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ABSTRACT
The DNA sequence of a 2.3-kilobase segment of the E. coli hisT operon was
determined. Analysis of the sequence indicated that the upstream gene in the
operon encodes a 36,364-dalton polypeptide, which runs aberrantly on SDS-poly-
acryl ami de gel s. The distal hisT gene encodes the tRNA modification enzyme,
pseudouridine synthase I, whichwias shown to have a polypeptide molecular mass
of 30,399 daltons. The DNA sequence was consistent with the phenotypes and
hisT expression of mutant operons. Analysis of the sequence and genetic comple-
mentation experiments demonstrated that the upstream and hisT genes are evolu-
tionarily, structurally, and functionally unrelated; however, translation
signals for the two genes overlap, which is consistent with genetic evidence
suggesting translational coupling. Codon usage in the upstream gene is radi-
cally different from the hisT gene and may underlie the differential expression
observed from the operon. Gene-inactivation experiments and Sl-mapping of in
vivo transcripts indicated that the operon contains an additional upstream
gene. S1-mapping experiments al so confirmed the presence of an internal pro-
moter, which might be stringently controlled. Taken together, these results
show that the structure of the hisT operon is complex and suggest that the
operon might be regulated at sever levels.

INTRODUCTI ON
Maturation of stable RNA molecules occurs by multistep processing and modifi-
cation of primary transcripts. A considerable number of biochemical and
genetic studies have outlined the organization of genes that specify stable
RNA molecules and the enzymatic cleavage steps involved in processing (review-
ed in 1). In contrast, comparatively little is known about modification, even

though this process is a dynamic, integral part of stable RNA biosynthesis in
both prokaryotes and eukaryotes. In Escherichia coli, greater than 1% of the

chromosome encodes the enzymes that modify tRNA and rRNA molecules (2). With
the exception of the work of Bjork and his associates on tRNA-methyl trans-

ferase genes (sumimarized in 2), the structure and regulation of these genes
are largely unknown. In addition, there is currently inadequate knowledge
of the functions played by RNA modifications. Modifications undoubtedly play
structural roles in stable RNA molecules, and they may influence the interac-
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tions between RNA and protein molecules (reviewed in 2 and 3). Physiological
experiments have also suggested that the degree of tRNA modification may modu-
late translation efficiency in response to environmental stress and developmen-
tal stage in both prokaryotic and eukaryotic cells (2,3,4,5).

Recently we reported the cloning and characterization of the hisT gene

of E. col i K-12 (6). The hisT gene encodes tRNA pseudouridine synthase I
(PSUI), which catalyzes the formation of pseudouridine (I) residues in the

anticodon stem and loop of at least 30 different tRNA species in E. coli (7).
Because PSUI modifies over half of the cellular tRNA molecules, mutations in

the hisT gene have widespread pleiotropic effects on metabolism and regulation
(see 6). We established that hisT is part of a differentially-expressed operon
that contains at least two genes (6). Subcloning, minicell, and transposon-
insertion experiments showed that the hisT structural gene, which encodes the
31,000-dalton PSUI polypeptide, is preceded in the operon by a gene (designated
temporarily as "usg") that encodes a polypeptide with an apparent molecular
mass of 45,000 daltons. Both of these genes seemed to be transcribed from a

promoter which was localized to a 569 base pair (bp) restriction fragment.
Minicell experiments showed that the polypeptide encoded by the "usg" gene was

synthesized at least eightfold more on a molar basis than the PSUI polypeptide.
In this paper, we present the complete nucleotide sequence of the re-

striction fragment which contains the "usg" and hisT genes. The nucleotide

sequence suggests a number of structural features which might account for the

differential gene expression observed previously for the wild-type and mutant

hisT operons (6). In addition, Sl-mapping and gene-inactivation experi-
ments confirm that the hisT gene is part of an operon in the native E. coli
chromosome and suggest that the operon may contain additional genes.

IMTERIALS AND IETHODS
Material s
Restriction endonucleases and T4 DNA ligase were purchased from New England
Biolabs. Nuclease S1 and non-radioactive nucleotide triphosphates were from
P-L Biochemicals, Inc. A kananLycin resistance cassette was purchased from
Pharmacia, Inc. DNA polymerase I large fragment was from Boehringer-Mannheim
Corp. Biochemicals and antibiotics were purchased from Sigma Chemical Co. and
P-L Biochemicals, Inc. (a-32P)dCTP (=80OCi/mmol) was from Amersham Corp.
(y-32P)ATP (-3000Ci/mmol)was purchased from New England Nuclear Corp.
Bacterial Strains, Phages, and Plasmids
Plasmids Y300, pNU47, pNU61, and pNU84 were described previously (6). Strain
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W3110 wild-type and Plcir phage were obtained from C. Yanofsky. Strain JC7623
(recB21 recC22 sbcBl5) (8) was obtained from B. Nichols. Messing strains
JMB3, JM103, and JM105 and phages M13mp8, M13mp9, M13mpl8, and Ml3mpl9 were

obtained from B. Nichols or purchased from P-L Biochemicals, Inc.
DNA Sequence Determination and Analysis
Cloning into M1l3 phage vectors was completed essentially as described by
M1essing et al. (9). DNA sequence determinations were performed by a modifi-
cation of the dideoxynucleotide method of Sanger et al. (10) provided to us

by B. Nichols (unpublished). Changes to the basic Sanger protocol included:
(I) substitution of (a-32p)dCTP for (a-32P)dATP with appropriate changes in
the composition of the reaction mixtures; (ii) incubation of elongation and
chase reactions at 37°C for 10 min instead of at 250C for 15 min; and (iii)
inclusion of reaction mixtures that contained dITP instead of dGTP.

DNA fragments from sequencing reactions were resolved using three loadings

on 80 cm gels containing 5% polyacrylamide and 8M urea as described by Sanger
and Coulson (11). Sequences were analyzed using computer programs purchased
from the University of Wisconsin Genetics Computer Group.
Sl-mapping of Transcripts
Total RNA was isolated from strain W3110 wild-type, which was growing exponen-

tially in LB + cysteine medium at 37°C, by variations of the "hot phenol" (12)
or "hot SDS" methods (13). Labeling 5' ends of restriction fragments, DNA
strand separations, RNA-DNA hybridizations, and nuclease Sl treatment were
performed as described by Scarpulla (14). Hybridization reactions in differ-
ent experiments contained 50-250 ig of total bacterial RNA or purified tRNA
control and 100,000-400,000 cpm (Cerenkov) of 5' end-labeled, single-strand
DNA.
Other Methods
Bacterial growth media and conditions were previously described in detail
(6). Likewise, DNA manipulations and PSUI enzyme assays were completed
exactly as before (6). Insertion of a kanamycin resistance (KmR) cassette
into the bacterial chromosome as diagranmned in Fig. 4 was completed by the
method of Winans et al. (15). Transductions using Plclr phage were completed
according to Miller (16).

RESULTS
Nucleotide sequence of "usg" and hisT
Previously we showed that the "usg" and hisT genes are contained in a 2.3-
kilobase (kb) HindIII-ClaI restriction fragment, which had been inserted into
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Figure 1. Strategy used to determine the nucleotide sequence of the "us I and
hisT genes. Horizontal lines ending in closed circles indicate clones t at were
sequenced completely on both strands. Horizontal lines ending in small vertical
lines indicate clones sequenced on one strand from which sequences were read to
the arrow heads to establish overlaps. Restriction sites are indicated by the
following letters: H'=HindIII, S=Sau3A, A=AluI, E=EcoRI, C=ClaI, P=PstI, K=KpnI,
T=TaqI, H(internal)=HpaIT,IE(vectoFEcoRI site from-pBR322.-

vector pBR322 to form plasmid I'300 (6). We further showed that the proxi-

mal 1.3 kb HindIII-BssHII restriction fragment contains a promoter for the

hisT gene and the "usg" gene, while the distal 1.0 kb BssHII-ClaI restriction

fragment contains the hisT gene. Figure 1 shows the strategy used to deter-

mine the sequence of the HindIII(l)-ClaI(2318) restriction fragment by the

dideoxynucleotide method. The entire DNA sequence was determined on both

strands and overlap sequences were determined for each restriction site used
to clone fragments into the M13 phage vectors. Because the nucleotide com-

position of this region is somewhat (G+C)-rich (54%), sequencing gel patterns
sometimes showed compressions. To circumvent this problem, each clone was

sequenced twice: once with regular reaction mixtures containing dGTP and once

with reaction mixtures containing dITP instead of dGTP (see Meterials and

Methods).
The complete DNA sequence is shown in Figure 2. As indicated in Figure

3A, two long open reading frames extend between nucleotides (nt) 389 and 1402
and nucleotides 1402 and 2214. Based on our analysis of subclones and mutant
plasmids (6), these reading frames must correspond to the "usg" and hisT
genes, respectively (see below, also). The DNA sequence indicates that the
"usg" gene can maximally encode a 36,364-dalton polypeptide containing 337
amino acids. However, minicell experiments demonstrated that the "usg" poly-
peptide has an apparent molecular mass of 45,000 daltons on SDS-polyacryl-
amide gels (6). This discrepency shows that the "usg" polypeptide runs
aberrantly in this gel system, perhaps because it contains a relatively
large number of acidic amino acids (Asp + Glu = 48 vs Arg + Lys = 24), which
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are known to increase apparent polypeptide molecular weights on SDS-polyacryl-
amide gels (17). Presently, we have not determined the amino terminus of
the "usg" polypeptide. We favor the start codon indicated in Figure 2 be-
cause it minimizes the discrepency between the real and apparent polypeptide
molecular weights and because it is preceded by a reasonably good Shine-
Delgarno sequence (nt 376, Fig. 2). A second possible start codon at posi-
tion 434 is not preceded by a Shine-Delgarno consensus sequence.

The translation start at position 1402 for the PSUI polypeptide was

empirically determined and is consistent with results from minicell experi-
ments. PSUI protein was isolated to near-homogeneity, and its amino termi-
nus was analyzed in a gas-phase sequenator. For reasons that are not clear,
the identity of the first ten amino acids was ambiguous; however, residues
11-15 were clearly determined as Lys-Ile-Ala-Leu-Gly. This pentapeptide exact-
ly matches residues 11-15 predicted from the DNA sequence for a translation
start at position 1402 (Fig. 2) and does not occur elsewhere in either the "us"
or hisT coding regions. In addition, a translation start at position 1402 pre-
dicts that the PSUI polypeptide will contain 270 amino acids and have a mole-
cular mass of 30,399 daltons, which is close to the apparent molecular mass of
31,000 daltons determined on SDS-polyacrylamide gels (6). In contrast, a
translation start at the next most likely initiation codon (1504) would mean
that the intercistronic region between "usg' and "hisT" would be somewhat long
(>100 nt) and that the predicted molecular weight of the PSUI polypeptide
(Mr = 26,364) would not match the apparent molecular weight. Thus, the avail-
able protein sequence data, the PSUI polypeptide molecular weight, and the size
of the intercistronic region are all consistent with a translation start at

position 1402 for the PSUI polypeptide. Having the translation start at this
position means that the stop codon for the "usg" polypeptide overlaps the start

codon for the PSUI polypeptide (UAAUG; nt 1400, Fig. 2). The AUG start codon
for the PSUI polypeptide is still preceded by two possible Shine-Delgarno
sequences (nt 1386, Fig. 2); however, the better of the two possible consensus

sequences is over ten nucleotides upstream. Possible implications of this gene
arrangement are presented in the Discussion.
Sequences of mutant hisT operons
In earlier experiments, the "usg" and hisT genes were located by constructing
mutations in plasmid T300 (6). From the DNA sequence, we find that all of the
internal deletion or insertion mutations that rendered the plasmid hisT- are

located in the PSUI coding region. The sequence also shows that the mutation
constructed by removing the EcoRI(569)-EcoRI(1220) fragment should delete the
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HindN 10 30 50 70
AAGCTTATA6CAA6TTTATTGGGCATGAACA6CACGTT6C6CTG6ATACATTACTGCCTGCGCCA6A6TTTG6TC6CATT

90 110 130 4
ACGCTGCATGGCCCGCTCGATCAACCGACGCLs A GGCTGGTGCATTTG6 GT6AGp6TECG6sA6CCC

170 190 210 230
GCTGCGTAAAGTCGCCGGGATACCGGGTGAGTTCGATAAACTGCGCAAAAACTATCTTGAGCGCCGTGAAT6GTCATCTC

250 270 290 310
TGTATGTAATTTGTGATGACGCCAGTGCGGCATCATTGCTGTGTAAACTGGGTTTTAACGCCGTTCATCATCCG6CAC6T

330 350 370 390
rA&TCTCTTCTTCATGCTCTCTGCTGTAACATTGGCAGGGAGCTTTGCTATTTCT s TAAACCACCATGTCT6AA6GC

MetSerGluGly
410 430 450 470

TGGAACATT6CC6TCCTGGGCGCAACTGGCGCT,I§GGCGAAGCCCTGCTTGAAACGCT6GCTGAACGTCAGTTCCC6GT
TrpAsnIleAlaValLeuGlyAlaThrGlyAlaValGlyGluAlaLeuLguGluThrLeuAlaGluArgGlnPheProVa

490 510 531 550
T66GGAAATTTATGCACTGGCACGTAAC6AAAGCGCAGCGAACAACTGCGCTTTGGTGGTAAGACAATCACCGT6CAGG
lGlyGluIleTyrAlaLeuAlaArgAsnGluSerAlaGlyGluGlnLeuArgPheGlyGlyLysThrIleThrValGlnA
* 570EoR I 590 * 610 630

ATGCCGCTGAATT 3ACTGGACGCAGGCGCAGCTGGCATTTTTTGTCGCAGGCAAAGAAGCTACC6CTGCCT6GGTTGAA
spAlaAlaGluPheAspTrpThrGlnAlaGlnLeuAlaPhePheValAlaG1yLysGluAlaThrAlaAlaTrpVa1Glu

650 * 670 690 710
GAAGC6ACCAACTCAGGTTGCCTGGTGATCGACAGCAGTGGATTGTTTGCTCTCGAACCCGACGTACCGCTGGTGGTGCC
GluAlaThrASnSerGlyCysLeuValIleAspSerSerGlyLeuPheAlaLeuGluProAspValProLeuValValPr

730 750 * * * 770 * 790
GGAAGTAAACCCGTTTGTACTGACAGATTACCGGAACCGGAATGTCATCGCCGTACCAGACAGTCTGACCAGCCAGCTGC
oGluValAsnProPheValLeuThrAspTyrArgAsnArgAsnValIleAlaValProAspSerLeuThrSerGlnLeuL

810 * 830 * 0 * 850 * 870
TGGCGGCACTGAAACCGTTAATCGATCAGGGCGGTTTATCACGTATCAGCGTTACCAGCCTGATTTCAGCCTCCGCCCAG
euAlaAlaLeuLysProLeuIleAspGlnGlyGlyLeuSerArgIleSerValThrSerLeuIleSerAlaSerAlaGln

890 * 910 * * 930 *950
GGCAAAAAA6CGGTCGATGCGTTAGCGGGGCAGAGTGCGAAATTGCTCAACGGCATTCCGATTGACGAAGAA6ATTTCTT
GlyLysLysAlaValAspAlaLeuAlaGlyGlnSerAlaLysLeuLluAsnGlyIleProIleAspGluGluAspPhePh

970 * 990 * * ot05 1030
CGG6CGTCAGCTGGCGTTCAACATGCTGCCGTTACTGCCGGATAGCGAAGGTAGCGTGCGTGAAGAACGTCGTATCGTTG
eG1yArgGlnLeuAlaPheAsnMetLeuProLeuLeuProAspSerGluGlySerValArgGluGluArgArgIleValA

* 1050 PstI 1070 1090 1110
ACGAAGTACGCAAAATC4 TCA GACGAAGGGCTGATGATTTCGGCTAGCGTCGTCCAGGCACCGGTATTCTACGGTCAT
spGluValArgLysIleLeuGlnAspGluGlyLeuMetIleSerAlaSerValValGlnAlaProValPheTyrGlyHIs

1130 1150 * 1170 1190
GCCCAGATGGTCAACTTTGAAGCTCTGCGTCCACTGGCAGCAGAAGAAGCGCGTGATGCGTTTGTTCAAGGCGAAGATAT
AlaGlnMetValAsnPheGluAlaLeuArgProLeuAlaAlaGluGluAlaArgAspAlaPheValGnGlyGluAspI1

1210 EcoR I 1230 1250 1270
TGTGCTCTCT6AAGAGAACf3AATTCCAACTCAGGTAGGTGATGCTTC6GGTACGCCGCATCTTTCTGTTGGCTGCGTGC
eValLeuSer61u61uAsnGluPheProThrGlnValGlyAspAlaS rGlyThrProHisLeuSerValGlyCysValA

*1290 * 1310 1 30 1 350OBssH 11
GTAATGACTACGGTATGCCGGAGCAAGTCCAGTTCTGGTCGGTGGCCGATAACGTTCGCTTTGGCGGC6C6C,TGAT6GCA
rgAsnAspTyrGlyMotProGluGlnValIlnPheTrpSerValAlaAspAsnValArgPheGlyGlyAlaLeuMetAla
* 1370 * * 1390 * 1410 1430

GTAAAAATCGCCGAGAAACTGGTG6C JT!TCTGTACTAAT6TCCGACCA6CAACAACCGCCAGTTTATAAAATTGC6
ValLysIleAlaGluLysLeuValGlnGluTyrLeuTyrEnd

* * MetSerAspGlnGlnGlnProProValTy sIleAla
1450 1470 1490 * * 1510

CTG6GCATTGAGTACGACGGCAGTAAGTATTACGGCTGGCAACGGCA6AACGAAGTCCGCAGT&TGgAGGA6AAGCTG
L1uGlA leGluTyrAspGlySerLysTyrTyrGlyTrpGlnArgGInAsn61uValArgserVaIGIn61uLysLeu

* *0- *e* *@*
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1530 1550 1570 1590
GAAAAG6CGCTCTCCCA6GTGGCGAACGAACCCATCACCGTCTTCTGC6CCGGGCGTACTGACGCAGGGGTACACGGTAC
GluLysAlaL1uSer61nValAlaAsnGluP!;oIleThrValPheCysAIaGlyArgThrAspAlaGlyValHisGIyTh

16 0 t63A 16501 *t670
C6GGCAGGTTGTGCATTTCGAAACAACCGCGCTGCGCAAAGACGCGGCGTGGACCTTGGGCGTAAATGCGAATTTACCTG
rGlyGlnValValHisPheGluThrThrAlaLeuArgLysAspAlaAlaTrpThrLeuGlyValAsnAlaAjnLeuProG

1690 1710 1730 * 17500*
GTGACATCGCTGTGCGTTGGGTTAAAACTGTACCTGATGATTTTCATGCCC6ATTTAGCGCCACGGCTCGCCGTTATCGC
lyAspIleAlaValArgTrpValLysThrValProAspAspPheHisAlaA gPheSerAlaThrAlaArgArgTyrArg

1770 1790 * ttj BsItEI * 1830
TACATCATCTACAATCATC6GCT6CGCCCGGCGGTACT6AGTAAAGGJ3GTAACCATTTTTACGAACCGCTGGACGCTGA
TyrIleIleTyrAsnHisArgLeuArgProAlaValLeuSerLysGlyValThrHisPheTyrGluProLeuAspAlaGl

tB50 * 1t870 * 1890 1910
ACGGATGCATC66GCTGCGCAATGCTTGCTGGGCGAGAATGATTTCACCTCGTTCCGTGCGGTGCAGTGCCAGTCCCGAA
uArgMetHisA gAlaAlaGInCysLeuLeuGlyGluAsnAspPheThrS rPheArgAlaValGInCysGlnSerArgT
* t93 * 195o MluI * 1970 1990

CCCCGTGGCGCAACGTTATGCATATTAATGTCA/CGT.,CACGGTCCTTATGTGGTGGTAGATATTAAAGCGAATGCTTTT
hrProTrpArgAsnValMetHisIleAsnValThrArgHisGlyProTyrValValValAspIleLysAlaAsnAlaPhe

2010 *2030 * * 2050 2070*
GTACATCATATGGTCAGGAATATTGTCGGCAGCCTGATGGAAGTCGGTGCCCACAACCAGCCGGAGAGCTGGATAGCAGA
ValHisHisMetValArgAsnIleValGlySerLeuMetGluValGlyAlaHisAsnGInProGluSerTrpIleAlaGl

2090 * * 2110 2130 * 2150 * i
6TT6CTGGCGGCAAAGGACAGAACGCTGGCGGCAGCAACGGCAAAAGC6GAAGGGCTGTATCTGGTCGCGGTGGATTACC
uLeuLeuAlaAlaLysAspArgThrLeuAlaAlaAlaThrAlaLysAlaGluGlyLeuTyrLeuValAlaValAspTyrP

* 200"270 * M290 * 2210 0 2230
CTGACCGGTATGATCTTCCAAAACCGCCAATGGGCCCGCTATTTCTGGCGGACTAACGAGAATAATGCTCGGAACATTTC
roAspArgTyrAspLeuProLysProProMet6lyProLeuPheLeuAlaAspEnd
* * 2250 2270 * 2290 2310
A6GCTGTAGCCAACGTAGTJACAGCCTGAAAGATGAC6AGTACAAGGCATAGGCAAATATGGACCTGATTTATTTCCTC&
Clal

TCGAT.

Figure 2. Complete nucleotide sequence of the 2.3 kb-region containing "usg"
and hisT. The deduced amino acid sequences for the "usg" and PSUI polypept;des
are indTcated. Closed circles and stars mark infrequently-used and rare codons,
respectively. Other features of the sequence shown in the figure are described
in the text.

center of the "usg" gene coding region and create an in-frame translational
fusion (Fig. 3B). Our results agreed with this prediction; the mutant plas-
mid was fully hisT+ and produced a fused, mutant polypeptide which, like the

"usg" polypeptide, ran aberrantly on SDS-polyacrylamide gels (predicted Mr =

12,882; apparent Mr = 34,000; 6).
We directly determined the DNA sequence of the mutation that was con-

structed by removing the BssHII (1347) site from plasmid T300 with Sl-nuclease

(plasmids pNU57 and pNU83, ref. 6). This mutation was a deletion of four base

pairs (nt 1348-1351, Fig. 2) and should cause a frame-shift that will result
in abrupt translation termination of the "usg" polypeptide (320 amino acids
instead of 337; Fig. 3C). Consistent with this prediction, the mutant plasmid
produced a truncated "usg" polypeptide in minicells (predicted Kr = 34,399;
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Figure 3. Possible translation reading frames starting with AUG start codons
in the wild-type and mutant hisT operons. The mutations and their phenotypes
are described in detail in the text. (A) Wild-type operon; "usg" and hisT are
indicated. ORF refers to the putative open reading frame for the gene upstream
from "usg" in the operon. (B) Mitant operon from plasmid pNU61 in which 675 bp
are deweted from the center of the "usg" coding region. (C) Mutant operon from
plasmid pNU57 in which 4 bp are deleted from the 3'-terminus of the "usg" coding
region. The deletion creates a frame-shift which causes immediate translation
termination in the "us " mRNA (see text). The normal translation start of hisT
is indicated by soli nes. An alternate, but unlikely, hisT translation start,
which extends into the "usg'- coding region, was created bTythe deletion and is
indicated by broken lines.

apparent Mr = 43,000; 6). In addition, hisT expression from the ABssHII mutant
plasmid (pNU57) was at least sixfold less than from the wild-type plasmid
(IV300; 6), which is the result expected for translational coupling in the syn-

thesis of the "usg" and PSUI polypeptides (see Discussion). Thus, the DNA se-

quence presented in Figure 2 is completely consistent with the phenotypes and
expression of all the mutant hisT operons we constructed.
Relationship between " usg" and hisT
The possibility of translational coupling between the "usg" and hisT genes was
somewhat surprising, because the "usg" polypeptide is synthesized to a greater
extent than the PSUI polypeptide in minicells (6). Based on the Met content of
the two proteins deduced from the DNA sequence (Table 1), we calculate that the
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molar excess of the "usg" polypeptide relative to the PSUI polypeptide was

actually 10-14 fold. Dot matrix analysis of both the DNA and deduced polypeptide
sequences failed to reveal homology between the "usg" and hisT genes; therefore,
these two genes seem to be evolutionarily unrelated. Analysis of predicted
polypeptide secondary structures and hydrophobicity patterns also failed to
reveal any similarities between the "usg" and PSUI polypeptides.

The lack of similarity between the "usg" and hisT genes is further under-
scored by the data in Table 1 and Figure 2. The codon usage in the "usg"
gene closely matches the pattern noted for moderately- to frequently-express-
ed proteins in E. coli (Table 1; 18). Figure 2 indicates that the 31 infre-
quently-used and 12 rare codons present in the "usg" gene do not seem to be

clustered; in particular, a rare codon adjacent to an infrequently-used codon
occurs only twice. In contrast, the codon usage in the hisT gene matches the
pattern for infrequently-expressed proteins like the dnaG, uvrC, and trmD
gene products (Table 1; 18, 19, 20). In addition, the 33 infrequently-used and
23 rare codons present in the hisT gene are moderately clustered; rare codons
appear tandemly or adjacent to infrequently-used codons six times (Fig. 2).
The possible implication of this pattern of codon usage to differential gene

expression in the hisT operon is presented in the Discussion.
In order to determine whether the "usg" and hisT gene products are func-

tionally related, we needed to construct a chromosomal mutation in the "usg'
gene. This was accomplished using a method of insertion mutagenesis devised
by Walker and his associates (Fig. 4; 15). The method is based on the observa-
tion that linearized plasmid DNA containing cloned inserts is relatively stable
in recBC sbc mutants and can recombine with homologous regions of the bacterial
chromosome. Using this method, we introduced a kanamycin resistance (KmR)
cassette into the coding region of the "usg" gene (Fig. 4). Following P1

transduction of the KmR marker into a fresh genetic background (Fig. 4), the
resulting strain (NU399) was characterized (Table 2). Strain NU399 lacked
PSUI activity (Table 2, line 2); therefore, disruption of the "usg" gene was

completely polar on hisT gene expression. This result confirms that "usg" and
hisT are part of the same operon in the bacterial chromosome.

Strain NU399 grew with the same doubling time in rich medium as its nearly
isogenic parent, strain W3110 wild-type (Table 2). In contrast, NU399 grew 30-
60% slower than W3110 wild-type in minimal + glucose or minimal + acetate me-

dium at 30°C, 37°C, or 42°C (data not shown). A plasmid which was "usg"-hisT+
{pNU61, Table 2) restored the growth rate of NU399 to that of W3110 wild-type on

minimal medium. Therefore, lack of expression of the hisT gene, but not of the
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Figure 4. Construction of a mutant containing a KmR cassette inserted into the
"usg" gene in the E. coli chromosome. Details of the construction are presented
in the text. ResfricTto-n sites are indicated by the same letters used in the
legend to Fig. 1.

"usg" gene, is sufficient to reduce the bacterial growth rate. Because NU399
is not an auxotroph, we can conclude that "usg" does not correspond to any of
the genes known to map at 50 min in the E. coli chromosome (21).

The results in Table 2 also demonstrate that an intact "usg polypeptide
is not required for PSUI activity in vivo, even though synthesis of the two

proteins seems to be coupled. When plasmids that are "usg"-hisT+ were intro-
duced into strain NU399, which is "usg"-hisT-, full hisT+ gene expression was
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TABLE 2 hisT Gene Expression in Strains Containing a KmR Cassette Upstream
from hisT in the Bacterial Chromosome

RELATIVE
STRAIN DOUBLING PLASMID GENOTYPE PSUI SPECIFIC

TIME (min)a ACTIVITyb

"usg" hisT

1. W3110 (wild-type) 31 no plasmid -1

2. NU399 34 no plasmid <0.01
(W3110 "usg":: KmR)c

3. NU399/pBR322 36 - - <0.01

4. NU399/T300 36 + + 18

5. NU399/pNU61 32 - + 16

6. NU399/pNU47 45 - + 35

7. NU400 33 no plasmid 0.5
(W3110 "uusg': :KmR)d

a Strains were grown in LB + cysteine medium at 37°C with shaking. Starter
cultures used to innoculate final cultures were grown in the presence of
50g/ml of ampicillin and/or kanamycin, where appropriate. Inheritance of
plasmid pNU47 was somewhat unstable in the absence of selection, which was
detected by the loss of hisT gene expression from certain cultures.

b PSUI specific activity was determined in exponentially growing bacteria as
described previously (6). The PSUI specific activity was 180 cpm released
per min per mg of protein for strain W3110 wild-type. Values in the table
are the average of at least two separate determinations. Control experi-
ments established that essentially the same PSUI activities were present in
the strains grown under selection for the plasmids. In addition, PSUI
activity in strain W3110 (wild-type) containing plasmids P300, pNU61, or
pNU47 was the same as shown in the table for strain NU399 containing these
same plasmids.

c "usg":: KmR refers to a KmR cassette inserted into the bacterial chromosome
at the PstI(1062) site (see Fig. 4). The KmR cassette disrupts the "usg"
codi nV re-gi n.

d "uusg :: Km refers to a KmR cassette inserted into the bacterial chromosome
at the HindIII(l) site.

observed from the plasmids (Table 2, lines 3-6). In strain NU399/pNU61, the
positions of the chromosomal insertion and plasmid deletion eliminate the
possibility that a functional "usg' gene could have arisen by recombination
between the plasmid and chromosome. Therefore, disruption of the "usg" gene
does not affect PSUI function or activity in vivo. Protein purification data
also supports this conclusion, since PSUI purified to near-homogeneity seems to
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consist only of the 31,000-dalton polypeptide (H.0. Kammen and C. Marvel, in
preparation). In summary, the "usg" and hisT genes seem to be evolutionarily,
structurally, and functionally unrelated, even though they are closely asso-
ciated in the hisT operon.
Transcripts from the hisT operon
Examination of the DNA sequence shows two perfect dyad symmetries which could
form strong secondary structures in hisT operon mRNA (nt 510-535 and 2235-
2269, Fig. 2). The possible secondary structure at nucleotide 2235 is imme-
diately downstream from the translation stop codon for the PSUI polypeptide
and may play a functional role; however, this possible structure is not
followed by the polyU region characteristic of a rho-independent terminator
(see below, also). Application of the Zuker fold program at 100 nucleotide
intervals in the sequence showed that each segment of the hisT operon tran-

script could fold into a relatively stable RNA secondary structure (AG/struc-
ture < -20 kcal); however, extremely stable RNA secondary structures were not

predicted around the "usg" and hisT translation start points. This analysis
also failed to reveal any tRNA-like structures which could form in this region
of the hisT operon transcript.

Previous experiments demonstrated that the HindIII(l)-EcoRI(569) restric-
tion fragment contained a promoter for the "usg" and hisT genes (6); however,
it was not possible to tell from these results whether this promoter was primary
or internal in the operon. In order to resolve this issue and to examine hisT
operon transcription, we completed Sl-mapping experiments using 5' end-labeled,
single-strand DNA probes isolated from several regions of the operon. When the
noncoding strand of the HindIII(l)-EcoRI(569) fragment was used as the probe,
no S1-resistant strand was detected (lanes 15-21, Fig. 5). When the coding
strand from the HindIII()-EcoRI(569) fragment was hybridized to total cellular
RNA, two strong bands were detected following treatment with Sl-nuclease (lanes
9-11, Fig. 5). The upper band represents full-length protected DNA, suggesting
that part of the hisT operon transcription originates upstream from the HindIII
(1) site. In some experiments, the single band shown in Fig. 5 appeared as a

closely-spaced doublet, which might have been generated by "breathing" of the
hybrid in the (A+T)-rich HindIII(l) end. The lower band, which was somewhat

less intense than the upper band, most likely represents transcription from the
promoter detected in our subcloning and expression vector experiments (6). By
running gels considerably longer than shown in Fig. 5, it was possible to deter-
mine that the end of the Sl-resistant strand was at position 148 ± 1 (arrow,
Fig. 2). Sequences upstream from position 148 match the -35 and -10 promoter

5309



Nucleic Acids Research

E E
569 1220

H E
1 569_ *~~~~

H E
1 569

A-^G RNA RNA A+G RNA tRNA A+G RNA tRNA
1 2 3 4 5 6 Z 8 9 10 11 12 13 14 15 16 17 18 19 2021

*:w

-_

-

-
.*_
-

Figure 5. SI-mapping of hisT operon transcripts. Total RNA was isolated by
the "hot phenol" method from strain W3110 wild-type growing exponentially in LB +
cystelne medium at 37°C. Hybridization mixtures contained the purified, single-
strand DNA diagramed above each set of seven lanes and 250 ig of total RNA or
tRNA control (see Materials and Methods). Nuclease S1 treatment was carried out
on each hybridization mixture for 5, 10, and 15 min before a portion of the
reaction mixture was removed and prepared for gel electrophoresis. Lanes 1, 8,
and 15 contain standards in which the strands were subjected to the Mexam-Gilbert
A+G reaction. Lanes 2-4, 9-11, and 16-18 are from hybridization mixtures that
contained total cellular RNA, and lanes 5-7, 12-14, and 19-21 are from hybridiza-
tion reactions that contained purified control tRNA. Lanes are arranged in the
order of increasing time of Sl-treatment. Slightly more sample was analyzed in
the last lanes of each set. The slight upward curvature of the bands was a
property of this particular gel.

consensus sequences reasonably well (Fig. 2), which further supports the notion
that this region represents an internal promoter in the hisT operon rather than
a transcript processing site. It is perhaps significant that the -4 to +2
region of this putative internal promoter is similar to the discriminator region
for stringently-controlled promoters (Fig. 2; 22). Control experiments indi-
cated that no S1-resistant strand was detected when the probe was hybridized to
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tRNA (lanes 12-14, Fig. 5). When the single-strand HindIII(l)-EcoRI(569) probe
was run directly on a gel, no band corresponding to the lower band in Fig. 5,
lanes 9-11 was detected. Finally, the same result was obtained when total
bacterial RNA was isolated by two distinct methods (see Materials and Methods).
Thus, the Sl-mapping experiments strongly support the conclusion that there are

at least two promoters for the hisT operon; one upstream from and the other 148
nucleotides downstream from the HindIII(l) site.

Examination of the DNA sequence shows that an open reading frame extends
from the HindIII(l) site to position 323 (Fig. 2; line 3, Fig. 3A). This open
reading frame could represent another gene in the hi sT operon, since the S1-
mapping experiments indicated the presence of transcripts that extend from
the HindIII(l) site. To test directly the conclusions from the Sl-mapping
experiments, we inserted a KmR cassette into the bacterial chromosome at the
HindIII(l) site (strain NU400, Table 2). If this region is part of the hisT
operon, then the presence of the KmR cassette might be polar on hisT gene ex-
pression. The construction was accomplished by a protocol similar to the one
shown in Figure 4 using a plasmid containing DNA upstream from the HindIII(l)
site (6). As predicted by the results from the S1-mapping experiments, disrup-
tion of the chromosomal HindIII(l) site reduced-hisT gene expression (line 7,
Table 2). The residual 50% PSUI activity in strain NU400 most likely reflects

expression from the internal promoter at position 148. Strain NU400 grows
on minimal + glucose medium at 300C, 370C, and 42°C; however, the colonies
are oddly translucent. Therefore, insertion of the KmR cassette into the
HindIII(l) site seems to have disrupted another upstream gene in the hisT
operon.

In a final series of Sl-mapping experiments, we found full-length protec-
tion of coding strands that were made from the EcoRI(569)-EcoRI(1220), BssHII-
(1347)-BstEII(1806), and MluI(1951)-C1aI(2318) restriction fragments (lanes
1-7, Fig. 5, and data not shown). The EcoRI(569)-EcoRI(1220) probe is from an
internal region of the "usg" gene coding region and should be fully protected.
Likewise, the BssHII(1347)-BstEII(1806) probe spans the "usg" and hi sT codi ng
regions. Full length protection of this probe again confirms that these two
genes are part of the same operon. Full-length protection of the MluI(1951)-
ClaI(2318) probe indicates that the hisT operon transcript extends beyond the
possible secondary structure at position 2269, which was noted above. This
result indicates that this possible secondary structure does not seem to act as

a terminator in vivo, and it raises the possibility that the hisT operon may
contain additional downstream genes.
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DISCUSSION
The results in this paper demonstrate that the hisT gene is part of a complexly
structured operon. The hisT gene, which encodes the 30,399-dalton PSUI polypep-
tide, is located downstream from a gene which encodes a 36,364-dalton polypep-
tide (Fig. 2; Fig. 3A). Until this upstream gene is identified, we will
temporarily refer to it as the "usg" gene. The stop codon for the "usg" poly-
peptide overlaps the start codon for the PSUI polypeptide, suggesting that syn-
thesis of these two polypeptides may be coupled (Fig. 2, Fig. 3A). Although
the "usg" and hisT genes are closely associated in the operon, they seem to be

evolutionarily, structurally, and functionally unrelated (Fig. 2, Fig. 4; Table
1; Table 2). In particular, codon usage in the "usg" and hisT genes is radi-
cally different; " Is" contains codons found for moderately- to frequently-
expressed E. coli proteins, while hisT contains clustered, rare codons found
for regulatory and infrequently-expressed proteins (Table 1).

Overlapping translational signals between functionally-related genes have
been noted in several bacterial operons. In the trp operon, the stop codon of
trpE overlaps the start codon of trpD (23). A similar arrangement of codons
exists between trpB and trpA (23). A different type of overlap was found in
the pyrB-pyrI operon, in which the stop codon of pyrB overlaps the Shine-Delgarno
sequence of pyrI (24). An analogous arrangement was reported between galT and
galK in the gal operon (25). In each of these instances, the overlap of
translational signals is thought to couple translation and thereby guarantee
stoichiometric synthesis of polypeptides that interact to form oligomeric
enzymes or that are required in equimolar amounts.

Results from previous genetic experiments support the idea that the
overlap between the "usg" and hisT translation signals (Fig. 2; Fig. 3A) also
causes translational coupling between the genes (6). A 651-bp deletion, which
fuses the amino- and carboxy-terminal portions of the "usg' polypeptide (Fig.
3B), should not disrupt translational coupling (Fig. 3B). Consistent with this
expectation, hisT expression is not affected by this deletion in the "usg" gene
(Table 2; 6). In contrast, a 4-bp deletion, which causes premature transla-
tion termination of the "usg' polypeptide 49 nucleotides upstream from the
normal start codon of the PSUI polypeptide (Fig. 3C), greatly reduces hisT
expression (6). Since hisT expression is not restored when the mutant plasmid
is put into a polarity suppressor strain, it seems unlikely that the 4-bp de-
letion reduces hisT expression via classical polarity (6). The short distance
between the termination codon generated by the 4-bp deletion and the PSUI start
codon also argues against polarnty. Based on the gene arrangement presented

5312



Nucleic Acids Research

in this paper, a likely interpretation of this mutant phenotype is that synthe-
sis of the complete "uI polypeptide is required for maximum translation of
the PSUI polypeptide, possibly through the action of a single ribosome, and the
4-bp deletion simply uncouples translation between the genes. Additional ex-
periments are required to rigorously test this model.

From the context provided by the trp, gal, and pyrBI operons, transla-
tional coupling in the hisT operon would seem unusual, because the "usg' and
hisT genes and polypeptides seem to be unrelated. In addition, previous mini-
cell experiments showed that the "usg" and PSUI polypeptides are not synthe-
sized in equimolar amounts; rather 10-14 times more "usg polypeptide seems to
be produced compared to PSUI polypeptide (6). The codon usage observed in the
"usg and hisT genes (Table 1) may play a role in causing this differential
gene expression. It has been proposed that the use of rare codons may limit
translation levels (18,26). Genes like dnaG, urvC, and trmD, which are
expressed at low levels, have essentially the same codon usage as hisT (Table
1). In addition, dnaG and trmD, like hisT, are members of differentially-
expressed operons. The observation that both hisT and trmD, which encodes tRNA
(mlG) methyltransferase (20), are organized into differentially-expressed
operons may suggest a common arrangement for genes that encode modification
enzymes. Since hisT expression seems to be a function of gene dosage (6),
limited translation of hisT would have to reflect an intrinsic property of
translating rare codons rather than simple availability of tRNA isoaccepting
species (26). Clearly, additional experiments are needed to learn whether
codon usage modulates translation levels in the hisT operon.

Gene-inactivation experiments demonstrated that the order and expression
deduced previously for the cloned "usg" and hisT genes is the same as in the
native E. coli K-12 chromosome (Fig. 4; Table 2). Sl-mapping of transcripts
and gene-inactivation experiments further revealed the presence of another
upstream gene in the hisT operon (Fig. 5; Table 2). An insertion mutation in
this gene drastically affected bacterial colony morphology, whereas the same
type of insertion mutation in the "usg" gene caused the bacteria to grow more
slowly but did not affect colony morphology. Complementation experiments
showed that the slower growth rate of strains containing the KmR insertion in
tosg"was caused by a lack of PSUI activity, since transformation of this strain
with plasmids that are "usg"-hisT+ returned the growth rate in minimal medium
to that of wild-type cells. Complementation experiments also indicated that
"og" and hisT are functionally unrelated. Presently, we do not know the iden-
tity of "usg' or the gene upstream from "usg" in the hisT operon; therefore,
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we do not yet understand why these two genes are part of the same operon as
hisT. The mutants presented in this paper should help answer this question.

The Sl-mapping experiments also confirmed the presence of a promoter
upstream from "us" and hisT (Fig. 5). This promoter, which is located in the
putative coding region of the gene upstream from "usg" (Fig. 2; Fig. 3), contains
a sequence similar to the discriminator sequence found in stringently-controlled
promoters (22). An insertion mutation in the gene located upstream from "usg"
reduced hisT expression by 50X, which suggests initiations from the internal
promoter might account for half of the hisT expression found in bacteria growing
in rich medium at 370C. The nearly equal band intensities observed in the
Sl-mapping experiments are consistent with this interpretation (lanes 9-11,
Fig. 5). Finally, the S1-mapping experiments raised the possibility that the
operon may contain additional genes downstream from hisT. Further analysis of
transcription and translation should reveal how the complex structural features
present in the operon influence regulation and expression of the "usg" and hisT
genes.
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