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Methanococcus maripaludis is a strictly anaerobic, methane-producing archaeon. Aromatic amino acids
(AroAAs) are biosynthesized in this autotroph either by the de novo pathway, with chorismate as an interme-
diate, or by the incorporation of exogenous aryl acids via indolepyruvate oxidoreductase (IOR). In order to
evaluate the roles of these pathways, the gene that encodes the third step in the de novo pathway, 3-dehydro-
quinate dehydratase (DHQ), was deleted. This mutant required all three AroAAs for growth, and no DHQ
activity was detectible in cell extracts, compared to 6.0 = 0.2 mU mg~" in the wild-type extract. The growth
requirement for the AroAAs could be fulfilled by the corresponding aryl acids phenylacetate, indoleacetate, and
p-hydroxyphenylacetate. The specific incorporation of phenylacetate into phenylalanine by the IOR pathway
was demonstrated in vivo by labeling with [1-'>C]phenylacetate. M. maripaludis has two IOR homologs. A
deletion mutant for one of these homologs contained 76, 74, and 42% lower activity for phenylpyruvate,
p-hydoxyphenylpyruvate, and indolepyruvate oxidation, respectively, than the wild type. Growth of this mutant
in minimal medium was inhibited by the aryl acids, but the AroAAs partially restored growth. Genetic
complementation of the IOR mutant also restored much of the wild-type phenotype. Thus, aryl acids appear
to regulate the expression or activity of the de novo pathway. The aryl acids did not significantly inhibit the
activity of the biosynthetic enzymes chorismate mutase, prephenate dehydratase, and prephenate dehydroge-

nase in cell extracts, so the inhibition of growth was probably not due to an effect on these enzymes.

Methanococcus maripaludis is a strictly anaerobic, methane-
producing archaeon. It is a mesophile that utilizes CO, as the
sole carbon source during autotrophic growth in minimal me-
dium but assimilates acetate and some amino acids as carbon
sources when they are present (28, 46, 47, 66). Regardless of
the carbon source, the reduction of carbon dioxide to methane
by H, or formate is a required energy source for the growth of
these obligate lithotrophs.

Several lines of evidence suggest that the aromatic amino
acids (AroAAs) can be biosynthesized by the de novo pathway
in methanogens and other archaea (for a review, see reference
67). The de novo pathway starts from the common pathway
leading to chorismate and then splits to biosynthesize trypto-
phan, tyrosine, or phenylalanine (Fig. 1). This pathway is suf-
ficient to explain the pattern of isotope incorporation in the
AroAAs in many methanogens (11, 12, 53). Bioinformatic
analyses of genomic sequences further demonstrate homologs
for the genes for the de novo pathway in many archaea (44, 52,
67). However, homologs have not been found for the first two
steps in the methanogens, which may utilize different precur-
sors (60). A few enzymes in the pathway have also been bio-
chemically characterized. In the common pathway, only shiki-
mate kinase from Methanocaldococcus jannaschii has been
characterized in archaea (9). From chorismate to tyrosine and
phenylalanine, chorismate mutase (CM) from M. jannaschii,
prephenate dehydratase (PDT) from Halobacterium vallismor-
tis, and aromatic aminotransferases (AroAT) from Methano-
coccus aeolicus and Pyrococcus furiosus have been character-

* Corresponding author. Mailing address: Department of Microbi-
ology, University of Georgia, Athens, GA 30602-2605. Phone: (706)
542-4219. Fax: (706) 542-2674. E-mail: whitman@uga.edu.

T Present address: 127 Roland Rd., Thomaston, GA 30286.

4940

ized (27, 34, 62, 69). Most of the enzymes for the biosynthesis
of tryptophan from chorismate have been characterized in
archaea, including some Methanococcus species (14, 24, 29, 38,
48, 55, 61).

In addition to the de novo pathway, Methanothermobacter
marburgensis has been proposed to form the AroAAs from the
corresponding aryl acids (56). In this pathway, the aryl acids
are activated to the coenzyme A (CoA) thioesters indoleacetyl-
CoA, phenylacetyl-CoA, and p-hydroxyphenylacetyl-CoA, which
are then reductively carboxylated by indolepyruvate oxidoreduc-
tase (IOR) to indolepyruvate, phenylpyruvate or p-hydroxy-
phenylpyruvate, respectively (Fig. 1). These compounds are
substrates for the AroAA aminotransferases (69). The pres-
ence of this pathway in M. marburgensis is supported by char-
acterization of the key enzyme IOR and incorporation of ra-
diolabeled phenylacetate into phenylalanine (56). In contrast,
a similar pathway in the hyperthermophilic peptide-fermenting
archaeon P. furiosus is involved in AroAA degradation to aryl
acids (36). Thus, the presence of the enzymes of this pathway
is not proof of its physiological function.

The present work provides genetic and biochemical evi-
dence for both of these pathways for AroAA biosynthesis in
M. maripaludis.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and culture conditions. The bacterial
strains and plasmids used in this work are listed in Table 1. Escherichia coli was
grown in Luria-Bertani medium with ampicillin (100 wg/ml) when needed. M.
maripaludis was grown with 276 kPa of H,-CO, gas (80:20 [vol/vol]) at 37°C in
the mineral medium McN, McNA (McN plus 10 mM sodium acetate), or McC
(McNA plus 0.2% [wt/vol] Casamino Acids and 0.2% [wt/vol] yeast extract) as
described previously (65). Puromycin (2.5 pg/ml) or neomycin (500 pg/ml) was
added when needed. Under these growth conditions, logarithmic growth is ob-
served only at low cell densities because the rate of transfer of H, gas to the
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FIG. 1. Pathways for the biosynthesis of AroAAs in M. maripaludis.
The precursors for the de novo pathway in methanogens are not
known, but homologs for genes at all the steps after 3-dehydroquinate
are present in the genomic sequence (see the text). After chorismate,
the pathway splits into three branches, one of which leads to trypto-
phan. At prephenate, the branches leading to phenylalanine and ty-
rosine form. The aryl acid pathway starts from phenylacetate, p-hy-
droxyphenylacetate, and indoleacetate, precursors for phenylalanine,
tyrosine, and tryptophan, respectively. The enzymes shown are DHQ,
CM, PDT, PDH, AroAT, and IOR. Possible transcriptional regulation
of DHQ is indicated by double dashed lines. Inhibition (—) or activa-
tion (+) of the PDT and PDH enzyme activities are indicated by single
dashed lines.

liquid medium limits the rate of growth at even moderate cell densities. For this
reason, only linear growth curves are presented. For preparation of the cell
extracts, M. maripaludis was grown in bottles with 100 ml of McNA medium and
138 kPa of H,-CO, gas (80:20 [vol/vol]) at 37°C. The cells were harvested, and
the cell extract was prepared as previously described (33, 47).

Construction of mutants. The AaroD::pac and AiorA2::;pac mutants were made
by transformation with suicide vectors based upon pIJA03. Upon transformation
and selection, these vectors exchange the internal portion of the aroD or iorA2
gene with the pac cassette, which encodes puromycin resistance in methanococci
(15, 54). In pIJA03, the pac cassette is flanked by two multicloning regions that
allow directed cloning of genomic DNA. The upstream and downstream regions
of the aroD gene were PCR amplified from genomic DNA using the primers
U1-U2 and D1-D2, respectively. pIJA03-aroD was constructed in E. coli DH5a
(19) by cloning the U1-U2 PCR products into the BglII-Xbal sites and the
D1-D2 products into the Kpnl and Nhel sites of pIJA03. Similarly, the plasmid
pIJAO3-iorA2 was constructed using the primers U3-U4 and D3-D4. Upon
insertion into the genome, this plasmid would be expected to delete the 3’ end
of iorA2, as well as the first codon of iorB2. The pIJA03-aroD or pIJA03-iorA2
plasmid was transformed into M. maripaludis S2 by the polyethylene glycol
method (59). After transformation, cultures were plated on McC medium plus
puromycin, random puromycin-resistant colonies were restreaked, and represen-
tative isolates were picked into tubes containing broth of the same composition.
After growth, 2.5 ml of the 5-ml culture was used for determination of the
genotype and phenotype. The remaining culture was used for preparation of
frozen stocks. First, the culture tube was transferred to an anaerobic glove box,
and the remaining culture was centrifuged and resuspended in 0.4 ml of 30%
glycerol plus McC medium (58). The suspension was distributed into 0.2-ml
fractions, sealed in airtight cryogenic vials (Corning), and stored at —70°C.

The plasmid pMEV2-iorAB2 for complementation of the IOR mutant was
constructed by cloning the iorAB2 genes into the Nsil and Xbal sites of the
methanococcal expression vector pMEV2 (32). The iorAB2 genes were PCR
amplified from genomic DNA using the primers E1 and E2. The plasmid
PMEV2-iorAB2 was constructed in E. coli DH5« (19) and transformed into M.
maripaludis S122 (59). Transformants were screened on McC plates containing
neomycin. Isolated colonies were restreaked and stored as described above. All
subcultures of this strain also contained neomycin.

The sequences of the primers used in this work will be provided upon request.

Southern hybridization. Southern hybridizations were performed using the
DIG High Prime DNA Labeling and Detection Starter Kit I (Roche, Mannheim,
Germany). The probe for aroD was made by PCR amplification with primers U1
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and U2. The probe for the ior42 gene was made by PCR amplification using
primers U3 and U4.

Enzymatic assays. The activity of 3-dehydroquinate dehydratase (DHQ) was
assayed by monitoring the formation of 3-dehydroshikimate at 234 nm (g = 12 X
103 M~ em™') at 37°C. The standard assay mixture (1 ml) contained potassium-
PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)] buffer (50 mM; pH 7.0) and
10 mM 3-dehydroquinate (6). Dehydroquinate was prepared by the oxidation of
quinic acid (Sigma, St. Louis, Mo.) with nitric acid and separation of the products
by ion-exchange chromatography on Dowex 1 (Sigma) resin (17). The fractions
that contained dehydroquinate were collected, and the dehydroquinate was pre-
cipitated as previously described (22).

Pyruvate oxidoreductase (POR) activity was assayed anaerobically as pyru-
vate- and CoA-dependent methyl viologen reduction, as previously reported
(33). IOR activity was assayed similarly, except that pyruvate was replaced with
phenylpyruvate (1 mM), indolepyruvate (0.5 mM), or p-hydroxyphenylpyruvate
(1 mM) as the substrate of the reaction. Stock solutions of the last two substrates
were prepared in ethanol. An ethanol-only control had no activity.

CM activity was assayed by measuring the transformation of chorismate to
prephenate after the chemical conversion of prephenate to phenylpyruvate in
acid (1). Unless otherwise stated, the concentration of chorismate was 1 mM.
PDT was assayed by measuring the conversion of prephenate to phenylpyruvate
as previously described (16), except that the enzymatic reaction was performed
for 10 min with 0.5 mM prephenate. For the kinetics experiments for PDT, the
concentrations of KCI, phenylalanine, and tyrosine were 725, 0.1, and 0.1 mM,
respectively. Prephenate dehydrogenase (PDH) activity was assayed by following
the formation of NADH upon the oxidative decarboxylation of prephenate (10).
The concentration of prephenate was 1 mM.

All specific activities are given in milliunits per milligram (or nanomoles per
minute per milligram of protein). Protein concentrations were determined using
the bicinchoninic acid protein assay kit (Pierce, Rockford, Ill.) after incubation
at 90°C in 0.1 M NaOH for 30 min.

13C labeling and isolation of amino acids from M. maripaludis proteins. The
AroAA auxotroph S87 was grown in 6.5 liters of modified McNA medium in
H,-CO, gas as previously described (46). In addition to the usual components,
the McNA medium contained 0.1 mM [1-'3C]phenylacetate and p-hydroxyphe-
nylacetate and 0.02 mM indoleacetate. The aryl acids were flushed with N, gas
and sterilized by filtration. The fermentor was inoculated with 400 ml of culture
grown in the same medium with unlabeled phenylacetate. The cells were har-
vested by centrifugation as previously described (46). The proteins from the cell
pellets were extracted as described previously (64), except that the cell paste (8.2
g [wet weight]) was suspended in 326 ml of ice-cold 5% (wt/vol) trichloroacetic
acid and the protein pellet was washed twice with acetone before being dried in
a vacuum desiccator. For acid hydrolysis, the dried proteins were suspended in 6
N HCI (40 pl/mg of dry protein) in an acid-cleaned, anaerobic glass culture tube
(51). The tube was sealed with a butyl rubber stopper and aluminum seal, and the
solution was frozen in an ethanol-dry ice bath. The tube was flushed with N, gas

TABLE 1. Bacterial strains and plasmids

Bacterial strain Genotype or description Source or
or plasmid reference
M. maripaludis
S2 Wild type 65
S83 AaroD::pac This work
S87 AaroD::pac This work
S122 AiorA2::;pac This work
S151 AiorA2::pac/pMEV2-iorAB2 This work
S153 AiorA2::;pac/pMEV2-iorAB2 This work
S155 AiorA2::;pac/pMEV2-iorAB2 This work
E. coli DH5«a F~ ($80dlacZAM15) recAl endAl 19
gyrA96 thi-1 hsdR17 (1, mg")
supE44 A(lacZYA-argF) U169
Plasmids
plJAO3 Pur’ methanogen integration vector 54
plJA03-aroD plJAO3 with the upstream and down- This work

stream regions of the aroD gene
plJAO3 with the upstream and down-

stream regions of the ior42 gene
pMEV2 Neomycin shuttle vector 32
pMEV2-iorAB2 pMEV2 with iorAB2 genes This work

plJA03-iorA2
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for 15 min and incubated in a sand bath at 110°C for 20 h. Then, the acid was
diluted with an equal volume of water. Rotary evaporation was used for remov-
ing the acid, and the amino acid mixture was concentrated to 0.5 ml by lyophi-
lization. The concentrated mixture of amino acids was then diluted to 1.5 ml in
water, and multivalent cations were removed during passage through a 3-ml
column of iminodiacetic acid chelating resin (Sigma). The column was treated
with 500 ml of 1 N HCI and 500 ml of water before the sample was loaded. After
the sample was loaded, the column was eluted with distilled water. The amino
acids were detected by spotting drops from the column on filter paper. After the
drops dried, a drop of ninhydrin reagent (100 ml of butanol, 3 ml of acetic acid,
and 0.3 g of ninhydrin) was added and dried. The formation of an orange color
indicated the presence of amino acids. The amino acids eluted within 13 ml and
were taken to dryness by lyophilization.

NMR experiment. 'H-decoupled '*C nuclear magnetic resonance (NMR) data
were acquired at 20°C on a 400-MHz spectrometer (399.8 MHz; 'H), while 'H
detected spectra were recorded on a 500-MHz spectrometer (499.8 MHz; 'H).
'H chemical shifts at 20°C were referenced to 2,2-dimethyl-2-silapentane-5-
sulfonic acid via the HDO resonance frequency at 4.76 ppm, and '*C chemical
shifts were referenced to tetramethylsilane at 0.0 ppm. All 2D phase-sensitive
gradient-enhanced and 1D version 'H-'*C HMQC-clean-TOCSY (HMQG, het-
eronuclear multiquantum coherence; TOCSY, total correlation spectroscopy)
(31) experiments were acquired with GARP decoupling (45) during acquisition.
For all 2D experiments, quadrature detection in the indirectly observed dimen-
sions was obtained using the time-proportional phase increment method (37).
The 2D data were acquired with an acquisition time of 100 ms, with four scans
for each of 256 free induction decays. The 1D HMQC-clean-TOCSY data were
recorded with 64 scans.

Phylogenetic analysis. The genes encoding the o subunits of the two IORs
from M. maripaludis were used for a BLASTP search of the National Center for
Biotechnology Information (National Institutes of Health) database. The amino
acid sequences were aligned using Clustal X (57). This alignment was manually
edited prior to construction of the phylogenetic trees with PHYLIP (13). Evo-
lutionary distances were determined with PROTDIST, and the neighbor-joining
and Fitch-Margoliash dendrograms were generated with NEIGHBOR and
FITCH, respectively. Parsimony analysis was performed with PROTPARS. The
SEQBOOT program was used to calculate bootstrap values based upon 100
replicate trees.

RESULTS

Biosynthesis of AroAAs by the de novo pathway. The ge-
nome of M. maripaludis possesses homologs for five of the
seven genes of the de novo pathway of AroAA biosynthesis up
to chorismate (J. Leigh, personal communication). The ORF
MMP1394 is the homolog to aroD, which encodes the third
enzyme in the pathway, DHQ. This is the first step for which a
homolog has been identified. MMP1394 shows ~30% amino
acid identity to the bacterial type I DHQs. Because there is no
direct biochemical evidence for the identity of aroD in the
archaea, a deletion strain of MMP1394 was constructed to
confirm its role in AroAA biosynthesis (Fig. 2A). The geno-
types of the resulting mutants, S83 and S87, were confirmed by
Southern blotting. The replacement of an internal portion of
MMP1394 with the pac cassette resulted in an increase in size
of the BglII fragment from 4.2 kb in the wild type to 5.1 kb in
the mutants (Fig. 2B). The mutants were auxotrophic for all
three AroAAs (Fig. 3A and data not shown). In cell extracts of
the mutant S87, the DHQ activity was below the limit of de-
tection, or <0.5 mU mg . In contrast, the specific activity in
the wild-type strain was 6.0 = 0.2 mU mg~'. These results
confirmed the identity of MMP1394 as aroD and its role in the
pathway of AroAA biosynthesis.

Biosynthesis of AroAAs from the aryl acids. The three aryl
acids, phenylacetate, p-hydroxyphenylacetate, and indoleac-
etate, fulfilled the AroAA requirement for growth of the aroD
mutant S87 (Fig. 3A). These results suggested that M. mari-
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Bgl Il———4,166 bp—»Bgl I
or 5,072 bp + pac cassette
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FIG. 2. Construction of the AaroD::pac mutation. (A) M. maripalu-
dis aroD (MMP1394) gene region. The ORFs MMP1396, MMP1395
and MMP1391 were annotated as aminotransferase, DEAD/DEAH
box helicase and aspartate-semialdehyde dehydrogenase, respectively.
The ORFs MMP1393 and MMP1392 were annotated as hypothetical
proteins (J. Leigh, personal communication). The locations of the
primers Ul, U2, D1, and D2 used to clone the upstream and down-
stream regions flanking MMP1394 are shown. (B) Confirmation of the
genotypes of the wild-type S2 and mutants S83 and S87 by Southern
hybridization. The genomic DNA (3.2 ng) was digested with BglII
prior to hybridization with the probe indicated in panel A. Lanes 1, 2,
and 3, genomic DNAs of S2, S83, and S87, respectively, digested with
Bglll. Lane 4, pJAO3-aroD digested with Pvull and Nhel as a positive
control.

paludis was also able to biosynthesize the AroAAs from the
aryl acids using the IOR pathway.

Aryl acids are readily available in typical methanogenic en-
vironments, where they are formed from the AroAAs by an-
aerobic heterotrophs (3, 4). In contrast, strains of M. maripalu-
dis poorly assimilate low concentrations of the AroAAs
themselves, as well many other amino acids (66). The rapid
growth of the auxotroph with aryl acids suggested that these
acids might be assimilated at environmentally relevant concen-
trations (Fig. 3A). In fact, replacement of phenylacetate and
p-hydroxyphenylacetate with phenylalanine and tyrosine, re-
spectively, actually inhibited growth, confirming that the aryl
acids were assimilated more readily than the amino acids (Fig.
3B). The aryl acids were assimilated quantitatively. For in-
stance, the concentrations of indoleacetate, phenylacetate, and
p-hydroxyphenylacetate required for growth of S87 were close
to the values expected from the abundance of the AroAAs in
proteins (Fig. 3C). The cellular yields for phenylacetate, p-
hydroxyphenylacetate, and indoleacetate were 3.7, 4.2, and
23 g (dry weight) mmol ', respectively. From the compositions
of AroAAs in E. coli, the expected yields were very similar: 5.7,
7.6, and 19 g (dry weight) mmol ! (39). These results demon-
strated that low concentrations of aryl acids could fulfill the
growth requirement for AroAAs.
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FIG. 3. Growth requirement of the auxotroph S87 for AroAAs.
The McNA medium contained 1 mM AroAAs or aryl acids, except
when otherwise indicated. (A) Growth in the presence of AroAAs or
aryl acids. The inoculum was 10° cells. Shown are growth of the wild-
type S2 with or without acids (<) and growth of S87 with all three aryl
acids (A), with all three AroAAs (OJ), and without any addition (@).
(B) Assimilation of phenylalanine and tyrosine limit the growth rate of
the mutant S87. The inoculum was 107 cells washed in McNA medium.
Shown are growth of S87 without any addition (@); with all three aryl
acids (A); with phenylalanine, indoleacetate, and p-hydroxyphenylac-
etate (m); with tyrosine, indoleacetate, and phenylacetate (#); with
indoleacetate and p-hydroxyphenylacetate alone (OJ); and with in-
doleacetate and phenylacetate alone (<). (C) Growth yield of the
mutant S87 with limiting concentrations of indoleacetate (m), p-hy-
droxyphenyacetate (A), and phenylacetate (®). The inoculum was 107
cells washed in McNA medium.

In bacteria, chorismate is an intermediate in the biosynthesis
of p-aminobenzoate, quinones, and the catechol siderophores
(5). Although methanogens are not known to possess the last
two compounds, p-aminobenzoate is required for methano-
pterin biosynthesis in Methanobrevibacter sp. (63). Although
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labeling of p-aminobenzoate was consistent with its formation
from chorismate, this biosynthetic route was not demonstrated
conclusively. Therefore, it was interesting that aryl acids alone
were sufficient to support growth of the AaroD::pac mutant. To
confirm that no other compounds were required for growth,
this mutant was serially transferred five times in minimal me-
dium with acetate and aryl acids, for a total dilution of ~10%-
fold. After five transfers, the growth of the mutant closely
resembled that of the wild type in this medium (data not
shown). From this result, methanococci must have an alterna-
tive pathway of p-aminobenzoate biosynthesis during growth
on aryl acids. It is also possible that chorismate is an interme-
diate during growth without these AroAA precursors.

In vivo incorporation of phenylacetate into phenylalanine.
To confirm the incorporation of aryl acids into the AroAAs,
the mutant S87 was cultured with [1-**C]phenylacetate, unla-
beled p-hydroxyphenylacetate, and indoleacetate. After extrac-
tion of the cellular proteins and acid hydrolysis to produce a
mixture of amino acids, only one amino acid carbon was spe-
cifically enriched by the '>C label (Fig. 4A). This carbon was
identified as the C,, of phenylalanine based in part upon its **C
chemical shift in a 'H-decoupled *C experiment. However,
this criterion alone was not sufficient, and the identification
was confirmed by the 'H, and 'Hg resonances obtained in
'H-"*C HMQC-TOCSY experiments of the mixture and those
of amino acid standards prepared at the same pH. The ob-
served 'H chemical shifts in the mixture were 4.29 ppm for the
'H,, proton and 3.34 and 3.20 ppm for the 'H, protons (Fig.
4B). These matched the resonances of the phenylalanine stan-
dard observed at 4.25 ppm for the 'H,, proton and 3.33 and
3.18 ppm for the 1HB protons. In contrast, the "H chemical
shifts of other candidate standards had significant deviations
from that observed for the mixture. For example, tryptophan
had the closest chemical shifts and resonances for the 'H,
proton at 4.24 ppm and the 'H, protons at 3.49 and 3.37 ppm.

IOR from M. maripaludis. The IORs from M. marburgensis
and Pyrococcus spp. have been purified and found to contain
two subunits (35, 49, 50, 56). Two homologs of the IORs
are present in the genomes of M. maripaludis (J. Leigh, per-
sonal communication), each one encoded by adjacent ORFs:
MMP0316 and MMP0315, and MMPO0713 and MMP0714 for
the a and B subunits, respectively. A phylogenetic tree of the
a subunits from the prokaryotes grouped the IOR homologs
into six clades (Fig. 5). While all six clades were observed by
the Fitch-Margoliash, neighbor-joining, and parsimony algo-
rithms, only some were strongly supported by bootstrap anal-
yses. Moreover, it was not possible to confidently assign the
genes from Chlorobium tepidum, Bacteroides thetaiotaomicron,
and homolog 1 of Geobacter metallireducens to a clade or to
determine the deep branching order among the clades (Fig. 5).
Four clades (A to D) contained only archaeal genes, and two
clades (E and F) contained bacterial and archaeal sequences.
The biochemically characterized IORs from Pyrococcus spp.
and M. marburgensis, which is closely related to Methanother-
mobacter thermoautotrophicus (56), were all in clade D, which
included only archaeal genes but not the methanococcal ho-
mologs. Instead the M. maripaludis homologs were found in
clades A and F, along with the homologs from the closely
related mesophile Methanococcus voltae (W. B. Whitman,
R. A. Feldman, and R. Overbeek, unpublished observation).
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FIG. 4. NMR spectra of the mixture of amino acids produced by
acid hydrolysis of labeled proteins. The amino acids (10 mg) were
isolated by Robert’s method from S87 cells grown in the presence of
0.1 mM [1-"*C]phenylacetate. (A) '*C spectrum of the mixture of
amino acids produced by acid hydrolysis of the labeled proteins. (B)
Proton spectrum of the '*C-labeled amino acids demonstrating cou-
pling to *C.

Clade A was composed entirely of archaeal genes. In addition
to the methanococcal homologs, it also included homolog 1 of
Methanosarcina spp. In contrast, the methanococcal homologs
were the only archaeal genes in clade F, which also contained
genes from a variety of facultative and strictly anaerobic bac-
teria. Because of the low similarity of the methanococcal ho-
mologs to the biochemically characterized enzymes and the
broad distribution among different types of prokaryotes, it was
not possible to infer the physiological properties of the IOR
homologs from this phylogeny.

In order to further understand the role of the IORs in
M. maripaludis, the iorA2 (MMP0713) gene was deleted by
replacement with the pac cassette (Fig. 6A). The genotype of
the resulting mutant, S122, was confirmed by Southern blot-
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ting. The replacement of the internal portion of MMP0713
with the pac cassette resulted in an increase in size of the
EcoRYV fragment from 2.4 kb in the wild type to 3.2 kb in the
mutant S122 (Fig. 6B). The IOR specific activity in the mutant
was greatly reduced, from 162 mU mg~" in the wild type to 39
mU mg~ ! with phenylpyruvate as the substrate (Table 2). The
genes iorAB2 were then cloned next to a strong promoter in the
methanococcal expression vector pMEV?2 (32), and the vector
was transformed into the mutant S122 to produce strains S151,
S153, and S155. The complemented strains all possessed ele-
vated levels of IOR activity, confirming that these genes en-
coded IOR (Table 2 and data not shown). Interestingly, the
specific activity for POR in these complemented strains was
reduced, from 390 mU mg ™' in the wild type and strain S122
to 180 to 220 mU mg ' in the complementation mutants. Pre-
sumably, biosynthesis of elevated levels of IOR depleted the
coenzymes needed for biosynthesis of normal levels of POR.
Although the methanococcal IORs were not purified, the
properties of the mutants suggested that the enzymes had
different specificities for the aryl acids. Compared to the wild
type, extracts of the AiorA2::;pac mutant S122 possessed greatly
reduced activity with phenylpyruvate and p-hydroxyphenylpy-
ruvate (Table 2), suggesting that IOR2 preferentially utilized
these substrates. Similarly, complemented strains possessed very
high activities for phenylpyruvate and p-hydroxyphenylpyru-
vate compared to the activity with indolepyruvate (Table 2).
Presumably, the residual activity in the mutant S122, which was
nearly the same for all three substrates, represented IORI.
Thus, the substrate specificities of IOR1 and IOR2 appeared
to differ.

Regulation of de novo AroAA biosynthesis by aryl acids. The
growth of the AiorA2::;pac mutant S122 was indistinguishable
from that of the wild type in medium with (McC) or without
(McNA or McN) amino acids. However, the aryl acids phenyl-
acetate and p-hydroxyphenylacetate, either alone or in combi-
nation, severely inhibited growth of the mutant in minimal
medium (Fig. 7A and data not shown). In some experiments,
growth of the AiorA2::;pac mutant resumed after a long lag in
the presence of phenylacetate or p-hydroxyphenylacetate (Fig.
7B). Growth in these cases was best explained by selection for
revertants. Growth was seldom seen when very small inocula
were used, suggesting that growth occurred due to selection for
mutants arising spontaneously. Moreover, the aryl acids no
longer inhibited the growth of these cultures upon subsequent
transfers in the same medium (data not shown). The inhibi-
tion by the individual aryl acids suggested that phenylacetate
and p-hydroxyphenylacetate inhibited the de novo pathway of
AroAA biosynthesis. The inhibition by all three aryl acids
together further indicated that the level of IOR activity re-
maining in the mutant was insufficient to provide AroAAs from
the aryl acids.

In support of these hypotheses, phenylalanine provided par-
tial protection against inhibition by phenylacetate, indicating
that limitation for AroAAs caused at least some of the growth
inhibition (Fig. 7B). However, tyrosine failed to protect against
inhibition by p-hydroxyphenylacetate. Tyrosine was assimilated
poorly by M. maripaludis. For instance, tyrosine supported only
poor growth of the AaroD::pac mutant S87 after a lag of >2
days (Fig. 3B). Therefore, the failure of tyrosine to protect
against aryl acid inhibition probably reflected its poor uptake.
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FIG. 5. Phylogeny of the iorA genes that encode the o subunit of IOR. The phylogenetic tree was constructed by using the PHYLIP package
based upon an alignment of conserved positions using the Fitch-Margoliash algorithm. Similar phylogenetic trees were generated by neighbor-
joining and parsimony algorithms (data not shown). The bootstrap values for all three algorithms were very close and are labeled in the tree by
the symbols at the branch points: @, values of >90%; O, values of >60%; unlabeled, values of =60%. The scale bar is 0.5 expected amino acid
substitutions per site. The six clades found are labeled A to F. The accession numbers for protein sequences from the National Center for
Biotechnology Information database (from top to bottom in the tree) are: AAMO05134, AAM32330, CAF29872.1, AAR21228, AALS0969,
NP_143041, NP_126757, C90374, BAB65740, BAB59718, CAC12141, Q9UZ57, 058495, AALB0657, BAA20528 [formerly named Pyrococcus sp
KOD1(43)], NP_615972, NP_634117, 028783, AAB86318, ZP_00000830, ZP_00001160, ZP_00080126, NP_106112, BAC48676, CAD15531,
ZP_00056522, ZP_00129724, AAM32484, AAMO05385, NP_661020, AAO75537, ZP_00054515, ZP_00015617, ZP_00010808, ZP_00079304,

NP_623747, NP_348620, ZP_00059944, AAR21230, and CAF30269.1.

In addition, p-hydroxyphenylacetate appeared to be a stronger
inhibitor than phenylacetate (see below), so its effects would be
more difficult to reverse upon the addition of the AroAAs.
Because phenylacetate was less inhibitory, phenylalanine could
provide partial protection, presumably by sparing the choris-
mate requirement for biosynthesis of the other AroAAs. In
contrast, indoleacetate did not inhibit the growth of the
AiorA2::pac mutant (data not shown). Presumably, it was ei-
ther not a strong inhibitor of AroAA biosynthesis or the levels
of IOR activity were sufficient for tryptophan biosynthesis.

In strain S155, where the chromosomal AiorA2::;pac muta-

tion was complemented by iorAB2 expression from a plasmid,
the relative growth inhibition by the aryl acids was greatly
reduced. First, p-hydroxyphenylacetate or phenylacetate alone
was still inhibitory, as expected if they inhibited the de novo
pathway. However, phenylacetate and p-hydroxyphenylacetate
together or all three aryl acids together were no longer inhib-
itory, as expected if the IOR activity was now sufficient to
provide AroAAs (Fig. 7C). This result confirmed the hypoth-
esis that the failure of S122 to grow in the presence of the aryl
acids was due to low levels of IOR activity and not due to a
polar effect on other genes at this locus. Compared to the wild
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FIG. 6. Construction of AiorA2::;pac mutation. (A) M. maripaludis
iorA2 (MMPO0713) gene region. The ORFs MMP(0712, MMP715,
MMP0716, and MMP0717 were annotated as solute-binding protein/
glutamate receptor, coenzyme F390 synthetase II, acetohydroxyacid
synthase small-subunit related, and hypothetical protein, respectively
(J. Leigh, personal communication). The primers U3, U4, D3 and D4
were used to clone the flanking regions for construction of pIJA03-
iorA. The primers E1 and E2 were used for cloning ior42 and iorB2
during the construction of pMEV2-iorAB2. (B) Confirmation of the
genotype by Southern hybridization with the wild-type S2 and the
iorA2 mutant S122. The genomic DNA (3.3 pg) was digested with
EcoRYV prior to hybridization to the probe indicated in panel A. Lanes
1 and 2, S122 and S2 genomic DNAs, respectively; lane 3, pJA03-iorA42
DNA digested with Pvull and Nhel as a positive control.

type, strain S155 also grew slowly in McNA medium without
the addition of the aryl acids (Fig. 7C). Presumably, this result
reflected the reduced levels of POR activity.

If the aryl acids inhibited de novo AroAA biosynthesis, they
might also inhibit the growth of the wild type. While even low
concentrations of p-hydroxyphenylacetate were inhibitory,
higher concentrations of phenylacetate or indoleacetate were
required (Fig. 8). In contrast to the mutant S122, the aryl acids
were inhibitory only when present individually, and combina-
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tions did not inhibit. Presumably, when the three aryl acids
were present together, the AroAAs were formed from the aryl
pathway and the requirement for the de novo pathway was
spared. The absence of inhibition by all three aryl acids
strongly suggested that inhibition by aryl acids was due to an
effect on AroAA biosynthesis. However, because tyrosine was
assimilated poorly, it was not possible to demonstrate protec-
tion by the AroAAs themselves.

Effect of aryl acids on enzymes of the de novo pathway. To
identify the site of action of the aryl acids, the activities for
some of the key steps were examined in cell extracts. In many
prokaryotes and yeasts, the initial reaction, DAHP synthase, is
a key regulatory step (18, 30, 40, 41). However, in methano-
cocci, the initial step of the de novo pathway is not known (67),
and it was not possible to examine that reaction. For the
enzymes of the de novo pathway tested, growth in the presence
of the aryl acids had only small effects on the specific activities
in cell extracts. DHQ is the first enzyme in the pathway that is
known. Its specific activity in wild-type cells grown with the aryl
acids was one-third (2.3 = 0.1 mU mg ") of the level in cells
grown without additions (6.0 = 0.2 mU mg~"). For PDH, the
specific activity of cells grown with the aryl acids (23 = 1.2 mU
mg ') was nearly the same as the level in cells grown without
additions (18 * 2.1 mU mg!). For CM and PDT, the specific
activities were the same (see below). Therefore, the presence
of aryl acids did not have a large affect on the expression of
these enzymes.

The effect of phenylacetate and p-hydroxyphenylacetate on
the activities of the phenylalanine or tyrosine biosynthetic en-
zymes from chorismate were also examined. CM is the first
common enzyme for the biosynthesis of both phenylalanine
and tyrosine (Fig. 1). The CM from M. jannaschii has been
categorized as a monofunctional AroQ (7, 34). The aroQ gene
of many organisms is often fused with either other AroAA
biosynthetic genes or a regulatory domain (7). M. maripaludis
possesses a homolog of the M. jannaschii CM (encoded by
aroQ), MMPO0578. In cell extracts, the CM specific activity was
affected very little by the AroAAs, phenylacetate, or p-hy-
droxyphenylacetate, which was expected because a regulatory
domain was not present in the open reading frame (ORF)
(Table 3). Thus, CM was unlikely to be a major site of inhibi-
tion by the aryl acids.

PDT is the first enzyme in the phenylalanine branch (Fig. 1).
Like the PDT from H. vallismortis (27), the activity of PDT
from wild-type M. maripaludis was inhibited ~70% by phenyl-
alanine and activated ~2-fold by tyrosine (Table 3). In one set
of experiments, the V., and K,,, for prephenate were 5.3 mU

ax

TABLE 2. Indolepyruvate oxidoreductase specific activities of the wild-type S2 and mutant S122 and S155 strains®

Sp act (mU mg™") with:

Strain Genotype

Phenylpyruvate p-Hydroxyphenylpyruvate Indole-3-pyruvate
S2 Wild type 162 = 33 101 = 31 43 £ 12
S122 AiorA2:pac 39=x5 26 7 25+10
S155° AiorA2::pac/pMEV2-iorAB2 519 = 44 381 = 10 88 =2

“ Except as noted, specific activities were determined in triplicate from four independent cultures grown in McNA medium. The concentrations of the substrates
phenylpyruvate and p-hydroxyphenylpyruvate were 1 mM. The concentration of the substrate indolepyruvate was 0.5 mM. Means and one standard deviation are

reported.

® Specific activities were determined in duplicate. The two additional complementation strains S151 and S153 gave results similar to these with S155.
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FIG. 7. Effects of aryl acids on growth of the AiorA2::;pac mutant
$122. The McNA medium contained 1 mM aryl acids or AroAAs as
indicated. The inoculum was ~2 X 107 cells. (A) Inhibition of growth
of strain S122 by phenylacetate or p-hydroxyphenylacetate. <, wild-
type S2 without any addition; @, S122 without any addition; A, S122
with phenylacetate alone, p-hydroxyphenylacetate alone, both phenyl-
acetate and p-hydroxyphenylacetate, or all three aryl acids. (B) Res-
toration of growth by AroAAs. Shown are S122 without any addition
(@), with phenylacetate (A), with phenylacetate and phenylalanine
(A), with p-hydroxyphenylacetate (1), and with p-hydroxyphenylace-
tate and tyrosine (m ). (C) Complementation of the Aior42::pac mutant
with pMEV2-iorAB2. Shown are growth of wild-type S2 without any
addition (<), the complemented strain S155 without any addition (@),
S$155 with phenylacetate (A), S155 with p-hydroxyphenylacetate (),
S155 with phenylacetate and p-hydroxyphenylacetate (O), and S155
with the three aryl acids (A).

min~! and 1.2 mM, respectively. The apparent V,, ., and K,
for prephenate in the presence of the inhibitor phenylalanine
at 0.1 mM were 2.8 mU min~ ' and 0.96 mM, respectively, and
the V.« and K,,, for prephenate in the presence of the activa-
tor tyrosine at 0.1 mM were 6.0 mU min~' and 0.63 mM,
respectively. Thus, phenylalanine affected mostly the V..,

while tyrosine affected mostly the K, for prephenate. Meth-
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FIG. 8. Effects of aryl acids on growth of wild type S2. The McNA
medium contained 1 mM aryl acids where indicated. The inoculum was
~2 X 10° cells. Shown is the S2 strain growing without any addition
(©), with phenylacetate alone (@), with indoleacetate alone (m), with
p-hydroxyphenylacetate alone (A), and with the three aryl acids (A).
The inset shows the growth lag of strain S2 during growth with increas-
ing concentrations of phenylacetate (@), indoleacetate (m), and p-
hydroxyphenylacetate (A).

anococci contain high intracellular concentrations of potas-
sium, which is an activator for some biosynthetic enzymes (70).
However, PDT activity from M. maripaludis was inhibited by
KCl, as was previously found for PDT activity from E. coli (16).
In this series of experiments, the V. and K,,, for prephenate
with physiological concentrations of KCI of 0.725 M (25) were
7.8 mU min~ ' and 3.5 mM, respectively. In the absence of KCI,
the V.. and K, for prephenate were 6.8 mU min~ ' and 1.1
mM, respectively, in this experiment. Thus, KCI largely af-
fected the K|, for prephenate. Phenylacetate and p-hydroxy-
phenylacetate had no effect on the activity of PDT from M.
maripaludis, even when the assay contained well below the K,
concentration of prephenate (Table 3). Therefore, it is unlikely
that this enzyme was the site of inhibition by the aryl acids.
Finally, PDH, the first committed enzyme of tyrosine bio-
synthesis, was tested. PDH activity from wild-type M. maripalu-
dis was inhibited by ~70% by either tyrosine or p-hydroxyphe-
nylpyruvate and 55% by p-hydroxyphenylacetate (Table 3).
Phenylalanine had a small effect, and phenylacetate had no

TABLE 3. CM, PDT, and PDH specific activities of the
wild-type strain S2

Sp act’ (mU mg™") of:

Addition*

CM PDT PDH
None 1.2 1.7 17.8
Phenylalanine 1.9 0.5 15.1
Tyrosine 1.5 3.8 4.4
Phenylacetate 1.1 1.6 18.2
p-Hydroxyphenylacetate 1.5 1.7 7.6
p-Hydroxyphenylpyruvate NT*¢ NT* 53

“ The concentrations of the potential effectors were 5 mM for CM and 0.5 mM
for PDT and PDH.

b Specific activities are the averages of duplicate assays. All duplicates were
within 10% of the mean value.

¢ NT, not tested.
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effect on the PDH activity. This inhibition pattern was consis-
tent with its role in tyrosine biosynthesis, and it would not
explain the growth inhibition by aryl acids.

DISCUSSION

Evidence has been presented for two pathways of AroAA
biosynthesis in M. maripaludis. The presence of the de novo
pathway from dehydroquinate is supported by construction of
an AroAA auxotroph via deletion of the aroD homolog in the
genome. Moreover, activities of four enzymes in this pathway
were demonstrated directly in cell extracts. Evidence for the
IOR pathway from aryl acids includes growth experiments
where the aryl acids fulfilled the requirement for AroAAs by
the auxotroph and the specific incorporation of the isotopically
labeled aryl acid phenylacetate into phenylalanine. The role of
IOR2 in this pathway is further supported by the apparent
inability of the deletion mutant S122 to incorporate aryl acids.

Anaerobic heterotrophs ferment AroAAs to the aryl acids to
provide energy under starvation conditions (4, 20, 21). Thus,
the aryl acids may be more abundant in anaerobic environ-
ments than the amino acids themselves. Consistent with this
idea is the observation that methanococci utilized the aryl acids
more readily than the amino acids themselves. Moreover, the
aryl acids down regulated the de novo biosynthetic pathway
sufficiently to inhibit growth in the AiorA2:;pac mutant. Be-
cause the AroAAs were taken up poorly, it was not possible to
reverse this inhibition completely by the addition of the amino
acids. Thus, it might be that chorismate was a precursor for
additional cellular components in addition to the AroAAs. The
inability to demonstrate an additional nutritional requirement
following extensive subculture of the aroD:;pac mutant with
only the aryl acids does not support this hypothesis. In addi-
tion, the individual aryl acids phenylacetate and p-hydroxy-
phenylacetate inhibited the growth of the wild-type S2, the
AiorA2::;pac mutant S122, and the ior4B2 complementation
strain S155. However, when the aryl acids were provided to-
gether, only the AiorA2:;pac mutant was inhibited. These re-
sults suggested that AroAA biosynthesis, which is the product
of the IOR pathway, was the major site of aryl acid inhibition.
These results further imply that the aryl acids are physiologi-
cally relevant precursors for the AroAAs.

Although it was not possible to identify the major site of
regulation by aryl acids, some regulatory features of the de
novo pathway were elucidated. These features are summarized
in the working model proposed in Fig. 1. Growth in the pres-
ence of the aryl acids lowered the expression of DHQ but not
the levels of CM, PDH, and PDT activity. Thus, regulation of
levels of expression appeared to be a relatively minor factor in
the regulation of this pathway in methanococci. Similarly, the
presence of branched-chain amino acids had only small effects
on the specific activities of their biosynthetic enzymes (W. L.
Gardner and W. B. Whitman, unpublished data).

In contrast, feedback inhibition in the methanococcal en-
zymes closely resembles that found in other prokaryotes. Like
the enzyme from the halophilic archaeon H. vallismortis, the
M. maripaludis PDT activity is inhibited by phenylalanine and
activated by tyrosine (27). Additionally the H. vallismortis
PDT is inhibited by tryptophan and activated by methionine,
leucine, and isoleucine. This type of interpathway regulation
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was discovered in Bacillus subtilis and named metabolic inter-
lock (26). Feedback inhibition of PDT by phenylalanine is high-
ly conserved in gram-negative and gram-positive bacteria and
yeast (16, 26, 30). In E. coli, the bifunctional P protein has been
mapped, and the PDT, CM, and regulatory domains have been
clearly identified (72). Two highly conserved motifs in the
regulatory domain that are involved in the binding of phenyl-
alanine are also present in the M. maripaludis PDT sequence
(reference 42 and data not shown). These observations agree
with the proposal for an ancient origin of PDT regulation (27).
The feedback inhibition of PDH by tyrosine is also highly
conserved among gram-positive and gram-negative bacteria (2,
8, 23). The B. subtilis PDH is also inhibited by phenylalanine,
tryptophan, and p-hydroxyphenylpyruvate (8). The M. maripa-
ludis PDH is inhibited by tyrosine, p-hydroxyphenylpyruvate,
and p-hydroxyphenylacetate, connecting it to the aryl acid
pathway. However, the magnitude of the inhibition by p-hy-
droxyphenylacetate is not sufficient to explain the growth inhi-
bition by this aryl acid. Presumably, the aryl acids have other
sites of inhibition in the de novo pathway. In any case, feed-
back inhibition was also observed in the methanococcal aceto-
hydroxyacid synthase, the first enzyme in branched-chain ami-
no acid biosynthesis (68, 71), suggesting that this regulatory
mechanism is widely conserved among the prokaryotes.
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