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Abstract. Extensive diversity in features of aromatic
amino acid biosynthesis and regulation has become
recognized in eubacleria, but almost nothing is known
about the extent to which such diversity exists within the
archaebacteria. Methanohalophilus mahii, a methylotro-
phic halophilic methanogen, was found to synthesizc
L-phenylalanine and L-tyrosine via phenylpyruvate and
4-hydroxyphenylpyruvate, respectively. Enzymes capa-
ble of using L-arogenate as substrate were not found.
Prephenate dehydrogenase was highly sensitive to feed-
back inhibition by L-tyrosine and could utilize either
NADP?' (preferred) or NAD " as cosubstrate. Tyrosine-
pathway dehydrogenases having the combination of
narrow specificity for a cyclohexadienyl substrate but
broad specificity for pyridine nucleotide cofactor have not
been described before. The chorismate mutase enzyme
found is a member of a class which is insensitive to
allosteric control. The most noteworthy character state
was prephenate dehydratase which proved to be subject
to multimetabolite control by feedback inhibitor (r-
phenylalanine) and allosteric activators (L-tyrosing, L-
tryptophan, L-leucine, L-methionine and L-isoleucine).
This interlock type of prephenate dehydratase, also
known to be broadly distributed among the gram-
positive lineage of the eubacteria, was previously shown
to exist in the extreme halophile, Halobacterium vallis-
mortis. The results are consistent with the conclusion
based upon 168 tRNA analyses that Methanomicrobiales
and the extreme halophiles cluster together.
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Archaebacteria, which thrive under extreme environmen-
lal conditions that do not favor most eubacteria, possess
many features (e.g.. such as cell-wall and cell-mem-
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brane architecture, cocnzymes, metabolic patterns, pro-
tein structure, genome organization, processes of trans-
cription and translation, and evolutionary behavior) that
distinguish them from ecubacteria (Woese 1987). In
conlrast, few comparisons have been made of the extent
and overlap of possible differences in biosynthetic path-
ways such as those which form amino acids.

Metabolic diversily of aromatic amino acid biosyn-
thesis in eubacteria and eukaryotes has proven Lo be
quite extensive with respect to such character-state fea-
tures as: (/) alternative enzymic steps, (i) cofactor
specificities of pathway dehydrogenascs, (i) allosteric
control patterns, (fv; presence or absence of regulatory
isazymes, (#) multifunctional proteins, and (vi) genetic
organization of pathway genes {(Byng et al. 1982; Ahmad
and Jensen 1988). These character states have been useful
in deducing the most prohable ancestral state for an
enzyme within a particular phylogenetic cluster (Jensen
1985). This is exemplified by the dehydratasc reaction in
phenylalanine biosynthesis which exhibits distinctive pat-
terns of evolution within the gram-positive (Berry et al.
1987). gram-ncgative (Ahmad and Jensen 1988), and
cvanobacterial divisions (Hall et al. 1982) of the cubacte-
rial kingdom.

The extreme halophile, Halobacterium vallismoriis, was
the first archaebacterium for which aromaltic-pathway
diversity was examined. H. vaflismortis was found to
possess a complex type of prephenate dehydratase subject
Lo activation by a number of aromatic and non-aromatic
amino acids. This class ol enzyme had been denoted as
the interlock type of prephenate dehydralase in the
low-G -+ C gram-positive ( Bacillus-Lactobacillus-Clostri-
dium-Streptococcus) line of descent (Jensen et al. 1988).
Relaiionships between the extreme halophiles and the
halophile- Methanomicrobiales have been weakly sug-
gested by oligonucleotide signatures (Yang et al. 1985)
and have been more conclusively defined by 168 rRNA
scquence comparisons (Woese and Olsen 1986). As a
beginning step in the systematic expansion of com-
parative studies within the archaebacterial kingdom, we
initiated an evaluation of aromatic amino acid biosyn-
thesis in Methanohalophilus mahii. M. mahii (Paterek and
Smith 1985, 1988), a methanogenic moderately halophilic



bacterium, represents a novel genus which has heen
placed in the order Methanomicrobiales [as defined by
Balch et al. (1979)], the phylogenetically nearest of the
three methanogen orders to Lhe extreme halophiles (Woe-
se 1987). M. mahii is considered to be a unique organism
and is not thought to be a marine methanogen which
has adapted to a hypersaline environment (Paterek and
sSmith 1988).

Materials and methods
Growth of Methanohalophilus mahii

The moderate haloplmilic methanogen (ATCC 35705), named
M. mahii by Paterek and Smith (1988), was 1solated, characterized
and originally designated as Halomethanecoccus mahii (type strain
SLP} by Paterek and Smith (1985). Cultures for this mvestigation
were grown under optimum conditions of salt (2 M NaCl), pH
(7.5)and temperatare (35 °C) aceording to the procedure of Paterek
and Smith {1985). The cells were harvesied by low-speed centrifuga-
tion and stored as whole cell pellets at —90 °C.

Preparation of crude extracts

Cell pellets, resuspended in an equal volume of 30 mM potassium
phosphate buffer (pH 7.5) containing 2 M KCl and 1 mM dithio-
threitol, were disrupted at 4 °C by sonication with four 15-s bursts
ai an intensity of 100 W from a Lab-Line Ultratip Labsonic System
(Lab-Line Instruments, Inc., Melrose Park, IIl.. IJSA). The dis-
rupted cell suspension was ultracentrifuged at 145,000 x g for 60 min
at 4 °C to remove cell debris. The resuliing supernatant was then
dialyzed in & continuocus-flow microdialysis system (Gibco BRL,
Gaithersburg, Md.. USA) al 4 °C against the buffer indicated. These
preparations, stored at 4 °C, served as the protein extract for this
mvestigation.

Analytical procedures

Arogenate dchydrogenase (Bonner and Jensen 1987), arogenate
dehydratase (Fischer and Jensen 1987a), prephenate dehydrogenasc
{Fischer and Jensen 1987D), prephenate dehydratase (Fischer and
Jensen 1987¢), chorismate mutase (Cotton and Gibson 1965).
shikimate dehydrogenase (Berrv et al. 1987). and DAIIP synthase
(Jensen and Nester 1966) activitics were assaved by methodologies
as referenced. Standard reaction mixtures were assayed at 37°C
and contained 50 mM potassium phosphate buffer (pH 7.5) plus
the following substrates for each enzyme reaction as indicated:
IDAHP synthase (2 mM phosphoenolpyruvate and 2 mM erythrosc-
4-phosphate); shikimate dehydrogenase (2mM shikimate and
2mM NADP™); chorismate mutase (2mM chorismute); pre-
phenate dehydrogenase (2 mM prephenate and 2 mM NADP ');
arogenate dehydrogenase (1.5mM 1-arogenate and 2mM
NADP *); prephenate dehydratase (2 mM prephenate); and aro-
genate dehydratase (1 mM r1-arogenate). Unless otherwise in-
dicated, standard assay conditions lor prephenate dehydratase also
included the presence of 0.5 M KCl and 2 mM L-tyrosine to ensure
full activalion of the enzyme. Protein concentrations were deter-
mined according to the method for Bradferd (1976) using bovine
serum albumin as the rcference protein.

Biochemicals and chemiicals

All biochemicals and chemicals unless otherwise indicated were
obtained from Sigma Chemical Ca. (St. Louis, Mo., USA). Cho-
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rismate was prepared from culture supernatants of Klebsiella
preumonige 62-1 (Gibson 1964) L-Arogenate and prephenate were
prepared by the method of Bonner et al. (1990).

Results
Activities of aromatic amino acid pathway enzymes

Table 1 shows the specific activities of key enzymes of
aromatic amino acid biosynthesis in M. mahii. DAHP
synthase was not found although an extensive series of
extract preparations and assays were carried out under al-
ternative conditions. Shikimate dehydrogenase, assayed
in the backwards dircction, was present at high activity.
This enzyme was incapable of substituting quinate for
shikimate, or NAD™ for NADP*. Chorismate mutase,
the last common enzymatic step before the terminal
branches of L-tyrosine and L-phenylalanine synthesis, was
also found at high activity. Activities of prephenate
dehydrogenase and prephenate dehydratase were present,
but not those of arogenate dehydrogenase or arogenate
dehydratase, indicating that tyrosinc and phenylalanine
biosynthesis occurs solely through the hydroxyphenyl-
pyruvate and phenylpyruvate routes, respectively. This
also precludes the possibility that M. mahii might possess
dehydratase and dehydrogenase enzymes ol the cyclo-
hexadienyl type that are able to use prephenate and
arogenate as alternative substrates. Prephenate dehydro-
genase exhibited a preference for NADPY, although
NAD" was also accepted as coenzyme.

Properties of aromatic anine acid pathway enzymes

As shown in Fig. IA-D none of the enzymes required
high salt (KCI) for activity. In fact, the activities of
shikimate dehydrogenase, chorismate mutase and pre-

Table 1. Specific activities of aromatic amine acid pathway cnzymces
in extracts of Methanohalophidus mahii

Enzyme Specific activity®

(nmol/min - mg protein)

DAHP synthase Not found
Shikimate dehydrogenasc

NAD” Not found

NADPE* 18.00
Chorismate mutase 18.33
Prephcnate dehydrogenase

NAD®Y 0.19

NADP™ 0.4t
Arogenale dehydrogenase

NAD? Not found

NADP* Not found
Prephenate dehydratase 0.50

Arogenate dehydratase Not found

* Specific activities were determined employing standard assay
conditions. These resulfs are representattve of one of six independent
experiments
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Fig. 1. Effect of salt concentration upon activities of shikimate
dehydrogenase A, chorismate mutase B, prephenate dehvdratase
C, and prephenate dehydrogenase D from Methanohalophilus malii.
Specific activities (nmol/min - mg protein) were determined em-
ploying standard assay conditions in the presence of the indicated
concentration of KCl. Prephenate dehydratase was assayed in the
presence of 2mM L-tyrosine. These results arc representative of
one of two independent experiments

phenate dehydrogenase were progressively inhibited by
increasing concenirations of salt. A1 2M salt, the
activities of these enzymes were 20 to 35% of the initial
activities. In contrast, prephenate dehydratase was tole-
rant of salt concentrations up to 2.0 M, and activity was
even stimulated in the presence of about 0.5 M salt. At
salt concentrations greater than 2 M prephenate dehy-
dratase was also subject to significant inhibition, retain-
ing only 30% of oplimum activity when assayed in the
presence of 3 M salt (data not shown). Resulis obtained
with NaCl were similar to those shown in Fig. 1A-D,

except that prephenate dehydratase acrivities were about
25% greater with KCL. Meoderately halophilic mcthano-
gens, requiring 1.5 to 3 M NaCl for growth, have been
shown to accumulate high intracellular K™ concentra-
tions (up to 1.1 M} which were as much as 40-fold greater
than the extracellular K * concentration (Lai et al. 1991).
Thus, KCl was used throughout the course of this study.

In view of the contrasting effects of salt on the variouns
enzyme activities, we delermined the ability of salt to
stabilize enzyme activities. Cell-free extracts of M. mahii
were routinely prepared in 2 M KCl. Microdialysis to
remove the salt, followed by time-course assays to assess
enzyme stability in extracts preparcd with various con-
centrations of salt, revealed that only prephenate dehy-
dratase neceded significant concentrations of salt for
stability. Maximal stabilization (>90%) of enzyme
activity required 1.5 M KCl. Concentrations of 1 M and
0.1 M KCI resulted in retention of 53% and 21% of
maximal enzyime stability, respectively, after storage at
4 °C for 40 h. Such differing effects of salt concentration
upon cnzyme stability compared to effects upon enzyme
activity have been reporied for other cnzymes from
halophiles (Zaccai and Eisenberg 1990). NaCl was as
effective as Kl in stabilizing prephenatc dehydratase
activity. In conirast to prephenate dehvdratase, neither
shikimate dehydrogenase, chorismate mutase, nor pre-
phenate dehydrogenase required salt for stability. The
preparation and incubation (at 4 °C for up to 40 h) of
M. mahii extracts in concentrations of KCl which were
inhibitory to activily appeared to have negligible impuct
on the stabilities of these three enzymes, provided that
the salt was removed or sufficiently diluted prior 10 assay.
Stabilities of these enzymes beyond this time-frame were
not investigated.

The optimal conditions for enzyme activity given in
Table 2 generally parallel the optimal conditions (e.g.,
NaCl = 2M; pH = 7.5; and temperaturc = 35°C)
required by M. mahii for growth and methanogenesis.
However, only the prephenate dehvdratase required K.,
which is known to be intracellularly high (0.6-1.1 M)
in moderately halophilic methanogens (Lai et al. 1991),
for aptimal activity.

Table 2. Properties of aromatic amino acid

pathway enzymes from M. makii Enzyme

Shikimate dehydrogenase

NADP*
Chorismate mutase

Prephenate dehydrogenase

Prephenate dehydratase

Optimum® K, (mM)*
KCl pH Temp Cofactor Substrate
(M] ()
—-0— RO 40 0.50 0.71
—0— 7.5 35 222
—0— 80 30—40 1.2% 0.57
—-0— 80 30—40 0.08 0.56

05 74 45 0.21

= Optimal of KCI and temp. (€) were detormined using standard substrate concentrations
and the appropriate variable parameter. The pH profiles were determined using standard
substrate concentrations in Bistris-propane buffer adjusted Lo the required pH. These results
are representative of one of two independent experiments

b The K, values, determined from double-reciprocal plots, are the means of two repetitions
obtained employing optimum assay conditions of KCl, pH. and temperature



The pH optimum of each enzyme in this study was
found to be within the narrow range of 7.4-8.0. The
prephenate dehydratase exhibited the narrowest pH
profile, yiclding only 50% of optimum activity at pH
values which were less than 7 or greater than 8. Only
5% of optimum activity was measured when assays were
performed at pH 9. Shikimate dehydrogenase, choris-
mate mutase and prephenate dehydrogenase were active
overa broad range ol pH (6.5-9.5). Of the (hree enzymes,
chorismate mutasc retained the preatest activity over the
pH range tested, showing 71% and 37% of optimum
activity at pH 6.5 and 9.5, respectively.

The temperature optima. of the enzymes in this study
were clustered in the range of 30 to 45 °C. Chorismate
mutase and prephenate dehydratase exhibited the lowest
(35 °C) and the highest (45 °C) thermal optima, respec-
tively. All the enzymes except prephenate dehvdratase,
which was inactive, exhibited 60% or greater of their
oplimum activities at 23 °C. None of the enzymes were
active at 65°C. Both shikimate dehydrogenase and
prephenatc dehydrogenase possessed broad ranges of
activity, retaining 50% or greater of their optimum
activity over the temperature range of 25-55°C.

K, values determined for the cofactors and/or sub-
strates of the cnzymes of this study are also listed in
Table 2. Chorismate mutase possessed a low affinity for
substrate. The &, of 0.08 mM dctermined for NADP ',
compared 1o a value of 1.25 mM for NAD', demon-
strates a perference for NADP™ which is not obvious
when comparing specific activities at saturating substrate
concentrations (Table 1). A K, of 0.21 mM for pre-
phenate was determined for prephenate dehydratase
when the enzyme was assayed under conditions ol
activation by 2 mM L-tyrosine.

Allosteric control of aromatic biosynthesis
in M. mahii

Activation of prephenate dehydratase. M. miahii possessed
a prephenale dehydratase which was allosterically acti-
vated by both aromatic and non-aromatic hydrophobic
amino acids. As shown in Fig. 2, the activity of prephenate
dehydratase was quite low in the absence of allosteric
effectors. Activation by r-tyrosine was very dramatic
(greater than 13-fold at 2 mM r-tyrosine). L-Tryptophan,
L-leucine and L-mcthionine were moderate activators of
enzyme activity. At concentrations of 2mM or less,
these effectors were several-fold less elficient than -
tyrosine. L-Isoleucine proved to be anly a weak activator
while L-valine was ineffective as an activator. The
activation (reaction velocity versus effector concentra-
tion) of prephenate dehvdratase was hyperbolic with each
cffector. The aclivation of prephenate dehydratase ap-
pears to result from the lowering of the K, for substrate.
For example, the K, values of 0.21 mM and 1.18 mM
were determined under conditions of activation produced
by 2mM and 0.235mM 1-tyrosine, respectively. The
influence of salt concentration upon allosleric activation
by amino acid effectors appears to be minimal since
significant differences were not noted between enzyme
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Fig. 2. Allosteric activation of prephenate dehydratase. Specific
activities (nmol/oun - mg protein) were determined employing
standard assay conditions in the presence of 0.5 M Kl and the
indicated concentration of effector. Etfector concentrations (mM)
are given 1n the figure inset. These results are representative of one
of three independent experiments

activations delermined at KCl concentrations between
0.1-2M.

Feedback control of prephenate dehydratase and pre-
phenate dehydrogenase. Activities of the prephenate-
specific enzymes of the terminal branches of L-tyrosine
and L-phenylalanine biosynthesis were tested for feed-
back inhibition by their respective endproducts. -
Phenylalanine was an exceedingly potent inhibitor of the
basal activity of prephenate dehydratase (causing com-
plete inhibition at only 13 uM), as well as an effective
antagonist of L-tyrosine activation. The ability of 1-
phenvlalanine to antagonize activation of prephenate
dehydratase by 2 mM L-tyrosine is shown in Fig. 3A.
Under these conditions of assay, 40 uM L-phenylalanine
produced 50% inhibition. Prephenate dehydrogenase
was quite sensitive to inhibition by L-tyrosine when X,
levels of prephenate were used (Fig. 3B).
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Fig. 3. Feedback control of L-tyrosine-activated prephenate dehy-
dratase by L-phenylalanine A and prephenate dehydrogenase by
L-tyvrosine B. The specific activities of prephenate dehydratase and
prephenate dehydrogenase (NADP™) obtained in the absence of
mhibitor molecules were 1.29 and 0.52 nmol/min - mg protein,
respectively. Assays were performed employing standard conditions
where substrate concentrations were approximately K. These
results are representative of one of two independent experiments
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Shikimate dehydrogenase and chorismate mutase. Shiki-
mate dehydrogenase and chorismate mutase were not
subject to allosteric control by any of the aromatic amino
acids or hydrophobic amino acid effectors utilized in this
study.

Discussion

Enzymic coustruction and regulation
of aromatic uamino acid biosynthesis
in Methanohalophilns mahii

Enzyme activitics for prephenate dehydratase and pre-
phenate dehydrogenase (but not arogenate dehydratase
or arogenate dehydrogenase) were detected in extracts
of M. mahii, suggesting that phenylalanine and tyrosine
synthesis occurs exclusively via the phenylpyruvate and
hydroxyphenylpyruvate roules, respeclively. Both the
phenylalanine and tyrosine terminal branchesin M. mahii
were tightly controlled by feedback inhibition, as is
typical of this pathway arrangement in nature.

The mode of 1-phenylalanine biosynthesis exhibited
in M. mahii, characterized by specificity of prephenate
dehydratase for prephenate, activation by remote elfec-
tors, and fecdback inhibition of prephenate dehydratase
by L-phenylalanine, respresents a widely distributed path-
way arrangement found in Bacillus (Rebello and Jensen
1970), mycoplasmas (Berry etal. 1987), and exireme
halophiles (Jensen et al. 1988).

The allosteric control of prephenate dehydratase of
M. mahii by remote effectors (i.¢., effectors originating
from other pathways) has been demonstrated in the
organisms ciled above, as well as in the coryneform
bacteria (Fazel and Jensen 1980). This distinctive paltern
of allostery, exemplified by the cnzyme in Bacillus
subtilis, is one of several examples in nature which have
been fermed “metabolic interfock™ to describe the regu-
latory effects of amino acids upon enzymes operating
in separate pathways (Jensen 1969). These effects were
demonstrated in vivo as well as in vitro. Tt was subsequently
shown that the positive and negative allosteric effectors
of the B. subrilis prephenate dehydratase modulate enzyme
activity by mediating intcrconversions between active
(octamer) and inactive (dimer) forms ol the enzymes
(Pierson and Jensen 1974; Ricpl and Glover 1979). The
possibility that the M. makii prephenate dehydratase may

undergo similar molecular-mass transitions in response
to allosteric cffectors seems appealing although this
phenomenon has yel to be confirmed in this organism.

As shown in Table 3, the particular details of activa-
tion and inhibition of prephenate dehydratase by remote
effectors vary considerably. A specific amino acid effector
may activate or inhibit the enzyme of one bacterium but
have no effect on another. When comparisons can be
made, the relative efficiencies of an effector are often
dissimilar.

An additional characteristic of the prephenate dehy-
dratase of M. mahii was that the allosteric effects of
L-phenylalanine (inhibition) prevailed over those of L-
tyrosine (activation). Similar results were previously
reported [or the corynebacterium enzymes (Fazel and
Jensen 1980) which, like the enzyme from M. mahii
showed only negligible activity in the absence of effectors.
In contrast, the type of prephenate dehydratase which is
not allosterically affected by hydrophobic amino acids
of non-aromatic origin but is strongly activated by
i-tyrosine (e.g., in cyunobacleria) possesses a mode of
L-tyrosine activation which dominates over L-phenylala-
nine inhibition (Hall and Jensen 1980).

Unlike the pathway [or L-phenylalanine biosynthesis,
the pathway arrangement and regulation indicated by
the prephenate-specific tyrosine-pathway dehydrogenase
of M. mahiiis not widely conserved among the low G+C
gram-positive lincage. For example, the prephenate dehy-
drogenase of M. mahii appears to be most similar to the
class of enzyme [ound in Bacilfus (Champney and Tensen
1970) while a cyclohexadienyl dehydrogenase (uiilizes
either prephenate or arogepate as substrate) and a
substrate-specific arogenate dehydrogenase are found in
mycoplasma (Berry et al. 1987) and coryneform bacteria
(Fazel et al. 1980), respectively. However, the prephenate
dehvdrogenase of M. mahii differed from the B. subtilis
enzyme in that it was not inhibited by L-phenylalanine
and in its abilily to utilize both NAD? and NADP' as
cofactor. The B. subsilis prephenate dehydrogenase exhi-
bits an absolute requircment for NAD™. The broad
specificity of cofactor recognition may be of interest in
view of reports that a number of dehydrogenases from
such archaebacterial species as the thermoacidophiles
accepl both cofactors (Danson 1988). Prephenale dehy-
drogenases having broad specificity for cofactor appear
to be uncommen in all other phylogenetic groupings.,

Table 3. Variable allosteric action by remote effeclors ol the interlock type of prephenate dehydratase

Bacterium Remote effeclors Reference

Activator® Inhibitor
Bacillus subiilis MET = LEU > ILE > CYS > VAL TRP Pierson and Jensen 1974
Carynebacterium ghutumicum TYR > MET TRP Fazel and Jensen 1980
Syunechocystis sp. 29108 TYR Hall and Jensen 1980

Acholeplasma laidiawii
Halohacterium vallismortis
Methanohalophilus mahii

MET > ILE > VAL > 1YR > TRP
ILE > TYR > MET > LEU
TYR > MET > TRP = LEU > ILE

Berry et al. 1987
Jensen et al. 1988
This study

TRP®

* Amino acid effectors are given in order of relative cificiencies

b Atconcentrations above 0.2 mM L-tryplophan, inhibition progressively declined. indicating a mixture of achvating and inhib:ting effects



although such breadth of cofactor specificity 15 known
for some cyclohexadienyl dehydrogenases (Jensen 1992).

Neither shikimatc dchydrogenase nor chorismate mu-
tasc of M.mahii showed repulation by any of the
aromatic amino acids or remote effectors tested for
allostery with the prepbenate debhydratase. Lack of
allosteric regulation is typical of eubacterial shikimate
dehydrogenases. With one exception (Petzel and Hart-
man 1991), they are specific for NADPH as cxpected for
reductive biosynthetic steps. Although some classes of
chorismate mutase in nature exhibit complex multi-
cffector allosteric control, chorismate mutases not subject
to allosteric control have been reported in a broad range
of organisms in nature including species of gram-negalive
bacteria, gram-positive bacteria, cyanobacteria, and
higher plants {Jensen 1992).

Significance of the interlock type dehydratase
in archaebacterial genealogy

In the eubacteria extensive aromalic amino acid pathway
studics have provided an appreciation of the diversity
and conservation of pathway character stales. A particu-
lar feature will cluster at a hierarchical level of phylogeny
that cannot be predicted. For example, the bifunctional
P-protein of phenylalanine biosynthesis is present in two
of the three superfamilies of gram-negative bacteria,
while the bifunctional T-protein of tyrosine biosynthesis
evolved much later and is restricted to the enteric lineage,
a small cluster within superfamily B (Ahmad ct al. 1990).

The interlock type of prephenate dehydratase thar is
activated by hydrophobic amino acids of non-aromatic
origin has proven to be a character state conserved
throughout the gram-positive lineage but absent elsewhere
among the eubacleria. Its discovery in the extreme
halophile Halobacterium vallismortis (Jensen et al. 1988)
and now In M. mahil cstablishes this feature as a focal
point for perspective about aromatic pathway diversity
in archaebacteria. Regulatory relationships of the inter-
lock type of prephenate dehydratase have been inter-
preted in terms of a mechanism that maintains a balance
of hydrophobic amino acids for optimal protein synthesis
(Rebello and Jensen 1970; Pierson and Jensen 1974). The
rudimentary translation scheme hypothesized for ances-
tral cclls and the propcnsity of this system for errors
has been discussed by Woese (1987), Ycas (1974), and
Jensen (1976). In this context, it is of considerable
relevance that erroncous substitution of hydrophobic
amino acids for L-phenylalanine remains the most com-
mon translation error in both cubacterial and extreme-
halophile systems (White and Bayley 1972).

The presence of the interlock type of prephcnate
dehvdratase in both the extreme halophiles and halophilic
methanogens but ahsence in all eubacteria except the
gram-positive division suggests that the conservation of
this ancient substrate-balancing mechanism for protein
synthesis may be deeply rooted within the archaebacterial
lineage. Perhaps the pram-positive cubacteria diverged
earliest of the major eubacterial divisions from a common
ancestor of the latter divisions which lost the halancing
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Fig. 4. Phylogenetic kingdoms defined by Woese (1987). The extreme
halophiles and halophilic methanogens are members of the ar-
chaebacteria. Quly the gram-positive grouping of the five major
divisions of contemporary envacteria is shown. The dendrogram at
the lower right illustrates an order of branching for eubacterial
division whereby the gram-positive hineage diverged from the
archacbacteria (represented by the sohd line on the far right) at the
deepest phylogenetic position

mechanism in favor ol olher translational controls. This
arrangement, whereby gram-positive eubacteria are con-
ceptualized as the outlying eubacterial grouping closcst
to the archacbacteria, is illustrated by the dendrogram
in the lower right portion of Fig. 4. The prescnec of the
interlock type of prephenate dehydratase in both the
halophilic methanogen M. mahii and in the extreme
halophiles, provides further argument against the accep-
tance of the evolutionary placement of the halobacieria
with the eubacteria, as proposed by Lake et al. (1985),
rather than with the archaebacteria.
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Journal Series No. R-03285.

References

Abhmad S. Jensen RA (1988) New prospects for deducing the
evolutionary history of metabolic pathways in prokaryotes:
aromatic biosynthesis as a case-in-point. Orig Life Evol Bio-
sphere 18: 41-57

Ahmad 8, Weisburg WG, Jensen RA (1990) Evolution of aromatic
amino acid biosynthesis and application to the finc-luned
phylogenetic positoning of enteric bacteria. J Bacteriol [72:
10511061

Balch WL, Fox GE, Magrum LJ. Woese CR, Wolfe RS (1979)
Methanogenesis: reevaluation of a unique biological group.
Microbiol Rev 43: 260-296

Berry A. Ahmad S, Liss A, Jensen RA (1987) Enzymological
features of aromatic amino acid iosynthesis reflect the phylo-
geny of mycoplasmes. J Gen Microbiol [33: 2147-2154

Bonner CA, Jensen RA (1987) Arogenate dehydrogenase. Methods
Enzymol 142; 488—494

Bonner CA, Fischer RS, Ahmad §. Jensen RA (1990) Remmnanis
of an ancient pathway to rL-phenylalanine and L-tyrosine in
enteric bacteria: evelutionary implications and biotechnological
impact. Appl Environ Microbiol 56: 3741-3747



446

Bradlord MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 72: 248—234

Byng G8S. Kane JI, Jensen RA (1982) Diversity in the routing and
regulation of complex biochemical pathways us indicators of
microbial relatedness. CRC Crit Rev Microbiol 9: 227-252

Champney WS, Jensen RA (1970) The enzymology of prephenate
dehydrogenase in Bacillus subtifis. ) Biol Chem 245: 3763-3770

Cotton RGH. Gibson F (1965} The biosynthesis of phenylalanine
and tyrosine: enzymes converting chorismic acid into prephenic
acid and their rclationships (o prephenate dehydratase and
prephenate dehydrogenase. Biochim Biophys Acta 100: 76—88

Danson MI (1988) Archacbacteria: the comparative enzymology
of their central metabolic pathways. Adv Microbiol Physiol 29:
165-231

Fazel AM, Jensen RA (1980) Regulation of prephenate dehvdratasc
in coryneform species of bacteria by r-phenylalanme and by
remote effectors. Arch Biochem Biophys 200: 165-176

Fazcl AM, Bowen JR, Jensen RA (1980) Arogenate (pretyrosine)
is an obligatory intermediate of L-tyrosine biosynthesis: confir-
mation in a microbial mutant. Proc Natl Acad Sci USA 77:
1270-1273

Fischer RS, Jensen RA (1987a) Arogenate dehydratase. Methods
Enzymol 142: 495-502

Fischer RS, Jensen RA (1987h) Prephenate dehydrogenase (mono-
functional). Methods Enzymol 142: 303-507

Fischer RS. Jensen RA (1987¢) Prephenate dehydratase (mono-
functional). Methods Enzymol 142: 507-512

Gibson I (1964) Chorismic acid: purification and some chemical
and physical studies. Biochem J 90: 256--257

Hall GC, Jensen RA (1980) Enzymological basis for growth
inhibition by r-phenylalanine in the cyanchacterium Syrecho-
cystis sp. 29108, J Bacteriol 144: 1034-1042

Hall GC, Flick MB, Gherna RL, Jensen RA (1982) Biochemical
diversity for biesynthesis of aromatic amino acids among the
cyanobacteria. J Bacteriol 149: 65--78

Jensen RA (1969) Metabolic interlock: regulatory interactions
exerted between biochemical pathways. J Biel Chem 244:
28162823

Jensen RA (1976) Enzyme recruitment in evolution of new function.
Annu Rev Microbiol 30: 409—-425

Jensen RA (1985) Biochemical pathways can be traced backward
through evolutionary time. Mol Biol Evol 2: 92108

Jensen RA (1992) An emerging outline of the evolutionary history
of aromatic amine acid biosynthesis. In: Mortlock RP (ed) The
cvolution of mctabelic Tunction. CRC Press, Boca Raton,
Florida, pp 205236

Jensen RA, Nesler EW (1966) Regulatory enzymes of aromatic
amino acid biosynthesis in Bacillus subuiis. 1. Purification and
properties of DAIIP synthetase. J Biol Chem 241: 3365-3372

Jensen RA. d’Amato TA, Hochstein LI (1988) An extreme-
halophile archaebacterium possesses the interlock type of pre-
phenate dehydratase characteristic of the gram-positive eubac-
teria. Arch Microbiol 148: 365-371

Lai M. Sowers KR, Robertson DF, Roberts M7, Gunsalus RP
(1991) Distribution of compatible solutes in the halophilic
methanogenic archaebacteria. J Bacteriol 173: 53525358

Lake JA, Clark MW. Henderson E, Fay SP, Oakes M., Schein-
man A, Thornber JP, Mah RA (1985) Eubacteria, halobacteria,
and the origin of photosynthesis: the photocytes. Proc Natl
Acad Sci USA 82: 3716-3720

Palerek JR, Smith PH (1983) Isolation and characicrization of a
halophilic methanogen from great salt lake. Appl Env Microbiol
50: 877-881

Paterek TR, Smith PH (1988) AMethanohalophilus mahii gen. nov.,
sp. nov., a methylotrephic halophilic methanogen, Int J Syst
Bacteriol 38: 122-123

Petzel JP. Hartman PA (1991) Aromatic amine acid biosynthesis
and carbohydralc catabolism in strictly anaercbic mollicutes
(Anaeraplasma spp.) . Syst Appl Microbiel 13: 240-247

Pierson DL, Jensen RA (1974) Metabolic interlock: control of an
interconvertible prephenate dehvdratase by hydrophobic amino
acids in Bacillus subtilis. 7 Mol Biol 90: 563579

Rebello JL., fensen RA (1970) Metabolic interlock: the multimeta-
bolite control of prephenate dehydratase activity in Bacillus
subtilis. I Biol Chem 245: 3738 3744

Riepl RG, Glover GI (1979) Regulation and state of aggregation
ol Bacillus subtilis prephenate dehydratase in the presence of
allosteric effectors. J Biol Chem 254: 10321-10328

White BN, Bavley STG (1972) Further codon assignments in an
extremely halophilic bacterium using a cell-frec protein-syn-
thesizing system and a ribosomal binding assay. Can I Biochem
50: 600—609

Woese CR (1987) Bacterial evolution. Microbiol Rev 51: 221-271

Woese CR, Olsen GJ (1986) Archaebacterial phylogeny: per-
spectives on the urkingdoms. Syst Appl Microbiol 7: 163-177

Yang DC, Kaine B, Woese CR (1985) The phylogeny of archaebac-
teria. Syst Appl Microbiol 6: 251-256

Yeas M (1974) On carlicr states of the biochemical system. J Theor
Biol 44: 145-160

Zaccai G, Eisenberg H (1990} Halophilic proteins and the influence
of solvent on protein stabilization. Trends Biochem Sci 15:
333-337



