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INTRODUCTION

The study of the biosynthetic pathway leading to synthesis of
the amino acid histidine in prokaryotes and lower eukaryotes
was begun more than 40 years ago (119) and has resulted in the
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and intricacies for more than 20 years, it is particularly important
to remember just a few of the accomplishments that have been
obtained and of the scientists who tackled those problems.

The histidine system was of the utmost importance in the
definition and refinement of the operon theory. A genetic and
biochemical analysis of thousands of mutations in the his
operon of Salmonella typhimurium was performed in the late
1950s and early 1960s in the laboratories of Bruce Ames and
Phil Hartman (14, 18, 122, 123, 125). These studies showed
that, at variance with the yeast systems (119, 175), the bacterial
his genes were tightly clustered. Demonstration of coordinate
expression of this cluster led to the suggestion that this group
of genes might function as a single unit of expression and
regulation (13). After the formal enunciation of the operon
concept (147), Ames, Hartman, and Jacob analyzed 5’-proxi-
mal deletions of the regulatory region, resulting in a com-
pletely nonfunctional Ais operon, and revertants in which ex-
pression of the individual genes was restored to obtain
additional evidence of the operon structure (17).

Biochemical studies on the his mRNA species synthesized in
bacteria were performed by Robert Martin in 1963 (183). Dou-
ble labeling experiments of constitutive and deletion mutants,
RNA chromatographic fractionation, and sucrose gradient
centrifugation analysis showed that 4is mRNA is polycistronic
and substantiated the one operon—one messenger theory of
transcription.

Together with lac (207) and #p (143), the his operon was
used as a model system (92, 186) to study the phenomenon of
polarity (16, 98, 148). The often hot debate on the mechanisms,
translational or transcriptional (188, 196), governing polarity
and its implications in general operon function (297) ran into
the 1970s (142, 144, 194, 195). Polar mutations in the his
operon are still used to study fundamental aspects of transcrip-
tion (6, 8, 64, 65).

Another area in which studies of &is operon expression were
of fundamental help was the study of regulatory mutants and of
the mechanisms governing operon expression. Work per-
formed mostly in the laboratories of Ames and Hartman by
John Roth identified the different classes of regulatory muta-
tions and showed that, aside from the operator mutations, all
caused direct or indirect impairment of the histidyl-tRNA™*
molecule (20, 91, 235, 236, 253). These findings, in turn, were
the basis, together with early studies on the #7p operon (146),
for the identification and elucidation of a novel regulatory
mechanism of gene expression, attenuation (38, 294). This
term was proposed in 1974 by Takashi Kasai, then working in
Phil Hartman’s laboratory (156). By performing in vivo and in
vitro transcription studies with Ais transducing phages and by
measuring his-specific RNA in wild-type and operator-consti-
tutive mutants, Kasai identified a transcriptional barrier (the
attenuator), the deletion of which in the mutants was respon-
sible for efficient synthesis of downstream mRNA molecules.
Although a positive factor was believed to be required in the
process, it was also clearly stated by Kasai that the DNA
sequence of the attenuator could by itself be responsible for
the constitutive expression.

In addition to attenuation, the synthesis of histidine in the
cells is also regulated by feedback inhibition (274). Studies of
the mechanisms by which the first enzyme in the pathway was
inhibited by the end product, histidine, and by some analogs
provided important insights in this field of enzymology and
regulation of biochemical reactions (18, 184, 250).

These are just some examples of the importance of the
histidine system in the evolution of modern concepts of biol-
ogy. Many more can be found in the classic and lovely book
Gene Action, written by Hartman and Suskind and published in
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1965 in the Prentice-Hall Foundations of Modern Genetics
series (126).

Many excellent reviews dealing with several aspects of the
histidine pathway have appeared over the years, and readers
are referred to them for early aspects (15, 16, 25, 42, 185). In
particular, the last comprehensive review on histidine biosyn-
thesis was published in 1987 by Malcom Winkler (289), and a
revised version of that review will appear in the second edition
of Escherichia coli and Salmonella typhimurium: Cellular and
Molecular Biology by the American Society for Microbiology,
currently in press (290). In the last 10 years, many studies on
the histidine biosynthetic pathway have appeared, dealing with
aspects such as gene structure and regulation, transcription
initiation and termination, RNA processing, and enzymology.
In addition, the system has been extensively investigated not
only in enterobacteria but also in many other species (gram-
positive and gram-negative bacteria, archaebacteria, and eu-
karyotic organisms), affording a unique opportunity to study
the evolution of this fundamental pathway. In fact, the exten-
sive analysis of the structure and the organization of the his
genes in the three cell lineages performed in recent years has
permitted the recognition of past events of genetic rearrange-
ments, such as gene fusion, gene elongation, and gene dupli-
cation. For these reasons, this pathway might be considered a
paradigm for the study of the evolution of metabolic pathways.
We will try in this review to summarize and describe all these
findings in a broader context, as well as to indicate future
perspectives and still unanswered questions.

THE HISTIDINE BIOSYNTHETIC PATHWAY

The biosynthesis of histidine has been studied extensively in
S. typhimurium and E. coli. The pathway is described in great
detail in the excellent review by Brenner and Ames (42), with
particular emphasis on the physiological implications. The
pathway is also accurately presented in the review by Malcom
Winkler (289). Very recently, important studies which require
the modification of previous theories have appeared. In the
original studies, the pathway was believed to be composed of
11 enzymatic reactions, since two of the nine genes (hisD and
hisB) encoded bifunctional proteins (16, 126). In later reviews,
for unexplained reasons, the dehydrogenase encoded by the
hisD gene was no longer considered bifunctional, and the steps
became 10 (42). The demonstration that kis/ and hisE are, in
fact, a single gene (now hisl) (61) brought the genes to eight
and the steps to 10 (289). Since then, the bifunctional nature of
the hisD gene product has been reaffirmed (45), but at the
same time, it has been discovered that the hisH and hisF gene
products form a heterodimer and both catalyze the same step.
The postulated unknown intermediate (42) does not exist (158,
227, 228). In conclusion, three (hisD, hisB, and hisl) of the
eight genes of the operon encode bifunctional enzymes, and
two (hisH and hisF) encode polypeptide chains which form an
enzyme molecule catalyzing a single step, for a total of 10
enzymatic reactions (Fig. 1).

Reactions and Enzymes in Histidine Biosynthesis

The first reaction in histidine biosynthesis (Fig. 1) is the
condensation of ATP and 5-phosphoribosyl 1-pyrophosphate
(PRPP) to form N’-5'-phosphoribosyl-ATP (PRATP). This
enzymatic reaction has been studied in detail by Martin (184)
and is the one involved in feedback inhibition. It is catalyzed by
the N’'-5'-phosphoribosyl-ATP transferase, the product of the
hisG gene. Most of the information about the structure and
regulation of the activity of the transferase comes from the
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homologous S. typhimurium and E. coli enzymes. In both mi-
croorganisms, the purified enzyme is a hexamer composed of
identical subunits of 34 kDa (161, 215, 278, 288). Multiple
aggregation states have been evidenced under different assay
conditions. There is an equilibrium between various oligomers,
such as dimers, tetramers, hexamers, and higher aggregates;
the dimer is the basic oligomeric unit (159, 216). The dimer is
the most active species of the enzyme isolated from E. coli (71,
72). The equilibrium between the aggregation states is shifted
toward the hexameric form by histidine, by AMP, and by a
combination of these ligands, with synergistic effects (73, 161,
216). However, the most powerful ligand for stabilizing the
hexameric form is the product, PRATP. Using the purified
transferase from E. coli, Tebar et al. (265, 266) demonstrated
that one of the two substrates of the transferase, PRPP, brings
about a dissociation of hexamers and higher aggregates, with a
resulting increase in the concentration of dimers. On the other
hand, ATP counteracts PRPP in this respect. This finding is in
apparent conflict with data indicating that the hexameric form
of the homologous enzyme of S. typhimurium is stabilized by
the substrates (ATP and PRPP) (34). The different behaviors
observed for the two transferases may simply reflect differences
in the experimental conditions.

The aggregation state of the transferase of E. coli has been,
at least in part, related to regulation of its activity: ligands that
stabilize the hexameric form of the transferase also play an
inhibitory role in its activity (71, 72, 161). Feedback control of
the transferase by histidine was first documented in 1961 (18).
Klungsgyr et al. (160) found that the transferase from E. coli is
insensitive per se to histidine inhibition; the histidine effect
becomes apparent only in the presence of the product of the
reaction, PRATP, and is further increased by AMP. The syn-
ergistic inhibition by the product of the reaction and the end
product of the pathway represents a sophistication of the gen-
eral principle of feedback control, and it has been found to also
regulate the activity of the glutamine synthetase (141). The
inhibitory effect of the AMP supports the energy charge theory
proposed by Atkinson (160) and seems logical if we consider
the high metabolic cost required for histidine biosynthesis.

The product of the reaction of the transferase, PRATP, is
hydrolyzed to N'-5’-phosphoribosyl-AMP (PRAMP). This ir-
reversible hydrolysis is catalyzed by one of the two activities,
corresponding to the carboxyl-terminal domain of the enzyme
coded for by the hisI gene (255), formerly known as hisIE (Fig.
1). The other activity, which is localized in the amino-terminal
domain of the bifunctional enzyme (53, 61), is a cyclohydro-
lase, which opens the purine ring of PRAMP, leading to the
production of an imidazole intermediate, the N’'-[(5'-phospho-
ribosyl)-formimino]-5-aminoimidazole-4 carboxamide-ribonu-
cleotide (abbreviated 5'-ProFAR, or BBMII) (255).

The fourth step of the pathway is an internal redox reaction,
also known as Amadori rearrangement, involving the isomer-
ization of the aminoaldose 5'-ProFAR to the aminoketose
N'-[(5'-phosphoribulosyl)-formimino]-5-aminoimidazole-4
carboxamide-ribonucleotide (5'-PRFAR, or BBMIII). The re-
action is catalyzed by the his4 gene product (181, 182, 254).

Although the pathway of histidine biosynthesis was almost
completely characterized by 1965, the biochemical event lead-
ing to the synthesis of imidazole-glycerol-phosphate (IGP) and
5’-phosphoribosyl-4-carboxamide-5-aminoimidazole (abbrevi-
ated PRAIC, AICAR, or ZMP) from the 5'-PRFAR remained
ambiguous for a long time. The functions of the hisH and hisF
genes were known to be involved in the overall process in
eubacteria (254), but the catalytic properties of each protein
had not been completely characterized. Smith and Ames (254)
demonstrated that this process required the presence of glu-
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tamine as a source of amide nitrogen; however, a high concen-
tration of ammonia could be substituted for glutamine and the
hisH enzyme at alkaline pH in an in vitro system. These au-
thors suggested that the hisH gene product added the amide
nitrogen of glutamine to that portion of 5'-PRFAR which
cyclized to form IGP at intracellular pHs. The hisF gene prod-
uct (the cyclase) cleaved the side chain of 5'-PRFAR; the
cyclization of the moiety cleaved away was supposed to occur
spontaneously. It was hypothesized that the hisF and hisH gene
products controlled two separate steps whose order in the
pathway was difficult to establish. As a consequence, the struc-
ture of the intermediate could not be predicted (185, 254). The
last blind spot of histidine biosynthesis has recently been clar-
ified by analyzing the catalytic properties of the hisH and hisF
gene products from E. coli (158, 227, 228). Klem and Davisson
(158) found that the protein encoded by the hisF gene has an
ammonia-dependent activity that is responsible for the conver-
sion of PRFAR to AICAR and IGP, while the product of the
hisH gene had no detectable catalytic properties. However, in
combination, the two proteins were able to carry out the reac-
tion in the presence of glutamine as a nitrogen donor without
releasing any free metabolic intermediate. The hisH and hisF
gene products formed a stable 1:1 dimeric complex that con-
stituted the IGP synthase holoenzyme. The existence of this
functional dimeric complex has been proven genetically by
isolation and characterization of a mutated AisF gene product
in Klebsiella pneumoniae which catalyzes the reaction utilizing
free ammonia but not the ammonia moiety from glutamine
bound to the hisH gene product. The mutation, which results in
the replacement of aspartic acid by asparagine, has been spec-
ulated to affect the interaction between the hisH and hisF gene
products (228). A striking feature of the protein coded for by
the hisH gene is that, despite the high degree of active-site
sequence homology with several amidotransferases which also
exhibit glutaminase activity in the absence of their respective
substrates (110, 273), its glutamine-dependent catalytic prop-
erties require the presence of the hisF gene product (158).
Another heterodimeric glutamine amidotransferase, the en-
zyme aminodeoxychorismate synthase, which is composed of
the proteins encoded by the pabA and pabB genes, has similar
features (112, 296).

AICAR, which is produced in the reaction catalyzed by the
IGP synthase, is recycled into the de novo purine biosynthetic
pathway (see below). The other product, IGP, is dehydrated by
one of the activities of the bifunctional enzyme encoded by the
hisB gene, that corresponding to the carboxyl-terminal domain
(42). The resulting enol is ketonized nonenzymatically to im-
idazole-acetol-phosphate (IAP).

The seventh step of the pathway consists of a reversible
transamination involving IAP and a nitrogen atom from glu-
tamate. The reaction leads to the production of a-ketoglut-
arate and L-histidinol-phosphate (HOL-P) and is catalyzed by
a pyridoxal-P-dependent aminotransferase encoded by the
hisC gene (42). This enzyme shares certain mechanistic fea-
tures with other pyridoxal-P-dependent aminotransferases: (i)
covalent binding of pyridoxal-P to an active-site lysine residue;
(ii) the formation of an aldimine between pyridoxal-P and the
amino acid substrate as the first intermediate; and (iii) a ping-
pong Bi-Bi mechanism of catalysis (140, 191).

The HOL-P is converted to L-histidinol (HOL) by the phos-
phatase activity localized in the amino-terminal domain of the
bifunctional enzyme encoded by the AisB gene (42).

During the last two steps of histidine biosynthesis, HOL is
oxidized to the corresponding amino acid L-histidine (His) (1).
This irreversible four-electron oxidation proceeds via the un-
stable amino aldehyde L-histidinal (HAL), which is not found
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as a free intermediate (1, 109). A single enzyme, the L-histidi-
nol dehydrogenase encoded by the hisD gene, catalyzes both
oxidation steps, probably to prevent decomposition of the un-
stable intermediate (179). This enzyme represents one of the
first established examples of a bifunctional NAD*-linked de-
hydrogenase (46, 157). Most of the information about the
L-histidinol dehydrogenase comes from the enzyme purified
from S. typhimurium. It is a homodimeric Zn*>" metalloenzyme
which functions by carrying out the first oxidation step at an
active site on one subunit and then moving the intermediate to
a vicinal site on an adjacent subunit (46, 48, 81, 109, 115).
Steady-state kinetic patterns demonstrated that the enzyme
acts via a Bi-Uni Uni-Bi ping-pong mechanism: HOL binds
first to the enzyme, followed by the binding of NAD™; His is
the last product to dissociate (46, 108).

A comparative analysis of the E. coli and S. typhimurium
hisD gene products and the homologous region (HIS4C) of the
multifunctional product of the Saccharomyces cerevisiae HIS4
gene (80) showed the presence of two long regions character-
ized by highly conserved amino acid sequences (45). These
regions were supposed to represent functional domains of the
enzyme: the amino-terminal region responsible for the first
oxidation step and the carboxyl-terminal region responsible for
the second one. Genetic data on the existence of two groups of
mutations in AisD which exhibit intracistronic complementa-
tion further supported this belief (124).

An essential lysine residue appears to participate in the
reversible oxidation-reduction converting the alcohol HOL to
the aldehyde HAL during the first step of the reaction (47).
From the well-elucidated mechanism of catalysis of the glyc-
eraldehyde-3-phosphate dehydrogenase, in which an active-
site cysteine contributes to form a thiohemiacetal intermediate
(121), it was assumed that the thiohemiacetal-thiolester pair
represented the route for the aldehyde oxidation in the second
step catalyzed by the histidinol-dehydrogenase. This hypothe-
sis was initially supported by evidence that the S. typhimurium
enzyme contains two conserved cysteine residues, Cys-116 and
Cys-153, and is inactivated by modification of Cys-116 by the
reagent 4-nitro-7-chlorobenzadioxazole (114). However, the
recent result that mutant enzymes with either alanine or serine
substitution of Cys-116 and Cys-153 are active with kinetic
properties resembling those of the wild-type enzyme has ruled
out this hypothesis and suggested that the reaction might pro-
ceed through a scheme different from those common to most
aldehyde dehydrogenases (267).

Metabolic Links between the Histidine and Purine
Biosynthetic Pathways: the AICAR Cycle

Mutants bearing nonfunctional enzymatic activities which
are required for histidine biosynthesis grow normally in mini-
mal medium when supplied with exogenous histidine. On the
basis of this evidence, the pathway was supposed to lack any
branch point leading to other metabolites required for growth
(15, 42). Nevertheless, the two initial substrates of histidine
biosynthesis, PRPP and ATP, play a key role in intermediate
and energetic metabolism and link this pathway to the biosyn-
thesis of purines, pyrimidines, pyridine nucleotides, folates,
and tryptophan (43, 204, 223). These metabolic links would, at
least in part, account for the pleiotropic effects generated by
the derepressed synthesis of the enzymes coded for by the
histidine operon.

It has been calculated that 41 ATP molecules are sacrificed
for each histidine molecule made (42). The considerable met-
abolic cost may explain the finding that histidine regulatory
mutants which constitutively express the histidine operon and
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lack feedback control of the biosynthetic pathway require ad-
enine for growth at 42°C (152, 252, 260).

The purine and histidine biosynthetic pathways are con-
nected through the AICAR cycle (39). AICAR, a by-product
of histidine biosynthesis, is also a purine precursor. This con-
version involves a folic acid-mediated one-carbon (C-1) trans-
fer (204). Bochner and Ames (39) reported that the unusual
nucleotide 5-aminoimidazole-4-carboxamide-riboside-5'-triphos-
phate (ZTP) accumulated in S. typhimurium cells following treat-
ment thought to lower the folic acid pool and that strains unable
to make Z-ribotides were hypersensitive to antifolate drugs.
Under the same treatment, ZTP production was also detected
in E. coli cells, even though the accumulation of the unusual
nucleotide did not correlate strictly with folate deficiency
(234). Bochner and Ames (39) proposed that ZTP is an alar-
mone signaling C-1-folate deficiency and mediating a physio-
logically beneficial response to folate stress. This belief is sup-
ported by several findings concerning ZTP synthesis. At
variance with other triphosphate ribotides, whose synthesis
involves a two-step process controlled by specific monophos-
phate kinases and a nonspecific diphosphate kinase, ZTP is
made by pyrophosphate transfer onto ZMP in a single enzy-
matic reaction catalyzed by PRPP synthetase (39, 239, 240).
The specificity of this conversion is also supported by results
from kinetic studies indicating that the increase in the ZTP
pool does not track the increase in the ZMP pool (39).

Inhibition of folate metabolism leads to alterations of intra-
cellular processes which may involve ZTP-mediated responses.
Interesting effects on gene expression are observed in folate-
deficient cells. For example, the availability of 10-formyl-tet-
rahydrofolate influences the mode of derepression—sequen-
tial or simultaneous—of the genes clustered in the &is operon
of S. typhimurium, possibly by affecting the mechanism of
translation coupling at the intercistronic barriers (37, 42, 219,
220). Addition of inhibitors of folate metabolism induces po-
larity in E. coli and S. typhimurium (9, 221) and affects the rate
of decay (153) or processing (9) of several polycistronic
mRNAs. Other bacteria, such as Bacillus subtilis, respond to
folate shortage by initiating sporulation (101, 128, 192). The
involvement of AICAR as a metabolic regulator in different
aspects of bacterial life is also suggested by the fact that 5-ami-
noimidazole-4-carboxamide-riboside or, more likely, its phos-
phorylated form, AICAR, is required throughout most of in-
fection thread development during the process of nodule
formation by many Rhizobium species (205, 206). However, the
involvement of ZTP in these processes is only speculative, and
the evidence for a folate stress regulon controlled by ZTP
remains elusive.

It has been known for a long time that constitutive expres-
sion of the his operon of S. typhimurium results in a number of
phenotypic changes: (i) growth inhibition at 42°C that is some-
how relieved by methionine (91); (ii) wrinkled morphology of
colonies grown either in 2% glucose or on green plates (105,
200, 237); and (iii) growth inhibition in high-salt media (55). A
similar pleiotropic response is also observed in E. coli (97). The
wrinkled morphology of the his constitutive strains is due to
filament formation as a consequence of cell division inhibition
(105, 200). Murray and Hartman (200) demonstrated that the
pleiotropic response is caused by the overproduction of the
hisH and hisF gene products acting in a concerted fashion. We
now know that these two proteins associate to form the het-
erodimeric IGP synthase complex, which catalyzes the closure
of the imidazole ring of histidine, thereby releasing the by-
product AICAR. Since AICAR is a potential precursor of the
unorthodox nucleotide ZTP, a proposed alarmone, it was hy-
pothesized that the pleiotropic response might be caused by



VoL. 60, 1996

the enzymatic activity of IGP synthase leading to AICAR ac-
cumulation.

As the base 5-amino-4-imidazole carboxamide is a mutagen
in E. coli (201), mutagenic properties of the corresponding
riboside AICAR or its derivatives were also invoked to account
for the wrinkled phenotype by analogy with SOS-induced fila-
mentation upon perturbation of DNA synthesis (79). Isolation
of an antimutator strain of E. coli carrying a purB(Ts) mutation
(104) was in agreement with this proposal, since purB catalyzes
the synthesis of AICAR in the purine biosynthetic pathway
(204).

However, more recent evidence has ruled out this hypothe-
sis. First, it has been reported that AICAR is not an endoge-
nous mutagen in E. coli (96). Second, overexpression of the his
operon in S. typhimurium cells does not result in increased
incidence of spontaneous mutations as a consequence of
AICAR accumulation, confirming that the pleiotropic re-
sponse does not involve DNA damage (94). This conclusion
agrees with the observations that overexpression of the his
operon does not induce the SOS response (105) and that
filamentation in his constitutive strains is independent of the
two SOS-associated division inhibitors, SiA and SfiC (94).
Moreover, the filaments observed in his constitutive strains,
unlike the aseptate filaments formed after SOS induction,
show smooth partial constrictions in DNA-free regions (97)
and are reminiscent of those observed in ftsI(Ts) mutants bear-
ing a temperature-sensitive penicillin-binding protein 3 (PBP
3) (264). Third, elevated levels of IGP synthase cause inhibi-
tion of cell division by themselves and not via AICAR produc-
tion. Filamentation, as well as the other pleiotropic effects
associated with Ais overexpression, was shown to occur even in
E. coli and S. typhimurium strains devoid of AICAR as a
consequence of interrupting the carbon flow through the his-
tidine and purine pathways in Ais pur double mutants (94, 97).

From intergenic suppression analysis, it has been suggested
that elevated levels of the hisH and hisF gene products induce
filamentation by interfering somehow with synthesis of the cell
wall (21, 22). Several of these suppressors result in spherical
cells with increased autolysis and sensitivity to penicillin or
related antibiotics. One such mutant was affected at the envB
locus, also known as mre in E. coli (22). Interestingly, an E. coli
mreB mutant, which also has spherical shape and is hypersen-
sitive to mecillinam, overproduces PBP 3 (279). Altogether,
these findings suggest that division inhibition in Ais constitutive
strains may result from a shortage of septal murein synthesis
catalyzed by PBP 3 (97). The classical approach of studying
intergenic suppression has recently led to the identification of
four novel loci on the S. typhimurium chromosome: osmH,
sfil, sfiX, and sfiY. These suppressors behave as either “gen-
eral” or “partial” suppressors of the pleiotropic response. Ep-
istatic effects among suppressors have been also documented
and suggest a pathway-like model for the /is constitutive pleio-
tropic response (93).

It is conceivable that further study of the pleiotropic re-
sponse triggered by the overexpression of hisH and hisF gene
products will facilitate the discovery of genes controlling the
metabolic pathway(s) leading to cell division in E. coli and S.
typhimurium.

ORGANIZATION OF THE HISTIDINE GENES

Since the beginning of microbial genetic studies, histidine-
requiring mutants were frequently isolated and characterized.
These works led to the identification of all the genes necessary
for histidine biosynthesis in E. coli and S. typhimurium and to
their localization on the genetic map (289). Similar work on
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the yeast S. cerevisiae also allowed the identification and ge-
netic mapping of several genes involved in histidine biosynthe-
sis (197). After the introduction of DNA sequencing tech-
niques and genetic engineering in microbial genetics, the data
on his genes accumulated rapidly for model microorganisms
and for several other bacterial and fungal species, providing a
wealth of information on at least 14 bacterial (including Ar-
chaea), 5 fungal, and 3 plant species, with more than 60 genes
sequenced. Table 1 reports the complete list of all these genes,
grouped according to their homology with the well-character-
ized genes of the his operon of E. coli. Many of these genes/
operons were first identified by the ability of cloned DNA
fragments to complement histidine auxotrophic mutations ei-
ther in E. coli or in homologous hosts. Final identification was
generally achieved from DNA and protein sequence compar-
ison with the E. coli counterparts, assuming, as it is widely
accepted, that the biosynthetic pathway is fundamentally the
same in all organisms.

As indicated by the frequent occurrence of genetic comple-
mentation, homologous genes (which are presumed to code for
proteins performing the same function in the biosynthetic
pathway) in different species are generally similar. The simi-
larity in the overall lengths of the genes extends to the molec-
ular weights and secondary structures of the proteins encoded.

In many of the species in which &is genes were identified and
characterized, they were not found interspersed in the genome
but clustered with other genes to constitute complete operons
or at least part of them. The same is in part true for operonless
fungi, in which some of the his genes resulted from the fusion
of different parts, each of which is homologous to different
bacterial genes. The organization of genes in the his operons or
clusters is variable among the different species, indicating that
during evolution, genes were separated or linked, apparently
without severe constrains (see below). In other bacterial oper-
ons which have been characterized in several species, such as
the #rp operon, gene order was mostly found to be invariant
(69). The organization of the known his gene clusters in mi-
croorganisms is presented in Fig. 2.

Eubacteria

Gram-negative bacteria. In the Enterobacteriaceae members
E. coli and S. typhimurium, a single operon composed of eight
genes very tightly linked to each other encodes all the enzymes
required for the biosynthesis of histidine. The complete genetic
structure of the E. coli and S. typhimurium operons was re-
ported by Carlomagno et al. (53), with minor differences found
in genes hisG and hisD by Jovanovic et al. (154). The operons
measure 7,389 and 7,438 bp in E. coli and S. typhimurium,
respectively, with an overall homology of 81%. The order of
the genes in the operon does not match the sequence by which
the enzymes they encode take part in the synthesis of histidine
(Fig. 1); it is possible that the particular gene order resulted
from both regulatory and metabolic constraints (see below,
Evolution of Ais clusters). In the other member of the Enter-
obacteriaceae for which partial DNA sequences are available,
K. pneumoniae (228, 233), the data on a part of hisG, the
complete hisF, and a very small part of hisA and hisI suggest a
general organization similar to that of E. coli and S. typhi-
murium.

In the gram-negative proteobacterium Azospirillum brasilense,
belonging to the a-purple subdivision, an operon structure
with a transcription initiator, seven open reading frames
(ORFs), and a transcription terminator was found (83, 85).
Only five of these ORFs, however, are homologous to E. coli
genes; the remaining two code for proteins without any ho-



TABLE 1. Histidine genes in different prokaryotic and eukaryotic organisms

No. of
Gene Organism Sequence” (database) Length (bp) Enzyme coded or homologous enzyme rifgili:ts/ mi?lrtr;%lg;lb Raecfz:ggi(i)o(.)r
hisA  E. coli ECHISOP (G) 735 Phosphoribosyl-formimino-5- 245/26,030 53
amino-1-phosphoribosyl-4-
imidazole carboxamide
isomerase (EC 5.3.1.16)
S. typhimurium STHISOP (G) 738 246/26,197 53
A. brasilense ABHISHAFE (G) 762 254/26,788  +E.c. 83
S. coelicolor SCHISOPA (E) 720 240/25,097 176
L. lactis LACHISBIO (G) 717 240/25,097 77
M. voltae MVOHISA (G) 726 242/26,739  +E.c. 70
M. vannielii MVHISA (E) 714 238/25,709  +E.c. 70
M. thermolithotrophicus MVOHISAB (G) 714 238/25,649  +E.c. 283
S. cerevisiae (HIS6) 783 261/29,554  +E.c. 84
hisB E. coli ECHISOP (G) 1,068 Imidazoleglycerol-phosphate 356/40,283 53
dehydratase (EC 4.2.1.19);
histidinol-phosphate-
phosphatase (EC 3.1.3.15)
(bifunctional)
S. typhimurium STHISOP (G) 1,065 355/40,138 53
hisBd  A. brasilense ABHISBDH (G) 621 Imidazoleglycerol-phosphate 207/22,664  +E.c. 85
dehydratase (EC 4.2.1.19)
S. coelicolor SCHISOPA 591 197/21,588  +E.c. 176
L. lactis LACHISBIO (G) 600 200/22,005  +E.c. 71
Anabaena sp. ASBIFA (E) 627 209/22,890 262
S. cerevisiae (HIS3) SCHIS3G (E) 657 219/23,788 261
S. kluyveri (k-HIS3) SKHIS3G (E) 696 232/25325  +S.c. 284
T. harzianum THIGMPR (E) 627 208/22,356  +S.c. 107
S. pombe SPU07831 (G) 648 216 +S.c. U07831
P. parasitica PPHIS3G (G) 1,356 452/47,961 711591
T. aestivum TA02690 585 (inc)* 195/21,250 P34048
A. thaliana AT02689 (E) 810 270/29,225 P34047
hisBpx S. cerevisiae (HIS2) SCU09479 (G) 1,008 Histidinol-phosphate-phosphatase 335 180
(EC 3.1.3.15)
hisC E. coli ECHISOP (G) 1,071 Imidazole acetol phosphate 356/39,339 53
aminotransferase (EC 2.6.1.9)
S. typhimurium STHISOP (G) 1,077 359/39,726 53
Z. mobilis (hisH) ZMTYRC (E) 1,110 370/40,631  +E.c. 116
A. pasteurianus (his]) ~ ABCHPA (G) 1,071 356 263
M. smegmatis MSHISCD (G) 657 (inc) 219/23,343 134
S. coelicolor SCHISOPA (G) 1,107 369/40,352 176
L. lactis LACHISBIO (G) 1,080 360/41,448  +E.c. 77
B. subtilis (hisH) BSHISHA (E) 1,089 363/40,414 129
H. volcanii HALHPA (G) 1,083 361/39,415 —E.c 67
S. cerevisiae (HIS5) SCHISS 1,155 385/42,542 209
S. pombe (his3) SPU07830 (G) 1,451°¢ 384/42,733 49
C. maltosa CMCHIS5 1,923 640 130
hisD  E. coli ECHISOP (G) 1,302 Histidinol dehydrogenase (EC 434/46,199 53, 154
1.1.1.23) (bifunctional)
S. typhimurium STHISOP (G) 1,299 433/45,823 53
L. lactis LACHISBIO (G) 1,290 430/47,350  +E.c. 77
S. coelicolor STMHISHOPA (G) 1,323 441 177
M. smegmatis MSHISCD (G) 1,338 445/46,702 134
P. pastoris PPHIS4G 2,534 844 68
S. cerevisiae (HIS4) YSCHIS4 (G) 2,397 799/87,935 80
N. crassa (his-3) NCHIS3 (E) 2,648 863/94,658 174
B. olearacea BOHDHQ 1,402 438/47,474% 202
hisF E. coli ECHISOP (G) 774 Cyclase 258/28,452 53
S. typhimurium STHISOP (G) 774 258/28,366 53
K. pneumoniae KPHISFCY (G) 776 242 228
A. brasilense ABHISHAFE (G) 783 261/28,059  +E.c. 83
L. lactis LACHISBIO (G) 732 244/26,659  +E.c. 71
S. cerevisiae (HIS7) SCHIS7 (E) 1,656 552/61,082 164
hisG  E. coli ECHISOP (G) 897 ATP phosphoribosyl transferase ~ 299/33,264 53, 154
(EC2.4.2.17)
S. typhimurium STHISOP (G) 897 299/33,209 53
L. lactis LACHISBIO (G) 624 208/23,570  +E.c. 77
S. cerevisiae (HISI) SCHIO1 (E) 891 297/32,263 133
K. pneumoniae KPHISG (G) 300 (inc) 100/11,408 232

Continued on following page
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TABLE 1—Continued

No. of

Gene Organism Sequence® (database) Length (bp) Enzyme coded or homologous enzyme resicllues/ m(é?]rt?[)il;b R;f:;:;gi(sn)oor
mol wt ’
hisH  E. coli ECHISOP (G) 588 Glutamine amidotransferase 196/21,651 53
S. typhimurium STHISOP (G) 582 194/21,520 53
A. brasilense ABHISHAFE (G) 576 192/20,824 83, 85
S. coelicolor STMHISHOPA (G) 666 222/23,841 176
L. lactis LACHISBIO (G) 606 202/22,438 77
S. cerevisiae (HIS7) SCHIS7 (E) 1,656 552/61,082 164
hisl E. coli ECHISOP (G) 612 PR-ATP 204/22,760 53
pyrophosphohydrolase:PR-
AMP cyclohydrolase (EC
3.5.4.19) (bifunctional)
S. typhimurium STHISOP (G) 609 203/22,663 53
K. pneumoniae 60 (inc) 20 228
L. lactis LACHISBIO (G) 606 212/24,673  +E.c. 77
S. cerevisiae (HIS4) YSCHIS4 (G) 2,397 799/87,935 80
N. crassa (his-3) NCHIS3 (E) 2,648 863 174
P. pastoris PPHIS4G 2,534 844 68
hisl M. vannielii MVHISI (G) 408 PR-AMP cyclohydrolase 136/15,619  +E.c. 32
hisE  A. brasilense ABHISHAFE (G) 336 PR-ATP pyrophosphohydrolase 111/11,944  +E.c. 83
orfl68 A. brasilense 504 168/18,459 83
orfl22  A. brasilense 366 122/13,244 83
orfl S. coelicolor 162 54/5,685 176
orf2 S. coelicolor 228 (inc) 76/7,985 176
orf3 L. lactis 984 Histidyl-tRNA synthetase 328/37,908 77
orf6 L. lactis 789 263/30,701 77
orf8 L. lactis 786 Apha3 enzyme 262/30,706 77
orfl3 L. lactis 807 269/31,346 77
orf91 M. voltae 273 91 70
orf294 M. voltae 882 294 70
orf29 M. vannielii 87 29/3,255 32
orf634 M. vannielii 1,902 634/71,094 32
orfl50 M. vannielii 450 150 70
orf547 M. vannielii 1,641 547 70
orfl14 M. thermolithotrophicus 342 114 283
orfl45 M. thermolithotrophicus 435 145 283
orf206 M. thermolithotrophicus 618 206 283

“ Gene name in the data banks. E, EMBL; G, GenBank.

® Complementation (+) or noncomplementation (—) of E. coli (E.c.), S. typhimurium (S.t.), or Saccharomyces cerevisiae (S.c.) homologous mutants.

€ inc, sequence available is incomplete.

@ The corresponding E. coli gene complements the H. volcanii mutation.
¢ The gene is interrupted by three introns.

/The gene is interrupted by one 59-bp-long intron.

& Size of the mature protein after processing.

mology to other his genes. Assuming that the histidine biosyn-
thetic pathway of A. brasilense is identical to that of E. coli,
there are at least three genes missing in the operon, hisGDC.
A fourth missing gene could be the sequence coding for the
PRATP pyrophosphohydrolase/PRAMP cyclohydrolase, hisl
of E. coli, whose corresponding ORF in A. brasilense (hisE) is
just a part of it. The same deduction can be applied to the
hisBpx moiety of the E. coli hisB (see below) that is also
missing in the A. brasilense operon. The presence of other his
genes in the A. brasilense genome unlinked to the main operon
is further suggested by the inability of the genes of the identi-
fied cluster to complement some uncharacterized histidine-
requiring mutants of 4. brasilense (87). The order of genes in
the A. brasilense his operon, hisBAdHAFE, is the same as in E.
coli. The same gene order does not mean, however, the same
gene organization: in fact, one of the two unidentified ORFs
lies between hisH and hisA, another unidentified ORF at the
end of the operon separates hisE from the terminator, and
finally hisBd and hisE, as already mentioned, correspond to
just a portion of the E. coli genes (see below).

Gram-positive bacteria. A single operon organization was
also found in the gram-positive bacterium Lactococcus lactis, in
which 12 ORFs have been identified (77). Eight ORFs are
homologous to the E. coli his genes, indicating that all the
enzymes of the pathway are coded for by this operon. The
exception is the product of the hisB gene, which, like in other
organisms (see below), is only present with the dehydratase
activity coded by the hisBd portion of the gene, while hisBpx,
the phosphatase domain, is apparently absent. Four ORFs
code for unidentified proteins with unknown functions. The
order of the genes is similar to that in E. coli in the 3’ portion
of the operon for the hisHAFI genes. The 5’ portion of the
operon apparently underwent a translocation with respect to
the E. coli arrangement, moving AisC from immediately down-
stream of hisD to upstream of hisG, at the very beginning of
the operon (Fig. 2). The general organization of the Ais operon
of L. lactis reflects the features of other genes for amino acid
biosynthesis in lactic acid bacteria, such as the single chromo-
somal location and the presence of unrelated ORFs (62).

Clustered genes for histidine biosynthesis were also found in
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FIG. 2. Organization of some of the histidine biosynthetic genes sequenced to date in different organisms. The single gene encoding a bifunctional enzyme, formerly
known as hisIE (289), has been renamed hisl in E. coli (27). In this review, we have therefore used hisl for organisms with a single gene and hisI and hisE for organisms
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terminators. Open boxes in the S. coelicolor cluster indicate ORFs with unknown function. Lines between genes indicate intergenic regions. Hatched box, 5'-proximal
region of the HIS4 gene encoding a sequence not homologous to known 4is genes. chr, chromosome.

the gram-positive organism Streptomyces coelicolor, in which
the his genes were mapped in three unlinked loci (137). Two
minor loci, each containing one gene, are located at 2 o’clock
and 6 o’clock on the strain A3(2) chromosome (the latter was
identified as hisBpx). The third locus, mapping at 12 o’clock,
contains the main Ais cluster, with seven ORFs, five of which
are homologous to E. coli hisDCBdHA (176, 177). Also in S.
coelicolor, the general gene order is the same as in E. coli, with
the insertion of unknown ORFs changing the organization of
the operon. In this case, however, the sequence of the last ORF
at the 3’ end of the cluster was not completely determined, and
it is possible that other ORFs are included in the same operon.
It is interesting that three of the seven ORFs start with unusual
codons: hisC and hisD with GUG, and hisH with UUG. How-
ever, GUG at least was found to be a rather frequent start
codon in Streptomyces spp. (136).

In two other gram-positive bacteria, Mycobacterium smeg-
matis and B. subtilis, only limited sequences of his genes are
available, but it is possible to infer that M. smegmatis his genes
have the same organization as those of the more closely related
S. coelicolor (134), with an operon structure starting with hisD
followed by hisC. The B. subtilis hisH gene, which is homolo-
gous to E. coli hisC, seems, on the contrary, to be an isolated
gene (129). Another his locus, containing all the other his
genes, was mapped in the B. subtilis chromosome, but none of
these genes has been sequenced (19). A genetic organization
similar to that of B. subtilis was postulated for the his genes of
the related gram-positive organism Staphylococcus aureus
(217).

Archaebacteria

The his genes in archaebacteria are less well known than in
eubacteria; only three his genes have been recognized in just
four species, three of them belonging to the genus Methano-

coccus and one to Halobacterium (Table 1). In M. vannielii, M.
voltae, and M. thermolithotrophicus (70, 283) a gene highly
homologous to E. coli hisA has been sequenced together with
its flanking regions; the analysis of these sequences failed to
demonstrate the occurrence of an operon-like structure. The
ORPFs surrounding hisA are, in fact, apparently unrelated to
histidine biosynthesis. On the other hand, no promoter-like
sequence was recognizable upstream of hisA4, although a puta-
tive ribosome-binding site was noted (283). A second his gene,
hisl, sequenced in M. vannielii (32) was found to be unlinked to
hisA. If further studies eventually demonstrate an operon
structure for the archaebacterial Xis genes, it will contain un-
related ORFs, like the operons found in L. lactis and A.
brasilense. A conserved genetic organization, if not an operon,
among archaebacterial Ais genes is suggested by the high level
of homology found between the peptides coded for by
ORF547, ORF294, and ORF114 preceding hisA and between
ORF150 and ORF125 following the same gene in the three
methanococci. The remaining ORFs do not show any kind of
homology to each other. The Halobacterium volcanii hisC gene
is probably a single gene, as the flanking sequences do not
indicate the presence of other his genes (67).

Eukaryotes

In eukaryotes, the general rule that no operon structures
have been found also applies to the Ais genes. In particular, in
the well-known yeast S. cerevisiae, the seven genes responsible
for the biosynthesis of histidine are located on six different
chromosomes (197). Despite the spreading of the his genes, a
particular sort of gene organization could be seen on two of the
yeast his genes. HIS4 (80) and HIS7 (164) are in fact very large
genes whose sequence is homologous to that of two pairs of E.
coli genes, hisI and hisD for HIS4 and hisH and hisF for HIS7
(Fig. 2 and Table 1). The multifunctional structure of yeast
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HIS4 is also found in Neurospora crassa his-3 (174) and Pichia
pastoris (68), as reported below. A gene that complements an
S. cerevisiae HIS4 deletion was also found in Candida albicans
but has not been sequenced (11). Several other his genes have
been cloned and sequenced in eukaryotes other than S. cerevi-
siae (Table 1); however, they are single genes, and it is not
possible to make inferences about their organization.

Structure of the his Genes and Their Products

The high level of homology between corresponding genes
for histidine biosynthesis in different organisms indicates that
this metabolic pathway was fundamentally conserved during
evolution (see below). Looking at the structure of the his
genes, however, some interesting peculiarities become evident.

hisG. hisG genes code for the first enzyme in the biosynthesis
of histidine, a protein of about 300 amino acids in E. coli, S.
typhimurium, and S. cerevisiae but shorter (about 200 amino
acids) in L. lactis. Because the short L. lactis gene is able to
complement E. coli hisG mutants (77), it is likely that a con-
siderable portion of the enterobacterial and yeast protein is
dispensable for enzymatic activity.

hisB. Two enzymatic activities have been recognized to be
coded by the hisB gene of E. coli and S. typhimurium (see
above). In other microorganisms studied, on the contrary, the
two activities appear to be coded for by two independent
genes, hisBd, coding for IGP dehydratase, and hisBpx, coding
for HOL-P phosphatase. hisBd genes with different levels of
homology to each other and with protein products ranging
from 195 to 270 amino acids were found in almost all species,
including cyanobacteria, fungi, and plants (Table 1). On the
other hand, a hisBpx homologous gene is yet to be found in any
other microorganism except S. coelicolor (137), in which it is
called hisD and maps outside of the main gene cluster (and has
not been sequenced yet), and S. cerevisiae (180), whose HIS2 is
located on chromosome VI, very close to a recombination
hotspot. Surprisingly, we did not find a significant degree of
similarity with the enterobacterial hisB 5'-proximal domain.
This finding suggests that dissimilar phosphatases encoded by
genes unrelated to the hisB 5'-proximal domain can carry out
the dephosphorylation of HOL-P and that these genes are
either unlinked to the other his genes or encoded (77) by some
of the uncharacterized ORFs.

A different hisBd gene structure was found in the fungus
Phytophtora parasitica, in which the sequence coding for IGP
dehydratase, recognized by the high level of homology with the
corresponding protein of E. coli, is fused with a DNA fragment
whose translation gives an amino acid sequence that is not
homologous to that of any of the known histidine biosynthetic
enzymes (87).

hisI and hisE. The E. coli, S. typhimurium, and L. lactis hisl
genes (53, 77), mapping at the ends of their respective operons,
also code for a bifunctional enzyme that is responsible, with its
amino-terminal domain, for the third step and, with the car-
boxyl-terminal domain, for the second step of the histidine
pathway. This is one example of the lack of correspondence
between the order of genes (and coding sequences) in the Ais
operon and the order of the biosynthetic steps performed by
the enzymes encoded by these genes.

The same enzymatic steps are achieved in fungi, S. cerevisiae,
N. crassa, and P. pastoris (68, 80, 174) by a large multifunc-
tional protein whose amino-terminal domain has good homol-
ogy with the bifunctional hisI gene product. The presence of
pyrophosphohydrolase and cyclohydrolase activities in the
same polyfunctional enzyme is not, however, a universal phe-
nomenon. In the gram-negative organism A. brasilense (83) and
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in the archaebacterium M. vannielii (32), the two enzymatic
activities seem to be separated between two proteins, coded for
by different genes, although in A. brasilense, only hisE (pyro-
phosphohydrolase) and, in M. vannielii, only hisI (cyclohydro-
lase) have been found up to now.

hisD. The product of the hisD gene is likewise a protein with
bifunctional activity, histidinol dehydrogenase, performing the
last two steps of histidine biosynthesis. Unlike 4isB and hisl,
hisD is a single unique gene in the nine species in which it has
been found and sequenced, including the plant Brassica oleara-
cea. In this plant, the gene product, which complements the
corresponding E. coli mutation, is probably located in the plas-
tid, as indicated by a 31-amino-acid signal peptide typical of
proteins transferred to the plastid compartment that is absent
in the mature enzyme (202). In the fungi S. cerevisiae, N. crassa,
and P. pastoris (68, 80, 174), the two enzymatic activities are
carried out by the carboxyl-terminal domain of the same huge
protein that also contains the homolog of the hisI gene prod-
uct. The bifunctional enzymatic activity of the hisD gene prod-
uct seems to be a universal property, suggesting that a specific
constraint, related to the mechanism of the reaction, favored
the persistence of the single-protein arrangement.

The four enzymatic activities, pyrophosphohydrolase, cyclo-
hydrolase, and HOL-dehydrogenase (both steps), are thus per-
formed in fungi by a large superenzyme of 800 to 850 amino
acids whose genes appear highly homologous to each other in
S. cerevisiae, P. pastoris, and N. crassa, with the only difference
in the last species being a 59-bp intron in the region coding for
the domain corresponding to the hisD product. This intron
makes the N. crassa gene unable to complement E. coli hisD
mutations.

hisA-hisF and hisH. The hisA and hisF genes, as reported
below, have high sequence homology and probably arose from
a gene duplication event. Their gene products participate in
two successive steps of the biosynthetic pathway. The two
genes are also adjacent in almost all eubacterial operons.

As reported before, the products of the E. coli hisH and hisF
genes in vivo form a heterodimeric enzyme, IGP synthetase,
that accomplishes the fifth step of histidine synthesis (158). In
prokaryotic operons, however, these genes are always sepa-
rated by at least a third ORF (Fig. 2). In S. cerevisiae, on the
other hand, there is a single polypeptide fulfilling IGP syn-
thetase activity coded for by a single gene, HIS7 (164). The
amino acid sequence of this protein shows a high level of
homology, in its amino-terminal domain, with the product of E.
coli hisH and, in the carboxyl-terminal domain, with the prod-
uct of E. coli hisF. These two domains of HIS7 are separated by
a short sequence of 22 codons whose product lacks homology
to either the hisH or hisF gene product. The portion of the S.
cerevisiae HIS7 sequence corresponding to the eubacterial hisF
gene also encodes a peculiar structure in the extreme amino-
terminal end of the protein product. In this part of the protein,
the homology with the AisF product is partially lost because of
six short nonhomologous sequences that render this domain of
the yeast protein almost one-third longer than the bacterial
counterpart. Assuming that the catalytic activity of HisF re-
sides in the carboxyl part of the polypeptide while the interac-
tion with HisH is brought about by the amino part, a number
of sequence alterations in the yeast homolog are explicable as
the loss of interactive sites which are no longer necessary since
hisH and hisF are fused in a single gene, HIS7 (87). This
hypothesis is strongly supported by the recent finding of Rieder
et al. (228), who suggested that a mutation falling in the F1
module of the K. pneumoniae hisF gene probably affects the
interaction between HisH and HisF.

ORFs. Figure 2 reports the structure of DNA regions of
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different organisms in which histidine biosynthetic genes were
found to be more or less grouped together. A remarkable
feature of these (bacterial and archaebacterial) clusters is the
presence of several ORFs with unknown function: 17 ORFs
have been identified between or flanking his genes in A.
brasilense, S. coelicolor, L. lactis, M. vannielii, M. voltae, and M.
thermolithotrophicus. The involvement of these ORFs in the
biosynthesis of histidine is an open question, as their function
has not been determined and mutants for studying the pheno-
type are not available. The only connection of these ORFs with
histidine biosynthesis is their linkage with the Ais genes. Fur-
thermore, information derived from sequence analysis has not
been of much help. In L. lactis, four unknown ORFs scattered
throughout the operon were detected. One of them, ORF3, is
homologous to a known gene, E. coli hisS, coding for histidyl-
tRNA synthetase (77); however, the L. lactis ORF lacks an
essential motif implicated in synthetase activity (99), suggest-
ing that it has a role different from tRNA aminoacylation.
What the function, if any, of this gene could be is not clear,
although a regulatory role in histidine biosynthesis was postu-
lated (77). ORFS is partially homologous to Apha3 enzyme,
which inactivates aminoglycoside antibiotics (272), but does
not seem to be active for this function. Delorme et al. (77)
hypothesize that ORF8 could carry out dephosphorylation of
HOL-P, the function of the missing hisBpx gene product. The
remaining two ORFs were not homologous to any known gene
sequenced.

Two ORFs of unknown function were found in the his
operon of S. coelicolor (176), one very short and the other at
the end of the sequenced region. Neither of these ORFs shows
homology to known genes.

Two ORFs were likewise detected in the his operon of A.
brasilense. The protein coded for by the first ORF showed
significant homology with the product of the E. coli hisG gene,
although the homology is limited to the 20 amino-terminal
amino acids out of the 168 forming the putative protein. Since
the homolog of E. coli hisG has not yet been found in A.
brasilense, the possibility that the product of ORF168 accom-
plishes the first step of histidine biosynthesis cannot be ex-
cluded. The second A. brasilense unknown ORF (ORF122) is
localized at the end of the operon, just before the transcription
terminator. The gene product of this ORF was found (87) to be
homologous with two apparently unrelated proteins: cow
IPCK-1, inhibitor of protein kinase (198), and a protein from
a cyanobacterium (Synechococcus sp.) with unknown function
(50). These homologies, however, do not provide any convinc-
ing explanation for the function of the putative protein coded
for by ORF122.

In the three Methanococcus species for which his genes have
been sequenced, they are surrounded by nine unknown ORFs.
None of these ORFs or their products show homology with
known genes. Some of them seem to be partially homologous
to each other (283); these are ORF547, ORF294, and
ORF114, which lie upstream of hisA, and ORF150 and
ORF145, which lie downstream of his4. ORF206 appears to be
deleted from the genome of the two mesophilic Methanococcus
species, with only a few nucleotides in the intergenic region
upstream of the hisA of M. voltae and M. vannielii left as
witness to the deletion event (283). Whether the abundance of
unknown ORFs among the Archaebacteria is just a conse-
quence of a different, and still unexplained, histidine biosyn-
thetic pathway or it is a common feature of archaebacterial
clusters (operons) to be interrupted by unrelated genes is not
known.

Overlapping genes. The analysis of E. coli and S. typhi-
murium sequences revealed that almost all the Ais cistrons of
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the operons have overlapping termination and initiation sig-
nals for translation (53). In particular, the stop codons of hisD,
hisC, hisB, and hisH overlap by one or four bases the ATG of
the following gene, while the last three cistrons (hisA/hisF and
hisF/hisI) overlap by 19 and 7 bases, respectively. Therefore,
the ribosome-binding sites of these genes lie inside the pre-
ceding cistron. This kind of organization, which was found in
other polycistronic operons, is supposed to be associated with
the occurrence of translational coupling, a mechanism by
which ribosomes start translating a new gene without moving
away from mRNA after terminating the translation of the
preceding one (163).

The exceptions to overlapping are represented by the re-
gions between the leader peptide and hisG and between hisG
and hisD. This latter intercistronic sequence is composed of
five nucleotides in E. coli and of 102 nucleotides in S. typhi-
murium. The unusually long S. typhimurium sequence was an-
alyzed in detail (53) and shown to contain a kind of REP
(repetitive extragenic palindromic) sequence, whose function
is possibly connected to the regulation of gene expression at
the posttranscriptional level (33).

Overlapping cistrons were also detected in the his operons of
A. brasilense (83), S. coelicolor (177), and L. lactis (77). In these
organisms, however, the overlapping of stop and start signals is
not a general phenomenon as it is in the Enterobacteriaceae; in
particular, intergenic regions were mostly detected where
ORFs with unknown function were present (Fig. 2). The mean-
ing of this discrepancy, of either regulatory or evolutionary
origin, is not known at present.

The compactness of the his operon structure, particularly
those of E. coli and S. typhimurium, could somehow be related
to the regulation of operon expression at the translational level
through translation coupling (213). Experimental evidence,
however, did not support this hypothesis.

Gene order. As already remarked, the order of the genes in
the his clusters or operons does not coincide with the order of
the enzymatic steps carried out by the proteins that they code
for. Moreover, the order of the genes is not rigorously com-
parable. By observing the eubacterial clusters, it is possible to
recognize that some genes tend to remain together in the same
order. This is particularly apparent for the four genes hisBHAF
and partially also for the pair hisDC. The tendency of these
genes to form stable clusters can be related to the particular
role of their products in the biosynthetic pathway. The evolu-
tionary history of these genes and of these particular enzymes
and their significance in the evolution of the Ais operon will be
discussed in a following chapter.

REGULATION OF HISTIDINE BIOSYNTHESIS

The considerable metabolic cost required for histidine bio-
synthesis accounts for the evolution in different organisms of
multiple and complex strategies to tune finely the rate of syn-
thesis of this amino acid to the changeable environment.

In S. typhimurium and in E. coli, the biosynthetic pathway is
under the control of distinct regulatory mechanisms which
operate at different levels. Feedback inhibition by histidine of
the activity of the first enzyme of the pathway (see above)
almost instantaneously adjusts the flow of intermediates along
the pathway to the availability of exogenous histidine. Tran-
scription attenuation at a regulatory element, located up-
stream of the first structural gene of the cluster, allows coor-
dinate regulation of the amounts of the histidine biosynthetic
enzymes in response to the levels of charged histidyl-tRNA
(25, 38, 289).

In addition to histidine, the system is also regulated by other
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FIG. 3. Transcriptional map of the S. typhimurium his operon. Top: the operon is represented as in Fig. 1. The hatched area within /isC defines the RNase E target
sites. Arrows above the operon indicate the relative positions of PI (primary promoter) and P2 and P3 (internal promoters); arrows below the operon indicate the
relative positions of the three processed (Prl, Pr2, and Pr3) species. Middle: arrows indicate the limits and extent of the initiated (starting with a circle) and processed
(starting with a square) transcripts. The half-lives of individual species are indicated on the right (5, 9). Bottom: DNA sequences of the promoter regions and RNA
sequences and/or features of the 5’ regions of the processed transcripts (5, 10, 53). The —35 and —10 putative consensus sequences are in boldface. Nucleotides
corresponding to the 5’ ends of the transcripts are in capital letters. The stem-loop structure at the 5’ end of the processed Pr3 species is indicated by convergent arrows.
The CCA consensus, the ribosome-binding site, and overlapping stop and start codons of hisC and hisB are in boldface.

molecules whose levels are indicative of the energetic and
metabolic state of the cell. It has been previously mentioned
that PRPP and ATP stimulate the activity of the first enzyme
of the pathway, whereas AMP enhances the inhibitory effect of
histidine on this enzyme. Moreover, the alarmone guanosine
5’-diphosphate 3’-diphosphate (ppGpp), which is the effector
of the stringent response (56), positively regulates Ais operon
expression by stimulating transcription initiation under condi-
tions of moderate amino acid starvation and in cells growing in
minimal medium (25, 56, 289).

Transcription of the his operon is also modulated by a non-
specific mechanism operating during the elongation step at the
level of intracistronic rho-dependent terminators (6, 9). These
regulatory elements account for the polar phenotype exhibited
by several nonsense and frameshift mutations (2, 6, 8, 64, 65).
Their physiological significance should be to prevent further
elongation of infrequently translated transcripts (6, 9, 226).

Finally, it has recently been documented that posttranscrip-
tional events contribute substantially to Ais operon expression.
The native polycistronic his message is degraded with a net
5'-to-3' directionality, generating products that decay at dif-
ferent rates (7, 9, 10).

The different levels of regulation of kis operon expression
will be discussed in more detail in the following sections. Par-
ticular emphasis will be given to the contributions of this ex-
perimental system to the solution of general aspects of the
control of gene expression in prokaryotes.

Regulation of Transcription Initiation

Primary hispl promoter. The his operon of S. typhimurium
and E. coli (Fig. 3) is transcribed into a polycistronic mRNA
extending from the primary promoter, hispl, to the bidirec-

tional rho-independent terminator located at the end of the
gene cluster (52-54, 100, 102, 277).

The primary hispl promoter in S. typhimurium and in E. coli
was initially defined by DNA sequence analysis and by location
of the transcription start point (28, 53, 78, 100, 102, 277). By
inspection of the nucleotide sequence, it was found to be in-
cluded among the Ec™ class of promoters (120, 199). In the
two closely related microorganisms, the structure of this ge-
netic element is almost identical, and it is characterized by the
presence of three of six matches to the consensus base pairs in
both the —10 and —35 hexamers, with a less conserved sub-
optimal 18-bp separation between the hexamers (Fig. 3). More
recently, detailed mutation analysis has provided rigorous ev-
idence that the hispl promoter of S. typhimurium is an Ec’®
promoter. All the base pair substitution mutations that de-
creased its activity altered positions in either the —10 or —35
hexamer (244). Conversely, mutations that improved the
match to the consensus sequence of the —10 hexamer in-
creased its intrinsic strength (230). The hispl promoter is
strong both in vivo and in vitro, about four times stronger than
the gal promoter in vivo (225, 277). In vitro, its activity is about
20-fold higher on supercoiled than on linear templates (277).
However, it has recently been shown that in vivo treatment of
cells with the DNA gyrase inhibitor novobiocin enhanced the
expression of a his-lac fusion bearing the complete Ais control
region and did not substantially modify the expression of a
his-lac fusion bearing a 35-bp deletion of the his attenuator
(210). Moreover, repression of his expression by anaerobiosis
or high osmolarity, two environmental parameters which in-
crease the negative supercoiling of bacterial DNA, required
the intact his attenuator sequence (210). These findings are
consistent with previous observations suggesting that the well-
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documented modulation of Ais expression by supercoiling is
mostly exerted at the unlinked 4isR locus, encoding the only
tRNAM™ in the cell (42, 75, 90, 238, 270).

In 1968, Venetianer was the first to propose the existence of
positively regulated genes during the stringent response, not-
ing that the 4is mRNA accumulated in the cell following amino
acid starvation (275, 276). Until now, most of the information
about positive control derives from the kis operon of S. typhi-
murium. In 1975, Stephens et al. (259) demonstrated that the
expression of the &is operon is subjected to metabolic regula-
tion by showing that the histidine biosynthetic enzyme levels
were lower in amino acid-rich than in minimal glucose medium
supplemented with histidine. They concluded that the reld
gene product is required for maximal Ais operon expression in
vivo and observed that a strong stimulation of transcription
occurred when ppGpp was added to cell-free S30 extracts. The
stimulatory effect of ppGpp is believed to be on transcription
and not on translation and is promoter specific, as it occurs
even when the his attenuator is deleted (259, 291).

his operon transcription is maximally stimulated at an intra-
cellular ppGpp concentration below the maximum (259, 291).
The most effective concentration of ppGpp is thought to be
slightly more than the basal level of this alarmone in minimal-
glucose-grown S. typhimurium cells. This would account for the
slight increase in Ais expression following amino acid downshift
in a stringent strain grown in minimal medium. In contrast,
attenuator-independent Ais expression in vitro has been shown
to vary over a 10- to 20-fold range in correlation with ppGpp
levels (259). In an attempt to define a precise correlation
between his operon expression and ppGpp levels in vivo,
Shand et al. (245) developed a mild starvation method by using
the serine analog serine hydroxamate, which increases ppGpp
levels in a rel4™ strain and decreases ppGpp levels in a rel4
mutant. By use of this method, it was possible to show that the
full range of regulation of attenuator-independent expression
in vivo is 20- to 40-fold and correlates well with the intracel-
lular ppGpp concentration.

Although mechanisms operating at the levels of transcrip-
tion elongation, mRNA decay, or translation cannot be rigor-
ously excluded (88, 203), several lines of evidence support the
conclusion that ppGpp modulates his operon expression at the
level of transcription initiation. First, the range of stimulation
of hispl activity by physiological concentrations of ppGpp in in
vitro transcription systems (230, 259) is very close to the overall
range of stimulation of Ais operon expression observed in vivo
(245). Second, mutations that increased the homology of the
—10 hexamer of hispI to the consensus sequence of the Ec”®
promoters or that altered the sequence between the —10 hex-
amer and the start point dramatically enhanced his operon
transcription in vitro in the absence of ppGpp and reduced the
stimulation of this alarmone to less than a factor of 2 (230). On
the basis of these results, Riggs et al. (230) argued that pro-
moters presumed to be positively regulated by ppGpp are
partially defective in open complex formation, bearing a sub-
optimal Pribnow box which does not contain an A residue in
the fourth position, as is characteristic of negatively controlled
promoters, in addition to differences in the region between the
—10 hexamer and the start point (271).

Internal hisp2 and hisp3 promoters. In addition to hisp1, two
weak internal promoters, designated hisp2 and hisp3 (Fig. 1
and 3), have been mapped both genetically and physically
proximally to the hisB and hisl cistrons, respectively (26, 82,
113, 243). Although they are quite common in large bacterial
operons, the physiological significance of these genetic ele-
ments is controversial. Even though it is possible that these
promoters are physiologically unimportant and their presence
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merely fortuitous, their maintenance by selective pressure in
homologous genomic regions of related microorganisms (30,
145) supports their physiological relevance. They could rein-
force the expression of distal cistrons of large operons, thereby
alleviating the effects of natural polarity. Alternatively, they
could allow regulation of an operon in a noncoordinate fashion
and cause temporally different expression of certain genes un-
der specific growth conditions (see below).

According to several features of the nucleotide sequence,
the hisp2 promoter belongs to the Ea’° class of promoters. It
is subject to metabolic regulation, although to a lesser extent
than the primary hispl promoter, its activity being only twofold
lower in rich than in minimal glucose medium (113, 291).

The overall contribution of this internal promoter to the
expression of the distal genes of the his operon is negligible
when transcription proceeds from Aisp1 in wild-type cells grow-
ing in minimal glucose medium (82). However, its activity
increases about threefold under these growth conditions when
transcription from hispl in the wild type is abolished, whereas
it is almost completely inhibited when transcription from the
upstream promoter is very efficient, as in constitutively dere-
pressed mutants (7, 82). Such inhibition of promoter activity by
transcription readthrough has been called promoter occlusion
and might result from direct steric hindrance of an internal
initiation site by RNA polymerase molecules initiating up-
stream or from distortion of DNA structure (3, 29, 66, 150).

Regulation of Transcription Elongation and Termination

Attenuation control. In both S. typhimurium and E. coli,
expression of the his structural genes is coordinately modu-
lated in response to the availability of charged histidyl-tRNA
by an attenuation mechanism of transcription at the level of
the leader region preceding the first structural gene (24, 28, 78,
151, 156, 162). Since regulation by attenuation has been re-
viewed in the past more than once, readers are referred to
more exhaustive articles for a historical picture of the funda-
mental steps leading to the discovery of this control mechanism
(25, 38, 162).

The purpose of this section is to present the current mech-
anistic model of attenuation as formulated on the basis of the
evidence accumulated to date and to report more recent in-
sights concerning particular aspects of this phenomenon which
may be relevant to understanding the fundamental mecha-
nisms governing transcription elongation-termination.

Two prominent features characterize the leader region of
the his operon which may account for Ais-specific translational
control of transcription termination, which is the essence of
attenuation control: (i) a short coding region that includes
numerous tandem codons specifying histidine (7 histidine
codons in a row of 16) and (ii) overlapping regions of dyad
symmetry that may fold into alternative secondary structures,
one of which includes a rho-independent terminator. In the
termination configuration, base pairing involves regions A and
B, C and D, and E and F (Fig. 4). The stable stem-loop
structure E:F followed by a run of uridylate residues consti-
tutes a strong intrinsic terminator. In the antitermination con-
figuration, base pairing between B and C and between D and
E prevents formation of the terminator, thus allowing
readthrough transcription. The equilibrium between these al-
ternative configurations is determined by the ribosome occu-
pancy of the leader region, which in turn depends on the
availability of charged histidyl-tRNA.

Low levels of the specific charged tRNA will cause ribo-
somes to stall on the leader region at the histidine codons and
to disrupt A:B pairing by masking region A. Under these
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FIG. 4. Features of the leader region of the his operon of S. typhimurium. The nucleotide sequence of the leader region from the transcription initiation site (+1)
to the first structural gene (hisG) is reported. Nucleotides corresponding to the Shine-Dalgarno sequences are in boldface. The amino acid sequences of the leader
peptide and of the amino-proximal region of the AisG gene product are indicated below the nucleotide sequence. Solid lines above the nucleotide sequence correspond
to regions (A to F) capable of forming mutually exclusive secondary structures. The convergent arrows indicate the minimal stem-loop structure that is required for

transcriptional pausing at a downstream site (solid triangle).

circumstances, the antitermination configuration will be fa-
vored. Conversely, in the presence of high levels of charged
histidyl-tRNA, ribosomes will rapidly move away from the
histidine regulatory codons, thereby occupying both the A and
B regions. Pairing between C and D and between E and F will
result in premature transcription termination.

Impairment of translation of the leader region as a conse-
quence of severe limitation of the intracellular pool of all
charged tRNAs will result in strong transcription termination
(superattenuation). Under these conditions, A:B, C:D, and
E:F stem-loop structures will form sequentially without inter-
ference by actively translating ribosomes.

A characteristic feature common to all known examples of
attenuation is a significant pausing by RNA polymerase after
synthesis of the first leader transcript RNA hairpin. This pause
event is believed to synchronize transcription and translation in
the leader region by halting the transcribing RNA polymerase
until a ribosome commences synthesis of the leader peptide.
Absence of synchronization would not allow complete relief of
termination in the presence of low levels of charged histidyl-
tRNA (166, 167, 169, 292).

In the his leader region, RNA polymerase pausing occurs
after synthesis of the first secondary structure (A:B) and im-
mediately prior to the addition of a G residue (57). The posi-
tion of the pause site allows ribosomes initiating synthesis of
the leader peptide to release the paused transcription complex
by disrupting the pause hairpin.

Analysis of the effects of base substitutions upstream from
the pause site revealed that the pausing signal is multipartite
and consists of at least four distinct components: (i) a 5-bp
nascent transcript stem-loop structure (the pause hairpin); (ii)
the 11-nucleotide 3'-proximal segment of transcript or DNA
template; (iii) the 3’-terminal nucleotide; and (iv) the imme-
diate downstream DNA sequence (57, 58, 172, 173). The be-
havior of compensatory substitutions in the A:B hairpin region
suggested that the his pause hairpin corresponds to only the
upper portion of the larger A:B secondary structure (58). Such
a finding is consistent with the deduced structure of RNA and
DNA chains in purified transcription complexes paused at the
his leader region, which has been determined by analyzing the
reactivity of specific residues on DNA to chemical modifying
agents and the sensitivity of the nascent RNA molecules to
RNase A (172). This analysis showed that in spite of consid-
erable variation in the size of the transcription bubble during
elongation, the 3’-proximal nucleotides of the transcript con-
stantly pair with the DNA template and that the DNA-RNA

hybrid is not disrupted by hairpin formation at the pause site.
This finding ruled out the possibility that extensive secondary
structures halt elongation by removing the 3’ end of the tran-
script from the catalytic site of RNA polymerase or by disrupt-
ing pairing between the 3'-proximal segments of transcript and
DNA template (166, 168). Chan and Landick (58) suggested
that pausing is mediated in part by non-sequence-specific, elec-
trostatic interactions between the phosphate backbone of the
pause RNA hairpin and a positively charged region on RNA
polymerase. NusA elongation factor may enhance pausing by
directly contacting the pause hairpin or by increasing its inter-
action with RNA polymerase (57, 58).

It has recently been proposed that pausing might depend on
discontinuous movements (inchworming) of RNA polymerase
along the RNA and DNA chains. These discontinuous move-
ments might trigger pausing and termination by interrupting
efficient RNA chain elongation (59). These hypotheses have
now been addressed experimentally in the his system, and it
has been shown that transition from monotonic to inchworm-
like translocation immediately precedes RNA polymerase
pausing in the kis leader. Both the 3’-proximal region and the
downstream DNA sequence influence discontinuous move-
ments. Upon reaching the his pause site, inchworming RNA
polymerase either escapes by chain extension or isomerizes to
a paused conformation by extrusion of the pause hairpin and a
~10-bp forward jump of its downstream DNA contacts (281).

Polarity. In polycistronic operons, certain mutations which
cause premature arrest of translation not only affect the gene
in which they occur, but also reduce the expression of down-
stream genes. This phenomenon is commonly called polarity.
Although it was first described in the lactose system (98, 148),
the coordinate effect of polar mutations on expression of
downstream cistrons and the existence of polarity gradients
were better defined in the Ais system by using a large collection
of polar mutations in a number of different cistrons (16, 42, 92,
135, 152, 186, 187, 224). The nature and the physiological
significance of polarity have been controversial for a long time
(see the Introduction). The phenomenon has been explained
by postulating the existence of intracistronic cryptic rho-depen-
dent terminators (2, 76). According to a general model of
transcriptional polarity (2), premature arrest of translation
would favor binding of rho to the nascent transcript, interac-
tion of this terminator factor with elongating RNA poly-
merase, and subsequent release of the transcript.

This model has been supported by more recent studies on
polarity in the his operon of S. typhimurium. Several cryptic
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rho-dependent terminators which are activated by uncoupling
of transcription and translation have been identified within the
his operon by analyzing the origin of truncated his-specific
transcripts produced in vivo in strains harboring polar muta-
tions scattered in four cistrons of the Ais operon and by in vitro
transcription studies (6, 8, 9, 64, 65, 231).

A comparative analysis of the intracistronic terminators in
the his operon allowed the identification of common features
of these signals and led to a more complete understanding of
the molecular mechanism by which rho causes termination of
nascent transcripts. A consensus motif consisting of a cytosine-
rich and guanosine-poor region that is located upstream of the
heterogeneous 3’ endpoints of the prematurely terminated
transcripts has been detected in all rho-dependent terminators
analyzed in the his operon as well as in other systems (8, 231).
This region, the transcription termination element (TTE), is
believed to be the binding activation site of rho protein on
nascent RNA (31, 190, 293). Deletions which eliminate or
reduce the extent of these TTEs impair transcription termina-
tion (60, 103) and relieve polarity (64, 65). Release of tran-
scripts occurs downstream to TTEs at multiple sites (termina-
tion sites) in coincidence with RNA polymerase pause sites (8,
231).

The occurrence of more than one TTE in a given cistron
accounts for the higher degree of polarity generated by pro-
moter-proximal than by distal mutations. Moreover, the vari-
able number and spatial distribution of TTEs within different
cistrons explain the differences in the shapes of polarity gradi-
ents. The existence of two closely spaced TTEs in the proximal
part of hisG accounts for the discontinuity of the polar effects
(92). The location of a single TTE toward the distal end of hisA
results in a similar degree of polarity exhibited by all mutations
irrespective of their relative position in this cistron (92). The
sequential use of more than one TTE results in an additive
effect for the more proximal mutations in isD and generates a
real gradient in the cistron (92). The bimodal shape of the
gradient in hisC (186) is due both to the presence of several
TTE:s tightly clustered in the proximal and distal regions of the
cistron and to the occurrence of concomitant processing events
(8).

The unusual features of a class of polar and prototrophic
mutations which map in the intercistronic AisD-hisC region has
contributed to understanding of the physiological significance
of intracistronic termination (6, 224). In the wild-type his
operon, the hisD and hisC cistrons overlap, in that the termi-
nation UGA codon of the proximal AisD cistron and the start
AUG codon of the distal hisC cistron share the central UG
dinucleotide (AUGA) (53, 229). The mutation hisD2352,
which maps in this region, is a G-C/T-A transversion, which
changes the stop codon UGA of the hisD cistron to a sense
codon, allowing the ribosome to continue translation until a
new stop codon is encountered 30 nucleotides downstream. At
the same time, the transversion changes the initiation codon of
the hisC cistron from AUG to the triplet AUU, which can still
be used as an initiation codon, albeit with reduced efficiency.
This in turn generates a strong polar phenotype by inducing
premature transcription termination in hisC in spite of the
persistence of residual levels of translation (6). To a certain
extent, premature transcription termination has been detected
in hisC in wild-type strains grown in the presence of antibiotics
which are believed to lower the intracellular pool of fMet-
tRNA,, thereby impairing efficient translation initiation (9).
These results support the proposal that transcriptional polarity
does not require complete arrest of translation (258) and that
the degree of premature rho-dependent termination is in-
versely proportional to the efficiency of translation (6, 9, 226).
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Therefore, the physiological significance of intracistronic ter-
mination might be to modulate the levels of transcription in
response to the actual rate of protein synthesis.

Posttranscriptional Regulation: mRNA Processing
and Decay

The unstable primary 7,300-nucleotide-long transcript of the
his operon has a half-life of about 3 min in cells growing in
minimal glucose medium and is degraded with a 5'-to-3" di-
rectionality. The decay process generates three major pro-
cessed species, 6,300, 5,000, and 3,900 nucleotides in length
(Prl, Pr2, and Pr3) (Fig. 3), that encompass the last seven, six,
and five cistrons, respectively, and have increasing half-lives (5,
6, and 15 min, respectively) (7, 9, 53). The pattern of his
mRNA decay is identical in S. typhimurium and E. coli irre-
spective of the presence of a 102-nucleotide-long REP se-
quence in the intercistronic hisG-hisD region of the former
microorganism which is absent in the other (see above and
reference 53).

RNase E controls the decay of the native transcript. Active
translation of the 5'-end-proximal cistrons of the processed Pr1
and Pr2 species is required to temporarily stabilize these spe-
cies (5). The overall process of decay may have functional
relevance in balancing the expression of the promoter-proxi-
mal genes, which are the first to be transcribed, and the distal
ones.

The most distal 3,900-nucleotide-long processed species has
a half-life of about 15 min. The uncommon stability of this
molecule suggests that the processing event that generates it
has functional consequences. In fact, the processed species
spans the distal cistrons which are involved, in addition to
histidine biosynthesis, in a purine recycling pathway leading to
production of the cellular alarmone ZTP (see above) (9). No-
tably, the same distal genes are also transcribed from the in-
ternal hisp2 promoter, which is subject to promoter occlusion
(see above).

The specific processing event leading to production of the
3,900-nucleotide species is mechanistically complex. It requires
sequential cleavages by two endoribonucleases. RNase E trig-
gers the process by cleavage either at a major target site lo-
cated in the hisC cistron 620 nucleotides upstream of the 5’
end of the processed species (Fig. 3) or at more infrequently
used sites (7, 10). RNase P further cleaves the products gen-
erated by RNase E at a discrete site located 76 nucleotides
upstream of the start codon of the hisB cistron, thus generating
the mature 5’ end (10). The RNase P-dependent cleavage
occurs at the 5’ end of a region that may fold into a short
stem-loop structure followed by a 3’-distal NCCA sequence
(Fig. 3). RNA molecules with such features have been pro-
posed to be minimal substrates for this endoribonuclease (12,
95, 127). The considerable stability of the processed species
may be conferred by the stem-loop structure sequestering the
5’ end of the mature RNA generated by RNase P (40).

Translational events modulate the mRNA processing effi-
ciency. The RNase P-catalyzed reaction requires binding of
ribosomes at the ribosome-binding site of the kisB cistron (7,
10). Ribosomes initiating translation of hisB might favor the
formation of the RNase P-targeted structure, allowing RNase
P to cleave mRNA efficiently. Alternatively, they might stabi-
lize the processed species by temporarily arresting the 5'-to-3’
wave of decay.

Metabolic perturbation of the translation process caused by
limitation in the intracellular pool of initiator tRNA results in
an increase in the amount of the processed species in vivo (9).
This effect may be due to two mechanisms. Low levels of
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initiator tRNA might uncouple transcription and translation,
thereby improving the exposure of target sites to RNase E,
which triggers the process. Moreover, reduction of the intra-
cellular levels of initiator tRNA might affect processing by
altering the kinetics of formation of the initiation complex at
the intercistronic regions and causing stalling of ribosomes at
the hisB ribosome-binding site (219, 220). Ribosome stalling
would in turn result in a stabilization of the RNase P-targeted
structure. Since translation is likely to control mRNA process-
ing and decay in this as well as in other systems (reviewed in
references 4, 33, and 218), the exact links of these distinct
cellular processes should be clarified in more details.

REGULATION OF HISTIDINE BIOSYNTHESIS IN
OTHER SPECIES

As discussed above, the regulation of his operon expression
in E. coli and S. typhimurium has been the subject of intensive
studies, and the general mechanisms and molecular details of
the process are fairly well established. On the other hand, very
few studies in this area have been performed with other pro-
karyotic cells. In general, it seems that while the biochemical
reactions leading to histidine biosynthesis are the same in all
organisms, the overall genomic organization, the structure of
the his genes (see pertinent sections), and the regulatory mech-
anisms by which the pathway is regulated differ widely among
taxonomically unrelated groups.

In the closely related organism K. pneumoniae, the overall
genomic organization, at least of the proximal and distal re-
gions, appears to be conserved (228, 233). DNA sequence
analysis of the regulatory region and promoter expression stud-
ies under different metabolic conditions and in regulatory mu-
tants also indicate that the mechanisms controlling histidine
biosynthesis are well conserved (232). In the gram-negative
nitrogen-fixing bacterium A. brasilense, a his operon compris-
ing five genes has been cloned and characterized (see Organi-
zation of the Histidine Genes), but no information on its reg-
ulation is available, although a partial characterization of the
transcripts has been performed (83).

Several his biosynthetic genes have been cloned and se-
quenced from organisms belonging to the gram-positive group
of eubacteria (134, 256) (see appropriate section), but virtually
nothing is known about the regulation of histidine biosynthesis
in these species. S. coelicolor his gene expression appears to be
regulated by intracellular histidine levels (51, 177), and the
transcription initiation site of the cluster comprising five his
genes (176) has been determined (177).

Finally, his biosynthetic genes from another unrelated group
of prokaryotes, the archaebacteria, have also been identified
and characterized (see Organization of the Histidine Genes),
but again, studies of the regulation of their expression have not
been performed.

For all of the above-mentioned systems except K. pneu-
moniae, the only conclusion that can be drawn is that regula-
tion by attenuation can be excluded, since the 5’-proximal
regions of all the genes and gene clusters lack both the re-
quired palindromic structures and the histidine-rich leader
peptide (77). It is believed that studies in this area, making use
of the different Ais systems, might be very important and re-
warding in the attempt to unravel other mechanisms by which
simple unicellular organisms regulate the expression of bio-
chemical pathways.

The situation is completely different for the organisms be-
longing to the lower eukaryotes, and in particular for S. cer-
evisiae. In these cells, the mechanisms that regulate histidine
and other amino acid biosynthetic pathways are well under-
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stood, and the his genes have been extensively used as a model
to study these regulatory systems. Two different trans-acting
systems are operational: general amino acid control, which
activates the transcription of more than 30 genes in 11 biosyn-
thetic pathways in response to amino acid starvation, and bas-
al-level control, which maintains transcription in the absence
of amino acid starvation. Both systems are dependent on tran-
scriptional activators (GCN4, BAS1, and BAS?2) and a series of
accessory factors, including kinases and phosphatases. A de-
tailed analysis of these mechanisms goes far beyond the scope
of this article and the interested readers are referred to several
excellent reviews that cover this subject (23, 131, 132).

EVOLUTION OF THE METABOLIC PATHWAY

Synthesis of Histidine in Possible Prebiotic Conditions

Although the characteristics of the first living systems are
unknown and can only be surmised, it is generally accepted
that life resulted from a process of chemical evolution during
which a number of organic molecules were synthesized as a
result of nonenzymatic reactions (211, 212). It is likely that
histidine and other imidazole-containing compounds were
present in the prebiotic environment. Although histidine was
not detected among the products of the first successful simu-
lation of prebiotic synthesis of amino acids (193), the nonen-
zymatic formation of different imidazole derivatives (247)
prompted the experimental study of the synthesis of this pe-
culiar amino acid under possible primitive Earth conditions.

The chemical synthesis of histidine was achieved in 1911 by
W. Pyman, but neither the conditions nor the precursor mol-
ecules employed are relevant from a prebiotic perspective.
Following the nonenzymatic formation of imidazole from a
mixture of glyoxal, ammonia, and formaldehyde (214), it was
shown that imidazole-4-glycol and imidazole-4-acetaldehyde
could be synthesized from erythrose and formamidine, both of
which can be considered prebiotic reactants (248). Later it was
demonstrated that imidazole-4-acetaldehyde, which is a prod-
uct of the dehydration of the anionic form of imidazole-4-
glycol, was present among the reaction products of erythrose
and formamidine and can be directly converted to histidine by
a Strecker cyanohydrin synthesis involving the hydrolysis of a
histidyl nitrile intermediate (249). Also of relevance is the early
work by Ames on synthesizing D-erythro-IGP and p-erythro
imidazole glycerol from p-ribose phosphate and formamidine
or D-ribose and ammonia and formaldehyde in a one-step
aqueous synthesis under mild conditions. These studies led to
the correct speculation that the pathway started with ribose-5-
phosphate (12a, 12b, 18a).

Synthesis of the dipeptide histidyl-histidine under possible
primitive conditions, involving the evaporation of an aqueous
solution of histidine in the presence of condensing agents, has
been achieved and is an efficient process (247). Histidyl-histi-
dine is known to catalyze the formation of peptide bonds and
to promote the oligomerization of glycine (286) and can have
an enhancing effect in some prebiotic reactions involving nu-
cleotide derivatives and oligonucleotides, such as in the de-
phosphorylation of deoxyribonucleoside monophosphate, in
the hydrolysis of oligoA(12), and in the oligomerization of
2',3'-cyclic AMP under cyclic wet-dry laboratory reaction con-
ditions simulating a primitive evaporating pond (246). This
body of data supports the hypothesis that simple peptides of
prebiotic origin containing at least two imidazole groups could
act as concerted acid-base catalysts and may have played a
significant role in the events preceding the emergence of life
itself.
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Origin and Early Evolution of the Histidine
Biosynthetic Pathway

The catalytic properties of imidazole are well established
and probably account for the presence of histidine in the active
site of many enzymes. It is generally accepted that its imidazole
residue allows histidine (i.e., a-amino-4-imidazole propionile)
to function as a general acid-base catalyst by proton relay
mechanisms in a number of biochemical reactions (36, 89,
282).

The wide variety of imidazole-containing compounds that
can be formed nonenzymatically suggests that a number of
homologs of histidine, such as y-(4'-imidazolyl)-a-amino bu-
tyric acid, may have existed in the primitive environment. How-
ever, the available evidence suggests that the enhanced stabil-
ity of histidine and its derivatives, such as its tRNA ester,
compared with that of other possible imidazole-containing
amino acids may have played a major role in its selection (282).
If histidine was required by primitive biological catalysts, then
the eventual exhaustion of the prebiotic supply of histidine and
histidine-containing peptides must have imposed an important
selection pressure favoring those organisms capable of synthe-
sizing imidazole-containing compounds. Although there are
several independent indications for the antiquity of the histi-
dine biosynthetic pathway (87, 170), at present the origin of
this route is unknown.

Although purines are imidazole-containing compounds
which are likely to have been components of primordial bio-
logical systems, in RNA they are present as ribosylated deriv-
atives. Thus, the catalytic abilities of their imidazole moieties
are suppressed as a result of their linkage to ribose, and imi-
dazole itself appears to play no role in ribozymic activities.
However, the ease of the condensation reaction under possible
prebiotic conditions of formaldehyde with uracil to give 5-hy-
droxymethyluracil and the extremely efficient addition of the
latter with imidazole suggest that during the RNA world, an-
alogs of histidine may have existed and may have enhanced the
catalytic abilities of primitive living systems (231a).

Since the biosynthesis of histidine requires a carbon and a
nitrogen equivalent from the purine ring of ATP, it has been
proposed that histidine itself may be the molecular descendant
of a catalytic ribonucleotide dating from an earlier biochemical
stage in which RNA played a major role in biological catalysis
(287). However, this suggestion failed to provide a detailed
explanation of how the anabolic route was assembled, nor did
it explain the origin of the enzymes mediating it. The possibility
that histidine biosynthesis evolved backwards from intermedi-
ates present in the primitive broth (138, 139) is also unlikely,
since it is difficult to envision the prebiotic formation and
accumulation of such activated, unstable compounds. At
present, it seems likely that a testable description of the emer-
gence of the histidine biosynthetic pathway should invoke
spontaneous chemical reactions leading to the formation of the
imidazole ring and its condensation with other components of
histidine, as well as a coherent description of how primitive,
less specific biological catalysts may have taken over the entire
sequence of reactions.

Even if we do not know how histidine biosynthesis actually
originated, analysis of the extant pathway may be used to
compare different and sometimes contradictory theories that
have been suggested to account for the establishment of ana-
bolic routes. These explanations include the retrograde hy-
pothesis (138, 139), according to which biosynthetic pathways
evolved in a stepwise and backward fashion from the final
product of the route. This explanation proposes that the group
of genes involved in a particular anabolic pathway are the
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result of duplication and divergence of a common ancestral
gene. Another explanation is the possibility that at least some
biosynthetic pathways evolved forward, i.e., from simple pre-
cursors to complex end products (111). It has also been sug-
gested that metabolic routes appeared as a result of the grad-
ual accumulation of mutant enzymes with minimal structural
changes (280). Finally, according to the patchwork theory, met-
abolic routes are the result of the serial recruitment of rela-
tively small, inefficient enzymes endowed with broad specificity
that could react with a wide range of chemically related sub-
strates (149, 295). This explanation requires the previous exis-
tence of ribosome-mediated synthesis of catalytic proteins.

A cladistic analysis of the available Ais genes does show that
paralogous gene duplications have played a major role in shap-
ing the pathway. This is indicated by the evidence of two
successive duplications involving an ancestral module which
eventually led to the his4 and hisF genes and their homologs
(see below). On the basis of this analysis, it has been postulated
that the hisA and hisF genes and their homologs are the de-
scendants of a gene encoding a less specific enzyme (87), evi-
dence supported also by the finding that the HisF protein is
able to interact, with reduced affinity, with 5'-ProFAR, the
substrate of the HisA enzyme (158). Sheridan and Venkat-
araghavan (251) have proposed a potential substrate recogni-
tion site in HisA and HisF on the basis of a common signature
in both proteins which was assumed to be a strand-helix-strand
structure that could bind glycerol-phosphate moieties. It is
then possible that 5'-PRFAR or 5'-ProFAR could have been
the substrate of the ancestral HisA enzyme. These speculations
appear to support the so-called patchwork hypothesis (149,
295) and are consistent with the possibility that an ancestral
histidine pathway may have evolved from a primitive enzyme
that catalyzed two or more similar reactions and whose sub-
strate specificity was refined as a result of later duplication
events. The possibility that histidine biosynthesis was originally
mediated by less specific enzymes is strongly supported by the
common origin of the imidazole glycerol-P synthase moiety,
encoded by the enterobacterial hisH gene, and other E. coli
G-type glutamine amidotransferases (GAT), which participate
in the biosynthesis of purines, pyrimidines, arginine, trypto-
phan, and other ancient pathways (87). Although for the time
being the lack of sequences of the G-type GAT from the three
cell lineages limits a complete evolutionary analysis, the simi-
larity data available suggest that they may be the descendants
of an ancient, less specific glutamine amidotransferase which
mediated the transfer of the amide group of glutamine to a
wide range of substrates.

Evolution of the his Genes

The evolutionary comparison of the his genes in the three
cell lineages clearly indicates that, after the divergence from
the last common ancestor, the structure, organization, and
order of these genes have undergone major rearrangements
(Fig. 2). Although it is not possible from the analysis of the
available data to infer the organization of the &is genes in the
last common ancestor (that is, whether these genes were clus-
tered or scattered throughout its genome), nevertheless, the
same analysis may help to elucidate the primitive structure of
some his genes and their evolution. It is worth noticing that
some of them have undergone gene duplication and/or gene
fusion events. Gene fusion in particular, as well as gene dupli-
cation, appears to be one of the most important mechanisms of
gene evolution in the histidine biosynthetic pathway. Several
fusion events have occurred in the genomes of both bacteria
and some eukaryotes, leading to longer genes encoding bi- or
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multifunctional enzymes. Although gene fusions can be se-
lected for substrate channeling, they also represent an effective
mechanism ensuring the coordinate synthesis of two or more
enzymatic activities. This may have special significance among
eukaryotes, in which the absence of operons does not allow
coordinate regulation by polycistronic mRNAs (74).

Evolution of hisB. As described above, in enterobacteria
hisB codes for a bifunctional enzyme catalyzing the sixth and
eighth steps of histidine biosynthesis (289). The most widely
accepted model for the association of these two enzymatic
activities of the hisB gene product envisions the existence of
two independent domains in the gene, i.e., a proximal domain
encoding the phosphatase moiety and a distal one encoding the
dehydratase activity (41, 63, 178). The structural organization
of the two enzymatic activities in other microorganisms in
which they are encoded by two separate genes confirms the
two-domain model discussed above (Fig. 2). Altogether, the
available data support the idea that a bifunctional hisB gene is
an enterobacterial peculiarity, i.e., it seems likely that the evo-
lution of the hisB gene in E. coli and S. typhimurium could have
involved the fusion of two independent cistrons, zisBpx and
hisBd, coding for a HOL-P phosphatase and an IGP dehy-
dratase, respectively (85, 87). The lack of significant sequence
homology between the two moieties of the enterobacterial AisB
gene suggests that domain shuffling rather than gene duplica-
tion or gene elongation is responsible for its present-day struc-
ture. Moreover, it is likely that this fusion event took place
after the evolutionary splitting between the « and vy branches
of the purple bacteria, as A. brasilense also showed separate
genes.

Evolution of hisI and hisE. As reported above, the hisI and
hisE genes are fused in E. coli, S. typhimurium, L. lactis, S.
cerevisiae, P. pastoris, and N. crassa but separated in A.
brasilense and M. vannielii. Two contrasting hypotheses could
explain this difference. In one of them, an ancestral hisIE
bifunctional gene gave rise in some prokaryotes to monofunc-
tional genes by at least two independent splitting events. Al-
ternatively, two ancestral genes, each encoding a monofunc-
tional enzyme catalyzing sequential steps in histidine
biosynthesis, might have undergone many independent fusion
events in different cell lineages (87).

In lower eukaryotes, the hisI and hisE genes are fused to
hisD, giving a larger multifunctional gene. As shown in Fig. 2,
these genes have the same internal organization, with the hisD
domain located in the 3'-terminal region. It has been suggested
that this eukaryotic multifunctional gene originated from the
fusion of bacterial separated cistrons (45), but just how many
gene fusion and/or gene elongation events led to the extant
fungal genes is an open question. Moreover, since the HIS4
and his-3 genes have the same internal organization, the pu-
tative fusion event(s) took place before the evolutionary sep-
aration of these fungi but after the separation of fungi from
plants. In fact, the hisD gene of B. oleracea is not fused to the
hisI and hisE genes, demonstrating that the evolution of his
genes followed different paths among eukaryotes.

Evolution of paralogous his genes. An additional intriguing
feature of histidine biosynthetic genes concerns the two genes
hisA and hisF. The analysis of the sequence of the hisF gene
and of its product demonstrated a remarkable homology with
hisA, the nearest preceding gene in eubacterial operons, and
with its product, 5'-ProFAR isomerase (86). This homology,
recognized in all hisA and hisF genes sequenced, has been
interpreted as the consequence of a gene duplication event
during the evolution of the operon (see below). The same
analysis, moreover, demonstrated the presence of two homol-
ogous moieties inside each of the two genes his4 and hisF
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which appear to be composed of four relatively homologous
modules, Al, A2, F1, and F2, which are the result of two
successive duplication events, the first one involving the his41
module and leading to the extant his4 gene, which in turn
duplicated and gave rise to the hisF gene (86).

In S. cerevisiae, the hisF counterpart is represented by HIS7,
which is composed of two moieties corresponding to the E. coli
hisH and hisF genes (164). Analysis of the deduced amino acid
sequence of the HisF moiety coded by the 3’ region of HIS7
revealed a high degree of sequence similarity with the prokary-
otic HisA proteins, especially with the archaebacterial ones.
This moiety, like its bacterial counterpart, is formed by two
homologous modules half the size of the entire moiety (87).
More recently, the HIS6 gene of S. cerevisiae, homologous to
the prokaryotic hisA, has been cloned and analyzed (84). Its
product shows a significant degree of sequence homology with
the prokaryotic HisA proteins, with the known eubacterial
HisF proteins, and also with the 3’ domain of yeast HIS7 (84),
indicating that the S. cerevisiae HIS6 and HIS7 genes are also
paralogous. The HIS6 gene also shows the two-module struc-
ture typical of all the known his4 and hisF genes. This set of
data suggests that hisA4 (and probably hisF, although an archae-
bacterial hisF gene has not been identified yet) was part of the
genome of the last common ancestor and that the two succes-
sive duplication events leading to the extant his4 and hisF took
place long before the diversification of the three evolutionary
domains, probably in the early stages of the molecular evolu-
tion of the histidine pathway.

The evolutionary history of hisH also probably involves a
duplication event. In fact, the sequence similarity of the dif-
ferent imidazole glycerol P synthase moieties encoded by the
enterobacterial hisH genes with the sequences encoding the
so-called G-type GAT genes encoding the anthranilate syn-
thase (208), 4-amino-4-deoxychorismate synthase (155), car-
bamoyl-P synthase (222), GMP synthase (269), CTP synthetase
(285), and formylglycinamide synthetase (241, 242) implies
that these different enzymes are also the products of ancient
paralogous duplications (87). From an evolutionary point of
view, particularly interesting is the S. cerevisiae HIS7 gene,
which appears to be constituted by the two bacterium-like
cistrons hisH and hisF (164), which in turn are the results of
two series of independent gene duplication events. As previ-
ously reported, the E. coli hisF and hisH genes code for pro-
teins which associate to form a heterodimeric enzyme. The
genes encoding them are not adjacent in any of the bacteria
studied but are fused in S. cerevisiae as a result not of an
elongation event but of a domain-shuffling phenomenon (87).
However, the possibility that the HIS7 gene originated from
the fusion of two genes via the deletion of the intervening
region cannot be ruled out. As noted before, the 3’-terminal
region of HIS7 is considerably longer than that of the eubac-
terial hisF genes because of the presence of six insertions in the
first module (hisF1). Since these insertions are not present in
HIS6, it is likely that they were incorporated in HIS7 after the
divergence of prokaryotes and eukaryotes. Nevertheless, we
cannot a priori rule out the possibility that these insertions
were incorporated in an ancestral HIS7 gene before this diver-
gence. The cloning and analysis of archaebacterial and addi-
tional eukaryotic hisF genes might solve this issue.

Evolution of his clusters. Differences in the relative his gene
order may be observed in those prokaryotes in which at least
some of the histidine biosynthetic genes are clustered, as re-
ported before. Nevertheless, four of the clustered genes
(hisBd, hisH, hisA, and also hisF except in S. coelicolor) are
always present and in the same relative order. These four
genes encode enzymes involved in the central, sequential en-
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zymatic steps of the pathway, connecting histidine biosynthesis
with nitrogen metabolism and the de novo synthesis of purines
(see above).

It is possible that the four genes hisBAHAF represent the
core of histidine biosynthesis and that the Ais operon is an open
plastic operon, i.e., an operon in which, except for the highly
maintained core of the pathway, different gene organizations
are possible (87). Indeed, the known Ais operons show different
gene organizations, and most of them (A. brasilense, S. coeli-
color, and L. lactis) also contain nonhomologous ORFs with
unknown function. Moreover, it is possible that this set of
enzymes (or at least HisF and HisH proteins) are a metabolon,
as defined by Srere (257), promoting the preferential transfer
of an intermediate metabolite from one enzyme to a physically
adjacent enzyme and limiting its diffusion into the surrounding
milieu (189). The question of whether these four genes could
have acted as a unitary block in the evolution of the eubacterial
his genes will be solved when additional Ais operons from other
different eubacteria are described in detail.

Molecular Phylogenies of the his Genes

Because of the availability of so much sequence data for so
many different organisms, the kis biosynthetic genes constitute
a precious opportunity to perform phylogenetic studies. The
molecular phylogenetic analysis of the Zis genes, performed in
order to compare the evolutionary relationships among the
organisms from which the different genes involved in the path-
way have been sequenced, indicated the existence of three
cellular domains (87). Some peculiarities of Ais gene evolution
are worth mentioning. The detailed analysis of the phyloge-
netic trees showed that the nitrogen-fixing a-purple gram-neg-
ative bacterium A. brasilense was in most cases nearer to gram-
positive bacteria than to its close relatives, the +y-purple
enterobacteria E. coli and S. typhimurium. The same result was
found for K. pneumoniae when the first 100 amino acids of its
hisG gene product were compared, but the latter result was not
confirmed by the analysis of the HisF proteins, which placed K.
pneumoniae closer to E. coli and S. typhimurium. Whether the
peculiar position of these two nitrogen-fixing eubacteria re-
flects an ancient lateral gene transfer event is not clear yet.
Another interesting feature of his gene evolution concerns the
trees depicting the phylogenies of the AisC and hisI gene prod-
ucts, which point towards the evolutionary proximity of the
low-G +C gram-positive branch (B. subtilis and L. lactis) to the
Archaea rather than to the other bacteria (87). This observa-
tion is consistent with results obtained by the comparison of
glutamate dehydrogenase (35), heat shock proteins (117, 118),
glutamine synthetase (44, 165, 268), and carbamoyl synthetases
(171), all of which have been interpreted as indicating an early
massive lateral gene transfer event between the ancestors of
both Archaea and gram-positive bacteria (106).

CONCLUSIONS

The histidine biosynthetic pathway is unique in the presence
of several reactions quite unusual for a biosynthetic pathway,
in the existence of links with other metabolic pathways, and in
the structural features of several of the biosynthetic enzymes.
In S. typhimurium and E. coli, seven enzymes coded for by eight
genes control 10 enzymatic steps: three of them are bifunc-
tional, and one is heterodimeric, being composed of the hisH
and hisF gene products.

Regulation of the activity of the first enzyme of the pathway
by the end product histidine and by several other molecules
signaling the energy charge of the cell represents a sophisti-
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cated example of enzymatic feedback inhibition. The study of
the correlation between the aggregation state of the enzyme
and its activity will help to clarify the mechanism of allosteric
inhibition.

Comparison of the structural properties of several his gene
products, each catalyzing more than one biosynthetic step,
provides an opportunity to study the evolution and the mech-
anisms of catalysis of bifunctional and multifunctional en-
zymes. HOL-dehydrogenase, which completes the biosynthetic
pathways by oxidizing the amino alcohol HOL to the corre-
sponding amino acid histidine through the unstable amino
aldehyde HAL, represents one of the first examples of bifunc-
tional NAD " -linked dehydrogenases. Recent studies have sug-
gested that the route for the aldehyde oxidation might proceed
through a scheme different from that common to most alde-
hyde dehydrogenases. Definition of the precise mechanism by
which this reaction is carried out will provide a new paradigm
for aldehyde oxidation.

The last blind spot in the histidine biosynthetic pathway, the
conversion of 5-PRFAR to IGP and AICAR, has been eluci-
dated only recently. The finding that in enterobacteria the hisH
and hisF gene products, in analogy to other glutamine amido-
transferases, associate to form the dimeric active IGP synthase
holoenzyme catalyzing this step will help to elucidate the
mechanisms of catalysis and the functional interactions of
monomers in multimeric enzymes.

The purine and histidine biosynthetic pathways are con-
nected through the AICAR cycle. The AICAR is converted
either to IMP, in the presence of adequate folate levels, or to
the unusual nucleotide ZTP, under metabolic conditions in-
ducing folate starvation. ZTP is a proposed alarmone signaling
C-1-folate deficiency and mediating a physiological response to
folate stress. Although inhibition of folate metabolism actually
leads to alterations in a number of intracellular processes by
inducing metabolic transcriptional polarity and affecting
mRNA decay and processing or by triggering other phenom-
ena, such as sporulation in B. subtilis and the process of nodule
formation by Rhizobium species, the involvement of ZTP in
these processes is only speculative, and further studies will be
required to demonstrate the existence of a folate stress regu-
lon.

Overproduction of AICAR has been previously invoked to
account for the multiple phenotypic changes resulting from the
constitutive expression of the hisH and hisF gene products.
However, the evidence that the pleiotropic response still oc-
curs in strains devoid of AICAR as a consequence of interrup-
tion of the carbon flow through the histidine and purine path-
ways has ruled out this hypothesis. Intergenic suppression
analysis has led to the speculation that several aspects of the
pleiotropic response (e.g., filamentation) might be due to the
interference of elevated expression of hisH and hisF with the
synthesis of the cell wall. This genetic approach allowed the
identification of novel loci on the S. typhimurium chromosome
which control synthesis of cell wall and the establishment of a
hierarchy between them by observing epistatic effects among
SUppressors.

The investigation of the mechanisms regulating the expres-
sion of the his operon in S. fyphimurium and E. coli has helped
to clarify general aspects of the control of gene expression in
prokaryotes: control of transcription initiation, attenuation,
polarity, mRNA processing, and decay.

Although transcription attenuation was demonstrated to
regulate his expression and was formally theorized in its es-
sence more than 15 years ago, several aspects of the mecha-
nism regulating the coupling of transcription and translation at
a transcriptional pausing site within the leader region have
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been elucidated only recently. Understanding of several mech-
anistic features of transcription attenuation in the his leader
has helped to demonstrate that discontinuous movements of
RNA polymerase are steps in the pausing and termination
processes.

The availability of a large collection of polar mutations scat-
tered along the different cistrons of the operon has provided
the opportunity to study the mechanisms responsible for po-
larity. These studies have led to the formulation of a mecha-
nistic model of activation of rho termination factor at the level
of intracistronic terminators and to the envisaging of the exis-
tence of a general mechanism regulating transcription in re-
sponse to the rate of protein synthesis, operating at the level of
these terminators. The structure of the transcription elonga-
tion complex, the nature of the cis signals on RNA and DNA
modulating its activity, and the role of ribosomes in controlling
the elongation step of transcription are relevant subjects in this
field of research.

Posttranscriptional mechanisms have more recently been
shown to regulate the expression of the Ais operon. A relatively
stable transcript spanning the distal hisBHAFI cistrons is orig-
inated by sequential cleavage by RNase E and RNase P. The
relevance of the processing event in the cellular economy is not
clear. The presence of an internal promoter, evolutionarily
conserved between E. coli and S. typhimurium and driving
transcription of the same distal cistrons contained in the pro-
cessed species, suggests the existence of a selective pressure
favoring the differential expression of these cistrons, whose
products are also involved in metabolic pathways other than
histidine biosynthesis. The study of the processing reaction,
which represents the first example of cleavage of an mRNA by
RNase P, will contribute to understanding how this ribozyme is
targeted to substrates other than tRNA precursors.

Another area which might be exploited for the understand-
ing of important biological functions is the study of mecha-
nisms governing the regulation of expression of the histidine
pathway in different organisms. In fact, while so many genes
and clusters have been characterized in a number of different
species, studies of the mechanisms by which their expression is
controlled have not been performed yet. Attenuation seems to
be specific to the enterobacteria and the general amino acid
and basal-level controls to yeasts. Each organism seems to have
evolved and adapted different ways of controlling gene expres-
sion, and studies with the his genes as a model system could be
very rewarding.

The availability of information about more than 60 his genes
from a wide range of microorganisms belonging to the three
cell domains has permitted a deep analysis of the structure,
organization, and evolution of the his biosynthetic genes. As
reported above, there are many clues indicating the antiquity
of this anabolic pathway, suggesting that the entire pathway
might have been assembled well before the appearance of the
last common ancestor cell.

The synthesis of histidine and of the dipeptide with catalytic
activity histidyl-histidine under possible prebiotic conditions
suggests that these molecules were present in the primordial
soup and that the pathway might have assembled as a conse-
quence of the exhaustion of the prebiotic supply of histidine
and histidine-containing peptides. These events must have im-
posed an important pressure favoring those organisms capable
of synthesizing imidazole-containing compounds. The analysis
and the comparison of the structure of some of the &is genes
(hisH, hisA, and hisF) suggests that paralogous gene duplica-
tions have played an important role in shaping the pathway. It
has also been postulated that the products of these three genes
and their homologs are the descendants of genes encoding less
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specific enzymes, supporting the so-called patchwork hypoth-
esis (149, 295).

After the building of the entire pathway, these genes under-
went several major rearrangements in the different cellular
lineages. In the eubacteria, some of the kis genes are clustered
in an operon. This is particularly true for hisBd, hisH, hisA, and
often hisF, which have always been found contiguous and ar-
ranged in the same order. This group of genes might have
acted as a unitary block in the evolution of the eubacterial
pathway.

Although limited information about the organization of the
his genes in Archaea exists, the available data indicate that they
are scattered on the chromosome, resembling the situation in
lower eukaryotes.

The phylogenetic comparison of the available his gene se-
quences is consistent with the existence of three cellular do-
mains, but this analysis also placed the nitrogen-fixing a-purple
gram-negative bacterium A. brasilense and some Archaea near
the low-G+C gram-positive bacteria, including B. subtilis and
L. lactis, which probably reflects massive lateral gene transfer
events. Therefore, the &is genes and their products can be used
to establish the phylogenetic relationships among microorgan-
isms and may also evidence events of lateral gene transfer.
Moreover, since paralogous genes are often used for rooting
the phylogenetic trees, a systematic study of the his paralogous
duplications that took place in the early stages of molecular
evolution may provide promising sets of data for the construc-
tion of deep phylogenies that might shed light on the proper
rooting of the universal trees.
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ADDENDUM IN PROOF

Since submission of this review, the formidable achievement
of sequencing the first complete genome of a living organism,
Haemophilus influenzae Rd, has been published. (R. D. Fleisch-
mann, M. D. Adams, O. White, R. A. Clayton, E. F. Kirkness,
A. R. Kerlavage, C. J. Bult, J.-F. Tomb, B. A. Dougherty, J. M.
Merrick, K. McKenney, G. Sutton, W. FitzHug, C. A. Fields,
J. D. Gocayne, J. Scott, R. Shirley, L.-I. Liu, A. Glodek, J. M.
Kelley, J. F. Weidman, C. A. Phillips, T. Spriggs, E. Hedblom,
M. D. Cotton, T. R. Utterback, M. C. Hanna, D. T. Nguyen,
D. M. Saudek, R. C. Brandon, L. D. Fine, J. L. Fritchman,
J. L. Fuhrmann, N. S. M. Geoghagen, C. L. Gnehm, L. A.
McDonald, K. V. Small, C. M. Fraser, H. O. Smith, and J. C.
Venter, Science 269: 496-512, 1995). The chromosome of this
gram-negative eubacterium contains a his operon (accession
numbers U32730 and 1.42023) similar to those found in the
closely related E. coli and S. typhimurium species. The order of
the genes in the operon is conserved, but curiously, the indi-
vidual cistrons do not overlap extensively and, except for hisA/
hisF and hisF/hisI, are separated by 35/111-bp-long intercis-
tronic regions. The features of the 5’ region of the operon
(nucleotides 64 to 221) are compatible with a mechanism of
transcriptional regulation achieved by attenuation: (i) a 12-
amino-acid-long leader peptide with four contiguous His res-
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idues or (ii) the presence of mutually exclusive alternative
secondary structures allowing, in the absence of or with effi-
cient translation, or preventing, when ribosomes are stalled on
the leader peptide region, the formation of a rho-independent
termination structure.

N

10.

11.

12.

REFERENCES

. Adams, E. 1954. The enzymatic synthesis of histidine from histidinol. J.

Biol. Chem. 209:829-846.

. Adhya, S., and M. Gottesman. 1978. Control of transcription termination.

Annu. Rev. Biochem. 47:967-996.

. Adhya, S., and M. Gottesman. 1982. Promoter occlusion: transcription

through a promoter may inhibit its activity. Cell 29:939-944.

. Alifano, P., C. B. Bruni, and M. S. Carlomagno. 1994. Control of mRNA

processing and decay in prokaryotes. Genetica 94:157-172.

. Alifano, P., and M. S. Carlomagno. Unpublished data.
. Alifano, P., M. S. Ciampi, A. G. Nappo, C. B. Bruni, and M. S. Carlomagno.

1988. In vivo analysis of the mechanisms responsible for strong transcrip-
tional polarity in a “sense” mutant within an intercistronic region. Cell
55:351-360.

. Alifano, P., C. Piscitelli, V. Blasi, F. Rivellini, A. G. Nappo, C. B. Bruni, and

M. S. Carlomagno. 1992. Processing of a polycistronic mRNA requires a 5’
cis element and active translation. Mol. Microbiol. 6:787-798.

. Alifano, P., F. Rivellini, D. Limauro, C. B. Bruni, and M. S. Carlomagno.

1991. A consensus motif common to all Rho-dependent prokaryotic tran-
scription terminators. Cell 64:553-563.

. Alifano, P., F. Rivellini, A. G. Nappo, C. B. Bruni, and M. S. Carlomagno.

1994. Alternative patterns of his operon transcription and mRNA process-
ing generated by metabolic perturbation. Gene 146:15-21.

Alifano, P., F. Rivellini, C. Piscitelli, C. M. Arraiano, C. B. Bruni, and M. S.
Carlomagno. 1994. Ribonuclease E provides substrates for ribonuclease
P-dependent processing of a polycistronic mRNA. Genes Dev. 8:3021-
3031.

Altboum, Z., S. Gottlieb, G. A. Lebens, I. Polacheck, and E. Segal. 1990.
Isolation of the Candida albicans histidinol dehydrogenase (HIS4) gene and
characterization of a histidine auxotroph. J. Bacteriol. 172:3898-3904.
Altman, S. 1990. Ribonuclease P. J. Biol. Chem. 265:20053-20056.

12a.Ames, B. N. 1955. The biosynthesis of histidine, p. 357-372. In W. D.

McElroy and B. Glass (ed.), Amino acid metabolism. Johns Hopkins Press,
Baltimore.

12b.Ames, B. N. 1957. The biosynthesis of histidine: p-erythro-imidazole-glyc-

13.

14.

15.

16.

17.

18.

erol phosphate dehydrase. J. Biol. Chem. 228:131-143.

Ames, B. N., and B. Garry. 1959. Coordinate repression of the synthesis of
four histidine biosynthetic enzymes by histidine. Proc. Natl. Acad. Sci. USA
45:1453-1461.

Ames, B. N., B. Garry, and L. A. Herzenberg. 1960. The genetic control of
the enzymes of histidine biosynthesis in Salmonella typhimurium. J. Gen.
Microbiol. 22:369-378.

Ames, B. N,, R. F. Goldberger, P. E. Hartman, R. G. Martin, and J. R. Roth.
1967. The histidine operon, p. 272-287. In V. V. Koningsberger and L.
Bosch (ed.), Regulation of nucleic acid and protein biosynthesis. Elsevier
Publishing Co., Amsterdam.

Ames, B. N,, and P. E. Hartman. 1963. The histidine operon. Cold Spring
Harbor Symp. Quant. Biol. 28:349-356.

Ames, B. N,, P. E. Hartman, and F. Jacob. 1963. Chromosomal alterations
affecting the regulation of histidine biosynthetic enzymes in Salmonella. J.
Mol. Biol. 7:23-42.

Ames, B. N, R. G. Martin, and B. Garry. 1961. The first step of histidine
biosynthesis. J. Biol. Chem. 236:2019-2026.

18a.Ames, B. N., H. K. Mitchell, and M. B. Mitchell. 1953. Some new naturally

19.

20.

21.

22.

23.

24.

25.

occurring imidazoles related to the biosynthesis of histidine. J. Am. Chem.
Soc. 75:1015-1018.

Anagnostopulos, C., P. J. Piggot, and J. A. Hoch. 1993. The genetic map of
Bacillus subtilis, p. 425-462. In A. L. Sonenshein, J. A. Hoch, and R. Losick
(ed.), Bacillus subtilis and other gram-positive bacteria. American Society
for Microbiology, Washington, D.C.

Anton, D. N. 1968. Histidine regulatory mutants in Salmonella typhimurium.
V. Two new classes of histidine regulatory mutants. J. Mol. Biol. 33:533—
546.

Anton, D. N. 1978. Genetic control of defective cell shape and osmotic-
sensitivity in a mutant of Salmonella typhimurium. Mol. Gen. Genet. 160:
277-286.

Anton, D. N. 1979. Positive selection of mutants with cell envelope defects
of a Salmonella typhimurium strain hypersensitive to the products of genes
hisF and hisH. J. Bacteriol. 137:1271-1281.

Arndt, K. T., C. Styles, and G. R. Fink. 1987. Multiple global regulators
control HIS4 transcription in yeast. Science 237:874-880.

Artz, S. W., and J. R. Broach. 1975. Histidine regulation in Salmonella
typhimurium: an activator-attenuator model of gene regulation. Proc. Natl.
Acad. Sci. USA 72:3453-3457.

Artz, S. W., and D. Holzschu. 1983. Histidine biosynthesis and its regula-

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

MICROBIOL. REV.

tion, p. 379-404. In K. M. Herrmann and R. L. Somerville (ed.), Amino
acids: biosynthesis and genetic regulation. Addison-Wesley Publishing Co.,
Reading, Mass.

Atkins, J. F., and J. C. Loper. 1970. Transcription initiation in the histidine
operon of Salmonella typhimurium. Proc. Natl. Acad. Sci. USA 65:925-932.
Bachmann, B. J. 1990. Linkage map of Escherichia coli K-12, edition 8.
Microbiol. Rev. 54:130-197.

Barnes, W. 1978. DNA sequence from the histidine operon control region:
seven histidine codons in a row. Proc. Natl. Acad. Sci. USA 75:4281-4285.
Bateman, E., and M. R. Paule. 1988. Promoter occlusion during ribosomal
RNA transcription. Cell 54:985-992.

Bauerle, R. H., and P. Margolin. 1967. Evidence for two sites for initiation
of gene expression in the tryptophan operon of Salmonella typhimurium. J.
Mol. Biol. 26:423-436.

Bear, D. G., P. S. Hicks, K. W. Escudero, C. L. Andrews, J. A. McSwiggen,
and P. H. von Hippel. 1988. Interaction of Escherichia coli transcription
termination factor Rho with RNA. II. Electron microscopy and nuclease
protection experiments. J. Mol. Biol. 199:623-635.

Beckler, G. S., and J. N. Reeve. 1986. Conservation of primary structure in
the hisI gene of the archaebacterium Methanococcus vannielii, the eubac-
terium Escherichia coli and the eucaryote Saccharomyces cerevisiae. Mol.
Gen. Genet. 204:133-140.

Belasco, J. G., and C. F. Higgins. 1988. Mechanisms of mRNA decay in
bacteria: a perspective. Gene 72:15-23.

Bell, R. M., S. M. Parsons, S. A. Dubravac, A. G. Redfield, and D. E.
Koshland, Jr. 1974. Characterization of slowly interconvertible states of
phosphoribosyladenosine triphosphate synthetase dependent on tempera-
ture, substrates and histidine. J. Biol. Chem. 249:4110-4118.
Benachenhou-Lafha, N., P. Forterre, and B. Labedan. 1993. Evolution of
glutamate dehydrogenase genes: evidence for two paralogous protein fam-
ilies and unusual branching patterns of the archaebacteria in the universal
tree of life. J. Mol. Evol. 36:335-346.

Bender, M. L., R. J. Ergeron, and M. Komiyama. 1984. The bio-organic
chemistry of enzymatic catalysis, p. 116-129. Wiley, New York.
Berberich, M. A., P. Venetianer, and R. F. Goldberger. 1966. Alternative
modes of derepression of the histidine operon observed in Salmonella
typhimurium. J. Biol. Chem. 241:4426-4433.

Blasi, F., and C. B. Bruni. 1981. Regulation of the histidine operon: trans-
lation controlled transcription termination (a mechanism common to sev-
eral biosynthetic operons). Curr. Top. Cell. Regul. 19:1-45.

Bochner, B. R., and B. N. Ames. 1982. ZTP (5-amino 4-imidazole carbox-
amide riboside 5’'-triphosphate): a proposed alarmone for 10-formyl-tetra-
hydrofolate deficiency. Cell 29:929-937.

Bouvet, P., and J. G. Belasco. 1992. Control of RNase E-mediated RNA
degradation by 5'-terminal base pairing in E. coli. Nature (London) 360:
488-491.

Brady, D. R., and L. L. Houston. 1973. Some properties of the catalytic sites
of imidazoleglycerolephosphate dehydratase-histidinol phosphate phos-
phatase, a bifunctional enzyme from Salmonella typhimurium. J. Biol.
Chem. 248:2588-2592.

Brenner, M., and B. N. Ames. 1971. The histidine operon and its regulation,
p. 349-387. In H. J. Vogel (ed.), Metabolic pathways, vol. 5. Metabolic
regulation. Academic Press Inc., New York.

Brown, G. M., and J. M. Williamson. 1987. Biosynthesis of folic acid,
riboflavin, thiamine, and pantothenic acid, p. 521-538. In F. C. Neidhardt,
J. L. Ingraham, K. B. Low, B. Magasanik, M. Schaechter, and H. E. Um-
barger (ed.), Escherichia coli and Salmonella typhimurium: cellular and
molecular biology, vol. 1. American Society for Microbiology, Washington,
D.C.

Brown, J. R., Y. Masuchi, F. T. Robb, and W. F. Doolittle. 1994. Evolu-
tionary relationships of bacterial and archaeal glutamine synthetase genes.
J. Mol. Evol. 38:566-576.

Bruni, C. B., M. S. Carl gno, S. For and G. Paolella. 1986. Primary
and secondary structural homologies between the HIS4 gene product of Sac-
charomyces cerevisiae and the hisIE and hisD gene products of Escherichia coli
and Salmonella typhimurium. Mol. Gen. Genet. 203:389-396.

Biirger, E., and H. Gorisch. 1981. Patterns of product inhibition of a
bifunctional dehydrogenase, L-histidino:NAD™ oxidoreductase. Eur. J.
Biochem. 116:137-142.

Biirger, E., and H. Gorisch. 1981. Evidence for an essential lysine at the
active site of L-histidino:NAD* oxidoreductase; a bifunctional dehydroge-
nase. Eur. J. Biochem. 118:125-130.

Biirger, E., H. Gorisch, and F. Lingens. 1979. The catalytically active form
of histidinol dehydrogenase from Salmonella typhimurium. Biochem. J. 181:
771-774.

Burke, J. D., and K. L. Gould. 1994. Molecular cloning and characterization
of the Schizosaccharomyces pombe his3 gene for use as a selectable marker.
Mol. Gen. Genet. 242:169-176.

Bustos, S. A., M. R. Schaefer, and S. S. Golden. 1990. Different and rapid
responses of four cyanobacterial transcripts to changes in light intensity. J.
Bacteriol. 172:1998-2004.

Carere, A., S. Russi, M. Bignami, and G. Sermonti. 1973. An operon for




VoL. 60, 1996

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

histidine biosynthesis in Streptomyces coelicolor. 1. Genetic evidence. Mol.
Gen. Genet. 123:213-224.

Carlomagno, M. S., F. Blasi, and C. B. Bruni. 1983. Gene organization in
the distal part of the Salmonella typhimurium histidine operon and deter-
mination and sequence of the operon transcription terminator. Mol. Gen.
Genet. 191:413-420.

Carlomagno, M. S., L. Chiariotti, P. Alifano, A. G. Nappo, and C. B. Bruni.
1988. Structure and function of the Salmonella typhimurium and Escherichia
coli K-12 histidine operon. J. Mol. Biol. 203:585-606.

Carlomagno, M. S., A. Riccio, and C. B. Bruni. 1985. Convergently func-
tional, rho-independent terminator in Salmonella typhimurium. J. Bacteriol.
163:362-368.

Casadesus, J., and J. R. Roth. 1989. Absence of insertions among sponta-
neous mutants of Salmonella typhimurium. Mol. Gen. Genet. 216:210-216.
Cashel, M., and K. E. Rudd. 1987. The stringent response, p. 1410-1438. In
F. C. Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M. Schaechter,
and H. E. Umbarger (ed.), Escherichia coli and Salmonella typhimurium:
cellular and molecular biology, vol. 2. American Society for Microbiology,
Washington, D.C.

Chan, C. L., and R. Landick. 1989. The Salmonella typhimurium his operon
leader region contains an RNA hairpin-dependent transcription pause site:
mechanistic implications of the effect on pausing of altered RNA hairpins.
J. Biol. Chem. 264:20796-20804.

Chan, C. L., and R. Landick. 1993. Dissection of the his leader pause site
by base substitution reveals a multipartite signal that includes a pause RNA
hairpin. J. Mol. Biol. 233:25-42.

Chan, C. L., and R. Landick. 1994. New perspectives on RNA chain elon-
gation and termination by E. coli RNA polymerase, p. 297-320. In R.
Conaway and J. Conaway (ed.), Transcription: mechanism and regulation.
Raven Press, New York.

Chen, C.-Y. A., and J. P. Richardson. 1987. Sequence elements essential for
Rho-dependent transcription termination at AtR1. J. Biol. Chem.
262:11292-11299.

Chiariotti, L., P. Alifano, M. S. Carlomagno, and C. B. Bruni. 1986. Nu-
cleotide sequence of the Escherichia coli hisD gene and of the Escherichia
coli and Salmonella typhimurium hisIE region. Mol. Gen. Genet. 203:382—
388.

Chopin, A. 1993. Organization and regulation of genes for amino acid
biosynthesis in lactic acid bacteria. FEMS Microbiol. Rev. 12:21-38.
Chumley, F. G., and J. R. Roth. 1981. Genetic fusions that place the lactose
genes under histidine operon control. J. Mol. Biol. 145:697-712.

Ciampi, M. S., P. Alifano, A. G. Nappo, C. B. Bruni, and M. S. Carlomagno.
1989. Features of the rho-dependent transcription termination polar ele-
ment within the hisG cistron of Salmonella typhimurium. J. Bacteriol. 171:
4472-4478.

Ciampi, M. S., and J. R. Roth. 1988. Polarity effects in the hisG gene of
Salmonella require a site within the coding sequence. Genetics 118:193—
202.

Cole, S. T., and N. Honoré. 1989. Transcription of the sul4-ompA region of
Escherichia coli during the SOS response and the role of an antisense RNA
molecule. Mol. Microbiol. 3:715-722.

Conover, R. K., and W. F. Doolittle. 1990. Characterization of a gene
involved in histidine biosynthesis in Halobacterium (Haloferax) volcanii:
isolation and rapid mapping by transformation of an auxotroph with cosmid
DNA. J. Bacteriol. 172:3244-3249.

Crane, D. I, and S. J. Gould. 1994. The Pichia pastoris HIS4 gene: nucle-
otide sequence, creation of a non-reverting his4 deletion mutant, and de-
velopment of HIS4-based replicating and integrating plasmids. Curr. Genet.
26:443-450.

Crawford, I. P., and R. Milkman. 1991. Orthologous and paralogous diver-
gence, reticulate evolution, and lateral gene transfer in bacterial #rp genes,
p- 77-95. In R. K. Selander, A. G. Clark, and T. S. Whittam (ed.), Evolution
at the molecular level. Sinauer Press Publishers, Sunderland, Mass.

Cue, D., G. S. Bekler, J. N. Reeve, and J. Konisky. 1985. Structure and
sequence divergence of two archaebacterial genes. Proc. Natl. Acad. Sci.
USA 82:4207-4211.

Dall-Larsen, T. 1988. Regulation of the first step of histidine biosynthesis in
Escherichia coli. Int. J. Biochem. 20:231-235.

Dall-Larsen, T. 1988. Stopped flow kinetic studies of adenosine triphos-
phate phosphoribosyl transferase, the first enzyme in the histidine biosyn-
thesis of Escherichia coli. Int. J. Biochem. 20:811-815.

Dall-Larsen, T., and L. Klungsgyr. 1976. The binding of specific ligands to
adenosine-triphosphate phosphoribosyltransferase. Eur. J. Biochem. 69:
195-201.

Davidson, J. N., K. C. Chen, R. S. Jamison, L. A. Musmanno, and C. B.
Kern. 1993. The evolutionary history of the first three enzymes in pyrimi-
dine biosynthesis. Bioessays 15:157-164.

Davis, L., and L. S. Williams. 1982. Characterization of a cold-sensitive
hisW mutant of Salmonella typhimurium. J. Bacteriol. 151:867-878.

de Crombrugghe, B., S. Adhya, M. Gottesman, and I. Pastan. 1973. Effects
of rho on transcription of bacterial operons. Nature (London) New Biol.
241:260-264.

HISTIDINE BIOSYNTHETIC PATHWAY AND GENES 65

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Delorme, C., S. D. Ehrlich, and P. Renault. 1992. Histidine biosynthesis
genes in Lactococcus lactis subsp. lactis. J. Bacteriol. 174:6571-6579.

Di Nocera, P. P., F. Blasi, R. Di Lauro, R. Frunzio, and C. B. Bruni. 1978.
Nucleotide sequence of the attenuator region of the histidine operon of
Escherichia coli K-12. Proc. Natl. Acad. Sci. USA 75:4276-4280.
Donachie, W. D., and A. C. Robinson. 1987. Cell division: parameter values
and the process, p. 1578-1593. In F. C. Neidhardt, J. L. Ingraham, K. B.
Low, B. Magasanik, M. Schaechter, and H. E. Umbarger (ed.), Escherichia
coli and Salmonella typhimurium: cellular and molecular biology, vol. 2.
American Society for Microbiology, Washington, D.C.

Donahue, T. F., P. J. Farabaugh, and G. R. Fink. 1982. The nucleotide
sequence of the HIS4 region of yeast. Gene 18:47-59.

Eccleston, E. D., M. L. Thayer, and S. Kirkwood. 1979. Mechanisms of
action of histidinol dehydrogenase and UDP-Glc dehydrogenase: evidence
that the half-reactions proceed on separate subunits. J. Biol. Chem. 254:
11399-11404.

Ely, B., and Z. Ciesla. 1974. Internal promoter P2 of the histidine operon
of Salmonella typhimurium. J. Bacteriol. 120:984-986.

Fani, R., P. Alifano, G. Allotta, M. Bazzicalupo, M. S. Carlomagno, E.
Gallori, F. Rivellini, and M. Polsinelli. 1993. The histidine operon of
Azospirillum brasilense: organization, nucleotide sequence and functional
analysis. Res. Microbiol. 144:187-200.

Fani, R., C. Barberio, E. Casalone, D. Cavalieri, A. Lazcano, P. Lio, E.
Mori, B. Perito, and M. Polsinelli. Unpublished data.

Fani, R., M. Bazzicalupo, G. Damiani, A. Bianchi, C. Schipani, V. Sgara-
mella, and M. Polsinelli. 1989. Cloning of the histidine genes of Azospiril-
lum brasilense: organization of the hisABFH gene cluster and nucleotide
sequence of the hisB gene. Mol. Gen. Genet. 216:224-229.

Fani, R., P. Lio, I. Chiarelli, and M. Bazzicalupo. 1994. The evolution of the
histidine biosynthetic genes in prokaryotes: a common ancestor for the his4
and hisF genes. J. Mol. Evol. 38:489-495.

Fani, R., P. Lio, and A. Lazcano. Molecular evolution of the histidine
biosynthetic pathway. J. Mol. Evol., in press.

Faxén, M., and L. A. Isaksson. 1994. Functional interactions between trans-
lation, transcription and ppGpp in growing Escherichia coli. Biochim. Bio-
phys. Acta 1219:425-434.

Fersht, A. 1977. Enzyme structure and mechanism, p. 325-329. W. H.
Freeman, San Francisco.

Figueroa, N., N. Wills, and L. Bossi. 1991. Common sequence determinants
of the response of a prokaryotic promoter to DNA bending and supercoil-
ing. EMBO J. 10:941-949.

Fink, G. R., T. Klopotowski, and B. N. Ames. 1967. Histidine regulatory
mutants in Salmonella typhimurium. IV. A positive selection for polar his-
tidine-requiring mutants from histidine operator constitutive mutants. J.
Mol. Biol. 30:81-95.

. Fink, G. R., and R. G. Martin. 1967. Translation and polarity in the histi-

dine operon. II. Polarity in the histidine operon. J. Mol. Biol. 30:97-107.
Flores, A. M., and J. Casadesus. 1995. Suppression of the pleiotropic effects
of HisH and HisF overproduction identifies four novel loci on the Salmo-
nella typhimurium chromosome: osmH, sfiW, sfiX, and sfiY. J. Bacteriol.
177:4841-4850.

Flores, A., M. Fox, and J. Casadesus. 1993. The pleiotropic effects of Ais
overexpression in Salmonella typhimurium do not involve AICAR-induced
mutagenesis. Mol. Gen. Genet. 240:360-364.

Forster, A. C., and S. Altman. 1990. External guide sequences for an RNA
enzyme. Science 249:783-786.

Fox, M., N. Frandsen, and R. D’Ari. 1993. AICAR is not an endogenous
mutagen in Escherichia coli. Mol. Gen. Genet. 240:355-359.

Frandsen, N., and R. D’Ari. 1993. Excess histidine enzymes cause AICAR-
independent filamentation in Escherichia coli. Mol. Gen. Genet. 240:348—
354.

Franklin, N. C., and S. E. Luria. 1961. Transduction by bacteriophage P1
and the properties of the lac genetic region in E. coli and S. depenteriae.
Virology 15:299-311.

Freedman, R., B. Gibson, D. Donovans, K. Biemann, S. Eisenbeis, J.
Parker, and P. Shimmel. 1985. Primary structure of the histidine-tRNA
synthetase and characterization of hisS transcripts. J. Biol. Chem. 260:
10063-10068.

Freedman, R., and P. Schimmel. 1981. In vitro transcription of the histidine
operon. J. Biol. Chem. 256:10747-10750.

Freese, E., J. E. Heinze, and E. M. Galliers. 1979. Partial purine deprivation
causes sporulation of Bacillus subtilis in the presence of excess ammonia,
glucose and phosphate. J. Gen. Microbiol. 115:193-205.

Frunzio, R., C. B. Bruni, and F. Blasi. 1981. In vivo and in vitro detection
of the leader RNA of the histidine operon of Escherichia coli K-12. Proc.
Natl. Acad. Sci. USA 78:2767-2771.

Galloway, J. L., and T. Platt. 1988. Signals sufficient for Rho-dependent
transcription termination at #rp t’ span a region centered 60 base pairs
upstream of the earliest 3" endpoint. J. Biol. Chem. 263:1761-1767.
Geiger, J. R., and J. F. Speyer. 1977. A conditional antimutator in E. coli.
Mol. Gen. Genet. 153:87-97.

Gibert, L., and J. Casadesus. 1990. sul4-independent division inhibition in



66

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

ALIFANO ET AL.

His-constitutive strains of Salmonella typhimurium. FEMS Microbiol. Lett.
69:205-210.

Gogarten, J. P. 1994. Which is the most conserved group of proteins?
Homology, orthology, paralogy and the fusion of independent lineages. J.
Mol. Evol. 39:541-543.

Goldman, G. H., J. Demolder, S. Dewaele, A. Herrera-Estrella, R. A. Ger-
emia, M. Van Montagu, and R. Contreras. 1992. Molecular cloning of the
imidazoleglycerolphosphate dehydratase gene of Trichoderma harzianum
by genetic complementation in Saccharomyces cerevisiae using a direct ex-
pression vector. Mol. Gen. Genet. 234:481-488.

Gorisch, H. 1979. Steady-state investigation of the mechanism of histidinol
dehydrogenase. Biochem. J. 181:153-157.

Gorisch, H., and W. Holke. 1985. Binding of histidinal to histidinol dehy-
drogenase. Eur. J. Biochem. 150:305-308.

Goto, Y., H. Zalkin, P. S. Keim, and R. L. Heinrikson. 1976. Properties of
anthranilate synthetase component II from Pseudomonas putida. J. Biol.
Chem. 251:941-949.

Granick, S. 1965. Evolution of heme and chlorophyll, p. 67-88. In V.
Bryson and H. J. Vogel (ed.), Evolving genes and proteins. Academic Press,
New York.

Green, J. M., and B. P. Nichols. 1991. p-Aminobenzoate biosynthesis in
Escherichia coli. J. Biol. Chem. 266:12971-12975.

Grisolia, V., A. Riccio, and C. B. Bruni. 1983. Structure and function of the
internal promoter (hisBp) of the Escherichia coli K-12 histidine operon. J.
Bacteriol. 155:1288-1296.

Grubmeyer, C. T., and W. R. Gray. 1986. A cysteine residue (cysteine-116)
in the histidinol binding site of histidinol dehydrogenase. Biochemistry
25:4778-4784.

Grubmeyer, C. T., M. Skiadopoulos, and A. E. Senior. 1989. L-Histidinol
dehydrogenase, a Zn>"-metalloenzyme. Arch. Biochem. Biophys. 272:311-
317.

Gu, W., G. Zhao, C. Eddy, and R. A. Jansen. 1995. Imidazole acetol
phosphate aminotransferase in Zymomonas mobilis: molecular genetic, bio-
chemical, and evolutionary analyses. J. Bacteriol. 177:1576-1584.

Gupta, R. S., and G. B. Golding. 1993. Evolution of the HSP70 gene and its
implication regarding relationships between archaebacteria, eubacteria,
and eukaryotes. J. Mol. Evol. 37:573-582.

Gupta, R. S., and B. Singh. 1994. Phylogenetic analysis of 70 kD heat shock
protein sequences suggests a chimeric origin for the eukaryotic cell nucleus.
Curr. Biol. 4:1104-1114.

Haas, F., M. B. Mitchell, B. N. Ames, and H. K. Mitchell. 1952. A series of
histidineless mutants of Neurospora crassa. Genetics 37:217-226.

Harley, C. B., and R. P. Reynolds. 1987. Analysis of E. coli promoter
sequences. Nucleic Acids Res. 15:2343-2361.

Harris, J. I, and M. Waters. 1976. Glyceraldehyde-3-phosphate dehydro-
genase, p. 1-49. In P. D. Boyer (ed.), The enzymes, 3rd ed., vol. 13.
Academic Press, New York.

Hartman, P. E. 1956. Linked loci in the control of consecutive steps in the
primary pathway of histidine synthesis in Salmonella typhimurium. Carnegie
Inst. Wash. Publ. 612:35-62.

Hartman, P. E., Z. Hartman, and D. Serman. 1960. Complementation-
mapping by abortive transduction of histidine-requiring Salmonella mu-
tants. J. Gen. Microbiol. 22:354-368.

Hartman, P. E., Z. Hartman, R. C. Stahl, and B. N. Ames. 1971. Classifi-
cation and mapping of spontaneous and induced mutations in the histidine
operon of Salmonella. Adv. Genet. 16:1-34.

Hartman, P. E., J. C. Loper, and D. Serman. 1960. Fine structure mapping
by complete transduction between histidine-requiring Salmonella mutants.
J. Gen. Microbiol. 22:323-353.

Hartman, P. E., and S. R. Suskind. 1965. Gene action. Prentice-Hall Inc.,
Englewood Cliffs, N.J.

Hartmann, R. K., J. Heinrich, J. Schlegl, and H. Schuster. 1995. Precursor
of C4 antisense RNA of bacteriophages P1 and P7 is a substrate for RNase
P of Escherichia coli. Proc. Natl. Acad. Sci. USA 92:5822-5826.

Heinze, J. E., T. Milani, K. E. Rich, and E. Freese. 1978. Induction of
sporulation by inhibitory purines and related compounds. Biochim. Bio-
phys. Acta 521:16-26.

Henner, D. J., L. Band, G. Flaggs, and E. Chen. 1986. The organization and
nucleotide sequence of the Bacillus subtilis hisH, tyrA and aroE genes. Gene
49:147-152.

Hikiji, T., M. Okhuma, M. Takagi, and K. Yano. 1989. An improved
host-vector system for Candida maltosa using a gene isolated from its
genome that complements the his5 mutation of Saccharomyces cerevisiae.
Curr. Genet. 16:261-266.

Hinnebusch, A. G. 1988. Mechanisms of gene regulation in the general
control of amino acid biosynthesis in Saccharomyces cerevisiae. Microbiol.
Rev. 52:248-273.

Hinnebusch, A. G. 1990. Transcriptional and translational regulation of
gene expression in the general control of amino acid biosynthesis in Sac-
charomyces cerevisiae. Prog. Nucleic Acid Res. Mol. Biol. 38:195-240.
Hinnebusch, A. G., and G. R. Fink. 1983. Repeated DNA sequences up-
stream from HISI also occur at several other co-regulated genes in Sac-

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

MICROBIOL. REV.

charomyces cerevisiae. J. Biol. Chem. 258:5238-5247.

Hinshelwood, S., and N. G. Stoker. 1992. Cloning of mycobacterial histidine
synthesis genes by complementation of a Mycobacterium smegmatis auxo-
troph. Mol. Microbiol. 6:2887-2895.

Hoppe, L., H. N. Johnston, D. Biek, and J. R. Roth. 1979. A refined map of
the hisG gene of Salmonella typhimurium. Genetics 92:17-26.

Hopwood, D. A., M. J. Bibb, K. E. Chater, G. R. Janssen, F. Malpartida,
and C. P. Smith. 1986. Regulation of gene expression in antibiotic produc-
ing Streptomyces, p. 251-276. In 1. Booth and C. Higgins (ed.), Regulation
of gene expression. University Press, Cambridge.

Hopwood, D. A., H. M. Kieser, and T. Kieser. 1993. The chromosome map
of Streptomyces coelicolor A3(2), p. 497-506. In A. L. Sonenshein, J. A.
Hoch, and R. Losick (ed.), Bacillus subtilis and other gram-positive bacteria.
American Society for Microbiology, Washington, D.C.

Horowitz, N. J. 1945. On the evolution of biochemical synthesis. Proc. Natl.
Acad. Sci. USA 31:153-157.

Horowitz, N. J. 1965. The evolution of biochemical synthesis—retrospect
and prospect, p. 15-23. In V. Bryson and H. J. Vogel (ed.), Evolving genes
and proteins. Academic Press, Inc., New York.

Hsu, L. C., M. Okamoto, and E. E. Snell. 1989. L-Histidinol phosphate
aminotransferase from Salmonella typhimurium: kinetic behavior and se-
quence at the pyridoxal-P binding site. Biochimie 71:477-489.

Hubbard, J. S., and E. R. Stadtman. 1967. Regulation of glutamine syn-
thetase: interactions of inhibitors for Bacillus licheniformis glutamine syn-
thetase. J. Bacteriol. 94:1016-1024.

Imamoto, F. 1970. Evidence for premature termination of transcription of
the tryptophan operon in polarity mutants of Escherichia coli. Nature (Lon-
don) 228:232-235.

Imamoto, F., J. Ito, and C. Yanofsky. 1966. Polarity studies with the tryp-
tophan operon. Cold Spring Harbor Symp. Quant. Biol. 31:235-249.
Imamoto, F., and Y. Kano. 1971. Inhibition of transcription of the trypto-
phan operon in Escherichia coli by a block in initiation of translation.
Nature (London) 232:169-173.

Jackson, E. N., and C. Yanofsky. 1972. Internal promoter of the tryptophan
operon of Escherichia coli is located in a structural gene. J. Mol. Biol.
69:307-315.

Jackson, E. N., and C. Yanofsky. 1973. The region between the operator
and first structural gene of the tryptophan operon of Escherichia coli may
have a regulatory function. J. Mol. Biol. 76:89-101.

Jacob, F., and J. Monod. 1961. Genetic regulatory mechanisms in the
synthesis of proteins. J. Mol. Biol. 3:318-356.

Jacob, F., and J. Monod. 1961. On the regulation of gene activity. Cold
Spring Harbor Symp. Quant. Biol. 26:193-211.

Jensen, R. A. 1976. Enzyme recruitment in evolution of new function.
Annu. Rev. Microbiol. 30:409-425.

Jink-Robertson, S., and M. Nomura. 1987. Ribosomes and tRNA, p. 1358—
1385. In F. C. Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and Salmonella
typhimurium: cellular and molecular biology, vol. 2. American Society for
Microbiology, Washington, D.C.

Johnston, H. M., W. M. Barnes, F. G. Chumley, L. Bossi, and J. R. Roth.
1980. Model for regulation of the histidine operon of Salmonella. Proc.
Natl. Acad. Sci. USA 77:508-512.

Johnston, H. M., and J. R. Roth. 1979. Histidine mutants requiring adenine:
selection of mutants with reduced hisG expression in Salmonella typhi-
murium. Genetics 92:1-15.

Joseph, E., A. Danchin, and A. Ullmann. 1978. Modulation of the lactose
operon mRNA turnover by inhibitors of dihydrofolate reductase. Biochem.
Biophys. Res. Commun. 84:769-776.

Jovanovich, G., T. Kostic, M. Jankovic, and D. J. Savic. 1994. Nucleotide
sequence of the Escherichia coli K12 histidine operon revisited. J. Mol. Biol.
239:433-435.

Kaplan, J. B., and B. P. Nichols. 1983. Nucleotide sequence of Escherichia
coli pabA and its evolutionary relationships to #p(G)D. J. Mol. Biol. 168:
451-468.

Kasai, T. 1974. Regulation of the expression of the histidine operon in
Salmonella typhimurium. Nature (London) 249:523-527.

Kirschner, K., and H. Bisswanger. 1976. Multifunctional proteins. Annu.
Rev. Biochem. 45:143-166.

Klem, T. J., and V. J. Davisson. 1993. Imidazole glycerol phosphate syn-
thase: the glutamine amidotransferase in histidine biosynthesis. Biochem-
istry 32:5177-5186.

Klungsgyr, L. 1971. Conformational changes and aggregation in phospho-
ribosyladenosine triphosphate synthetase: ligand effects on hydrogen ex-
change and hydrophobic probe uptake. Biochemistry 10:4875-4880.
Klungsgyr, L., J. H. Hageman, L. Fall, and D. E. Atkinson. 1968. Interac-
tion between energy charge and product feedback in the regulation of
biosynthetic enzymes: aspartokinase, phosphoribosyladenosine triphos-
phate synthetase, and phosphoribosyl pyrophosphate synthetase. Biochem-
istry 7:4035-4040.

Klungsgyr, L., and H. Kryvi. 1971. Sedimentation behaviour of phospho-
ribosyl adenosine triphosphate synthetase: effect of substrate and modifiers.



VoL. 60, 1996

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.
172.

173.

174.
175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Biochim. Biophys. Acta 227:327-336.

Kolter, R., and C. Yanofsky. 1982. Attenuation in amino acid biosynthetic
operons. Annu. Rev. Genet. 16:113-134.

Kozak, M. 1983. Comparison of initiation of protein synthesis in pro-
caryotes, eucaryotes, and organelles. Microbiol. Rev. 47:1-45.

Kuenzler, M., T. Balmelli, C. M. Egli, G. Paravicini, and G. H. Braus. 1993.
Cloning, primary structure, and regulation of the HIS7 gene encoding a
bifunctional glutamine amidotransferase:cyclase from Saccharomyces cer-
evisiae. J. Bacteriol. 175:5548-5558.

Kumada, Y., D. R. Benson, D. Hillemann, T. J. Hosted, D. A. Rochford,
C. J. Thompson, W. Wohlleben, and Y. Tateno. 1993. Evolution of the
glutamine synthase gene, one of the oldest existing and functioning genes.
Proc. Natl. Acad. Sci. USA 90:3009-3013.

Landick, R. 1987. The role of the paused transcription complex in #rp
operon attenuation, p. 441-444. In W. S. Reznikoff, R. R. Burgess, J. E.
Dahlberg, C. A. Gross, M. T. Record, Jr., and M. P. Wickens (ed.), RNA
polymerase and the regulation of transcription. Elsevier, New York.
Landick, R., J. Carey, and C. Yanofsky. 1987. Detection of transcription-
pausing in vivo in the #p operon leader region. Proc. Natl. Acad. Sci. USA
84:1507-1511.

Landick, R., and C. Yanofsky. 1984. Stability of an RNA secondary struc-
ture affects in vitro transcription pausing in the #rp operon leader region. J.
Biol. Chem. 259:11550-11555.

Landick, R., and C. Yanofsky. 1987. Isolation and structural analysis of the
Escherichia coli trp leader paused transcription complex. J. Mol. Biol. 196:
363-377.

Lazcano, A., G. E. Fox, and J. Oro. 1992. Life before DNA: the origin and
evolution of early Archean cells, p. 237-339. In R. P. Mortlock (ed.), The
evolution of metabolic function. CRC Press, Boca Raton, Fla.

Lazcano, A., J. Puente, and P. Gogarten. Unpublished data.

Lee, D. N., and R. Landick. 1992. Structure of RNA and DNA chains in
paused transcription complexes containing Escherichia coli RNA poly-
merase. J. Mol. Biol. 228:759-777.

Lee, D. N, L. Phung, J. Stewart, and R. Landick. 1990. Transcription
pausing by Escherichia coli RNA polymerase is modulated by downstream
DNA sequences. J. Biol. Chem. 265:15145-15153.

Legerton, T. L., and C. Yanofsky. 1985. Cloning and characterization of the
multifunctional his-3 gene of Neurospora crassa. Gene 39:129-140.
Leupold, U. 1958. Studies on recombination in Schizosaccharomyces pombe.
Cold Spring Harbor Symp. Quant. Biol. 23:161-170.

Limauro, D., A. Avitabile, C. Cappellano, A. M. Puglia, and C. B. Bruni.
1990. Cloning and characterization of the histidine biosynthetic gene cluster
of Streptomyces coelicolor A3(2). Gene 90:31-41.

Limauro, D., A. Avitabile, A. M. Puglia, and C. B. Bruni. 1992. Further
characterization of the histidine gene cluster of Streptomyces coelicolor
A3(2): nucleotide sequence and transcriptional analysis of AisD. Res. Mi-
crobiol. 143:683-693.

Loper, J. C. 1961. Enzyme complementation in mixed extracts of mutants
from the Salmonella histidine B locus. Proc. Natl. Acad. Sci. USA 47:1440-
1450.

Loper, J. C., and E. Adams. 1965. Purification and properties of histidinol
dehydrogenase from Salmonella typhimurium. J. Biol. Chem. 240:788-795.
Malone, R. E., K. Sangkyu, S. A. Bullard, S. Lundquist, L. Hutchings-Crow,
S. Crampton, L. Lutfiyya, and J. Lee. 1994. Analysis of a recombination
hotspot for gene conversion occurring at the HIS2 gene of Saccharomyces
cerevisiae. Genetics 137:5-18.

Margolies, M. N., and R. F. Goldberger. 1966. Isolation of the fourth
enzyme (isomerase) of histidine biosynthesis from Salmonella typhimurium.
J. Biol. Chem. 241:3262-3269.

Margolies, M. N., and R. F. Goldberger. 1967. Physical and chemical char-
acterization of the isomerase of histidine biosynthesis in Salmonella typhi-
murium. J. Biol. Chem. 242:256-264.

Martin, R. G. 1963. The one operon-one messenger theory of transcription.
Cold Spring Harbor Symp. Quant. Biol. 28:357-361.

Martin, R. G. 1963. The first enzyme in histidine biosynthesis: the nature of
feedback inhibition by histidine. J. Biol. Chem. 238:257-268.

Martin, R. G., M. A. Berberich, B. N. Ames, W. W. Davis, R. F. Goldberger,
and J. D. Yourno. 1971. Enzymes and intermediates of histidine biosynthe-
sis in Salmonella typhimurium. Methods Enzymol. 17B:3-44.

Martin, R. G., D. F. Silbert, D. W. E. Smith, and H. J. Whitfield, Jr. 1966.
Polarity in the histidine operon. J. Mol. Biol. 21:357-369.

Martin, R. G., and N. Talal. 1968. Translation and polarity in the histidine
operon. IV. Relation of polarity to map position in AisC. J. Mol. Biol.
36:219-229.

Martin, R. G., H. J. Whitfield, Jr., D. B. Berkowitz, and M. J. Voll. 1966. A
molecular model of the phenomenon of polarity. Cold Spring Harbor
Symp. Quant. Biol. 31:215-220.

Mathews, C. K. 1993. The cell—bag of enzymes or network of channels? J.
Bacteriol. 175:6377-6381.

McSwiggen, J. A., D. G. Bear, and P. H. von Hippel. 1988. Interaction of
Escherichia coli transcription termination factor Rho with RNA. I. Binding
stoichiometries and free energies. J. Mol. Biol. 199:609-622.

HISTIDINE BIOSYNTHETIC PATHWAY AND GENES 67

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.
213.

214.

215.

216.

217.

Metha, K., T. 1. Hale, and P. Christen. 1989. Evolutionary relationships
among aminotransferases: tyrosine aminotransferase, histidinol-phosphate
aminotransferase, and aspartate aminotransferase are homologous pro-
teins. Eur. J. Biochem. 186:249-253.

Milani, T., J. E. Heinze, and E. Freese. 1977. Induction of sporulation in
Bacillus subtilis by decoyinine or hadacidin. Biochem. Biophys. Res. Com-
mun. 77:1118-1125.

Miller, S. L. 1953. Production of amino acids under possible primitive earth
conditions. Science 117:528-529.

Morse, D. E., and M. Guertin. 1971. Regulation of mRNA utilization and
degradation by amino acid starvation. Nature (London) 232:165-169.
Morse, D. E., and P. Primakoff. 1970. Relief of polarity in E. coli by “suA.”
Nature (London) 226:28-31.

Morse, D. E., and C. Yanofsky. 1969. Polarity and degradation of mRNA.
Nature (London) 224:329-331.

Mortimer, R. K., P. Romano, G. Suzzi, and M. Polsinelli. 1994. Genome
renewal: a new phenomenon revealed from a genetic study of 43 strains of
S. cerevisiae derived from natural fermentation of grape musts. Yeast 10:
1543-1552.

Mozier, N. M., M. P. Walsh, and J. D. Pearson. 1991. Characterization of
a novel zinc-binding site of protein kinase C inhibitor-1. FEBS Lett. 279:
14-18.

Mulligan, M. E., D. K. Hawley, R. E. Entriken, and W. R. McClure. 1984.
Escherichia coli promoter sequences predict in vitro RNA polymerase se-
lectivity. Nucleic Acids Res. 12:789-800.

Murray, M. L., and P. E. Hartman. 1972. Overproduction of hisH and hisF
gene products leads to inhibition of cell division in Salmonella. Can. J.
Microbiol. 18:671-681.

Murray, V. 1987. 5-Amino-4-imidazolecarboxamide is a mutagen in E. coli.
Mutat. Res. 190:89-94.

Nagai, A., E. Ward, J. Beck, S. Tada, J. Y. Chang, A. Scheidegger, and J.
Ryals. 1991. Structural and functional conservation of histidinol dehydro-
genase between plants and microbes. Proc. Natl. Acad. Sci. USA 88:4133—
4137.

Negre, D., J.-C. Cortay, P. Donini, and A. J. Cozzone. 1989. Relationship
between guanosine tetraphosphate and accuracy of translation in Salmo-
nella typhimurium. Biochemistry 28:1814-1819.

Neuhard, J., and P. Nygaard. 1987. Purines and pyrimidines, p. 445-473. In
F. C. Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M. Schaechter,
and H. E. Umbarger (ed.), Escherichia coli and Salmonella typhimurium:
cellular and molecular biology, vol. 1. American Society for Microbiology,
Washington, D.C.

Newman, J. D., R. J. Diebold, B. W. Schultz, and K. D. Noel. 1994. Infection
of soybean and pea nodules by Rhizobium spp. purine auxotrophs in the
presence of S-aminoimidazole-4-carboxamide riboside. J. Bacteriol. 176:
3286-3294.

Newman, J. D., B. W. Schultz, and K. D. Noel. 1992. Dissection of nodule
development by supplementation of Rhizobium leguminosarum biovar
phaseoli purine auxotrophs with 4-aminoimidazole-5-carboxamide riboside.
Plant Physiol. 99:401-408.

Newton, W. A., J. R. Beckwith, D. Zipser, and S. Brenner. 1965. Nonsense
mutants and polarity in the lac operon of Escherichia coli. J. Mol. Biol.
14:290-296.

Nichols, B. P., G. F. Miozzari, M. van Cleemput, G. N. Bennet, and C.
Yanofsky. 1980. Nucleotide sequence of the trpG regions of Escherichia coli,
Shigella dysenteriae, Salmonella typhimurium and Serratia marcescens. J.
Mol. Biol. 142:503-517.

Nishiwaki, K., N. Hayashi, S. Irie, D. H. Chung, S. Harashima, and Y.
Oshima. 1987. Structure of the yeast HIS5 gene responsive to general
control of amino acid biosynthesis. Mol. Gen. Genet. 208:159-167.
O’Byrne, C. P., N. Ni Bhriain, and C. J. Dorman. 1992. The DNA super-
coiling-sensitive expression of the Salmonella typhimurium his operon re-
quires the his attenuator and is modulated by anaerobiosis and by osmo-
larity. Mol. Microbiol. 6:2467-2476.

Oparin, A. I. 1924. Proiskhodenie zhizni, p. 7t. Moscovsky Rabotchii, Mos-
cow. Translation in 1967. (Appendix in J. D. Bernal, The origin of life, p.
345, World Publishers, Cleveland, Ohio.)

Oparin, A. I. 1936. The origin of life, p. 270. Dover, New York.
Oppenheim, D. S., and C. Yanofsky. 1980. Translational coupling during
expression of the tryptophan operon of Escherichia coli. Genetics 95:785—
795.

Oro, J., B. Basile, S. Cortes, C. Shen, and T. Yamron. 1984. The prebiotic
synthesis and catalytic role of imidazoles and other condensing agents.
Origins Life 14:237-242.

Parsons, S. M., and D. E. Koshland, Jr. 1974. A rapid isolation of phos-
phoribosyl adenosine triphosphate synthetase and comparison to native
enzyme. J. Biol. Chem. 249:4104-4109.

Parsons, S. M., and D. E. Koshland, Jr. 1974. Multiple aggregation states
of phosphoribosyladenosine triphosphate synthetase. J. Biol. Chem. 249:
4119-4126.

Pattee, P. A. 1993. The genetic map of Staphylococcus aureus, p. 489-496. In
A. L. Sonenshein, J. A. Hoch, and R. Losick (ed.), Bacillus subtilis and other



68

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

ALIFANO ET AL.

gram-positive bacteria. American Society for Microbiology, Washington,
D.C.

Petersen, C. 1992. Control of functional mRNA stability in bacteria: mul-
tiple mechanisms of nucleolytic and non-nucleolytic inactivation. Mol. Mi-
crobiol. 6:277-282.

Petersen, H. U., A. Danchin, and M. Grunberg-Manago. 1976. Toward an
understanding of the formylation of initiator tRNA methionine in prokary-
otic protein synthesis. I. In vitro studies of the 30S and 70S ribosomal-tRNA
complex. Biochemistry 15:1357-1362.

Petersen, H. U., A. Danchin, and M. Grunberg-Manago. 1976. Toward an
understanding of the formylation of initiator tRNA methionine in prokary-
otic protein synthesis. II. A two-state model for the 70S ribosome. Bio-
chemistry 15:1362-1369.

Petersen, H. U., E. Joseph, A. Ullmann, and A. Danchin. 1978. Formylation
of initiator tRNA methionine in procaryotic protein synthesis: in vivo po-
larity in lactose operon expression. J. Bacteriol. 135:453-459.

Piette, J., H. Nyunoya, C. J. Lusty, R. Cunin, G. Weyens, M. Crabeel, D.
Charlier, N. Glansdorf, and A. Pierard. 1984. DNA sequences of the carA
gene and the control region of carAB: tandem promoters, respectively
controlled by arginine and the pyrimidines, regulate the synthesis of car-
bamoyl-phosphate synthetase in Escherichia coli K-12. Proc. Natl. Acad.
Sci. USA 81:4134-4138.

Pittard, A. J. 1987. Biosynthesis of the aromatic amino acids, p. 368-394. In
F. C. Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M. Schaechter,
and H. E. Umbarger (ed.), Escherichia coli and Salmonella typhimurium:
cellular and molecular biology, vol. 1. American Society for Microbiology,
Washington, D.C.

Rechler, M. M., C. B. Bruni, R. G. Martin, and W. Terry. 1972. An inter-
cistronic region in the histidine operon of Salmonella typhimurium. J. Mol.
Biol. 69:427-452.

Riccio, A., C. B. Bruni, M. Rosenberg, M. Gottesman, K. McKenney, and F.
Blasi. 1985. Regulation of single and multicopy Ais operons in Escherichia
coli. J. Bacteriol. 163:1172-1179.

Richardson, J. P. 1991. Preventing the synthesis of unused transcripts by
Rho factor. Cell 64:1047-1049.

Rieder, G., and D. Kleiner. 1993. Clarification of the last blind spot in the
histidine biosynthesis—function of AisF and hisH gene products. Bioengi-
neering 9:30.

Rieder, G., M. J. Merrick, H. Castorph, and D. Kleiner. 1994. Function of
hisF and hisH gene products in histidine biosynthesis. J. Biol. Chem. 269:
14386-14390.

Riggs, D. L., and S. W. Artz. 1984. The hisD-hisC gene border of the
Salmonella typhimurium histidine operon. Mol. Gen. Genet. 196:526-529.
Riggs, D. L., R. D. Mueller, H.-S. Kwan, and S. W. Artz. 1986. Promoter
domain mediates guanosine tetraphosphate activation of the histidine
operon. Proc. Natl. Acad. Sci. USA 83:9333-9337.

. Rivellini, F., P. Alifano, C. Piscitelli, V. Blasi, C. B. Bruni, and M. S.

Carlomagno. 1991. A cytosine- over guanosine-rich sequence in RNA ac-
tivates rho-dependent transcription termination. Mol. Microbiol. 5:3049—
3054.

231a.Robertson, M. P., and S. L. Miller. 1995. Prebiotic synthesis of 5-substituted

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

uracils: a bridge between the RNA world and the DNA-protein world.
Science 268:702-705.

Rodriguez, R. L., and R. W. West. 1984. Histidine operon control region of
Klebsiella pneumoniae: analysis with an Escherichia coli promoter-probe
plasmid vector. J. Bacteriol. 157:764-771.

Rodriguez, R. L., R. W. West, R. C. Tait, J. M. Jaynes, and K. T. Shan-
mugam. 1981. Isolation and characterization of the 4isG and hisD genes of
Klebsiella pneumoniae. Gene 16:317-320.

Rohlman, C. E., and R. G. Matthews. 1990. Role of purine biosynthetic
intermediates in response to folate stress in Escherichia coli. J. Bacteriol.
172:7200-7210.

Roth, J. R,, and B. N. Ames. 1966. Histidine regulatory mutants in Salmo-
nella typhimurium. 11. Histidine regulatory mutants having altered histidyl-
tRNA synthetase. J. Mol. Biol. 22:325-334.

Roth, J. R., D. N. Anton, and P. E. Hartman. 1966. Histidine regulatory
mutants in Salmonella typhimurium. 1. Isolation and general properties. J.
Mol. Biol. 22:305-323.

Roth, J. R., and P. E. Hartman. 1965. Heterogeneity in P22 transducing
particles. Virology 27:297-307.

Rudd, K. E., and R. Menzel. 1987. his operons of Escherichia coli and
Salmonella typhimurium are regulated by DNA supercoiling. Proc. Natl.
Acad. Sci. USA 84:517-521.

Sabina, R. L., E. W. Holmes, and M. A. Becker. 1984. The enzymatic
synthesis of 5-amino-4-imidazolecarboxamide triphosphate. Science 223:
1193-1195.

Sabina, R. L., D. Patterson, and E. W. Holmes. 1985. 5-Amino-4-imida-
zolecarboxamide riboside (Z riboside) metabolism in eukaryotic cells. J.
Biol. Chem. 260:6107-6114.

Sampei, G., and K. Mizobuchi. 1989. The organization of purL gene en-
coding 5’-phosphoribosyl-formyl-glycinamide amidotransferase of Esche-
richia coli. J. Biol. Chem. 264:21230-21238.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

MICROBIOL. REV.

Schendel, F. J., E. Mueller, J. Stubbe, V. Shiau, and J. M. Smith. 1989.
Formyl-glycinamide ribonucleotide synthetase from Escherichia coli: clon-
ing, sequencing, overproduction, isolation and characterization. Biochem-
istry 28:2459-2471.

Schmid, M. B., and J. R. Roth. 1983. Internal promoters of the Ais operon
in Salmonella typhimurium. J. Bacteriol. 153:1114-1119.

Shand, R. F., P. H. Blum, D. L. Holzschu, M. S. Urdea, and S. W. Artz.
1989. Mutational analysis of the histidine operon promoter of Salmonella
typhimurium. J. Bacteriol. 171:6330-6337.

Shand, R. F., P. H. Blum, R. D. Mueller, D. L. Riggs, and S. W. Artz. 1989.
Correlation between histidine operon expression and guanosine 5’-diphos-
phate-3’-diphosphate levels during amino acid downshift in stringent and
relaxed strains of Salmonella typhimurium. J. Bacteriol. 171:737-743.
Shen, C., A. Lazcano, and J. Oro. 1990. The enhancement activities of
histidyl-histidine in some prebiotic reactions. J. Mol. Evol. 31:445-452.
Shen, C., T. Mills, and J. Ord. 1990. Prebiotic synthesis of histidyl-histidine.
J. Mol. Evol. 31:175-179.

Shen, C., L. Yang, S. L. Miller, and J. Oro. 1987. Prebiotic synthesis of
imidazole-4-acetaldehyde and histidine. Origins Life 17:295-305.

Shen, C., L. Yang, S. L. Miller, and J. Oro. 1990. Prebiotic synthesis of
histidine. J. Mol. Evol. 31:167-174.

Sheppard, D. E. 1964. Mutants of Salmonella typhimurium resistant to
feedback inhibition by L-histidine. Genetics 50:611-623.

Sheridan, R. P., and R. Venkataraghavan. 1992. A systematic search for
protein signature sequences. Proteins Struct. Funct. Genet. 14:16-28.
Shioi, J., R. J. Galloway, M. Niwano, R. E. Chinnock, and B. L. Taylor.
1982. Requirement of ATP in bacterial chemotaxis. J. Biol. Chem. 257:
7969-7975.

Silbert, D. F., G. R. Fink, and B. N. Ames. 1966. Histidine regulatory
mutants in Salmonella typhimurium. 1II. A class of regulatory mutants
deficient in tRNA for histidine. J. Mol. Biol. 22:335-347.

Smith, D. W. E., and B. N. Ames. 1964. Intermediates in the early steps of
histidine biosynthesis. J. Biol. Chem. 239:1848-1855.

Smith, D. W. E., and B. N. Ames. 1965. Phosphoribosyladenosine mono-
phosphate, an intermediate in histidine biosynthesis. J. Biol. Chem. 240:
3056-3063.

Sonenshein, A. L. 1993. Introduction to metabolic pathways, p. 127-132. In
A. L. Sonenshein, J. A. Hoch, and R. Losick (ed.), Bacillus subtilis and other
gram-positive bacteria. American Society for Microbiology, Washington,
D.C.

Srere, P. A. 1987. Complexes of sequential metabolic enzymes. Annu. Rev.
Biochem. 56:21-56.

Stanssens, P., E. Remaut, and W. Fiers. 1986. Inefficient translation initi-
ation causes premature transcription termination in the lacZ gene. Cell
44:711-718.

Stephens, J. C., S. W. Artz, and B. N. Ames. 1975. Guanosine 5'-diphos-
phate 3'-diphosphate (ppGpp): positive effector for histidine operon tran-
scription and general signal for amino acid deficiency. Proc. Natl. Acad. Sci.
USA 72:4389-4393.

Stougaard, J., and C. Kennedy. 1988. Regulation of nitrogenase synthesis in
histidine auxotrophs of Klebsiella pneumoniae with altered levels of adeny-
late nucleotides. J. Bacteriol. 170:250-257.

Struhl, K. 1985. Nucleotide sequence and transcriptional mapping of the
yeast pet56-his3-dedl gene region. Nucleic Acids Res. 13:8587-8601.
Tai-Fen Wei, T. S., F. P. Ramasubramanian, and J. W. Golden. 1993.
Anabaena sp. strain PCC7120 bifA gene encoding a sequence-specific
DNA-binding protein cloned by in vivo transcriptional interference selec-
tion. J. Bacteriol. 175:4025-4035.

Takemura, H., S. Horinouchi, and T. Beppu. 1993. Suppression of an
ethanol-sensitive mutation of Acetobacter pasteurianus by overexpression of
the hisl gene encoding histidinol phosphate aminotransferase. J. Ferment.
Bioeng. 76:224-228.

Taschner, P. E. M., P. G. Huls, E. Pas, and C. L. Woldringh. 1988. Division
behavior and shape changes in isogenic fisZ, ftsQ, ftsA, pbpB, and ftsE cell
division mutants of Escherichia coli during temperature shift experiments. J.
Bacteriol. 170:1533-1540.

Tebar, A. R., V. M. Fernandez, R. MartinDelRio, and A. O. Ballesteros.
1973. Studies on the quaternary structure of the first enzyme for histidine
biosynthesis. Experientia 29:1477-1479.

Tebar, A. R., V. M. Fernandez, R. MartinDelRio, and A. O. Ballesteros.
1975. Fluorescence studies of phosphoribosyladenosine triphosphate syn-
thetase of Escherichia coli. FEBS Lett. 50:239-242.

Teng, H., E. Segura, and C. Grubmeyer. 1993. Conserved cysteine residues
of histidinol dehydrogenase are not involved in catalysis: novel chemistry
required for enzymatic aldehyde oxidation. J. Biol. Chem.
268:14182-14188.

Tiboni, O., P. Cammarano, and A. M. Sanangelantoni. 1993. Cloning and
sequencing of the gene encoding glutamine synthase I from the archaeum
Pyrococcus woesei: anomalous phylogenies inferred from analysis of ar-
chaeal and bacterial glutamine synthase I sequences. J. Bacteriol. 175:2961—
2969.

Tiedeman, A. A., J. M. Smith, and H. Zalkin. 1985. Nucleotide sequence of



VoL. 60, 1996

270.

271.

272.

273.

274.

275.

276.

271.

278.

279.

280.

281.

282.

283.

the guaA gene encoding GMP synthetase of Escherichia coli K12. J. Biol.
Chem. 260:8676-8679.

Toone, W. M., K. E. Rudd, and J. D. Friesen. 1992. Mutations causing
aminotriazole resistance and temperature sensitivity reside in gyrB, which
encodes the B subunit of DNA gyrase. J. Bacteriol. 174:5479-5481.
Travers, A. A. 1984. Conserved features of coordinately regulated E. coli
promoters. Nucleic Acids Res. 12:2605-2618.

Trieu-Cuot, P., and P. Courvalin. 1983. Nucleotide sequence of Streptococ-
cus faecalis plasmid gene encoding the 3’ 5-aminoglycoside phosphotrans-
ferase type III. Gene 23:331-341.

Trotta, P. P.,, L. M. Pinkus, R. H. Haschemeyer, and A. Meister. 1974.
Reversible dissociation of the monomer of glutamine-dependent carbamyl
phosphate synthetase into catalytically active heavy and light subunits. J.
Biol. Chem. 249:492-499.

Umbarger, H. E. 1956. Evidence for a negative-feedback mechanism in the
biosynthesis of isoleucine. Science 123:848.

Venetianer, P. 1968. Preferential synthesis of the messenger RNA of the
histidine operon during histidine starvation. Biochem. Biophys. Res. Com-
mun. 33:959-963.

Venetianer, P. 1969. Level of messenger RNA transcribed from the histi-
dine operon in repressed, derepressed, and histidine-starved Salmonella
typhimurium. J. Mol. Biol. 45:375-384.

Verde, P., R. Frunzio, P. P. Di Nocera, F. Blasi, and C. B. Bruni. 1981.
Identification, nucleotide sequence and expression of the regulatory region
of the histidine operon of Escherichia coli K-12. Nucleic Acids Res. 9:2075-
2086.

Voll, M. J., E. Appella, and R. G. Martin. 1967. Purification and composi-
tion studies of phosphoribosyladenosine triphosphate: pyrophosphate
phosphoribosyltransferase, the first enzyme of histidine biosynthesis. J.
Biol. Chem. 242:1760-1767.

Wachi, M., M. Doi, S. Tamaki, W. Park, S. Nakajima-Iijima, and M.
Matsuhashi. 1987. Mutant isolation and molecular cloning of mre genes,
which determine cell shape, sensitivity to mecillinam, and amount of pen-
icillin-binding proteins in Escherichia coli. J. Bacteriol. 169:4935-4940.
Waley, S. G. 1969. Some aspects of the evolution of metabolic pathways.
Comp. Biochem. Physiol. 30:1-7.

Wang, D., T. 1. Meier, C. L. Chan, G. Feng, D. N. Lee, and R. Landick. 1995.
Discontinuous movements of DNA and RNA in RNA polymerase accom-
pany formation of a paused transcription complex. Cell 81:341-350.
Weber, A. L., and S. L. Miller. 1981. Reasons for the occurrence of the
twenty coded protein amino acids. J. Mol. Evol. 17:273-284.

Weil, C., G. Bekler, and J. Reeve. 1987. Structure and organization of the
hisA gene of the thermophilic archaebacterium Methanococcus thermolitho-

HISTIDINE BIOSYNTHETIC PATHWAY AND GENES 69

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

29s.

296.

297.

trophicus. J. Bacteriol. 169:4857-4859.

Weinstock, K., and J. N. Strathern. 1993. Molecular genetics in Saccharo-
myces kluyveri: the HIS3 homolog and its use as a selectable marker gene in
S. kluyveri and Saccharomyces cerevisiae. Yeast 9:351-361.

Weng, M., C. A. Makaroff, and H. Zalkin. 1986. Nucleotide sequence of
Escherichia coli pyrG encoding CTP synthetase. J. Biol. Chem. 261:5568—
5574.

White, D. H., and J. C. Erickson. 1980. Catalysis of peptide bond formation
by histidyl-histidine in a fluctuating clay environment. J. Mol. Evol. 16:279-
290.

White, H. B. 1976. Coenzymes as fossils of an earlier metabolic state. J. Mol.
Evol. 7:101-117.

Whitfield, H. J., Jr. 1971. Purification and properties of the wild type and
a feedback resistant phosphoribosyladenosine triphosphate pyrophosphate
phosphoribosyltransferase, the first enzyme of histidine biosynthesis in Sal-
monella typhimurium. J. Biol. Chem. 246:899-908.

Winkler, M. E. 1987. Biosynthesis of histidine, p. 395-411. In F. C. Nei-
dhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M. Schaechter, and H. E.
Umbarger (ed.), Escherichia coli and Salmonella typhimurium: cellular and
molecular biology, vol. 1. American Society for Microbiology, Washington,
D.C.

Winkler, M. E. (University of Texas). 1995. Personal communication.
Winkler, M. E., D. J. Roth, and P. E. Hartman. 1978. Promoter- and
attenuator-related metabolic regulation of the Salmonella typhimurium his-
tidine operon. J. Bacteriol. 133:830-843.

Winkler, M. E., and C. Yanofsky. 1981. Pausing of RNA polymerase during
in vitro transcription of the tryptophan operon leader region. Biochemistry
20:3738-3744.

Yager, T. D., and P. H. von Hippel. 1987. Transcript elongation and termi-
nation in Escherichia coli, p. 1241-1275. In F. C. Neidhardt, J. L. Ingraham,
K. B. Low, B. Magasanik, M. Schaechter, and H. E. Umbarger (ed.),
Escherichia coli and Salmonella typhimurium: cellular and molecular biol-
ogy, vol. 2. American Society for Microbiology, Washington, D.C.
Yanofsky, C. 1981. Attenuation in the control of expression of bacterial
operons. Nature (London) 289:751-758.

Ycas, M. 1974. On the earlier states of the biochemical system. J. Theor.
Biol. 44:145-160.

Ye, Q.-Z., J. Liu, and C. T. Walsh. 1990. p-Aminobenzoate synthesis in
Escherichia coli: purification and characterization of PabB as aminodeoxy-
chorismate synthase and enzyme X as aminodeoxychorismate lyase. Proc.
Natl. Acad. Sci. USA 87:9391-9395.

Zipser, D. 1969. Polar mutations and operon function. Nature (London)
221:21-25.



