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INTRODUCTION probably would be to collect the structural genes together.

It has become quite apparent from the recent flood of ge-
nomic data that dynamic gene reorganization is an ongoing
process (albeit of unknown significance) that distinguishes
even closely related genomes. Genes that stay together within
operons must resist the gene-scrambling process. Operons that
embrace a complete complement of pathway-specific struc-
tural genes (Whole-pathway operons), such as the ones encod-
ing all the enzymes of tryptophan (Trp) biosynthesis or histi-
dine biosynthesis, have a classical status in both biochemistry
and molecular genetics that extends far beyond understanding
these pathways per se. Such whole-pathway operons are broad-
ly distributed among prokaryotes. However, the pathway genes
may be completely scattered in some organisms, and in yet
other organisms, the pathway genes may be organized into two
or more “split-pathway” operons. This raises intriguing ques-
tions about what the evolutionary relationship is between
whole-pathway operons, split-pathway operons, and those
cases where all pathway genes are unlinked. Is it possible to
deduce whether a given whole-pathway operon was an ancient
innovation and therefore that operon splitting and/or gene
dispersal followed in some lineages? Or are whole-pathway
operons relatively recent innovations that are derived from
split-pathway operons? Or, since these two scenarios are not
mutually exclusive, is it possible that both apply?

An ideal operon system for this analysis is the #p operon.
We show that the #7p operon must have been present in early
prokaryote ancestors. In Bacteria but not in Archaea, sufficient
genome representation exists to deduce an ancestral whole-
pathway frp operon. The regulation of this operon may initially
have been quite minimal since the first evolutionary step(s)

Parsimony principles support a hypothesis developed in this
paper of two major evolutionary events in Bacteria, one split-
ting the ancestral operon in two and the other rejoining it by
gene fusion. We assert that a detailed analysis can recognize
occasional events of lateral gene transfer (LGT) or paralogy.
Both are likely to be associated with Trp pathway genes en-
gaged in specialized metabolic pathways other than primary
amino acid biosynthesis. We show that when two sister lineages
differ in particular #rp operon characteristics, it is possible to
deduce which is the derived change and which reflects the state
of the ancestral node.

Recently, Gogarten et al. (28) endorsed a “synthesis” that
will acknowledge both the traditional tree-like behavior (ver-
tical descent of genes) and web-like, reticulate behavior (hor-
izontal gene transfer) of the evolutionary process. They leave it
open whether or not “vertical descent remains the best descrip-
tor of the history of most genes over evolutionary time.” Our
overall analysis yields a very optimistic viewpoint that the evo-
lution of the #rp operon can be deduced as a vertical genealogy,
with events of LGT and paralogy enriching the analysis as
interesting features rather than undermining or obliterating
the vertical trace of evolutionary history.

Biochemical Pathway of Tryptophan Biosynthesis

Nomenclature. The inconsistencies of nomenclature for des-
ignations of genes involved in aromatic biosynthesis have cre-
ated increasingly awkward problems for comparative analyses,
and in order to cope with genomic comparisons, we have im-
plemented a logical system of naming aro genes at a level
corresponding to catalytic domains (13, 31, 44, 90, 91, 88). We
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FIG. 1. Biochemical pathway of tryptophan biosynthesis. The nomenclature used in this paper for the seven catalytic domains is in boxes. See Table 1 for the alternative designations
used in the literature. Anthranilate synthase catalyzes the overall reaction from chorismate to anthranilate via the half-reactions shown, whereby 2-amino-2-deoxyisochorismate (ADIC) is
an enzyme-bound intermediate (62). The TrpAa/TrpAb complex functions as an amidotransferase, utilizing glutamine as the source of the 0-amino group of anthranilate. TrpAa can catalyze
the overall reaction alone in the presence of NH; (thereby functioning as an aminase). TrpAb alone in some cases may be able to function as a glutaminase. As shown by McDonald et
al. (59), Pseudomonas and Streptomyces species form ADIC as the product of a reaction catalyzed by PhzE. PhzE has fused domains that are homologues of TrpAa and TrpAb, which we
have denoted TrpAa®TrpAb_phz (93) (see Table 1). In these organisms, ADIC can be considered a branch point that proceeds to Trp on the one hand and to phenazine pigments on the
other hand. Tryptophan synthase catalyzes a second overall reaction, converting indoleglycerol phosphate to Trp in a reaction path where indole is always an intermediate. The alpha (TrpEa)
and beta (TrpEb) subunits catalyze the reactions shown in which the indole intermediate is processed through a tunnel (85). PR, phosphoribosyl; IGP, indoleglycerol phosphate; G3P,

glyceraldehyde 3-phosphate.



306 XIE ET AL. MICROBIOL. MOL. BIOL. REV.
TABLE 1. Key to nomenclature conversions
Gene name*
Function Protein domain encoded
Suggested Conventional
Tryptophan biosynthesis trpAa trpE Anthranilate synthase, aminase subunit (o)
trpAb trpG Anthranilate synthase, amidotransferase subunit ()
trpB trpD Anthranilate phosphoribosyl transferase
trpC tpF Phosphoribosyl-anthranilate isomerase
trpD trpC Indoleglycerol phosphate synthase
trpEa trpA Tryptophan synthase, o subunit
trpEb trpB Tryptophan synthase, B subunit
trpAaetipAb® trpE(G) Fusion of first two domains above
Phenazine biosynthesis trpAaetipAb_phz° phzE ADIC synthase
Folate biosynthesis pabAa pabB 4-Amino-4-deoxychorismate synthase, aminase subunit (a)
pabAb pabA 4-Aminobenzoate synthase, amidotransferase subunit ()
pabAc pabC 4-Amino-4-deoxychorismate lyase (y) subunit

“ Nomenclature is at the level of catalytic domain in order of reaction steps in the pathway. Overall reactions of tight complexes are assigned one capital letter, and
then «, B, and vy subunits are assigned lowercase letters. trpAa and pabAa are homologs, as are trpAb and pabAb. The convention of a bullet denotes a fusion.
TrpAa®TrpAb catalyzes the overall reaction of anthranilate synthase (see Fig. 1). TrpAa®TrpAb_phz is a distinct and shortened subgroup of TrpAa®TrpAb that

catalyzes only the first half-reaction, ADIC synthase.

have extended this nomenclature to the Trp pathway (89, 92)
(see Fig. 1 and Table 1). The two overall enzyme reactions that
utilize a complex of nonidentical subunits have been denoted
with lowercase letters (TrpAa and TrpEa are a-subunits for
anthranilate synthase and tryptophan synthase, respectively;
TrpAb and TrpEb are  subunits for anthranilate synthase and
tryptophan synthase, respectively). Capital letters are assigned
according to the order of the enzyme reactions (or overall
reactions, in the case of the two complexes). C. Yanofsky has
expressed to us his preference (probably shared by most ex-
perimentalists working specifically with #rp systems) for adher-
ence to previous nomenclature schemes to minimize disruption
of what is most familiar in the existing literature. Admittedly,
the designations generally in use for the Trp branch do not
generate as many problems of annotation errors as is the case
for the rest of the aromatic pathway, but for consistency with
our overall work with the aromatic pathway, we use the new
naming system in this paper. Both sets of designations are
shown in Table 1.

Seven catalytic domains and two o/f-subunit complexes.
Trp is an essential amino acid among the assemblage of re-
quired amino acids in mammals. Trp is generally synthesized
by free-living prokaryotes, lower eukaryotes, and higher plants.
The Trp pathway is one of three amino acid branches diverging
from a common flow route that produces chorismate. The
apparent universal biosynthetic pathway for Trp biosynthesis
that initiates with chorismate and L-glutamine is shown in Fig.
1. Seven catalytic domains are deployed to carry out the reac-
tions shown. In a given organism these may be individually
expressed, but a wide variety of gene fusions that encode single
proteins carrying two or more catalytic domains are known.

TrpAa can function as an ammonia-utilizing aminase in the
anthranilate synthase reaction. Although the aminase reaction
can proceed with ammonia at unphysiologically high pH val-
ues, such reactions typically rely upon a glutamine-utilizing
glutaminase subunit to deliver the ammonia at the active site
(probably within a “tunnel”). Accordingly, TrpAb is a gluta-
minase homologue that forms a complex with TrpAa, thereby

conferring an amidotransferase component to the overall an-
thranilate synthase reaction in the presence of glutamine. In
either case, whether or not the overall anthranilate synthase
reaction is carried out in the presence of TrpAb, 2-amino-2-
deoxyisochorismate (ADIC) is an enzyme-bound intermediate.
Interestingly, some species of Pseudomonas and Streptomyces
produce an enzyme called PhzE (59), which carries out the
ADIC synthase reaction but not the ADIC lyase reaction (see
Fig. 1). ADIC is then converted ultimately to phenazine pig-
ments. PhzE is a fusion of domains homologous to TrpAa and
TrpAb (hence our designation TrpAa®TrpAb_phz in Table 1).
TrpAa belongs to a protein superfamily that includes other
chorismate-utilizing enzymes: PabAa converts chorismate to
4-amino-4-deoxychorismate (precursor of 4-aminobenzoate),
and MenF and EntC are different homologue subgroups that
convert chorismate to isochorismate (as precursors of ubiqui-
nones and an iron siderophore, respectively).

Tryptophan synthase also exists as a complex of nonidentical
subunits and is one of the best-understood examples of allo-
steric interaction exerted between subunits (97). Why indole
should be sequestered to a tunnel in the «/B complex of tryp-
tophan synthase is not known, but indole is volatile and rather
toxic. Yanofsky has speculated that recent findings of a role for
indole in quorum sensing and biofilm formation might suggest
that indole either produced by tryptophanase or otherwise
available in the environment may serve as a metabolite cue
that might otherwise be disrupted if biosynthetic indole were
not enzyme-bound (see reference 96 and references therein).
It has been speculated (92) that some Archaea may not form a
tryptophan synthase complex.

Relatives of Trp pathway catalytic domains. The pathway of
Trp biosynthesis is the first amino acid pathway for which the
atomic structure of every catalytic domain has been deter-
mined (58), a circumstance of significance because evolution-
ary analysis can be greatly enhanced through insight gained at
the structural level of protein folding. Consultation of the
reference by Yanofsky et al. (97) is highly recommended for a
definitive presentation of the detailed literature up to about
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2000. Each catalytic domain belongs to a protein superfamily
at the structural level of protein folding. Many of the catalytic
domains exhibit clear homology on the criterion of amino acid
identity with proteins that have different substrate specificities
and which participate in different pathways. From an evolutionary
perspective, this is of interest with respect to such questions as
the extent to which the Trp pathway enzymes have been as-
sembled (via gene duplication and substrate alteration) by re-
cruitment of homologues from other pathways or the extent to
which the Trp pathway has been the source of genes recruited
for function in other pathways or a homologous gene with a re-
cent history of function in another pathway has “crossed over”
to replace a Trp pathway gene (or vice versa). This aspect is
not addressed further in this article except indirectly (e.g., see
the later section on the search for an elusive #pC gene).

Identical Trp pathways exist within varied metabolic con-
texts. The Trp pathway is generally defined as an unbranched
pathway that begins with chorismate and produces Trp as a
substrate for general protein synthesis. The Trp pathway ap-
pears to have evolved only once. These aspects of universality
are favorable for the task of deducing the evolutionary history.
However, many aspects of biochemical individuality are not
usually considered. In some cases, Trp biosynthesis does not
compete with Phe and/or Tyr biosynthesis because one or both
of these are absent. In other cases, as exemplified by the use of
ADIC for phenazine biosynthesis in Pseudomonas and Strep-
tomyces species, chorismate is no longer the last branch point,
and if one starts with chorismate as a reference point, then the
pathway is branched. The pathway does not necessarily end
exclusively with the Trp end product supplying protein synthe-
sis, e.g., in cases where Trp may be a component of an antibiotic
(as in Streptomyces), or where it is converted to indoleacetic
acid in plant symbionts such as Azospirillum. Eukaryotes
(but no prokaryotes so far) deploy Trp as a precursor of
niacin. In such cases, the pathway can be considered divergently
branched at the end, with Trp being guided to different molecular
fates.

Trp is the most biochemically expensive of the amino acid
pathways, requiring the input of erythrose-4-phosphate, ATP,
phosphoribosyl pyrophosphate (PRPP), two phosphoenolpyru-
vate molecules, L-glutamine, and L-serine. Thus, efficient reg-
ulation is generally expected, but these rules no longer apply in
an endosymbiont such as Buchnera, which has abandoned Trp
regulation. In this case, loss of regulation can be viewed as a
positive selective step in order to satisfy the needs of its aphid
host. In addition, some prokaryotes sustain different physio-
logical or developmental states where the demands impacting
the Trp pathway may be more complicated than just sensing
the availability of Trp for protein synthesis. These often involve
specialized pathways that coexist with primary Trp biosynthe-
sis. These specialized pathways are encoded in part or entirely
by divergent trp gene duplicates whose expression is triggered
by a variety of temporal and environmental cues, e.g., to make
a given pigment or antibiotic derived in part from the Trp
pathway.

These are all interesting but complicating elements that we
have tried to keep in mind. This is relevant to the task of
sorting out and recognizing paralogues (or xenologues) that
may be engaged in specialist pathways other than primary Trp
biosynthesis. Appreciation of such complexity may also prove
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relevant to understanding the nature of split-pathway #rp op-
erons in many prokaryotes.

Operon Stability

Most molecular biologists who are familiar with the elabo-
rate control features of well-studied operon systems would
feel a strong conviction that once evolved, these would resist
change (at least disruptive changes). Yet a bioinformatic anal-
ysis of the then-available genomes in 1999 (37) produced the
conclusion that operon structures, such as the #p operon, are
unstable, as inferred from observations of extraneous inser-
tions, gene dispersal, and scrambling of gene order within
operons. Characterization of operons as unstable connotes sus-
ceptibility to deterioration. If true, this implies that the selec-
tive advantages conferred by such operons must be weak.

The Itoh et al. study (37) was a broad-scope analysis of many
operons that was necessarily limited with respect to in-depth
consideration of any individual operon system. It should be
noted that for these kinds of studies, operons have been con-
sidered simply as a collection of structural genes that are
linked. The presence or absence of linked or unlinked regula-
tory elements has not usually been evaluated, undoubtedly
because this is not easily done. In this paper we pursue in great
detail the evolution of a single well-known operon system in
the large number of prokaryote genomes now available. We
found strong support for the hypothesis that the #p operon,
minimally defined as the linked assemblage of structural genes
for tryptophan (Trp) biosynthesis, is of ancient origin and has
indeed followed a dynamic time course of change that includes
several identifiable milestone events in Bacteria. Our study
leads to the further hypothesis that the instability of early #p
operons (and perhaps some modern ones) can be attributed to
weak positive selection conferred by relatively undeveloped
control mechanisms.

We suggest that since the time that operons evolved a variety
of control mechanisms, the characterization of operons as dy-
namic (rather than unstable) yields better semantics to de-
scribe a positive ongoing process of fine-tuning. In modern
free-living organisms, the variety of recently evolved trp operon
systems which differ from one another and are endowed with
intricate control features mediated by one or more unlinked
regulatory genes may in fact be highly stable in the contempo-
rary time frame. One caveat, however, is that this frequent-
ly will not apply to pathogenic or endosymbiotic relatives,
where the rules dictating selective advantage have complete-
ly changed.

trp Operon and Its Regulation

The biochemical pathway of Trp biosynthesis is a classical
system of biochemical genetics (95, 97). In Escherichia coli the
component genes are organized into a single transcriptional
unit to form the #rp operon. (This is not strictly correct to the
extent that a weak internal promoter exists.) The Trp pathway
has become one of the most intensely studied systems in biol-
ogy, thanks largely to the truly Herculean labors of C. Yanof-
sky and his many students and colleagues. This system has
produced knowledge that extends well beyond the details of
the Trp pathway per se, e.g., proof of codon and amino acid
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colinearity and an early precedent for attenuation mechanisms
(95, 96). The individual reactions of Trp biosynthesis are in-
variant, but experimental work with a variety of organisms
reveals substantial diversity with respect to gene fusion, gene
organization, and mechanisms of regulation.

Known regulatory mechanisms. At the bioinformatic level,
the analysis of #rp operons in the literature has been largely
restricted to the structural genes. Consideration of regulatory
features has been understandably limited, mainly because rel-
atively little comparative information is available at the exper-
imental level and also because analysis of alternative stem-loop
structures, etc., is not a trivial task. Escherichia coli, Bacillus
subtilis, Pseudomonas aeruginosa, and Lactococcus lactis repre-
sent clades for which detailed control mechanisms have been
described, each of them entirely different. Importantly, each
mechanism seems to be narrowly distributed, and therefore we
infer that they are of recent origin. Note that in each case,
unlinked genes exist that markedly decrease the probability
that the total regulated operon system could be transferred by
LGT in one event.

Regulation of Trp biosynthesis in E. coli, the most widely
known system, is quite sophisticated (23, 94), being subject to
the following multiple levels of control: (i) repression control
via the Trp repressor (encoded by the unlinked #pR) which
binds Trp as a corepressor moiety, (ii) an attenuation mecha-
nism mediated by a Trp-rich leader peptide (encoded by trpL),
and (iii) allosteric feedback inhibition of anthranilate syn-
thase by Trp (95). The E. coli mechanisms of overall trp op-
eron regulation are generally shared by the enteric lineage
of Bacteria, defined by us as the clade that includes Shewa-
nella putrefaciens as the outlying point of divergence from
E. coli.

Bacillus subtilis has a different system of #p operon regula-
tion (72, 80, 95, 96), whereby genes unlinked to the #7p operon
encode (i) a #rp RNA-binding attenuation protein (TRAP)
encoded by mrB as well as (ii) an anti-TRAP gene product
encoded by rtpA (80). Trp both feedback inhibits anthranilate
synthase and activates TRAP for attenuator function, whereas
uncharged tRNA™P induces synthesis of anti-TRAP. TRAP
can also block translation of the #rp operon through inter-
ference with the ribosome-binding site. The clade sharing
the TRAP system of regulation includes Bacillus halodu-
rans, Bacillus stearothermophilus, and Oceanobacillus iheyen-
sis in addition to Bacillus subtilis. At this time it is not clear
whether the anti-TRAP component is present throughout this
clade.

A third finely tuned system of regulation has been docu-
mented in Lactococcus lactis (69). In this case uncharged tRNA
can bind directly to the leader transcript, stabilizing an anti-
terminator configuration that promotes expression of the op-
eronic genes. In Lactococcus lactis, unlinked, unknown genes
involved in rp operon transcript processing and in transcrip-
tion initiation have been suggested (69). The presence or ab-
sence of the Lactococcus lactis mode of trp operon regulation
in close relatives, such as species of Streptococcus, has appar-
ently not yet been investigated.

In Pseudomonas aeruginosa, the fourth well-documented sys-
tem, the Trp pathway is represented by four operon entities: a
free-standing trpAa, the trpAbBD operon, a free-standing trpC,
and the #rpEbTipEa operon. The trpAa and trpAbBD operons
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are regulated by attenuation mechanisms employing leader
peptides (67), whereas the trpEbtrpEa operon is controlled by
an indoleglycerol phosphate-activated regulatory protein en-
coded by #pl (6). trpC is not known to be regulated in any way.
The P. aeruginosa system is complicated by the presence of
paralogues of #rpAa and trpAb. These include genes of un-
known physiological function (also known as phnA and phnB)
expressed in stationary phase (57) as well as two copies of
PhzE (trpAaetrpAb_phz), a gene that encodes ADIC synthase
(Fig. 1), the initial reaction committed to phenazine biosyn-
thesis. It is not entirely clear what physiological conditions exist
in P. aeruginosa (and close relatives) that have resulted in its
unusual use of indoleglycerol phosphate as a regulatory cue for
the selective regulation of the #pEbTrpEa operon, but it is
certainly evident that much has been committed to the overall
regulation in this system. Close genomic neighbors of P. aerugi-
nosa that possess identical split-pathway #rp operons and #rpl
include Pseudomonas fluorescens, Pseudomonas syringae, and
Azotobacter vinelandii.

Unknown regulatory systems awaiting discovery? We do not
know the extent to which the total network of regulatory ele-
ments governing the single trp operons in the E. coli, B. subtilis,
and L. lactis clades or the multiple split-pathway operons of the
P. aeruginosa clade might be more elaborate than that of most
other organisms. Different lifestyles undoubtedly select mech-
anisms accommodating varied ranges of control responsive-
ness. A simple mode of Trp regulation may very well be ap-
propriate in a cyanobacterium but not E. coli. A variety of
alternative regulatory systems in other modern lineages prob-
ably remain to be elucidated. Transcriptional regulation has
been reported in the whole-pathway operons of Methanobac-
terium thermoautotrophicum (26) and Pyrococcus kodakaraensis
(77), but the exact mechanisms are unknown. The split-path-
way operons of the clade represented by Rhizobium meliloti
(7) and Azospirillum brasilense (21) exhibit an attenuation
mechanism involving a Trp-rich leader peptide, upstream of
the trpAaetrpAb fusion, but no regulation of the remaining
two partial-pathway operons is known. Physically separated
split-pathway frp operons may be of positive selective value
per se for presently unknown reasons, whereby it might be
of value to discoordinate the expression of some #rp genes
from others, or they may simply be the outcome of ini-
tially disrupted whole-pathway operons that subsequently re-
cruited a refined control mechanism accommodating the gene
separations.

Feasibility for Deduction of Evolutionary Histories

The current database for prokaryotes, at least for the Bac-
teria, now has sufficient genome representation to accommo-
date systematic attempts to deduce the evolutionary history of
well-understood biochemical pathways. Such an effort requires
the successful recognition and confrontation of complications
such as (i) irregular genome expansions in the form of the
unpredictable emergence of new paralogues or analogues, (ii)
an erratic and differential phylogenetic loss of paralogue genes
(often the cause of what has been termed unrecognized paral-
ogy), and loss of analogue genes (could be termed unrecog-
nized analogy), and (iii) lateral (horizontal) gene transfer
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TABLE 2. Cross-reference guide to organisms and figures

Figure(s) in which Figure(s) in which

Prokaryote it appears

Prokaryote it appears

Aeropyrum pernix. L 2A,4,5,10 Mycobacterium leprae.... .2B,3
Anabaena sp. ...... .. 2C, 4, 6A Mycobacterium smegmatis .2B, 3
Agquifex aeolicus .......... L 2A 4 Mycobacterium tuberculosis . . 2B, 3, 4, 6A
Archaeoglobus fulgidus.................cccoccecvvcvecivcnicncncncncncas 2A, 4,5, 10 Mycoplasma genitaliunm ................oveveeeveveeeserenesereneenenens 2B, 7
AzOSpirillum Brasilense .............c.cccocoeeeeeeeeeeoenscseosecaenns 4,9 Mycoplasma pneumoniae......................cococeeeeeeeeoreeneoccnnn. 2B, 7
Azotobacter vinelandii ..................ccocevevieciivinccennincnes 9

Neisseria gONOITHOCAE ............cuceeeeecuceesneesireesesreeneens 4,9
Bacillus QRIAFACIS .........c.ccveeeeeeeeeeeeerereeereeeeceeeeseeaenenens 2B, 4, 11 Neisseria meningitidis 2D, 4, 6B, 9
Bacillus halodurans ....... .2B, 11 NitroSOMONAS EUFOPACA .........c..cvuvuveereirecrsssesscaeans 2D, 6B, 9
Bacillus stearothermophilus . .2B, 4,11 NOSIOC PUICHfOITNE ... 2C, 4
Bacillus subtilis .................. 2B, 4, 6A, 11
Bordetella pertussis . ..2D, 4, 6B, 9 Oceanobacillus iheYensis ...............eceeceeeeceneoccecrcccnn. 11
Borrelia burgdorferi............ .. 2C
Bradyrhizobium japonicum....................cceeecececncececncas 9 Pasteurella MUILOCIAQ ...
Brucella Melitensis ...........c.cveueeueuvrereiesseeeeeeeeeeans 2D, 4,9 Porphyromonas gingivalis .................cccccoeeeeeeoeneneeencncncnccnn.
Buchnera sp. ........... .8 Pseudomonas aeruginosa .

Buchnera aphidicola...... .2D, 4 Pseudomonas fIUOTeSCens ..........ccoweeverecennccrenncenenn.

Burkholderia fungorum ..... ..2D, 6B, 9 Pseudomonas putida

Burkholderia pseudomallei..................cccccovvevvcvnnnnanan. 4 PSeudomonas SYringae ..............cococeceeceeceecssenssecnsscenns
Prochlorococcus marinus . .

CampylobACLer JEJUNI .............coeceeeereeeeeeeeeeeeen 2D, 4, 6A Pyrobaculum aerophilun .................cccccoceeeeeeeeencnncncccnnn.

Caulobacter CreSCENtUS ............ccuvveeeeeceeeeeeeeeaenes 2D, 4, 6B, 9 Pyrococcus abyssi

Chlamydia muridarum .. 2C PYroCOCCUS fUTIOSUS .....eceeneeciieieeieieeeiniecesieeceseeeeeeen

Chlamydia trachomatis ..... .2C Pyrococcus ROFIKOSAIIL .........coeeeeeevevenesinenisinieisineeseeeeene

Chlamydophila pneumoniae .2C

Chlamydophila psittaci....... .2C, 4, 6A Ralstonia metallidurans ..................ovvvvvvennenennenencns

Chlorobium tepidum ..... 2C, 4 Rhizobium loti............

Chloroflexus aurantiacus ...

Rhizobium meliloti..

Clostridium acetobutylicum . . 2B, 4, 6A Rhodobacter capsulatus.

Clostridium difficile............... .. 2B Rhodobacter sphaeroides....... .
Corynebacterium diphtheriae ................covcceeveuceeencncncn. 2B, 3,4 Rhodopseudomonas palustris..................ccccceeeeeeecececccncnn. 2D, 4, 6B, 9
Corynebacterium glutamicum .............cccoeccevceeeeeennns 3,4 RickettSia prowazekii............cceeeveveveveeeneneninenisinenisiseseeeneens 2D

Coxiella burnetii....................

Cytophaga hutchinsonii Salmonella enterica................uccvcevceecenecneenens 2D, 4,8

Shewanella putrefaciens. . 2D, 4, 6B, 8
Dehalococcoides ethenogenes .................ccocececeececcas 2A, 6A Sinorhizobium meliloti............. .2D, 9
Deinococcus radiodurans .. 2A, 4, 6A Sphingomonas aromaticivorans .. . 2D, 6B
Desulfovibrio VUIGATTS .............ccccceeiceeiioenicniiccccccas 2D, 4, 6A StaphylocoOCCUS QUIEULS .........c.cucuvueuveveeeiinieieeeicireeireeaes 2B, 4, 11
Desulfitobacterium hafAiense ...............occoeeeeoecevenennen. 6A Staphylococcus epidermidis ..............cccoceeeerveereennans. 2B, 5, 11

Streptococcus equi .2B,7
Enterococcus faecalis ...........coovovevrevsseeeseennans 2B, 7 Streptococcus gordonii 2B, 7

ESCREFICAIA COlL v neans 2D, 4, 6B, 8 Streptococcus mutans 2B, 4,7
Streptococcus pREUMONIAC ..........c.ceeeeeeeeereeueeeireeeaeneneeaenns 2B, 4, 6A, 7
Ferroplasma acidarmanus ...................cocecvcecececncnceccas 2A, 5, 10 Streptococcus pyogenes .2B,7
Streptomyces COClICOIOF ..........c.cveuvrrerrireicireeseeeane 2B, 3, 4
Geobacter SUfUIrTedUCENS ............c.ccueeeeeeeeeeeeeeneanns 2D, 4, 6A Sulfolobus SOIfAtariCus ..............ccccveeueevcceciineieccnann, 2A, 4,5, 10
SYNECHOCOCCUS SP. ....evveeieiiiiiicicieiicieieceeee e 2C
Haemophilus actinomycetemcomitans ........................... 4,8 Synechocystis sp. 2C, 4
Haemophilus dUCTeYi ............ccveeveereereeeeseeenans 2D, 8
Haemophilus influenzae .2D, 4,8 ThermomonOSPOIaA fUSCA ..........ceveveeevereeerereeerirenirireseseneens 2B, 3, 4
Halobacterium sp. ......... . 2A, 4,5, 10 Thermoplasma acidophilum 2A, 4,5, 10
Helicobacter pylori ..............c.ccocceeicvenicncneenenccncccccas 2D, 4, 6A Thermoplasma volcanium ... 5,10
Thermotoga maritima....... 2A, 4, 6A
Klebsiella pneumoniae....................ccoccocececececccecncncecncas 4,8 Thiobacillus ferrooxidans.. 2D, 4, 6B, 9
Treponema denticola ............oucceeneccnnccenncceenenne 2C
LactocoCCUS LACHES ...t Treponema pallidum................covveeevevenerevenesenenenineseneneens 2C
Legionella pneumophila
Listeria monocytogenes Ureaplasma urealytiCum ................oeeveeeeevevenevenenesinenenenenens 2B, 7
Magnetospirillum magnetotacticum....................cocceeecee 2D, 6B, 9 Vibrio CROIEIAE ... 2D, 4,8
Magnetococcus sp
Mesorhizobium [Ofi .............c.c.cocceveicveiencnecniiccccccas 4 WOIDACRHIA SP. .ot 2D
Methanobacterium thermoautotrophicum........................ 2A, 4,5, 10
Methanococcus jannaschii . 2A,4,5,10 Xanthomonas CAmpestris............ccveeeveereeeneeneseereneens 9
Methanosarcing DATKeri..............coceeeeeeeeeeeeceeeeeireceeseens 2A, 5, 10 Xanthomonas axonopodis ..............c.cceveceeerccneenecenns 9
Methylococcus capSUIALUS ............cccccoevceeccncicncnecncncas 2D, 6B Xylella fastidiosa 2D, 4, 6B, 9
Mycobacterium avium ... ..2B, 3,4
Mycobacterium DOVIS ...........c.coccceeoiceeieoenceneiccccecens 2B, 3 Yersinia pestis 2D, 4,8
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FIG. 2. Distribution of aromatic-pathway catalytic domains among prokaryotes. In each panel, 16S rRNA trees are shown at the left, and the
presence (shaded circles) or absence (open circles) of domains is shown at the right. Note that only the presence or absence of genes, not gene order,
is indicated. Catalytic domains of the common trunk of aromatic biosynthesis (Aro), the phenylalanine branch (Phe), the tyrosine branch (Tyr), and
the Trp branch are labeled across the top right; the specific letter designation for a given domain is shown at the bottom. In the Trp grouping, split
circles are used to indicate the presence or absence of TrpAa (top half-circle) and TrpAb (bottom half-circle) or TrpEa (top half-circle) and TrpEa
(bottom half-circle). In panel A, the presence or absence of transketolase (Trk) is indicated by the left column of circles. The connecting point of a
tree segment in any given panel (A, B, C, and D) with a tree segment(s) in another panel is marked with a broken line. The scale bar corresponds
to substitutions per site. Dotted lines in the Streptococcus region (B) and the Buchnera region (D) indicate our suggestion that the 16S rRNA tree
shown may not reflect exactly the correct order of branching, and perhaps these organisms branch from a slightly deeper position. See Fig. 8 for the
suggested branching order of Buchnera. Circled numbers indicate eight node positions from which Trp protein trees are congruent with the 16S rRNA
tree. The common trunk of aromatic biosynthesis is encoded by seven genes whose corresponding gene products are named AroA through AroG. The
common-pathway genes are named in exact order of pathway reactions according to the precedent implemented in references 12, 31, 76, 90, and 91.
The chorismate mutase block is represented by homologues of either AroQ (usually) or AroH (seldom) (12). PheA refers to prephenate dehydratase,
the sequence of the relatively infrequent arogenate dehydratase being currently unknown. TyrA refers to a homologue family that includes prephenate
dehydrogenase, arogenate dehydrogenase, or cyclohexadienyl dehydrogenase (9, 88). See Fig. 1 for details of Trp biosynthesis. The names of organisms
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retaining the putative ancestral whole-pathway #p operon are shaded orange, those having the two split-pathway operons are shaded magenta, and
those having operons rejoined by fusion of #rpD and #rpC are shaded aqua. These correspond to the major evolutionary events portrayed in Fig. 12
and indicated with the same color-coding scheme. Probable pseudogenes in chlamydiae (C) and Coxiella (21) are indicated with heavy black slash
marks. Genes that function in two pathways (rpAb in Bacillus subtilis and trpC in actinomycete bacteria) are marked with magenta bull’s-eyes in B.
Panel A includes the Archaea and a few of the deeper-branching Bacteria at the bottom. Panel B includes the gram-positive Bacteria. Panel C includes
cyanobacteria, chlamydiae, and other organisms on the 16S rRNA tree between the gram-positive organisms in panel B and the organisms in panel
D, which contains the gram-negative subdivisions of the Proteobacteria. Wolbachia sp. (panel D) is an endosymbiont of Brugia malayi. A cross-index
of all organisms shown in both this figure and the remaining figures is given in Table 2.
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FIG. 2—Continued.

(LGT). Errors and inconsistencies of database annotation as
well as idiosyncrasies of nomenclature can create formidable
hurdles for those who are not completely familiar with a given
pathway and its scholarly literature. Global computational sur-
veys to date are simply not very informative, and the algo-
rithms employed for automated annotation have too many
limitations. For example, a very recent effort at computational
identification of operons in microbial genomes (98) chose to
highlight the results of #zp operon analysis as a prime example
of the analysis. However, the results presented are not com-
prehensive and contain serious mistakes, most likely due to
errors in annotation and confusing nomenclature issues that
have been perpetuated in the databases.

As a first step toward deducing the evolutionary history of
overall aromatic biosynthesis, we selected the Trp branch as
a challenging but manageable metabolic segment for initial

analysis. Trp pathway genes have sometimes been recruited for
function in specialized biochemical pathways, and ancient
paralogues or xenologues may coexist with the Trp pathway
genes that are engaged in primary biosynthesis. We have
shown (93) that detailed case-by-case analysis can distinguish
ancient #rp paralogues (or xenologues) from their homologues
engaged in primary Trp biosynthesis. A comparable study in
the literature produced a detailed analysis of homologues of
ornithine carbamoyltransferase in which the challenges to
tracking a vertical path of evolutionary descent that are caused
by the complexities of xenology and ancient paralogy were
sorted out (73). This study was preceded by an analysis (49)
showing that ornithine carbamoyltransferases in turn belong to
a larger protein family in which the ornithine and aspartate
carbamoyltransferases are very ancient paralogues. The con-
clusions such comprehensive studies are consistent with the
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FIG. 2—Continued.

contentions of Glansdorff (27) and Woese (87) that complica-
tions of ancient paralogy, ancient analogy, and lateral gene
transfer can be recognized sufficiently well to allow the events
of vertical ancestry to be tracked.

Here we present results from an in-depth, manual analysis of

Trp pathway genes in over 100 genomes. A limited amount of
information is also given to illustrate the very important per-
spective that the evolutionary relationships of Trp biosynthesis
will ultimately be best understood in its larger context as one
branch of a highly divergent pathway responsible for the bio-
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synthesis of aromatic amino acids as well as many other im-
portant metabolites.

GENOMIC DISTRIBUTION OF THE
TRYPTOPHAN PATHWAY

Mapping of ftrp Gene Patterns to the 16S rRNA Tree

In most of the figures used in this paper, patterns of oper-
onic gene arrangement in a given organism are mapped to the
placement of that organism on a 16S rRNA tree. Table 2 keys
each organism examined to the figures that show #p gene
patterns in that organism. To what extent do the individual Trp
protein trees parallel the 16S rRNA tree? It is well known that,
unlike information-rich 16S rRNA, most individual proteins
cannot be expected to yield robust phylogenetic trees in which
the order of branching is well supported by high bootstrap
values, at least not over wide phylogenetic ranges. However, in
relatively narrow phylogenetic spans, we have found congruity
between Trp protein trees and 16S rRNA trees (except for
TrpAb, which is too small).

Figure 2 illustrates (see shaded and circled numbers) eight
clades where reasonably good congruity is observed: a Listeria/
Bacillus/Staphylococcus/Streptococcus grouping (Fig. 2B), B.
subtilis, B. stearothermophilus, B. halodurans (Fig. 2B), actino-
mycete bacteria (Fig. 2B) cyanobacteria (Fig. 2C), Campylo-
bacter/Helicobacter (Fig. 2D), Proteobacteria between Caulo-
bacter crescentus and Rhodobacter sphaeroides in Fig. 2D, the
clade between Thiobacillus ferrooxidans and Pseudomonas sy-
ringae (Fig. 2D), and the enteric lineage between Shewanella
putrefaciens and Escherichia coli in Fig. 2D. These are all
groups for which a sufficient number of closely related ge-
nomes have been sequenced. We expect that when genome
sequences become available in more sparsely represented
areas, e.g., around Chlorobium (Fig. 2C) or Thermotoga (Fig.
2A), additional phylogenetic spans will be congruent. Within a
relatively narrow phylogenetic span, protein trees actually have
the potential to discriminate branching order better than 16S
rRNA trees. Our Trp protein trees (data available upon re-
quest), together with a variety of other aromatic-pathway in-
formation (see also the section on nested gene fusions), sug-
gest that the Enterococcus/Streptococcus/Lactococcus grouping
is outside the Listeria/Bacillus/Staphylococcus clade rather than
within it, as shown on the 16S rRNA tree of Fig. 2B.

Assembly of these protein trees is not a trivial task because
divergent paralogues or xenologues engaged in specialized met-
abolic activities as well some genes originating by LGT must be
recognized and sorted out. Examples are given in this paper.

Trp Biosynthesis in Its Larger Context of
Aromatic Biosynthesis

Trp biosynthesis is usually described as the branch of aro-
matic biosynthesis (reference 10 is a comprehensive biochem-
ical review) that begins with chorismate and L-glutamine as
initial substrates. In view of the fact that chorismate is not
generally available from the environment as a stable nutrient,
Trp biosynthesis can be considered from an in vivo perspective
to initiate further upstream via the enzymatic condensation of
erythrose-4-phosphate and phosphoenolpyruvate. This step is
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common to the biosynthesis of all three aromatic amino acids
and is positioned at a point of interface with carbohydrate
metabolism.

The multipurpose Fig. 2 provides a summary of the presence
or absence of Trp pathway genes in the larger context of the
presence or absence of genes specifying the common aromatic
trunk and the sister phenylalanine and tyrosine branches. The
circles in Fig. 2 from left to right represent catalytic domains
(specified at the bottom of each panel) corresponding to the
seven common-pathway steps (aroA through aroG), choris-
mate mutase (aroQ or aroH) (which is common to the short
Phe and Tyr branches), and the seven catalytic domains of the
Trp pathway (Fig. 1 and Table 1).

The key enzyme of Phe biosynthesis is PheA, and the key
enzyme of Tyr biosynthesis is TyrA. The Phe and Tyr branches
each utilize an aminotransferase step, not shown as a circle
because of bioinformatic difficulties associated with deducing
the substrate specificity of multiple and ubiquitous broad-spec-
ificity aminotransferases (42). Most intermediary metabolites
of aromatic biosynthesis are not likely to be available from
the environment; only quinate, shikimate, and anthranilate, all
abundant in nature (10), are feasible precursors of Trp. Al-
though these metabolites are indeed readily utilized when
available, no prokaryotes have yet been found to rely on an
exogenous source of quinate, shikimate, or anthranilate as
exclusive and obligatory beginning precursors. One interesting
special-case exception is Chlamydophila psittaci, an obligate
intracellular parasite that utilizes host-derived anthranilate as
a required Trp precursor (89).

Implications of Missing Genes

Unidentified analogue genes. The most obvious explanation
for “missing” genes that leave a gap in an otherwise intact
pathway is the existence of analogue genes, i.e., functionally
equivalent genes that lack homology with the genes used to
query the databases. The common pathway of aromatic bio-
synthesis is a good example of nonhomologous genes produc-
ing enzymes that catalyze the same reaction. These include the
first step ([3-deoxy-p-arabino-heptulosonate-7-phosphate]
[DAHP] synthase) (31, 44), the third step (dehydroquinase)
(13), and the fifth step (shikimate kinase) (13, 18). Chorismate
mutase is represented in nature by three analogue genes (13).
No analogue genes are presently known for Trp pathway genes
except for trpC (9).

Alternative metabolic relationships. In contrast to the ap-
parent universality of the specific Trp branch, alternative en-
zyme steps appear to exist in nature for the Phe and Tyr
branches as well as for the common trunk of aromatic biosyn-
thesis. Some Archaea (Fig. 2A) and two widely spaced mem-
bers of the Bacteria (Aquifex and Desulfovibrio, Fig. 2A and
2D) lack both AroA and AroB. Transketolase (Trk), required
for generation of a substrate for AroA, is also shown in Fig. 2A
because most (but not all) organisms that lack AroA and AroB
also lack transketolase. (Desulfovibrio vulgaris [Fig. 2D] does
have transketolase.) In the last six organisms, dehydroquinate,
the substrate of AroC, presumably connects with carbohydrate
metabolism in some unknown way that does not involve AroB
or any of the known AroA homology groupings AroAa,
AroAg, or AroAy; (31, 44, 76). Some support for this putative
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alternative metabolic connection, based on tracer methodol-
ogy, exists in the literature (79). It is also possible that quinate,
either from the environment or arising endogenously in some
unknown way, could be the source of dehydroquinate via the
action of a quinate dehydrogenase.

Although species of Chlamydophila and Chlamydia are very
close phylogenetically, the presence of Trp pathway genes var-
ies from complete absence in C. pneumoniae to almost all
present in C. psittaci. It appears that the Trp pathway in C.
trachomatis and C. muridarum is in a contemporary process of
reductive evolution, and the few remaining genes may be rem-
nants (25, 89). In contrast to these species, an “incomplete” trp
operon in C. psittaci appears to play a role in the capture of
host kynurenine derived from tryptophan (89). Although C.
psittaci does lack trpAa and trpAb, the remaining five trp genes
coexist in an operon into which two novel genes have been
recruited. These encode kynureninase and PRPP synthase.
This creates the ability to generate PRPP (needed for the TrpB
step) and to intercept host kynurenine as a source of anthra-
nilate, cycling host-catabolized Trp back to Trp in the intra-
cellular parasite (89). Effectively, a host-pathogen metabolic
mosaic has been created, and the variant operon generates a
kynurenine-to-Trp flow route instead of the usual chorismate-
to-Trp flow route.

As explained above, the absence of frpAa and trpAb in
C. psittaci is by design, and the remaining Trp pathway is func-
tional. The likelihood that aroA and aroB, which are absent in
some organisms, will prove to reflect either a new metabolic
connection or the existence of unknown analogue genes has
already been mentioned. In a few cases tyr4 or pheA was the
only aromatic-pathway gene not found by homology search.
The endosymbiont Buchnera (Fig. 2D), which lacks tyr4, may
not need to synthesize tyrosine because the host has phenylal-
anine hydroxylase, which can convert phenylalanine to tyro-
sine. Aeropyrum pernix (Fig. 2A) and Helicobacter pylori (Fig.
2D), which both lack pheA, may very well possess arogenate
dehydratase, an alternative pathway step for prephenate dehy-
dratase (reference 39 and references therein). No gene encod-
ing an arogenate dehydratase has yet been cloned and sequenced.

Reductive evolution. Reductive evolution is descriptive of
the process in which pathogens or symbionts decrease genome
size by abandoning genes that are needed by their free-living
relatives but dispensable because of the availability of resources
from a host or symbiont partner. The genus Pyrococcus exhibits
marked variation in the capability for aromatic biosynthesis.
Pyrococcus horikoshii has experienced total reductive evolution.
Only TrpEb remains in P. horikoshii, and the case has been made
that this may have some other function, such as serine deami-
nase activity (92). P. abyssi possesses genes encoding common-
pathway and Trp pathway steps but lacks the Phe and Tyr
branches. Although chorismate mutase (aroQ) is present, it could
have some other substrate specificity (13). Since P. abyssi lacks
the competing Phe and Tyr branches, an unusual metabolic
circumstance exists in which the representation of tryptophan
biosynthesis can be collapsed to that of a linear pathway of 12
overall steps (corresponding to the seven common-pathway
steps followed by the five overall steps that are specifically
dedicated to Trp biosynthesis). In contrast to the foregoing two
differentially auxotrophic species of Pyrococcus, P. furiosus pos-
sesses a complete assemblage of aromatic-pathway genes.
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Organisms that lack the entire branched system of aromatic
amino acid biosynthesis include P. horikoshii (Fig. 2A), Urea-
plasma urealyticum and Mycoplasma species (Fig. 2B), Borrelia
burgdorferi and Treponema pallidum (Fig. 2C), and Rickettsia
prowazekii and Wolbachia spp. (Fig. 2D). These whole-pathway
reductive evolutions are generally associated with intracellular
parasitism or endosymbiosis, and they imply auxotrophic de-
pendence upon the host not only for all three aromatic amino
acids but also for end products of the vitamin-like branches
(e.g., folate, vitamin K, and ubiquinones) that derive from
chorismate. In the Bacteria, some organisms possess an other-
wise intact aromatic pathway but the Trp branch is uniquely
absent. Among gram-positive bacteria (Fig. 2B), this includes
Enterococcus faecalis and Clostridium difficile, and this pattern
is also seen in the gram-negative Haemophilus ducreyi (Fig. 2D).

Interestingly, some organisms lack all three of the terminal
aromatic amino acid branches but possess an intact common
pathway to chorismate: Streptococcus pyogenes (Fig. 2B), Strep-
tococcus equi (Fig. 1B), chlamydial species (Fig. 2C), Porphy-
romonas gingivalis (Fig. 2C), and Treponema denticola (Fig.
2C). The implication is that the remaining common pathway
still links to one or more of the vitamin-like pathways. In the
chlamydiae, we could not detect (by use of homology search-
ing) a single gene encoding any known chorismate-utilizing
enzyme. However, this could easily be accounted for by the
existence of analogue genes that have not yet been identified.
For example, E. coli chorismate lyase, which catalyzes the
initial step of ubiquinone biosynthesis, is encoded by a gene
(66) that is of very limited distribution. Therefore, elucidation
of presently unknown analogue genes encoding chorismate
lyase surely must be forthcoming.

Search for an Elusive trpC Gene in Actinomycete Bacteria

A particularly challenging observation was that, aside from
the fragmented presence of the Trp pathway genes already
discussed for the chlamydiae, some organisms lacked a single
gene of Trp biosynthesis (trpC in all cases). These organisms
are restricted to a cohesive cluster of gram-positive actinomy-
cete bacteria (Fig. 2B and Fig. 3) that includes Thermonospora
fusca, Streptomyces coelicolor, Corynebacterium diphtheriae,
Corynebacterium glutamicum, and five species of Mycobacte-
rium. Since S. coelicolor can grow on defined minimal medium
in the absence of Trp, it must possess an intact Trp pathway.
Likewise, Mycobacterium smegmatis is a saprophytic species
that can grow in a minimal medium in the absence of Trp. This
therefore also indicates the presence of a functional pathway
even though the presence of #pC in the genome is not appar-
ent by homology searching.

One actinomycete exception is explained by LGT. Within the
actinomycete clade, the two species of Corynebacterium do
possess a recognizable #pC (albeit fused to the #7pD domain).
However, this exception is explained by LGT displacement of
not only #pC but also all #7p genes in the Corynebacterium
genus (except for a now-redundant #pD remnant) by the
whole-pathway operon originating from an enteric bacterium
(Xie and Jensen, unpublished data). Figure 3 shows that this
actinomycete clade characteristically possesses a partial-path-
way operon, trpAa/trpD/trpEb/trpEa, with gene insertions ex-
panding the intergenic space between trpAa and #rpD. In T.
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fusca, trpAa has not only dissociated completely from the trpD/
Eb/Ea operon but has fused with #rp4b. Only rpD and an
associated conserved hypothetical gene denoted chyp remain
in species of Corynebacterium as remnants of the original ac-
tinomycete genes. The remnants are pleasingly fortuitous be-
cause they show the Corynebacterium ancestor to be the recip-
ient of LGT rather than the donor.

A comprehensive phylogenetic tree for #rpD proteins (data
not shown) reveals that all of the TrpD proteins in Fig. 3
exhibit cohesive clustering and an order of branching that is
congruent with the corresponding genome positions on the16S
rRNA phylogenetic tree except, of course, for the #7pD domain
of the frpDetrpC fusion protein in the two coryneform species.
Thus, in C. diphtheriae and C. glutamicum, the free-standing
trpD outside of the whole-pathway #p operon is more closely
related to #rpD inside the partial-pathway #rp operons of all the
other organisms. An inner-membrane protein of unknown
function separating trpAa and trpD in all of the mycobacteria,
encoded by chyp, also flanks the nonoperonic #pD of the two
coryneform species. As expected for the suggested LGT sce-
nario, trees of TrpAa, TrpEa, and TrpEb proteins that are
encoded from the partial-pathway operons of mycobacterial
species, Streptomyces, and Thermomonospora in Fig. 3 all clus-
ter closely together with the exclusion of the corresponding
LGT genes from the coryneform bacteria.

Post-LGT events of vertical descent can be tracked in C.
diphtheriae. Since the time that an alien trpAa/trpAb/trpB/
trpDetrpCltrpEb/trpEa operon displaced the #rp genes present
in the common ancestor of coryneform bacteria, leaving be-
hind only chyp and t7pD as remnants, subsequent vertical evo-
lutionary events in the C. diphtheriae genome are apparent.
Thus, an insertion containing panB and panC occurred re-
cently between trpDetrpC and trpED in the C. diphtheriae lin-
eage after its divergence from C. glutamicum. In C. glutami-
cum, closely related panB and panC orthologues (encoding
ketopantoate hydroxymethyltransferase and pantothenate syn-
thetase) comprise a characterized operon of D-pantothenate
biosynthesis that is located elsewhere in the genome (71). In C.
diphtheriae, the translocation of panB and panC into the trp
operon is associated with an inversion event between these two
genes. Hence, the opposite transcriptional direction of the
inserted panC has now isolated rpEb/trpEa from its former
operonic transcriptional continuity, presumably forcing it to
become a separate transcriptional unit. It is interesting that the
otherwise alien operon of C. diphtheriae now contains the na-
tive genes panB and panC, transposed from the resident ge-
nome. C. diphtheriae has also produced a gene duplicate of the
gene encoding the alien TrpEb, which has then become the
proximal member of the operon. This paralogue TrpEb is
probably deficient in complex formation with TrpEa, because
conserved residue K-167 (Salmonella enterica serovar Typhi-
murium numbering), which forms a salt bridge with residue
D-56 of TrpEa, has been changed to S-167 (85). Also, the
highly conserved residue 162-G has been changed to a charged
residue, 162-E. Thus, after the LGT event, several subsequent
vertical events of evolution that occurred in C. diphtheriae but
not in C. glutamicum can be tracked.

The following approaches were taken in an attempt to locate
the missing #7pC genes in the above-mentioned actinomycete
organisms.
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Pattern and profile search. TrpC is a short and relatively
divergent sequence. Known TrpC homologues may have iden-
tities as low as 22%. In an initial Blast screening with E. coli
TrpC as the query, for example, the Ferroplasma acidarmanus
genome did not return any hits and appeared to lack TrpC by
this criterion. However, the position of an unknown gene
within the #rp operon of F. acidarmanus strongly implicated its
presence as a divergent #7pC gene because it occupies the same
relative position as #rpC in two closely related Thermoplasma
species. Indeed, identity as #rpC (second iteration) was amply
confirmed by use of PSI-Blast (5), as well as by the observed
conservation in multiple alignments of critical residues estab-
lished by structural studies of TrpC from E. coli. In addition,
the use of TrpC query sequences from most of the Archaea did
return positive Blast hits from the F. acidarmanus genome.

With this background in mind, the genomes of 7. fusca, S.
coelicolor, and the mycobacteria M. avium, M. tuberculosis, and
M. bovis were subjected to a pattern and profile search that
included a ProSite-like pattern based upon critical residues
reported in the PDB summary, the use of TrpC domains as
query sequences that were available from the closest relatives
of the group missing TrpC, and the generation of a hidden
Markov model based on a multiple sequence alignment of
known TrpC sequences. No illuminating results were obtained
with this approach.

Evaluation of an unknown gene inserted in the frp operon.
M. tuberculosis has a conserved hypothetical gene (Rv1610)
inserted between trpAa and #rpD (denoted chyp in Fig. 3). The
absence of #rpC coupled with the insertion of this unexpected
gene within the #p operon invited careful scrutiny. This was, in
fact, reminiscent of the previously mentioned situation with the
operonic trpC of F. acidarmanus, which initially eluded detec-
tion as trpC. However, critical residues expected of TrpC could
not be matched to Rv1610 by manual alignment. Furthermore,
Rv1610 appears to encode an inner-membrane protein with
three transmembrane segments. In addition, if Rv1610 were, in
fact, a divergent TrpC, we would expect to find homologues in
T. fusca and S. coelicolor. We did not.

Possible catalysis of the TrpC reaction by HisA. TrpC cat-
alyzes an intramolecular oxidoreduction (Amadori rearrange-
ment) that parallels the isomerase reaction catalyzed by HisA.
Both reactions involve isomerization of an identical phospho-
ribosyl moiety. TrpC and HisA each exhibit (Ba)8 barrel struc-
tures. Jurgens et al. (46) in fact generated hisA mutants that
could catalyze the TrpC reaction both in vivo and in vitro. One
of these variants retained significant HisA activity. We there-
fore envisioned the possibility that an ancestor of the TrpC-
deficient block of organisms might have duplicated his4 and
recruited one copy to TrpC function. However, second copies
of hisA were not found. We then further considered the pos-
sibility that HisA in these organisms might catalyze both reac-
tions, since that potential had been established in vitro. How-
ever, the alignment of HisA sequences did not reveal any
obvious variant residues common to the TrpC-deficient block
of organisms that might suggest potential for TrpC activity.

Evolution of competence for TrpC catalysis by TrpD. Alta-
mirano et al. (3) recently reported the evolution of TrpC ac-
tivity from the off barrel scaffold of TrpD following in vitro
mutagenesis and recombination. Thus, one might envision an
event of rpD gene duplication followed by divergence of one
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of the paralogues to TrpC function. Although a gene duplicate
of trpD was found in S. coelicolor, other organisms of the
trpC-“deficient” block do not have a rpD gene duplicate. In
consideration of the additional possibility that a modified trpD
might encode an enzyme capable of both reactions, a careful
comparison of the multiple alignment for #pD sequences failed
to reveal a variant subgroup that might be expected of an
evolved dual-function #rpC/trpD protein. This is perhaps not
surprising in view of the recent retraction (4) of the results of
Altamirano et al. (3).

Other possibilities. Enzymes possessing triose phosphate
isomerase (TIM) (Ba)g barrel-like folds are widespread and
accommodate a particularly wide range of functions (15). Within
this large grouping, TrpC, TrpD, TrpAa, and Rpe (D-ribulose
5-phosphate 3-phosphate epimerase) belong to the ribulose
phosphate binding superfamily within the SCOP (structural
classification of proteins) database (15, 86). Therefore, both
TrpAa and Rpe were also evaluated as possible evolutionary
sources of the missing TrpC, with the approaches described for
HisA and TrpD. Suggestive evidence was not found.

The isomerase step catalyzed by TrpC is clearly a facile
reaction, and although none of the foregoing possibilities con-
sidered produced the answer sought, they illustrate nicely the
rationale and sorts of in silico strategies for gene discovery that
can be anticipated in the near future. Until the time that this
article was under review, the identity of #pC in the organisms
included in Fig. 3 had remained a mystery. However, convinc-
ing evidence has been obtained recently that the HisA isomer-
ase in these organisms does in fact catalyze the isomerase
reaction in both pathways (9). The gene name, pri4 (phospho-
ribosyl transferase A), has been suggested to accommodate to
its functional role in two pathways. Although this possibility
was anticipated as outlined earlier, the natural bifunctional
proteins of actinomycete bacteria did not resemble that ob-
tained experimentally (46) in terms of amino acid sequence
matches. Barona-G6émez and Hodgson (9) suggested that the
bifunctional actinomycete isomerases represent an ancient
evolutionary state that is in line with the recruitment hypoth-
esis (38). If so, specialization in the gene duplicate that became
trpC must have required more divergence than the gene du-
plicate that became hisA because the homology of PriA pro-
teins with HisA is evident but not with TrpC proteins.

GENE FUSIONS

Phylogenetic Distribution of trp Gene Fusions

Each of the frp genes has been involved in various pro-
karyote fusion events except for #pEa. In some eukaryotes,
however, trpEa and trpEb are fused (12, 16). Indeed, in Eu-
glena, all of the trp genes except for trpAa and trpAb are fused
together to form a pentafunctional protein (74). A trpDetrpB
fusion is known in only a single instance (Archaeoglobus fulgi-
dus), and a trpCetrpED fusion is also thus far known in a single
case (Coxiella burnetii). The remaining fusion types, all in the
Bacteria, show an erratic distribution that is phylogenetically
incongruous when mapped on the 16S rRNA tree (Fig. 4).
Thus, the #rpAbetrpB fusion is present not only in a small
subcluster of the enteric bacteria, but also in the remote taxa
Thermotoga maritima and Campylobacter jejuni. The trpDetrpC
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TABLE 3. Comparison of GC content in gene fusions
and cognate genomes

% G+C
Fusion Organism GI no” Gene  Ge-
fusion nome
trpAbetrpB Escherichia coli 2506459 56 51
Salmonella enterica 1351306 57 55
Thermotoga maritima 6226721 50 47
Campylobacter jejuni 11268541 31 31
trpDetrpB Archaeoglobus fulgidus 11499197 52 49
trpDetrpC Escherichia coli 136292 53 51
Vibrio cholerae 9655647 50 46
Haemophilus influenzae 1574224 39 39
Buchnera sp. 10038954 24 27
Pasteurella multocida 12720848 41 38
Helicobacter pylori 7227935 37 40
Salmonella enterica 136301 55 55
Vibrio parahaemolyticus 136302 47 46
Shewanella putrefaciens N/A 48 46
Yersinia pestis 16122433 51 50
Corynebacterium diphtheriae  N/A 57 53
Corynebacterium diphtheriae 136291 58 56
trpAaetrpAb Brucella melitensis 13487153 58 56

136328 63 62
1717765 74 68
17227910 41 44
17230725 46 44

Rhizobium meliloti
Azospirillum brasilense
Anabaena sp.
Anabaena sp.

Nostoc punctiforme N/A 42 44
Thermomonospora fusca N/A 68 69
Rhodopseudomonas palustris  N/A 67 65
Mesorhizobium loti 13472468 64 57
Legionella pneumophila N/A 38 40

Agrobacterium tumefaciens 15889565 60 60

21220595 75 72
15597100 70 67
7481909 74 70
6572982 63 62
2494756 62 62
2494755 63 62

trpAa®trpAb_phz  Streptomyces coelicolor
Pseudomonas aeruginosa
Streptomyces violaceus
Pseudomonas chlororaphis
Pseudomonas fluorescens
Pseudomonas aureofaciens

“ GI, gene identification; N/A, not available.

fusion, present throughout most of the enteric lineage (gamma
proteobacteria), is also present in the widely separated Heli-
cobacter pylori and in species of Corynebacterium. (In this case,
we have already mentioned that a single origin followed by
LGT events is likely.) Two distinct types of trpAaetrpAb fusions
have occurred, one dedicated to primary biosynthesis (denoted
trpAaetrpAb) and the other to phenazine pigment synthesis
(denoted trpAaetrpAb_phz). The considerable extent of amino
acid changes in TrpAa®TrpAb_phz has resulted in a shortened
protein which no longer allows the ADIC product to continue
through the ADIC lyase reaction to yield anthranilate, as is the
case with anthranilate synthase (Fig. 1).

A priori, the scattered phylogenetic distribution of these gene
fusions could be attributed to (i) LGT, (ii) an initial ancestral
fusion (of rare occurrence) followed by numerous events of
gene loss in different lineages, or (iii) independent gene fusions
(therefore being of relatively frequent occurrence). Table 3
shows that all of the gene fusions exhibit a GC content that is
similar to that of the resident genome. Thus, either these did
not originate by LGT, the donor genome fortuitously had a
similar GC content, or the LGT event occurred sufficiently long
ago that amelioration has masked LGT. Unpublished data
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(Xie and Jensen, unpublished data) support the occurrence of
many of the gene fusions as independent events of evolution-
ary innovation. Although the trpDetrpC fusions in coryneform
bacteria and in Helicobacter pylori originated from the enteric
lineage by LGT, the comparison of parametric data, e.g., GC
content, does not reflect this, probably due to amelioration.

Nested Gene Fusions

Jensen and Ahmad (1, 41) proposed that a series of nested
gene fusions could be exploited as markers of phylogenetic
branch points in prokaryotes. Thus, any organism that belongs
to the enteric lineage (shaded green in Fig. 2D) shown in Fig.
4 would be expected to possess the trpDetrpC fusion, provided
that the pathway has not been lost. At a more narrow hierar-
chical level, any organism belonging to the E. coli/S. enterica
serovar Typhimurium/Klebsiella pneumoniae clade would be
expected to possess the trpAbetrpB fusion as well. Thus, the
clade defined by the #rpAbenrpB fusion is nested within the
more ancient clade defined by the trpDetrpC fusion. The pres-
ence of an AroQ®AroA,; (chorismate mutase® DAHP syn-
thase) fusion in Listeria, Bacillus species, and Staphylococcus
but not in Enterococcus, Streptococcus, or Lactococcus is con-
sistent with the suggestion made earlier that, contrary to the
16S rRNA tree, the order of branching is slightly different, so
that these group diverged at a deeper tree position.

The ultimate analysis of the total inventory of fused genes in
any given genome should provide an excellent phylogenetic
tool for deducing the order of branching. This approach should
be greatly enhanced by the rapid increase in the number of
sequenced genomes coupled with the enormous advantage of
being able to identify gene fusions with bioinformatic methods.
However, it was not expected at the time that fusions could
occur independently at such frequencies or that LGT should
be taken seriously. Therefore, application of the approach of
nested gene fusions will require sufficient background work to
recognize and discriminate fusion clusters that have indepen-
dent origins on the vertical tree as well as ones that might have
been spread in the horizontal direction by LGT.

Trp PATHWAY GENE ORGANIZATION
IN THE ARCHAEA

In general the Archaea deploy the Trp pathway genes as
whole-pathway operons or as partial-pathway operons (Fig. 5).
A very limited amount of experimental work provides data
supporting the qualitative existence of regulation at the tran-
scriptional level (26, 77). Rearrangements of gene order fol-
lowing events of inversion, translocation, and gene loss have
been sufficiently dynamic that it is currently not possible to
deduce the gene order of the common ancestor without more
closely spaced genome representation. The only certainty
would appear to be the existence in the archaeal ancestor of
the partial gene orders —trpAa—trpAb and — trpEb_1—trpEa.

In the compact Pyrococcus genus, P. horikoshii has lost the
entire pathway. Although the #rp operons of P. abyssi and
P. furiosus are virtually identical, great variation can be seen
for the remainder of aromatic biosynthesis (see Fig. 2A). In the
Crenarchaeota grouping (Pyrobaculum, Aeropyrum, and Sul-
folobus; lowest clade of Fig. 5), dramatic scrambling of gene
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order is apparent. This group has replaced trpEb_1 with trpED_2.
trpEb_2 is a distinct subgroup of trpEb that is present mainly in
Archaea and that may often (but not always, as indeed exem-
plified by the Crenarchaeota) have a separate stand-alone
function (92).

Usually, the pair of genes encoding the two subunits of
tryptophan synthase are adjacent in prokaryotes. In the case of
P. aerophilum, trpEa and trpEb_2 have been separated from
one another within the operon. This may reflect the inability of
trpEDb_2 to form a complex with trpEa. In P. aerophilum, trpC
and #7pD have become separately dissociated from the operon.
trpC and #rpD are adjacent in the operon of Aeropyrum pernix,
but separated in the operon of Sulfolobus solfataricus. Al-
though all of the #rp genes in A. pernix are adjacent, they are
organized as two divergently transcribed groups, #pEa/tripEb_2/
trpCltrpD and trpB/trpAa/trpAb. The A. pernix —trpEa—trpEb
order is very unusual, the —=trpEb—trpEa gene order being one
of the most highly conserved gene couples in all prokaryotic
genomes (17). Methanosarcina barkeri and Halobacterium spp.
have identical gene orders, but the intact operon currently
seen in M. barkeri corresponds to a splitting into two sepa-
rate operons in Halobacterium spp. In some cases, other
aromatic-pathway genes have been inserted into the #rp op-
eron. Thus, the #p operon of F. acidarmanus has aroA,q as
its most distal gene, whereas S. solfataricus has aspC (en-
coding aromatic aminotransferase) as the most distal gene of
its trp operon.

Trp PATHWAY GENE ORGANIZATION
IN THE BACTERIA

Whole-Pathway #rp Operons

Unlike the domain Archaea, a consensus gene order can be
discerned within the domain Bacteria, trpAa/Ab/B/D/C/Eb/Ea
(Fig. 6A and 6B). The overall trace of organisms having the
consensus gene order can be followed by noting the orange
highlighting on the 16S rRNA tree of Fig. 2. A reasonable
deduction is that this gene order (operon) was already present
in the common ancestor of Bacteria, perhaps similar to the
compact operons still present in the contemporary organisms
Thermotoga maritima, Listeria monocytogenes, Streptococcus
pneumoniae, Staphylococcus epidermidis, Staphylococcus au-
reus, and Coxiella burnetii. In contrast to the compact operon
structure of these organisms, where intergenic spacing is <70
nucleotides and indeed often exhibits negative values (gene
overlap), other whole-pathway operons exhibit significantly
greater intergenic spacing, sometimes in the form of insertions
of seemingly irrelevant hypothetical genes. For example, al-
though both Lactococcus lactis and Cytophaga hutchinsonii
maintain a consensus operon gene order, L. lactis exhibits an
intergenic space of 124 bp between trpAa and trpAb, whereas
both L. lactis and C. hutchinsonii have inserted a hypothetical
gene between rpC and trpEb. Dehalococcoides ethenogenes
possesses a very compact but expanded operon that includes an
insertion of aroA,z between trpC and trpEDb. In this case, the
insertion is probably physiologically relevant because AroA
catalyzes the initial step of aromatic biosynthesis and thus
forms the beginning precursor of chorismate.
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TRYPTOPHAN OPERON IN PROKARYOTES
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FIG. 5. Organization of #rp operon genes in the Archaea. Each trp gene is color coded differently, including the two subtypes of #rpEb (Eb_1 and Eb_2) (92). trp genes that exist in
the genome unlinked to any other #rp genes are not shown. Archaeoglobus fulgidus has a trpDetrpB gene fusion (see Fig. 4). Intergenic spacing is shown, with negative values indicating
gene overlap. Genes that are not specific #rp pathway genes are in white boxes. F. acidarmanus possesses a gene encoding the aroA, subclass (44) of DAHP synthase. aspC in S.
solfataricus is an aromatic aminotransferase of the Iy aspartate aminotransferase type (42). This gene insertion corresponds to genes that appear to have escaped from the aro operons
shown in Fig. 10. The gene order shown for Methanosarcina barkeri is the same as those in Methanosarcina acetivorans and Methanosarcina mazei. The gene order shown for S. solfataricus
is the same as that for Solfolobus tokodaii.



322 XIE ET AL.

Dispersal of trp Operon Genes

Gene dissociation has disrupted the #7p operon of Bacteria in
occasional lineages. For example, as illustrated at the bottom
of Fig. 6A, Campylobacter jejuni possesses an extremely com-
pact #rp operon, but &rpD has become dissociated, leaving be-
hind a six-member partial-pathway #7p operon. In Deinococcus
radiodurans the separate dissociations of trpAa, trpD, and trpC
have resulted in the retention of two small operons (each with
overlapping genes) that are remnants of the ancestral whole-
pathway operon. In these figures, isolated #p genes are not
shown in order to conserve space, but they are present in the
genome unless their absence is indicated in Fig. 2, e.g., trpAa
and trpAb are missing in species of Chlamydophila psittaci (Fig.
20).

In some cases, bacteria possess two chromosomes (19, 54). It
is interesting that, in Rhodobacter sphaeroides, not only has the
ancestral trp operon been split apart, but also the resulting
partial-pathway operons (trpAa/yibQ/trpAb/trpB/trpD and trpC/
aroR/trpEb) now reside on separate chromosomes. TrpEa has
become completely dissociated from these operons (54). The
closest available genomic neighbor of R. sphaeroides that is
available on the 16S rRNA tree is Sphingomonas aromatici-
vorans, and it possesses the same split-pathway arrangement as
R. sphaeroides except that trpEb and trpEa have remained to-
gether (ie., rpC/trpEb/trpEa). The intriguing partitioning of
the #rp split-pathway operons between two chromosomes is
typical of a 16S rRNA grouping of organisms that includes
Rhodopseudomonas palustris, Rhizobium loti, Brucella meliten-
sis, Sinorhizobium meliloti, Rhodobacter sphaeroides, and
Sphingomonas aromaticivorans. Most of these organisms are
not shown in Fig. 6, but a detailed breakdown of Trp path-
way gene organization in this part of the tree is given in ref-
erence 93.

At one extreme of gene dissociation, gene dispersal has
completely eliminated any linkage of #p pathway genes, as
observed in Aquifex, unicellular cyanobacteria (Synechocystis,
Synechococcus, and Prochlorococcus), and Chlorobium tepi-
dum. (Only organisms possessing at least some linked #7p genes
are shown in the various figures of this paper.) One might
reasonably consider whether these organisms simply manifest
retention of a “preoperon” ancestral state, but this seems un-
tenable with respect to the application of parsimony principles
because they represent distinctly separate, widely spaced lin-
eages.

All cyanobacteria possess a common phylogenetically con-
gruous set of completely dispersed genes for tryptophan bio-
synthesis. However, Nostoc and Anabaena possess in addition
some redundant #rp genes that are linked to one another. The
assemblage of linked trp genes in Anabaena spp. (shown in the
middle of Fig. 6A) is very similar to that of the closely related
Nostoc punctiforme (not shown, but see Fig. 2 of reference 93
for details) and seems to be part of a larger gene assemblage
(possible supraoperon) that includes several other aromatic-
pathway genes. Nostoc and Anabaena (large-genome, filamen-
tous, and heterocystous cyanobacteria) possess these linked
genes in addition to copies of all of the dispersed frp pathway
genes found in the unicellular cyanobacteria. Hence, the re-
dundant set of linked genes that are uniquely present in Nostoc
and Anabaena seemed to be obvious candidates for origin by
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LGT. However, no support for LGT was found, and it has
been suggested (93) that ancient paralogues have been re-
tained in the Nostoc/Anabaena lineage, whereas the set of
linked paralogue genes has been lost in the unicellular cya-
nobacteria.

Gene Scrambling

Examples of extreme gene scrambling can be found in Bac-
teria, e.g., in Desulfitobacterium hafniense (middle of Fig. 6A).
However, gene scrambling 