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We characterized several unusual phenotypes caused by stable insertion mutations in a gene that is located
upstream in the same operon from hisT, which encodes the tRNA modification enzyme pseudouridine synthase
I. Mutants containing kanamycin resistance (Kmi) cassettes in this upstream gene, which we temporarily
designated usg-2, failed to grow on minimal plus ghlcose medium at 37 and 42°C. However, usg-2::Kmr
mutants did form oddly translucent, mucoid colonies at 30°C or below. Microscopic examiination revealed that
cells from these translucent colonies were spherical and seemed to divide equatorially. Addition of D-alanine
restored the shape of the mutant cells to rods and allowed the mutants to grow slowly at 37C and above. Iy
contrast, addition of the common L-amino acids prevented growth of the usg-2::Km' mutants, even at 30°C.
Furthermore, prolonged incubation of usg-2::Kmr mutants at 37 and 42°C led to the appearance of several
classes of temperature-resistant pseudorevertants. Other compounds also supported growth of usg-2::Kmr
mutants at 37 and 42°C, including glycolaldehyde and the B6 vitamers pyridoxine and pyridoxal. This
observation suggested that usg-2 was pdxB, which had been mapped near hisT. Complementation experiments
confirmed that usg-2 is indeed pdxB, and inspection of the pyridoxine biosynthetic pathway suggests
explanations for the unusual phenotypes ofpdrB::Kmr mutants. Finally, Southern hybridization experiments
showed that pdxB and hisT are closely associated in several enterobacterial species. We consider reasons for
grouping pdxB and hisT together in the same complex operon and speculate that these two genes play roles in
the global regulation of amino acid metabolism.

Knowledge of the structure and regulation of operons that
encode enzymes involved in single metabolic pathways such
as ara, gal, his, lac, and trp has provided many of the
fundamental.concepts and tools of molecular genetics (5, 33;
38, 41). However, enterobacteria also contain a class of
operons about which much less is known. These multi-
functional operons are distinguished from single-pathway
operons by their composition and complex regulation. For
example, operons that encode ribosomal proteins include
genes for proteins involved in translation such as EF-Ts,
EF-Tu, EF-G, and PheRS and genes for proteins involved in
RNA metabolism such as the subunits of RNA polymerase,
tRNA (m'G) methyltransferase, polynucleotide phosphory-
lase, DNA primase, and RNase P (see references in refer-
ence 9). The.reason for grouping ribosomal protein genes in
the same operon with these other genes presently is not well
understood, although it is assumed that this type of arrange-
ment allows coordinate regulation of the different classes of
genes under some culture conditions (9, 34). This notion is
supported by the finding that the gene arrangements of
certain multifunctional operons appear to be evolutionarily
conserved in different bacterial species (13, 47). Of the
ribosomal protein operons, the regulatory signals of the
rpsU-dnaG-rpoD macromolecular synthesis (sigma) operon
are the best characterized. The array of multiple primary
promoters, a lexA operator, an antitermination site, a non-
regulated attenuator, internal promoters including one
sensitive to heat shock, and an RNA processing site under-
scores the complex, multivalent regulation of the macromo-
lecular synthesis operon (34). Other multifunctional operons
also appear to be subject to complex modes of regulation (9).

Recently, we reported that hisT, which encodes the tRNA
modification enzyme pseudouridine synthase I, is part of a
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complex, multifunctional operon in Escherichia coli K-12 (2;
36; see accompanying paper [3]). Using a combination of
approaches, we have shown that the hisT operon contains at
least four genes whose functions appear to be unrelated (Fig.
1) (see reference 3). If we are to understand why hisT is part
of a complex operon, we must identify these.other genes. To
this. end, we characterized the physiology of bacteria con-
taining, kanamycin resistance (Kmr) cassettes at various
chromosomal sites near hisT. Mutants containing insertions
in the gene designated usg-2 were particularly amenable to
study, because usg-2::Kmr mutants, unlike insertion mu-
tants of usg-1, hisT, or dsg-l, have a set of unusual auxo-
trophic phenotypes (2, 3; see below). In fact, we used these
phenotypes as part of the evidence for the existence of usg-2
as a gene upstream from hisT in the same operon (2, 3). In
addition, we used Kmin cassettes -to locate genetic signals
near the end of the coding region for the 42,000-dalton usg-2
polypeptide (3).

In this paper, we describe the unusual physiological
characteristics of usg-2::Kmr mutants. These properties led
to the identification of usg-2 as pdxB, which mediates the
biosynthesis of the pyridine ring of the B6 vitamer
pyridoxine. Pyridoxine in turn is a direct precursor of the
essential coenzyme pyridoxal phosphate. Thus, the results
presented here establish a novel genetic link between tRNA
pseudouridine modification and vitamin B6 biosynthesis.
The implications of. this finding to pyridoxal phosphate
biosynthesis and control of the pdx regulon are also consid-
ered.

MATERIALS AND METHODS
Materials. Restriction endonucleases and T4 DNA ligase

used in cloning were purchased from New England BioLabs,
Inc. (Beverly, Mass.). DNA polymerase I large fragment
used to fill in sites and DNA polymerase I used in nick
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FIG. 1. Structure of the hisToperon. The boxes and numbers above the boxes show the coding regions of genes in the operon, where solid
and dotted lines indicate exact and approximate boundaries (see accompanying paper [3]). The location of the internal promoter (Pin) and the
approximate locations of at least one other promoter (Pup) and the terminator at the end of the operon (t) are shown. The positions of Kmr
cassette insertion mutations used in this study are marked with solid triangles (A) (Table 1). For clarity, usg-2 is also designated as pdxB as
shown in this paper. Abbreviations: Bi, BgII; B2, BgII; BE2, BstEII; BH2, BssHII; Ci, ClaI; El, EcoRI; E5, EcoRV; H3, HindIII; Hpl,
HpaI; Ni, NruI; P1, PstI; Smi, SmaI.

translation reactions were purchased from Boehringer
Mannheim Biochemicals (Indianapolis, Ind.). Antibiotics
and biochemicals were from Sigma Chemical Co. (St. Louis,
Mo.) and P-L Biochemicals, Inc. (Milwaukee, Wis.). Com-
ponents of culture media were from Difco Laboratories
(Detroit, Mich.). Formvar carbon-coated copper grids used
in electron microscopy were purchased from Ernest F.
Fullam, Inc. [a-32P]dCTP (-3,000 Ci/mmol) used in nick
translation reactions was purchased from Amersham Corp.
(Arlington Heights, Ill.).

Bacterial strains, plasmids, media, and growth conditions.
The bacterial strains and plasmids used in this study are
listed in Table 1. Strains nearly isogenic to NU426 or CGSC
4805 were constructed by generalized transduction with P1
kc bacteriophage as described previously (3, 37). The kana-
mycin resistance (Km') cassette isolated from plasmid
pMB2190 was cloned into plasmids and crossed into the
bacterial chromosome as described in the accompanying
paper (3) and in reference 54. DNA manipulations and
cloning were performed by well-established procedures de-
scribed previously (2, 3, 14, 35, 36).

Bacteria were cultured in LB medium supplemented with
30 ,ug of L-cysteine per ml (LB + Cys) and in Vogel-Bonner
minimal (E) medium containing 0.4% (wt/vol) glucose (14).
The concentrations of additional supplements are noted in
the figures and tables. When required, ampicillin or kanamy-
cin was added at a final concentration of 50 ,ug/ml. Other
details about culture conditions are given in the figures and
tables.

Southern hybridizations. Genomic DNA was isolated from
the bacterial species indicated in Fig. 3 by the method of
Driver and Lawther (22). Approximately 3 pug of each
purified genomic DNA was digested with restriction endo-
nucleases, resolved on a 0.8% agarose gel, denatured, and
transferred to nitrocellulose filters as described previously
(22, 35, 45). Restriction fragments containing segments of
the coding regions ofpdxB, usg-1, or hisT were isolated from
plasmid pNU117, pNU118, or pNU119, respectively (Table
1). The separately cloned and isolated fragments were la-
beled with 32P by nick translation as described previously
(35) except that labeled DNA was precipitated with spermine
to remove unincorporated [a-32P]dCTP (27).
Moderately high stringency hybridizations of 32P-labeled

DNA probes to genomic DNA blotted onto nitrocellulose
filters (10.5 by 13 cm) were completed as follows. A baked

filter which was stored under vacuum at room temperature
was wetted with water and sealed into a bag. A 5.0-ml
portion of 50% formamide-6x SSC (1 x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate, pH 7.0)-S5x Denhardt mixture
(lx Denhardt mixture is 0.02% [wt/vol] each of Ficoll,
polyvinylpyrrolidone, and bovine serum albumin)-100 ,xg of
sonicated salmon sperm DNA per ml-0.2% (wt/vol) sodium
dodecyl sulfate (SDS) was heated for 10 min at 96°C, chilled
quickly, and injected into the bag containing the filter. The
bag was shaken gently for 3 h at 42°C. The prehybridization
solution was then drained from the bag and discarded. A
5.0-ml portion of the same solution containing about 6 x 106
cpm (Cerenkov) of 32P-labeled DNA probe was heated,
chilled, and added to the bag. Hybridization was allowed to
proceed for about 18 h at 42°C. The filters were removed
from the bag, dipped into 2x SSC-0.2% (wt/vol) SDS to
remove excess counts, washed at least four times for 30 min
each in 250 ml of 2x SSC-0.2% (wt/vol) SDS at 42°C, dried
on filter paper at room temperature, covered in plastic wrap,
and autoradiographed in the presence of an intensifying
screen at -20°C. Low stringency hybridization reactions
were completed in two ways. In the first variation, the filters
were treated as described above except that prehybridiza-
tion (3 h), hybridization (36 h), and washes were all com-
pleted at room temperature. In the second variation, the
prehybridization (3 h) and hybridization (36 h) solutions
contained 25% formamide, 4x SSC, 5x Denhardt mixture,
100 jig of sonicated salmon sperm DNA per ml, and 0.2%
SDS at 37°C, and the wash solution contained 5x SSC and
0.2% SDS at 550C.

Microscopy. For light microscopy, a small portion of a
bacterial colony was scraped from a plate that had incubated
for 1 to 3 days and was either smeared directly onto a glass
slide or suspended in a drop of minimal (E) medium on a
slide. Bacterial cells were viewed at magnifications ranging
from x800 to x2,000 with phase-contrast and oil immersion
optics. For electron microscopy, bacterial cells were added
to specimen grids, fixed with paraformaldehyde-glutaralde-
hyde, and stained with uranyl acetate as described by
Hultgren et al. (30). Bacterial cells were viewed at a magni-
fication of x24,900.

RESULTS
Physiology and growth characteristics of usg-2::Kmr cas-

sette mutants. To study the organization and expression of
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotypea Sourceb or reference

Escherichia coli K-12
NU90
NU399
NU400
NU402
NU426
NU543
NU544
NU605
NU606
NU608
NU609
TT9813

Other E. coli subspecies
CGSC 2507 (E. coli B)
CGSC 3121 (E. coli C)
CGSC 4805 (E. coli B/K hybrid)
EB145 (E. coli B/r)

MC4100 4'(hisT'-lacZ)90
NU426 usg-1::Kmr(PstI)>
NU426 pdxB::Kmr(HindIII)>
NU426 pdxB::<Kmr(HindIII)
W3110 prototroph
CGSC 4805 srl::TnlO recAl
CGSC 4805 srl::TnlO recA+
NU426 pdxB::<Kmr(BglI)
NU426 pdxB::Kmr(BglI)>
NU426 pdxlB::<Kmr(EcoRV)
NU426 pdxB::Kmr(EcoRV)>
TR6548 srl::TnJO recAl

Wild type
Wild type
pdxB5 hisGI lac gal-6 rpsL tsx-65
dau-5 rpsL

M. Winkler (unpublished data)
Arps et al. (2)
2
2
Arps and Winkler (3)
CGSC 4805X P1 kc (TT9813)
CGSC 4805X P1 kc (TT9813)
3
3
3
3
Hughes and Roth (29)

B. Bachmann collection
B. Bachmann collection
B. Bachmann collection
Searles et al. (42)

Klebsiella aerogenes

Salmonella typhimurium LT2
Ames wild type
ara-9

Serratia marcescens

Plasmids
pBR322
pBR325
pUC9
pNU86
pNU91
pNU92
pNU93
pNU97
pNU102
pNU117

pNU118

pNU119

Wild type

Wild type
ara-9

Wild type

B. Nichols collection

P. Hartman collection
P. Hartman collection

B. Nichols collection

Replicon ColEl; Apr Tcr
Replicon ColEl; Apr Cmr Tcr
Replicon ColEl; lacP (polylinker) lacZ; Apr
pBR322(HpaI (640)-Clal (3836)); Apr
pNU86 [pdxB::Kmr(HindIII)>]; Apr Kmr
pNU86 [pdxB::<Kmr(HindIII)]; Apr Kmr
pBR322 (BglIl (1)-ClaI (3836)); Apr
pNU86 [pdxB::<Kmr(BglI)]; Apr Kmr
pNU86 [pdxB::<Kmr(EcoRV)]; Apr Kmr
pBR322 (HindIlI (1518)-BglI (1784)); Apr; pdxB probe

pBR325 (EcoRI (2086)-EcoRI (2737)); Apr Tcr; usg-J probe

pUC9 (TaqI (3133)-Sau3A (3636)); Apr; hisT probe

Bolivar et al. (10)
Prentki et al. (40)
Vieira and Messing (52)
3
Kmr into HindIII (1518)
Kmr into HindlIl (1518)
3
3
3
Fragment ligated to pBR322

(HindIII-NruI)
Fragment ligated to pBR325
(EcoRI-EcoRI)

Fragment ligated to pUC9
(EcoRI-PstI)

a < or > indicates that the direction of transcription of kan in the Kmr cassette is opposite to or the same as hisT, respectively. The restriction sites and the
numbers used to designate them refer to the map in Fig. 1. For clarity, usg-2 is referred to as pdxB as shown in this paper. Kmr (restriction site) signifies the
presence of a kanamycin resistance cassette cloned into that site, whereas Kmr used as a phenotype indicates kanamycin resistance. Cmr, Chloramphenicol
resistant; Tcr, tetracycline resistant; Ap, Ampicillin resistant.

I NU543 and NU544 were distinguished by UV sensitivity (37). In plasmid constructions, ends of fragments were made compatible by converting sites to blunt
ends before ligation (2, 36).

the hisT operon, we constructed mutants containing Kmr
cassette insertions near hisT in the bacterial chromosome
(Fig. 1) (3). Insertions at the three closely spaced sites
designated as EcoRV (1450), HindlIl (1518), and BglI (1784)
in Fig. 1 caused the same set of distinct phenotypes de-
scribed below; therefore, we concluded that these three sites
are within the same gene (usg-2) located upstream from hisT
(2, 3). Furthermore, evidence presented in the accompany-
ing paper demonstrates conclusively that usg-2 and hisT are
members of the same operon (3) (Fig. 1). Growth of the
usg-2::Kmr mutants was indistinguishable from that of the
prototrophic parent strain on LB + Cys medium at 25, 30,
37, and 42°C (data not shown). By contrast, usg-2::Kmr
mutants did not readily grow on minimal (E) plus glucose
medium at 37 and 42°C (Table 2, lines 2 and 3). However, the
usg-2::Kmr mutants did form oddly translucent, mucoid

colonies on minimal medium at 25 and 30°C (Table 2, line 1;
Fig. 2, upper panels). As noted in Table 2, the phenotypes of
usg-2 mutants were the same for Kmr cassette insertions in
either possible orientation at the three sites marked in Fig. 1.
In addition, it should be recalled that Kmr cassettes are not
transposons and cause stable disruptions of genes (3, 54).
Thus, these insertion mutations were unusual because they
resulted in conditional auxotrophy.
When we examined bacterial cells by light and electron

microscopy, we were surprised to find that the usg-2::Kmr
mutants formed spherical cells on minimal (E) plus glucose
medium at 25 and 30°C (Fig. 2, lower panels). Control
experiments with usg-J::Kmr and hisT::Kmr mutants estab-
lished that the presence of the Kmr cassette per se in this
region of the chromosome was not responsible for the
spherical cell shape. These spherical cells had another
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TABLE 2. Colony and cellular morphologies of usg-2::Kmr mutantsa

Growth mediumb Temp Morphologyc
(°C) NU426 (W3110 NU402 (usg-2::Kmr)

parent)

Minimal (E) + glucose <30 Med; opaque (rods) Sm; translucent, mucoid (mainly round;
some irregular)

37 Med; opaque (rods) NG
42 Med; opaque NG

Minimal (E) + glucose + D-Ala <30 Med; opaque (rods) Sm; partially translucent, nmucoid (rods)
37 Med; opaque (rods) Sm; opaque (rods)
42 Med; opaque Very sm; opaque

Minimal (E) + glucose + ACH + L-Trp <30 Lg; opaque NG
37 Lg; opaque NG
42 Lg; opaque NG

a The first part of each entry describes relative colony size and appearance, and the second part in parentheses gives the cell shape viewed in the light or electron
microscope.

b Bacteria were streaked from patches on an LB + Cys (NU426) or LB + Cys + kanamycin (NU402) plate onto prewarmed plates, which were incubated for
24 to 48 h at the temperatures indicated. Supplements were added at the following final concentrations: glucose, 0.4% (wt/vol); D-alanine, 1 mM; ACH (vitamin
assay Casamino Acids), 0.5% (wt/vol); L-tryphophan, 0.1 mM.

c Other usg-2::Kmr mutants (NU400, NU605, NU606, NU608, NU609) gave the same results as NU402. Strains NU400(pNU93) and NU400(pNU86), whose
recombinant plasmids contain the BglII(1)-ClaI (3836) and the HpaI (640)-CIal (3836) fragments, respectively (Fig. 1; Table 1), had the same phenotype as the
parent strain NU426. By contrast; the characteristics of strains NU400(pNU91) and NU400(pNU92), which contain usg-2::Kmr(HindIII)> and usg-
2::<Kmr(HindIII) mutations in plasmid pNU86, respectively, matched those of NU402. Lg, Large; Med, medium; Sm, small; NG, no growth.

B.........
FIG. 2. Colony morphology and cell structure

mutants. Bacteria were streaked onto plates containin
plus glucose medium which were incubated for 2 to 3
temperature (-25°C). Similar results were obtained
were incubated at 30°C (Table 2). Plates were photog
Polaroid MP4 camera, and portions of colonies were
electron miicroscopy as described in the Materials a
Upper photos show the appearance of bacterial coloni
photos show typical cells from one of the colonies. T
tion of the electron micrographs is x 19,990. (A) Protol
strain, NU426. (B) usg-2::Kmr(HindIII)> mutant, N1
results were obtained for the other usg-2::Kmr mut
Table 2.

unusual property in that they appeared to divide evenly
along their equators (21). We reasoned that the round shape
might be caused by an inability of the cells to synthesize
peptidoglycan efficiently; hence, the cells are forced to
assume the shape of the geometrically simple sphere with its
lower ratio of surface area to volume than the more compli-
cated rod. We tested this notion by adding D-alanine, which
is a primary component of the bacterial cell wall, to the
minimal (E) plus glucose medium. Addition of D-alanine
restored the shape of usg-2::Kmr mutants to rods and
partially prevented temperature sensitivity (Table 2). How-
ever, D-alanine did not completely eliminate the translucent,
mucoid appearance of the usg-2::Kmr colonies at 30°C, even
though the cells were rod shaped (Table 2, line 1).

Several other properties of the usg2::Km' mutants are
noteworthy. When these mutants were streaked onto mini-
mal (E) plus glucose plates containing all 20 common amino
acids, they failed to grow even at 30°C (Table 2, last section).
In addition, when usg-2::Kmr mutants were left on minimal
(E) plus glucose plates at 37 or 42°C for 3 or more days,
relatively fast-growing pseudorevertants appeared (data not
shown). These pseudorevertants had to contain compensa-
tory second-site mutations that allowed growth on minimal
(E) plus glucose medium at higher temperatures because
they retained their resistance to kanamycin. Furthermore,
the different pseudorevertant isolates showed a range of
heritable phenotypes including formation of relatively fast-
growing translucent colonies and formation of relativelyf usg-2::Kmr slow-growing opaque colonies. As described in the Discus-

dg mimimal (E) sion, the array of phenotypes shown by usg-2::Kmr mutants

when platesro
can be readily understood in terms of the pyridoxine

raphed witha biosynthetic pathway.
:prepared for usg-2 is pdxB. The observation that usg2::Kmr insertions
tnd Methods. caused temperature-sensitive auxotrophy and could be sup-
ies, and lower pressed by second-site mutations was initially confusing and
he magnifica- did not seem to match phenotypes expected for mutations
trophic parent that had previously been mapped near 50 min in the bacterial
U400. Similar chromosome (4). However, as we characterized the usg-
tants listed in 2::KmF mutants further, we found that some of the pheno-

types were the same as those noted by Dempsey and his
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TABLE 3. Compounds that support growth of usg-2::Kmr mutants at 37 and 42'Ca

Growth 0lC:
Strainb Temp Growth_onc_

(OC) None POX PAL PAM GLYC PYR D-Ala

NU402 [usg-2::<Kmr(HindIII)] 37 - + + + +' + + + +/- +
42 - + + + + + + ++- +/-

NU400 [usg-2::Kmr(HindIII)>] 37 - + + + + + + + +/- +
42 - + + + + + +

a Bacteria were grown in LB + Cys medium at 370C, collected by centrifugation, washed several times with minimal (E) plus 0.4% glucose medium, and spread
onto prewarmed plates containing minimal (E) plus 0.4% glucose medium. Crystals of compounds were placed on the plates, which were incubated for about 18 h
at 37 or 42°C and scored for zones of growth.

b The same results were obtained for strains NU605 and NU608, which contain usg-2::<Kmr(BgtI) and usg-2::<Kmr(EcoRV) insertion mutations, respectively
(Fig. 1).

c POX, Pyridoxine hydrochloride; PAL, pyridoxal hydrochloride; PAM, pyridoxamine dihydrochloride (>98%); GLYC, glycolaldehyde; PYR, 4-pyridoxic
acid; D-Ala, D-alanine. About 50 other vitamins, amino acids, cofactors, metabolic intermediates, purine bases, and pyrimidine bases did not support growth of
these strains (see text). -, No growth; + +, heavy growth; +, good growth; +/-, marginal growth.

associates when they defined and localized the pdxB locus
(16-18, 20, 46). In particular, pyridoxine, pyridoxal,
pyridoxamine, and glycolaldehyde supported growth of usg-
2::Kmr mutants at 37°C (Table 3). Even 4-pyridoxic acid,
which is a catabolic derivative of pyridoxal, caused a limited
growth response, perhaps by backward seepage of the
catabolic pathway. It should be noted that our samples of
4-pyridoxic acid and pyridoxamine, which appears not to be
taken up by E. coli or Salmonella typhimurium (15, 39), were
not purified or analyzed by us; consequently, they may be
slightly contaminated with pyridoxine or pyridoxal. As ex-
pected from the results presented in the last section, D-
alanine also enabled growth of the mutants, especially at
37°C (Table 3). The other two unusual amino acids that form
the peptidoglycan of E. coli, D-glutamine and meso-

diaminopimelic acid, as well as about 50 other compounds
failed to support growth of usg-2::Kmr mutants in our spot
tests (Table 3, footnote c).
To prove that usg-2 corresponds to the pdxB locus of

Dempsey (18), we completed the trans test shown in Table 4.
Plasmids pNU86 and pNU93, which contain the HpaI (640)-
ClaI (3836) and BglII (1)-ClaI (3836) fragments, respectively
(Fig. 1; Table 1), complemented the original pdxB5 mutation
of Dempsey (Table 4; data not shown) and restored our
usg-2::Kmr mutants to the phenotypes of the W3110 parent
strain (Table 2, footnote c). In contrast, derivatives of
pNU86 containing Kmr cassettes at EcoRV (1450), HindIll

(1518), or BglI (1784) interfered with the complementation of
the pdxB5 allele (Table 4, top part). We assumed that the
single colonies that appeared in our trans test arose from
recombination between the bacterial chromosome and the
plasmids. To test this idea tnd obtain a cleaner result, we
repeated the complementation experiment in a pdxB5 recAl
mutant. The plasmids containing the Kmr cassettes failed to
complement pdxB5 in the recAl background (Table 4). We
can interpret this trans test by taking into account the
following additional information. (i) The direction of tran-
scription of usg-2 on the recombinant plasmids is known
(Fig. 1) (2, 3); (ii) genes downstream from usg-2 on the
recombinant plasmids do not seem to be involved in vitamin
B6 metabolism (see above) (2, 3); (iii) plasmid pNU86, which
complemented pdxBS (Table 4), contains just enough chro-
mosomal insert DNA to account for the size of the usg-2
gene product (Fig. 1) (3); and (iv) recA+-dependent recom-
bination that resulted in a Pdx+ phenotype seemed to occur
in the usg-2 region between derivatives of pNU86 and the
chromosome of the pdxB5 mutant (Table 4). Taken together,
these observations allow us to conclude that usg-2 is the
same as the pdxB locus of Dempsey.

Evolutionary conservation of the association ofpdxB, usg-1,
and hisT. We wanted to learn whether pdxB, usg-1, and hisT
are closely associated in E. coli subspecies other than K-12
and in enterobacterial species other than E. coli. Conse-
quently, we performed Southern hybridization experiments

TABLE 4. Complementation pattern of pdxBS by plasmids containing wild-type or mutant usg-2

Growth on minimal
Background straina Relevant genotype of Plasmidb Genotype of usg-2 (E) + glucose +background strain on plasmid L-His + ampicillin

mediumc

NU544 hisGI pdxB5 pNU86 usg-2+ +
pNU91 usg-2::Kmr(HindIII)> Single colonies
pNU92 usg-2: :<Kmr(HindIII) Single colonies
pNU97 usg-2: :<Kmr(BglI) Single colonies
pNU102 usg-2: :<Kmr(EcoRV) Single colonies

NU543 hisGi pdxBS recAl pNU86 usg-2+ +
pNU91 usg-2::Kmr(HindIII)>
pNU92 usg-2::<Kmr(HindIII)
pNU97 usg-2:: <Kmr(BglI) -

pNU102 usg-2::<Kmr(EcoRV) -

a Background strains were derived from CGSC 4805 (Table 1). The pdxB5 allele was originally isolated by Dempsey, who used it to locate pdxB (18).
b Plasmid pNU86 contains the -3,200-bp HpaI (640)-ClaI (3836) fragment cloned into pBR322 (Table 1; Fig. 1). The other plasmids are derivatives of pNU86

containing Kmr cassettes at the sites and in the orientations indicated.
c Single colonies of each strain were streaked onto plates, which were incubated at 37°C for about 48 h. Supplements were added at the following final

concentrations: glucose, 0.4%; L-histidine, 0.1 mM; ampicillin, 50 ,ug/ml. +, Heavy, contiguous growth and formation of single colonies; single colonies, no
heavy, contiguous growth but formation of between 20 and 200 single colonies per plate; -, no growth.
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1; Table 1). Lanes 1 to 4 show control experiments. As
expected (Fig. 1), all three probes hybridized to the same
2,300-base pair (bp) fragment from a HindIII plus ClaI
digestion of W3110 E. coli K-12 genomic DNA (lane 1).
Lanes 2 to 4 show the hybridization patterns predicted
for Hindlll plus ClaI digestions of genomic DNA isolated
from E. coli K-12 usg-J: :Kmr(PstI (2579)) (lane 2),
pdxB::Kmr(HindIII (1518)) (lane 3), and 't(hisT'-lacZ) (lane
4) mutants. The significant point from these three controls is
that they confirm the specificity of the probes. For example,
in lane 2 the usg-J probe hybridized to two fragments,
whereas the pdxB or hisT probes hybridized to only the
smaller or larger of the two fragments, respectively.
Other lanes in Fig. 3 indicate that pdxB, usg-J, and hisT

are contained on the same 2,300-bp fragment in E. coli B
(lane 5) and E. coli C (lane 6), on the same 2,800-bp fragment
in S. typhimurium (lanes 7 and 8), and on the same 6,600-bp
fragment in Klebsiella aerogenes (lanes 10 and 11). Lanes 9
and 13 show that usg-l and hisT are located on the same
2,900- or 2,300-bp fragment of K. aerogenes or Serratia
marcescens, respectively, but do not allow any conclusions
to be made about the proximity of pdxB. However, experi-
ments not shown in Fig. 3 strongly suggest that pdxB is
closely associated with usg-J and hisT in S. marcescens and
possibly in Proteus mirabilis as well. Other unpublished
experiments demonstrate that E. coli B/r seems to have the
same restriction map in the region around the hisT operon as
the E. coli subspecies in Fig. 3. This result suggests that the
inability to map hisT (leuK) mutations of E. coli B/r near
purF in interspecies crosses (42) probably was caused by
technical difficulties rather than a radical difference in the
structure or location of the E. coli B/r hisT operon. Finally,
we performed experiments analogous to those in Fig. 3 using
low stringency hybridization conditions (see Materials and
Methods). With each of the three probes, we failed to detect
additional bands that would imply significant conservation of
sequences among members of the pdx regulon (17, 18, 20, 43)
or pseudouridine synthase gene family (44). In conclusion,
these combined results show that pdxB, usg-1, and hisT
contain unique nucleotide sequences in E. coli K-12 and that
these three genes are closely associated in several entero-
bacterial species. This close association is consistent with
the notion that pdxB, usg-J, and hisT form a complex operon
in enterobacteria other than E. coli K-12.

FIG. 3. Moderately high stringency Southern hybridizations be-
tween probes from genes in the E. coli K-12 hisT operon and
genomic DNA from different enterobacterial species. Isolation of
genomic DNA, preparation of probes from the coding regions of
pdxB, usg-J, and hisT, and hybridization conditions are detailed in
the Materials and Methods. The lanes contain genomic DNA
isolated from the following strains (Table 1): 1, NU426 (E. coli
K-12); 2, NU399; 3, NU400; 4, NU90; 5, CGSC 2507 (E. coli B); 6,
CGSC 3121 (E. coli C); 7, Ames wild type (S. typhimurium LT2); 8,
ara-9 (S. typhimurium LT2); 9 to 11, K. aerogenes wild type; 12 and
13, S. marcescens wild type; 14, phage X standard. Genomic DNA
samples were digested with the following restriction endonucleases
before resolution on agarose gels: lanes 1 to 6 and 9, HindIll plus
ClaI; lanes 7, 8, and 11, Sall; lanes 10 and 12, PstI; lane 13, EcoRI;
lane 14, HindlIl.

like the ones depicted in Fig. 3. The three probes for the
coding regions of pdxB, usg-1, and hisT were the Hindlll
(1518)-BglI (1784), EcoRI (2086)-EcoRI (2737), and TaqI
(3133)-Sau3A (3636) restriction fragments, respectively (Fig.

DISCUSSION

In this paper, we establish genetically that usg-2, which is
upstream of hisT in the same operon, is actually pdxB, which
mediates the biosynthesis of the B6 vitamer pyridoxine
(Table 4). This finding suggested that we might understand
the diverse phenotypes of our pdxB::Kmr cassette mutants
by considering the pyridoxine and pyridoxal phosphate
biosynthetic pathways. Consequently, we reviewed the iso-
tope-labeling experiments of Spenser and his associates (25,
50, 51) and the physiological and biochemical experiments of
Dempsey and his associates (16, 46, 53) and compiled the
summary shown in Fig. 4. The pdxB gene mediates the
placement of carbons 5, 5', and 6 into the pyridine ring of
pyridoxine. It should be noted that formation of the pyridine
ring of pyridoxine and pyridoxal phosphate occurs by an
entirely different route from the one used to synthesize the
pyridine ring of NAD (28). Carbons 5, 5', and 6 can also be
added to the ring by an extremely low-level alternative
pathway that uses the two-carbon compound glycolaldehyde
as an intermediate (46, 50) (Fig. 4).
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FIG. 4. Biosynthetic pathway of pyridoxine and pyridoxal phosphate in E. coli K-12. This scheme was compiled from the work of
Dempsey, Spenser, and their associates (see text). It is assumed that endogenous glycolaldehyde is synthesized by pathways related to the
dicarboxylic acid cycle. The dotted arrow from pyridoxal to pyridoxine kinase indicates that pyridoxal is a negative effector of kinase activity
(53). Of the dispersed genes that form the pdx regulon, only the function of pdxH, which encodes pyridoxine phosphate oxidase, is known
(43). Abbreviations: POX, pyridoxine; POXP, pyridoxine phosphate; PALP, pyridoxal phosphate; PAL, pyridoxal; PAMP, pyridoxamine
phosphate.

We suggest that our pdxl::Kmr cassette mutants grow on
minimal (E) plus glucose mnedium at 25 and 30°C (Fig. 2;
Table 2) because a limited amount of pyridoxine is synthe-
sized by the alternative pathway. This in turn limits the
amount of D-alanine available for peptidoglycan biosynthe-
sis, because L-alanine:D-alanine racemase is a pyridoxal
phosphate-dependent enzyme. Lack of D-alanine seems to
be a primary cause of the spherical shape assumed by
pdxB: :Kmr cells on minimal (E) plus glucose medium at 30°C
and below (Tables 2 and 3). In addition, we suggest that the
pdxB::Kmr mutants fail to grow at 37 and 42°C without
supplementation, because they are unable to synthesize
sufficient peptidoglycan to form stable cell walls. This inter-
pretation is supported by the observation that the pdxB: :Kmr
mutants did grow slowly at high temperatures on minimal (E)
plus glucose medium containing D-alanine (Tables 2 and 3).
This line of reasoning is also entirely consistent with com-
pounds other than D-alanirle that supported growth of the
pdxB::Kmr mutants at 37 and 42°C (Table 3). In particular,
growth of pdxB mutants would be expected in the presence
of pyridoxine, pyridoxal, and glycolaldehyde based on the
pathway shown in Fig. 4.

Furthermore, we can gain insight into the types of second-
site mutations that would lead to the appearance of temper-
ature-resistant, kanamycin-resistant pdxB::Kmr pseudo-
revertants (see Results). These pseudorevertants fell into
several phenotypic classes which argues that there are

probably several ways to compensate for a pdxB::Kmr
knockout mutation. We suggest that second-site mutations
that increase the efficiency of the alternative pathWay, that
increase the ability of the cell to synthesize peptidoglycan
during pyridoxal phosphate limitation, and that cause loss of
control of pyridoxine biosynthesis or intermediary metabo-
lism might be found among the pdxB::Kmr pseudorevert-
ants. By considering the scheme for pyridoxine biosynthesis
(Fig. 4), we can also speculate why amino acid addition
inhibited the growth of pdxB::Kmr mutants, on minimal (E)
plus glucose medium at 30°C (Table 2). Preliminary studies
suggest that cells adjust their rate of pyridoxal phosphate
biosynthesis by sensing the levels of certaifi amino acids
such as threonine (19). Therefore, addition of atnino acids
might repress branches of the pyridoxine biosynthetic path-
way to such an extent that the alternative pathway is unable
to synthesize even limiting amounts of pyridoxine. This
hypothesis and the identity of the pdxB::Kmr pseudorevert-
anits need to be further analyzed genetically.
We also show in this paper that the close association of

pdxB and hisT is evolutionarily conserved in several entero-
bacterial species (Fig. 3). This finding is consistent with the
notion that pdxlB and hisT are members of a complex operon
in enterobacterial species other than E. coli K-12. As noted
in the Introduction, the reasons genes are grouped into
multifunctional operons are not generally well understood.
For the macromolecular synthesis (sigma) operon, it is
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assumed that rpsU, dnaG, and rpoD are arranged together
because they are involved in the initiation steps of transla-
tion, DNA replication, and RNA transcription (34). For the
serC-aroA operon, it can convincingly be argued that coor-
dinate expression of the prechorismate and serine biosyn-
thetic pathways is required to guarantee efficient synthesis of
enterochelin when bacteria are starved for iron (23, 26). At
this point in our study, we can only speculate about Why
pdxB and hisT are in the same operon. The endpoint of the
pathway mediated by pdxB is pyridoxal phosphate. This
vital coenzyme is involved in the metabolism of nearly every
amino acid (6). Therefore, pyridoxal phosphate availability
might act to modulate enzyme activities and contribute to
the flow of intermediates down certain amino acid metabolic
pathways. On the other hand, it has been suggested that
stress conditions such as amino acid starvation result in
undermodifications in the anticodon stem and loop of spe-
cific tRNA species (11, 32, 48). These undermodified tRNA
molecules could then cause defects in attenuation control
and thereby increase the expression of certain genes and
operons (11, 24, 48). Although definitive results are lacking,
it has long been suspected that the pseudouridine residues
synthesized by the hisT gene product play such a regulatory
role in modulating attenuation control of amino acid
biosynthetic operons (32, 48). Thus, through entirely dif-
ferent mechanisms, both pdxB and hisT potentially can act
as control loci in the global regulation of amino acid metab-
olism. The arrangement of these two control loci into the
same operon could allow coordinate expression in response
to certain metabolic conditions.
Three additional observations are relevant to consider-

ations about why pdxB and hisT are in the same operon.
First, it is intriguing that pdxA, which encodes another
pyridoxine biosynthetic gene located at a different position
from pdxB in the bacterial chromosome, and ksgA, which
encodes an rRNA modification enzyme, may also form a
complex operon in E. coli K-12 (1, 49). If this inference is
correct, it could suggest that the presence of coenzyme
biosynthetic genes in multifunctional operons is a way to
interweave the regulation of coenzyme biosynthesis into
general cellular metabolism. More inforrhation about the
biosynthesis of cofactors such as pyridoxal phosphate is
required to test this hypothesis. Second, Bjork and his
associates (8, 12) have shown that at least one other tRNA
modification gene, trmD, is a member of a multifunctional
operon. Presently, only a small fraction of the 50 or more
genes that encode bacterial RNA modification enzymes has
been analyzed in detail (8). Therefore, the arrangement of
tRNA modification genes into complex operons might be a
rather general feature in enterobacteria. Finally, several
previous studies have established unusual links between
tRNA modification and intermediary metabolism (7, 8, 11,
24, 31). The results presented here add to these observations
and emphasize the need to learn more about the functions of
mnodifications in stable RNA molecules.
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