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In streptomycetes and other actinomycetes, the shikimate
pathway and variations thereof play an important role in
providing precursors for natural product biosynthesis. For
instance, in Streptomyces hygroscopicus var. ascomyceticus,
shikimic acid is converted to 3(R),4(R) dihydroxycyclohex-
anecarboxylic acid (DHCHC), which is subsequently used
as a precursor in the biosynthesis of immunosuppressant
ascomycin (Figure 1).1 A shikimate-derived DHCHC is also
used in the biosynthesis of immunosuppressant rapamycin
(Streptomyces hygroscopicus) 2,3 and presumably FK506
(Streptomyces tsukabaensis).1 None of the enzymes involved
in the formation of shikimic acid in these organisms have
been identified (in fact, relatively little is known concerning
either the enzymes or corresponding genes of the shikimate
pathway in any streptomycete).4

Recently, a type-II dehydroquinate dehydratase (DHQase)
was cloned from S. hygroscopicus var. ascomyceticus.5 Type-
II DHQases are a family of related thermostable enzymes,
that catalyze the conversion of dehydroquinic acid to dehy-
droshikimic acid (Figure 1).6 Depending upon the microor-
ganism, a type-II DHQase is involved in the quinic acid
catabolic pathway, the shikimic acid biosynthetic pathway,
or both pathways.7-10 A role of the S. hygroscopicus var.
ascomyceticus DHQase in providing shikimic acid, and
therefore, ascomycin biosynthesis, has not been proven.
Herein, we report in vitro and in vivo stereochemical
analyses of the reaction catalyzed by DHQase that clearly
demonstrate the role of a type-II DHQase in these processes.

It has previously been shown that the type-II DHQase of
Aspergillus nidulans catalyzes the formation of dehydroshiki-
mate with loss of the pro-2S hydrogen (anti elimination).11

The reaction catalyzed by the type-I DHQase of Escherichia
coli in contrast proceeds with loss of the pro-2R hydrogen
(syn elimination).11 It is unknown if these observations
apply to DHQases isolated from different sources (although
the strong sequence similarity within each class of DHQase
would suggest that the observed stereochemical outcomes
are conserved). Therefore, we prepared dehydroquinic acid
differentially deuterated by treatment of dehydroquinic acid
with triethylamine in D2O.12 Analysis of the purified
dehydroquinic acid by 2H NMR revealed three major signals
at 4.3 ppm (2H at C-4), 3.1 ppm (2H at pro-2S position), and
2.4 ppm (2H in the pro-2R position (Figure 1). The ratio of
deuterium at these positons was 1:2:0.4, respectively (inte-
grations were standardized against the deuterium located
at C-4 as this signal was used as an internal reference for
both in vivo and in vitro analysis of the stereochemical
course of the DHQase reaction). Analysis by 1H NMR
revealed a doublet at 4.3 ppm, a singlet rather than a
doublet at 2.4 ppm (the ratio of these peaks was ap-
proximately 1:1.3), and no clearly detectable signal remain-
ing at 3.1 ppm, indicating almost complete exchange of the
pro-2S hydrogen with deuterium.

A sample of this differentially labeled dehydroquinate (10
mg) was incubated with the recombinant DHQase from S.
hygroscopicus (10 µg) in the presence of potassium phosphate
(50 mM) at pH 7.3 overnight. As the reaction proceeded,
analysis by 2H NMR revealed a loss of the three original
signals and the appearance of two signals at 4.2 and 6.4
ppm, corresponding to dehydroshikimate labeled at C-4 and
C-2 in an approximate ratio of 1:0.4 ( 0.1 (Figure 1). Thus,
the DHQase catalyzed formation of dehydroshikimate pro-
ceeded with loss of the pro-S deuterium (deuterium signals
at 4.2 and 6.4 ppm in the ratio 1:2 would have indicated
loss of the pro-2R deuterium). Analysis of the reaction
product by 1H NMR confirmed this conclusion; the ratio of
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Figure 1. Role of a type-II DHQase in providing shikimic acid
for ascomycin biosynthesis in S. hygroscopicus ssp. ascomyceticus.
Numbers in bold reflect the approximate ratios of deuterium in
these positions.
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signals at 4.2 and 6.4 ppm was approximately 1:1.3 consis-
tent with dehydration reaction proceeding with retention of
the pro-2R hydrogen.

The differentially labeled dehydroquinate (100 mg) was
also fed to 24 h, producing cultures of S. hygroscopicus var.
ascomyceticus to a final concentration 1.4 mM. After an
additional 5 days of fermentation, the cells were harvested,
and ascomycin (approximately 150 mg) was isolated and
purified by preparative HPLC. Analysis by 2H NMR re-
vealed a signal at 3.4 and 1.6 ppm consistent with ascomycin
deuterated at C32 and in the pro-S position at C34, in a
ratio of 1:0.4 (Figure 1).1 A similar pattern of labeling of
ascomycin has been seen in incorporation experiments with
[4-2H]- and [2,5-2H2]shikimic acid.1 These results are con-
sistent with a processing of the labeled dehydroquinate to
shikimate with a loss of deuterium label from the pro-2S
position, the same stereochemical course observed in in vitro
analyses of the type-II DHQase.

These stereochemical analyses thus support a role of the
previously identified type-II DHQase in catalyzing the third
step in the shikimic acid pathway in S. hygroscopicus var.
ascomyceticus. As such, this enzyme plays a critical role in
providing shikimic acid and, therefore, the DHCHC starter

unit used in the biosynthesis of an important class of potent
immunosuppressants. Deletion of the dhq gene may afford
an opportunity to produce novel immunosuppressants by
directed biosynthesis using analogues of DHCHC. Alterna-
tively, increasing the levels of the DHQase within the cell
may affect fermentation titers (it has already been shown
that exogenously supplied shikimic acid levels stimulate
rapamycin production in S. hygroscopicus).13
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