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The formation of enzymatic activities involved in the biosynthesis of tryptophan
in Neurospora crassa was examined under various conditions in several strains.
With growth-limiting tryptophan, the formation of four enzymatic activities, an-
thranilic acid synthetase (AAS), anthranilate-5-phosphoribosylpyrophosphate
phosphoribosyl transferase (PRAT), indoleglycerol phosphate synthetase (InGPS),
and tryptophan synthetase (TS) did not occur coordinately. AAS and TS activities
began to increase immediately, whereas PRAT and InGPS activities
began to increase only after 6 to 12 hr of incubation. In the presence of amitrole
(3-amino-1,2,4-triazole), the formation of TS activity in a wild-type strain was
more greatly enhanced than were AAS and InGPS activities. With a tr-3 mutant,
which ordinarily exhibits an elevated TS activity, amitrole did not produce an in-
crease in TS activity greater than that observed on limiting tryptophan. With tr-3
mutants, the increased levels of TS activity could be correlated with the accumula-
tion of indoleglycerol in the medium; prior genetic blocks which prevented or re-
duced the synthesis of indoleglycerol also reduced the formation of TS activity.
The addition of indoleglycerol to cultures of a double mutant (tr-i, tr-3) which could
not synthesize indoleglycerol markedly stimulated the production of TS activity
but not PRAT activity; the production of TS activity reached the same level with
limiting or with excess tryptophan. A model explaining these and other related
observations on enzyme formation in N. crassa is proposed.

The sequence of reactions specific for the bio-
synthesis of tryptophan in Neurospora crassa is
now well established, in enzymatic and genetic
terms (Table 1). As clear an understanding of the
regulation of this system has not been achieved,
although it appears that the tryptophan pathway
may be subject to a variety of controls. The oc-
currence of regulation at the level of enzyme ac-
tivity has been unequivocally demonstrated; tryp-
tophan can exert a negative feedback control
through its ability to inhibit anthranilic acid syn-
thetase (AAS) and phosphoribosyl-anthranilate
transferase (PRAT), as demonstrated in vitro (8)
and in vivo (17, 18). At the level of enzyme for-
mation several regulatory phenomena have been
reported, but precise explanations of these phe-
nomena are yet to be proposed or verified.

In cells obtained from cultures with growth-
limiting amounts of tryptophan, the activity of
tryptophan-synthesizing enzymes is about two to
five times as high as in cells grown in the pres-
ence of an excess of tryptophan, suggesting that
tryptophan can repress the formation of these
enzymes (16-18, 20). In vivo studies (17, 18) in-
dicate that the formation of tryptophan enzymes

is not coordinately controlled, as are similar en-
zymes in Escherichia coli, which are specified by
closely linked genes (22, 31). In histidine auxo-
trophs of Neurospora, a limitation of histidine
can produce a derepression of the formation of
tryptophan enzymes (6), and it appears that the
formation of these enzymes occurs coordinately
or in parallel (5). The histidine effect is not re-
lated to the availability of free histidine, exter-
nally or internally, but, more likely (M. Carsiotis
and G. Lester, Bacteriol. Proc., p. 136, 1968), to
a depletion of charged histidinyl-transfer ribonu-
cleic acid (tRNA). It has also been observed (24)
that amitrole (3-amino-1,2,4-triazole) and in-
doleacrylic acid elicit the production of imida-
zoleglycerol (phosphate) and indoleglycerol
(phosphate), respectively, with a coincident in-
creased formation of tryptophan synthetase (TS).
These results could not be attributed to a deple-
tion of tryptophan, and it could be concluded (24)
that imidazoleglycerol (phosphate) and indole-
glycerol (phosphate) were acting as inducers of
TS. Amitrole also interferes with histidine bio-
synthesis and inhibits the induction of kynurenin-
ase formation (24).
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TABLE 1. Reactions, enzymes, and genetic
determinants of the tryptophan biosynthetic pathway in

Neurosporaa

GeneticReaction Enzyme locusb

I. Chorismic acid anthranilic AAS tr-2
acid

2. Anthranilic acid - PRA PRAT tr-4
3a. PRA -.CDRP PRAI tr-l
3b. CDRP -- InGP InGPS tr-l
4a. InGP + serine - tryptophan TS tr-3
4b. InGP-.Indole + glycerol TS tr-3

phosphate
4c. Indole + serine - tryptophan TS tr-3

a Abbreviations: PRA, N-(5'-phosphoribosyl)an-
thranilate; CDRP, I -(O-carboxyphenylamino)-l-deox-
yribulose 5-phosphate; InGP, indole-3-glycerol phos-
phate; AAS, anthranilic acid synthetase; PRAT, an-
thranilate-5-phosphoribosylpyrophosphate phosphori-
bosyl transferase; PRAI, PRA isomerase; InGPS,
INGP synthetase; TS, tryptophan synthetase.

b The enzymatic activities determined by the tr-l and
tr-2 loci occur as a tightly bound multienzyme aggre-
gate (11). Mutations of the tr-I gene may cause a loss
of any one or a combination of AAS, PRAI, and
InGPS activities; mutations of the tr-2 gene usually
affect only AAS activity (10). Mutations of the tr-3
gene are usually observed as defects in reactions 4a and
4c, 4a and 4b, or in 4a, b, and c (9).

The present study-examines more directly the
question of the parallel formation of tryptophan
enzymes under conditions of tryptophan limita-
tion and the ability of indoleglycerol (phosphate)
to stimulate the formation of tryptophan enzymes
other than TS. It is shown that the formation of
tryptophan-synthesizing enzymes does not occur
in parallel and that indoleglycerol (phosphate) ap-
pears to specifically induce the formation of only
TS.

MATERIALS AND METHODS

Organisms. The Neurospora strains used in this
study and their enzymatic defects are listed in Table 2.
Double mutants were produced by standard crossing
procedures, and the progeny ascospores were randomly
isolated.

Culture conditions. Vogel medium N (26) was used
as the basal medium. Still cultures were grown in me-
dium N containing 2% sucrose and supplements as in-
dicated; the inoculum was 2 x 104 to 4 x 10-4 co-
nidia per ml, and cultures were incubated at 30 C for
68 to 72 hr unless otherwise noted. Shake cultures of
germinated conidia were grown in medium N containing
1% sucrose and supplements indicated. The inoculum
was about 2 x 101 conidia per ml, and the cultures
were incubated at 30 C for 17 to 18 hr with vigorous
agitation on a rotary shaker. Cultures were harvested
by filtration, and the filtrates were saved for appro-
priate analyses. The mycelia were rinsed thoroughly
with distilled water and lyophilized, and the dry weight

was determined. (Deviations from this procedure will
be noted.)

Enzyme assays. Lyophilized mycelia were pulverized
by the method of Fankhauser (cf. 6) and extracted with
0.05 M potassium phosphate buffer (pH 7.0) containing
10-' M ethylenediaminetetraacetate. In two experi-
ments (Table 3 and Fig. I B), wet cells were ground in a
Ten Broeck mill and extracted with 0.02 M Tris buffer
(pH 7.5) containing 0.5 umole of glutathione and 4 Ag
of pyridoxal phosphate per ml; dry weights were deter-
mined from oven-dried samples of the germinated co-
nidia cultures. In all cases, 25 ml of extractant was
used per 1.0 g (dry weight) of cells. Cell-free extracts
were obtained by centrifugation at 27,000 x g for 30
min. In some instances, these extracts were passed over
G-25 Sephadex to remove small molecules, but com-
parisons of enzyme activities in Sephadex-treated and
untreated extracts showed little difference ( <20%).
AAS activity was estimated from the formation of

anthranilic acid from chorismic acid (8). Assays of
PRAT and indoleglycerol phosphate synthetase
(InGPS) activities were based on the procedures of
Wegman and DeMoss (28). TS activity (Table 1, reac-
tion 4c) was determined by the method of Yanofsky
(29). Phosphoribosyl anthranilate isomerase (PRAI)
activity was not measured. Enzyme activity assays were
carried out at 35 C, usually for a 30-min period. En-
zyme specific activity is designated as nanomoles of
substrate used or product formed per minute per milli-
gram of protein.

Other assays. Tryptophan was estimated from the

TABLE 2. Genetic and enzymatic identification of
Neurospora strains

Strain Mutated Defective
no. locus enzymes"

74A wt None
10575A tr-l InGPS
Ind-II-13A tr-I AAS, InGPS
RC-5-lA tr-2,3 AAS, TS (4a, c)
Td- 141A tr-3 TS (4a, b)
A-78a tr-3 TS (4a, b)
Ind-1-9A tr-4 PRAT
RC-12-1A tr-4 PRAT
RC-25-1A tr-4 PRAT
RC-3 1-lA tr-2,3 AAS, TS (4a, b)
RC-3 1 -2A tr-3 TS (4a, b)
RC-3 1-3A tr-2 AAS
RC-31-4A wt None
RC-33-1A tr-J,3 AAS, InGPS, TS (4a, b)
RC-33-2A tr-3 TS (4a, b)
RC-33-3A tr-I AAS, InGPS
RC-33-4a wt None

a RC strains were produced in this laboratory; in
RC-12, 25, 31, and 33, the tr-1,2,4 mutations were
derived from strain 74A by treatment with ICR-170.
Each of the RC-3 1, -33 series was obtained from the
progeny of a single cross; the tr-3 locus in each case is
Td-141A. All other strains were obtained from the
Bonner collection (University of California, San Diego;
cf. J. A. DeMoss).

b See Table I for abbreviations.
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indole produced upon treatment of samples with tryp-
tophanase (12). Indoleglycerol was determined as the
indole-3-aldehyde formed by periodate oxidation of
samples (30). Anthranilic acid was extracted from acid-
ified (pH 4.0) samples with ethyl acetate and measured
by fluorimetry, with excitation at 340 nm and emission
at 400 nm, in an Aminco-Bowman spectrophoto-
fluorimeter. Protein was measured by the method of
Lowry et al. (19).

Preparations. Chorismic acid was isolated from cul-
tures of Aerobacter aerogenes, 62-1 (obtained from J.
A. DeMoss) by the procedures of Gibson (14). I-(O-czr-
boxyphenylamino)-l-deoxyribulose 5-phosphate was
prepared chemically by the method of Smith and Yan-
ofsky (23).

Indoleglycerol was isolated from cultures of E. coli
strain T-26 (obtained from C. Yanofsky); a typical pro-
cedure is as follows. Strain T-26 is grown in I liter of
half-strength Vogel medium E (27) containing 0.3%
glucose (autoclaved separately) and 5 tsg of L-trypto-
phan per ml; the culture is incubated at 30 C for 20 hr
on a rotary shaker. The cells are removed by centrifu-
gation, resuspended in fresh medium without trypto-
phan, similarly incubated for 10 to 20 hr, and centri-
fuged. The combined culture supernatant fluids are
adjusted to pH 7.0 with sodium hydroxide; periodate
assays indicate 0.7 to 1.2 Mmoles of indoleglycerol per
ml. With constant stirring, 3 to 4 g of Norit A is added
in 0.5 to l.0-g portions until the supernatant fluids of
centrifuged samples show little indoleglycerol re-
maining. A convenient spot test for indoleglycerol can
be made by the addition of 1.5 volumes of Salkowski's
reagent (15) to the samples. The Norit is collected by
filtration on a Biichner funnel and rinsed with 25 ml of
water. The Norit is eluted with 500 to 600 ml of 50%
ethanol in 100-ml batches, with stirring and filtering,
until the eluates show little indoleglycerol. The com-
bined eluates are reduced to a volume of 15 ml under
vacuum at 40 C with a rotary evaporator. At this
point, a recovery of 50 to 60% of the starting indoleglyc-
erol, with a purity of about 65%, may be expected.
The concentrated eluate is chromatographed with G-10
Sephadex; 10 to 15 ml is placed on a column (2.5 by 34
cm) and eluted with very dilute saline (5 mg of
NaCl/liter) at a rate of 0.5 to 0.8 ml/min. Fractions of
10 ml are collected and spot tested; indoleglycerol is
first observed in about fraction 40, representing the
prior elution of about five times the liquid volume of
the column, which suggests that indoleglycerol is
strongly adsorbed to G-10 Sephadex. Most of the indole-
glycerol appears in fractions 40 to 52; these are com-
bined and reduced to a volume of 30 ml under vacuum
at 40 to 45 C. This product contains almost all of the
indoleglycerol placed on the column and exhibits a pu-
rity close to 100%. The absorption spectrum of per-
iodate-oxidized material is identical to that of indole-3-
aldehyde. It may be noted that indole-3-glycerol phos-
phate is not adsorbed to G-10 Sephadex, and, with the
above conditions, it is eluted with a little more than
one liquid volume of the column.

RESULTS
Effect of tryptophan levels on growth and enzy-

matic activities. Germinated conidia of a wild
type and several tryptophan auxotrophs were
obtained from cultures containing growth-lim-
iting and excess tryptophan, and their enzymatic
activities were determined (Table 3). Aside from
strain 74A and strain 10575A, a marked depend-
ence on tryptophan for growth was observed; the
nearly maximal growth of strain 10575A on the
lower level of tryptophan could be attributed, in
part, to the incompleteness of the genetic block
(4).
The levels of activities from strain 74A do not

appear to be influenced by tryptophan, and it
might be assumed that the tryptophan formed
endogenously is sufficient to maximally repress
the formation of all the tryptophan enzymes. The
relatively small differences in the specific activi-
ties of enzymes from strain 10575A grown on
low and high levels of tryptophan might also be
ascribed to the leakiness of this strain. AAS and
InGPS activities differed among strains, both in
absolute activity and in the degree of repression
by tryptophan. However, with any one strain, the
ratios of these activities in extracts from cells
grown on low and high levels of tryptophan were
very similar. The level of PRAT activity usually
shows the same relative response to tryptophan
concentrations as AAS and InGPS activities, but
occasional differences have been observed, as
with strain RC-5-IA. The influence of trypto-
phan levels in the medium on TS activity in tryp-
tophan auxotrophs is usually quite different from
that on AAS, PRAT, and InGPS activities. The
data in Table 3 could indicate that, although the
formation of AAS and InGPS activities might be
coordinately influenced by tryptophan, this coor-
dination is less apparent relative to the formation
of PRAT and, especially, TS activities. It should
be noted that strains carrying a mutant tr-3 allele
exhibit somewhat higher AAS and InGPS activi-
ties and considerably higher TS activity than
other strains when grown on limiting tryptophan.
When grown on excess tryptophan, the mutant
tr-3 strains show a heightened activity only in the
case of TS. Since the mutant tr-3 strains accu-
mulate indoleglycerol, the enhanced activities
may be due to an induction, especially of TS ac-
tivity, by indoleglycerol (phosphate) (24);

Depression of enzyme formation during growth.
Closer examinations of the formation of enzy-
matic activities concerned with tryptophan bio-
synthesis were made during the growth of cul-
tures on limiting tryptophan. Conidia were ger-
minated under conditions of maximal repression
(0.5 Mmole of L-tryptophan per ml) and were
then transferred to a medium with a relatively
low level of tryptophan (0.2 ,mole/ml). Samples
were taken at various times, and the cells were
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TABLE 3. Influence of tryptophan on growth and on the levels of enzymatic activities involved in tryptophan
biosynthesisa

Culture Specific activity'
Strain
(locus) L-Tryptophan Dry wt AAS PRAT InGPS TS

(Mmrole/ml) (mg/mI) AAPATIGST

74A (wt) 0.1 5.2 0.67 1.50 1.83 1.83
0.5 5.9 0.83 1.50 1.67 2.00

(0.8) (1.0) (1.1) (0.9)

10575A (tr-1) 0.1 4.1 1.67 2.50 nil 3.82
0.5 5.3 0.83 1.17 nil 1.83

(2.0) (2.1) (2.1)

Ind II-13A (tr-l) 0.1 2.5 nil 7.81 nil 7.15
0.5 6.1 nil 1.83 nil 2.16

(4.3) (3.3)

RC-5-IA (tr-2,3) 0.1 2.5 nil 8.15 7.15 nil
0.5 5.1 nil 2.33 1.50 nil

(3.5) (4.8)

Td-l4IA (tr-3) 0.1 2.2 4.48 8.30 11.3 30.7
0.5 5.3 1.17 2.00 2.66 15.2

(3.9) (4.4) (3.9) (2.0)

A-78a (tr-3) 0.1 1.9 4.65 5.32 9.50 20.6
0.5 5.2 1.17 1.17 2.50 6.82

(4.0) (4.5) (3.8) (3.0)

Ind I-9A (tr-4) 0.1 2.1 2.66 nil 3.00 8.00
0.5 4.9 1.00 nil 1.33 2.33

l_____________________________ _______(2.7) (2.3) (3.4)
a Values given are the averages of two experiments; the values obtained in replicate experiments did not differ

from their average value by more than 7%.
° Specific activity values are nanomoles per minute per milligram of protein. Numbers in parentheses are the

ratios of activities in extracts from cells grown on 0.1 gmole to those grown on 0.5 Mmole of tryptophan per ml.
Nil represents a specific activity of less than 0.20. See Table 1 for abbreviations.

extracted and analyzed for enzymatic activities
and for tryptophan; the culture filtrates were
analyzed for anthranilate, indoleglycerol, and
tryptophan. Growth was estimated in terms of
cell dry weight.
The results of a typical experiment with strain

Td-141A are illustrated in Fig. 1. The trypto-
phan level in the medium fell rapidly. Intracel-
lular tryptophan decreased less rapidly, but by 8
to 10 hr the cells were almost devoid of trypto-
phan. Anthranilate and indoleglycerol concentra-
tions in the medium remained quite low until in-
tracellular tryptophan disappeared; they then
increased rapidly. This was consistent with the
earlier mentioned inhibitory action of tryptophan
on AAS and PRAT activities. The difference in
the times at which anthranilate and indoleglyc-
erol began to increase might have been due to
the fact that the PRAT and InGPS activities
were initially higher than AAS activity, and
much of the anthranilate formed shortly after the

exhaustion of tryptophan could have been con-
verted to indoleglycerol.

Figure IB shows a marked difference in the
relative rate of formation of enzymatic activities.
AAS and TS activities began to increase almost
immediately, whereas PRAT and InGPS activi-
ties did not begin to rise until after 12 hr of incu-
bation. Similar experiments were run with strains
Td-141A and Ind-II-13A (on indole and trypto-
phan) and with strain Ind-I-9A (on tryptophan).
The same pattern was observed in all cases; AAS
and TS activities began to increase almost imme-
diately, whereas PRAT and InGPS activities
began to increase only after 6 to 12 hr of incuba-
tion. These observations indicate that the en-
zymes involved in tryptophan biosynthesis are
not formed coordinately.

Influence of amitrole on the formation of enzy-
matc activities. The stimulation of the formation
of TS activity by amitrole has been attributed (5,
24) to the concomitant limitation of histidine, the
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FIG. 1. Formation of intermediates and enzymatic activities in tryptophan biosynthesis during the growth of

strain Td-141A (tr-3) on limiting tryptophan. A. Anthranilate (A), indoleglycerol (0), and tryptophan (0) in cul-
ture filtrates; tryptophan in cell extracts (-); cell dry weight (x). B. Specific activity values for each enzyme are

normalized to a 0-hr value of 1.0; the actual specific activities (nanomoles per minute per milligram of protein) at
0 hr are: AAS (0), 1.00; PRAT (A), 2.33; InGPS (0), 2.50; TS (x), 11.7.

accumulation of imidazoleglycerol (phosphate),
or both. Thus, it was of interest to examine the
effect of amitrole on the formation of other en-

zymatic activities in tryptophan biosynthesis and
to determine whether the amitrole effect was in-
fluenced by tryptophan.

Germinated conidia of strain 74A were pro-
duced in cultures containing various levels of
amitrole. Growth was estimated as cell dry
weight; culture filtrates were analyzed for indole-
glycerol; and cell extracts were assayed for pro-
tein, TS, InGPS, and AAS activities. The data
in Table 4 indicate that amitrole did not affect
the growth of this strain except at the highest
concentration used, where, presumably, the limi-
tation of histidine synthesis was sufficient to in-
hibit growth. No indoleglycerol was detected in
the culture filtrates. The specific activity of each
enzyme progressively increased with increasing
levels of amitrole, but this increase was much
more dramatic in the case of TS than that of
InGPS and AAS. These results are generally
similar to those previously reported (24; and R.
Jones and M. Carsiotis, Bacteriol. Proc., p. 114,
1967). However, the increased activities obtained
in the absence of an inhibition of growth might
suggest that imidazole-glycerol (24) might be of
greater significance in stimulating the formation
of these enzymes than a growth-limiting deple-
tion of histidine. This is particularly notable in

the case of TS activity and, indicates that the
formation of TS activity can be dispropor-
tionately stimulated relative to the other two
enzymatic activities.
The influence of tryptophan on the effect of

amitrole and on the accumulation of indoleglyc-
erol, relative to the level of enzymatic activities,
was examined in germinated conidia cultures of
strain Td-141A (tr-3) which accumulates indole-
glycerol and still retains the indole + serine ,

tryptophan activity of TS. The results given in
Table 5 show that with growth-limiting trypto-
phan (0.1 mole/ml) more indoleglycerol accu-

TABLE 4. Effect of amitrole on the formation of TS,
InGPS, and AAS activities by strain 74A (wt)

Culture Specific activitya

Ami- Dry Indole-
trole wt glycerol TS IGPS AAS

(Mumole/ (mg/ (Mumole/
ml) ml) ml)

0 5.4 <0.01 1.83 1.83 1.00
1.0 5.6 <0.01 4.50 (2.8) 2.33 (1.3) 1.17 (1.2)
2.0 5.6 <0.01 8.00 (4.4) 3.00 (1.6) 1.50 (1.5)
3.0 3.6 <0.01 18.7 (10) 4.17 (2.3) 2.67 (2.7)

a Specific activity values are nanomoles per minute per milli-
gram of protein. Numbers in parentheses are the specific ac-
tivity values normalized to those with no amitrole as 1.0. See
Table I for abbreviations.
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TABLE 5. Effect of amitrole on the formation of TS, InGPS, and AAS activities by strain Td 141A (tr-3)

Culture Specific activitya
Expt no. L-Tryptophan Amitrole Dry wt I ndoleglycerol

(Umole/ml) (umoles/ml) (mg/ml) (pmole/ml) TS InGPS AAS

1 0.1 0 1.5 0.45 34.5 5.50 4.67
0.5 0 5.3 0.20 17.5 1.83 1.33
0.5 0.5 4.5 0.40 31.0 2.84 3.17
0.5 1.0 3.7 0.37 37.2 3.50 3.84
0.5 1.5 3.2 0.31 39.2 4.17 3.33

2 0.1 0 1.6 0.34 34.5 8.00 4.50
0.1 1.5 1.1 0.35 40.0 8.50 5.00
0.5 0 5.5 0.25 21.0 3.50 2.00
0.5 I.5 2.8 0.31 39.6 6.17 3.67

a Specific activity values are nanomoles per minute per milligram of protein. See Table I for abbreviations.

mulates than with excess tryptophan (0.5
iAmole/ml). Correspondingly, enzyme activities
are higher in extracts from cells grown on the
lower level of tryptophan. In the absence of ami-
trole, the direct relationship of enzymatic activity
to indoleglycerol is most pronounced in the case
of TS activity which is 10 to 20 times higher
than TS activity in strain 74A. The activities of
InGPS and AAS from cells grown on the high
level of tryptophan are not much greater than
those observed in strain 74A, and on the lower
level of tryptophanthese activities are no more
than twice as high as those observed in situations
where indoleglycerol does not accumulate (e.g.,
Table 4, and strain Ind-I-9A in Table 3). Thus, it
appears that the stimulatory or inductive effect
of indoleglycerol is primarily directed towards
the formation of TS activity.

The ability of amitrole to overcome the repres-
sive effect of tryptophan is shown in experiment
I of Table 5. In the presence of excess trypto-
phan, increasing amounts of amitrole elicit a
progressive decrease in growth and an increase in
enzymatic activities, amounting, maximally, to
about 2.5 times as high an activity as in the ab-
sence of amitrole, or about the same levels of
activity observed on growth-limiting tryptophan
alone. Experiment 2 of Table 5 examined the
ability of amitrole to influence the formation of
enzymatic activities in the presence of growth-
limiting and excess levels of tryptophan. Here,
with limiting tryptophan, amitrole caused only a
15% increase in TS activity and no significant
change in the activities of InGPS and AAS.
Thus, with the maximal derepression obtained
with a limitation of tryptophan, amitrole had no
significant additive effect.

Influence of indoleglycerol (phosphate) on the
formation of enzymatic activities. The experi-
ments described above are consonant with those
previously reported (24), which ascribe to indole-

glycerol phosphate (or imidazoleglycerol phos-
phate) an inducer-like role in the formation of
TS activity. This conclusion was largely derived
from work with inhibitors such as amitrole and
indole acrylic acid (24; and J. R. Turner and W.
H. Matchett, Bacteriol. Proc., p. 144, 1970).
Also, the influence of indoleglycerol (phosphate)
on the formation of enzymatic activities other
than TS activity has not been determined. The
following series of experiments examined the
function of indoleglycerol (phosphate) under
more normal physiological conditions and, more
directly, its effect on the formation of several
enzymatic activities. Use was made of various
tryptophan auxotrophs which may or may not
accumulate indoleglycerol under certain condi-
tions, and the effect of indoleglycerol added di-
rectly to cultures was examined. All of the fol-
lowing experiments were performed with still cul-
tures, prepared as described above.
The putative effect of indoleglycerol phosphate

on the formation of TS activity was examined
with a group of strains derived from the same
cross, tr-J x tr-3. The tr-1 strain lacked AAS,
PRAI, and InGPS activities; the tr-3 strain
lacked the 4a and 4b activities of TS (see Table
1) and could carry out tryptophan biosynthesis to
indoleglycerol phosphate which is usually ex-
creted as indoleglycerol. Table 6 shows that in-
doleglycerol is accumulated only in cultures of
strain RC-33-2A (ir-3) and that the TS activity
from strain RC-33-2A is much higher than that
obtained from the other strains. It is notable that
an enhancement of TS activity is observed even
with a very low accumulation of indoleglycerol.
The data for strain RC-33-IA (tr-1,tr-3) also
show that high-level formation of TS activity is
not a peculiar characteristic of this tr-3 allele.
The correlation of indoleglycerol accumulation

and the formation of several enzymatic activities
was examined with a group of strains derived
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from a cross between tr-2 and tr-3 strains. The
tr-2 strain lacked AAS activity, and the tr-3
strain was the same as the one described above.
The ditype strain tr-2,tr-3 still retained the reac-
tions of the tryptophan pathway which convert
anthranilic acid to indoleglycerol phosphate.
With this ditype, the level of indoleglycerol may
be directly influenced by the omission or addition

TABLE 6. Influence of a prior block (tr-l) in
tryptophan biosynthesis on the formation of TS

activity by a tr-3 mutant strain grown in still culture

Culture

Strain L-Trypto- Dry Indole- TS
(locus) phan wt glycerol (specific

(umole/ (mg/ (Mmole/ activity)a
ml) ml) ml)

RC-33-2A 0.15 1.4 0.40 40.1
(tr-3) 0.6 2.1 0.04 10.0

RC-33-1A 0.15 0.9 <0.01 4.83
(tr-l, 3) 0.6 2.5 <0.01 1.67

RC-33-3A 0.15 1.0 <0.01 5.50
(tr-l) 0.6 2.3 <0.01 2.50

RC-33-4a 0.15 2.0 <0.01 1.50
(Wt) 0.6 2.5 <0.01 1.83

a Specific activity values are nanomoles per minute
per milligram of protein.

of anthranilic acid to the medium (18). Table 7
shows that indoleglycerol accumulated only in
cultures of strain RC-31-2A (tr-3) and strain
RC-31-1A (tr-2, tr-3). In the latter case, the pro-
duction of indoleglycerol in the absence of added
anthranilic acid was probably due to the conver-
sion of tryptophan to anthranilate by way of the
tryptophan-anthranilate cycle (21). In the pres-
ence of the higher level of tryptophan, indoleglyc-
erol accumulation was low even in the presence
of anthranilic acid, since tryptophan inhibits the
activity of AAS and PRAT (8, 18). The occur-
rence of indoleglycerol was paralleled by in-
creased TS activity; this relationship is particu-
larly apparent with strain RC-31-lA where the
addition of anthranilic acid increased the accu-
mulation of indoleglycerol and the level of TS
activity to that observed with strain RC-31-2A.
The effect of indoleglycerol (phosphate), as was
the case with amitrole, was most pronounced
with TS activity, which was brought to a level
about 20 times that found in the strains which
did not accumulate indoleglycerol. The increase
in other enzymes was, at best, only about five
times that obtained from strains RC-31-3A and
RC-31-4A. These results indicate that indoleglyc-
erol (phosphate) can markedly stimulate the
formation of TS activity. The experiment de-
scribed in Table 7 and the results obtained are
analagous to those reported by Crawford and

TABLE 7. Influence ofa prior block (tr-2) in tryptophan biosynthesis on the formation of tryptophan enzymes by
a tr-3 strain grown in still culture

Culture Specific activitya

Strain L-Trypto- Anthranilic D Indole-(locus) phan acid ry wt glycerol TS InGPS PRAT AAS
(grmole/ml) (gmole/ml) (mg/ml) (Amole/ml)

RC-31-2A (tr-3) 0.15 0 1.3 0.27 36.0 5.33 9.00 3.17
0.15 0.35 1.1 0.23 36.8 4.50 7.83 2.33
0.5 0 2.6 0.16 9.50 1.50 2.00 1.67
0.5 0.35 2.1 0.11 8.17 1.83 2.00 1.00

RC-31 -IA (tr-2,3) 0.15 0 1.0 0.05 11.7 4.33 8.50 nil
0.15 0.35 1.1 0.27 35.7 4.83 8.50 nil
0.5 0 2.5 0.04 7.00 1.33 2.00 nil
0.5 0.35 1.7 0.05 11.0 1.83 2.33 nil

RC-31-3A (tr-2) 0.15 0 2.6 <0.01 4.67 1.67 3.67 nil
0.15 0.35 2.3 <0.01 4.17 1.33 1.83 nil
0.5 0 3.0 <0.01 2.33 0.67 1.83 nil
0.5 0.35 2.1 <0.01 2.17 0.50 1.83 nil

RD-31-4A (wt) 0.15 0 3.0 <0.01 2.17 1.00 1.83 0.83
0.15 0.35 2.7 <0.01 2.33 0.50 1.83 0.83
0.5 0 3.1 <0.01 1.83 0.67 1.67 0.83
0.5 0.35 2.7 <0.01 2.00 0.50 2.00 0.67

Nil represents a specific activity ofa Specific activity values are nanomoles per minute per milligram of protein.
less than 0.20.
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Gunsalus (7), who showed that indoleglycerol
phosphate can induce very high levels of trypto-
phan synthetase in Pseudomonas putida.
The previous experiments demonstrate that

indoleglycerol (phosphate) formed in vivo can
dramatically enhance the formation of TS ac-
tivity. It was desirable to demonstrate, then, that
a source of indoleglycerol (phosphate) less de-
pendent on internal synthesis could elicit an in-
creased formation of TS activity. Indoleglycerol
was isolated as described in Materials and
Methods and was used as a supplement (filter-
sterilized) for media containing growth-limiting
and excess levels of tryptophan. The test strain
was RC-33-lA, which is devoid of AAS, PRAI,
and InGPS activities and thus cannot synthesize
indoleglycerol phosphate. The culture fluids were
analyzed for indoleglycerol after incubation, and
cell extracts were assayed for TS and PRAT ac-
tivities. The data presented in Table 8 show that
the levels of indoleglycerol in the medium at the
end of the incubation period (71 hr) are about
the same as those added initially. TS activity in-
creases in parallel with the increased levels of
indoleglycerol, whereas PRAT activity is not af-
fected by the presence of indoleglycerol. The
apparent full recovery of indoleglycerol added
might suggest that it is indoleglycerol per se
which effects the stimulation of formation of TS
activity. However, the highest levels of TS ac-
tivity observed in this experiment were about the
same as those found previously when the concen-
tration of indoleglycerol accumulated was about
0.05 tsmole/ml. This is too close to the inherent
error of the assay procedure to preclude a small

TABLE 8. Effect of indole-3-glycerol on the formation
of TS and PRA T activities by strain RC-33-1A (tr-

1,3) grown in still culture

Culture Specific activity"

LTyt-Indole- Indole-
L-rpto- glycerol

Dr tglycerol
(,umole/ added (m/ml) recovered TS PRAT

Ml) ((nleimole/
ml) ml)

0.15 0 1.0 <0.01 4.17 2.33
0.15 0.25 1.0 0.26 6.33 2.33
0.15 0.5 1.0 0.52 7.80 2.33
0.15 1.0 1.1 1.0 9.00 2.50
0.15 2.0 1.2 1.9 11.0 2.50

0.6 0 2.7 <0.01 1.83 0.50
0.6 0.25 2.6 0.25 4.83 0.67
0.6 0.5 2.6 0.50 6.17 0.50
0.6 1.0 2.6 0.95 8.00 0.50
0.6 2.0 2.4 1.9 8.83 0.67

a Specific activity values
per milligram of protein.

are nanomoles per minute

conversion of indoleglycerol to indoleglycerol
phosphate. It should be noted that the stimula-
tory effect of indoleglycerol is significant only in
tr-3 strains, which cannot convert indoleglycerol
phosphate to tryptophan. Also, indoleglycerol
will support the slow growth of strains other than
tr-3 strains (unpublished data). Thus, it appears
likely that the effective molecule is indoleglycerol
phosphate and that it can act as a potent inducer
of the formation of TS activity.

DISCUSSION
The experiments described indicate that the

enzymes involved in tryptophan biosynthesis are
not formed coordinately. This conclusion is not
unexpected, in view of the fact that coordinate
repression and derepression usually has been
observed with enzymes that are determined by
closely linked genes (e.g., 1, 22). The genetic loci
specifying the enzymes involved in tryptophan
biosynthesis in Neurospora are found in different
linkage groups (3). The disparity in the relative
rates of formation of AAS and InGPS activities
(Fig. I) is of particular interest, since these en-
zymes are usually found in a molecular aggre-
gate (11) and AAS activity appears to be de-
pendent on the association of the tr-2 gene
product with that of the tr-l gene product which,
alone, exhibits InGPS activity (10, 13). It might
be proposed that the cells initially contained a
relative excess of tr-l gene product (InGPS) with
which the newly formed tr-2 gene product could
combine to form active AAS. It has been ob-
served (D. C. Levin, Thesis, Reed College, 1966)
that sucrose gradient sedimentation profiles of
extracts from cells grown with repressing levels
of tryptophan show a distinct, slower-moving
shoulder of InGPS activity adjacent to a
common peak of AAS and InGPS activities;
after 8 hr of culture on limiting tryptophan, the
shoulder is not apparant. These observations in-
dicate that the tr-l and tr-2 loci are not coordi-
nately controlled and that the aggregation of tr-l
and tr-2 gene products occurs after their separate
syntheses, rather than being requisitely produced
as an aggregate. The latter conclusion has also
been derived from in vitro complementation
studies (2) with tr-l and tr-2 mutants.
The effects of amitrole (histidine depletion,

imidazoleglycerol phosphate, or both) and indo-
leglycerol phosphate indicate that the formation
of TS activity is disproportionately stimulated by
these compounds. Again, this shows that the
formation of tryptophan biosynthetic enzymes is
not requisitely coordinate. However, indoleglyc-
erol phosphate and amitrole do appear to posi-
tively influence the formation of all those en-
zymes to some degree. It is noteworthy that the
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effects of tryptophan depletion, amitrole, and
indoleglycerol phosphate do not appear to be
additive.

Several facets of tryptophan regulation re-
ported here in experiments and in cited literature
may be summarized. The derepression of trypto-
phan enzymes is effected by a limitation of tryp-
tophan or of histidine and by indoleglycerol
phosphate and imidazoleglycerol phosphate. The
effects of tryptophan limitation are not reversed
by histidine; the effects of a limitation of histi-
dine are not reversed by tryptophan. Neither the
indoleglycerol phosphate nor the imidazole-
glycerol phosphate actions are significantly al-
tered by tryptophan or histidine. The non-addi-
tivity of these individual effects on the formation
of tryptophan enzymes and their relatively inde-
pendent action tend to suggest that they are all
involved in or with a single control unit. This
unit might have a wider role, since it has been
noted (5) that histidine deprivation also stimu-
lates the formation of two arginine biosynthetic
enzymes, and tryptophan deprivation enhances
the formation of three histidine biosynthetic en-
zymes as well as the same two arginine enzymes.

It is of some interest to devise a speculative
model which could account for these many and
varied observations. First, it may be noted that
the effect of histidine deprivation might be at-
tributed to a lowering of histidinyl-tRNA (M.
Carsiotis and G. Lester, Bacteriol. Proc., p. 136,
1968). This suggests a role for activated histidine
in the repression of tryptophan enzymes, and, in
view of the above observations, perhaps of histi-
dine and arginine enzymes as well. It might be
supposed that similar roles may be played by
tryptophanyl- and argininyl-tRNA. The pro-
posed active repressing unit would require the
presence of all three aminoacyl-tRNA species for
its action, and an insufficiency of any one com-
ponent would render the unit ineffective and a
derepression of enzyme formation would occur.
Increasing the levels of the remaining compo-
nents would have no effect, nor would the depri-
vation of a second component have an additive
effect. The same unit would affect the formation
of other enzymes, and, here too, its effectiveness
in repressing the formation of these enzymes
would be dependent on its total integrity. The
multifaceted nature of this unit might warrant its
designation as a "polyrepressor." Such a unit
would be consonant with the non-additive nature
of the effects described above. It could explain
the effects of imidazoleglycerol phosphate or
indoleglycerol phosphate by assuming that these
compounds might inhibit the charging of histi-
dine and tryptophan tRNA or interfere with the
association of aminoacyl-tRNA in a polyre-

pressor; in either case, an incomplete, multiply-
ineffective unit would result. The molecular na-
ture of the polyrepressor could be one of an asso-
ciation of aminoacyl-tRNA species with a special
protein (a histone?), or just with each other; it
could have the potential of operating at a tran-
scriptional or at a translational level. The meta-
bolic aspects of this model may seem analogous
to those of multivalent repression systems in bac-
teria (25). The major difference is that multiva-
lent repression involves effector end products
which are usually derived from closely related
metabolic pathways, whereas the end products
considered above have quite diverse origins. In
any case, the validity of the polyrepressor model
is only its present consistency with observed phe-
nomena; its usefulness may be in its refutation.
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