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Compound Z1, an acid-labile and nutrionally inactive derivative
of shikimic acid, is excreted by several aromatic auxotrophs blocked beyond
shikimate (1). Since mutants which accumulate large amounts of Z1 require the
full aromatic supplement of phenylalanine, tyrosine, tryptophan, p-aminobenzoic
acid and p-hydroxybenzoic acid, it was suggested that Zl1 is a common inter-
mediate between shikimate and the aromatic compounds(2). A non-crystalline
barium salt of Z1 was isolated from culture filtrates, and on the basis of its
hydrolysis by dilute acid to one mole each of pyruvic and shikimic acids and
its consumption of one mole of periodate, Z1 was assigned the structure of the
3~ or 5-enolpyruvate ether of shikimic acid (3). The function of Z1 as an
intermediate in aromatic biosynthesis, and its structure as the 5-enolpyruvate
ether of shikimic acid, were rationalized by a suggestion, first made several
years ago, that such a structure might undergo a Claisen rearrangement and
dehydration to yield prephenic acid (4).

A compound with the chromatographic and chemical properties of Z1 was
shown to be formed in cell-free extracts of E. coli from shikimate S-phosphate
and enolpyruvate phosphate (5). The present report is concerned with a further
study of this reaction. The results indicate that the first product formed is
3-enolpyruvyl shikimate 5-phosphate which is then dephosphorylated to zl, and

that 21 is 3- rather than 5-enolpyruvyl shikimate.

* This work was supported by grants from the American Cancer Society, the Amer-
ican Heart Association, and the National Institutes of Health of the United
States Public Health Service.

+ Career Investigator of the American Heart Association.
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Experimental

Preparation of Extract - E. coli K-12 mutant 58-278, a phenylalanine

auxotroph (6) which accumulates prephenic acid (7), was grown with aeration for
18 hours at 35° on Medium A (1) enriched with 0.2 % yeast extract and 0.2 %
Casamino Acids. The cells were harvested by centrifugation at 3°, washed two
times with 1/30 M phosphate buffer, pH 7.2, suspended in 0.0l M Tris (tris
(hydroxymethyl) amino methane) buffer, pH 8.2 (20 ml per 5 gm of wet bacteria),
and subjected to sonic oscillation at 9 kc, with cooling, for 30 minutes. All
subsequent operations were carried out at 2°, The clear supernatant solution,
obtained by centrifugation,.was treated with 0.5 ml of 2 % protamine sulfate
solution per 70 mg of protein (determined spectrophotometrically (8)), and the
precipitate was removed by centrifugation and discarded. The supernatant solu-
tion was treated with solid (NHdiuk*in order to obtain a fraction precipitating
between 0.4 and 0.6 saturated (Nﬂz‘)fOQ- The precipitate was dissolved in

0.01 M Tris buffer and was dialyzed extensively against this buffer.

Incubation Procedures and Determination of Constituents - The reaction

mixture contained 1 gmole of shikimate 5-phosphate, 1 ymole of enolpyruvate
phosphate, 50 ymoles of Tris buffer, pH 8.2, 10 pﬁoles of KF (where added), and
0.05 ml of extract (1 mg of protein), in a final volume of 1.4 ml; it was
incubated at 37° for 18 hours. Proteins were precipitated by the addition of

0.8 ml of 25 % trichloroacetic acid to 1.2 ml of incubation mixture, and removed
by centrifugation and filtration. For the determination of 21 a 0.2 ml aliquot
of the filtrate was neated in a boiling water bath for 10 minutes, and used for
the assay of shikimate (9). A 0.8 ml aliquot was used for phosphate determina-
tion (10). 1In the experiments described belgw 21 was determined as follows:

an aliquot of the incubation mixture was acidified with 6 N HCl to a final con-
centration of 0.1 N, proteins were removed by centrifugation, and the supernatant

solution was treated as described above.

To determine pyruvate released by acid hydrolysis, the unreacted
enolpyruvate phosphate in the incubation mixture was converted to lactate

enzymatically (11), 6 N HCl was added to a final concentration of 0.1 N, and
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proteins were removed by centrifugation. The supernatant solution was heated
in a boiling water bath for 10 minutes, and used for the determination of
pyruvate (12).

To estimate unreacted shikimate 5-phosphate and 3-enclpyruvyl
shikimate S-phosphate, 0.8 ml of the reaction mixture was further incubated
for 1 hour at 37° with 50 pmoles of Tris buffer, pH 8.2, 10 pmoles of MgClz,
and 50 pg of intestinal alkaline phosphatase (Worthington), in a final volume
of 1,2 ml, An aliquot was used directly for shikimate assay. Another aliquot
was acidified with 6 N HCl to give a concentration of 0.1 N, heated in a boil-

ing water bath for 10 minutes, and assayed for additional shikimate produced.

Table I

Effect of Fluoride on Formation of 21 and Release of Orthophosphate

The reaction mixture contained 1 ymole of shikimate 5-phosphate and 1 ymole
of enolpyruvate phosphate; it was incubated and analyzed as described under
"Experimental',

Orthophosphate released and calculated

Fluoride Compound Found Calculated from Calculated from

addition Z1 formed zZ1l formed Z1 + ESP* formed
ymoles pmoles pmoles umoles

No F~ 0.45 1.06 0.90

With F- 0.10 0.68 .20 0.67t

*ESP, 3-enolpyruvyl shikimate S-phosphate.
+sSee Table II, and '"Discussion”,

Results
It may be seen from Table I that incubation of the bacterial extract
with equimeolar amounts of shikimate 5-phosphate and enolpyruvate phosphate
resulted in the formation of a 45 7 yield of Z1. The inorganic phosphate
released was always slightly, but significantly, higher than that calculated
for the reaction:; shikimate 5-phosphate + enolpyruvate phosphate —p Z1 + 2
orthophosphate. In the presence of fluoride, the formation of Z1 was strongly

inhibited, but the release of orthophosphate was much higher than that calculated
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Table II

Evidence for the Formation of 3-Enolpyruvyl Shikimate S-Phosphate

The reaction mixture contained 1 ymole of shikimate 5-phosphate, 1 ymole
of enolpyruvate phosphate and 10 ymoles of KF; it was incubated and ana-
lyzed as described under "Experimental,

Compound Found after Calculated Released by Released by alkaline
determined acid from alkaline phosphatase*, followed
hydrolysis Zl formed phosphatase™ by acid hydrolysis

ymoles ymoles Jmdles ymoles
Pyruvate 0.42 0.10
Shikimate 0.10% 0.26 0.47

* Control experiments, with shikimate 5-phosphate as a substrate, showed
that in the presence of the fluoride used in these incubations the alka-
line phosphatase was somewhat inhibited. The shikimate recovered in all
its derivatives is therefore less than 1 pmole.

+ This value is designated "Z1" in Table I.

from this equation.

Further analysis of the incubation mixtures containing fluoride is
presented in Table II. It may be seen that much more pyruvate was liberated
by bydrolysis with dilute acid than would be expected from the amount of Zl formed,
and that only 0.26 ymole of shikimate was released by alkaline phosphatase from
unreacted shikimate 5-phosphate, whereas approximately 0.90 pmole should have
remained‘ﬁnré;cted if the 0.16 pmole of Z1 were the only compound formed.
Furthermore, when these incubation mixtures were subjected to acid hydrolysis
after treatment with alkaline phosphatase, an additiomal 0.47 pmole of shikimate
was set free. This must have come from a compound, which after dephosphorylation,

resembled Z1 in giving rise to shikimic acid on hydrolysis with dilute acid.

Discussion
It would appear from these results that shikimate S~-phosphate and
enolpyruvate phosphate are converted (in the presence of fluoride) to a compound
which, like 21, yields pyruvate on hydrolysis with dilute acid, but unlike Z1,
does not give rise to shikimic acid on acid hydrolysis until after dephosphorylatic

by the addition of phosphatase, On the reasonable assumption that the phosphate
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in this compound is still attached to the hydroxyl group on C5 and that
dephosphorylation produces Z1, it may be suggested that shikimate 5-phosphate

(1) and enolpyruvate phosphate react to form 3-enolpyruvyl shikimate 5-phosphate
(II) and orthophosphate (Fig. 1). 1In extracts without fluoride, and presumably

in intact cells of appropriate mutant strains, 3-enolpyruvyl shikimate 5-phosphate
is dephosphorylated to Z1 (III). In extracts with fluoride, dephosphorylation

is inhibited and the phosphorylated compound is accumulated. These results are

in accord with more recent structural studies on Zl which indicate that it is

3-enolpyruvyl shikimate (13).
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The phosphate released in excess of that calculated from the Z1 pro-
duced (Table I) may be explained by assuming the formation of 3-enolpyruvyl
shikimate 5-phosphate in addition to Zl1. 1In the presence of fluoride, 0.68
pmole of phosphate is liberated from 1 pmole of shikimate 5-phosphate and
1 ymole of enolpyruvate phosphate; this corresponds to 0.2 pmole calculated
from the formation of 0,1 ymole of 21, plus the 0.47 ymole expected from the
formation of 0.47 ymole of the postulated 3-enolpyruvyl shikimate 5-phosphate
(Table II). Without fluoride this compound is largely dephosphorylated to Zl
but, as pointed out earlier, the amount of inorganic phosphate released is
somewhat higher than that expected from the yileld of Zl alone. Results
obtained by the analysis of incubation mixtures without fluoride were in accord
with the view that they contained small amounts of 3-enolpyruvyl shikimate
5-phosphate.

Attempts to demonstrate the conversion of 21 to prephenate in extracts
of E. coli (K-12 mutant 58-278, or wild-type) were unsuccessful, and it was shown
that Z1 remained unchanged under all conditions tried (l4). However, the forma-
tion of prephenate from shikimate 5-phosphate and enolpyruvate phosphate could
be readily demonstrated (15). These observations suggest that 3-enolpyruvyl
shikimate 5-phosphate, rather than Z1, is the active intermediate in prephenate
formation. A mechanism for this conversion is suggested in Fig. 2. This mecha-
nism implies that Cl of prephenate has the stereochemistry shown.

Further work is in progress to isolate 3-enolpyruvyl shikimate

5-phosphate and to study its conversion to prephenate.

We are greatly indebted to Professor B. D. Davis for generous gifts

of shikimate 5-phosphate and 21, and for the mutant strains used in this work.
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