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neo-Inositol in Mammalian Tissues. Identification, Measurement,
and Enzymatic Synthesis from Mannose 6-Phosphate®

William R. Sherman, Sally L. Goodwin, and Kathleen D. Gunnell

ABSTRACT: neo-Inositol has been isolated from calf brain and
identified, as its trimethylsilyl ether and as its acetate ester, by
gas chromatography and by combined gas chromatography-
mass spectrometry. neo-Inositol has been found to be present
in micromolar amounts in the brain, heart, kidney, testis, and
spleen of the rat, but absent from liver. We have shown that
the same enzyme preparation which converts p-glucose 6-
phosphate into L-myo-inositol 1-phosphate is capable of trans-
forming p-mannose 6-phosphate to a substance which, by
mass spectrometry, as its trimethylsilyl ether ester is an inositol

During a study in which we identified #myo-inosose-2 by
the gas chromatography of a lyophilized and trimethylsilyl-
ated extract of calf brain an unknown substance was found to
have been inadvertantly isolated along with the inosose, A
mass spectrum of the unknown was obtained at the same time
that trimethylsilyl- (Me;Si) myo-inosose-2 was identified by
combined gas chromatography-mass spectrometry (Sherman

* From the Departments of Psychiatry and Biological Chemistry,
Washington University School of Medicine, St. Louis, Missouri.
Received January 22, 1971. This investigation was supported by National
Institutes of Health Grants NB-05159 and NH-09247. W. R. S. is the
recipient of a Research Career Development Award GM-21,863. The
gas chromatograph-mass spectrometer used in this work was purchased
by Health Sciences Advancement Award 5 S04 FR06115 and is sup-
ported by 1-501-CA 1092601,

phosphate. By analogy with the cyclization of p-glucose 6.
phosphate this product should be L-neo-inositol 1-phosphate-
We have found that this enzyme preparation displays typical
Michaelis-Menten kinetics with D-mannose 6-phosphate
giving a Ky, value of 5.6 X 10~ ¢ as compared to a K of 6.2 X
10~2 with p-glucose 6-phosphate. A comparison of the Vyax
values for the two products using the same enzyme preparation
shows myo-inositol to be formed at a rate about 200-fold
faster than neo-inositol.

et al., 1968). The unknown substance has now been identified
as neo-inositol.

OH OH
HO HO HO
OH

HO OH yo OH Ho OH

HO HO
OH OH OH
HO

myo-inositol scyllo-inositol neo-inositol

neo-Inositol hexaphosphate has been recognized as a soil
constituent where it is found accompanied by myo-inositol
hexaphosphate and scy/lo-inositol hexaphosphate (Cosgrove,
1963 ; Cosgrove and Tate, 1963).
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In this paper we present evidence that rneo-inositol often
accompanies myo- and scyflo-inositols in mammalian tissues
in the same relative proportions (myo- > scyllo- >> neo-
inositol) as they occur in soil. We also present evidence that
neo-inositol is synthesized from p-mannose-6-P by the same
enzyme preparation, containing p-glucose-6-P-L-my0-inositol-
1-P cyclase (hereafter simply called cyclase), which converts
p-glucose-6-P into L-myo-inositol-1-P. We also show that the
first product obtained from the enzymatic reaction is a neo-
inositol phosphate.

Materials and Methods

Preparatice Gas Chromatography to Isolate neo-Inositol from
Calf Brain (Sherman er al., 1968). In this study water extracts
of calf brain were deproteinized, lyophilized, and then treated
with  pyridine~hexamethyldisilazane (HMDS)!-trimethyl-
chlorosilane (Me;CISi) in a ratio of 17:2:1, v/v. Preparative
gas chromatography of this mixture was first carried out on a
12 mm X 5 ft column of 20 % CDMS coated on Gas Chrom
Q (Applied Science Laboratories, State College, Pa.). Fol-
lowing this the pooled fractions collected from the CDMS
column were further purified by chromatography on 3%
SE-30 on the same support. Gas chromatography of the
pooled SE-30 fractions on a column of 3%} EGSS-X showed
it to contain the Me;Si ethers of a-glucose, myo-inosose-2,
some myo-inositol, and the, then unknown, substance which
we have found to be neo-inositol.

Me;Si-Inositols. allo-, cis-, epi,- and neo-inositols were the
gift of S. J. Angyal, University of New South Wales. muco-
Inositol was the gift of C. E. Ballou, University of California,
Berkeley. scy/lo-Inositol was the gift of L. Anderson, Univer-
sity of Wisconsin. myo- and (4 )-chiro-inositol were commer-
cial samples. Additional amounts of neo-inositol were syn-
thesized (Angyal and Matheson, 1955), Me;Si ethers of the
inositols were obtained by the method of Sweeley e al. using
about 200 ug of each inositol and 100 ul of the HMDS-silylat-
ing reagent.

Trimethylsilylation was carried out using three reagent mix-
tures. When preparing the Me,Si derivatives of pure inositols
the reagent used was anhydrous pyridine :HMDS: Me;SiCl in
the ratio 17:2:1, v/v. When preparing tissue extracts, or in-
cubation mixtures containing nonphosphorylated inositols
the same reagent was used, but in the ratio 7:2:1, Where the
phosphorylated carbohydrates were of interest the reagent
used was pyridine-BSA-Me;SiCl in the ratio of 7:2:1, vjv
(Sherman er af.,, 1971), We have also used BSTFA in
place of BSA with identical results. Pyridine was dried
over Molecular Sieve 5A (Linde) activated by heating for
1 hr at 450° before use, The pyridine was stored over the sieve.
A convenient check for water in the pyridine is to add a smalil
amount of HMDS and Me;SiCl to the pyridine in question.
Only a slight haze should develop, a precipitate indicates the
presence of excessive moisture,

Tissue exrracts were prepared as described in Sherman ez a/.
(1967). The essentials of this procedure are: quick freezing of
organs removed from animals; addition of a fivefold excess
of water to the frozen tissue sample followed by heating at
100° for 3 min; addition of ZnSO.; centrifugation and lyo-

! Abbreviations used are: HMDS, hexamethyldisilazone; CDMS,
cyclohexanedimethanol succinate; BSA, N,O-bis(trimethylsilyl)aceta-
mide; BSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide; DEGS, di-
ethylenc glycol succinate; EGS, ethylene glycol succinate.
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philization; addition of the trimethylsilylating reagent to the
dried tissue and chromatography.

Tissue Recovery Experimenr. Triplicate samples of rat
cerebral hemispheres containing 0.5 g of tissuc were prepared
as described previously (Sherman er «of., 1967) except that
0.5 ug of neo-inositol was added to cach sample and the sam-
ple was homogenized with 3 mt of water using a Ten-Broeck
glass homogenizer. After heating at 100° for 3 min 60 ul of
ZnSO, was added and the samples centrifuged. Aliquots of
1.75 ml were removed from each tube and lyophilized. A
similar set was prepared without tissue using 3.5 ml of water,
again 1.75-ml aliquots were removed and lyophilized. The
dried samples were reacted for 48 hr at room temperature with
200 ul of BSTFA-pyridine 1:1 containing 109 Me;SiCl.
Analysis was carried out using the selective ion detection
technique. Aliquots of 2 ul were gas chromatographed at the
mass spectrometer and complete scans were made of the
Me;Si-neo-inositol-Me;Si-p-mannose mixture (brain samples)
or the Me;sSi-neo-inositol from the water samples. Scans of
standard Me;Si-neo-inositol were made under identical mass
spectrometric and gas chromatographic conditions. The
abundances of ions m/e 318 and 432 from samples and stan-
dard were compared and the recoveries of neo-inositol from the
samples were calculated from these abundances,

Aceiylation. A sample known by gas chromatography to
contain neo-inositol phosphate (see Incubations of Cyclase
with Hexose Phosphate) was heated at 70 overnight with 50%
methanol in water to remove all Me;Si groups. The sample
was then incubated with Esciierichia coli alkaline phosphatase
and Mg?* (again, see Incubations of Cyclase with Hexose Phos-
phate) to convert the neo-inositol-P into {ree neo-inositol. The
free neo-inositol was converted into its acetate by reacting with
acetic anhydride containing 1% of 709 HCIO, at room tem-
perature for 2 hr. The acetate was chromatographed ona 3%
OV-17 column at the mass spectrometer and identified by
comparison of the spectrum obtained with authentic neo-
inositol acetate.

Analytical gas chromatography of the known and unknown
Me;Si-inositols was carried out with glass columns of 377
SE-30and 3%, OV-17 on Gas Chrom Q (0.25in. X 6{tat 165°
with 70-c¢/min carrier flow) and 159 EGS on Gas Chrom P
(0.25 in. X 12 {t at 150° and 70 cc/min). All packings were
obtained from Applied Science Labs, State College, Pa. Gas
chromatography was on an F & M (Hewlett Packard) Model
402 with a hydrogen flame ionization detector.

Combined gas chromarograpiy-mass spectrometry Wwas
carried out using an LK B-9000 under the following conditions:
70-eV ionizing potential; trap current 60 uA and 120 cps
filtering, carrier gas separator 240°; source 270°; scans were
at 60 average mass units/sec carried out through gas chro-
matograph peak centers. In the identification of Me;Si-neo-
inositol phosphate our LKB-9000 was coupled with an 8K
memory PDP-12 computer (Holmes, 1971; Holmes e al.,
1971). In this case, scans were made at 115 average mass
units/sec, other instrumental conditions remained the same.
The chromatographic conditions (carrier flow 30 cc/min,
160-180° oven temperature) were such that, at half-height,
peaks were about 45 sec wide. The Me,;Si-neo-inositol phos-
phate was chromatographed on columns of 0.5 or 3% OV-17
or OV-25 on Gas Chrom Q.

The mass spectral peaks were assigned m/je values by refer-
ence to perfluorokerosene in the early work, and later, using
the LKB Hall-effect mass marker with and without the PDP-
12 computer.

Mass Spectromerer as Chemically Selective Gas Chromalo-
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graphic Detector. The mass spectrometer was operated using
the standard conditions except, rather than sweeping the
magnetic sector, it was held at a selected field strength which
brought the appropriate fragment ion into focus on the elec-
tron multiplier. The sample was then injected onto the gas
chromatographic column and the ion of interest monitored
by observing the oscillograph galvanometers. At the appro-
priate time the oscillograph was turned on at its slowest chart
speed and the record thus obtained compared to a calibration
chart obtained with dilutions of Me;Si-neo-inositol. Over the
ranges used the calibration chart was linear and proportional
to the concentration of Me;Si-neo-inositol. In the identification
of Me;Si-neo-inositol phosphate the LKB-9000-PDP-12 sys-
tem was set to scan repeatedly through the region suspected
to contain the neo-inositol phosphate and the collected spectra
teviewed to obtain the data we present.

Incubations of cyclase with hexose phosphate were carried
out in 50 mM Tris- HCI (pH 7.5). A typical incubation con-
sisted of 0.1 ml of the enzyme in the presence of 5 mm D-
glucose-6-P or p-mannose-6-P with 10 mM ammonium chlo-
ride, with 1 mm DPN and in the presence of 1 mm dithiothreitol.
Incubations at 37° were linear in myo-inositol production for
atleast 4 hr.

For the preparation of neo-inositol phosphate, 1 ml of a
highly active enzyme preparatio was incubated with D-
mannose-6-P (10 mm), DPN (2 mm), and other additions as
above in a final volume of 1.3 ml. In this case, incubations
were carried out for 24 hr. In order to ensure that the neo-
inositol phosphate was not formed by bacterial contamina-
tion over the 24-hr period of the incubation a separate incu-
bation was carried out in the presence of 0.02 % sodium azide
to ensure asepsis. The results were essentially the same as
those from incubation in the absence of sodium azide.

When the nonphosphorylated inositol was desired the
incubation of cyclase with the desired hexose-6-P was followed
by a 1-hr incubation with E. coli alkaline phosphatase (10 ul
of a 1:1 dilution of type III obtained from Sigma Labora-
tories, St. Louis) and Mg?* (final concentration 2 mm) ina 1-ml
incubation volume. This step is eliminated in the preparation
of neo-inositol phosphate. After completion of the appropri-
ate incubation the reaction was heated at 100° for 3 min.
After cooling about 0.5 cc of washed Dowex 50 (H form)
was added to remove the Tris buffer which complicated
silylation and chromatography. After mixing, the sample was
centrifuged and the clear supernatant pipetted from the resi-
due of Dowex and denatured protein. After two washes of
the residue the combined supernatants were lyophilized, silyl-
ated with pyridine-BSA (or BSTFA)-Me;SiCl (7:2:1, v/v),
and stored until used. Storage at —70° in a sealed jar in the
presence of anhydrous CaSO, (Drierite, Hammond Co.,
Xenia, Ohio) protected the samples until used.

When examining Sephadex filtration fractions for cyclase,
100-200 w1 of each fraction collector tube was incubated with
the buffered substrate in 1 X 75 ¢cm disposable test tubes in a
final volume of 1 ml. After incubating for 1 hr the samples
were dephosphorylated with the alkaline phosphatase. All of
the tubes were then frozen and lyophilized together in a Virtis
freeze-drying flask, When dry, the samples were silylated with
100-200 u! of pyridine-BSA-Me;SiCl (7:2:1, v/v) and stored
at —70° until used.

Partial Purification of Cyclase. Fresh or fresh-frozen de-
capsulated bovine testis (150 g) was homogenized with two
parts by volume of 0.154 M KCI. The suspension was made 1
mM in dithiothreitol and centrifuged at 100,000g for 1 hr. The
clear pink supernatant was then brought 10 209, of saturation

with ammonium sulfate at 4°. Following this the precipitate
was removed by centrifugation and discarded. The supernatant
was then brought to 309} of saturation with ammonium sul-
fate and the precipitate collected. The precipitate was then
suspended in 25 ml of 50 mm Tris:- HCI buffer (pH 7.5),
centrifuged, and the insoluble portion discarded. For precol-
umn activity an aliquot of this solution (1 ml) was dialyzed
overnight against the 50 mM Tris-HCI buffer and the re-
mainder was pumped on to a 5 X 75 cm bed of a Sephadex
G-100 column at a rate of 50 ml/hr. This column was eluted
with the buffer described above but containing 0.002 9, sodium
azide (to retard growth in the buffer) using the same pumping
rate. Fractions of 17 ml were taken. Each fraction was
then made 1 mwm in dithiothreitol and frozen until assayed.
After analysis the tubes containing the cyclase activity
were pooled and brought to 30% of saturation with ammo-
nium sulfate. The precipitate was collected by centrifuga-
tion, redissolved in 9 ml of buffer, and dialyzed before use.
Protein concentrations were measured by the Lowry method.
Storage at —20° with the preparation of 1 mm in dithio-
threitol protected the enzyme activity for at least five freeze-
thaw cycles.

Gas Chromatographic Analyses of Sephadex Column Samples
for Cyclase Activity. Aliquots of 2-4 ul of the silylated column
fractions were injected onto a 0.25 in. X 6 ft glass column of
3% OV-17 on Gas Chrom Q. The chromatograph was then
temperature programmed at a rate of 10°/min from 190 to
250° and held at this temperature. Under these conditions
Me;Si-myo-inositol eluted in about six minutes. During the
next 6 min a group of long-retention time impurities eluted
which appeared to be related to DPN. Following this the
column oven was cooled for the next analysis. Using a Varian
Model 1200 gas chromatograph which has a small, low-mass
oven, the entire cycle could be repeated at 15-min intervals.
The Me;Si-myo-inositol was measured by comparison of the
gas chromatographic peak heights with that of standard
Me;Si-myo-inositol.

Results and Discussion

During the isolation of myo-inosose-2 from calf brain
(Sherman er al., 1968) an unknown substance was inadvert-
ently carried through the purification process. In brief, the
purification process was (1) aqueous extraction of tissue, (2)
deproteinization and lyophilization, (3) trimethylsilylation,
(4) removal of silylating reagent followed by hexane extrac-
tion, (5) gross separation of volatile and nonvolatile substances
by preparative gas chromatography on CDMS, (6) a second,
higher resolution, gas chromatographic collection from SE-
30, (7) combined gas chromatography-mass spectrometry
(GC-MS) on columns of EGSS-X and of OV-17. By chance,
Me,Si-myo-inosose-2 has a retention time relative to Me,Si-
a-glucose (R,) on SE-30 of 1,02, close to the R, of the unknown
(1.09, see Table I) and was thus collected simultaneously on
this column. At the combined GC-MS stage a column of
EGSS-X resolved the Me;Si-inosose (R, 1.48) from the un-
known (R, 1.15), thus providing a relatively clean spectrum.
Similarly, OV-17 separated Me;Si-inosose (R, 1.14) from the
unknown (R, 0.65, Table I), giving a confirmatory spectrum.

At this stage, we had two lines of evidence at hand
which could be applied in the identification of the new com-
pound: gas chromatographic retention times on different
columns and the mass spectrum of the substance.

The mass spectrum of the unknown compound was made
up of the same fragment ions as are present in Me;Si-myo-
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TABLE 1. Gas Chromatographic Retention Times of MesSi-
inositols Relative to a-D-Glucose.

Liquid Phase

Inositol 3% OV-17s 39, SE-30¢ EGS?
165° 165° 150°

Unknown 0.65 1.09 0.96
allo- 0.58 1.02 0.90
neo- 0.65 1.09 0.96¢
muco- 0.73 1.17 0.98
(+)-chiro- 0.97 1.42 1.19
epi- 1.18 1.80 1.84
cis- 1.27 1.98 2.07
seyllo- 1.53 1.97 1.74
myo-~ 1.86 2.47 2.48

2 On Gas Chrom Q. ®* On Gas Chrom P. ¢ The value for
the R, of neo-inositol on EGS in Wells et al. (1965) is in-
correct (see text).

inositol but with differing relative intensities. The highest mass
ion in the spectrum of the unknown was m/e 612, the molecular
ion of the Me;Si-inositols. Furthermore, the ratios of the
peaks in the spectrum of the unknown which result from the
statistical combinations of naturally occurring heavy iso-
topes (1*C, 2H, 30, ?°Si, and #°Si) indicated that there were
five silicon atoms in the fragment ion m/e 507 (M — 105 re-
sulting from the loss of -CHj; and Me;SiOH). The ratios of
the isotopically generated ions related to m/e 507 are given
in Table IL. This data suggests that »/e 507 in the spectrum of
the unknown has the same elemental composition as does
m/fe 507 in Me;sSi-myo-, scyllo- and muco-inositols, and pre-
sumably the others as well.

We then obtained samples of all of the inositols (only one of
the dl pair (++)- and (—)-chiro-inositol) and subjected them to
gas chromatography and to GC-MS. Retention times for all of
the Me;Si-inositols on DEGS have been reported by Lee and
Ballou (1965) and for all but cis- and allo-inositol on SE-30
and EGS by Wells ef /.2 (1965). On the basis of these papers.
and our data on OV-17, SE-30, and EGS (Table I) the un-
known appeared to be reo-inositol; however, allo- and muco-
inositols also have R, values close to the unknown.

It was thus necessary to obtain supporting data for the rigor-
ous identification of the compound as reo-inositol. The fact
that the mass spectrum of Me;Si-myo-inositol and the unknown
had a similar but distinguishable ion abundance pattern under
electron impact raised the question of whether it was possible
that all of the isomeric inositols might, as their Me;Si deriva-
tives, be sufficiently unique with respect to the fragment ion
abundances to be distinguishable from one another. The fact
that they are distinguishable as their Me;Si ethers (Sherman
et al., 1970), at a mass spectrometric ionization source tem-
perature of 270° and under bombardment with 70 eV is
remarkable considering the energy delivered to the sample
under these conditions. An abridged list of ion abundances
for the eight inositols is given in Table III. A comparison of

® The R, value for MesSi-neo-inositol on EGS was mistakenly re-
ported as 1.51 in this paper. A sample of the neo-inositol used was
obtained from Dr. W. W. Wells and found to have an R; on EGS of
0.96 as the MesSi derivative,
3494 1971
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TABLE II: Isotope Abundances of Fragment Ion mje 507<
from the Mass Spectrum of myo-, scyllo-, and muco-Inositols
Compared to the Unknown from Calf Brain.

MESSiO OMe351
Me,Si0 0SiMe,
Me;Si0
m/e 507
mfe
Inositol 507 308 509 510 511
myo-, scyllo-, and muco- 1 051 029 0.10 0.04
Unknown 1 0.50 0.30 0.11 0.03

@ Proof of this structure is given in Sherman er al. (1970).
The ion abundances given for myo-, scyllo-, and muco-
inositols are averaged in the table.

our unknown from calf brain with authentic Me;Si-neo-ino-
sitol showed conclusively that it was identical with authentic
Me;Si-neo-inositol (Figure 1) and different from the other
seven inositols as shown in Table II1.

As further proof that the substance we had isolated was
neo-inositol we prepared a sample of neo-inositol phosphate
enzymatically from pD-mannose-6-P and identified it by com-
bined gas chromatography-mass spectrometry. The sample
was then detrimethylsilylated and dephosphorylated followed
by acetylation with acetic anhydride and perchloric acid. The
gas chromatogram of the resulting mixture of acetylated sugars
was shown to contain neo-inositol acetate by gas chromatog-
raphy—mass spectrometry. The spectrum of the inositol ace-
tate from this mixture was found to be identical with authen-
tic neo-inositol acetate (Sherman et /., 1970). In addition to
providing further evidence that the substance under study is
neo-inositol, this experiment is consistent with the idea that
the phosphorylated compound obtained on incubation of the
cyclase with D-mannose-6-P is a neo-inositol phosphate (see
below for further proof).

Having identified neo-inositol from brain we then wished
to measure its concentration in that tissue and compare it to
levels in other tissues. As Table IV shows, reo-inositol and
a- or -pD-mannose elute unresolved from one another on
many gas chromatographic liquid phases. We were unable to
find a gas chromatographic column that could resolve Me,Si-
neo-inositol from D-mannose and were therefore unable to
measure it in tissues by simple gas chromatography. We then
turned to a technique which has been named mass chromatog-
raphy by Hites and Biemann (1970). In this technique an jon
in the mass spectrum of a compound of interest is selected
and monitored by the mass spectrometer during the course
of a chromatographic run. The appearance and disappearance
of this ion is transiated into a gas chromatographic record. If
the ion is unique to a compound or to a family of compounds,
the chromatographic record will show the location of these
to the exclusion of other substances. A series of ions which are
characteristic of the inositols is: m/e 612, 597, 507, 432, and
318 (Figure 1). All of these ions except the last probably carry
the basic nucleus of the inositols, the cyclohexane ring (Sher-
man ef al., 1970). lon m/e 432, which is probably a cyclo-
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FIGURE 1: 70-ev mass spectrum of authentic Me;Si neo-inositol (top) and that of the Me;Si unknown obtained from calf brain.

TABLE 11: MesSi-inositol Fragment Ion Relative Abundances. Mass Spectral Fragment Ion Abundances in the Spectra of the

Trimethylsilyl Inositols.=

Me;Si-inositol 73 147 217 305 318 432 433 597 612
seyllo- 112 51 74 73 100 2.5 2.5 0 0.5
myo- 122 65 100 95 52 12 11 0.2 2.0
(+)-chiro 248 96 89 84 100 8.7 10 0.3 0.6
epi- 137 91 100 69 51 1.6 4.4 0.2 0.2
neo- 194 81 72 28 100 29 16 0.2 0.15
muco- 230 72 94 98 100 1.3 3.9 0.02 0.5
allo- 225 84 79 58 100 5.6 8.3 0.3 0.2
cis- 184 100 93 65 26 1.3 3.6 0.7 0.1

¢ An abridged table of values. A complete table of values can be found in Sherman et a/. (1970).

hexadiene and thus highly specific to the inositols, has a
fortuitously high abundance in the spectrum of Me;Si-neo-
inositol. Since Me;Si-D-mannose has no ion at m/e 432 (for
the spectrum of Me;Si-D-glucose, essentially that of MegSi-
D-mannose, see DeJongh et ql., 1969) this was selected for
the quantitative analysis of neo-inositol in tissue extracts and
in vitro reactions.

Table V lists the levels of neo-inositol found in several
tissues of the rat using mass chromatography. It can be seen
that reo-inositol is present in these tissues in micromolar
quantities in contrast with the millimolar levels of myo- and
scyllo-inositol which are found in mammalian tissues (Sher-
man ef al., 1967). The high degree of sensitivity inherent in
the mass chromatographic method is testified to by the data in
this Table. Recovery of neo-inositol from brain samples of
the size used in Table V was found to be 48 %7, When no tis-
sue was used (water controls) the recovery was still only 609,
probably due to surface adsorption of the small samples used
(0.5 ug/3.5 ml of tissue homogenate or water). In the mass
chromatographic measurement of neo-inositol in these sam-

ples m/e 318 was used as the detector ion, justified by the low
concentration of mannose in the brain samples, and the small
abundance (0.4%) of m/e 318 in the spectrum of Me,Si-D-
mannose.

TABLE 1v: Retention Distances of Me;Si-neo-Inositol and
Me;Si-D-Mannose.=

neo-Inositol D-Mannose Column
6.8 (@) 6.8 39, ECNSS-M
10.9 ») 10.8 37 IXR
7.8 3 8.0 3% QF-1
6.8 (@)6.7 3% OV-17
1.09 B)1.04 3% SE-30

= Distances on chromatographic chart in centimeters from
injection.
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FIGURE 2: Effect of substrate concentration on the rate of reaction
of D-glucose-6-P and D-mannose-6-P with D-glucose-6-P-L-myo-
inositol-1-P cyclase. In the case of p-glucose-6-P, V' = moles of
myo-inositol produced per mg of protein/hr X 1078, With bp-
mannose-6-P, V' = moles of neo-inositol formed per mg of protein/
hr X 10710,

In an early phase of this work we attempted to measure
neo-inositol in tissues by conversion of aldo- and ketohexoses
into their oximes followed by trimethylsilylation and gas
chromatography (for the method of oxime formation and
chromatography of the Me;Si derivatives of the oximes, see
Sweeley er al. 1963). When this is done, the Me;Si sugar
oximes have longer retention times on gas chromatography
and are thus removed from the region of the chromatogram
containing the hydroxylamine-inert neo-inositol. As part of
this study we obtained complete spectra of chromatographi-
cally resolved Me;Si-neo-inositol from rat brain, kidney, testis,
3496 10, No. 19, 1971
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TABLE V: neo-Inositol in Rat Tissues.«

umoles/k Wet Wt

Tissue
Testis 14 .0 6.5 7.5
Brain 6.5 2.5 1.9
Kidney 8.1 62 9.6
Heart 3.5 <0.8 3.1
Liver <0.8 <0.8 <0.8
Spleen 4.4 4.3 1.2

« Approximately 500 mg of tissue extracted with water,
deproteinized, lyophilized (Sherman et /., 1967), and treated
with 200 ul of BSA-Me,SiCl-pyridine. Twenty microliters
injected into combined GC-MS measured at m/e 432. Values
are corrected for 48 97 recovery in this experiment (see Results).

and spleen. The spectra were identical with authentic Me;Si-
neo-inositol thus confirming its presence in these tissues. As
a quantitative analytic method this technique overestimated
the amount of neo-inositol in tissues by fivefold when com-
pared with the mass chromatographic measurement of Me,Si-
neo-inositol.

Our interest then turned to the biosynthetic pathway by
which reo-inositol might be formed. Two possibilities which
have precedent in the inositol family are (1) dehydrogenation
reduction as in the enzymatic reaction in which myo- is con-
verted into scyllo-inositol via myo-inosose-2 (Candy, 1967)
and (2) cyclization of p-mannose-6-P in a manner analogous
to the cyclization of p-glucose-6-P to myo-inositol-1-P (Eisen-
berg, 1967 ; Chen and Charalampous, 1966).

In the first instance myo-inositol might be dehydrogenated
to the 5-keto compound (snyo-inosose-5) and the carbonyl
group reduced to produce neo-inositol which is epimeric with
myo-inositol at C-5. Our attempts to detect neo-inositol in
incubation mixtures of myo-inositol with a low-speed brain
and liver supernatant, in the presence of DPN or TPN, gave
no indication of the conversion of niyo- into neo-inositol.

We then examined the second possibility, that of whether
the conversion of p-mannose-6-P into neo-inositol was catal-
yzed by the same system which cyclizes p-glucose-6-P. At
this stage of our work we were using a 30-40%] ammonium
sulfate cut from a 100,000g rat testis supernatant (Eisenberg,
1967). All of our incubations of this preparation (as well as
later preparations from bovine testis) with D-glucose-6-P
appeared to contain phosphohexoisomerases as evidenced by
the formation, in addition to L-my0-inositol-1-P, of an amount
of a- and 8-D-mannose-6-P and D-fructose-6-P close to that
of the final substrate level of D-glucose-6-P (Sherman er al.,
1969). In later work it was found that these incubations also
contained neo-inositol after enzymatic dephosphorylation.

Since the incubation mixture quickly equilibrated to the
three hexose phosphates via the phosphohexoisomerases, this
complicated the identification of the precursor of neo-inositol.
Further purification of the enzyme by Sephadex filtration gave
a partial separation wherein the cyclase eluted before, but
incompletely resolved from the isomerase activity. However,
ammonium sulfate (30 % of saturation) was found to precipi-
tate the cyclase while the isomerase activity remained in solu-
tion. Table VI shows the extent of purification which we ob-
tained in this way. Once separated from the isomerases the
cyclase preparation when incubated with mannose-6-P gave
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TABLE VI: D-Glucose-6-P-L-myo-Inositol-1-P Cyclase Purification from Bovine Testis.

Total Act. Sp Act.
Total Protein (umoles/mg (umole/mg
Protein Recov  of Protein Act. Recov  of Protein
Purifcn Step (mg) (%) per hr) (%) per hr) Purifcn
100,000g Supernatant, 20-3097 (NH);SO, 72 4.8 0.066
Sephadex G-100 Pool 37 51 5.8 120 0.16 2.6
0-309% (NH,):SO 4.7 13 2.9 50 0.61 9.2

« Precipitate. Redissolved and dialyzed before measuring.

only trace amounts of D-fructose-6-P, p-glucose-6-P, and L-
myo-inositol-1-P,

In the case of enzyme incubations with p-mannose-6-P the
D-mannose generated by the phosphatase reaction completely
obscured the neo-inositol (Table 1V). However, Me;Si-neo-
inositol was identified as a companion eluent of Me,Si-p-
mannose by the presence, in the composite mass spectrum,
of ions characteristic of the inositols (e.g., m/e 612, mje 597,
m/je 507, mje 432, and m/e 318, Sherman er al., 1970). The
gas chromatographic peak as located by the maximum in-
tensities of these ions had a retention time identical with
authentic neo-inositol.

To further substantiate the conversion of p-mannose-6-P
into #eo-inositol we incubated graded concentrations of D-
mannose-6-P with the cyclase preparation for one hour. From
the Michaelis curve and reciprocal plot in Figure 2, the man-
nose—neo-inositol cyclase is clearly saturable, thus enzymatic.
It is interesting to note that the K of D-mannose-6-P (5.6 mm)
is very close to that of p-glucose-6-P (6.2 mMm) when incubated
under the same conditions (DPN 1 mm, Figure 2). In con-
trast, the maximum velocity of nreo-inositol production is
4.5 X 10~° mole/mg of protein per hr while myo-inositol is
produced at 2.5 X 10~7 mole/mg per hr. Since it appears from
our work and that of others that at least testis contains the
phosphohexoisomerases necessary for the interconversion of
p-glucose-6-P, p-fructose-6-P, and p-mannose-6-P, the low
tissue levels of neo-inositol are probably a reflection of the
low Vmax Of the enzyme with D-mannose-6-P,

If the D-glucose-6-P-L-myo-inositol-1-P cyclase is respon-
sible for the cyclization of pD-mannose-6-P, or if a second cycl-
ase, specific for b-mannose-6-P is present, the initial product
of this reaction should be L-neo-inositol-1-P. Since the spectra

|
(HO),P_ HO
o

HO

OH
HO
L-neo-inositol 1-phosphate

OH

of the Me;Si inositols are similar with respect to fragment ion
composition (Sherman et al., 1970) and the spectra of the
Me;Si-aldohexose 6-phosphates are similarly related (Zinbo
and Sherman, 1970) it should follow that the spectra of the
Me;Si-inositol phosphates are also related in this sense. We

have found this to be the case for Me;Si-myo-inositol-1-, -2-,
-4-, and -5-P as well as (—)-chiro-inositol-3-P (M. Zinbo and
W. R. Sherman, unpublished results). We have therefore
used the ion mfe 7459 (M — 15 of the monophosphorylated
inositols) as a marker ion for the location of Me;Si-inositol
phosphates, Incubations of pD-mannose-6-P with the cyclase-
containing enzyme preparation (with and without added
sodium azide for asepsis in the 24-hr incubation) were tri-
methylsilylated directly and chromatographed at the inlet of
the mass spectrometer. The total ion current chromatogram
(the gas chromatographic record obtained from the mass
spectrometer) of this sample is given in Figure 3. The presence
of Me;Si-p-glucose- and D-fructose-6-P as well as Me;sSi-L-
myo-inositol-1-P results from phosphohexoisomerase activity
in this highly active but less pure cyclase than the preparation
used for the synthesis of neo-inositol and for the Michaelis—
Menten study reported above. The 24-hr incubation period
also contributed to the high levels of these products.

Peak 4 in Figure 3 was found to possess ion mi/e 749 as does
peak 7. A similar chromatogram on OV-25 also has m/e 749
occurring in two places. We present evidence below that the
shorter retention peak in each case is a Me;Si-neo-inositol-P.
The second, longer retention peak has been shown by direct
comparison with authentic standard to be Me;Si-myo-inositol-
1-P. The retention times relative to Me;Si--D-glucose-6-P for

DETECTOR RESPONSE

MINUTES

FIGURE 3: Combined gas chromatograph-mass spectrometer total
ion current gas chromatographic record of the trimethylsilylated
products obtained from the incubation of p-mannose-6-P with
partially purified bovine testis cyclase. Retention times on this
column of 3%, OV-17 (on Gas Chrom Q) relative to p-glucose-6-P
are given as follows: chromatogram peak number, compound,
followed by Rc-s-p: 1; free myo-inositol (0.16); 2, p-ribose-5-P
(0.32); 3, unknown (0.39); 4, neo-inositol-P (0.48); 5, n-fructose-6-P
(0.53); 6, a-p-mannose-6-P (0.64); 7, L-myo-inositol-1-P (0.79);
8, $-p-mannose-6-P (0.84); 9, a-p-glucose-6-P (1.00); 10, S3-p-
glucose-6-P (1.09).
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FIGURE 4: 70-eV mass spectrum taken through the center of peak 4 (Figure 3). lons m/e 749, 389, 387, 318. 315, 299, 246, 243, 217, 191, 147,
133, 129, and 73 are characteristic of the spectra of Me;Si-inositol phosphates (Zinbo and Sherman, 1969, unpublished work from this labora-
tory). lons m/e 510, 275, 258, and 234 are from an unknown substance eluting within the same chromatographic peak and partially resolved

from Me,Si-neo-inositol-P (see Figure 5).

Me;Si-neo-, and Me;Si-myo-inositol-P are, respectively, OV-
17, Rg.e-r 0.48 and 0.79; OV-25,0.42 and 0.74.

Peak 4 in Figure 3 is small when compared with Me;Si-
myo-inositol-1-P presumably because of the 200-fold differ-
ence in the V... of formation of the two inositol phosphates.

The spectrum of peak 4, which contains what we believe is
L-neo-inositol phosphate, is shown in Figure 4. A comparison
of this spectrum to that of pD-myo-inositol-1-P (Sherman er al.,
1969) reveals that there are four ions present in the peak 4
spectrum which are not in Me;Si-L-myo-inositol-1-P. These
are at m/e 510, 275, 258, and 234. We have found that these
ions represent an unknown substance which elutes from the
gas chromatograph later than and slightly resolved from the
Me;Si-neo-inositol-P. Figure 5 is a plot of the elution envelope
of the Me;Si-neo-inositol-P represented by m/e 749 (M — 15)
and of the unknown compound as represented by m/e 510.
It can be seen that there is a clear separation of the two
amounting to 33 sec under these conditions. The ions at m/e
275, 258, and 234 all follow the same elution envelope as m/e
510. All of the remaining major ions in Figure 4 are observed
in the spectrum of Me;Si-L-myo-inositol-1-P. The base peak
m/e 318 is the most abundant ion in the spectrum of Me;Si-
neo-inositol-P (excluding m/e 73) as in the spectrum of Me;Si-
L-myo-inositol-1-P. As in unphosphorylated Me;Si-neo-inosi-
tol m/e 432 is of greater abundance in Me,Si-neo-inositol-P
(12.49% abundance relative to m/e 318) than in Me;Si-L-myo-
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36 38 40 42 44 46
SCAN NUMBER

FIGURE 5: Elution envelopes of the ions m/e 749 (O) and m/e 510
(O) in the mass spectra from gas chromatographic peak 4 (Figure
3). The spectra were taken every 5.5 sec and stored by a PDP-12
computer on magnetic tape. Analysis of the spectra obtained
through peak 4 revealed two families of ions, one from Me,;Si
neo-inositol-1-P, represented here by m/e 749, and the other from
an unknown substance whose spectrum is represented by m/e 510.
The latter spectrum is made up in part of peaks m/e 510, 275, 258,
and 234 (Figure 4).
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inositol-1-P (6 77 relative to mje 318). Otherwise the spectrum
is quite similar to the other Me;Si-inositol phosphates we have
examined.

In order to support the identification of peak 4 of Figure 3
as a Me;Si-neo-inositol-P, we have taken the sample from
which Figure 3 was obtained to dryness and heated it in 50%;
methanol in water at 75° for 24 hr. The detrimethylsilylated
sample was then incubated with E. co/i alkaline phosphatase
for 2 hr at 38° and the product lyophilized and retrimethyl-
silylated. Analysis of the sample before removal of the Me;Si
groups and the phosphate showed 1.8 ug of free neo-inositol
to be present. Following phosphatase action and trimethyl-
silylation a total of 80 ug of neo-inositol (as its Me;Si deriva-
tive) was obtained, an increase of 78.2/1.8 or 43-fold. This
showed conclusively that the inositol phosphate in the original
incubation of p-mannose-6-P with the cyclase was a neo-
inositol-P. By analogy with the cyclization of glucose-6-P
with the cyclase the phosphate group should be at the 1 posi-
tion of the neo-inositol, and the substance should be L-reo-
inositol-1-P.

Conclusions

The occurrence of neo-inositol in tissues which normally con-
tain myo- and scyllo-inositol suggests a metabolic relation-
ship between these three inositols. The fact that they also
occur together in soil (Cosgrove and Tate, 1963; Cosgrove,
1963) supports this idea. Our work seems to eliminate the
possibility that neo-inositol is formed from myo-inositol by an
oxidation-reduction process because in more than one experi-
ment where we had the glucose-6-P-myo-1-P cyclase essentially
free of the phosphohexoisomerases, only trace amounts of
myo-inositol were found following treatment of D-mannose-
6-P incubations with bacterial alkaline phosphatase. These
preparations contained considerable amounts of reo-inositol
which, if formed from L-myo-inositol-1-P must have done so
in a way which virtually depleted the rL-myo-inositol-1-P.
Assuming that such an oxidation-reduction would be an
equilibrium process the myo-inositol-1-P would not be ex-
hausted and the neo-inositol must have some other origin. The
Michaelis-Menten curve and Lineweaver-Burk reciprocal
plot show a clear dependence of neo-inositol production on b-
mannose-6-P concentration. What is not known at this time
is whether the reo-inositol results from a lack of specificity
of the cyclase for the 2 position of the aldohexose-6-P result-
ing in the accidental production of neo-inositol-1-P or whether
it results from the presence of a second enzyme unseparated by
us from the b-glucose-6-P-L-myo-inositol-1-P cyclase.

We have been unable to cyclize 2-deoxy-D-glucose-6-P,
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2-deoxy-2-amino-bD-glucose-6-P, and Dp-galactose-6-P to their
respective inositols using the same system that is active to-
ward p-mannose-6-P., Whether these negative results support
the idea that a second cyclase is present in the preparations,
which is specific for p-mannose-6-P, or whether the D-glucose-
6-P-L-myo-inositol-1-P cyclase is nonspecific only with respect
p-mannose-6-P cannot be determined with the data at hand.
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ABSTRACT: Using improved methods for the preparation of
hexokinase from baker’s yeast without autolysis by any of the
yeast proteases, the extract was shown to contain four hexo-
kinase isoenzymes, A, A’, B, and C, and a specific glucokinase.
The latter is extracted in a form having molecular weight about
one million. Other active hexokinase species, arising by pro-
teolysis of native forms, are distinct from these, and are sup-
pressed when initial removal of proteases is efficient. Condi-
tions are described for obtaining hexokinases A, B, and C in
pure form, each homogeneous in starch gel electrophoresis.
Hexokinases A and B are the previously described forms, and
differ in that A has a greater relative activity on fructose, a
lower specific activity, and a higher negative charge (at pH
above 5) than B. Their measured activity differences are
essentially a reflection of differences in the Michaelis-Menten

In part I of this series (Lazarus ef al., 1966) a procedure was
described for the preparation of hexokinase from yeast under
conditions designed to protect the enzyme against degrada-
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maximum velocities on glucose and on fructose. Hexokinase
C is a newly described isoenzyme, identical with B in most
properties but having a different mobility in anion-exchange
chromatography. It can be converted to B when a high ionic
strength is applied at pH 4.6 or 8, followed by gel filtration.
Immediately upon rupture, yeast cell lysates contain most or
all of their hexokinase B in the form of C. Also present in the
fresh lysates is hexokinase A’, which appears to be a hybrid
of A and B. This hybrid splits to give A and B in the conditions
of purification. The course of release of the hexokinases was
followed in the melting of frozen yeast. Sixty per cent of the
total activity was readily liberated as soluble forms, these being
characterized as A, A’, and C. The remainder is probably
osmotically trapped in the cell debris, and is not bound to the
cell walls.

tion by the proteases readily available in cell homogenates of
baker’s yeast. This was achieved by liberating the enzyme
from the cells by a freeze-thawing method, by inactivating the
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