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Abstract

A search of the genomic sequences of the thermophilic microorganisms Aquifex aeolicus,
Archaeoglobus fulgidus, Methanobacterium thermoautotrophicum, and Methanococcus janna-
schii for the Wrst seven enzymes (aroG, B, D, E, K, A, and C ) involved in the shikimic acid bio-
synthetic pathway reveal two key enzymes are missing. The Wrst enzyme in the pathway, 3-
deoxy-D-arabino-heptulosonic acid 7-phosphate synthase (aroG) and the second enzyme in the
pathway, 5-dehydroquinic acid synthase (aroB) are “missing.” The remaining Wve genes for the
shikimate pathway in these organism are present and are similar to the corresponding Esche-
richia coli genes. The genomic sequences of the thermophiles Pyrococcus abyssi and Thermo-
toga maritima contain the aroG and aroB genes. Several fungi such as Aspergillus fumigatus,
Aspergillus nidulans, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Pneumocystis
carinii f. sp. carinii, and Neurospora crassa contain the gene aroM, a pentafunctional enzyme
whose overall activity is equivalent to the combined catalytic activities of proteins expressed by
aroB, D, E, K, and A genes. Two of these fungi also lack an aroG gene. A discussion of poten-
tial reasons for these missing enzymes is presented.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

A major diVerence between eukaryotes and prokaryotes is the ability of prokaryotes
to synthesize amino acids, an ability seemingly lost by the majority of eukaryotes.
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The biosynthesis of the aromatic amino acids phenylalanine, tyrosine, and trypto-
phan is a particularly interesting pathway that has been the subject of intense investi-
gation over the past 50 years.

In all organisms studied to date, the aromatic amino acids are obtained via the
shikimic acid biosynthetic pathway (see Fig. 1) [1]. While it probably would have
been more appropriate to name the pathway after the branch point compound, chor-
ismic acid, the pathway derives its name from Illicium religiosum (in Japanense, shik-
imi-no-ki) from which shikimic acid was Wrst isolated in 1885. The Wrst reaction in
the pathway, catalyzed by 3-deoxy-D-arabino-heptulosonic acid 7-phosphate
(DAH7P) synthase (aroG, EC 4.1.2.15), is an aldol-like condensation between

Fig. 1. The shikimate acid pathway
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erythrose 4-phosphate (E4P), an intermediate of the pentose-phosphate cycle, and
phosphoenolpyruvate (PEP), an intermediate of the glycolytic pathway. The second
enzyme in the pathway, 5-dehydroquinic acid (DHQ) synthase (aroB, EC 4.6.1.3), is
responsible for conversion of the phosphorylated monosaccaride DAH7P into the
carbocyclic compound 5-dehydroquinic acid. In addition to the aromatic amino
acids, this pathway branches from chorismic acid to furnish p-aminobenzoic acid (a
precursor of folic acid) and p-hydroxybenzoic acid (a precursor of the quinones,
which are members of the electron transport chain). Thus, this pathway is critical to
the organism's daily maintenance.

At least four environmentally stressed microorganisms chosen for this report,
seemingly missing two key steps in the shikimate biosynthetic pathway, represent a
diverse set of organisms for which the complete genomic sequences have only
recently become available. They are Aquifex aeolicus (Eubacteria, AquiWcales) [2];
Archaeoglobus fulgidus (Archaea, Euryarchaeota, and Archaeoglobales) [3];
Methanobacterium thermoautotrophicum (Archaea, Euryarchaeota, and Methano-
bacteriales), and Methanococcus jannaschii (Archaea, Euryarchaeota, and Methan-
ococcales) [4]. Two thermophiles, known to contain the aroG and aroB genes,
where chosen as controls; Pyrococcus abyssi (Archaea, Euryarchaeota, and
Thermococcales) [5], the control thermophilic archaea and Thermotoga maritima
(Eubacteria, Thermotogales) [6], the control thermophilic eubacteria.

At present, A. aeolicus represents one of only a few thermophiles whose genomes
have been sequenced. A. aeolicus is one of the most ancient of all life known and
grows at 95 °C with an optimal growth temperature of 85 °C whereas most thermo-
philes normally grow between 50 and 70 °C [2]. Unlike the majority of thermophiles
that are classiWed as Archaea, A. aeolicus is classiWed as Eubacteria and thus is the
earliest known diverging Eubacteria. A. aeolicus grows under an atmosphere of
H2(79.5%):CO2(19.5%):O2(1%) and inorganic (mineral) salts. It will not grow on sug-
ars, amino acids, or conventional media thus it is highly unlikely that the needed aro-
matic acids are imported from the surrounding environment [7]. Being
microaerophilic, A. aeolicus requires lower than atmospheric levels of O2 (7.5 ppm,
ca. 30,000 times less than atmospheric) and can oxidize hydrogen (H2 ! 2H+ + 2e¡).
Finally, A. aeolicus is a chemolithotroph, obtaining energy through oxidation of
inorganic compounds, as well as an autotroph, obtaining carbon from CO2 and
nitrogen from inorganic sources.

Archaeoglobus fulgidus is the only non-Eubacterial sulphur-metabolizing (via sul-
fate reduction) organism. In addition, A. fulgidus is a hyperthermophile, a strict
anaerobe, and grows heterotrophically on various carbon sources and lithoautotro-
phically on hydrogen, thiosulfate, and carbon dioxide.

Methanobacterium thermoautotrophicum is not a true hyperthermophile, but
rather an anaerobic archeon that grows best at temperatures in the 65–70 °C
range. Also a methanogen, M. thermoautotrophicum can use sulfur, sulWte,
thiosulfate or ammonium sulWde as a sulfur source and glutamine or urea as a
nitrogen source.

Methanococcus jannaschii, a strict anaerobe, grows at pressures of 200 atm and
83 °C. As the name suggests, the organism produces methane and is autotrophic.
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As can be seen in Table 1, these four target organisms seem to be lacking both an
aroG and an aroB gene. The genomic sequences of these organisms, except A. aeoli-
cus, do not contain the sequence for aroK or aroL, a second type of shikimate kinase
found in Escherichia coli, although all four have the DNA sequence for the next
enzyme in the shikimate biosynthetic pathway, aroA (Fig. 1). The presence of the pre-
ceding gene (aroE) as well as the following gene (aroA) further supports the possibil-
ity that genes within the shikimate pathway may have evolved non-standard
sequences. Even more complex is Pyrococcus horikoshii which seems to be missing
the entire shikimate pathway; however, both P. abyssi and P. furiosus have a DNA
sequence coding for an aroA/Q-like DAH7-P synthase as well as the genes for the
remainder of the pathway.

From a chemical stability standpoint, thermophilic microorganisms are also
rather interesting since many of the substrates and/or products synthesized have lim-
ited thermo-stability in aqueous extracellular buVered solution. This is the case for
both the substrate of AroG, E4P, and the product of AroB, DHQ. At room tempera-
ture, E4P has been reported to be chemically unstable [8] and at the elevated temper-
ature, at which these organisms grow, it is very unstable. Further, at pH 7 and 50 °C
both 5-dehydroquinic acid and 5-dehydroshikimate acid (product of AroD) are
quantitatively converted into 3,4-dihydrobenzoic acid. Thus, the thermophilic
enzymes or enzyme-complexes needed for these transformations must have evolved
to control these thermodynamic phenomena. All the thermophilic microorganisms
discussed above contain the genes necessary to express the enzyme responsible for
the production of E4P, transaldolase [EC 2.2.1.2], and the enzymes responsible for
the synthesis of PEP, enolase [EC 4.2.1.1] and pyruvate kinase [EC 2.7.1.40]. Thus, the
potential to synthesize the necessary precursors for the DAH7P synthase reaction
exist. However, recent results from feeding experiments utilizing 13C-labeled acetate
in an acetate-requiring Methanococcus species, reported by Whitman et al. [9], sug-
gest that either E4P is formed by both the non-oxidative pentose phosphate and the
triose carboxylation pathways or that E4P is form ONLY by the non-oxidative path-
way and is not a precursor of aromatic amino acids.

Environmentally stressed microorganisms are not the only organisms to have
developed an unusual pathway for the biosynthesis of the critical aromatic amino
acids [10]. The Fungi (Metazoa), Aspergillus fumigatus, Aspergillus nidulans [11], Sac-
charomyces cerevisiae [12], Schizosaccharomyces pombe [13], Pneumocystis carinii f.
sp. carinii [14], and Neurospora crassa [15] contain the gene aroM (see Table 2). aroM
expresses a pentafunctional polypeptide chain of Mr D 165,000 whose overall activity
is equivalent to the combined enzyme activities of proteins expressed by aroB, D, E,
K, A genes, i.e., DAH7P goes in and 5-enolpyruvylshikate 3-phosphate exits. It is
interesting to note that the AroG (or F, H) activity needed to produce the initial sub-
strate for this complex is not contained within the polypeptide, thus an aroG gene
must exist elsewhere as a separate enzyme. However, the classical aroG gene in two of
the Fungi, N. crassa and P. carinii is again “missing.” It is tempting to speculate that
the organisms discussed above, both the thermophilic eubacteria, archaea, and the fun-
gias as well as others organisms not scanned for this report, have indeed developed
diVerent pathway(s) for the biosynthesis of DAH7P as well as 5-dehydroquinic acid.
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aroK aroA aroC

) 100 (33) 100 (27) 100 (37)
) 33 (100) 27 (100) 37 (100)

36 (39) 29 (42) 38 (55)
Absent 
(Absent)

28 (30) 48 (37)

Absent 
(Absent)

35 (33) 46 (37)

29 (Absent) 33 (28) 48 (39)

28 (absent) 32 (27) 45 (38)
28 (Absent) 28 (28) 43 (38)
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Absent 
(Absent)

Absent 
(Absent)

Absent 
(Absent)

25 (Absent) 31 (29) 43 (38)
37 (30) 28 (44) 34 (41)
Table 1
Sequence homologies for the Wrst seven shikimate biosynthetic genes in several hyperthermic microorganis

a Numbers represent amino acid sequence % identity to E. coli K-12 (MG1655), numbers in (parenthe
subtilis Marburg 168.

b E. coli has three isoforms of DAH7P synthase, each being regulated by a diVerent aromatic amino ac
c The B. subtilis DAH7P synthase also has chorismate mutase activity, thus the designation.
d This is NOT DAH7P synthase but rather KDO8P synthase which is “matched” by the tBLASTn pro
e In T. maritima the aroB/K gene is fused, expressing a protein product with the kinase portion (aro

TIGR.org or NCBI.NLM.NIH.gov.

Microorganism aroG [F, H]b 
(aroG/Q) c

aroB aroD aroE

Escherichia coli 100 (26) 100 (41) 100 (33) 100 (26
Bacillus subtilis Marburg 168 Absent (100) 41 (100) 53 (100) 35 (100
Aquifex aeolicus Absent (31)d Absent (Absent) 33 (42) 32 (41)
Archaeoglobus fulgidus Absent

(Absent)
Absent (22) 26 (35) 30 (30)

Methanococcus jannaschii Absent (30) Absent 
(Absent)

30 (42) 33 (32)

Methanobacterium 
Thermoautotrophicum

Absent (31) Absent 
(Absent)

29 (39) 29 (28)

Pyrococcus abyssi Absent (54) 38 (37) Absent (39) 35 (26)
Pyrococcus furiosus Absent (55) 38 (38) 24 (40) 36 (27)
Pyroccoccus horikoshii Absent 

(Absent)
Absent 
(Absent)

Absent 
(Absent)

Absent
(Absen

Aeropyrum pernix Absent (54) 34 (34) 29 (27) 33 (28)
Thermotoga maritimae Absent (53) 33 (29) 36 (32) 28 (42)



314 R.W. Woodard / Bioorganic Chemistry 32 (2004) 309–315
The increasing availability of genomic sequences from diverse biological species, the
desire to assign a function to every open reading frame and the need to deWne meta-
bolic pathways in these organisms has spawned intense eVorts to Wnd “missing” genes
in various pathways. A recent review on the subject of “missing” enzymes has appeared
and a quote from this article has been chosen to guide our experimental studies [16].
“Missing enzymes from within biochemical pathways can be explained in three possi-
ble ways: (1) they are encoded by low-similarity, novel or ‘analogous' genes; (2) they
are bypassed if substrates and end-products are obtained from unrelated pathways or
from the surrounding medium; or (3) they are absent from genuinely incomplete path-
ways and have no metabolic role in the cell.” We believe number one is operative in the
present case and are designing and performing experiments to test that hypothesis. The
Wrst part of number two could be operative except we do not believe these organisms
extract DHQ from their surroundings since at 50 °C (pH 7) DHQ (as well as dehydro-
shikimic acid) is quantitatively converted into 3,4-dihydroxy-benzoic acid. Finally,
number three is not feasible since all organisms need aromatic amino acids and it is
unlikely that these needs could be met by importing the amino acids from their envi-
ronment especially for the strict chemolithoautotrophy Aquifex aeolicus. Work is in
progress to “Wnd” the missing aroG and aroB genes in these microorganisms.
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