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Two of the enzymes responsible for tryptophan biosynthesis in Bacillus subtilis
have been extensively purified. These proteins are indole-3-glycerol phosphate
synthase and N-(5'-phosphoribosyl) anthranilate isomerase. By comparison to
the non-differentiating enteric bacteria in which these two enzymes are fused into
a single polypeptide, the isolation of the indoleglycerol phosphate synthase and
phosphoribosyl anthranilate isomerase from B. subtilis has demonstrated that
the two proteins are separate species in this organism. The two enzymes were
clearly separable by anion-exchange chromatography without any significant loss
of activity. Molecular weights were determined for both enzymes by gel filtration
and sodium dodecyl sulfate-slab gel electrophoresis, and indicated that the
indoleglycerol phosphate synthase is the slightly larger of the two proteins. The
miniimum molecular weight for indoleglycerol phosphate synthase was 23,500,
and that for phosphoribosyl anthranilate isomerase was 21,800. Both enzymes
have been examined as to conditions necessary to achieve maximal activity of
their individual functions and to maintain that activity.

The organization and control of the trypto-
phan biosynthetic pathway have been exten-
sively investigated in both procaryotic and eu-
caryotic species, including heterotrophic and au-
totrophic bacteria, algae, yeast, fungi, protozoa,
and angiosperms. In terms of intermediary me-
tabolism, the pathway is an essential one and
comparative studies reveal details of evolution-
ary divergence and adaptation. There are five
sequential steps involved in the conversion of
chorismate to tryptophan. All organisms studied
used the same reaction sequence. There are,
however, marked differences in the number and
organization of the components used to effect
this sequence, as well as of the genetic loci which
code for these enzymes. A comprehensive review
of this subject has recently appeared (4). The
exploration of the tryptophan pathway has been
most effective where a reliable mapping system
allows correlation between the genetic and en-
zymological data. Bacillus subtilis has such a
well-defined chromosomal map (25). Thus, the
present study of B. subtilis indole-3-glycerol
phosphate (InGP) synthase (EC 4.1.1.48) and N-
(5'-phosphoribosyl) anthranilate (PRA) isomer-
ase was initiated to characterize the enzymes
from a gram-positive, differentiating organism.
InGP synthase has previously been purified from

the gram-negative enteric bacteria Escherichia
coli, Salmonella typhimurumn, and Aerobacter
aerogenes (7, 18); from the fungus Neurospora
crassa (14); and from the alga Euglena gracilis
(11). Thus, it has only been isolated and char-
acterized from those organisms in which it is
fused to PRA isomerase (and to the anthranilate
synthase G subunit in N. crassa and to phos-
phoribosyltransferase and tryptophan synthase
in Euglena). The present study clearly demon-
strates that the two enzymes InGP synthase and
PRA isomerase are distinct and separable poly-
peptides in B. subtilis.

MATERLALS AND METHODS
Bacteria and growth. The bacterial strain used in

the isolation of I^GP synthase and PRA isomerase
was B. subtilis T3, a trpB mutant (1). Strain T3 was
grown in Spizizen minimal medium (21) containing
0.5% glucose, 0.05% acid-hydrolyzed casein (pH 7.0),
and 1 Ag of tryptophan per ml. The cells were grown
for 12 to 16 h at 37°C with vigorous aeration either in
a 150-liter fermentation tank or in Fernbach flasks on
a rotary shaker. The cells were harvested, washed
twice with 5 volumes of 1 M KCI to remove proteases
(19), and stored at -20°C until preparation of the cell-
free extract.
Enzyme a8say8. PRA isomerase was assayed as

described by Crawford and Gunsalus (5) with the
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Pseudomonasputida strain S-21 to generate the PRA
substrate. InGP synthase was assayed by the method
of Smith and Yanofsky (20) modified by using, in a 1-
ml reaction volume, the following assay mix: 0.3 M
potassium phosphate buffer (pH 7.8) containing 0.24
M sucrose, and approximately 1.5 mM 1-(O-carboxy-
phenylamino)-1-deoxyribulose-5-phosphate (CDRP).
One unit of activity is defined as the disappearance of
1 ,umol of PRA per min or the appearance of 1 MAmol of
InGP per min for the PRA isomerase and InGP syn-
thase assays, respectively. Protein concentrations were
determined colorimetrically by the method of Lowry
et al. (17).

Electrophoresis. Sodium dodecyl sulfate-poly-
acrylamide slab gel electrophoresis was carried out by
the system of Laemmli (16); the gels were stained by
the procedure of Fairbanks et al. (9). The gels were
1.5 mm thick. Samples were prepared by exhaustive
dialysis against water or 10 mM sodium phosphate
(pH 7.0) before lyophilization. The dried samples were
suspended in 10 mM sodium phosphate (pH 7.0) con-
taining 1% sodium dodecyl sulfate and 1% 2-mercap-
toethanol, and then boiled for 3 min before application
to the gel. Gel standards were the following proteins:
conalbumin (molecular weight, 77,000); human im-
munoglobulin G heavy chain (molecular weight,
50,000); ovalbumin (molecular weight, 43,000); human
immunoglobulin G light chain (molecular weight,
22,500).
Sephadex chromatography. Molecular weight

determinations were made with Sephadex G-100 col-
umns (1.6 by 60 cm) equilibrated in 0.2 M potassium
phosphate (pH 6.6) containing 0.5 M sucrose, 1 mM 2-
mercaptoethanol, and 1 mM EDTA. The upward flow
of the column was regulated at 9 ml/h. The void
volume was determined with blue dextran. The col-
umn was calibrated by the method of Whitaker (22)
by use of three proteins of known molecular weight:
conalbumin (77,000), ovalbumin (43,000), and chymo-
trypsinogen A (25,700).

Reagents. CDRP was chemically synthesized from
anthranilic acid and ribose-5-phosphate (sodium salt)
(Sigma Chemical Co.) by the procedure of Creighton
and Yanofsky (8) and was assayed by its enzymatic
conversion to InGP. Acrylamide was purchased from
J. T. Baker Co. and recrystallized before use. Micro-
granular DEAE-cellulose (Whatman DE-52) and 0-
(carboxymethyl)-celiulose (Whatman CM-52) were
purchased from Reeve Angel, and hydroxylapatite was
from Bio-Rad. Enzyme-grade ammonium sulfate was
purchased from Schwarz/Mann. All other chemicals
and reagents used were reagent grade or the highest
grade available.

RESULTS
Purification ofInGP synthase. For the iso-

lation of InGP synthase, a strain of B. subtilis
(T3) that contained elevated levels of this en-
zyme was selected from the collection of tryp-
tophan mutants of Anagnostopoulos and Craw-
ford (1). All operations were carried out in po-
tassium phosphate buffers containing 0.8 M su-
crose and 1 mM 2-mercaptoethanol (buffer A)

or in potassium phosphate buffers containing 0.8
M sucrose, 1 mM 2-mercaptoethanol, and 1 mM
EDTA (buffer B). The temperature was main-
tained at 4°C unless otherwise noted.
Step 1: extraction of enzyme. An 80-g

amount of B. subtilis T3 was suspended in 3
volumes of 0.1 M buffer A (pH 7.8) containing 5
mM magnesium sulfate. The mixture was stirred
at room temperature with a rotary blade until
the cells appeared evenly suspended. A 1-mg
quantity of lysozyme per g of cells and 20 ,ug of
DNase and RNase per g of cells were added to
the mixture, and the cells were incubated in a
37°C water bath with occasional stirring for 30
min. Twenty micrograms of DNase per g of cells
was again added to the mixture, and incubation
continued for 15 min. The cell debris was re-
moved by centrifugation for 30 niim at 43,500 x
g in the Sorvall RC5 centrifuge.
Step 2: ammonium sulfate fractionation.

The crude extract was cooled to 0 to 50C in an
ice-rock salt mixture. Solid, enzyme grade am-
monium sulfate was added slowly to the crude
extract to 50% saturation. The suspension was
then centrifuged for 30 min at 13,200 x g. The
precipitate was discarded. The supernatant was
saturated with ammonium sulfate and then cen-
trifuged for 30 min at 13,200 x g. The precipitate
was suspended in a minimum volume (25 ml) of
0.1 M buffer B (pH 6.6) and dialyzed overnight
against 80 volumes of this buffer.
Step 3: DEAE-cellulose chromatography

I. The dialyzate was loaded onto a Whatman
DE-52 column (4 by 22 cm) which had been
equilibrated with the dialysis buffer. The column
was washed extensively with this buffer. The
protein adsorbed to the column was eluted with
a linear salt gradient (1,700 ml; 0 to 0.3 M NaCI)
in the wash buffer. Fractions of 10 ml were
collected. InGP synthase was adsorbed to the
DE-52 column and eluted at a concentration of
NaCl of approximately 0.1 M (Fig. 1). There was
no loss of InGP synthase activity at this step,
but only those fractions with a specific activity
of 1.0 or greater were pooled and dialyzed over-
night against 50 volumes of 0.1 M buffer B (pH
6.6) containing 0.04 M NaCl.
Step 4: DEAE-cellulose chromatography

H. The dialyzate was adsorbed onto a second
DE-52 column (1.5 by 16 cm) which had been
equilibrated in the dialysis buffer. After exten-
sively washing the column, the adsorbed protein
was eluted with a linear salt gradient (300 ml;
0.04 to 0.2 M NaCI) in the wash buffer. Fractions
of 2 ml were collected. Again, there was no loss
of activity; the three peak tubes, with specific
activities greater than 3.5, contain 47% of this
activity. The overall purification scheme is pre-
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sented in Table 1.
Purification of PRA isomerase. Fortui-

tously, the enzyme PRA isomerase could be
copurified with InGP synthase from B. subtilis
T3 through the first two steps of the InGP
synthase isolation scheme. The buffers and tem-
perature conditions were the same as those de-
scribed for the InGP synthase purification.
Step 3: DEAE-cellulose chromatogra-

phy. The third step of the InGP synthase puri-
fication clearly separated the two enzyme activ-
ities. The PRA isomerase was not adsorbed to
the DE-52 column, as seen in Fig. 1, and eluted
as a single sharp peak of activity on the trailing
edge of the flow-through protein fraction. Frac-
tions with a specific activity of 0.5 or greater
were pooled and dialyzed overnight against 50
volumes of 0.01 M buffer B (pH 6.5).
Step 4: 0-(carboxymethyl)-cellulose
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FIG. 1. DEAE-cellulose chromatography of B.
subtilis InGP synthase and PRA isomerase. A 750-
mg amount ofprotein was applied to a DE-52 column
(4 by 22 cm) equilibrated in 0.01 M potassium phos-
phate (pH 6.6) containing I mM 2-mercaptoethanol,
1 mM EDTA, and 0.8M sucrose. The linear gradient
of 0 to 0.3 M NaCl was started at tube 26. Symbols:
0, absorbance at 280 nm (A2w); 0 PRA isomerase
activity; A, InGP synthase activity.
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chromatography. The dialyzate was loaded
onto a Whatman CM-52 column (1.5 by 10 cm)
which had been equilibrated in the dialysis
buffer. The column was washed extensively with
this buffer. The protein adsorbed to the column
was eluted with a linear salt gradient (180 ml; 0
to 0.3 M NaCl) in the wash buffer. Fractions of
3 ml were collected. The PRA isomerase was

weakly adsorbed, eluting at an NaCl concentra-
tion of approximately 0.02 M NaCl (Fig. 2). The
overall purification scheme is presented in Table
1. At this stage of the purification, the InGP
synthase had been purified 50-fold, and the PRA
isomerase had been purified 250-fold. Yet the
PRA isomerase preparation still contained other
contaminating proteins.
Step 5: hydroxylapatite chromatogra-

phy. The peak tubes from several PRA isomer-
ase purifications were pooled and dialyzed over-

night against 40 volumes of 0.01 M potassium
phosphate (pH 6.5) containing 15% glycerol, 1
mM 2-mercaptoethanol, 0.1 mM phenylmethyl-

.4
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FIG. 2. 0-(carboxymethyl)-cellulose chromatogra-
phy ofB. subtilis PRA isomerase. A 28-mg amount of
protein was applied to a CM-52 column (1.5 by 10 cm)
equilibrated in 0.01 Mpotassium phosphate (pH 6.6)
containing I mM 2-mercaptoethanol, I mM EDTA,
and 0.8 M sucrose. The linear gradient of 0 to 0.3M
NaCl was started at tube 19. Symbols: 0, absorbance
at 280 nm (A2w); 0, PRA isomerase.

TABLE 1. Purification ofInGP synthase and PRA isomerase from B. subtilis

Total InGP synthase PRA isomerase
Procedure Volumep(roteinm Sp act Total ac- Yield Sp act Total ac- Yield

(U/mg) tivity (U) (%) (U/mg) tivity (U) (%)

1. Crude extract 234 1921 0.072 138 100 0.020 37.5 100
2. 50% saturation ammonium sulfate 45 750 0.097 73 53 0.026 19.8 54

precipitation
3. DEAE-cellulose chromatography 57 23 1.50 34.6 25

I 35 28 0.82 23.3 62
4. DEAE-cellulose chromatography 9 4.4 3.70 16.1 12

II
5. CM-cellulose chromatography 12 1.9 5.15 9.79 26

ill
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sulfonyifluoride, and 0.1 M NaCl. The dialyzate
was adsorbed onto a Bio-Rad HT column (1.5
by 5 cm) which had been equilibrated with the
dialysis buffer. The column was washed in
succession with 1.5 column bed volumes (13 ml)
of the same buffer containing potassium phos-
phate at concentrations of 0.05, 0.10, and 0.15 M.
Fractions of 1.5 ml were collected. The PRA
isomerase first eluted at the end of the 0.10 M
wash and throughout the 0.15 M wash. The
plateau of peak activity had an average specific
activity of 6 U/mg.

Stabilization of InGP synthase and PRA
isomerase. Previous studies on the extraction
of InGP synthase activity had indicated that
InGP synthase was stabilized by sucrose at an
optimal concentration of 0.8 M but only in the
presence of a potassium phosphate buffer (12).
Glycerol was not used because it interfered with
the InGP synthase assay. The purified InGP
synthase was also tested for its sucrose require-
ments. Samples were diluted into 0.1 M potas-
sium phosphate (pH 6.6), containing 1 mM 2-
mercaptoethanol, 1 mM EDTA, and varying
amounts of sucrose (0.1 to 0.8 M). The samples
were held at 40C and periodically tested for
activity in the usual manner (Fig. 3). After 15
days at this temperature, 80% of the InGP syn-
thase activity was retained in the presence of 0.8
M sucrose. Below this concentration there was
a precipitous drop in InGP synthase activity
with a first-order relationship between the resid-
ual activity and the sucrose concentration. Su-
crose was not nearly as effective in maintaining
the PRA isomerase activity. There was a 20%
loss of activity after 7 days at 40C in the presence
of 0.8 M sucrose, and a 65% loss by 15 days. For
this enzyme, the high osmolarity additive glyc-
erol was the most effective in maintaining activ-
ity. From days 6 through 15 at 40C, an average
of 76% of the original activity was retained when
10 to 15% glycerol (vol/vol) was added to the
buffer. Based on these results, PRA isomerase is
now equilibrated in buffers containing 15% glyc-
erol after its separation from InGP synthase by
the DEAE-cellulose chromatography.
Assay conditions. Although the InGP syn-

thase assay was pattemed on the one devised for
E. coli in measuring InGP production, the re-
action conditions were maximized for the B.
subtilis enzyme. A monovalent cation (potas-
sium, sodium, or ammonium) was required at a
concentration of 0.2 M or greater, necessitating
the use of potassium phosphate buffer (pH 7.8).
Sucrose was routinely included at 0.24 M for its
slight stimulatory effect, although a much lower
concentration was required than for the long-
term stabilization of InGP synthase. The appar-
ent Km for the substrate CDRP was 59,uM, a 10-
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FIG. 3. Sucrose stabilization of InGP synthase
and PRA isomerase. InGP synthase (35 pg) was di-
luted into a 0.4-ml final volume of 0.1 M potassium
phosphate (pH 6.6) containing 1 mM 2-mercaptoeth-
anol, I mM EDTA, and varying amounts of sucrose
(as indicated on the graph). The samples were held
at 4°C, and tAe residual activity is expressed as the
percentage of activity of the original sample in 0.8M
sucrose. PRA isomerase (16 pg) was measured in an
identical protocol.

fold-higher value than that determined for the
Escherichia coli enzyme (7, 10). Thus, the high
CDRP substrate concentration in routine assays
precluded the use of a spectrophotofluorimetric
assay for the B. subtilis InGP synthase (10)
because the product InGP fluorescence is
strongly quenched at the CDRP concentrations.
Optimal assay conditions for the B. subtilis PRA
isomerase were essentially the same as described
for the Pseudomonas putida enzyme (5).
Molecular weight determinations. The

minimum molecular weights for the two proteins
were determined by sodium dodecyl sulfate-slab
gel electrophoresis. The average molecular
weight of InGP synthase obtained from several
determinations was 23,500 ± 580. The value
obtained for PRA isomerase was 21,800 ± 660.
Since the calculated difference in molecular
weight for the two proteins was quite small, both
proteins were simultaneously subjected to so-
dium dodecyl sulfate-slab gel electrophoresis to
verify this difference under identical experimen-
tal conditions. The results are seen in Fig. 4. The
miniimum molecular weight for InGP synthase
is clearly larger than that of PRA isomerase.
The two proteins were also subjected to gel

fitration on a Sephadex G-100 column contain-
ing 0.5 M sucrose to determine their native
molecular weight (Fig. 5). By using several dif-

VOL. 139, 1979



366 HOCHJB R

found to be 31,100 + 1,100. These values are in
very close agreement with the molecular weights
determined previously for these two enzymes
with a crude extract of B. subtilis T16 (12).
Again, the InGP synthase is clearly larger than
and separable from PRA isomerase.

DISCUSSION
Many of the problems initially associated with

the characterization of the tryptophan biosyn-
thetic enzymes in B. subtilis (12, 23) appear to
be attributable to the general lability of these
proteins during isolation. However, use of the
high osmolarity buffer additives glycerol or su-
crose has now facilitated the substantial purifi-
cation of six of the seven polypeptides required
for tryptophan biosynthesis in this organism,
including InGP synthase and PRA isomerase as
discussed in this paper. The first attempt to
determine whether these two activities resided
on separate polypeptides made use of relatively
crude extracts of B. subtilis. Gel filtration ex-
periments indicated slightly different molecular
weights as had been originally indicated for the
E. coli-fused activities (2). Similar experiments
with two other species of Bacillus, B. pumilus
and B. alvei, indicated virtually identical molec-
ular weights for the two enzymes (13), necessi-
tating the substantial purification of the two
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FIG. 4. Mininum molecular weight determination
of PRA isomerase and InGP synthase by sodium
dodecyl sulfate-polyacrylamide slab gel electropho-
resis. (a) Left lane (A) InGP synthase (8 pJ; right
lane (B) PRA isomerase (13 pg). The gel concentration
was 12.5%. (b) The molecular weight standards (0)
used were: conalbumin, 77,000; IgG heavy chain,
50,000; ovalbumin, 43,000; IgG light chain, 22,500.

ferent samples of purified enzyme, the molecular
weight of PRA isomerase was determined to be
26,300 ± 770, and that of InGP synthase was
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FIG. 5. Molecular weight determination of PRA
isomerase and InGP synthase by Sephadex G-1(J0
chromatography. The column (1.6 by 60 cm) was
equilibrated in 0.2 M potassium phosphate (pH 6.6)
containing 1 mM 2-mercaptoethanol, 1 mM EDTA,
and 0.5M sucrose. Symbols: 0, PRA isomerase activ-
ity; A, InGP synthase activity. Inset: Whitaker plot
ofmolecular weight versus the ratio ofelution volume
to void volume. The void volume was determined with
blue dextran; the molecular weight standards used
were: conalbumin (77,000); ovalbumin (43,000); chy-
motrypsinogen A (25,700).
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enzyme activities to resolve the question. This
purification clearly indicated that the two en-
zyme activities were separable by demonstrat-
ing: (i) a basic difference in the net charge of the
two proteins as judged by their adsorption prop-
erties upon ion-exchange chromatography; (ii)
significant differences in their minimum molec-
ular weights as determined by sodium dodecyl
sulfate-gel electrophoresis; and (iii) no apprecia-
ble loss of either activity upon the physical
separation of the two polypeptides. It is inter-
esting to note that the sum of the subunit mo-

lecular weights of the two B. subtilis enzymes is
identical to that of the single polypeptide cata-
lyzing these reactions in E. coli and that the
activity levels of the purified enzymes are com-

parable (7). Moreover, the orientation of the
contiguous trpC and trpF genes in B. subtilis (3)
is the same as for the independent InGP syn-

thase and PRA isomerase domains of the E. coli
trpC gene (24). It is plausible that the fused
InGP synthase-PRA isomerase from E. coli and
the respective independent species from B. sub-
tilis might share two common progenitors based
on their observed similarities. There is no ob-
vious catalytic advantage to the fused enzyme in
the enteric bacteria since the active sites reside
in separate domains, with CDRP as a free inter-
mediate (6, 15). By analogy to this situation, we
postulated that complex formation between the
B. subtilis enzymes might occur without any
obvious effect on activity. Efforts to provide
evidence of such a physical association with the
gel filtration columns have met with negative
results to date (S.O. Hoch, unpublished data).
There does not appear to be an obvious pro-

gression in the tryptophan biosynthetic pathway
from independent protein entities through mul-
tienzyme complexes to multifunctional polypep-
tides as one moves up the evolutionary scale (4,
15). But diversity exists, as is apparent just from
a comparison of the properties of the PRA
isomerase and InGP synthase from different or-

ganisms. Now the isolation of the B. subtilis
InGP synthase will also enable us to explore the
apparent evolution of the enzyme within a single
genus, albeit a large and heterogeneous one, as

a study of the tryptophan enzymes in three
Bacillus species indicated a greater than 100-
fold divergence in median activity level of the
InGP synthase among the three species (13).
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