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1. Abstract

UDP-GIcNAc is metabolized to form vegetative
cell wall, cortical peptidoglycans, and outermost
layer consisting of galactosamine-6-phosphate poly-
saccharide in life cycle of Bacillus megaterium. To
obtain a better understanding of the UDP-GIcNAc
regulation, we examined the activity of the common
first enzyme for the synthesis of nucleotide precur-
sors of peptidoglycans, enoylpyruvate transferase
by newly developed method. Both the specific and
the total activity decreased after the end of expo-
nential growth followed by an increase from t; but
decreased again parallel to the appearance of the
activity of UDP-GIcNAc-4-epimerase. Antibody
specificity to anti-transferase IgG and the elution
profile on DEAE-Sepharose revealed that B. megate-
rium has at least two enoylpyruvate transferase iso-
zymes, and UDP-GlcNAc was metabolized to vege-
tative cell wall and cortical peptidoglycan by each
isozme in exponential growth and in sporulation,

respectively in life cycle.
Introduction
Bacillus megaterium has been known to metab-

olize UDP-GIcNAc to form different kinds of struc-

tures, namely, vegetative cell wall, cortex and out-

CEEL

ermost layer(OL) which Gerhart’s group calls ex-
osporium'® in life cycle. Pitel and Gilvary'® repor-
ted that upon the initiation of sporulation, vegeta-
tive cell mucopeptide synthesis ceased and three
hours after the end of vegetative cell growth, spore-
specific mucopeptide synthesis began and Tipper

4,5, 16)

and coworker investigated the variation in the

activity of enzymes involved in synthesizing
UDP-MurNAc-pentapeptide precursors of the cor-
tex peptidoglycan in B. sphaericus. About the first
enzyme for the synthesis of spore-specific galacto-
samine-6-phosphate polysaccharide of OL, UDP-
GlcNAc-4-epimerase, we have demonstrated that
an increase in the activity of this enzyme is parallel
to the induction of enzyme synthesis by immunoass-
ay."" But, nothing is known about enoylpyruvate
transferase, a common first enzyme for the synthe-
sis of nucleotide precursors of both vegetative cell
wall and cortical peptidoglycans. Moreover, it was
not still elucidated whether the activity of UDP-GI-
cNAc-4-epimerase was co-regulated with that of
enoylpyruvate transferase later during sporulation.
To gain a better understanding of the regulation
of the metabolism of UDP-GIcNAc, we started to
examine the activity of the transferase and charac-
terized the enzyme. And here we have reported
that B. megaterium has at least two enoylpyruvate

transferase isozymes and UDP-GIcNAc was metab-



olized to vegetative cell wall and cortical peptidogly-
cans by the different isozymes in exponential grow-

th and in sporulation, respectively in life cycle.
Materials and Methods
Bacterial strain and growth condition.

B. megaterium ATCC 12872 was used. Cells
of B. megaterium were grown and sporulated in
supplemented nutrient broth(SNB) medium at 30
C as previously described.' ' Phase-bright spores
reach maximum at t.{tn indicated n hr after the
end of exponential growth) and this stage was used
as an internal marker for the timing of developmen-

tal events.
Assay for enoylpyruvate transferase.

The reaction mixture consisting of 1.0 mM
UDP-GIcNAc, 1.0 mM PEP, 0.5 mM DTT, 12.5
mM KF to inhibit the enolase reaction and the crude
enzyme in 0.5 ml of 50mM Tris-HCI (pH7.5) was
incubated at 37C for 30 min and the reaction was
terminated at 100C for 3 min.

After precipitation of denatured protein by cen-
trifugation for 5 min at 12,000 X g, a sample of
supernatant was analyzed by HPLC. The control con-
tained all components of the reaction mixture ex-
cept PEP. Protein concentration was determined
using the Bio-Rad Protein Assay Kit with bovine
serum as a standard. UDP-GlcNAc-4-epimerase was
assayed as previously described.'"’ The HPLC was
carried out with Shim-pack CLC-ODS (6.0mm X
15 cm, Shimazu) and the elution buffer used was
50 mM ammonium formate (pH 3.9). Flow rate
1.0ml/min and column temperature 20C were
employed. UDP-GlcNAc-enoylpyruvate was detected
by U.V. absorbance at 262 nm and its concentra-
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tion was determined by comparison with a stand-
ard curve of UDP-GIcNAc.'"

Preparation of UDP-GIcNAc-enoylpyruvate.

UDP-GlcNAc-enoylpyruvate was enzymatically
prepared by the method of Gunetileke and Anwar”’
with slight modification. In summary, a reaction
mixture containing UDP-GIcNAc, 40umoles : PEP,
80 umoles s DTT, 16 umoles ; 400 ym moles ;
and crude protein fraction, which was prepared
by bringing the cell extract of 2 liter of the exponen-
tial growing culture of B. megaterium to 80% sat-
uration with (NH.),SO. and dissolving in 32 ml
of 50 mM Tris-HCI buffer (pH 7.5), was incubated
at 37C for 24 hrs. Deproteinized sample by ultrafil-
tration was chromatographed on a DEAE-Sephadex
A-25 (1 X 17 cm )column by stepwise gradient
elution with O, 0.1, 0.2 and 0.25 M NaCl and
the elutants with 0.2 M NaCl were chromatogra-
phed on a Sephadex G-50 (1.5 X 50 cm) column
with deionized water. The 13 C-NMRK spectrum
of purified UDP-GIcNAc enoylpyruvate was record-
ed at 23T in D* solution using dioxane as an in-
ternal standard on a JEOL GX-400 FT-NMR spec-
trometer operation 100 MHz.

Purification of enoylpyruvate transferase in sporu-
lation cells.

The following purification procedures were car-
ried out ; all operations were performed at 0~4T
unless otherwise stated. First, crude enzyme obtai-
ned from the sporulating cells at t; was brought
to 70% saturation with (NH,),SO, and the precipi-
tate was removed by centrifugation and dissolved
in 20 mM Tris-HCl buffer(pH 7.5) containing 4.0
mM DTT and 1.0mM EDTA (buffer A). Second,
the solution was chromatographed on a Sephacryl
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S-300 column(1.6 X 100 cm) with buffer A at
a flow rate of 0.2ml,”min. Under these conditions,
the transferase-containing fractions were eluted at
1.7 times the void volume. Third, these fractions
were loaded on a DEAE-Sepharose CL-6B column
(1.0 X 10 cm) equilibrated with buffer A and
chromatographed with a linear gradient of 0-0.3
M NaCl in buffer A at a flow rate of 0.15mlmin.
The transferase activity peak was observed at app-
roximately 0.1 M NaCl. Finally, the transferase
were separated on a hydroxyapatite column(1.0
X 5.0 cm) previously equilibrated with 20 mM
Tris-HCL buffer (pH 7.5) containing 4.0 mM DTT
(buffer B). A linear gradient of 0-0.5 mM MgSO,
in buffer B was applied at a flow rate of 0.12
ml,/min and the transferase activity peak was ob-

served at approximately 0.1 M MgSO..

Preparation of the antiserum of enoylpyruvate trans-

ferase.

Antiserum to enoylpyruvate transferase prep-
ared by injecting of a rabbit intra muscularly five
times with 20-50 pg of the purified enzyme protein
in Freund's complete adjuvant once two weeks.
IgG was prepared by fractionation of the serum
with 50% (NH.).SQ,, followed by passage through

a column of DEAE-cellulose.?’

SDS-polyacrylamide gel electrophoresis(SDS-
PAGE) and immunoblot analysis.

SDS-PAGE was performed on 1 mm thick ver-
tical slab gels of 12.5% polyacrylamide at a const-
ant current of 30 mA at room temperature. Gels
were stainned with Coomassie brilliant blue R-250.
Immunoblot analysis was carried out by the method

previously described.”’

Preparation of cell extracts.

Growing or sporulating cells were harvested
from 1 liter of the culture, washed with 0.9 % NaCl,
and suspended in-30-50 ml of 75 mM Tris-HCI
buffer (pH 7.5) containing 4.0 Mm DTT and 1.0
mM EDTA. After disruption of the cells by sonicat-
ion, the suspension was centrifuged at 15,000 X g
for 30 min at 4C. The supernatant was used for

the source of crude enzymes.
Chemicals.

1) UDP-GlcNAc, PEP, (DTT, KF),” resign for
chromatography and” 2nd-antibody. All reagents
employed in this study were of analytical grade,

unless otherwise stated.

Results

Enoylpyruvate transferase assay.

The new assay method for enoylpyruvate was
developed, in which the rate of production of UDP-
GlcNAc-enoylpyruvate is measured by HPLC. Purifi-
ed UDP-GlcNAc-enoylpyruvate was a single peak
by HPLC and two new peaks, COOH : 175.2 ppm,
CH?*=C: 156.5 ppm were observed in 13 C-NMR
spectrum in comparison with that of UDP-GIcNAc
(data not shown). Optimal reaction conditions
were examined for crude enzymes in exponentially
growing cells. The optimal pH range for transferase
activity was between 7.5 and 8.5 and Km for PEP,
UDP-GIcNAc were estimated to be 0.07 mM and
0.24 mM, repectively. The rate of UDP-GlcNAc-
enoylpyruvate formation increased linearly with in-
creasing enzyme concentration from O to 10.6 mu-

nits,”ml reaction mixture (Fig. 1).
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Fig. 1. Relation between enzyme activity and for-
mation of UDP-GlcNAc-enoylpyruvate.
Crude enzyme at sporulation phase was used
for the measurement of enzyme activity. En-
zyme activity was assayed as described in
the materials and methods.

Variation in the enoylpyruvate transferase activity

in life cycle.

Both the specific and the total activities of tra-
nsferase decreased after the end of exponential grow-
th followed by an increased from about ts, but
decreased again parallel to the appearance of the
activity of UDP-GlcNAc 4-epimerase (Fig. 2). The
appearance of refractile forespores occurred at the

same time as the increase of the transferase activity.

Purification of enoylpyruvate transferse in sporula-

tion.

To understand the regulation mechanism of
the transferase activity, it is important to elucidate
whether the transferase in exponential growth is
same or not as that in sporulation. First, the transfer-

ase in sporulation was purified from the crude
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Fig. 2. Changes in enoylpyruvate transferase and
UDP-GlcNAc-4-epimerase activity during
life cycle. Enoylpyruvate transferase was as-
sayed as described in materials and method.
Open circles(O) represent total activity for
enoylpyruvate transferase and solid circles
(@) for total activity of UDP-GlcNAc-4-
epimerase. Growth curve was measured by
optical density (O.D.) at 610 nm ([]). Fo-
respores was monitored by phase contrast
microscope, which was shown with dotted

line(---).

enzyme in the sporulating cells at t, as described
in materials and methods. An inactivation of the
transferase was little by Sephacryl $-300 and
DEAE-Sepharose CL-6B chromatography, but about
40~50% decrease of the activity was observed
by ultrafiltration or dialysis, especially the enzyme
was remarkably inactivated by hydroxyaptite chro-
matography. The final enzyme preparation after
hydroxyapatite chromatography gave a single band
in 12.5% SDS-PAGE at the molecular weight of
about 47 kDa (Fig. 3).

Immunoblot analysis for cell extracts during sporu-
lation.
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Immunoblot analysis was carried out using anti-
enoylpyruvate transferase antibody. Fig. 4 showed
the result of Western blot of the cell extracts during
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Fig. 3. SDS-PAGE of purified enoylpyruvate transfe-
rase on 12.5% gel.
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Fig. 4. Immunoblot analysis for the mother cell cy-
toplasmic fraction. Lane number indicates
Tn. Anti-transferase antibody was prepared
from sporulation phase, which was secondly
reacted with peroxidase labeled goat anti ra-
bbit 1gG.
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sporulation. No band was detected in the cell extra-
cts of exponentially growing cells, but one band

began to appear from t; and was weakly developed
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Fig. 5. Elution profile of the crude enzyme mixture
at T., and T, by DEAE-Sepharose CL-6B co-
lumn(11.0 X 10 cm). Same amounts of
protein were applied to the column which
had been equilibrated with 20 mM Tris-
HCI, pH 0.8, containing 4 mM dithiothrei-
tol.

at tyo, which was roughly consistence with the var-
iation in the activity of the transferase during spor-

ulation.

Separation of enoylpyruvate transferase isozy-
mes.

It was found that the transferase in exponen-
tial growth has different antigenic specificity from
that in sporulation by immunoblot analysis. When
the mixture of the crude enzyme in the cells at
t. and t; was separated on a DEAE-Sepharose col-
umn, two transferase activity peaks, ( 1) and (II)
were observed (Fig.5), but the fractions of both
peaks were positively reacted with the anti-transfe-
rase antibody. Fig. 6 showed the individual elution

profile of the crude enzyme at t., and t; by chroma-
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Fig 6. Individual elution profile of the crude enzyme at T, and T by DEAE-Sepharose CL-6B
column. Solid circles represent total activity of enoylpyruvate transferase. Sodium chloride

was used for elution, pH 8.0 with a linear gradient from O to 0.25 M, and the protein

was monitored at 280 nm{((O).

tography on the same column, which indicated that
the peak (I) contained two transferase in the cells
both at t, and t-.

Discussion

Deutsher and Kornberg® classified eight enzy-
mes of B. subtilis to three groups by examining the
variation of the activity during sporulation, but no
enzymes was found to reveal such a pattern as eno-
ylpyruvate transferase, i.e, decrease after the ini-
tiaton of sporulation followed by an increase at
the later sporulation stage. Tipper and coworkers*>
'® reported that the variation in the specific activity
like transferase was observed in the enzymes, :
L-alanine, . D-glutamate, and D-Ala-D-Ala ligases,
involved in synthesizing the UDP-GIcNAc-penta
peptide precursors, but the total activity of these
enzymes did not decrease during sporulation in

B. sphaericus. Moreover, they indicated that these

enzymes were controlled at the level of transcrip-
tion by treating sporulation cells with antibiotic
inhibitors of RNA and protein synthesis. But, little
was known about each enzyme protein. Antibody
specificity and the elution profile on DEAE Sepha-
rose revealed that B. megaterium has at least two
transferase isozymes, and each isozyme appeared
specifically in the growing and in sporulating cells,
respectively.

Transferase II was less stable than transferase
I for storage at -20C and the sensitivity to 0.06
mM fosfomycin was slightly different, 7e, 70%
inhibition for transferase I and 29 % for transferase
II, respectively (data not shown). In two instances,
enoylpyruvate transferase have been purified and
characterized, e.g, in Staphylococcus epidermidis'™
and in Enterobacter cloacae,'® comparing the propert-
ies of the transferase from B. megaterium at sporul-
ation phase with those from the above sources.

There are only a few reports of the isozymes found

Vol. 2. No. 4(1992)



238

in cell extracts not in spores during sporulation in

)

Bacillus species. Agrawal and coworkers” reported

early and later aconitases in B. cereus and Paulus

and coworkers,*?

carbamyl phosphate synthetase
P and A in B. subtilis, respectively, but definite phy-
siological functions of these isozymes was not eluci-
dated. While, Heilmann and coworkers indicated
the existance of at least two independent glucose
dehydrogenase genes in B. megeterium M 1286.%
[sozymes are also synthesized for common reactions
in branched anabolic pathways." Paulus and cowork-

,4 1 and Graves and Switzer®” reported that B.

ers,
subtilis has three aspartokinases and the specific
activity of aspartokinase I was nearly constant un-
der all phases of growth, while apartokinase II dec-
lined rapidly during stationary phase. They mention-
ed that aspartokinase I is to provide precursors for
the synthesis of diaminopimelate and dipicolinate
during sporulation and aspartokinase II has a role
in providing precursors for lysine, methionine and
threonine during periods of rapid protein synthesis.
As it was indicated that cell wall turnover is negligi-
ble during the stationary phase and during most
of the sporulation phase in B. megaterium,” it seems
to be reasonable that the activity of each transferase
isozyme increase only when UDP-GIcNAc is meta-
bolized to synthesized two types of peptidoglycans.

Immunoblot analysis with anti-transferase anti-
body indicated that an increase in activity was
parallel to the induction of enzyme protein synthes-
is during sporulation in similar manner as UDP-Glc-
NAc 4-epimerase, suggesting that sporulation speci-
fic transferase is regulated at the level of transcrip-
tion or translation. In B. sphaericus, the chemical
composition of vegetative cell wall peptidoglycan
is quite different from that of cortex peptidoglycan
ie., the former is devoid of DPM and the latter
of lysine, respectively, and it was demonstrated that
two enzymes, UDP-GicNAc-L-Ala-D-Glu © Lys li-

R

gase and the equivalent meso-Dpm ligase switch
the pathway of synthesizing each peptidoglycan
precursors.’’ It is still unknown that enzyme swit-
ches the pathway of metabolizing UDP-GlcNAc to
synthesize each peptidoglycan in B. megaterium, but
a different mechanism such as a regulatory control
by a membrane-associated enzyme might be possi-
ble. Many important questions, e.g., the regulation
of each transferase isozyme and the switching me-
chanism of the pathway remain unanswered and

further work is need.
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