i o n   i n  6 M urea was prepared by dialyzing  the above solution 
(31). and wing  5 ,5 ' -d l th iob ls   (2-mtrobenroate)  as described by  Ellman ( 3 2 )  

versus buffer  containing 6 M urea f o r  12 h   a t  4-C.  In order  to  e l lwinate 

enzyme vas used i n  the  reference  cuvettes. To prepare  th l r  material, a 
the  high absorbance due t o   p r o t e l n   i n   t h e   t i t r a t i o n s ,  lodoacetamide  treated 

sample of  the  dialyzed enzyme was incubated  with 8 mM lodoacetamide a t  24'C 
for  5 h, then  dialvzed OVerniQht a t  4°C versus d i l t l l l e d  water 13 rhanaerl. 

Step I :  Prepdrdtlon Of Cwde  Extracts A11 purlf lcdt lons  steps =ere perfonred 
a t  PC. Hog kidneys,  obtained  wrthin 10 min af ter   the a n l m d l ~  were k l l l e d .  
we~e i m e d i a t e l y   c h i l l e d   i n  an ~ c e  bucket. The kidneys were mlnced ( the 
connectlue  t issue was cut  away  and dlscdrded), washed w t h  1ce cold  water. 
and the mince (500 g wet wight1  hmogenlzed 7 "  a blaring  blender  for 30 rec 
with 3 valuner (weightlvolume) o f   bu f fe r  A. The ext ract  was f luxed  with 
nitrogen gar and subjected  to  further  hanogenization  in d Potter-ElvehJem  teflon 
hmogenizer.  After  centr i fuging  the  resultant  hmogenate  at 20,000 g f o r  30 min 
t h e   p e l l e t  *a6 discarded, and the  supernatant was saved for  fur ther  pur7frcat ion.  
A t  t h i s  stage of  purification, addl t ion af ferrous  amonium  sulfate ( t o  a f l n a l  
concent lat ion  of   1 mM1 and f lux ing  wi th   n i t rogen promoted the   r t ab l l i t y   o f   t he  
enzyme durlng  the course o f   p w i f l c a t l m .   T h i s  enzyme r o l u t l o n  was centrlfuged 
a t  105.000 g fw 45 min, and the  supernatant  obtained was passed through  glass 
woo1 )n wder t o  remove f l oa t i ng   l i p id   ma te r ia l s .  The redd l rh   p ink   f i l t ra te  I S  
re fe r red   to  a i  the  crude  extract. 

Step 11: h a m u m  S u l f a t e   F r x t i o n d t l o n :   S o l i d   m n i u m   S u l f a t e  was added t o  

a l l   t h e  m o n l u m  sul fa te YII disIo1Yed.  the pH Of the  IOlutlOn was adJusted 

The precipitated  prote7n was removed  by cent r i fugat lan   a t  20,000 g fop 10 m?n 
t o  7.0 with  d7lute m o n l u m  hydroxide, and the  IuIpenSion wd9 I t l r r e d   f o r   1  h. 

and dlscarded. The m l u l t i n g  supernatant was brought t o  45% I d t u r a t l o n  by 
fur ther  addl t ion  of   Sol id -onium su l fa te ,   s t i r red   f o r   1  hour, and then 
centr i fuged  at  20.000 g fop IO mi".  After  Careful ly  draimng  the  supernatant 
of f .   the  pel lets were Narhed with  saturated amomurn s u l f a t e   I o l u t l o n  and 

the   emym  so lu t ion  frm Step I t o  g r r e  I f inal  Concentration  of 30%. After  

gent ly  resuspended i n  buffer B to   g ive 1 f ina l   v0 lmC Of a b m t  250 m l r  T h l l  
rurpenrion was dialyzed Owrnlght  against  32 ~01umneO Of buffer B with one 
buffer change, and the  dialyzed enzyme solut ion  cent r l fuged  a t  20,000 9 for  30 
min i n  order   to  m o v e  any Insoluble  matevials  prerent. 

Step 111: OEAE-Cellulose (OE-52~Calmn  Chrmatograph : The enzyme fraction 
obtained frm the  previous  step was appl ied  to a DE-& column I 8  I 40 cm) 
previou.ily degassed and equ i l i b ra ted   N i th   bu f fe r  8 .  Using  the $me buf fer  
as eluant, and a fla r a t e  Of approximately 90 ml/h. IO m1 fractions were 
co l l ec ted   un t i l   t he  absorbance a t  280 rn had dropped t o   b e l m  0 . 5  ( a  t o t a l  
of 0.9 t o  1.0 1 requlredl. The e lu t i ng   bu f fe r  was then changed t o  a l i n e a r  
KC1 aradient oreoared u l i m  SO0 ml o f   bu f fe r  B and 500 m l  o f   buf fer  B rnn- 
tain7ng 0.25 'KitCl; aid   a2 fwthev  en t i  loo f r i c t i o n s  were c o l l e c t e d . ~ ~ A r  
i l l u s t r a t e d   i n   F i g .  1. the  D-glucuranate  reductase  act ivi ty  elutes I "  the 
f inal   stager Of the   e lu t ion   w i th   bu f fe r  8.  and the   inos i to l  oxygenase canes 

p u r i f i c a t i o n   o f  i n o s i t o l  oxygenase, the f n c t l m s  containing oxygenase 
off  dunng  the gradient e l u t i o n   a t  a p p w x i m t e l y  0.1 M KC1. For fur ther  

a c t l v i t y  were pooled and concentrated  to IS mi  by u l t r a f i l t r a t l a n  through 
a UM-20 ne%irane  i n  an h icon   concen t ra t i on   ce l l .  NO 10.1 of  enzyme a c t l v i t y  
occurred  during  concentration. 

Flgure 1  Chrmatography O f  a dlalyzed 30.45% m o n l u m  su l fa te   f rac t ion  On 
a DEAE-cellulase (DE-52) co lunn.   Prate in   e lu t ion  prof l le  a s  lndlcated by the 
absorbance a t  280 m (-- - - ) ,  0-glucuranate  reductase  act lvl ty (0 ) .  and I n o l l t O l  
oxygenase a c t i v i t y   a t  pH 6.0 (AI. 

El l lT lO H h w c  (Il1.n' 

Step IY: Gel F i l t r a t l o n  on a Bio-gel P-150 Colmn: The oxygenase preparation 

c o l u m  14 .2  x 110 a n 1  prevrou5ly  equtl ibrated  with buffer C.  Using the same 
(15 m1 OT l e r r )  from  Step I 1 1  wits carefu l ly  loaded on t o  a Bio-gel P-150 

buffer as eluant, 7.5 ml f ract lanr  were c o l l e r t e d   a t  a fla r a t e   o f  
apPr0x imte ly  60 nl per h.  As s h a m   i n   F i o .  2.  the oxygenase elutes  with a 
minor  proteln peak af ter  most o f   t he   pmte in  has cone o f f .  A t  t h l l  stage 
analy t ica l  gel electrophoresis  indicate5  that I- o f   t he   f r x t l on r  containing 
OxygenaSe dFtiYitY  are 90 to  95% puve 

a* 1 P 
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O,' 
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Step V :  WE-sephadex (1-50) Column C h r m t o g r a p h y :   A c t i v e   i n o s i t o l  oxygenase 
fract ions  f rom  Step I V  yere a p p l i e d   t o  a plecyc led  an ion exchange Sephadex 
column (QAE-Sephader A-50, 2 x 15 cm) which   had  been  p rev ious ly   equ i l ib fa ted  
w i t h   b u f f e r  C. Wen a l l  the  enzyme s o l u t i o n  had entered  the colmn.  It was 
Narhed ( f l a  ra te ,   dPPraXimte ly  60 mllh; 10 ml f rac t ions   co l lec ted)  fist 
w t h   b u f f e r  C u n t l l  no absorp t ion  of e f f l u e n t   a t  280 nn could be detected 
(approximately 3W ml requ i red) .  The absorbed enzyme WI t h e n   e l u t e d   w i t h  a 

U KC1.  AS i l l u s t r a t e d   i n   F i g .  3,  the oxygenase a c t i v i t y   i s  well separated 
l i n e a r   g r a d i e n t  of 400 m1 o f   b u f f e r  C and 104 m1 o f   b u f f e r  C con ta in ing  0.3 

by u l t r a f l l t r a t l o n   ( u i t h  several d i l u t i a n r  by b u f f e r  C to r e m u ;  excell D l )  
frm the i nac t i ve   Impur i t i es .  The ac t i ve   f rac t i ons  *ere pooled  concentrated 

t o  a f i n a l  ConCCntration Of a p p m x i m t e l y  0.5 mgtsl. and s to red  i n  1 ml 
f r a c t i o n s   a t  - 2 0 ° C .  

r-- 
0X)L 

ELUTION VOLUME Ititstst 

oxygenare f r a c t i o n s  frm the  B io -ge l  column. P m t e i n   e l u t i o n   p m f i l e  as i n -  
Figure 3. Anion  exchange  Ch?mtog?aphy on a PAE-Sephadex column o f   t h e   p o o l e d  

d lcated  b   the abrohance a t  280 m ( - - - - ) .  and i nOJ i tO l  oxygenase a c t i v i t y  
pH 6.0 ( d .  

a t y p i c a l   p u r i f i c a t i o n   p m e d u l - e   t o   g i v e  
a c t i v i t y   a t  pH 6.0 i s   g i v e n   i n  Table I .  

the  i n o s i t o l  oxygenare 

TABLE I 

Summdry o f   t h e   p u n f 7 c a t i o n  of w - i n o s i t o l  oxygenase 
(pH 6.0 a c t i v i t y )  frm hog kidney. 

The en lyn~  was p u r i f i e d  frm 500 9 (Wet weight) Of hog  kidneys  by  the 
Pmcedures described I n  t h e   t e x t .  

T o t a l  a c t i v i t v   o u r i f -   v i e l d  
Spec i f i c   Fo ld  

I .  Crude e x t r a c t  21,200 0.85 0.04 0.07 1 1w 
11. 30-451. ammniurn 8,200 0.66 0.08 0 . 1 4  2 71 

s u l f a t e   f r a c t i o n  

111. O E A E - ~ ~ I I ~ I O S ~  430 0.60 1.4 0.20 35 PO 
COl"rn" 

I V .  Bio-gel P-150 32 0.14 13.8 2.0 340 50 
C0l"Ol" 

Y. QAE-Sephadex 18.5 0 .41  21.9 2 . 5  550 45 
C O l U I "  

P u r i f i c a t i o n  of 0-Glucumnate Reductase 

c a p u r i f i e r   w i t h   i n O I i t o l  oxygenase through  the firrt &o steps  but  ir separated 
AS i ndrca ted  by t h e   r e s u l t s   r h w n  In Fig .  1. 0-glucumnate  reductase 

near ly  pure prepara t ion   a f   the   redvc tase ,   f rac t iom  (F ig .  1 )  c o n t a i n i n g   t h i s  
a c t i v i t y  were pooled.  concentrated  by u l t r a f i l t r a t i o n   t o  I O  m l ,  d ia lyzed 

f rac t ions   con ta in ing   D-g lucuronate   reduc tase   ac t i v i t y  are wel l   separated frm 
d Bio-gel P-150 colmn p r e v i w s l y   e q u i l i b r a t e d   w i t h   b u f f e r  0. The p r o t e i n  

h igher  mlecular w i g h t   p m t e i n s  which are i n a c t i v e .  The r e d w t a r e   t h u s  
obtained was found t o  be  approximately 9OX pure  by a n a l y t i c a l  gel e lec tmphores ls  
A s u m a ~ y   o f  a t y p i c a l  purification procedure t o   g i v e   t h e   n e a r l y  horngeneour 
reductase i s   q i v e n  in Table 1 1 .  

when the  DE-52 C O l U m  (Step 111) i s  run a t  pH 6.0 (bu f fe r  8 ) .  TO o b t a i n  a 

overn igh t  versus 50 volmer of bu f fe r  D and subjected t o  gel f i l t r a t i o n  On 

TABLE I 1  

sumary of the  pUrlf,cat?on  of  D-glucuronate  reductase 
from  hog  kidney. 

by the  procedurer  described I n  t h e   t e x t .  
The enzyme was p u r i f i e d  frm 500 9 (wet  weight) of  hog kidneys 

pul,flCatiOn p r o t e i n   l t c t l v i t y   a c t i v l t y   p u r i f i c a -   Y l e l d  
To ta l   To ta l   Spec i f l c   Fo ld  

5 tep (mg) ( " k a t )   ( m k a t l k g l   t i o n  (XI 

I .  crude 23.aoa 20.7 0.9 I loa 
11. 30.45% amonlurn 8.400 14.6 1 .7  2 10 

s u l f a t e  fraction 

111. OEAE-cellulose 1 8 0  9 .4  52 58 4 5  
COl"0I" 

IV.  810-gel ~ - 1 5 0  48 8.9 185 206 43 
COIUrn" 

s u l f a t e  (30 t o  45% of r a t u r a t l a n )  rere i den t ica l   ta   p rocedures   descr ibed  fo r  
the  preparation of t h e  oxygenase w i t h  pH 6.0 a c t i v i t y .  The p r e c r p i t a t e  was 
dllSOlved ? n  250 m1 o f   b u f f e r  0. dialyzed for  24 h versus 25  volume^ o f   b u f f e r  0 
(with 2 chanaer O f  b u f f e r l .  and csn t r l fuoed a t  15.000 0 f o r  30 min The c l e a r  

The prepard t lon  of the  crude  ext lact   (Step I )  and p r e c i p i t a t i o n   b y  amnonivm 

washing and e q u i l i b r a t i n g   c a l c i u m  phosphate gel rriii b u f f e r  0. the f i n e   s l u r r y  
Step 111:  Neqatlve  AdrOrptlOn on t o  Calcium Phosphate Gel: A f t e r  thoroughly 

was r l a l y  added ( d r y  g e l :  pro te in ,  1.1) n t h  COntinuOUS s t i r r i n g   t o   t h e  enzyme 
r o l u t i a n  frm Step 1 1 .  The mix tu re  *as I t l r r e d   f o r   e x a c t l y  15 m l n  and then 
t h e  gel was removed by centrifugation a t  6.000 g f o r  10 min. The gel was 
discarded and the  supernatant   t reated a second t ime w t h  calc~urn phosphate gel 
~n a mnne? i d e n t l c l l   t o   t h a t   d e s c r i b e d  above. The clear p a l e   y e l l a  IYPP- 
natant   thus  Obta iMd  could be s to red  over a month a t   -2OY  w i thou t  appreciable 
1011 o f  e n z m  canp1ex dCt iY i tY  (oxrgenare d C t i W   a t  pn 8.0). 

Step L Y :  OEAE-Sephddex (A-50) Column Chranr to  wph : A f t e r   w w h l n g   t h e  DEAE- 

wl th   buf fer  E, i t  was packed i n  a c o l m  (4.2 x 46 m ) .  and again warhsd w i t h  
Sephadex (A -m)   by  the  procedure of P e t e s o n j n d  Szbeber ( 3 3 ) .  and e q n l i b r a t i n g  

several bed volumes Of b u f f e r  E. The enzyme s o l u t i o n  frm Step 111 was app l led  
t o   t h e  column and the  flar r a t e   r e t   a t   a p p m x l m a t e l y  60 m l l h .   A f t e r   t h e   p m t e i n  
LamPIC had  entered  the COlunn It vas washed w i th   bu f fe r   E   un t l l   t he   e f f l uen t  had 
an absorbance of le61 than 0.1 It 280 nm. Har t  O f  t h e  protein dpp l l ed   t o   t he  
column came O f f  dur ing   th is   wash lng .   bu t  it had n e i t h e r  0-glUCUmnate reductase 
nor  i n o s i t o l  oxygenase a c t l v i t y .  me absorbed p m t e l n  vas e l u t e d  (IO m l  
f rac t ion3 were c o l l e c t e d 1   b y  a l i n e a r   g r a d i e n t   o f  KC1 (50 t o  250 m l l  KC1 x l t h  
750 m1 o f  each cmponent   d isso lved i n   b u f f e r  E). As ind ica ted  r n  Fig .  4 .  the 
oxygenase e l u t e s  It aPPrax7mately 0.18 I4 KC1 along with I conr lde rab le   dmun t  
of the   0 -g lucumnate   reduc tase  ac t lu i ty .  The active oxygenase f rac t ions  were 
pooled and concent ra ted   to  IO m l  by u l t n f i l t r a t i o n   t h m u g h  a UU-20 membrane 
~n an h i c o n   c o n c e n t r a t i o n  c e l l .  By a n a l y t i c a l  gel e lec t rophorer>r   the  enzyine 
P W P l l l t l O n   a t   t h i s  Stage was e r t i m t e d   t o  be 60 t o  70% pure. 

Step L Y :  OEAE-Sephddex (A-50) Column Chranr to  wph : A f t e r   w w h l n g   t h e  DEAE- 

wl th   buf fer  E, i t  was packed i n  a c o l m  (4.2 x 46 m ) .  and again warhsd w i t h  
Sephadex (A -m)   by  the  procedure of P e t e s o n j n d  Szbeber ( 3 3 ) .  and e q n l i b r a t i n g  

several bed volumes Of b u f f e r  E. The enzyme s o l u t i o n  frm Step 111 was app l led  
t o   t h e  column and the  flar r a t e   r e t   a t   a p p m x l m a t e l y  60 m l l h .   A f t e r   t h e   p m t e i n  
LamPIC had  entered  the COlunn It vas washed w i th   bu f fe r   E   un t l l   t he   e f f l uen t  had 
an absorbance of le61 than 0.1 It 280 nm. Har t  O f  t h e  protein dpp l l ed   t o   t he  
column came O f f  dur ing   th is   wash lng .   bu t  it had n e i t h e r  0-glUCUmnate reductase 
nor  i n o s i t o l  oxygenase a c t l v i t y .  me absorbed p m t e l n  vas e l u t e d  (IO m l  
f rac t ion3 were c o l l e c t e d 1   b y  a l i n e a r   g r a d i e n t   o f  KC1 (50 t o  250 m l l  KC1 x l t h  
750 m1 o f  each cmponent   d isso lved i n   b u f f e r  E). As ind ica ted  r n  Fig .  4 .  the 
oxygenase e l u t e s  It aPPrax7mately 0.18 I4 KC1 along with I conr lde rab le   dmun t  
of the   0 -g lucumnate   reduc tase  ac t lu i ty .  The active oxygenase f rac t ions  were 
pooled and concent ra ted   to  IO m l  by u l t n f i l t r a t i o n   t h m u g h  a UU-20 membrane 
~n an h i c o n   c o n c e n t r a t i o n  c e l l .  By a n a l y t i c a l  gel e lec t rophorer>r   the  enzyine 
P W P l l l t l O n   a t   t h i s  Stage was e r t i m t e d   t o  be 60 t o  70% pure. 

F igure  4 .   Chrmdtegraphy an a DEAE-Sephadex (A-50) column o f  an enzpe pre-  
parat ion  a f ter   negat ive  Calc ium  phosphate gel t reatment .   Prote in   e lu t lon 
p r o f i l e  as i nd ica ted   by   the  absorbance a t  280 m ( - - - - ) ,  0-glucuronste re- 
ductase activity (0) .  a n d  i n o s i t o l  oxygenase a c t i v i t y   a t  pH 8.0 (I). 

Step I V  was loaded On t o  I Bio-geTF260 colunn ( 4 . 2  x 100 cm] p r e ~ ~ o u l l y  
Step V:  Gel F i l t r a t i o n  on I Ria-gel P-200 tolum: The enzyme p r e p w a t t o n  from 

e q u i l i b r a t e d   r l t h   b u f f e r  E ,  and e l u t e d   w i t h   b u f f e r   E   d t  a f lw  r a t e   o f   d p p m x -  
i r a t e l y  30 m l l h   ( 1 0  nl f rac t ions  *ere c o l l e c t e d ) .  Ps i l l u s t r a t e d  ~n Flg. Y ,  
mrt o f   t h e  owgemre a c t i v e   a t  pH 8.0 and mrt of  the  D-glucuronate  reductase 
e l u t e   t o g e t h e ?   i m d i a t e l y   a f t e r   t h e   v o i d  v o l w .  R m a l l  amount of  reductase 
a c t i v i t y  and oxygenare   ac t i ve   a t  pH 6.0 elute along wi th   o the r   p ro te ln   impur i t l es  

a c t i v i t i e s  were poo led ,   concen t ra ted   by   u l t ra f i l t r a t>on  (UH-20 f 7 l t e r I   t o  
~n l a t e r  fractions. The f rac t ions   con ta in ing   bo th   the  reductase and oxygenase 

approximately 5 mJIm1 and s to red  i n  0.5 m1 f r a c t i o n s   a t  -20-C. 

by  the  pracedures o u t l i n e d   i n  
The c m p l e r  # d l  p u r l f l e d  frm 500 g 

the   tex t  
(wet  ueiqht)  O f  hog  kldneys 

1 1 .  30.45% anmon~ym 8,100 I 3 0.16 
r u l f s t e   f r a c t m "  

2 12 

111. Calclum 
phosphate gel 

fV. OEAE-Sephadex 

1.150 1 . 1  0.96 12 61 

C O l U r n  

58 0.8 13.8 173 44 

Y.  Blo-gel P-ZOO 
Column 

27 0 65 24 1 301 36 
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T4BLE IV 

Ef fec ts   o f  1 nM Fe(1l) and 2 nn L-cysteine on the activities 
ef the   inos i to l  oxygenase o m p a m t l m s  

The Catalytic a c t i v l t l e s  were deternined  using  the  orcinol assay 
a t  30'C as described i n  the  text .  

Specl f ic   act iv i ty  (mkatalr /k& 

pfepdrat lm pH 6.0 pH 8.0 pH 6 . 0  pH 8.b 
Enzvme without Fe(l1) and Cyr with Fe( l1 )  and Cy$ 

W 6 oxygenase 2 . 7  1.4 22.6 3.5 

pH 8 oxygenare c a p l e x  3.1 24.8 6.2 21 .6 

1 4  

I 

m 

1-1 I " o b ,  

{byre 6 .  Electrophoresis O f  the pH 6 oxygenase. [ a !  SDS gel  electrophoresis, 

oxygenase a c t i v i t y   a t  pH 6.0 fo l la r rng   ana ly t i ca l  gel electrophoreslr  at pH 
1 . 5 .  The enzyme a c t i v i t y   i s  given by the absomance a t  660 nm generated i n  
the  Standard  orcinol  a5my  by enzme e lu ted   f t an   t he  v a r ~ w s  s l ices.  

analyt ical   gel   e lectrophoresis  at  pH 7 . 5 ,  and ( c )  p r o f i l e   o f   I n o s i t o l  

24 18 I, c I 

SLICE NUY8ER 

Flgure 7. Analy t ica l   ge l   e lect rophorenr   a t  pH 8.3 o f  ( a ]  f lesh ly  prepared 

overnight a t  4-C rerrur b u f f e r  C. The amount O f  stdined  protein I-) #a6 
pH 8 oxygenase cmplex. and (b)  pH 8 oxygenase cmplex which had been dialyzed 

deternlned by gel Scanning and i s  given by the  absomance a t  610 m the 0- 
glucuronate  reductase  act ivi ty (0) i s  glven as the change i n   a b 6 0 r b k e  per mln 
a t  340 rm u n n g  enzme eluted frm the  var ious  s l icer and t h e   l n m i t o l  oxygenase 
aCt lv l tY   a t  pH 8.0 le) or  6.0 (A) i s  glven by  the absorbance a t  660 nrn generated 
I n  the  standard  Oxlnol  d$Zay by enzyme eluted fran the  var ious  l l lces.  

MOElLlM CONSTANT 
Flgure 9. Estimation O f  the  mlecular  welght o f  the pH 6 oryoenare by gel 
electrophoresis using 10X polyacryiamlde  gels and 0 1% SO8 Oetalled  condltianr 
are given ~n the  expenmental  section. 

~n buffer C. The distance frm the a x > $  o f   r o t m a n  is  given by r .  and c(7)  I S  
Figure 10. Sedimentation equilibrium data  obtalned s l n q  the pH 6 oxygenare 

the  prote in  Concentration at   that   d istance. FOT other   deta l l r  see the ex- 
perimental  sect?on. 
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g e l   f i l t r a t i o n  on a Bio-gel P-ZOO coIum.. for f u r the r   de ta i l s  s e e  the ex- 
F ~ g u r e  1 1 .  mlecular weight  detemination or me pH 8 oxygenase c n p l e x  by 

Dermenta1  section. 

SLICE NLWBER 

Flgure 12. Isoelectr ic  focusing o f  the pH 6 oxygenase. The ammnt Of r ta lned 

a t  560 m and the   i nos i to l  oxygenase a c t i v i t y   a t  pH 6.0 (A) i s  given  by  the 
prote in  (-) was deternined  by  gel  scanning and i s  given  by  the absorbance 

ahrorbanc; a t  660 m generated i n  the  standard  orcinol assay by enzyme eluted 
frm the  var ious  r l icer .  The pH Is given  by  the dashed l i n e  ( - - - - ) .  

The lron Content O f  the pH 6 oxyqenare and I t s  COrrelatlOn 
w t h   s p e c i f i c   a c t i v i t y  

I l l  1 2  1 . 5  f 0.1 
1 8  f 0.1 

%temined  co lor i lnet r ica l ly  by  the method Of Landers and Zdk 129) 

06 I I I 

as - ! 
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