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The mechanismof 2-deoxy-scy//oinosose synthase reaction, a carbocycle formation step from
D-glucose-6-phosphate in the biosynthesis of the 2-deoxystreptamine aglycon of clinically important
aminocyclitol antibiotics, was investigated with a partially purified enzyme from butirosin-producing
Bacillus circulans SANK72073. Nonlabeled and double-labeled d-[4-2H, 3- 1 8O]glucose-6-phosphate
were used for cross-over experiment, and the oxime-TMSether derivative of the 2-deoxy-scy//0-inosose
product was analyzed by GC-MS.The deuterium label at C-4 of the substrate appeared to be
retained at C-6 of the inosose product without scrambling of the double-labeled isotopes. Since the
transient reduction of NAD+co factor was proved to be essential in the 2-deoxy-scy//0-inosose
reaction, the hydride abstraction and returning appeared to take place within the same glucose
molecule. The observed kinetic isotope effect was estimated to be kn/kD =2A. These results strongly
suggest that this carbocycle formation is catalyzed by a single 2-deoxy-scy//o-inosose synthase enzyme
with catalytic requirement of NAD+,the mechanism of which appears to be resembled closely to
the 2-deoxy-scy//o-inosose synthase in the Streptomyces fradiae.

2-Deoxy-15i£j//0-inosose synthase is a crucial enzyme in
the biosynthesis of a major group of clinically important
aminoglycoside antibiotics, in that the enzyme cataly-
ses the intramolecular carbocyclization of D-glucose-6-
phosphate (1) into the first non-aminogenous cyclitol
2-deoxy-^cjF//6>-inosose (2).1 " 3) The latter is ultimately
transformed into 2-deoxystreptamine (3) as the central
and characteristic aminocyclitol aglycon in theseantibiotics.4)Thereactionmechanism ofthiscarbocycle-formingenzymehasattracted wideattentionfor quitesome time, because3isonly foundinthese antibioticsasa productofmicrobialsecondarymetabolism.5)Wehave recentlyproposedthemechanism ofthis keyenzymereaction,as shownin Scheme1,bythe useofa partially

purifiedenzymederivedfroma neomycin-producingStreptomycesfradiaeIFO 13147.6)

Scheme 1. Proposed mechanism of 2-deoxy-scy//o-inosose synthase reaction in the biosynthesis of 2-deoxystreptamine.

1 Biochemical studies on 2-deoxy-sicy//0-inosose, an early intermediate in the biosynthesis of 2-deoxystreptamine Part VI. For
Part V.Seeref. 6.^ This oaner is dedicated to Professor Norortj Otakf on the occasion of his 70th hirthrtav
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Described in this paper are detailed insights into the
reaction mechanism of 2-dQoxy-scyllo-inososQ synthase

derived from the butirosin-producing Bacillus circularise
which is taxonomically distinguishable from the neo-
mycin-producing Streptomyces fradiae. The over-all
pathway of the butirosin biosynthesis was previously

reported by others.3'8)
The biosynthesis of aminocyclitol antibiotics has been

extensively studied, mostly by the use of whole cells of
the producing microorganisms as well as non-producing
blocked (idiotrophic) mutants.2'3'8'9) In addition, sig-

nificant progress on the genetic level has appeared for the
biosynthetic studies of inositol-derived aminocyclitol
antibiotics such as streptomycin10) and fortimicin.ll)

However, in contrast, the enzymes involved in the
biosynthesis of these antibiotics have mostly been
remained unclear except for some particular enzymes,
e.g. transamination enzymes of relevant inososes.12)
Apparently, precise features of the responsible biosyn-
thetic enzymes, in addition to the genetic background,

are particularly important for further development and
application of new technology based upon the microbial
secondary metabolism. Further, of significance is

comparative studies as well, which may give rise to some
clue to the understanding of molecular evolution of the

microbial secondary metabolism.
Wehave been involved in the biochemical studies on

the chemically simple but important enzymereaction in
the biosynthesis of 3 by focusing particularly on

2-deoxy-scy//6>-inosose synthase derived from Bacillus
circulans in addition to that of Streptomyces fradiae.
Described here is our recent studies of the kinetic isotope
effect observed in the reaction of 2-deoxy-1sicy//o-inosose

Fig. 1. Structures ofbutirosin and neomycin.
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synthase, which has been partially purified from the cells
of butirosin-producing Bacillus circulans.

Materials and Methods

Bacterial Strain and Detection of the 2-Deoxy-scyllo-
inosose Synthase Activity

A butirosin-producing organism Bacillus circulans
SANK72073 was maintained on agar slant of the IFO

802 medium consisting ofpolypeptone (Wako) 1 %, yeast
extract (Oxoid) 0.2%, MgSO4-7H2O 0.1%, agar 1.5%,
pH 7.0. The 2-deoxy-^;;//6>-inosose synthase activity was
detected by the HPLCmethod as described previously.1 3)
The enzymeincubation was carried out with D-glucose-
6-phosphate 5mM, NAD+ 5mM and CoGl2 5mM in

50mMTris-HCl buffer (pH 7.5) for 12 hours at 37°C.

Bacterial Cultivation and Purification of the 2-Deoxy-
scyllo-inososQ Synthase

A saline suspension (0.9% NaCl, 1ml) of Bacillus
circulans SANK72073 from a stock slant was inoculated
into a 100ml of soy bean meal (SBM) medium consisting
of 2% SBMextract solution3) (20g of soy bean meal
was extracted with 1 liter of distilled water by autoclaving
for 20minutes at 120°C, and then centrifuged at

7,000 rpm for 30 minutes) with supplemented 1 % glycerol
(pH 7.5 to 7.7) in a 500-ml Erlenmeyer flask. Cultures
were grown on a rotary shaker at 28 to 29°C. After 3

days' cultivation, the cells were harvested by centrifuga-
tion (7,000rpmx 1hour, 4°C) and were successively

washed with 0.5m NaCl solution and twice with 50mM
Tris-HCl buffer (pH 7.5). The cells were then suspended
in Tris-HCl buffer (0.5g of wet cells per lml of the
buffer), and then sonicated for 10minutes at 0°C in an
iced water bath by a Branson sonifier Type 250. The
sonicate was centrifuged at 7,000rpm for 1 hour and
the resulting supernatant was then fractionated by
(NH4)2SO4precipitation in a standard manner.

The precipitates obtained by 45-70% (NH4)2SO4
saturation was dialyzed overnight against the 50mM

Tris-HCl buffer (pH 7.5), and the dialysate was loaded
onto a column (2.5 i.d. x l5cm) of DEAE-celluloflne
A-800 (Chisso) equilibrated with 50mM Tris-HCl (pH
7.5). The adsorbed proteins were eluted by the same

buffer with linear gradient of NaCl concentration from
0m NaCl (300ml) to 0.4m NaCl (300ml). The
2-deoxy-scy//o-inosose synthase activity was observed

around the fraction of approximately 0.2m NaCl. The
active fractions were concentrated into ca. 3ml by
centrifugation (5,000 rpm x 30minutes x several times)
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with Centriprep-10 (Amicon). The concentrate was then
loaded onto a column (2.5 i.d. x 8.5 cm) ofQ Sepharose
FF (Pharmacia) equilibrated with 50 mMTris-HCl (pH
7.5). Elution was carried out again with the same buffer
in a linear gradient manner from 0m NaCl (200ml) to
0.4m NaCl (200ml). The enzyme activity was observed

in the fractions ofca. 0.2m NaCl, which was in turn used
for the tracer experiments of the 2-deoxy-lsicj//o-inosose
synthase reaction.

Preparation of d-[6,6-2H2]-1 and d-[3-18O,4-2H]-1
Isotopically labeled substrates, d-[6,6-2H2]-1 14' 1 5) and
d-[3-18O,4-2H]-1,6'15) were prepared as already de-

scribed.

Results and Discussion

Confirmation of Enzyme Activity
The 2-deoxy-1srcy//6>-inosose synthase activity was

clearly detected by the HPLCassay method in the enzyme
solutions prepared by precipitation with (NH4)2SO4
saturation (45~70%) from the supernatant of the
disrupted Bacillus circulans cells. The activity was further

confirmed by analyzing the reaction products from both
nonlabeled 1 and [6,6-2H2]-l by means of GC-MS of
the oxime-TMS ether derivative of 2 as already
reported.16) The spectrum of 2-deoxy->sicy//6>-inosose

/?-nitrobenzyloxime tetra-O-TMS ether (4) derived from
the incubation of nonlabeled 1 showed an intense

molecular ion peak at m/z 600 (Fig. 2-a), whereas the
spectrum of the corresponding oxime-TMSether derived
from [6,6-2H2]-l demonstrated an intense molecular ion
peak at m/z 602 (Fig. 2-b). This observation clearly

indicated that the cell-free reaction system of Bacillus
circulans in fact contained 2-deoxy-scy//<9-inosose syn-
thase.

Purification of the Enzyme
In order to elucidate the enzyme reaction more

precisely and quantitatively, it was essential to remove
any residue of 2 formed in the microbial cultivation.
Previously, we encountered in some difficulty in

evaluating the possible kinetic isotope effect in the earlier
experiments using a partially purified enzyme of

Streptomyces fradiae, and some ambiguity has been
remained unresolved.6) Therefore, the purification of the

2-deoxy-5'cj//o-inosose synthase enzyme from Bacillus
circulans was pursued in this study as described in the
Materials and Methods section.

Fig. 2. Mass spectra (molecular ion region) of 4 obtained
from the enzymereaction of 1.

(a) The product from nonlabeled 1, (b) the product from[6,6-2H2]-l.

TMS-oxime derivative of 2-deoxy-scy//oinosose

Cross-over Experiment with
Double-labeled Substrate

The enzymatically active fraction obtained from the
Q Sepharose chromatography was subjected to the
cross-over experiment using nonlabeled and double-
labeled substrates.
A major issue here was whether C-4 hydrogen retains
in the original substrate molecule or it transfers into a
different molecule with scrambling. As already reported,
the 2-deoxy-scy//<9-inosose synthase reaction requires the
presence ofNAD+ , which clearly means the involvement
of oxidation (dehydrogenation).13) Further, since the

oxidation states of the substrate and the reaction product
arejust the same, a reduction step must also been involved
in the over-all enzymereaction. It was already pointed
out that the most plausible site of oxidation is C-4, since
the oxidation at C-4 is advantageous in activating the
C-5 position for the removal of proton resulting in
enhancement of the phosphate elimination. This crucial
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chemistry was tackled by using double-labeled substrate,
d-[3-18O,4-2H]-1, with a partially purified 2-deoxy-

scyllo-inososQ synthase enzymefrom Bacillus circulans.
If the C-4 hydrogen transfer takes place in a round-trip
fashion from the substrate to the co factor and the
subsequent returning from the co factor to the product
within the same enzyme molecule without dissociation

of any intermediates and co factors, one should only
observe, in the incubation of a mixture of d-[3-18O,4-

2H]-1 and nonlabeled 1, the products corresponding to
the substrate components of molecular weight m/z 600
(from nonlabeled) and m/z 603 (from double-labeled) on
the GC-MS analysis. On the other hand, if any

intermediates and/or a co factor would dissociate from
the enzyme active site, one would simultaneously observe,
in addition to the nonlabeled and double-labeled
products, the products of m/z 601 (containing only

2H-label) and m/z 602 (containing only 18O-label) formed
by molecular scrambling through cross-over.

Two kinds of substrate preparation was actually

subjected to the incubation in the presence of NAD+

Fig. 3. Mass spectra (molecular ion region) of 4 obtained
from the enzymereaction of double-labeled substrate.3

(a) The product from [4-2H,3-18O]-l, (b) the product

from a 7 : 3 mixture of [4-2H,3-18O]- and nonlabeled 1, (c)
the product from nonlabeled 1.

co factor with a partially purified enzyme, one of the
substrate was solely double-labeled substrate, and the

other was a mixture of the double-labeled and nonlabeled
substrate in a 7 : 3 ratio. Pertinent molecular ion regions
of the mass spectra of the oxime-TMSether derivatives
of the incubation products from each substrate mixture
are shown in Fig. 3. The intensities of the resulting

relevant ions are summarizedin Table 1.
The spectrum obtained from the incubation of solely
double-labeled substrate demonstrates an intense mo-
lecular ion at m/z 603 (Fig. 3-a). This observation
indicates that only double-labeled product was en-
zymatically synthesized from the double-labeled sub-

strate. The spectrum obtained from the incubation of a
mixture of the double-labeled and nonlabeled substrates
shows the ion peaks of m/z 600 and m/z 603 in almost
equal intensity (Fig. 3-b). Importantly, no particular ions

significantly intensified beyond the natural abundance
level were observed at m/z 601 and 602. In other words,
the intensities of these ions were within the range of

natural isotopomers of the ions ofm/z 600. These results
thus verified that the enzyme reaction product from the
combined substrate was essentially a mixture of double
labeled and nonlabeled products without a presence of
either singly 2H- or 18O-labeled product.

The observation that the product from the incubation
of a 7:3 mixture of double-labeled and nonlabeled

substrate was almost a 1 : 1 mixture of the double-labeled
and non-labeled product, clearly indicates the involve-
ment of kinetic isotope effect. This may, in turn, support
that the reaction (oxidoreduction) at C-4 of substrate is
crucial in the 2-deoxy-^cyZ/oinosose synthase reaction in
Bacillus circulans. Further, by assuming the extent of

conversion is basically due to the kinetic isotope effect,
the isotope effect was estimated to be approximately 2.4

Table 1. Relativeintensities ofthemass spectra of4 obtained
from the enzyme reaction of double-labeled substrate.a'b

Substrate [4-2H,3-18O]-l ^ ^/i!?"!^ Nonlabeled, ' and nonlabeled 1 .
m/z only ^7 < 3^ 1

600 7 91 100

601 14 50 54

602 14 47 26

603 100 100 17

604 59 54 8

605 37 28 1

606 13 20 0

a Mass spectral scanning was performed in eight times for
each case.

b Similar results were obtained in duplicate enzymeprep-
aration and incubation.These mass spectra appear one scanning for each case.
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for the net reaction based on intensities of each signal
between m\z 600 to m/z 606 in the product from the
incubation of the 7 : 3 mixture of labeled and nonlabeled
substrate. The kinetic isotope effect of 2-dsoxy-scyllo-

inosose synthase reaction in Bacillus circulans may fall
into the same range of the isotope effect estimated for
the same enzyme derived from Streptomyces fradiae
(kH/kD=2.1) V
Thus, the results described above strongly suggest that

"2-deoxy-scyllo-inososQ synthase" in Bacillus circulans is
a single enzymeand catalyzes the multistep reaction
which involves the transient reduction ofNAD+ co factor
and aldol-type carbocycle formation as observed in the
Streptomyces fradiae enzyme.
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