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ABSTRACT

Nearly identical mixed-function supraoperons (defined as nested transcriptional units en-
coding gene products that function in more than one biochemical pathway) have been found
recently in Pseudomonas stutzeri and Pseudomonas aeruginosa. The Pseudomonas serC(pdxF)-
aroQp*pheA-hisHy-tyrA ~aroF-cmk-rpsA supraoperon encodes 3-phosphoserine aminotrans-
ferase, a bidomain chorismate mutase/prephenate dehydratase, imidazole acetol-phosphate
aminotransferase, cyclohexadienyl dehydrogenase, 5-enolpyruvylshikimate 3-phosphate syn-
thase, cytidylate kinase, and 30S ribosomal protein S1. These enzymes participate in the
biosynthesis of serine, pyridoxine, histidine, phenylalanine, tyrosine, tryptophan, and aro-
matic pathway vitamins and cytidylic acid, in addition to the general role of RpsA in the
process of protein synthesis. Features that suggest supraoperon-wide translational coupling
are the highly compressed intergenic spacing (including overlapping stop and start codons),
as well as possible hairpin structures in mRNA, which could sequester many of the ribo-
some-binding sites. The hisH-tyrA-aroF segment corresponds to the distal genes of the clas-
sic Bacillus subtilis supraoperon. Extensive comparative analysis of the member genes of
both the Bacillus and Pseudomonas supraoperons from organisms represented in the entire
database revealed unmistakable organizational conservation of these genes across wide phy-
logenetic boundaries, although considerable gene shuffling was apparent. The persistence of
aroE-aroB, hisHy-tyrA-aroF, and cmk-rpsA throughout both the gram-negative and gram-
positive assemblages of bacteria, but the absence in Archaea, suggests an ancestral gene or-
ganization that occurred in bacteria after the separation of the bacterial and archaeal do-
mains. In gram-negative bacteria, the hisHy-tyrA -aroF grouping may have been expanded
(as with the Pseudomonas supraoperon) and then subsequently collapsed (as with the Es-
cherichia serC-aroF supraoperon) via gene shuffling that is herein equated with gene fusion
events.

Department of Microbiology and Cell Science, University of Florida, Gainesville, Florida.
1 Present address: Los Alamos National Laboratories, Los Alamos, New Mexico.

5



XIE ET AL.

INTRODUCTION

Operon organization of genes

hese modern times of whole-genome sequencing provide an unprecedented opportunity to evaluate gene

organization. To what extent does a given cluster of genes remain linked together across what phylo-
genetic distance? What relationships exist between genes that might account for bringing them together and
keeping them together?

Escherichia coli has provided the classic experimental system where multicistronic transcriptional units,
such as the lac operon, the frp operon, and the his operon, were first elucidated. It initially was widely pre-
sumed that most genes specifying enzymes belonging to a particular biochemical pathway would be orga-
nized into operons dictating the formation of a single polycistronic mRNA. Such transcriptional units could
be upregulated and downregulated via the interaction of cis-acting (e.g., operators) and frans-acting (e.g.,
activator or repressor proteins) regulatory elements, thus providing a mechanism to coordinate an appro-
priate rise and fall of all the enzymatic machinery cognate to a specific pathway.

It eventually became apparent that this attractive picture was an oversimplification. For example, in con-
trast to expectations raised by the elucidation of the his and frp operons in E. coli, the genes specifying the
eight-step arginine biosynthesis pathway are scattered along the chromosome. Some of the classic operons,
for example, the histidine operon, have subsequently proven to exhibit unanticipated features of complex-
ity, such as internal promoters (Winkler, 1996), and in many cases, an unexpected admixture of genes of
unknown function (Alifano et al., 1996). Furthermore, biochemical pathway gene organization in even fairly
closely related organisms did not necessarily prove to be highly conserved. For example, trp pathway genes
in Pseudomonas aeruginosa are scattered into three widely spaced groups rather than coexisting within one
operon, as they are in E. coli (Crawford, 1989).

Mixed-function supraoperons

Even more surprising than the finding that genes directly related to a specific biochemical pathway were
not always joined to a common promoter was the recognition that genes specifying apparently unrelated
gene products sometimes coexisted within common transcriptional units. These have been variously termed
mixed-function operons (Duncan and Coggins, 1986), complex operons (Tsui et al., 1994a), supraoperons
(Tsui et al., 1994b), multifunctional operons (Man et al., 1997), or supraoperons (Henner and Yanofsky,
1993; Xie et al., 1999). The following nomenclature is suggested. Simple operons correspond to single tran-
scriptional units encoding single pathway gene products. Mixed-function operons denote single transcrip-
tional units encoding multiple pathway gene products. Supraoperons denote nested transcriptional units en-
coding single pathway gene products. Mixed-function supraoperons denote nested transcriptional units
encoding multiple pathway gene products.

In one case, Bacillus subtilis has positioned a classic trp operon inside a larger transcriptional unit (Hen-
ner and Yanofsky, 1993). An upstream aroGBH operon overlaps the trp promoter, the aroH stop codon is
within the aroGBH terminator, and the aroGBH terminator is synonymous with the trp attenuator. A third
operon (hisHy-tyrA,-aroF) downstream overlaps the trp operon, and readthrough #rp transcripts can pro-
ceed through the hisHy-tyrA,-aroF operon.

Well-documented examples of mixed-function supraoperons in E. coli can be cited. (1) The amiB-mutL-
miaA-hfq-hflX-hflK-hflC system governs functions that include cell wall hydrolysis (amiB), DNA repair
(mutL), tRNA modification (miaA), and proteolysis (hlfX-hlfK-hfIC) (Tsui et al., 1994a,b). The supraoperon
includes two additional genes of unknown function in the upstream region. Quite elaborate overall mech-
anisms of transcriptional control have been demonstrated. These include the use of multiple internal pro-
moters, rho-dependent and rho-independent intraoperon attenuation, and RNA processing. (2) The aroK-
aroB-urf-dam-rpe-gph-trpS system governs functions that include shikimate kinase (aroK), dehydroquinate
synthase (aroB), DNA adenine methyltransferase (dam), p-ribulose-5-P epimerase (rpe), 2-phosphoglyco-
late phosphatase (gph), and tryptophanyl-tRNA synthetase (trpS) (Lyngstadass et al., 1995). (3) The
serC(pdxF)-aroF system links the 3-phosphoserine aminotransferase step of serine biosynthesis and a
transamination step of pyridoxine biosynthesis with the 5-enolpyruvylshikimate 3-phosphate (EPSP) syn-
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thase step in the common early pathway of aromatic amino acid biosynthesis (Duncan and Coggins, 1986;
Lam and Winkler, 1990).

The serC(pdxF)-aroF mixed-function supraoperon

Attempts to explain the E. coli serC(pdxF)-aroF gene organization in terms of functional interpathway
relationships have been pursued quite extensively (Man et al., 1997). A rationale to explain why synthesis
of SerC(PdxF) and AroF should be coordinated includes (1) their function in biosynthetic pathways (pyri-
doxine and aromatic amino acids), which, although formally separate, each draw on a common pool of
erythrose-4-P, (2) their joint roles in the synthesis of an iron siderophore, enterochelin, which is derived
from both serine and chorismate, and (3) their joint roles in the formation of L-tryptophan, as it is derived
from both serine and chorismate. Thus, the serC(pdxF)-aroF operon may provide the means of coordinat-
ing the expression of these two genes so that enterochelin biosynthesis can proceed efficiently in response
to iron starvation, as well as so that serine and chorismate availability can be tuned to the varying demands
for tryptophan biosynthesis. Exactly how control of only a single gene from each of these complex path-
ways could coordinate flux to enterochelin and to L-tryptophan, however, is not at all clear.

Transcription analysis suggests that the downstream aroF is controlled by transcription attenuation, a
mechanism involving modulation of the efficiency of a transcription terminator (Man et al., 1997). There
is a promoter in front of serC(pdxF), an attenuator between serC and aroF, and a terminator following
aroF. Transcriptional analysis revealed that two major transcripts were initiated from a promoter upstream
from serC(pdxF). About 88% of serC transcripts were present in single gene mRNA molecules that likely
arose by rho-independent termination between serC and aroF. The remaining 12% of the transcripts con-
tinued through aroF and terminated at another rho-independent terminator near the end of aroF. Recently,
it was reported that expression of the serC(pdxF)-aroF supraoperon is regulated over a 22-fold range by
global regulatory mechanisms, with transcription being regulated positively by Lrp and negatively by CRP-
cAMP (Man et al., 1997).

The characterization of mixed-function supraoperons in the foregoing examples reveals a general picture
of a compact array of cistrons and a complexity of multiple, overlapping transcripts that arise as the result
of internal promoters or internal attenuators or both. Thus, superimposed on the simplicity of coordinate
gene expression from a whole-system readthrough transcript initiated at the far upstream promoter are pos-
sibilities for differential regulation of segmental gene combinations in response to appropriate control cues.

Supraoperon units and interlocking metabolic relationships

The preceding section indicates that known supraoperons contain genes whose relationships with one an-
other are not always straightforward. However, metabolic pathways are a highly branched interwoven net-
work, and unexpected coregulation of any given genes probably reflects little considered metabolic ties ex-
erted at a more global level.

A putative mixed-function supraoperon recently found in P. aeruginosa and Pseudomonas stutzeri (Xie
et al., 1999) contains genes of serine, pyridoxine 5'-phosphate, histidine, and aromatic amino acid biosyn-
thesis. The latter pathways are treated in textbooks as separate pathways for practical reductionistic rea-
sons. However, these pathways are, in fact, linked in many ways. Figure 1 is an attempt to illustrate some
pathway relationships that are not ordinarily considered and that may prove relevant to the highly conserved
linkages of certain interpathway genes described in this article. Figure 1 shows that erythrose-4-P is a com-
mon precursor of not only aromatic amino acids and aromatic vitamins but also of pyridoxal 5’-phosphate.
L-Tryptophan and L-histidine both draw on a common pool of PRPP as an early substrate. Every molecule
of biosynthetic L-tryptophan produced requires one molecule of L-serine input. As the release of glycer-
aldehyde-3-P in the tryptophan synthase reaction can be salvaged for recycling to serine biosynthesis,
SerC(PdxF) can be viewed as the equivalent of a transamination step that is indirectly responsible for the
amino group that is ultimately placed in the side-chain of tryptophan (Xie et al., 1999). Each turn of the
cycle results in the net donation of an a-amino group to L-tryptophan that is derived from L-glutamate via
the prior catalytic activity of SerC. Thus, the SerC(PdxF) aminotransferase participates not only in both L-
serine and pyridoxal 5’-phosphate biosynthesis but also in tryptophan biosynthesis. The HisHy amino-
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FIG. 1. Interlocking metabolic relationships of biosynthetic pathways leading to pyridoxal 5'-phosphate (PLP), ser-
ine (SER), histidine (HIS), enterochelin, and the aromatic amino acids. The serine salvage pathway recycles glycer-
aldehyde-3-phosphate to 3-phosphoglycerate via the two glycolytic enzymes, glyceraldehyde-3-P dehydrogenase (GapA)
and phosphoglycerate mutase (Pgk). Ovals transect arrows depicting the several reactions catalyzed by 3-phosphoser-
ine aminotransferase [SerC(PdxF)] and imidazole acetol phosphate aminotransferase (HisHp). The PheA, and PheA,
reactions can both be catalyzed by the broad-specificity PheC enzyme (Table 1). Likewise the TyrA, and TyrA, reac-
tions can both be catalyzed by TyrA.. E4P, erythrose-4-phosphate; PEP, phosphoenolpyruvate; PPA, prephenate; AGN,
L-arogenate; PPY, phenylpyruvate; PHE, L-phenylalanine; HPP, 4-hydroxyphenylpyruvate; TYR, L-tyrosine; TRP, L-
tryptophan; PRPP, phosphoribosylpyrophosphate; Gln, L-glutamine; Glu, glutamate; AroA through AroG (see Table 1);
HisH,, narrow-specificity imidazole acetolphosphate aminotransferase; AroQ, chorismate mutase (note the existence of
two other homology classes denoted AroH and AroR (Gu et al., 1997); PheA,,, TyrA,, PheA,, and TyrA, (see Table
1); TrpA and TrpG, large and small subunits of anthranilate synthase; TrpB, anthranilate phosphoribosyl transferase;
TrpC, phosphoribosyl anthranilate isomerase; TrpD, indoleglycerol phosphate synthase; TrpE and TrpF, 8 and « sub-
units of tryptophan synthetase; SerA, 3-phosphoglycerate dehydrogenase; SerB, 3-phosphoserine phosphatase; GapB,
erythrose-4-P dehydrogenase; PdxB, 4-phosphoerythronate dehydrogenase; PdxA and PdxJ are thought to be involved
in formation of the PNP pyridine ring from 1-deoxy-p-xylulose and 4-phosphohydroxy-L-threonine (Hill and Spenser,
1996).

transferase is competent to participate in the biosynthesis of L-phenylalanine and L-tyrosine, in addition to
L-histidine (Gu et al., 1995; Jensen and Gu, 1996). The pathway end product, pyridoxal 5’-phosphate, which
depends on SerC(PdxF) for its biosynthesis, is itself an essential cofactor for SerC(PdxF) (and for HisHy)
function. L-Serine and chorismate of the aromatic amino acid pathway are both precursors for synthesis of
the iron siderophore, enterochelin.

Some of the foregoing interlocking relationships apply to a broader distribution of organisms than oth-
ers. Thus, at one extreme, the input of L-serine into L-tryptophan biosynthesis appears to be universal. On
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the other hand, some relationships are much more narrowly distributed; for example, enterochelin is made
by enteric bacteria but not by Pseudomonas species. (However, another siderophore compound made by P.
aeruginosa called pyoverdine [Merriman et al., 1995; Wendenbaum et al., 1983] does resemble enteroche-
lin in that both chorismate and serine provide precursor input.)

GENE AND GENE PRODUCT ACRONYMS

In this report, a comparative analysis of gene organization is pursued extensively. The contemporary er-
ratic naming of genes in different organisms is an increasingly awkward problem when such comparisons
are attempted, and a universal naming system is inevitable. Therefore, uniform acronyms are proposed as
set forth in Table 1. Many of these acronyms have already been established by Gu et al. (1997) and Sub-
ramaniac et al. (1998). Thus, genes encoding enzymes in the common pathway portion of aromatic biosyn-
thesis (aroA—aroG) or of tryptophan biosynthesis (frpA—trpF) are named in order of reaction sequence.
The nonhomologue classes of aroC are referred to as aroCy and aroCy. Genes encoding isoenzyme par-
alogs of shikimate kinase in E. coli are referred to by use of subscripts (aroEx and aroEp). In other or-
ganisms it is generally not clear whether aroE corresponds to E. coli aroEx or aroEy, although with the
many cases of linkage with aroB, an identity with aroEy is suggested. Genes encoding homologue enzymes
with different substrate specificities are distinguished with lowercase subscript denotations. Genes that spec-
ify fusion proteins having multiple catalytic domains corresponding to single gene counterparts elsewhere
are named to identify each domain (separated by bullets as suggested by Crawford, 1989. Thus, AroQ*
and AroQqe specify isoenzyme domains of chorismate mutase located on the bidomain AroQ,*PheA and
AroQTyrA, proteins of enteric bacteria, respectively. Regulatory paralogs of AroA are distinguished with
capitalized subscript denotations that indicate allosteric specificity (Subramaniac et al., 1998); for example,
aroAy encodes an E. coli isoenzyme of DAHP synthase that is sensitive to feedback inhibition by tyrosine.

In this article the gene families represented by the individual gene members of the Pseudomonas
supraoperon are analyzed comprehensively. This is followed by an overview of the dynamics of gene or-
ganization that can be inferred from information in the database about the genes that reside in the
Pseudomonas and Bacillus supraoperons.

THE serC GENE FAMILY

SerC members comprise one protein family within a huge aminotransferase superfamily assemblage (Mehta
et al., 1993). A multiple alignment of 17 deduced amino acid sequences is presented in Figure 2, which in-
cludes SerC representatives from eukarya (animals, plants, and microorganisms), bacteria, and archaea. A
total of 21 residues are invariant throughout the phosphoserine aminotransferase family, including the 4 that
are invariant throughout the larger aminotransferase superfamily (Mehta et al., 1993). The latter four residues,
which include the active site lysine, are marked with asterisks in Figure 2. An additional 9 residues are in-
variant except for SerC from Methanosarcina barkeri, the single archaeon representative available. It is cu-
rious that current genome annotations of three archaeon organisms indicate the presence of serA and serB
orthologues but absence of a serC orthologue. As nifS is an established, albeit remote, serC homologue
(Mehta and Christen, 1993) and as these archaeon organisms process nifS genes, the latter might be func-
tional equivalents of serC. Because the three sequences at the bottom of Figure 2 exhibit only 20% or less
identity with biochemically established phosphoserine aminotransferases, it must be conceded that these might
in fact have some other substrate specificity. The latter qualification aside, the consensus motif identified as
a signature for phosphoserine aminotransferase (Van der Zel et al., 1989) and marked in Figure 2 is no longer
absolute with the inclusion of the two most outlying groups shown at the bottom of the Figure 2 dendro-
gram. Various short motifs are strongly conserved (e.g., FxxGP near the N-terminus), however.

It would be interesting to know the extent to which the various serC homologues other than E. coli serC are
competent for PdxF function. Our functional complementation results (Xie et al., 1999) with an E. coli serC(pdxF)
mutant have indicated that the P. stutzeri SerC enzyme must have a broad specificity that includes 3-hydroxy-
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TaBLE 1. GUIDE TO GENE DESIGNATIONS

Gene designations

Homology Gene Gene designations
group members Corresponding gene products (abbreviations used) in common use
aroA aroAr PHE-sensitive DAHP synthase aroG (Escherichia)
aroAw TRP-sensitive DAHP synthase aroH (Escherichia)
aroAy TYR-sensitive DAHP synthase aroF (Escherichia)
aroB aroB 3-Dehydroquinate synthase aroB (Escherichia)
aroC aroCy 3-Dehydroquinate dehydratase (biosynthetic) aroD (Escherichia)
aroCyy 3-Dehydroquinate dehydratase (catabolic)
aroD aroD Shikimate dehydrogenase aroE (Escherichia)
aroE aroEy Shikimate kinase | aroK (Escherichia)
aroEy, Shikimate kinase II aroL (Escherichia)
aroF aroF 5-Enolpyruvylshikimate-3-phosphate (EPSP) synthase aroA (Escherichia)
aroG aroG Chorismate synthase aroCyy (Escherichia)
hisH hisH), Wide-specificity imidazole acetolphosphate aminotransferase hisH (Zymomonas)
hisH,, Specific imidazole acetolphosphate aminotransferase hisC (Escherichia)
his8 (Saccharomyces)
aroQ aroQ,® Chorismate mutase domain of T-protein (CM-T) tyrA (Escherichia)
aroQ,® Chorismate mutase domain of P-protein (CM-P) pheA (Escherichia)
aroQy Monofunctional chorismate mutase (CM-F)
caroQy, Chorismate mutase domain of aroAearoQg aroG (Bacillus)
aroH aroH Monofunctional chorismate mutase aroH (Bacillus)
tyrA tyrA; Cyclohexadienyl dehydrogenase (CDH) tyrC (Zymomonas)
tyrA, Prephenate dehydrogenase (PDH) tyrA (Escherichia)
tyrA, Arogenate dehydrogenase (ADH)
tyrAx Substrate specificity not established
pheA pheA, Prephenate dehydratase (PDT) pheA (Escherichia)
pheA, Arogenate dehydratase (ADT)
pheC pheC Cyclohexadienyl dehydratase (CDT) pheC (Pseudomonas)
Fused genes Corresponding gene products Current gene designations
aroQ,*pheA Chorismate mutase*prephenate dehydratase (P-protein) pheA (Escherichia)
aroQptyrA. Chorismate mutasescyclohexadienyl dehydrogenase (T-protein) tyrA (Escherichia)
aroAearoQy DAHP synthaseechorismate mutase aroG (Bacillus)

tyrAcsaroQ,*pheA Prephenate dehydrogenaseechorismate mutaseeprephenate dehydratase pheA (Archeaoglobus)

4-phospho-a-ketobutyrate (the substrate used by PdxF). We searched the P. aeruginosa genomic database for a
serC paralog that might, in contrast to the results with P. stutzeri, encode a narrow specificity PdxF. A search in
all six frames did not reveal any paralog candidate. This, plus the presence of a pdxB gene in the P. aeruginosa
genome, implies that both P. stutzeri and P. aeruginosa possess E. coli-like serC(pdxF) genes.

The dendrogram of Figure 2 does not always show SerC relationships that mirror the phylogeny of the
home organisms. For example, the Mycobacterium SerC representatives cluster with the archacon homo-
logue rather than with other bacterial homologues. (Alternatively, this might be explained by a different
substrate specificity, as discussed previously.) Bacillus SerC representatives cluster with higher plant SerC
homologues rather than with other eubacteria, which could imply an endosymbiotic relationship.

THE aroQ GENE FAMILY

Chorismate mutases in nature fall into three distinct homology families (Gu et al., 1997, and refs. therein).
Members of the AroQ protein family exhibit low pairwise identities, but conserved catalytic residues es-
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cu SerC P10658 N|F|GP|GP|AKLP HSVLLEIQKE LLDYKGLGIS VLEM|SHR|SSD FAKIVNNTEN LVRELLAV|P|D NYKVIFLQGG GCGQFSAVPL NLI.. 91
el SerC 281516 N|F|AA|GP|AKLP EEVLLKMQEE QLNFNNLGVS VIEM|SHR|SKE FGALLNETIS LIRELMNV|P|D NFEILFMQGG GTGQFAAIPL NLK.. .91
|
Sol SerC P52877 N|F|AA|GP|AVLP ENVLQOKAQSE LLNWRGSGMS VMEM|SHR|GKE FTSIIDKAEA DLRTLLNI|P|S DYTVLFLQGG ASTQFSAIPL NLC. 153
I‘_{:}\th SerC D88541 N|F|AA|GP|ATLP ENVLLKAQAD LYNWRGSGMS VMEM|SHR|GKE FLSIIQKAES DLRQLLEI|P|Q EYSVLFLQGG ATTQFAALPL NLC. 157
Il
L:BCl SerC Q59196 N|F|NA|GP|AALP LEVLERAQAE FVDYQHTGMS IMEM|SHR|GAV YEAVHNEAQA RMLALMGN|P|T GYKVLFIQGG ASTQFAMIPM NFL....... 89
Bsu SerC Y14077 N|F|NA|GP|AALP LEVLOKAQKE FIDFNESGMS VMEL|SHR|SKE YEAVHQKAKS LLIELMGI|P|E DYDILFLQGG ASLQFSMLPM NFL....... 88
|
Eco SerC 528806 N|F|SS|GP|AMLP AEVLKQAQQE LRDWNGLGTS VMEV|SHR|GKE FIQVAEEAEK DFRDLLNV|P|S NYKVLFCHGG GRGQFAAVPL NIL 88
Esga SerC P17902 N|F|SS|GP|AMLP AEVLKLAQQE LRDWHGLGTS VMEI |SHR|GKE FIQVAEEAEQ DFRDLLNI|P|S NYKVLFCHGG GRGQFAGVPL NLL. 88
Al d Yen SerC P19689 N|F|SA|GP|AMLP VEVLRRAEQE LRNWHGLGTS VMEI|SHR|SKE FMQVAEEAEK DLRDLMQI|P|A NYKVLFCHGG RRAQFAAVPL NLL. 88
II A L—pPst SerC AF038578 N|F|CA|GP|AALP EAVLQRAQAE LLDWQGRGLS VMEM|SHR|SDA YVAIAEKAEQ DLRDLMAI|P|S DYKVLFLQGG ASQQFAEIPL NLL. 94
1 L—Hin SerC P44336 N|F|SA|GP|AMIF PEVLOKAQNE LINWLNQGVS VMEV|SHR|GKY FMELVTQAEK DLREVYNI|P|D NYRTLFLQGG ARGQFATIPM NLI....... 88
|| L———Nme SerC Af004826 N|F|SA|GP|AVLP EAVLETARQE MLDYNGTGFP VMAM|SHR|SEM FLSILHHAEQ DLRQLLKV|P|D NYKILFLQGG ATTQFNMAAM NLA....... 88
|
I__:Spo SerC Q10349 N|F|AA|GP|AAMI TSVVEEFGKD FVNFQGLGMG VAEI|SHR|SKQ GSGIVTSAES NFRKLYNI|P|E NFHILFMQOGG GTEQFAACLY NVYAHHALKN 98
Sce SerC P33330 H|F|GA|GP|AQMP TPVLQQARKD LINFNDIGLG IGEI|SHR|SKD ATKVIEDSKK HLIELLNI|P|{D THEVFYLQGG GTTGFSSVAT NLAAAYVGKH 99
|
tu SerC Q10534 R|F|GS|GP|SKV. LQTLTTTAAA LFGT|SHR|QAP VKNLVGRVRS GLAELFSL|P|D GYEVILGNGG ATAFWDAAAF 96
le SerC 299494 R|F|GS|GP|SKV. LOALTNTAAT LFGT|SHR|QAP VKNLVGRVRA GLAELFSL|P|D GYQVILGNGG ATAFWDAAAF 96
L——Mba SerC P52878 C|F|SS|GP|CAK. IEELKDTP.. .FGR|SHR|SNL GKEKLAEAIK KTRDMLGL|P|D DYLVGIVPAS DTGAFEMCLW 85
- - * *
Ocu SerC GLKPGRCADY VVTGAWSAK. AAEEAKKFG. TVNIVHPKLG S....YTKIP DPSTWNLNPD ..A.SYVYYC A|N|E|T|VH|G|VEF D.FVP..DVK GA.ILVCT)“MS S|NFLSRPVDV 188
Cel SerC G..DHEHADY IVTGAWSSK. AADEAGKYI. NVKKVFQPSK P....YVTVP DQENWVHDEK ..A.AYLYYC A|N|E|T|VH|G|IEF TPTAP..ESH NV.PLVA|D|VS|S|NFMARPFDF 187
Sol SerC T..PDSAVDY IVTGSWGDK. AAKEAAKYA. AVSSIWSGKS DN...YVRIP NFDGSEFVQON SQA.RYLHIC A[N|E|T|IY|G|VEF KKYPV..PAN PDGFLVA|D|MS|S|NFCSKPVDV 253
Ath SerC K..SDDTVDF VVTGSWGDK. AVKEAKKYC. KTNVIWSGKS EK...YTKVP SFE..ELEQT PDA.KYLHIC A|N|E|T|IH|G|VEF KDYPV..PKN ..GFLVA|D|MS|S|NFCSKPVDV 253
Bci SerC  K..EGQTANY VMTGSWASK. ALKEAKLIG. DTHVAASSEA SN...YMTMP KLQEIQLQDN ..A.AYLHLT S|N|E|T|IE|G|AQF KAFPD..TGS VP..LIG|D|MS|S|DIMSRPFDL 185
Bsu SerC T..PEKTAHF VMTGAWSEK. ALAETKLFG. NTSITATSET DN...YSYIP EVDLTDVKD. ..G.AYLHIT S|N|N|T|IF|G|TQW QEFPN...SP IP..LVA|D|MS|S|DILSRKIDV 187
Eco SerC G..DKTTADY VDAGYWAAS. AIKEAKKYC. TPNVFDAKVT VD..GLRAVK PMREWQLSDN ..A.AYMHYC P|N|E|T|ID|G|IAI DETPD..FGA DV.VVAA|D|FS|S|TILSRPIDV 186
Sga SerC G..DKTTADY VDAGYWAAS. AIKEAKKYC. APQIIDAKIT VD..GKRAVK PMREWQLSDN ..A.AYLHYC P|N|E|T|ID|G|IAI DETPD..FGP EV.VVTA|D|FS|S|TILSAPLDV 186
Yen SerC G..DSRSADY IDGGYWAHS. AVKEAQKYC. TPNVIDVTTH DN..GVTGIA PMKQWKLSDN ..A.AYVHYC P|N|E|T|ID|G|LAI NEEPD..FGN KV.VV.A|D|YS|S|SILSRPIDV 185
Pst SerC P..EGGVADY VDTGIWSRK. SIEEARRFG. NVN.LAASAK PY..DYFAIS GQNDWQLSDN ..A.AYLHYA S|N|E|T|IG|G|LQF DWVPE..LGD TP.LV.V|D|MS|S|DILSRAIDV 190
Hin SerC G..KKGKALY LNSGHWSAT. AAKEARNFA. EIDEITIVEN GE..QTR.IT DLDFSHIADQ ..Y.DYVHYC P|N|E|T|IS|G|VEI FDVPN..VGN AV.LV.A|D|MS|S|NILSRQIDI 184
Nme SerC H..GFRTADA VVTGNWSRI. AYEQMSRLT. DTEIRLAAHG GEQFDYLDLP PVETWDVAPD ..S.AFVHFA V|N|E|T|VN|G|LQY REVPR..LSE GMPPLVC|D|MS|S|EILSREFDV 191
Spo SerC GNAKSLVANY IITGAWSKK. AYAEAERLGF PCHVAVDMKE L.AGKYGSLP EDKDLKFTPD GET.SLVYYC D|N|E|T|VH|G|VEF NEPPTNIPKG A..IRVC|D|VS|S|NFISRKIDF 203
Sce SerC G..KIAPAGY LVTGSWSQK. SFEEAKRLHV PAEVIFNAKD YNNGKFGKIP DESLWEDKIK GKAFSYVYLC E|N|E|T|VH|G|VEW PELPKCLVND PNIEIVA|D|LS|S|DILSRKIDV 206
Mtu SerC ...DKRSLH. LTYGEFSAKF ASAVSKNPFV GEPIIITSDP GSAPEPQTDP SVDV...... ..IAWA H{N|E|T|ST|G|VAV A.V.RRPEGS DDALVVI|D|AT|S|GAGGLPVDI 188
Mle SerC ...DKRSLH. LTYGEFSSKF ASAVAKNPFI DEPIVIKSDP GSAPKPTGDP SVDV.. .IAWA H|N|E|T|ST|G|VAV P.V.RRPTGS GGALIAI|D|AT|S|GAGGLPVDI 188
Mba SerC ...GCRGVDV LVWESFSKGW ATDITKQLKL KDVRVFEAEY GKLPDLKKVD FKND.. ..VVFV W|N|G|T|TS|G|VKV PNG.DWIPEN REGLTLC|D|AT|S|AIFAMDIPY 178
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Ocu SerC SKFGVIFAGA|QK|NVGA.AGV TVVIVRDDLL GFALRE.... SVLEYKVQAT . .SSSLYN? P PCFSIYVMGL VLEWIKNN |GG|AAAMKKLSTI 273
Cel SerC KDHGVVFGGA|QK|NLGA.AGL TIVIVRKDLI GKQQAI.... SVFSYKEMIA ..NNSLYN|T|P PTGGIYTTNL VLKWIKSK|GG|LQAIYELNLQ 272
Sol SerC TKFGLIYAGA|QK|NVGP.SGV TIVIVRNDLI GNAQKM.... VMLDYKIHAD ..NKSLYN|T|P PCYGIYMCGL VFEDLLNQ|GG|LVEVEKKNKA 338
Ath SerC SKFGVIYGGA|QK|NVGP.SGV TIVIIRKDLI GNAQDI.. VMLDYKIHDE ..NSSLYN|T|P PCFGIYMCGL VFEDLLEQ|GG|LKEVEKKNQR 338
Bci SerC NQFGLVYAGA|QK|NLGP.SGV TVVIVREDLV AESPKH.... TMLRYDTYVK ..NNSMYN|T|P PSFGIYMVNE VLKWIEER|GG|LEGVQQANRK 270
Bsu SerC SKFDVIYGGA|QK|NLGP.SGV TVVIMKKSWL QNENAN.... KILKYSTHVK ..ADSLYN|T|P PTFAIYMLSL VLEWLKEN|GG|VEAVEQRNEQ 267
Eco SerC SRYGVIYAGA|QK|NIGP.AGL TIVIVREDLL GKANIA. SILDYSILND ..NGSMFN|T|P PTFAWYLSGL VFKWLKAN|GG|VAEMDKINQQ 271
Sga SerC SRYGVIYAGA|QK|NIGP.AGL TLVIVREDLL GKAHES. SILDYTVLND ..NDSMEFN|T|P PTFAWYLSGL VFKWLKAQ|GG|VAAMHKINQQ 271
Yen SerC SRYGVIYAGA|QK|NIGP.AGL TVVIVREDLL GKARTE. SILDYKVLAE ..NDSMFN|T|P PTFAWYLSGL VFKWLKEQ|GG|LGEMGKRNQA 270
Pst SerC SKFGLIYAGA|QK|NIGP.SGL VVVIVRDDLL GKARSS. TMLDYKIAAD ..NGSMYN|T|P ATFSWYLSGL VFEWLKEQ|GG|VEVMEQRNRA 275
Hin SerC SKFGVIYAGA|QK|NLGP.AGI TLVIIRDDLI GNARKE. SIWNYATQRD ..ADSMIN|T|P PTFAWYLCSL VFKHLKEI|GG|LEIIEKRNAL 269
Nme SerC ADYGLIYAGA|QK|NIGP.AGV TVVIVREDLL ERCPND. DVENYRSHIN ..RDGMYN|T|P STYAIYMSGL VFRWLQAQ|GG|VKKIEAVNRL 276
Spo SerC TKHDIIFAGA|QK|NAGP.AGI TVVEVRDSVL ARPTPA...E LHKLNIPVSP TVSDYKIMAD ..NHSLYN|T|L PVATLHAINL GLEYMLEH|GG|LVALEASSIE 297
Sce SerC SQYGVIMAGA|QK|NIGL.AGL TLYIIKKSIL KNISGASDET LHELGVPITP IAFDYPTVVK ..NNSAYN|T|I PIFTLHVMDL VFQHILKK|GG|VEAQQAENEE 303
Mtu SerC AETDAYYFAP|QK|NFASDGGL WLAIMSPAAL SRIEAIAATG RWVPDFLSLP IAVENSLKNQ TYNTPAIA|T|L ALLAEQ.... .IDWLVGN|GG|LDWAVKRTAD 283
Mle SerC AQTDAYYFAP|QK|NFASDGGL WLAIMSPAAL ARVDSITASG RWVPDFLSLP IAVENSLKNQ TYNTPAIC|T|L ALLAEQ.... .LDWLLGN|GG|LEWAVKRTAD 283
Mba SerC HKLDVITFSW|QK|VLGGEGAH GMLILSPRAV QRLESYTP.A WPLPKIFRLT KG..GKLNKK IFEGSTIN|T|P SMLANEDWLA TLKWAESV|GG|LKPLIQRTND 275
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Ocu SerC KSQMIYEIID NSQGFYVCPV EPRN MMNI PFRIGNAKGD EALEKRFLDK ALELHMISLK GHRSVG..GV|R{VSLYNAVTI EDVQK :‘ASFM KNFLEMHQL. 370
Cel SerC KSGMIYDIID NSNGFYHCAV DKRY IMNV CFRIGGPSGN DELEEKFLKG SIERNMISLK GHRSVG..GI|R|ASLYNAISV EETQV|L|ATWM NEFQKLHNTN 370
Sol SerC KAQVLYDAID ESNGFYKCPV EKSV IMNV PFTL....EK SELEGDFIKE AAKEKMVALK GHRSVG..GM|R|ASIYNAMPL AGVEK|L|VAFM KEFQAKHA.. 430
Ath SerC KADLLYNAIE ESNGFFRCPV EKSV LMNV PFTL....EK SELEAEFIKE ARKEKMVQLK GHRSVG..GM|R|ASIYNAMPL AGVEK|L|VAFM KDFQAKHA.. 430
Bci SerC KASLIYDAID QSGGFYRGCV DVDS DMNI TFRL....AS EELEKEFVKA SEQEGFVGLK GHRSVG..GL|R|ASIYNAVPY ESCEA|L|VQFM EHFKRSRG.. 362
Bsu SerC KAQVLYSCID ESNGFYKGHA RKDS RMNV TFTL....RD DELTKTFVQK AKDAKMIGLG GHRSVG..GC|R|ASIYNAVSL EDCEK|L|AAFM KKFQQENE.. 359

Eco SerC KAELLYGVID NS.DFYRNDV AKRN
Sga SerC KAELLYGVID NS.DFYRNDV AQAN
Yen SerC KAELLYGAID RT.DFYRNQV ATAN
Pst SerC KKELLYGFID AS.EFYTNPI AENA
Hin SerC KAQTLYDYID SS.KLYRNVV AKEN
Nme SerC KAQTLYETID GSGGFYINRI RPNA!

..AD SALDKLFLEE SFAAGLHALK GHRVVG..GM
..AD NALDKVFLEE SFAAGLHALK GHRVVG..GM
WMNV PFQM....ID PSLDKLFLSE AEAQGLQALK GHRVAG..GM
WMNV PFRL....AD ERLDKAFLAG ADARGLLNLK GHRSVG..GM
TMNV TFIT....GN PELDAKFVAE STAAGLQALK GHKVLG..GM
KMNV VFQT....GD EELDRRFVLE AELQGLCLLK GYKSVG..GM

ASIYNAMPL EGVKA
ASIYNAMPI EGVKA
ASIYNAMPI EGVKA
ASIYNAVGL DAVEA
ASIYNAMSQ NGVEA
ASIYNAMPL EGVRA

TDFM VEFERRHG.. 362
TDFM IDFERRHG.. 362
TDFM AEFERRHG.. 361
VAYM AEFEKEHG.. 366
ISFM KKFETENLPQ 362
ADFM RDFQRRYG.. 368

I

Spo SerC KSKLLYDTLD KH.DLYISVV EPAA
Sce SerC KAKILYEALD ANSDFYNVPV DPKC

RMNV TFRI....EP QELESEFLAE AEKHHLVQLK GYRSVG..GI
KMNV VFTL....KK DGLDDQFLKE AAARHLTGLK GHRSVG..GF

ASLYNAISV EQTRR
ASIYNALSV KAVQN

IDLL ESFAKAHSN. 389
VDFI KEFAEKNA.. 395

Mtu SerC SSQRLYSWAQ ERPYTTPFVT DPGL
Mle SerC SSQRLYAWAE DRPYTTPFVV DPAL
Mba SerC NLAVFEAFVA KNNWIHFLAE TKEI

..QV VGTID..FVD DVDAGTVAKI LRANGIVDTE PYRKLGRNQL
..QV VGTID..FTD DVDAAAVAKI LRANGIIDTE PYRKLGRNQL
STSV CFKVD..LSD EKLKELIKTL EKEKVAYDIG SYRD.APSGL
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FIG. 2. Multiple alignment of deduced amino acid sequences of SerC. The PILEUP software program of GCG was
used to obtain the multiple alignment shown. The dendrogram generated is shown at the upper left. Immediately to the
right of the dendrogram are individual designations and accession or contig numbers. Ending residue numbers are shown
at the right of each horizontal data block. Invariant residues within all six clusters compared are boxed, and highly con-
served residues are printed in boldface type. The four invariant residues in the group of vitamin B¢-dependent amino-
transferases, including the active site lysine, are marked with an asterisk. Center dots indicate gaps introduced to opti-
mize the alignment. In many aminotransferases, the pyridoxal-5'-phosphate-binding Lys has been identified by chemical
analysis. The overlining indicates the phosphoserine aminotransferase protein signature LKGHR (X),GG(X)R (Van der
Zel et al., 1989). Ocu, Oryctolagus cuniculus; Cel, Caenorhabditis elegans; Sol, Spinacia oleracea; Ath, Arabidopsis
thaliana; Bci, Bacillus circulans; Bsu, Bacillus subtilis; Eco, Escherichia coli; Sga, Salmonella gallinarum; Yen, Yersinia
enterocolitica; Pst, Pseudomonas stutzeri; Hin, Haemophilus influenzae; Nme, Neisseria meningitidis; Spo, Schizosac-
charomyces pombe; Sce, Saccharomyces cerevisiae; Mtu, Mycobacterium tuberculosis; Mle, Mycobacterium leprae;
Mba, Methanosarcina barkeri.
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tablished by x-ray crystallography of Eco AroQ,e have facilitated recognition of homology. Gu et al. (1997)
presented an analysis of 14 proteins belonging to the AroQ protein family. These included the AroQpe do-
mains of six P-proteins, the AroQ.* domains of four T-proteins, the B. subtilis AroQg® domain fused to a
catalytic domain for 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase, and three monofunctional
AroQy species (two having cleavable signal peptides). Figure 3 displays a multiple alignment updating an
expanded AroQ protein family that contains 22 members.

In one case (Archaeoglobus fulgidus), *AroQe is the central catalytic domain of an apparently trifunc-
tional protein that possesses an N-terminal TyrA domain and a C-terminal PheA domain.

Interestingly, two new substrate specificities are now represented. Streptomyces pristinaespiralis uses a
mutase reaction encoded by papB in a pathway generating 4-dimethylamino phenylalanine, a precursor of
the antibiotic pristinamycin (Blanc et al., 1997). PapB converts 4-amino-4-deoxy chorismate to 4-amino-4-
deoxy prephenate. Thus, PapB recognizes a substrate with a 4-amino substituent, whereas AroQ recognizes
a 4-hydroxy substituent in an otherwise identical molecule. As Mtu AroQ; and Ehe AroQy cluster with Spr
PapB and as both Mycobacterium tuberculosis and Erwinia herbicola possess other AroQ paralogs, Mtu
AroQy, and Ehe AroQy could quite possibly have PapB substrate specificity. However, Ehe AroQy has been
shown to catalyze the chorismate mutase reaction in vitro (Xia et al., 1993a). PapB differs from its two
closest homologues in its lack of a cleavable signal peptide.

The second substrate specificity is represented by PchB from P. aeruginosa. The two proteins most sim-
ilar to PchB are from Vibrio vulnificus and Pseudomonas fluorescens and are probably functionally simi-
lar orthologues. PchB catalyzes a step in salicylate biosynthesis in P. aeruginosa (Serino et al., 1995). Serino
et al. (1995) conclude that PchA converts chorismate to isochorismate and PchB converts isochorismate to
salicylate (and pyruvate). The latter reaction is analogous to that of chorismate lyase, which converts cho-
rismate to 4-hydroxybenzoate (and pyruvate). We suggest an alternative. PchB catalyzes a mutase reaction
using isochorismate as substrate and producing isoprephenate. This reaction has been demonstrated in higher
plants by Zamir et al. (1993). For the following step of salicylate production, PchA has an N-terminal ex-
tension that is absent in a number of other isochorismate synthases, and we suggest that this may comprise
a catalytic domain for what might be termed isoprephenate lyase. Although the N-terminal region of PchA
shows no obvious homology to chorismate lyase, as one might expect, such facile reactions exhibit great
divergence (or probability for independent origin), as already illustrated by chorismate mutase orthologues
and analogues.

THE pheA GENE FAMILY

Modular organization

Figure 4 shows the modular organization shared by all known PheA proteins. An N-terminal catalytic
domain (C-domain) is joined to a carboxy-terminal allosteric domain (R-domain). Xia et al. (1992) showed
that when 260 bp was excised from the E. herbicola *PheA domain at the 3'-end, catalytic competence was
retained, but allosteric effects were lost. A discrete allosteric domain is consistent with the mutation analy-
sis results of Nelms et al. (1992). The lengths of the catalytic domains are quite uniform (except for the N-
terminal extension found for the Xanthomonas enzyme) (Gu et al., 1997). Nine C-domain residues are in-
variant, and many other residues are highly conserved. All of the PheA proteins that have been studied at
the enzyme level are specific for prephenate. However, the higher plant (Arabidopsis) PheA protein may
prove to be an arogenate-specific protein, as arogenate dehydratase, but not prephenate dehydratase, is read-
ily found in higher plants (Jung et al., 1986). The single broad-specificity cyclohexadienyl dehydratase that
has thus far been cloned and sequenced was found to lack homology with PheA proteins (Fischer et al.,
1991).

Homologue R-domains exist in mammalian aromatic amino acid hydroxylases

We noticed that BLAST analyses of various PheA proteins submitted as query entries consistently
returned hits for mammalian aromatic amino acid hydroxylases. Alignment matchups were between
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Mtu AroQ: 297193 11sl i apl g ppla ral|D|GTSQLAELVD A AAE|R|LEVADPVAAF|K|W.. 61
—EEhe AroQ. P42517 ffss 1 fms s nvfalGS (V)SSVSLGSLSS A LNE|R|MQUMKAVAGY|K|A.. 50
Spr PapB U60417  ATDP[L]DAL[R]ARLD AA [D|..... AALLD A VRT|R|LDICLRIGEY|K|R.. 55
Mja AroQ; Q57696  MIEK|L|AEI|R|KKID EI |D|..... NKILK|L|IAE|R|NSLAKDVAEI|K|... 37
,_':Mth AroQ: AE000858 AREV|L|RRS|R|QKID GI |D|..... RDILD|L|ITS|R|IALAREIAEA|K|... 42
|

Eco AroQe+ P07022 SENP|L|LAL|R|EKIS AL |D|..... EKLLA|L|LAE |R|RELAVEVGKA K| ... 39
Ehe AroQy+ Q02286 poNe|L|LAL|R|DKIS AV |D|..... KKLLT |L|LAE |R|RLLAVEVAQA|K| ... 39
—  L———Hin AroQy,* P43900  MALE|L|SDI|R|QQIT QI [D|..... RSLLK|L|LSE |R|[HRLAFDVVRS |K| ... 37
Xca AroQpe ARPV|L|ADV|R[AKID EI |D|..... RGIQA|L|IAE|R|ANFAHQVGKA|K|G.. 78
rr:Pst AroQ.,+ P27603  EADQ|L|KAL|R|VRID SL |D|..... ERILD|L|ISE|R|ARCAQEVARV|K|TAS 42
| L— L——Ngo AroQy,* Contigdlé6 IDEL|L|IPH|R|NAID TI |D|..... AEILR|L|LNE|R|AQHAHAIGEL|K|G.. 54
| L AfusAroQ,+ AE001090 .AES(I)EEL|R|GLIK SI [D|..... SLILR|L|IER|R|IDAARQIARI|K|...298

_{ LJ
Pae PchB Q51507 DCTG|L|ADI|R|EAID RI ‘A LGR|R|MDYVKAASRF|K|AS. 45
—FEVVu AroQ U32676  ACES|L|NDI|R|LGID TL I LSQ|R|MGYVKARAQF|K|PD. 55
| L——pfl FbsB  Y09354 ACEN|L|NDI|R|AGID FF S LQK|R|LRYVKARAQF|K|AN. 47

| —
L Eco AroQ.+ P07023  MVAE|L|TAL|R|DQID EV L|LAK|R|LELVAEVGEV |K|SRF 40
L r——rCEhe AroQc+ Q02287 MVAE|L|TAL|R|DQID SV L|Lak|R|LELVAEVGEV |K|SRY 40
—| L——vch AroQ.* GVCDG49F MAVE|L|NQL|R|DQID EV L|LAR|R|LALVEQVGQV |K|SRY 40
L L———Hin AroQ.- P43902 FMEA|L|KDL|R|SEID SL L| FAK|R|LELVSQVGKV | K|HQH 42
L Hpy AroQ; AE000547 LDSL|L|ENL|R|AEID AL L|LDK|R|LEIALKIALI|K|Q.. 37
L:Bsu AroQs+ P39912 SNTE|L|ELL|R|QKAD EL L|INE|R|GNVVKEIGKA|K|... 38
Mtu AroQ 279700 PVPE (1) DTL|R|EEID RL L|VKR|R|AEVSKAIG. . [K[AR. 61
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Mtu AroQ: ...RAQLPIEDSG|R|V EQQLAKLG EDARSQH..I DPDYVTRVFD DQIRATEAI|E|YSRF 113/199
Ehe AroQ¢ ...LHHLPIEDLP R?QWLDHML QNAQQAG. .L EPHSVEPFVH ALMNASKTI|Q|YRYR 102/182
Spr PapB ...LHQVPMMQPH|{R|I AQVHANAA RYAADHG..I DPAFLRTLYD TIITETCRL|E|DEWI 107/129
-
Mja AroQ¢ ..NQLGIPINDPE|R E|KYIYDRIR KLCKEHN..V DENIGIKIFQ ILIEHNKAL|Q|KQYL 90/99
Mth AroQ¢ ..EVLGMEILDPE|R E|LQIIERTR KIARENG..I DENKLTELMK ILMDLSKTE|Q|KEML 95/98
Eco AroQu* ..LLSHRPVRDID|R E|RDLLERLI TLGKAHH..L DAHYITRLFQ LIIEDSVLT|Q|QALL 92/386
Ehe AroQu* ..LATHRPIRDVE|R E|RALLENLI VLGKAHN..L DAHYITRLFQ LVIEDSVLT|Q|QALL 92/387
Hin AroQy+ ..EISQKSLRDVE|R E|QQLLQELV QFAENENYQL EAQYITSIFQ KIIEDSVLT|Q|QVYL 90/385
Xca AroQp+ .KLAAAVDYYRPE|R E|AQVLRMVV DRNEGP...L SDEVLVHVFR EIMSACLAQ|Q|EPLK 130/400
Pst AroQ,* WPKAEEAVFYRPE|R E|AWVLKHIM ELNKGP...L DNEEMARLFR EIMSSCLAL|E|QPLR 95/365
Ngo AroQp* ..... TGAVYRPE|R E|VAVLRRIQ DLNKGP...L PDESVARLFR EVMSECLAV|E|RPLT 94/375
Afu*AroQ,* ..MERGEPIELKD(V)E|EEKLWEV. .MSKTT...L NPVKLKEIFE GIMSLAKEE|E|YKVA 348/620
—
Pae PchB ..... EAAIPAPE|R|V AAMLPERA RWAEENG..L DAPFVEGLFA QIIH.WYIA|E|QIKY 94/102
Vvu AroQ . .EKSIPAPE|R|V ASMLEERR HWANEQG..L SEEYVEALFD NIIQ.WYIS|Q|QIQH 104/117
Pfl FbsB EQDIPAPE|R|V AAMLEERR LWAVEAE..L DVAFVEKLYE QIIH.WNIQ|Q|QILH 96/111
-
Eco AroQc* GLPIYVPE|R E|ASMLASRR AEAEALG..V PPDLIEDVLR RVMRESYSS|E|NDKG 90/373
Ehe AroQce ..GLPIYVPE|R E|ASMLASRR KEAEALG..V PPDLIEDVLR RVMRESYTS|E|NDKG 90/373
Vch AroQ:e . .GLPIYAPD|R E|AAMLASRR TEAESKG..V PPQLIEDILR RTMRESYAS (*)KDSG 89/?
Hin AroQ:* ..GLPIYAPE|R E|IAMLQARR LEAEKAG..I SADLIEDVLR RFMRESYAN|E|NQFG 92/377
Hpy AroQg ESPIYCPK|R E|QEILKRLS QRDFKHL..N GEILTGFYTE VFKISRKFQ|E|NALK 92/96
Bsu AroQys ..EAQGVNRFDPV|R E|RTMLNNII ENNDGP...F ENSTIQHIFK EIFKAGLEL|Q|EEDH 90/358
Mtu AroQ . .MASGGTRLVHS |R E|MKVIERYS .......... .elgpdgkdl ailllrlgr(g)rlgh 105/105
— —

FIG. 3. Multiple alignment of the AroQ protein family. The PILEUP software program of GCG was used to obtain
the multiple alignment shown. The dendrogram generated is shown at the upper left. Immediately to the right of the
dendrogram are individual designations and accession or contig numbers. Ending residue numbers are shown at the
right of each horizontal data block. At the lower right is given the number of the final residue presented, followed
(slash) by the number of the final sequence residue. The most divergent members of the family are Ehe AroQy, Mtu
AroQy and Spr PapB, which comprise one of six groups shown by the spacing used. Lowercase letters for amino acids
denote the signal sequences that are cleaved from the top two proteins. Residues located at the active site of Eco AroQpe
as demonstrated by x-ray crystallography are indicated by residue numbers at the top. With respect to other indicated
residues, residue 11’ is located on the other subunit in the active homodimer. Residues conserved through at least the
bottom major cluster are boxed. Other highly conserved residues are in boldface. Residues marked with H at the top
participate in important hydrophobic interactions in Eco AroQ,. Residue numbers are shown at right. An asterisk marks
the position of residue 85 in the Vch aroQ, sequence, which almost certainly is a sequencing error. The present TAA
stop codon is unlikely because of its location within the coding region of other homologues; residues immediately be-
fore and after the codon are highly conserved. It is likely that this residue is E(GAA) or Q(CAA). Mtu, Mycobacterium
tuberculosis; Ehe, Erwinia herbicola; Spr, Streptomyces pristinaespiralis; Mja, Methanococcus jannaschii; Mth,
Methanobacterium thermoautotrophicum; Eco, Escherichia coli; Hin, Haemophilus influenzae; Xca, Xanthomonas
campestris; Pst, Pseudomonas stutzeri; Ngo, Neisseria gonorrhoeae; Afu, Archaeoglobus fulgidus; Pae, Pseudomonas
aeruginosa; Vvu, Vibrio vulnificus; Pfl, Pseudomonas fluorescens; Vch, Vibrio cholerae; Hpy, Helicobacter pylori,
Bsu, Bacillus subtilis. AroQy, monofunctional chorismate mutase, AroQpe, chorismate mutase domain of P-protein;
AroQ¢e, chorismate mutase domain of T-protein; *AroQg, chorismate mutase domain of AroA*AroQq; PchB and FbsB,
isochorismate mutase; PapB, 4-amino 4-deoxychorismate mutase.
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—> R domain 309 F/L I/L S/T 338 D/E
| [ | |
— - I —_
Cgl PheA TGHDRTS |VIFSLP N..VPGS|L|VR ALNE|F|GIRGV DLT R|IES R P|T YR|F|HLD.ISG HIRDI.PVAE ALRALHLQAE ELVFVGSW 280/315 P10341
Mtu PheA TGADRTS |[AVLRID N..QPGA|L|VA ALAE|F|GIRGI DLT R|IES R P|T YL|F|FVD.CVG HIDDE.AVAE ALKAVHRRCA DVRYLGSW 279/321 283864
Ame PheA TGADRTS | IVAAAA N..RTGT|L|AE LLTE|L|ATRGI NLT R|LDA R P|H YR|F|FID.FEG HVAEP.RIAD ALAALRRRCR DVRFLGSF 268/303 Q44104
Eco *PheA QVPAKTT LLMATG Q..QAGA|L|VE ALLV|L|RNHNL IMT R|LES R P|I EM|F|YLD.IQA NLESA.EMQK ALKELGEITR SMKVLGCY 375/386 P07022
Ehe *PheA QVPAKTT LIMATG Q..QAGA|L|VD ALLV|L|RQHNL IMS K|LES R P|I EM|F|YID.VQG NLQSE.RMQQ ALQELQTMTR SLKVLGCY 375/387 Q02286
Hin <PheA QIPTKTL LLMTTS Q..QAGA|L|VD ALLV|F|KKHQI NMT K|LES R P|I EM|F|YLE.IEA NIHHP.DTKQ ALEELKNYSN YLKILGCY 375/385 P43900
Pst *PheA |....... TGDDKTS [IIVSMR N..KPGA|L|HE LLMP|F|HSNGI DLT R|IET R P|S YV|F|FID.CMG HYQDP.LIKD VLEKIDHEAV ALKVLGSY 360/365 P27603
Xca *PheA |....... SGHDRTS | VLVFIH D..KPGA|L|FD VLSP|F|ARHGI SMN R|IES R P|S YG|F|FID.LAG HVEDE.SMKQ ALAELEAHSA QIKVLGSY 395/400 U64518
Ngo *PheA |....... SGSDKTS | LAVSAP N..RAGA(V)AS LLQP|L|TESGI SMT K(FES R P|S YL|F|FID.IEG HRRDA.QIQT ALERLGERAS FVKAIGSY 370/375 CONTIG396
Bsu PheA FEVNSKL SSRPKTT LMVMLP QDDQSGA|L|HR VLSA|F|SWRNL NLS K|IES R P|T YF|F|IID.IE. KAFDDVLIPG AMQELEALGC KVRLLGAY 278/285 P21203
Lla PheA ...FDLN QTKDKVT LALTLP DN.LPGA|L|HK AISV|F|AWRDI DMT K|IES R P|L YF|F|IID.LEN NATNSLKIPY ALEELAGLGV NVRLLGNY 269/279 P43909
Ssp PheA «...EGY LAGSHTT LAFSVP RN.VPGA|L|VA PLQL|L|AQRNI NLS R|IES R P|T YV|F|FMD.LEA SQTEP.RLQE ALEKLKQYTE VLKIFGSY 275/297 D90910
Mja PheA |..... YH PKNYKVS IVFELK ED.KPGA|L|YH ILKE|F|AERNI NLT R|IES R P|S YI|F|YID.FEN ...NKEKLEE ILKSLERHTT FINLLGKY 268/272 Q58054
Ath ADT  |..... RT DRPFKTS IVFAAQ EHKGTSV|L|FK VLSA|F|AFRDI SLT K|IES R P|H YM|F|YVD.FEA SMAEP.RAQN ALAEVQEYTS FLRVLGSY 409/424 AC002534
Afu *PheA RSGR SEGKITS LFFGVE DK..PGA|L|KD VLEV|F|HKKGF NLR K|LES R P|A YV|F|FVE.VEA PLRE..... E DLLDLKQVTT FYKVVGVF 611/620 AE001090
Sce PheA DNEVED TGLLRVN LLTFTT RQDDPGS|L|VD VLNI|L|KIHSL NMC S|INS R P|F YL|F|FIEYYT. EKNTPKNKEK FYEDISDKSK QWCLWGTF 359/368 P32452
Spo PheA ...DLS PLKEKSL LQFYLS H...PKK|L|SA VFEV|F|AAHKV VIT N R P|. (Y) FVECLGM EKHLIDRVGK YCDT.. FTFMGSY 280/287 297992
C domain <— e 8
wlu L
Mmu Ph4H 32 N|G|AV S|L|..I|FS|LKE ...EVGA|L|AK VLRL|F|EENEI H R F KPVLGSIIKS LRNDIGAT 105/453 P16331
Rno Ph4H 32 N|G|AI s|L|..I|FS|LKE ...EVGA|L|AK VLRL|F|EENDI NLT|H IES R F|FTYLD.. KRT KPVLGSIIKS LRNDIGAT 105/453 P04176
Hsa Ph4H 32 N|G|AI s|L|..I|FS|LKE ...EVGA|L|AK VLRL|F|EENDV NLT|H IES R F|FTHLD. «....KRS LPALTNIIKI LRHDIGAT 105/453 P00439
Bfl Ph4H 18 A|G|TM E(V)..I|FS|VNE ...EVGA|L|AK ALRL|F|ESHKI NLT|H IES R F|FVRFDPN ..VKPA LEALRSSAAP YRCIAGTP 97/438 AJ001677
Dme Ph4H 29 A(R)NT C|L|..L|FS|PKD SSLSSGA|L|AN ILAI|F|KKHDI NLV|H IES R F ..LGKA IEDVKEQCSY FNIISRDY 110/453 P17276
Mmu TrSH 18 R|G|RV T|L|..I|FS|LKN ...EVGG|L|IK ALKI|F|QENHV NLL|H IES R F|VD.CDIN REQ...LNDI FPLLKSHTTV LSVDSPDQ 94/444 P09810
Rno TrSH 15 R|G|RV T|L|..I|FS|LKN ...EVGG|L|IK ALKI|F|QENHV NLL|H IES R F|VD.CDIN REQ...LNDI FPLLKSHTTV LSVDSPDQ 94/444 P09810
Ocu TrSH 15 R|G|RA T|L|..I|FS|LKN ...EVGG|L|IK ALKI|F|QEKHV NLL|H IES R F|VD.CDTN REQ...LNDI FHLLKSHTNV LSVTPPDN 94/444 P17290
Mmu Ty3H 78 D|G|NA V|L|NLL|FS|LRG ..TKPSS|L|SR ALKV|F|ETFEA KIH|H LET R P|A QRPLAGSPH. F|VR.FEVP SGD...LAAL LSSVRRVSDD VRSAREDK 161/498 P24529
Rno Ty3H 78 D|G|NA V|L|NLL|FS|LRG ..TKPSS|L|SR AVKV|F|ETFEA KIH|H LET R P|A QRPLAGSPH. F|VR.FEVP SGD...LAAL LSSVRRVSDD VRSAREDK 161/498 P04177
Hsa Ty3H 108 E|G|KA V|L|NLL|FS|PRA ..TKPSA|L|SR AVKV|F|ETFEA KIH|H LET R P|A QRPRAGGPH. F|VR.LEVR RGD...LAAL LSGVRQVSED VRSPAGPK 191/528 P07101
Bta Ty3H 70 D|G|KA V|L|TLL|{FA)LRP ..TKPPA|L|TR AIKV|F|ETFEA HLH|H LET R P|A QPLRAGSPP. F|VR.CEVP GPV...VPAL LSALRRVAED VRAAGESK 161/491 P17289
L J e (S (- (-
FIG. 4. (Continued) Multiple alignment of the PheA protein family. (A) Alignment of the N-terminal catalytic domains

of monofunctional prephenate dehydratases (PheA) and P-protein prephenate dehydratase domains (ePheA). The PILEUP
software program of GCG was used to obtain the multiple alignment shown. Ending residue numbers are shown at the
right of each horizontal data block. At the right of each horizontal line is given the number of the residue immediately
to the left. Invariant residues are boxed, and highly conserved residues are shown in boldface. Cgl, Corynebacterium
glutamicum; Mtu, Mycobacterium tuberculosis; Ame, Amycolatopsis methanolica; Eco, Escherichia coli; Ehe, Erwinia
herbicola; Hin, Haemophilus influenzae; Pst, Pseudomonas stutzeri; Xca, Xanthomonas campestris; Ngo, Neisseria gon-
orrhoeae; Bsu, Bacillus subtilis; Lla, Lactococcus lactis; Ssp, Synechocystis sp.; Mja, Methanococcus jannaschii; Ath,
Arabidopsis thaliana; Afu, Archaeoglobus fulgidus; Sce, Saccharomyces cerevisiae; Spo, Schizosaccharomyces pombe.
(B) Alignment of C-terminal inhibitor domains of PheA protein family members (top) with N-terminal inhibitor domains
of eukarya hydroxylase protein family members (bottom). At the right are the numbers of the final residues presented,
followed (slash) by the number of the final sequence residue and accession or contig number. The junction separating
the catalytic and allosteric regions is indicated. Residues 309 and 338, shown by mutation analysis in E. coli to be im-
portant for feedback inhibition (Nelms et al., 1992), are marked. The motif (S/TGxDR/KTS) suggested for allosteric ac-
tivation by tyrosine is boxed. Phenylalanine-4-hydroxylase (Ph4H), tryptophan 5-hydroxylase (Tr5H), and tyrosine 3-
hydroxylase (Ty3H) from Mmu, Mus musculus; Rno, Rattus norvegicus; Hsa, Homo sapiens; Bfl, Branchiostoma floridae;
Dme, Drosophila melanogaster; Ocu, Oryctolagus cuniculus; Bta, Bos taurus.

the N-terminal region of the hydroxylases (within a region known as the R-domain) and the C-termi-
nal region of the dehydratases. When the Blocks database was searched (BLKSORT Version 7/9/97)
using the dehydratase allosteric domain as a query, the Blksort Hits included portions of the hydrox-
ylase R-domain. The alignment in Figure 4B suggests that catalytic domains of eukaryotic hydroxy-
lases and PheA dehydratases each possess fused R-domain homologues (shaded region of multiple
alignment shown in Fig. 4B). Homology is evident throughout a region limited to about 70 amino acids
within the C-terminal portion of the R-domains. A central motif is IE(S/T)RP (tryptophan hydroxy-
lases are IESRKS). The motif is flanked on the left by an Lx3(L/I/V)x,(F/L)x¢(L/I/M) motif and on
the right by a conserved phenylalanine residue. A search of the database for other proteins carrying
fused R-domains gave negative results. The first 25-residue portion of PheA R-domains exhibits no
relationship to the hydroxylase R-domain. The most N-terminal segments of the R-domains of tyro-
sine hydroxylase, tryptophan hydroxylase, and phenylalanine hydroxylase (not shown in Fig. 4) ex-
hibit variable length and divergent sequences that undoubtedly relate to the individuality of regulation
in place.
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Oligomerization properties of R-domain proteins

Evidence in the literature suggests that various PheA R-domains can bind one or more aromatic amino
acids as modulators of activity, and these frequently promote molecular mass transitions. Three purified P-
proteins have been studied in detail, those from E. coli (Hudson and Davidson, 1984), Alcaligenes (now
Ralstonia) eutrophus (Friedrich et al., 1976), and Acinetobacter calcoaceticus (Ahmad et al., 1988). The E.
coli P-protein is a homodimer that is converted to a tetramer either by exposure to L-phenylalanine or by
use of high protein concentrations. Neither L-tyrosine nor L-tryptophan affected activity or molecular mass.
The A. eutrophus P-protein persists as a tetramer in the presence or absence of L-phenylalanine, L-tyrosine,
or L-tryptophan. All three amino acids bound to the enzyme as allosteric effectors, with L-phenylalanine
being a potent inhibitor and both L-tyrosine and L-tryptophan being strong activators. The A. calcoaceticus
P-protein exists as a dimer and is converted to a tetramer in the presence of either L-phenylalanine (in-
hibitor) or L-tyrosine (activator). L-Tryptophan is an activator with unknown effects on molecular mass.
High protein concentration did not facilitate tetramer formation, but hysteretic activation was reported.

Among the monofunctional PheA proteins, the B. subtilis enzyme undergoes dimer-to-octamer transitions
in the presence of activating effectors (prephenate, L-methionine, or L-leucine) and octamer-to-dimer transi-
tions in the presence of inhibiting effectors (L-phenylalanine or L-tryptophan) (Pierson and Jensen, 1974; Riepl
and Glover, 1978). It was concluded that the dimer is intrinsically inactive and the octamer is the active species.

The bacterial phenylalanine hydroxylases lack an R-domain and exist as monomers (Zhao et al., 1994),
in contrast to mammalian aromatic amino acid hydroxylases, which possess N-terminal R-domains and are
multimers (Hufton et al., 1995). The C-domain of mammalian hydroxylases has a 20-residue C-terminal
leucine zipper that stabilizes active tetramer. The C-domains of PheA proteins have no comparable motif.
The core C-domain of rat phenylalanine hydroxylases (267 residues) (Dickson et al., 1994) and rat tyrosine
hydroxylase (318 residues) (Lohse and Fitzpatrick, 1993) are similar in size to bacterial phenylalanine hy-
droxylase (267 residues), which is a monomer that lacks an R-domain. The core C-domain of Lohse and
Fitzpatrick (1993) was indeed found to be monomeric. Thus, the determinants for dimer and tetramer for-
mation appear to be located within the R-domain, whereas the far C-terminal leucine zipper of the C-do-
main shifts the dimer-tetramer equilibrium toward tetrameric species. The hydroxylase R-domain is gener-
ally considered to be an inhibitory domain that interferes with the active site of the C-domain of rat tyrosine
hydroxylase (Hufton et al., 1995). Phosphorylation and dephosphorylation, which are known to occur at
serine residues of the R-domain, have been reported to mediate dimer-tetramer interconversion in mam-
malian phenylalanine hydroxylases (Smith et al., 1984). The activation of rat phenylalanine hydroxylase by
L-phenylalanine has also been linked to phosphorylation (Tipper and Kaufman, 1992).

The foregoing general background information suggests that R-domain homologue regions that are fused
to catalytic domains of prephenate dehydratase, on the one hand, and to catalytic domains of mammalian
aromatic amino acid hydroxylases, on the other hand, are inhibition domains. Effector molecules that bind
to the R-domain produce conformational changes that enhance (inhibition) or relax (activation) the C-do-
main/R-domain interaction. Frequently, but not always, these changes are associated with molecular weight
transitions. The details of effector identity and quantitative effect are highly variable from system to system.

In view of such system-specific individuality, perhaps the highly conserved IE(S/T)RP motif of the R-
domain specifies an interdomain interface with the C-domain. A close examination of the C-domains of
PheA and aromatic hydroxylase protein families did not reveal any common motif candidate, but the key
residues sought may be too widely spaced to be recognized.

REGULATION OF aroQ,*pheA

In enteric bacteria, such as E. coli (Hudson and Davidson, 1984) and E. herbicola (Xia et al., 1993b),
aroQp*pheA is controlled soley by attenuation. The latter mode of attenuation depends on a ribosome-stalling
mechanism operating during translation of a phenylalanine-rich leader peptide located immediately upstream
of aroQ,*pheA. In this case, alternative stem-loop structures are favored, depending on the rate of leader-
peptide translation. P. stutzeri aroQ,*pheA clearly lacks an upstream leader peptide that would be needed
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to participate in a ribosome-stalling mechanism, as it, in fact, overlaps with serC. Translation of serC it-
self probably could not act as a leader peptide, as serC is not phenylalanine rich at the carboxy-terminus.

In Xanthomonas campestris (Gu et al., 1997), we noted the existence of alternative stem-loop structures
between serC and aroQ,*pheA—one a possible antiterminator structure and the other a rho-independent ter-
minator. As no upstream leader peptide is present, an attenuation mechanism exploiting the alternative stem-
loop structures would require an unknown regulatory element (e.g., an RNA-binding protein).

Yet another mechanism of regulation is suggested in both P. stutzeri and P. aeruginosa, where a strong
stem-loop structure was identified that sequesters the ribosome-binding site of aroQ,*pheA (Xie et al., 1999).
This could provide a mechanism whereby serC translation is required to activate aroQp,pheA translation
by unmasking the sequestered ribosome-binding site. The additional presence of an alternative stem-loop
structure might reflect a mechanism whereby aroQ,*pheA is differentially regulated at the translational level.
Thus, under conditions of L-serine sufficiency where serC translation is minimal, aroQ,pheA translation
may be uncoupled from serC translation if an appropriate secondary mRNA structure is presented in re-
sponse to L-phenylalanine limitation. This would require an unknown regulatory gene. In recent years, reg-
ulatory mechanisms acting at the level of translation initiation have gained recognition as being more im-
portant than previously thought in prokaryotes (De Smit and Van Duin, 1990).

INTERCISTRONIC REGION BETWEEN aroQ,*pheA AND hisH,

Within the supraoperon boundaries, only the intergenic junction separating aroQ,*pheA and hisHj is suf-
ficiently long to contain promoters, attenuators, and associated regulatory elements that do not overlap cod-
ing regions. In P. stutzeri, a strong hairpin structure (AG = —27.0 kcal/mol) overlaps the *pheA stop codon
(Xie et al., 1999). This could be an attenuator structure. If so, unknown elements of regulation upstream
and downstream may act to remediate the imperfect uridine-rich segment present, as reported in other sys-
tems (Reynolds et al., 1992). Downstream at the far 3'-end of the intergenic space is another hairpin struc-
ture (AG = —19.0 kcal/mol), which sequesters the ribosome-binding site. An alternative stem-loop struc-
ture (AG = —18.0 kcal/mol) would expose the ribosome-binding site. Perhaps unknown elements of
regulation exist to dictate the stabilization of one structure or the other.

The shorter intergenic region of P. aeruginosa was also examined for comparable secondary structure
possibilities. No hairpin resembling the far upstream stem-loop of P. stutzeri was found. However, a down-
stream hairpin structure (AG = —18.0 kcal/mol) sequestering the ribosome-binding site was found, also ac-
companied by an alternative stem-loop structure (AG = —27.0 kcal/mol).

No hairpin structures were found in the intergenic regions between hisHj and fyrA. or between tyrA, and
aroF. Thus, the features of close intergenic spacing and the possible mechanisms in place to mask ribo-
some-binding sites prior to the event of upstream translation may accommodate coupled translation through
much or all of the systems under some conditions. Under other conditions, translation may be uncoupled
for selective expression of some genes.

THE hisHgp GENE FAMILY

Relationship between imidazole acetol phosphate aminotransferase and
histidine/aromatic biosynthesis

Histidine biosynthesis requires an imidazole acetol (IAP) aminotransferase to catalyze the formation of his-
tidinol phosphate by transamination of IAP (Winkler, 1996). Although a number of microbial aminotransferases
are not essential for growth because of the backup capabilities attributed to the broad specificities of the intra-
cellular repertoire of aminotransferases (Jensen and Calhoun, 1981), the presence of a family I8 aminotrans-
ferase is essential in all organisms studied that rely on endogenous histidine biosynthesis (Jensen and Gu, 1996).

B. subtilis IAP aminotransferase can provide a backup function in tyrosine and phenylalanine biosyn-
thesis (Nester and Montoya, 1976), a role normally fulfilled by an aromatic aminotransferase specified by
aroJ. Thus, hisH, mutants are auxotrophic for L-histidine, whereas aroJ mutants remain prototrophic for
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histidine, phenylalanine, and tyrosine. Double mutants (hisH,, aroJ) require histidine, tyrosine, and phe-
nylalanine. As expected from the in vivo results, purified IAP aminotransferase from B. subtilis was shown
to transaminate phenylpyruvate and p-hydroxyphenylpyruvate in vitro (Weigent and Nester, 1976).

Multiple alignment (Fig. 5) clearly shows that P. stutzeri HisH}, belongs to the I8 subfamily of family I
aminotransferases. This subfamily consists entirely of enzymes capable of catalyzing the IAP aminotransferase
reaction of L-histidine biosynthesis (Jensen and Gu, 1996). They are not, however, necessarily restricted to
this reaction. Subfamily I8 appears to split into two homology groupings, which correlate with broad substrate
specificity (HisHy,) and narrow substrate specificity (HisH,,). E. coli HisH,, exemplifies a case of narrow sub-
strate specificity (Martin et al., 1971). On the other hand, HisHy, enzymes from Z. mobilis (Gu et al., 1995)
and B. subtilis (Nester and Montoya, 1976) illustrate cases of a broadened substrate specificity to accommo-
date the aromatic ring. It is interesting that P. aeruginosa, Haemophilus influenzae, and M. tuberculosis each
possesses two hisH paralogs, one of which clusters with the known broad-specificity enzymes (denoted HisHy,).
As P. aeruginosa possesses a hisH,, paralog, P. stutzeri probably also possesses a hisH,, paralog.

An evolutionary scenario was advanced suggesting that an ancestral hisH,, gene encoded a broad-speci-
ficity enzyme that was competent for both histidine and aromatic amino acid biosynthesis (Gu et al., 1995).
Gene duplication produced a gene copy (hisH,) that became biochemically specialized for histidine biosyn-
thesis and became incorporated into the histidine operon. The remaining hisH), although still producing a
gene product competent for catalysis of the histidine pathway reaction, became specialized for aromatic
biosynthesis, as is suggested by its persistent genetic linkage with tyrA homologues. If this is so, E. coli
must have lost hisH), the latter likely having been replaced by fyrB (which seems to be unique to enteric
bacteria). On the other hand, B. subtilis either lost hisH, or exists in a lineage whose phylogenetic diver-
gence preceded the hypothetical gene duplication event that generated hisH,,.

Not consistent with the foregoing scenario is the observation that the HisH}, protein class exhibits more
similarity to one subgroup of HisH,, proteins than the latter exhibits to the remaining HisH,, subgroups. Be-
cause the application of several tree-building algorithms gave results similar to the PILEUP dendrogram,
one has to concede the possibility of the opposite scenario, namely, that hisH,, was the ancestral gene and
hisH), emerged more recently. The observation that HisH}, possesses more invariant residues than does HisH,,
is also consistent with this possibility.

OTHER GENE FAMILIES REPRESENTED BY GENES OF
THE PSEUDOMONAS SUPRAOPERON

The tyrA gene family

Cyclohexadienyl dehydrogenase (TyrA.) has been purified and characterized extensively from P. stutzeri.
An extensive comparative analysis of this protein family has also been carried out (G. Xie and R.A. Jensen,
unpublished observations).

.

FIG.5. (next 3 pages)Multiple alignment of deduced amino acid sequences of HisHy, and HisH,, proteins. The PILEUP
software program of GCG was used to obtain the multiple alignment shown. The dendrogram generated is shown at
the upper left. Immediately to the right of the dendrogram are the individual designations, as well as accession or con-
tig numbers. Ending residue numbers are shown at the right of each horizontal data block. At the lower right of the
last page of the sequence is given the number of the final residue presented, followed (slash) by the number of the fi-
nal sequence residue. Residues that are highly conserved are printed in boldface type. Highly conserved residues are
boxed in at the level of HisHj, or at the level of the entire HisH homology group. The four invariant residues conserved
at the superfamily level of aminotransferase homologues are marked with asterisks. Dot characters indicate gaps in-
troduced to optimize the alignment. Zmo, Zymomonas mobilis; Pde, Paracoccus denitrificans; Pae, Pseudomonas aer-
uginosa; Pst, Pseudomonas stutzeri; Mfl, Methylobacillus flagellatum; Hin, Haemophilus influenzae; Bsu, Bacillus
subtilis; Mja, Methanococcus jannaschii; Hvo, Halobacterium volcanii; Mtu, Mycobacterium tuberculosis; Lla, Lacto-
coccus lactis; Axy, Acetobacter xylinum; Ssp, Synechocystis sp.; Rsp, Rhizobium sp.; Sco, Streptomyces coelicolor;
Eco, Escherichia coli; Cma, Candida maltosa; Sce, Saccharomyces cerevisiae; Spo, Schizosaccharomyces pombe; Ngo,
Neisseria gonorrhoeae; Sso, Sulfolobus solfataricus; HisH,, broad-specificity imidazole acetolphosphate aminotrans-
ferase; HisH,, narrow-specificity imidazole acetolphosphate aminotransferase.
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Zmo HisH, 136343  PKSWIDSIAP|Y|IP|G|SSK....... TLDGR PAV|K L|S|S
r_-[::::Pde HisH, 271971  PQPGIMEISL|Y|EG|G|ASK....... VAGVE NVV|K L|S|S
Pae HisH, Con2251 QPG.VQKLSP|Y|VP|G|KPVDELARELGIDPA AIV|K L|A|S
' Pst HisH, AF038578 VPG.VQKLSP|Y|VT|G|KPIDELARELGIEPA RIV|K L|A|S
| {L—Mfl HisH, UB3322  PSN.IRAIAP|Y|QP|G|KPITELAREMGLKPG VII|K L|A|S
— { L——Hin HisH, D64187 NRG.VKSLSP|Y|QA|G|KPIEELERELGI..S NIV|K L|A|S
| YL——Bsu HisH, P17731  IKEHLKQLKP|Y|QP|G|KPIEAVKSEYGLD.. KVV|K L|A|S
H L———Mja HisH, C64419  VRDVVKKLKP|Y|VP|G|KSKEEIARAYGIKPE DII|K L|G|S
— L——————Hvo HisH, P17736  QPRDLSAHAP|Y|VP|G|RGTEEVARELGMDPE DLT|K L|S|S
| L———— Mtu HisH, 280343  LRPELAGLPV|Y|VP|G|KTV........... P GAI|K L|A|S
I LJ L L [
Lla HisH, Q02135 ....... MSW Q NT R AVSPYLGRVKQPELT GMI K|L|N T
1 r—f{:::Axy HisH, P45358 MSRFWS P LV H KLTPYV.PGEQPKMT DLI K|L|N T
|  L——Pae HisH, Conll148 ....MRKLWX P FV K DLVLYV.PGEQPKLV RLS K(W)T P
L JL——Ssp HisH, D90909 DRNCAMVSIR P SV R HTPAYV.PGEQPQTN DFI K|L|N T
L Rsp HisH, P55683 DAKLQRVLSS L TE V YRQLNSLPSSQPSDA GYV K|L|D T
Mtu HisH, 295586  RSGHPVTLDD L PL R ADLRGKAPYGAPQLA VPV R|L|N T
————___[::::::SCO HisH, P16246  ...MTFGIDD L PV R DELRGKSPYGAPQLD VPV R|L|N T
Eco HisH, P06986  ARENVRNLTP Y QS A R......... RLGGN GDV W|L|N A
[:::Hin HisH, E64070  SRQNIQALTP Y QS A R......... KLGGN GTI W|L|N A
# Cma HisH, A48329  IRPNILTLEP Y RC A R......... D.DFK TGI L|L|D A
—r:Sce HisH, P07172  VRPKIYNLEP ¥ RC A R......... D.DFT EGI L|L|D A
L— Spo HisH, P36605 LRKNILELQP Y RC A R......... D.DFS EGV L|L|D A
Ngo HisH, Conl54  .MKSVRSFIR N DI L AMSAYKITDVPPGFA KLD A(M)E S
Sso HisH, UB2227  FYIAPTKLVR N KI K SWLLNASEYDFTDIK EGI R|L|H L

[}
Zmo HisHp, AKEAYREAID SLSL|YP|DSG ATALREAIGA CY....N... ...... LDPA RI.IHGT|G|SD
Pde HisH, AREAMIRAAH GLHR|YP|NTD HAGLRGAIGE VH....G... ...... LDPD RI.ICGV|G|SD
Pae HisH, ALEAIRAELA ELTR|YP|DGN GFELKRKLAE RC....A... ...... VDAA QVTL.GN|G|SN
Pst HisHp, VLEAVRGELS ELTR|YP|DGS GFRLKAKLAE RF....G... ...... LKSE QITL.GN|G|SN
Mfl HisH, AYAAMQDALE DIAR|YP|DGN SFALRDCVCR KF....K... ...... LQPD QLVF.GN|G|SN
Hin HisH, AKKAIFEQLD KLTR|YP|DAN GFELKQTIAK KF....G... ...... VQPN QITL.GN|G|SN
Bsu HisH, AKEALHHEIQ QLAL|YP|DGY SAALRTRLSK HL....N... ...... VSET SLIF.GN|G|SD
Mja HisH, IKEKILDEID KIHQ|YP|EPV NPILMKELSK FL....N... ...... VDEE NIIVGGD|G|AD
Hvo HisHp, AVAAIEDAAP TVSV|YP|KTA HTDLTERLAD KW....G... ...... LAPE QVWV.SP|G|AD
Mtu HisH, VRAAIDRATD TVNR|YP|DNG CVQLKAALAR HL....GP.. ..... DFAPE HVAV.GC|G|sv
Lla HisH, QLFNERYKTK NLRL|YP|STD AKSLRKKLAE YH....H... ...... LEVE QV.FIGN|G|SD
Axy HisH, LEAIRAADND TLRL|YP|DPE ALALRKALGA RI....G... ...... LGPE YV.FVGN|G|SD
Pae HisH, IAAMQOAELND DLRL|YP|DPN GERLKQAVAA HY....G... ...... VQOAN QV.FVGN|G|SD
Ssp HisH, VLAAVAARELP KVRL|YP|DPV STQLRQAAAD LY....G... ...... VDLN QV.LAGN|G|SD
Rsp HisH, VMQSAVAALE RQYL|YP|EDD NISLREAAAA SY....D... ...... LSAD QV.IAGN|G|SS
Mtu HisH, VVRSVREAAI DLHR|YP|DRD AVALRADLAG YLTAQTGI.. ..... QLGVE NI.WAAN|G|SN
Sco HisH, IAERVREAAR DLNR|YP|DRD AVELRTQLAR YLTDTSGH.. ..... PLDVS NV.WAAN|G|SN
Eco HisHn T......... LNR|YP|ECQ PKAVIENYAQ Y......... AGVKPE QVLV.SR|G|AD
Hin HisH, D......... .LNR|YP|EPQ PQRVVQAYAN Y......... ....AGVSTE NVLV.TR|G|GD
Cma HisH, TELAL..... ELNR|YP|DPH QLELKQQVID FREK...HPN KYTKEKLSVE NLCL.GV|G|SD
Sce HisHp, T......... NLHR|YP|DPH QLEFKTAMTK YRNKTSSYAN DPEVKPLTAD NLCL.GV|G|SD
Spo HisHn, ....V..... EFNR|YP|DPR QIEVKQRLCD LRNKELSIT. ....KPLTPD NICM.GV|G|SD
Ngo HisH, WRAQL..ASA PIHL|YP|NPS GCGLQEALRS AF........ ..... DIPDC AAVALGN|G|SD
Sso HisH, VKMYLSKG.. ..NR|YQ)HPD LLEKYRELAA EYSK...... ...... VEPE NI.YPSV|G|AD

L LJ

r—

Zmo HisHp, YAGQD.DEVLY PRYS|F|SVYPL AARRVGATP. ..VEA.PDDD YRCSVDALLK AVTP.R 154
Pde HisHy, YAGPG.TEVLF TEHG|F|LMYRI SAHAAGAIP. ..VQV.AERD RVTDIDALIA GATP.. 152
Pae HisH, YLAPG.LNAVF SEHA|F|AVYPI ATQAVGAEGR ..AVK.AR.A WGHDLEAMLA AIDG.Q 158
Pst HisH, C.GAG.PNAVF SAHA|F|AAYPL CTQAAGAESR ..VVP.AV.D YGHDLDGMLK AIDE.Q 158
Mfl HisH, FLTPG.TEAVY AQHA|F|AVYAL VTQATGASGI ..SVP.AR.D FGHDLDAMLA AITD.K 158
Hin HisHp, FATEG.DEIMY SQYA|F|IVYPL VTKAINAIVK ..EIP.AK.N WGHDLQGFLT ALSD.K 155
Bsu HisHp, FLNDK.TNTVT AAPT|F|PQYKH NAVIEGAEVR ..EIA.LRPD GSHDLDAMLE AIDE.Q 155
Mja HisH, FVDDG.DEVII PIPT|F|TQYRV SATIHNAKIK YAKYD.KEKD FKLNVESVLN NITD.K 164
Hvo HisHp, VLEPD.DRILE PAPG|F|SYYSM SARYHHGDAV QYEVS.KDDD FEQTADLVLD AYDG.E 155
Mtu HisH, TASVG.DEVVF GWRS|F|ELYPP QVRVAGAIPI QVPLT....D HTFDLYAMLA TVTD.R 146
Lla HisH, FFNSQ.SPLLM PDIT Y SFYPI YCELYRIPFQ ..KVP.VDDD FKVSIKDY.. ..CI.E 142
Axy HisH, FFAHG.EPLLF PDVT Y SFYKV YCGLYSLPFR ..NVP.LTDD MQVNVADY.. ..AG.P 144
Pae HisH, LFQHD.LPLLF PDVT Y SFYPV YCGLYGIAHE ..KIA.LDER FRIRVEDY.. ..AR.P 145
Ssp HisH, FVDPG.ETVAF LDLT Y SLYET IASVHGAKVQ ..KIA.TDAN FDLTGPVI.. ..CP.E 160
Rsp HisH, FLGPG.DSVAM LSPG F AYNRK LAQLQGARLL ..EIK.WGES SLLPIHELLF GPAK.Q 158
Mtu HisH, FGGPG.RSAIG FVPS Y SMHPI ISD..GTHTE WIEAS.RAND FGLDVDVAVA AVVDRK 165
Sco HisH, FGGPG.RTAIG FEPS Y SMHGL IAR..GTGTG WISGP.RHED FTIDVPAATR AIDEHR 160
Eco HisH, FCEPGKDAILY CPPT Y GMYSV SAETIGVECR TVPTL...DN WQLDLQGISD KLDG.. 146
Hin HisH, FCEPKQDAILF CPPT Y GMYAV SAETAGVLSK TVPLT...DD FQLNLPEIKN HLND.. 158
Cma HisH, VCVPGKDKMLI CPPT Y GMYSI CATVNDVVIE KVPLTVPD.. FQIDIPAILS KVKSDP 161
Sce HisH, CCVPGKEKILV LPPT Y SMYSV CANINDIEVV QCPLTVSDGS FQMDTEAVLT ILKNDS 163
Spo HisH, SCIPGKDKILM CPPS Y GMYTV SAKINDVEVV KVLL...EPD FNLNVDAICE TLSKDS 153
Ngo HisH, TAKPG.AAMLA AEPG F IMYRH NAALYGMDYV GVPL...NGD FTLNLPAVLE AVRKHR 155
Sso HisH, LVEPG.DTILT NYPS Y SMYSV YSSVRGTKVI KVNLKEDNEW WKENTDDLLA QAEK.. 162
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20

KLHNGLPR.. NCLLVI|DQAY A-EWYLDPECDD GALAL 208
RLARAVPQ.. RIALVV|DAAY|A|E|YVG.DYDG GA.QL 206
RFLAQVPA.. EVLVVL|DEAY|I|E|YAEGDELP DGLDY 214
SFLDRVPE.. RVLVVL|DEAY|I|E|FYRGTN.C QRLNY 213
DFLAKVPR.. QVLVVL|DEAY|D|E|YLAAELKS EAFSW 213
DFLAEVPE.. NVIVVL|DEAY|T|E|FTRSEERV DSFSL 211
AFLERVPS.. RVLVVL|DEAY|Y|E|YVTAEDYP ETVPL 211
RVINE..T.. DALVVI|DHAY|I|E|YAKKE..Y DWTQK 216
ELAESVEE.. HTLLVV|DEAY|G|E|FAEE...P SAIDL 207
REFVEAVPA.. HILIAI|DEAY|V|E|YIRDGMRP DSLGL 202
EIL.KKNQ.. NSIVLI|DEAY|I D FGGE.... TCLPL 193
KLL.ELQP.. NRVVLI|DEAY|V D FGAE.... SAVSL 195
AML.KASP.. DSVVVV|DEAY|V D FGGE.... SAIAL 196
WQT.CAQA.. EGVVVI|DEAY|G D FSDE.... DHWDF 210
SLV.ALS... DQLVVL|DEAY|V D FAPD.... SALRL 208
KLLD.VA... PGIAIV|DEAY|G E FSSQ...P SAVSL 216
ALYEAAQAAK PSMVVV|DEAY|I E FSHG...A SLLPL 215
TLLE..LTRG KAIVVA|DEAY|I E FC.PQ..A SLAGW 199
DLLQ..ITAG KAIVVV|DEAY|I E FC.PE..A SVINL 211
TLLEELLNCW QGLIVV|DEAY|I D FTEPG..S SMSTL 218
KVLONWDN.. .GLVVV|DEAY|V D FC..G..G STAPL 215
KILEH..PTW NGIVVV|DEAY|I D FSAPD..M SALTL 208
AAIEA....S DGIVVV|DEAY|G A FNGDSFLP QAGRI 209
ELIGQLAENT KGEFVVI|DEAY|Y E FGGYTVSP YIYDY 229
GL A|AE —lﬂ I aWAYACPEII DALNRIRAP|F|N...VTIA 257
GL G)GL|R|V|G|WGYGPREIV DVLNRIRAP|F|N...LSNV 255
GL A|SL|R|V|G|YALSSKAVA DVLNRVRQP|F|N...VNSL 263
GL A|GL|R|V|G|YSASSPQIA DVLNRVRQP|F|N...VNSL 261
GL A|GL|R|V|G|FGVTSPGVA DLMNRVRQP|F|N...VNSV 262
GL A|GL|R|I|G|YAVSNPEIA DLLNRVRQP|F|N...CNSL 260
GL A|AL|R|V|G|YGIADENLI RQIEPAREP|F|N...TSRL 260
GL A|GM|R|V|G|YGVANKKII DYMMRVKPI|F|S...LTRL 265
GL A|GL|R|I|G|YACVPEAWA DAYARVNTP|F|A...ASEV 256
GL A|GL|R|I|G|YAIGHPDVI TALDKVYVP|F|T...VSSI 251
;‘ L
SL|A|GI|R|L|G|VAYGSAEAI SHLYDVKNS F NSYPIDSL 245
AL|A|GL|R|V|G|FAFGQPELI EGLVRIKDS F NSYPLDRL 259
SL|A|GL|R|V|G|LAVGHADLV EALERIKNS F NSYPLDRL 248
SL|A|GM|R|V|G|LAIAAPALI EEMDKVRDS Y N...LDRL 259
AA|A|GI|R|V|G|FGFGHPEVI GRLRNIQNM F N...MNVI 257
AF|A|GG|R|L|G|YLIATPAVI DAMLLVRLP Y H...LSSV 266
GA|A|GL|R|L|G|YLAAHPAVV DAVQLVRLP Y H...LSAV 264
AL|A|GL|R|C|G|FTLANEEVI NLLMKVIAP Y PLSTPV.. 249
AL|A|GL|R|C|G|FVLANPELI DILSKVIAP Y PIPVPS.. 261
GL|A|GI|R|L|G|ITFCSKELS WYLNAMKYP Y NISSLT.. 268
GL|A|GI|R|L|G|MTYATAELA RILNAMKAP Y NISSLA.. 265
GL|A|GI|R|I|G|FCLTSKPIA TIMNSLKAP Y NISEPT.. 258
GF|A|GL|R|M(S)YATGCPEVI GELQKILPP Y NMNQLSLT 256
SLE SY& LlﬂYTIANEEIV KALMKSSTP F DIPLPSLI 277
—
NOMALLSNVG IRVIPSSA|N|FT 308
A....LAEKG VPSDTSCA|N|FI 303
QLEDGFHALG LSWIPSKG|N|FI 311
ELEQGLAELR LKWIPSRG|N|FL 308
QLTEGLARLG LSYIPSYG|N|FV 309
RYEDFCQKNQ LDYIPSKG|N|FI 308
QYYDFAKTHG LKCYPSQT|N|FV 308
LYNGLKKFKD IKVYPSEA|N|YL 314
HLDA...... .PTWESEG|N|FV 301
RVSAELRAAG FTLPPSQA|N|FV 299
..... RE VFKDNLVNLG FEVTDSKA|N|FV 293
..... RT VLTEGLQKLG FDVLPSKA|N|FV 295
..... RE ALSASLQOALG FEVLPSAA|N|SS 296
..... RT RLMEQLAELD FQVCPSDA|N|FV 307
..... RE RVRVALSRLG FSVTPSHA|N|FL 305
..... RE RVTTSLNDMG FRVIPSDA|N|FV 314
..... RD RLVAELRAIG YAVTESDA|N|FV 312
ALKEIPCVEQ VFDS..ET|N|YI 300
ALLVLHQVEK VYES..EA|N|YL 312
KLLSLKYVGR N.IGGLDS|N|FV 319
ELTALDYVDD QYVGGLDA|N|FL 318
ELTTIKGMGK .IIGGYDA|N|FI 310
KNE.RERMFA ELGICRLNAF PS....QA|N|FI 303
ILYQGLKNLN LKVYKSIT|N|FL 322



INTERGENOMIC GENE ORGANIZATION

*
M 1
Zmo HisHp, LLLF..... ...EGSLTAK TAYKALMDHG YTTRWLPGQOR ..LPHAL|R|ITI|G|SEKHMQDVAGI 360/370
Pde HisH, LARF..... ...ADAETAG ACDEYLKTQG LIVRRVAGYG ..LPHCL|R|ITI|G|DEASCRRVAHV 355/367
Pae HisH, AVDL..... ..A..RDAG PVYQALLREG VIVRPVAGYG ..MPTFL|R|VSI|G|LPEENDRFLQA 361/370
Pst HisH, AVDL..... .G..RDAA PINAGLLRDG VIVRPIAGYD ..CPTFL|R|VSI|G|TEQENARFLEA 358/366
Mfl HisH, SFHV..... .A...QAA EVYQQLLKRG VIVRPVAAYD ..MPDYL|R|VSI|G|LHAENARFLEV 359/368
Hin HisH, TIDF..... .K..QPAA PIYDALLREG VIVRPIAGYG ..MPNHL|R|ISI|G|LPEENDKFFTA 358/366
Bsu HisH, LIDF..... .K..RPAD ELFQALLEKG YIVRSGNALG ..FPTSL|R|ITI|G|TKEQNEEILAI 358/363
Mja HisH, LVEL..... .K.TMKAK EFCEELLKRG VIVRDCTSFD GLGDNYV|R|VSI|G|TFEEVERFLKI 367/373
Hvo HisH, LVEV..... .G...DAT AVTEAAQREG VIVRDCGSFG ..LPECI|R|VSC|G|TETQTKRAVDV 350/361
Mtu HisH, WLPL..... ..GS..RTQ DFVEQAADAR IVVRPYGTDG ...... V|R|VTV (A) APEENDAFLRF 345/353
Lla HisH, FVHH..... ...PKVKAED LFK..ALYEA KIIVRHWN.Q PRIDDWL|R|ITI|G|TNKEMNKVIEF 344/360
Axy HisH, YTRH..... ...PNRNAAE LAT..QLRER AIIVRHLR.G ERTAAWL|R|ITV|G|TDQQCETLLSA 346/356
Pae HisH, SPVI..... ...RGTMPGR LPR...PCAK ECDSRQFQ.E ALIDKFM|R|ITI|G|SRRRTRTTGGL 346/361
Ssp HisH, FAAP..... .. .RWMAAAD LYQ..ALKEK KILVRYFN.H PRITDYL|R|ITV|G|TDGEIDQLLLA 358/367
Rsp HisH, LARV..... ...PAGRDG. VWWHACLKRK KILVAVLP.D EGLEDCI|R|VSI|G|TKPQMDAFLAA 357/368
Mtu HisH, L..F..... ...GEFADAP AAWRRYLEAG ILIR..... D VGIPGYL|R|ATT |G| LAEENDAFLRA 361/380
Sco HisH, Q..F..... ...GRFADSH ATWRKILDRG VLVR..... D NGVPGWL|R|VTA|G|TPEENDAFLDA 349/369
Eco HisH, LARF..... . .KASSAVFK SLWDQ..... GIILRDQNKQ PSLSGCL|R|ITV|G|TREESQRVIDA 350/356
Hin HisH, LIKC..... . .ONGQAVFK ALWEQ..... GIILRDONKT LHLONCI|R|ITV|G|TRNECEKVVEA 362/367
Cma HisH, LVEVLDKQG N..PSNEVAK QLYNTLATGK SIVVRFRGSE LNCVGGL|R|ISI|G|TEEENKQLLEQ 379/389
Sce HisH, LIRI....N G..GDNVLAK KLYYQLATQS GVVVRFRGNE LGCSGCL|R|ITV|G|THEENTHLIKY 374/385
Spo HisH, LIQVLDRPE GGKPSNDAAK YLYLOMATMH KVVVRFRGTE PLCEGAL|R|ITV|G|TEEENTILLKT 372/384
Ngo HisH, TIGVPDADL L....FDTLK QN....... R ILVKKLHGAH PLLEHCL|R|ITI|G|SSAQNDAVLDV 354/360
Sso HisH, LIK...... ....... DNR NLQEMLMRHG IAIRKL.... ..YDNFY|R|ITI|G|TEDQCKMVIDK 365/376

FIG. 5. (Continued)

The aroF gene family

The gene encoding EPSP synthase (AroF) has been studied from many microbial and plant organisms
because it is a sensitive target for the highly effective herbicidal and antimicrobial agent, glyphosate. No
comparative analysis of this highly conserved gene is given in this report because of the quantity and qual-
ity of information already in the literature.

cmk and rpsA gene families

Cytidylate kinase (Cmk) has been recognized at the molecular-genetic level only recently and has been
characterized most extensively in B. subtilis (Schultz et al., 1997) and E. coli (Fricke et al., 1995). rpsA en-
codes the 30S ribosomal protein S1. Comprehensive analyses of these gene families are not included here
because the overview emphasis is restricted to genes that contribute directly or indirectly to aromatic amino
acid biosynthesis.

EMERGING PATTERNS OF GENE ORDER CONSERVATION IN EUBACTERIA

The presence of some of the same linked genes (i.e., hisHj-tyrA.-aroF) in P. aeruginosa/P. stutzeri as
found in B. subtilis, an established (Henner and Yanofsky, 1993) supraoperon system, suggested to us that
these genes might be conserved across surprisingly wide phylogenetic boundaries. We have analyzed the
database to search for evidence of the occurrence of these genes together in other organisms. Figure 6 re-
veals three gene clusters that generally persist throughout both the gram-positive and gram-negative as-
semblages of bacteria: aroE-aroB, hisHy-tyrA-aroF, and cmk-rpsA. For Paracoccus and Zymomonas, one
might predict that future sequencing will show #yrA to be immediately followed by aroF. Burkholderia can
be expected to exhibit a gene organization similar to that of Bordetella, but some gene shuffling compara-
ble to that seen in comparison of Escherichia and Yersinia would not be surprising. In Burkholderia, tyrA
and aroF overlap in different reading frames by 88 nucleotides.

Given the arrangements shown in Figure 6, a reasonable working hypothesis is that the ancestral gene
arrangement for the organisms shown included linkage of aroE-aroB, hisH),-tyrA-aroF, and cmk-rpsA. Link-
age of these genes exists in contemporary lineages of both gram-positive and gram-negative bacteria.

Gram-positive bacteria

In the gram-positive grouping, Staphylococcus maintains aroG, aroB, and aroF as a closely linked gene
triad in the same relative order as the corresponding genes in the B. subtilis supraoperon, but the entire nine
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TABLE 2. SEQUENCE QUERIES USED

GenBank ID Swiss prot. 1D Description
114181 P07639 Escherichia coli AroB
728898 P24167 Escherichia coli AroE
2506201 P07638 Escherichia coli AroF
114183 P12008 Escherichia coli AroG
464976 Q04983 Zymomonas mobilis TyrA.
130048 P21203 Bacillus subtilis Phe A
2506180 P23721 Escherichia coli SerC
2506790 P23863 Escherichia coli Cmk
2507321 P02349 Escherichia coli RpsA

genes that separate aroB and aroF in B. subtilis are absent from this region in Staphylococcus. It seems
likely that aroH-trpABDCEF arose in Bacillus as an insertion between aroB and hisH-tyrA-aroF, as the
Bacillus arrangement is thus far unique. In Lactococcus tyrA is followed by a putative terminator, and aroF
is translationally coupled with aroE, which, in turn, is separated from pheA by a single nucleotide (Griffin
and Gasson, 1995). Streptococcus and Enterococcus exhibit a similar gene arrangement. Neither aroE nor
pheA is linked to aroF in B. subtilis or Staphylococcus aureus. Mycobacterium lacks linkage of fyrA and
aroF, as well as of cmk and rpsA. Clostridium exhibits some gene shuffling, including the presence of aroD
between aroG and aroE, the insertion of aroB between tyrA and aroF instead of between aroE and aroCyy,
and the insertion of /ytB between cmk and rpsA. The cmk-IytB-rpsA gene order is also present in the deeply
branching Thermotoga lineage, and in fact, the gene arrangement seen in Thermotoga aroG-aroE-aroB-
aroCyy seems to be generally characteristic of gram-positive bacteria.

Formation of a new supraoperon combination in gram-negative bacteria

Members of the B8 and vy subdivisions of Proteobacteria possess the bifunctional AroQpe*PheA (Ahmad
and Jensen, 1988a). In the Pseudomonas lineage, the gene fusion event that presumably created aroQ,*pheA

L.
o

FIG. 6. Conserved gene organization in the domain Bacteria. Organisms having the gene organizations shown are placed
on a dendrogram (at left) derived from 16S rRNA sequence comparisons. Organisms whose entire genome has been se-
quenced are shown in orange. Species names belonging to the genera shown are Thermotoga maritima, Lactococcus lac-
tis, Streptococcus pneumoniae, Enterococcus faecalis, Staphylococcus aureus, Bacillus subtilis, Mycobacterium tuberculo-
sis, Corynebacterium pseudotuberculosis, Clostridium acetobutylicum, Paracoccus denitrificans, Zymomonas mobilis,
Xanthomonas campestris, Burkholderia pseudomallei, Bordetella pertussis, Neisseria gonorrhoeae, Pseudomonas aerugi-
nosa, Haemophilus influenzae, Pasteurella multocida, Yersinia enterocolitica, and Escherichia coli. Homologous genes are
color-coded. An open box indicates an unidentified open reading frame. Genes connected by a bar are adjacent. Incomplete
gene sequences are indicated with ragged edges. Flanking regions marked with question marks might contain genes of in-
terest, but these regions have not yet been sequenced. Intergenic distances are not shown proportionally in order to facili-
tate a visual comparison, but intervening base pair numbers are indicated. A bullet between genes indicates a gene fusion
(see Table 1). Translational coupling via overlapping stop and start codons is indicated by showing these codons (stop codon
in red). More extensive gene overlap is shown in red (e.g., —8 indicates that 8 nt are shared by flanking genes). The inter-
genic space between aroB and aroF in Clostridium (<11) was estimated by multiple alignment comparisons because a start
codon for aroF was uncertain. Transcriptional start points (green arrows) and transcriptional terminators (red flags) are
shown for the well-documented B. subtilis and E. coli systems. The locations of other strong rho-independent terminator
structures are shown, but no attempt has been made to identify promoter regions. Following the preliminary indications of
conserved gene order in the developing supraoperons of B. subtilis and P. aeruginosa, the sequences listed in Table 2 were
used as queries against the Unfinished Microbial Genomes Blast Database at NCBI. The results were processed with the
LOCATE Program. This program (available on request from T. Brettin) uses the output from tblastn to locate sequences
within a contig that are similar to the query. It uses a blast e-value threshold of p < 0.001. The output is easily scanned by
eye. For clarity of visual presentation, some aspects of gene linkage are abbreviated. Thus, in Thermotoga, the full gene
linkage is tyrA-aroF-aroD-aroG-aroE*aroB-aroCy. In Enterococcus and Streptococcus, aroB (not shown) precedes aroG.
In Clostridium, the full gene linkage is tyrA-aroB-aroF-aroG-aroD-aroE-aroCy;.
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is herein hypothesized to have established its linkage upstream with serC and its linkage downstream with
hisHp-tyrA-aroF-cmk-rpsA to yield the serC. . . . rpsA supraoperon organization of genes. It should be most
instructive to examine the full gene organization in members of the « division of Proteobacteria, for ex-
ample, Z. mobilis, where aroQ and pheA are unfused.

Helicobacter pylori, a member of the Proteobacteria whose genome has been completely sequenced, does
not exhibit any portion of the serC. . . . . rpsA supraoperon organization found in other Proteobacteria.
Genome constriction has led to loss of pheA and hisH, (indeed, the entire histidine pathway). Such losses
would, of course, disrupt the prior gene organization. An uncertain homolog of SerC is highly divergent
from the SerC protein family and probably uses hydroxypyruvate rather than phosphohydroxypyruvate as
substrate. Helicobacter may use cyclohexadienyl dehydratase (PheC) for phenylalanine biosynthesis, as it
possesses several weak homologues of PheC, a nonhomologue of the prephenate-specific PheA proteins
(Zhao et al., 1993).

Disruption of supraoperon organization

Gene duplications and gene fusions occur by mechanisms that can be expected to alter gene order. As
outlined, the aroQp,°pheA gene fusion (event A in Fig. 7) may have joined a newly organized serC-
aroQp*pheA grouping to a previously existing hisHy-tyrA-aroF-cmk-rpsA linkage.
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The Haemophilus-enteric lineage represents a relatively small cluster within the y assemblage of Pro-
teobacteria where yet a second gene fusion may have disrupted the existing supraoperon organization. This
relatively recent gene fusion arose in an ancestral position (B in Fig. 7) (Ahmad and Jensen, 1988b). The
aroQ, domain (chorismate mutase) of the newly evolved bifunctional aroQtyrA presumably arose from
aroQp* by gene duplication followed by fusion to the previously monofunctional fyrA (Xia and Jensen,
1992).

In enteric bacteria, a dynamic series of additional evolutionary events altered aromatic amino acid biosyn-
thesis and regulation. Two additional paralogs of the gene encoding DAHP synthase were generated to give
the three-isoenzyme assemblage found only in enteric bacteria (Ahmad et al., 1987). Each evolved a dif-
ferential sensitivity to feedback inhibition by one of the three aromatic amino acids. One of these genes,
denoted aroA,, was joined in operonic linkage with aroQ,tyrA (event C in Fig. 7). This latter group was
moved adjacent to aroQ,*pheA, but in convergent orientation on the opposite strand (Fig. 7). Perhaps the
latter event directly resulted in the disruption of hisH),, which is absent in E. coli. In H. influenzae, hisH,
is near but not adjacent to aroQ,*pheA on the opposite strand (Fig. 7). To compensate for loss of hisH,, for
aromatic aminotransferase function, E. coli generated tyrB, a close paralog of aspC (Jensen and Gu, 1996).

Reconstruction of the exact changes in gene organization that occurred in transition from supraoperon
organization exemplified by P. aeruginosa to that of H. influenzae to that of E. coli is an intriguing prospect
to anticipate. Too many evolutionary events separate these organisms to devise a credible scenario at pre-
sent. However, when comparable genomic information becomes available for a suitably spaced phyloge-
netic progression of organisms between the current ones, there are realistic prospects that the individual
steps of gene reordering taken during evolution can be deduced.

THE aroE-aroB SUPRAOPERON

In gram-negative bacteria, the aroE-aroB linkage is consistently observed, and this extends to some of
the gram-positive bacteria. Interestingly, aroG and aroB comprise the proximal genes of both Staphylo-
coccus and the aforementioned B. subtilis supraoperon, but aroFE is absent between aroG and aroB.

Shikimate kinase homologues

Shikimate kinase is encoded by two paralog genes in E. coli, and these have been denoted aroK and aroL
in the literature. The gene adjacent to aroB is aroK (our designation, aroEy). The gene product of AroEg
has been postulated to have some function other than shikimate kinase in vivo, as it has a 100-fold lower
affinity for shikimate than does AroE; (Pittard, 1996). Indeed, the loss of AroEx has been found to confer
resistance to mecillinam and has been postulated to function in the regulation of cell division, perhaps by
phosphorylating a cell division protein (Vinella et al., 1996). Thus, the aroE-aroB tandem appears to func-
tion in multiple pathways (a mixed-function entity). Surprisingly, H. influenzae does not possess the aroL
paralog, and therefore in H. influenzae, aroEk is probably essential as a source of shikimate kinase in ad-
dition to the additional role just discussed. The high sequence divergence of this relatively small protein
hinders any dogmatic conclusions about which of the two E. coli paralogs might correspond to a given aroE
gene in another organism.

At first glance, Helicobacter appears to lack aroE upstream of aroB (HP0283). However, only 4 nt sep-
arate aroB from ORF HP0282 upstream. Recalling that aroE has been functionally implicated in cell divi-
sion, it is suggestive that BLAST yields a weak hit for a kinesin-related protein (which is related to cell di-
vision) in the carboxy-portion of HP0282. Furthermore, E. coli AroE aligns with only two single gaps with
the amino-terminal portion of HP0282. Helicobacter aroB is, in fact, the second gene in an apparent cell
division operon that includes a homologue of ftsH (HP02286). A total of seven genes are either spaced
within a few nucleotides or translationally coupled. Undoubtedly, the gene designated aroK (HP0O157) in
H. pylori is the gene encoding the functional shikimate kinase and may be the counterpart of the E. coli
aroEy paralog.
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FIG.7. Comparison of the positional placement and directional orientation of the serC, aroQ,*pheA, hisHy,, aroQ*tyrA,
and aroF genes on the 100-minute maps of H. influenzae and E. coli. Gene homologues are color-coded. In E. coli,
the position of #yrB (which has replaced hisH, for aromatic biosynthesis) is also shown. Genes placed on the (+) strand
or on the (—) strand in the database are shown in the rightward-pointing or leftward-pointing orientation, respectively.
The flag shown between epheA and *tyrA. of E. coli is a bidirectional terminator.

Expansion of the aroE-aroB supraoperon in E. coli

In E. coli, aroFE and aroB are the proximal members of the large mixed-function supraoperon aroE-aroB-
urf-dam-rpe-gph-trpS (see Introduction). Organisms in the database as close to E. coli as Haemophilus do
not possess this expanded supraoperon gene organization. It will be interesting to see which relatives of E.
coli at what hierarchical level of phylogeny exhibit the expanded supraoperon.

PERSPECTIVE

Bacterial gene order exhibits a tendency toward randomization that is perhaps surprising (Mushegian and
Koonin, 1996; Watanabe et al., 1997). It has been pointed out that the infrequent instances of strong conserva-
tion of gene strings often involve demonstrated or suspected physical association of the cognate gene products
(Dondekar et al., 1998; Mushegian and Koonin, 1996). In this connection, it is intriguing that aroB and aroF,
which flank the distal ends of the large B. subtilis supraoperon, correspond to two catalytic domains within the
pentafunctional AROM protein of Aspergillus nidulans, which have been shown to require physical interaction
with one another to maintain catalytic activity (Moore and Hawkins, 1993). Overall, it appears that the multi-
functional supraoperon organizations present in B. subtilis and P. stutzeri/P. aeruginosa reflect strongly conserved
gene organizations across relatively wide phylogenetic distances. At the same time, there has been considerable
shuffling of gene order within this overall scaffold of gene organization. The generally high degree of conserva-
tion observed may reflect global relationships of regulation that govern complex metabolic ties. Although such
global relationships may be in a state of flux, some of them might have been captured and preserved in cases
where gene neighbors evolved gene products that became mutually dependent on a state of physical interaction.
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