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Summary

1. Both Mn?* and Co®* can replace Mg?* as the required divalent cation for
all activities of the enzyme complex between anthranilate synthase (chorismate
pyruvate-lyase (amino-accepting), EC 4.1.3.27) and anthranilate-5-phospho-
ribosylpyrophosphate phosphoribosyltransferase (N-(5'-phosphoribosyl)-an-
thranilate:pyrophosphate phosphoribosyltransferase, EC 2.4.2.18) from Salmo-
nella typhimurium. They have much lower apparent K, values than Mg?*, both
for glutamine-dependent anthranilate synthase (Mn?* = 1.1 uM, Co?* = 2.6 uM,
Mg?* = 83 uM) and for phosphoribosyltransferase (Mn?* = 16 uM, Co?* = 14.6
uM, Mg?* = 133 uM). The ratio of total Mg?* to total Mn?* found in a cell ex-
tract of S. typhimurium trpE2, the source of normal enzyme complex, was
found to be 350, suggesting that Mg?* is probably utilized by the enzyme com-
plex in vivo under our growth conditions.

2. An enzyme complex has been isolated from a mutant strain of S. typhi-
murium (S0-515) that has a variation in the anthranilate synthase subunit
which is thought to be a single amino acid substitution. This variation causes
glutamine-dependent anthranilate synthase to be hypersensitive to feedback in-
hibition by tryptophan (K; = 0.4 uM compared to K; = 20 uM for normal en-
zyme complex). The phosphoribosyltransferase in the variant enzyme complex
is also hypersensitive to tryptophan but the kinetics are complex and involve
activation by tryptophan in the presence of low amounts of 5-phosphoribosyl
1-pyrophosphate.

3. In the variant enzyme complex the apparent K, for Mg?* is elevated to
360 uM for glutamine-linked anthranilate synthase but reduced to 75 uM for
phosphoribosyltransferase.

4. These results suggest that the variant enzyme complex has altered terti-



476

ary and quaternary structures and that regulation of both activities is effected
by tryptophan binding to only anthranilate synthase.

Introduction

Anthranilate synthase-anthranilate-5-phosphoribosylpyrophosphate phos-
phoribosyltransferase (chorismate pyruvate-lyase (amino-accepting), EC
4.1.3.27) - (N-(5'-phosphoribosyl)-anthranilate: pyrophosphate phosphoribosyl-
transferase, EC 2.4.2.18), is an enzyme complex from Salmonella typhimurium
which consists of the first two enzymes in the tryptophan biosynthetic path-
way [1]. When in the complex, anthranilate synthase (both ammonia- and glu-
tamine-dependent) and phosphoribosyltransferase have been shown to require
Mg?* for activity [2—4]. Uncomplexed anthranilate synthase, which utilizes
only ammonia, also requires Mg?* for activity [2] but there are conflicting re-
ports as to whether the uncomplexed phosphoribosyltransferase shows this
requirement [4,5].

Both the anthranilate synthase [2,3] and phosphoribosyltransferase [4]
activities of the complex are inhibited by tryptophan, the end-product of the
pathway. Inhibition of anthranilate synthase can be complete whereas phos-
phoribosyltransferase shows a maximum inhibition of only 50—60% and this
requires saturating concentrations of substrates {4]. While tryptophan inhibits
uncomplexed anthranilate synthase [2], free phosphoribosyltransferase can
only be inhibited about 15% at very high tryptophan concentrations [4] and
the significance of this inhibition has been questioned [5,6]. Equilibrium bind-
ing studies showed one tryptophan binding site per anthranilate synthase sub-
unit [7] but the question of such a site on phosphoribosyltransferase remains
unresolved [6]. Tryptophan inhibition of the complex also involves Mg?*; it
antagonizes inhibition of anthranilate synthase [3] but is required for inhibi-
tion of phosphoribosyltransferase [4].

During earlier genetic work examining the separability of the tryptophan
operator and the anthranilate synthase gene, a mutation in this gene (trpA574)
was induced which produced a variant enzyme complex [8]. Analysis of ex-
tracts prepared from cells carrying this mutation showed that the complex con-
tained an anthranilate synthase which was hypersensitive, and a phosphoribosyl -
transferase which was resistant to tryptophan inhibition as compared to normal
enzyme complex [8,9]. From reversion studies of the mutational site, it was
concluded that these effects were probably caused by a single amino acid sub-
stitution in the anthranilate synthase subunit [9]. The present study was initi-
ated to order to examine this variant enzyme complex, which proved to have
interesting differences not only in tryptophan inhibition but in the metal ion
involvement in catalysis.

Materials and Methods
Enzyme complex was obtained from Salmonella typhimurium trpE2 (ATCC

25566) (hereafter referred to as normal enzyme complex). An enzyme complex
was also isolated from SO-515 (trp0517 trpA574 trpC3) (hereafter termed



477

‘[g1] uensuy) pue 3ingrem JO POYIAIN 993 Aq PIUTWIIAIAQ *x
*aseragsuerjjAsoqroydsoyd 0} aseyjuAs djeffueryiue juspuadap-auruwreIny3 yo oney

Svo 8¢ 0£9¢ 009 ¥¢ (114 0€91 00S v¢ 0'StT ** 9T°L g uonedard
YOS L(YHN) %05

v'o 114 008V 08¢ L8 1€ 0102 096G 9¢ ¢'81 veo G°€9 yead
V [#D olig 3vdd
LG'0 134 08s¢€ 0€1 28 68 0€02 029 9% v'ee 800 08¢ yead W G°T V 19D o1g

L0 19 0001 06¢ LT oL 91L 0GL €8 LIT S'€ G'ee juereuradns
anyuuadenin
290 - €6 00¢ €61 — 8¢ 009 611 0L0% ST 8¢€1 10811X3 T[3D

PRIX A31A1300 sjun Pl £31A1308 sjun
soney % ayads [L A A % a1y102ds rejoL 3ur rejo], /3w
aseyjuhs-ajerueiyiue (Tur)

ssexajsueIjjAsoquoydsoyd juapuadap-aurweInin utdjorg 2wWIN[OA dais

*[T1] AA97] pue JA0ID) UT XL SABSSE PUR UOTIBUTWIIIBP urajoad ‘uorjedyyumd Iy} 10J SPOYIdW

G1G-0S WNYNWNIHAAL 'S WOHA XATdWOD SVITISNVILTASOII4OHdSOHd-ASVHLN AS ALVIINVEHINV LNVIEVA JFHL 40 NOLLVOI4TUNd

13194VL



478

ABSORBANCE 600 nm

1 L I 1 L |
6 5 4 3 2 |

MIGRATION ¢m
Fig. 1, Sodium dodecyl sulfate electrophoresis of the variant enzyme complex. Electrophoresis of the

complex (50 ug) was from right to left. The gel was scanned with a Gilford scanner and the arrow indi-
cates the position of the Bromophenol Blue tracking dye.

variant enzyme complex). Cells were grown in a depression medium [10] which
resulted in a hundred-fold increase of enzyme complex activity. Both the nor-
mal and variant enzyme complexes were purified according to the method
described in the accompanying paper [11]. Table I summarizes the purification
procedure for the variant enzyme complex; the final specific activity and activi-
ty ratio are very close to those of the normal enzyme complex [11]. The vari-
ant enzyme complex was virtually homogeneous by the criterion of sodium
dodecyl sulfate electrophoresis (Fig. 1). The method of Weber and Osborn
[13] was followed except that gels were 5% acrylamide and were run until the
dye front reached the end of the gel. Glutamine-dependent anthranilate syn-
thase activity was measured using the fluorescent assay procedure of Henderson
et al. [3] substituting triethanolamine - HCl buffer for potassium phosphate,
and ammonia-dependent activity by the method of Grove and Levy [16]. Phos-
phoribosyltransferase was assayed spectrophotometrically [11] at 250 nm. All
assays using Co?* were performed omitting 2-mercaptoethanol since this re-
agent reacts with Co?*. All assays were performed at 25°C.

The K, values are apparent Michaelis constants calculated from double re-
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ciprocal plots varying the ligand from about 0.2 to 10 X K,,, with the other sub-
strate and/or metal ions at standard assay concentrations [3,10,11]. With the
exception of glutamine, these concentrations are all greater than 10 times their
respective K, values. Lines were fitted to the double reciprocal plots using a
continuous linear regression program which gave zero order correlation coeffi-
cients generally >0.99.

Metal ion concentrations were determined by atomic absorption spectro-
scopy from standard curves using a Perkin Elmer model 303 atomic absorption
spectrophotometer with an acetylene compressed air mixture. Metal ion ratios
in the cell were determined by measuring the atomic absorption (Mg?* at 285
nm, Mn?* at 279 nm) of a crude extract [11] of trpE2.

The following chemicals were obtained from Sigma Chemical Co.: 5-phos-
phoribosyl 1-pyrophosphate, L-tryptophan, L-glutamine, triethanolamine - HCl
and barium chorismate. The latter was converted to potassium chorismate
before use. All other chemicals were of reagent grade. The concentrations of
5-phosphoribosyl 1-pyrophosphate and chorismate were calculated from en-
zymatic assays using an anthranilate standard. The concentrations of trypto-
phan solutions were calculated using its molar extinction coefficient of 5500 at
279 nm [14].

Results

Metal ion requirement

Mn2* and Co?* will replace Mg?* as the divalent cation required for anthranil-
ate synthase (both ammonia- and glutamine-dependent) and phosphoribosyl-
transferase activities in the enzyme complex. Tables II and III show that Mn?*
and Co?* have much lower apparent Michaelis constants than Mg?* for gluta-
mine- and ammonia-dependent anthranilate -synthase activities for normal en-

TABLE 11

KINETIC CONSTANTS FOR GLUTAMINE-DEPENDENT ANTHRANILATE SYNTHASE OF NOR-
MAL AND VARIANT ENZYME COMPLEXES

Enzyme assay and calculation of apparent K, values are described under Materials and Methods. The K;
values were determined from Dixon plots (Figs. 3 and 4).

Ligand Normal enzyme complex Variant enzyme complex,
R tK Kj
Apparent Ky, or Maximum velocity: ::lii?::‘M)'?‘ or Ri
K; values (uM) * umol anthranilate

produced per minute **

Mgt 83 1.65 360

Mn?2* 1.1 0.81 1.8
Co?* 2.6 1.08 3.0
Tryptophan 20 — 0.4
Chorismate 2.5 - 3.8
Chorismate *** 1.9 — 2.5
Glutamine 850 — 580

* All values are apparent K, values except those given for tryptophan which are K; values.
** The concentration of each metal ion is 20 times its Ky, value. Each assay cuvette contains 7.6 ug
of normal enzyme complex.
*** Performed in the presence of 100 uM Mn?* instead of Mg2*.
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TABLE IIl

APPARENT K,, VALUES FOR THE AMMONIA-DEPENDENT ANTHRANILATE SYNTHASE AND
PHOSPHORIBOSYLTRANSFERASE OF NORMAL AND VARIANT ENZYME COMPLEXES.

Enzyme assay and apparent K, calculations are described under Materials and Methods.

Ligand Apparent K, (uM)
Ammonia-dependent anthranilate Phosphoribosyltransferase
synthase
Normal enzyme Variant enzyme Normal enzyme Variant enzyme
complex complex complex complex
Mg?* 100 940 133 75
Mn2+ 1.5 not determined 16 4.3
Co?* 9.1 not determined 14.6 not determined
5phosphoribosyl-
1-pyrophospate - — 16 10.5

zyme complex. Substituting Mn?* for Mg?* reduces the apparent K, for choris-
mate slightly (Table II). The values for normal phosphoribosyltransferase
(Table III) also show lower apparent K,, values for Mn** and Co?* than for
Mg?*. Thus Mn?* and Co?* apparently bind much more tightly than Mg>* to the
enzyme complex. The anthranilate synthase apparent K,, values also indicate
that the enzyme’s affinity is slightly greater for Mn?* than for Co?*. The maxi-
mum velocity for glutamine-dependent anthranilate synthase utilizing Mn?* is
approximately one half that when Mg?* is the cation used; with Co?* the V
value is intermediate between the other two (Table II).

Mn?*, like Mg?* [3,4] antagonizes tryptophan inhibition of glutamine-depen-
dent anthranilate synthase and fulfills the metal ion requirement for trypto-
phan inhibition of phosphoribosyltransferase (Table IV). Mn?* performs these
functions at much lower concentrations than Mg?*, i.e. at concentrations ap-
proximating its apparent K,,. Whether Co?* can also replace Mg** is these func-
tions was not tested.

TABLE 1V
RELATIONSHIP OF Mgt AND Mn2* TO TRYPTOPHAN INHIBITION

Assays were performed as stated in Materials and Methods except for amounts of metal ions and trypto-
phan. Normal enzyme complex was used.

Enzyme Mgt (uM) % Inhibition by 100 Mn2+ (uM) % Inhibition by 100
activity u4M tryptophan UM tryptophan

Glutamine-dependent anthranilate synthase

5000 17 60 6

1000 39 10 17

100 60 1 67
Phosphoribosyltransferase

400 48 45 44

150 48 20 12

75 30 10 11

40 27 5 5




481

100 Oo— -0

80 -

60

40

PERCENT INHIBITION

20 |

0 [ _ I | 1
100 200 300 400 500

[TRYPTOPHAN] , uM

Fig. 2. Tryptophan inhibition of glutamine-dependent anthranilate synthase of normal and variant en-
zyme complexes. Enzyme assay is as described under Materials and Methods except for the addition of
tryptophan. e, normal complex; 0, variant enzyme complex.

Variant enzyme complex: metal ion differences

Besides differences in tryptophan inhibition, the variant enzyme complex
shows differences in its interaction with metal ions. The apparent K, for Mg?*
for glutamine-dependent anthranilate synthase of the variant enzyme complex
(Table II) is approximately 4 times greater than that for the normal enzyme
complex. The apparent K, values for Mn?* and Co?* are also slightly higher
than those for the normal enzyme complex (Table II).

There are also small but significant differences in the apparent K, values for
chorismate and glutamine in the variant enzyme complex (Table II). The appar-
ent K, for Mg?* in the ammonia-dependent anthranilate synthase reaction for
the variant enzyme complex is almost 10 times higher than that for the normal
enzyme complex (Table III). The variation has no effect on the apparent K,,
for NH;. There are smaller differences in metal ion apparent K., values for the
phosphoribosyltransferase (Table III), but here the variant enzyme complex has
lower values than the normal enzyme complex. The apparent K, for 5-phos-
phoribosyl 1-pyrophosphate was similarly affected (Table III).

Variant enzyme complex: tryptophan inhibition

The differences between tryptophan inhibition of the variant and normal
enzyme complexes observed in cell extracts [8] were re-examined using puri-
fied enzyme complexes. The hypersensitivity of the variant enzyme complex’s
glutamine-dependent anthranilate synthase was confirmed (Fig. 2). A K; of 0.4
#M from a Dixon Plot [15] in the presence of 5 mM Mg?* was determined for
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Fig. 3. Dixon plot of tryptophan inhibition of glutamine-dependent anthranilate synthase from the
variant enzyme complex. Enzyme assay is as described in Materials and Methods except for the amounts
of chorismate and the addition of tryptophan. o, 2.7 uM chorismate; », 6.7 uM chorismate; a, 13.3 uM
chorismate; o, 26.7 uM chorismate.

the variant enzyme complex (Fig. 3) where the same plot for the normal en-
zyme complex gave a K; of 20 uM (Fig. 4). Both these plots show upward cur-
vature resulting from positive cooperativity in the presence of tryptophan [3].

Examination of tryptophan inhibition of phorphosribosyltransferase re-
vealed that the variant enzyme complex was also hypersensitive (Fig. 5). The
earlier report of this enzyme’s resistance to tryptophan inhibition probably re-
sulted from the use of crude preparations of the variant enzyme complex and a
different assay [9]. As previously observed [4], maximum tryptophan inhibi-
tion of phosphoribosyltransferase requires saturating concentrations of 5-phos-
phoribosyl 1-pyrophosphate. Whereas the variant enzyme complex is inhibited
more than the normal enzyme complex (Fig. 5), the difference is not as great as
with glutamine-dependent anthranilate synthase (Fig. 2). Fig. 5 also shows an
activation of phosphoribosyltransferase activity by tryptophan in the presence
of low concentrations of 5-phosphoribosyl 1-pyrophosphate.

The greatly enhanced sensitivity of anthranilate synthase to tryptophan in-
hibition suggests that the structural change in the variant enzyme complex fa-
cilitates tryptophan binding. The simplest, but not the only explanation is that
an amino acid substitution has taken place at the anthranilate synthase trypto-
phan binding site. The altered K, for Mg>* and smaller changes seen in K,
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Fig. 4. Dixon plot of tryptophan inhibition of glutamine-dependent anthranilate synthase from the nor-
mal enzyme complex. Enzyme assay is described in Materials and Methods except for the amounts of
chorismate and the addition of tryptophan. o, 1.7 uM chorismate; 4, 3.3 uM chorismate; w», 8.3 uM
chorismate; e, 16.7 uM chorismate. Additional points for the two lowest chorismate concentration curves
are not shown.

values for other ligands binding to anthranilate synthase in the variant enzyme
complex would result from secondary changes accompanying small intra-sub-
unit conformational alterations engendered by the structural change. The dif-
ferences in kinetic constants of various ligands would reflect the extent to
which these conformational alterations are sensed at the respective binding
sites. Since Mg?* antagonizes tryptophan binding [14] the binding sites for
tryptophan and the metal ion may be close together. These possibilities can
now be examined directly utilizing the paramagnetic properties of Mn?2*.

Our results bear on the question of whether there are binding sites for tryp-
tophan on the phosphoribosyltransferase subunits in the enzyme complex
[6,6]. An alteration in the anthranilate synthase subunit which causes a large
increase in tryptophan inhibition for anthranilate synthase and a smaller in-
crease in inhibition of phosphoribosyltransferase suggests that a single site con-
trols both activities. Pabst et al. [16] have shown that regulation of the enzyme
complex from Escherichia coli involves conformational changes upon trypto-
phan binding. It is possible that the variation we are examining here modifies
those conformational changes and thus increases phosphoribosyltransferase
sensitivity to tryptophan inhibition.

Kane [17] presented evidence that in Bacillus subtilis (where anthranilate
synthase is not complexed with phosphoribosyltransferase), Mn** and not Mg?*
is utilized by anthranilate synthase. In the enzyme complex from E. coli, which
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Fig. 5. The effect of tryptophan on phosphoribosyltransferase activity of variant and normal enzyme

complexes. Enzyme assay is as described in Materials and Methods except for the amount of 5-phospho-

ribosyl 1-pyrophosphate. a, normal enzyme complex using 4.9 uM 5-phosphoribosyl 1-pyrophosphate;

e, normal enzyme complex using 123 uM 5-phosphoribosyl 1-pyrophosphate; A, variant enzyme complex

using 4.9 uM 5-phosphoribosyl 1-pyrophosphate; o, variant enzyme complex using 123 uM 5-phospho-

ribosyl 1-pyrophosphate. The experiment was also performed at the following concentrations of 5-phos-

phoribosy! 1-pyrophosphate: 1.23 uM, 1.9 uM, 2.5 uM, 12.3 uM, 24.7 uM and 49.3 uM. At the 3 lower

concentrations the results resembled, qualitatively, those shown here with 4.9 uM substrate; at the 3

higher concentrations the results resembled, qualitatively, those shown for 123 uM 5-phosphoribosyl
1-pyrophosphate. These additional data are omitted for the sake of clarity.

closely resembles that from S. typhimurium, Co** was found to support am-
monia-dependent anthranilate synthase activity at lower concentrations than
Mg?* but Mn?* had no effect [18]. We have examined the utilization of metal
ions by measuring the amounts of Mn?* and Mg?* by atomic absorption spectro-
scopy in the crude extract of trpE2, our source of normal enzyme complex.
The ratio of total Mg?*/Mn?* in the extract was found to be approximately 350.
Since the ratio of the apparent K,, values of Mg?* to Mn?* for the three activi-
ties varies from 8.3 to 75 (Tables II, III), there appears to be an excess of Mg?*
over Mn?* available for the enzyme complex. This is not surprising since the de-
repression media in which the cells are grown contain 0.82 mM Mg?* [19] and
Mn?* is present only as a contaminant.

Dixon et al. [20] have recently suggested that anthranilate synthase may
contain a tightly bound metal ion which aids formation of an “enzyme-ammo-
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nia” intermediate by complexing with ammonia. Since the metal ion effects in
this study are all dependent on the addition of extraneous metal ions and the
apparent K., for ammonia in the variant enzyme complex is not changed, the
alteration in our variant enzyme complex probably affects metal ion sites other
than this ““tight site”.
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