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The nucleotide sequence of a 2-kilobase DNA fragment of the tdc region of Escherichia coli K-12, previously
cloned in this laboratory, revealed two open reading frames, tdcC and ORFX, downstream from the tdcB gene
(formerly designated tdc) encoding biodegradative threonine dehydratase. A 24-base-pair sequence separated
tdcC from the dehydratase coding region, and an untranslated region of 60 nucleotides, which contains a
recognizable -10 consensus sequence, was found between tdcC and ORFX. The deduced amino acid sequence
of tdcC showed it to be a large hydrophobic polypeptide of 431 amino acid residues, whereas ORFX coded for
a small 135-residue polypeptide lacking glutamine and tryptophan. A computer-assisted sequence analysis
revealed no similarity among the tdcB, tdcC, and ORFX polypeptides, and a search of the GenBank database
failed to detect similarity with any other known proteins. The tdc genes and ORFX showed similar codon usage
and, in analogy with other bacterial genes, showed codon usage typical for genes expressed at an intermediate
level. Transcriptional analysis with S1 nuclease indicated two distinct transcription start sites upstream of the
tdcB gene in regions previously identified as promoterlike elements P1 and P2. Interestingly, expression of tdcB
and tdcC, but not ORFX, was contingent upon the presence of P1. These results taken together tend to suggest
that the biodegradative threonine dehydratase is the second gene in a polycistronic transcription unit
constituting a novel operon (tdcABC) in E. coli implicated in anaerobic threonine metabolism.

Biodegradative threonine dehydratase (EC 4.2.1.16) of
Escherichia coli catalyzes the pyridoxal phosphate-depen-
dent dehydration of L-threonine and L-serine to ammonia
and to a-ketobutyrate and pyruvate, respectively (22). The
enzyme is normally induced under anaerobic culture condi-
tions in tryptone-yeast extract medium lacking fermentable
carbohydrates. Recently, Hobert and Datta (11) devised a
synthetic medium consisting of four amino acids, threonine,
serine, valine, and isoleucine, plus cyclic AMP and fuma-
rate, which supported higher levels of dehydratase synthesis
as compared with that found in the rich medium with or
without cyclic AMP and fumarate. Because the require-
ments for cyclic AMP and fumarate were absolute in terms
of enzyme synthesis, it was proposed that not the amino
acids themselves but some metabolite(s) derived from these
amino acids during anaerobic metabolism was needed for
dehydratase induction. In addition, Merberg and Datta (17)
reported that various strains of E. coli with unrelated geno-
types produced various levels of the enzyme in the same
medium and that mutations at multiple loci on the chromo-
some influenced enzyme expression in vivo. These cumula-
tive findings led to the notion that a complex network of
regulatory systems controls the synthesis of dehydratase in
anaerobic culture conditions.
To understand the mechanism of dehydratase induction at

the DNA level, we cloned a 6.2-kilobase-pair (kb) DNA
fragment of E. coli harboring the tdc gene encoding threo-
nine dehydratase (6, 7). Subcloning, deletion analysis, and
nucleotide sequencing of a 2.5-kb segment of the cloned
DNA (3, 7) revealed that the functional promoter P1 for tdc
gene expression was located about 1 kb upstream from its
protein coding region, separated by an open reading frame of
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936 base pairs (bp), which produced a polypeptide of about
34 kilodaltons (Fig. 1). The amino acid sequence of threonine
dehydratase, deduced from the nucleotide sequence of the
tdc gene (3), showed it to be a polypeptide of 329 amino acid
residues with a molecular weight of 35,000. Interestingly, a
preliminary examination of the nucleotide sequence flanking
the 3' end of the tdc gene suggested a potential open reading
frame beyond the dehydratase-coding region. In this report
we present the nucleotide sequence of the DNA segment
downstream from tdc, identify the transcription initiation
site of the upstream promoter, and provide evidence for a
new E. coli operon consisting of at least three separate genes
controlled by the distal promoter. In this article, the 5' open
reading frame and the tdc gene encoding threonine dehydra-
tase (3, 6, 7) are renamed tdcA and tdcB, respectively, and
the open reading frame downstream from tdcB is referred to
as tdcC.

MATERIALS AND METHODS

Bacterial strains and growth media. The bacterial strains
and plasmids are listed in Table 1. Media were prepared as
described by Miller (19) and Davis et al. (4). If needed,
antibiotics were added at the following concentrations: am-
picillin, 100 ,g/ml; tetracycline, 10 ,ug/ml; kanamycin, 50 ,ug/
ml.

Plasmids. pEC61, PTG4B, and pTG122 have been de-
scribed (7); pTG1A, pTG11, and pBalll were isolated by the
procedure of T. J. Goss (Ph.D. thesis, The University of
Michigan, Ann Arbor, 1986). pTGlA was constructed by
cloning a 3.7-kb SalI fragment from pEC61 into Sall-di-
gested pUC13 (18, 23) with lacP in the opposite orientation
of tdc. pRS124 was constructed by isolating a 3.4-kb HindIII
fragment from pTGlA and then cloning the purified fragment
into pTG122 previously digested with HindIII and treated
with alkaline phosphatase. After transformation of E. coli
LE392, Apr colonies were screened for the presence of
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FIG. 1. Schematic diagram of the tdc region of E. coli DNA. The
extent ofDNA harbored by various plasmids discussed in the text is
indicated. Abbreviations: B, BamHI; Bg, BglII; E, EcoRI; H,
HindIII; Hp, HpaI; P, PstI; S, Sall; Kan, kanamycin resistance
gene cassette. The nucleotide numbers were assigned arbitrarily
beginning with the endpoint of pTG122 (7).

threonine dehydratase activity. Plasmid DNAs were isolated
(1) from two transformants with enzyme activity and di-
gested with EcoRI and PstI to identify the correct orienta-
tion of the cloned DNA. The resultant plasmid pRS124
contained a 4-kb E. coli insert harboring P1 and the entire
coding region of tdcABC and open reading frame ORFX and

TABLE 1. E. coli K-12 strains and plasmids

Strain Genotype Source or
or plasmid or insert reference

E. coli
JM103 A(lac-pro) supE thi strA sbcB15 26

endA hsdR41F' traD36 proAB
lacIq ZAM15/P1 lysogen

LE392 FW hsdR514 (r-K MiK) supE44 16
supF58 lacYl or A(lacIZY)6
galK2 galT22 metBI trpR55
(X)

X1411 F- glnU42 minAl minBi (X-) 2

Plasmids
pEC61 6.2-kb EcoRI fragment 7
pTG4B 4.5-kb EcoRI-PstI fragment of 7

pEC61
pTG122 2.8-kb Bal31 deletion-PstI 7
pTG11 2.6-kb BglII-EcoRI right-arm Goss (Ph.D.

fragments of pEC61 thesis)
pBalll 3.1-kb Bal31 deletion-PstI Goss (Ph.D.

thesis)
pRS124 4.0-kb Bal31 deletion-Hindlll This study
pTGlA 3.7-kb SaiI fragment of pEC61 Goss (Ph.D.

thesis)
pSH228 1.4-kb Kanr BamHI fragment of This study

pUC4K in pRS124

with lacP in opposite orientation to P1. Plasmid pSH228 was
obtained by insertion of the 1.4-kb BamHI fragment of
pUC4K (23) containing a Kanr gene into the single BglII site
of pRS124. Only isolates that contained the Kanr gene in a
transcriptional orientation opposite to that of the tdc genes
were chosen for further study (Fig. 1). The plasmid pTG11,
used for sequencing tdcC and its downstream region, con-
tained the 2.6-kb BglII-EcoRI right-arm fragment of pEC61
(7).

Isolation and sequencing of DNA fragments. The methods
for isolation of restriction fragments, cloning into M13
phages, and sequencing by the dideoxy-chain termination
procedure were as described previously (3, 7). Restriction
enzymes, polynucleotide kinase, and the Klenow fragment
of DNA polymerase were purchased from Bethesda Re-
search Laboratories, Inc. (Rockville, Md.), or International
Biotechnologies, Inc. (New Haven, Conn.). Reagents for
dideoxy DNA sequencing were bought from Amersham
Corp. (Arlington Heights, Ill.).

Si nuclease mapping. S1 mapping was carried out as
described by Maniatis et al. (16), except DNA-RNA hybrid-
izations were carried out at 37 or 42°C and samples were
electrophoresed on 6% sequencing gels. For some experi-
ments, S1 nuclease (Pharmacia Fine Chemicals, Piscataway,
N.J.) was substituted by mung bean nuclease (Pharmacia),
and the digestion was carried out in buffer containing 50 mM
NaCl, 50 mM sodium acetate (pH 4.6), 4.5 mM zinc sulfate,
and 20 jig of denatured calf thymus DNA per ml. Specific
DNA fragments used in hybridizations were as follows: for
P1 promoter, a 527-bp EcoRI-HpaI fragment (extending 270
bp upstream from the endpoint of pTG122) (7) (Fig. 1) end
labeled at the HpaI terminus was isolated from pBalll; for
P2, a 433-bp HindIII-AccI fragment (from nucleotides 638
through 1070), end labeled at the AccI terminus, was isolated
from pTG122 (7). RNA was isolated by the hot phenol
method of von Gabain et al. (24), as modified by Lau et al.
(15), from strains JM103 and JM103(pEC61), grown anaero-
bically for 8 h at 37°C in tryptone-yeast extract medium (7,
17). Purified RNA was precipitated with ethanol and dis-
solved in sterile water.

Purification and labeling of minicells. Minicells were puri-
fied from 200 ml of a late-log-phase culture (A600 of 1) of the
minicell-producing strain X1411 grown in L broth as de-
scribed by Clark-Curtiss and Curtiss (2). Minicells obtained
after three differential low-speed centrifugations and two
sucrose gradient fractionations were suspended in buffered
saline containing 1% gelatin and 1 mM EDTA (2) to a cell
density of ca. 0.5 optical density unit at 600 nm. Purified
minicells were stored at -70°C after the addition of glycerol
to a final concentration of 30%. Proteins were labeled with
[35S]methionine (New England Nuclear Corp., Boston,
Mass.) during a 30-min incubation at 37°C in M9 medium (4)
as described by Schweizer and Boos (20), except that the
chase period was shortened to 5 min and glucose was
omitted. Radiolabeled proteins were analyzed on 13% so-
dium dodecyl sulfate-polyacrylamide slab gels as described
by Larson et al. (14) with the buffer of Laemmli (13).
Other methods. The DNA sequence was analyzed by using

the Delaney program (5) in the Michigan Terminal System of
The University of Michigan. Amino acid sequence homology
search and other analyses were carried out by using the
Beckman MicroGenie software (Beckman Instruments, Palo
Alto, Calif.).
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2170 2180 2190 2200 2210 2220
AAATCACCGGTTTCGTTGACGCTTAATTAATTCGTTGAGGATAGGATATGAGTACTTCAG

I T G F V D A U SD M S T S
tdcB - No tdcC

2230 2240 2250 2260 2270 2280
ATAGCATTGTATCCAGCCAGACAAAACAATCGTCCTGGCGTAAATCAGATACCACATGGA
D S I V S S Q T K 0 S S W R K S D T T W

2290 2300 2310 2320 2330 2340
CGTTAGGCTTGTTTCGTACGGCAATCGGCGCCGGGGTGCTGTTCTTCCCTATCCGCGCAG
T L G L F G T A IG A G V L F F P I R A

2350 2360 2370 2380 2390 2400
GTTTTGGCGGACTGATCCCGATTCTTCTGATGTTGGTATTGGCATACCCCATCGCGTTTT
G F G G L I P I LL M L V L A Y P I A F

2410 2420 2430 2440 2450 2460
ATTGCCACCGGGCTGCGCGTCTGTGTCTTTCTGGCTCTAACCCTTCCGGCAACATTACGG
Y C H R A A R L C L S G S N P S G N I T

2470 2480 2490 2500 2510 2520
AAACGGTGGAAGAGCATTTTGGTAAAACTGGCGGCGTGGTTATCACGTTCCTGTACTTCT
E T V E E H F G KT G G V V I T F L Y F

2530 2540 2550 2560 2570 2580
TCGCGATTTGCCCACTGCTGTGGATTTATGGCGTTACTATTACCAATACCTTTATGACGT
F A I C P L L W I Y G V T I T N T F M T

2590 2600 2610 2620 2630 2640
TCTGGGAAAACCAGCTCGGCTTTGCACCGCTGAATCGCGGCTTTGTGGCGCTGTTCCTGT
F W E N L G F A P L N R G F V A L F L

2650 2660 2670 2680 2690 2700
TGCTGCTGATGGCTTTCGTCATCTGGTTTGGTAAGGATCTGATGGTTAAAGTGATGAGCT
L L L M A F V I W F G K D L M V K V M S

2710 2720 2730 2740 2750 2760
ACCTGGTATGGCCGTTTATCGCCAGCCTGGTGCTGATTTCTTTGTCGCTGATCCCTTACT
Y L V W P F I A S L V L I S L S L I P Y

2770 2780 2790 2800 2810 2820
dGAACTCTGCAGTTATCGACCAGGTTGACCTCGGTTCGCTGTCGTTAACCGGTCATGACG
W N S A V I D 0 V DL G S L S L T G H D

2830 2840 2850 2860 2870 2880
GTATCCTGATCACTGTCTGGCTGGGGATTTCCATCATGGTTTTCTCCTTTAACTTCTCOC
G I L I T V W L GI S I M V F S F N F S

2890 2900 2910 2920 2930 2940
CAATCGTCTCTTCCTTCGTGGTTTCTAAGCGTGAAGAGTATGAGAAAGACTTCGGTCGCG
P I V S S F V V SK R E E Y E K D F G R

2950 2960 2970 2980 2990 3000
ACTTCACCGAACGTAAATGTTCCCAAATCATTTCTCGTGCCAGCATGCTGATGGTTGCAG
D F T E R K C SQ I I S R A S M L M V A

3010 3020 3030 3040 3050 3060
TGGTGATGTTCTTTGCCTTTAGCTGCCTGTTTACTCTGTCTCCGGCCAACATGGCGGAAG
V V M F F A F SC L F T L S P A N M A E

3070 3080 3090 3100 3110 3120
CCAAAGCGCAGAATATTCCAGTGCTTTCTTATCTGGCTAACCACTTTGCGTCCATGACCG
A K A N I P V LS Y L A N H F A S M T

3130 3140 3150 3160 3170 3180
GTACCAAAACAACGTTCGCGATTACACTGGAATATGCGGCTTCCATCATCGCACTCGTGG
G T K T T F A IT L E Y A A S I I A L V

3190 3200 3210 3220 3230 3240
CTATCTTCAAATCTTTCTTCGGTCACTATCTGGGAACGCTGGAAGGTCTGAATGGCCTGG
A I F K S FF GH Y L G T L E G L N G L

3250 3260 3270 3280. 3290 3300

TCCTGAAGTTTGGTTATAAAGGCGACAAAACTAAAGTGTCGCTGGGTAAACTGAACACTA
V L K F G Y K G D K T K V S L G K L N T

3310 3320 3330 3340 3350 3360

TCAGCATGATCTTCATCATGGGCTCCACCTGGGTTGTTGCCTACGCCAACCCGAACATCC
I S M I F I M G S T W V V A Y A N P N I

3370 3380 3390 3400 3410 3420

TTGACCTGATTGAAGCCATGGGCGCACCGATTATCGCATCCCTGCTGTGCCTGTTGCCGA
L D L I E A M G A P I I A S L L C L L P

3430 3440 3450 3460 3470 3480

TGTATGCCATCCGTAAAGCGCCGTCTCTGGCGAAATACCGTGGTCGTCTGGATAACGTGT
M Y A I R K A P S L A K Y R G R L D N V

3490 3500 3510 3520 3530 3540

TTGTTACCGTGATTGTCTGCTGACCATCCTGAACATCGTATACAAACTGTTTTAATCCGT
F V T V I V C U -10

3550 3560 3570 3580 3590 3600
AACTCAGGATGAGAAAAGAGATGAATGAATTTCCGGTTGTTTTGGTTATTAACTGTGGTT

SD M N E F P V V L V I N C G
orfiX

3610 3620 3630 3640 3650 3660

CGTCTTCGATTAAGTTTTCCGTGCTCGATGCCAGCGACTGTGAAGTATTAATGTCAGGTA
S S S I K F S V L D A S D C E V L M S G

3670 3680 3690 3700 3710 3720
TTGCCGACGGTATTAACTCGGAAAATGCATTCTTATCCGTAAATGGGGGAGAGCCAGCAC
I A D G I N S E N A F L S V N G G E P A

3730 3740 3750 3760 3770 3780
CGCTGGCTCACCACAGCTACGAAGGTGCATTGAAGGCAATTGCATTTGAACTGGAAAAAC
P L A H H S Y E G A L K A I A F E L E K

3790 3800 3810 3820 3830 3840
GGAATTTAAATGACAGTGTGGCCTTAATTGGCCACCGCATCGCTCACGGCGGCAGTATTT
R N L N D S V A L I G H R I A H G G S I

3850 3860 3870 3880 3890 3900
TTACCGAGTCCGCCATTATTACCGATGAAGTCATTGATAATATCCGTCGCGTTTCTCCAC
F T E S A I I T D E V I D N I R R V S P

3910 3920 3930 3940 3950 3960
TGGCACCCCTGCATAATTACCCCAATTTAAGTGGTATTGAATCGCGCAGCAATTATTTCC
L A P L H N Y P N L S G I E S R S N Y F

3970 3980 3990 4000 4010 4020
GGGCGTAACTCAGGTGGCGCTATTTGATACCAGTTTCCACCAGACGATGGCTCCGGAAGC
R A U

4030 4040 4050 4060 4070 4080
TTATTTATACGGCCTGCCGTGGAAATATTATGAAGAGTTAGGTGTACGCCGTTATGGTTT

4090 4100 4110 4120 4130 4140
CCACGGCACGTCGCACCGCTATGTTTCCCAGCGCGCACATTCGCTGCTGAATCTGGCGGA

4150 4160 4170 4180 4190 4200
AGATGACTCCGCCCTGGTTGTGGCGCATCTTGGCAATGGCGCGTCAATCTGCGCGGTTCG

4210 4220 4230 4240 4250 4260
CAACGGTCAGAGTGTTGATACCTCAATGGGAATGACGCCGCTGGAAGGCTTGATGATGGG

4270 4280
TACCCGCAGTGGCGATGTCGAC

FIG. 2. Nucleotide sequence of the 3'-flanking region of the tdcB gene. The nucleotide numbers were assigned beginning with the endpoint
of pTG122 DNA (7). The 3' end of the tdcB coding region is shown at the top left; the complete sequence of tdcB has previously been
published (3). The bases underlined and marked SD and -10 represent homology with the Shine-Dalgamo sequence and the consensus

Pribnow box, respectively. The deduced amino acid sequences of tdcC and ORFX are also shown. Stretches of hydrophobic residues in the
tdcC open reading frame are underlined.

RESULTS AND DISCUSSION

Nucleotide sequence. In earlier experiments (3, 6, 7), a

6.2-kb EcoRI fragment of E. coli DNA, cloned in this
laboratory, was found to contain the threonine dehydratase
gene (Fig. 1). The nucleotide sequence of an approximately
2.5-kb segment of this DNA from plasmid pTG122 (3, 7)
revealed an untranslated sequence of 159 nucleotides har-
boring the functional promoter P1, followed by the coding
regions of tdcA (nucleotides 160 through 1095) and tdcB
(nucleotides 1197 through 2183). The sequence data also
suggested a potential open reading frame beyond the tdcB
gene (Fig. 1). To determine the nucleotide sequence farther

downstream, plasmid pTG11 was constructed that contained
a 2.6-kb BglII-EcoRI right-arm fragment of pEC61 (Fig. 1).
Figure 2 displays the nucleotide sequence of 2,121 bp (from
nucleotides 2161 through 4282) that overlaps with seven

codons at the 3' end of the tdcB reading frame (3). A
computer-aided analysis of possible open reading frames in
all three phases on both strands revealed two potential
coding sequences in this DNA segment: a 1,293-bp region
(designated tdcC) 24 nucleotides downstream from the end
of the tdcB gene and a 405-bp sequence (tentatively named
ORFX) separated by an untranslated region of 60 nucleo-
tides from tdcC. Only one other potential coding sequence of
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any significant length (90 nucleotides, between nucleotides
4143 and 4232) was found, 178 bp downstream from ORFX.
Based on the sequence data, the small untranslated region
between tdcB and tdcC does not appear to have a strong
promoterlike element, although it contains a consensus
Shine-Dalgarno sequence (21) at nucleotides 21% through
2206 that is capable of binding ribosomes. On the other hand,
the noncoding region between tdcC and ORFX contains a
recognizable -10 sequence (around nucleotide 3535), typical
of a procaryotic promoter (10), and a purine-rich strong
ribosome-binding site (nucleotides 3544 through 3554). In
addition, a 38-bp sequence was noted between nucleotides
3969 and 4006 immediately after the stop codon of ORFX,
which is capable of forming a stem-loop structure in the
transcribed RNA (data not shown). However, the role of this
structure in the regulation of transcription of the preceding
coding regions remains to be deciphered.

Si nuclease mapping. From the initial sequence data and
deletion studies of the 5'-flanking region of the tdcB gene,
Goss and Datta (7) postulated the presence of two promot-
erlike elements: P1, near nucleotide 120, approximately 40
bp upstream from the translation-start site of tdcA; and P2,
around nucleotide 900, located within the coding region of
tdcA near the 3' end (Fig. 1). Further, P1 was shown to be
necessary and sufficient for dehydratase expression, and P2
by itself had no apparent significant role in TdcB synthesis.
These results were interpreted to mean that transcription of
mRNA for both tdcA and tdcB was initiated from P1. The
24-bp sequence between tdcB and tdcC lacked a consensus
promoter (Fig. 2), raising the possibility that P1 and/or P2
might be involved in transcription of the tdcC gene. In view
of this, we examined the in vivo function of these putative
promoters by Si nuclease mapping experiments using appro-
priate probes specific for P1 and P2 (see Materials and
Methods). The results showed one major transcription start
site from two adjacent nucleotides in P1 (Fig. 3A), and two
closely spaced regions of transcription initiation in P2 (Fig.
3B), in addition to several weak bands representing tran-
scription of a few RNA molecules, especially from the P2
region. A comparison of relative band intensities on autora-
diographs of the protected DNA fragments from P1 and P2
(having equivalent radioactivity; see legend to Fig. 3) tends
to suggest that the amount of in vivo transcripts originating
from the P2 promoter is quite small. Control experiments
revealed relatively weak bands at the same positions with
RNA extracted from cells without the plasmid (Fig. 3, lane 3)
and lack of Si protection when tRNA was used for hybrid-
ization (Fig. 3A, lane 5; Fig. 3B, lane 1). The use of mung
bean nuclease in place of Si appeared to result in slightly
longer protected DNA fragments (Fig. 3A, lane 1; Fig. 3B,
lane 2), which is consistent with the milder digestion char-
acteristics of this nuclease of single- or double-stranded
junctions (16).

Figure 4 displays the nucleotide sequence of DNA around
promoter P1 and P2 (7). Based on the relative banding
patterns with both mung bean and Si nucleases (see above),
we can tentatively assign the transcription initiation sites at
G-129 and C-130 in P1 and at T-876, T-884, and T-887 in P2;
the exact nucleotides involved in the initiation of RNA
synthesis from these promoters, however, must be con-
firmed by other means. It is noteworthy that both of these
transcription start sites are preceded by the consensus -10
and -35 regions presumed to bind RNA polymerase mole-
cules. Because transcription initiation at pyrimidines, espe-
cially at a cluster of sites as seen in P2 and in several other E.
coli promoters (10), is generally indicative of weak promot-

A
1 2 3

c

125 T
C
Ax
T
G _
C

T
C
A _
A

G
A

140 G /
G

B

4 5 6

I.'

1 2 3 4 5

t 870
_ / ~C

T

A
A

f". T
G
C
T
G 880
A
T
T
T

T
T
A
A

:.. .C 890
Ad

FIG. 3. Si mapping of transcription start-sites. (A) For the P1
promoter, 0.03 pmol (about 30,000 cpm) of a 527-bp EcoRI-HpaI
fragment was hybridized at 42°C with 100 gLg of RNA and treated
with nucleases as follows (lanes): 1, 4, or 6, RNA from
JM103(pEC61) and 200 U of mung bean nuclease, 200 U of S1, or 50
U of Si, respectively; 3, RNA from JM103 and 200 U of Si; 5, yeast
RNA and 200 U of Si; 2, A+G sequence ladder of labeled DNA
(60,000 cpm). (B) For the P2 promoter, 0.03 pmol (about 30,000 cpm)
of a 433-bp HindIII-AccI fragment was hybridized at 37°C with 100
,ug of RNA and treated with nucleases as follows (lanes): 1, yeast
RNA and 200 U of S1; 2 or 5, JM103(pEC61) RNA and 200 U of
mung bean nuclease or Si, respectively, 3, JM103 RNA and 200 U
of S1; 4, A+G sequence ladder of labeled DNA with 60,000 cpm.
After hybridization and nuclease treatment, the samples were dena-
tured and electrophoresed through 6% polyacrylamide sequencing
gel and subjected to autoradiography. A correction of one nucleo-
tide downward was made in comparing the nuclease protected bands
with the sequence ladder displaying the noncoding strand.

er-polymerase interactions (25), it is not surprising that
relatively few in vivo transcripts were found to originate
from P2 (Fig. 3B). In any event, the significance of the two
promoters, especially P2, which is located within the coding
sequence of tdcA, remains unclear, particularly when P2 by
itself is not sufficient for tdcB expression (7). It is possible to
envisage that active transcription from P2 requires simulta-
neous transcription from P1; alternatively, the region around
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Pi 160 tdc A P2 tdc8

__
A B C D E

70 8007080 CAP 90 100
GAAAGTTAATTTGTGAGTGGTCGCACATATC

-35110 120 130

Pi CTGTTCATTTCATTTTGATACACTTCATGCC
-lo

140 150 160

G T C AA T G AG G T AA T TA A C G TAG G T C G T T ATG
SD SD met

820 830 840

AT T G A A A A CA rC G T TA A A A C C G A C T C A G T C
-35

850 860 870

P2 G T GA C AA T T TAT A AT C T T G TTCGT C A AT G CT
-I0

880 890 900

GA T T TC T TAAC T G TA ATT CC T TG T G AT ATG

FIG. 4. Identification of transcription start sites. The hatched
boxes show the locations of the two promoters, P1 and P2, in the tdc
DNA; the nucleotide sequence of these regions is taken from Goss
and Datta (7). From the Si mapping data of Fig. 3, the transcription
of mRNA in P1 may occur from two adjacent nucleotides, G129 and
C130; transcription in P2 may initiate at three sites within a 12-bp
sequence, T876, T84, and T887. CAP and SD represent the consensus
cyclic AMP-catabolite gene activator protein-binding site and Shine-
Dalgarno sequence, respectively.

P2 may have a regulatory role in influencing transcription
from P1. If this is true, either of these mechanisms might
provide a means to control of level of tdcB gene expression
over that of tdcA under specific physiological conditions.

Expression of the tdc gene products. Goss and Datta (7)
reported that the plasmid pTG4B, which extended up to the
Pstl site, about one-third into the coding region of the tdcC
gene (Fig. 1), expressed TdcA and TdcB polypeptides in
minicells, whereas plasmids containing deletions and frame-
shift mutation in the tdcA reading frame produced the
threonine dehydratase polypeptide only. Furthermore, dele-
tion of the potential catabolite gene activator protein-binding
site in P1 in pTG107 (7) prevented dehydratase synthesis.
These and other results led to the notion that both tdcA and
tdcB are transcribed as a single transcription unit from P1.
The nucleotide sequence in Fig. 2 revealed that both tdcC
and ORFX are preceded by strong Shine-Dalgarno se-
quences for ribosome binding and as such are capable of
initiating translation of polypeptides of 47,000 and 14,000
daltons, respectively, as calculated from the deduced amino
acid sequences of their coding regions. Plasmid-directed
expression of various polypeptides in minicells was exam-
ined to decide whether these polypeptides are indeed syn-
thesized in vivo, and whether tdcC and ORFX belong to the
same transcriptional unit with tdcA and tdcB.

Figure 5 displays the patterns of polypeptide synthesis in
minicells by plasmids pRS124 and pSH228; the extent of
chromosomal DNA carried by these plasmids is shown in
Fig. 1. It is evident that pRS124 directed the synthesis of
three polypeptides (lane B) of 16, 38, and 45 kilodaltons
(16K, 38K, and 45K polypeptides, respectively), in addition
to the vector-encoded products (lane A). On the other hand,
plasmid pSH228, carrying an insertion within the tdcB gene,
did not express the 38K and 45K polypeptides but synthe-
sized the 16K polypeptide and a new polypeptide of about
20K (lane C). We can make several conclusions from these
results. (i) As reported earlier (3, 7), the 38K polypeptide
appears to be the tdcB gene product. Its position on the gel
is in good agreement with the calculated molecular weight of

FIG. 5. Plasmid-directed polypeptide synthesis in minicells. Pu-
rification and labeling of minicells are described in Materials and
Methods. Lanes: A, vector pUC13; B and D, pRS124; C and E, pSH
228. bla, P-Lactamase. The positions of the TdcB and TdcC
polypeptides and of a truncated TdcB polypeptides are indicated.
Lanes D and E are the same as B and C but were overexposed to
visualize the TdcC polypeptide. Marker proteins (not shown) in-
cluded P-galactosidase (Mr 116,000), phosphorylase b (M, 97,000),
bovine serum albumin (Mr 67,000), ovalbumin (M, 45,000), carbonic
anhydrase (M, 29,000), and lysozyme (M, 14,400).

35,238 from the amino acid composition of threonine dehy-
dratase (3); furthermore, the absence of this polypeptide and
the appearance of a new 20K polypeptide, seen with
pSH228, is consistent with the presence of a truncated
product of this size due to interruption of the tdcB reading
frame at the BglII site by the Kanr cassette (Fig. 1). (ii) The
45K polypeptide expressed in pRS124 most likely represents
the tdcC gene product, a highly hydrophobic polypeptide of
47,000 daltons. The plasmid pSH228 did not synthesize this
polypeptide in minicells, presumably because insertion of
the Kanr cassette in tdcB (in opposite transcriptional orien-
tation) is likely to exert a strong polar effect on tdcC gene
expression. These results, taken together with the previous
findings that both tdcA and tdcB are transcribed from P1 (7),
suggest that all three genes, tdcA, tdcB, and tdcC, belong to
the same operon. It should be mentioned in this context that
the tdcA-encoded polypeptide of 35,000 daltons cannot be
detected in this gel system because of its relatively weak
expression in minicells (7) and the relative positions of the
vector-directed polypeptides. (iii) The 16K polypeptide ob-
served in both pRS124 and pSH228 appears to derive from
ORFX as judged from its molecular size calculated from the
deduced amino acid sequence (Fig. 2). Because the synthesis
of this polypeptide was not reduced in pSH228, it most likely
does not represent a tdc gene product.

Characterization of the Tdc polypeptides. The amino acid
composition of the deduced polypeptides encoded by tdcC
and ORFX are given in Table 2 (along with those of TdcA
and TdcB polypeptides for comparison). The predicted
TdcC polypeptide with 431 amino acid residues appears
highly hydrophobic, with 46% of the total amino acid resi-
dues that are hydrophobic in nature; interestingly, these
amino acid residues are not randomly distributed but are
found in small clusters mostly in the N-terminal half of the
polypeptide (underlined residues in Fig. 2). A hydropathy
plot of TdcC made by the method of Kyte and Doolittle (12)
(Fig. 6) supports this notion and further suggests that this
protein with several alternating domains of hydrophobic and
hydrophilic stretches is most likely to be found in the E. coli
membrane. The amino acid compositions of the other poly-
peptides, on the other hand, do not reveal any unusual
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TABLE 2. Amino acid composition of various polypeptides

Amino No. (%) of residues in:
acid tdcAb tdcBc tdcC ORFX

Ala 18 (5.8) 28 (8.5) 35 (8.1) 14 (10.4)
Arg 12 (3.8) 16 (4.8) 12 (2.8) 6 (4.4)
Asn 14 (4.5) 14 (4.2) 15 (3.5) 11 (8.1)
Asp 8 (2.6) 21 (6.4) 11 (2.6) 6 (4.4)
Cys 3 (1.0) 6 (1.8) 7 (1.6) 2 (1.5)
Gin 13 (4.2) 9 (2.7) 6 (1.4) 0 (0)
Glu 24 (7.7) 18 (5.5) 12 (2.8) 10 (7.4)
Gly 18 (5.8) 33 (10.0) 32 (7.4) 10 (7.4)
His 2 (0.6) 6 (1.8) 5 (1.2) 5 (3.7)
Ile 21 (6.7) 34 (10.3) 37 (8.6) 13 (9.6)
Leu 32 (10.2) 21 (6.4) 53 (12.2) 12 (8.9)
Lys 16 (5.1) 18 (5.5) 18 (4.2) 3 (2.2)
Met 10 (3.2) 9 (2.7) 16 (3.7) 2 (1.5)
Phe 15 (4.8) 9 (2.7) 35 (8.1) 6 (4.4)
Pro 12 (3.8) 10 (3.0) 15 (3.5) 5 (3.7)
Ser 31 (9.9) 23 (7.0) 38 (8.8) 16 (11.9)
Thr 23 (7.4) 17 (5.2) 28 (6.5) 2 (1.5)
Trp 2 (0.6) 0 (0) 9 (2.1) 0 (0)
Tyr 9 (2.9) 8 (2.4) 14 (3.2) 3 (2.2)
Vai 29 (9.3) 29 (8.8) 33 (7.7) 9 (6.7)
a Results for hydrophobic amino acids (Ile, Leu, Met, Phe, Trp, Tyr, and

Val) were as follows: for tdcA, 37.8%; for tdcB, 33.4%; for tdcC, 45.7%; for
ORFX, 33.3%.

b See reference 7.
c See reference 3.

features except that the putative polypeptide encoded by
ORFX lacks glutamine and tryptophan; it may be recalled
that the threonine dehydratase polypeptide (TdcB) also lacks
tryptophan but is posttranslationally modified by this amino
acid (3).
The efficiency of translational elongation of the polypep-

tides was estimated by examining the bias in codon usage
among synonymous codons (8, 9). Table 3 shows the codon
usage for each of the four open reading frames. In general,
similar codon preferences were observed among these read-
ing frames, with some notable exceptions: for example,
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-J
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UUA and CUG for Leu were used most frequently in all but
tdcC, where CUG was preferred; AUC for Ile was the
dominant codon in tdcC; AAU was the most frequently used
codon for Asn in tdcA and ORFX, whereas AAC was
preferred in tdcB and tdcC; and GGU for Gly was used
largely in tdcA. A comparison of average codon preference
values for the five genes of the E. coli trp operon (27) with
that of the three tdc reading frames and of ORFX shows
some differences in the average frequency of codon usage
(Table 3). A calculation of codon preference statistics, P
(which is a measure of bias in codon usage), with the
bacterial highly expressed codon usage data of Grantham et
al. (8), yielded P values of 0.870, 0.967, and 0.973 for tdcA,
tdcB, and tdcC, respectively. When these are compared with
P values of 1.658 for the highly expressed lpp gene, 0.865 for
the intermediately expressed lacY gene, and 0.618 for the
weakly expressed trpR gene, it is evident that the efficiency
of translation of the tdc mRNAs was at the intermediate
level of expression.
The four polypeptides coded by the open reading frames in

the tdc region appear to bear no structural resemblance with
each other. From the amino acid composition it is clear that
only the tdcC polypeptide is highly hydrophobic. Efforts to
find similarity of the deduced amino acid sequences among
these polypeptides with the MicroGenie program yielded
negative results, indicating that no gene duplication or
recombination occurred within or between their coding
sequences. A computer search of the GenBank database
(updated in 1987) failed to detect similarity of tdcA, tdcC, or
ORFX products with any other known proteins. On the
other hand, as described earlier (3), a significant sequence
homology exists between the biodegradative threonine de-
hydratase (coded by the tdcB gene) and the biosynthetic
threonine dehydratases of E. coli (ilvA) and Saccharomyces
cerevisiae (ILVI) and the E. coli D-serine dehydrase (dsdA).
Thus, the polypeptides coded by tdcA, tdcC, and ORFX
represent three new proteins in E. coli whose catalytic
characteristics and metabolic roles remain to be uncovered.

I I* I 1

50 1 00 1 50 200 250 300 350 400
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FIG. 6. Computer-generated hydropathy plot (12) of the tdcC-encoded polypeptide. Positive values indicate hydrophilicity, and negative
values represent hydrophobicity.
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TABLE 3. Codon usage in tdcABC and in ORFX of E. colia TABLE 3-Continued

Amino % Utilization in:
acid Codon

tdcA tdcB tdcC ORFX trpEDCBA

Phe UUU 67 (10) 56 (5) 46 (16) 67 (4) 52
UUC 33 (5) 44 (4) 54 (19) 33 (2) 48

Leu UUA 40 (13) 38 (8) 4 (2) 42 (5) 11
UUG 16 (5) 0 (0) 11 (6) 17 (2) 13
CUU 16(5) 5(1) 8(4) 0(0) 8
CUC 6 (2) 10 (2) 6 (3) 8 (1) 9
CUA 0 (0) 0 (0) 0 (0) 0 (0) 4
CUG 22 (7) 47 (10) 71 (38) 33 (4) 54

Ile AUU 63 (13) 71 (24) 38 (14) 85 (11) 60
AUC 28 (6) 24 (8) 62 (23) 15 (2) 38
AUA 10 (2) 5 (2) 0 (0) 0 (0) 2

Met AUG 100 (10) 100 (9) 100 (16) 100 (2) 100

Val GUU 28 (8) 24 (7) 33 (11) 45 (4) 26
GUC 17 (5) 34 (10) 15 (5) 11 (1) 20
GUA 17 (5) 7 (2) 10 (3) 22 (2) 12
GUG 38 (11) 34 (10) 42 (14) 22 (2) 42

Ser UCU 23 (7) 26 (6) 29 (11) 12 (2) 15
UCC 16 (5) 35 (8) 29 (11) 19 (3) 20
UCA 19 (6) 9 (2) 5 (2) 6 (1) 10
UCG 16 (5) 0 (0) 16 (6) 25 (4) 18
AGU 16 (5) 17 (4) 3 (1) 19 (3) 13
AGC 10 (3) 13 (3) 18 (7) 19 (3) 23

Pro CCU 42 (5) 20 (2) 20 (3) 0 (0) 12
CCC 0(0) 0(0) 7 (1) 20(1) 14
CCA 8 (1) 40 (4) 20 (3) 40 (2) 17
CCG 50 (6) 40 (4) 53 (8) 40 (2) 57

Thr ACU 30 (7) 18 (3) 25 (7) 0 (0) 14
ACC 26 (6) 47 (8) 32 (9) 100 (2) 48
ACA 22 (5) 12 (2) 14 (4) 0 (0) 11
ACG 22 (5) 23 (4) 29 (8) 0 (0) 27

Ala GCU 11 (2) 32 (9) 14 (5) 14 (2) 14
GCC 28 (5) 7 (2) 29 (10) 36 (5) 34
GCA 33 (6) 25 (7) 26 (9) 43 (6) 17
GCG 28 (5) 36 (10) 31 (11) 7 (1) 35

Tyr UAU 78 (7) 50 (4) 57 (8) 33 (1) 61
UAC 22 (2) 50 (4) 43 (6) 67 (2) 39

His CAU 50 (1) 50 (3) 40 (2) 20 (1) 51
CAC 50 (1) 50 (3) 60 (3) 80 (4) 49

Gln CAA 62 (8) 56 (5) 33 (2) 0 (0) 36
CAG 38 (5) 44 (4) 67 (4) 0 (0) 64

Asn AAU 71 (10) 36 (4) 27 (4) 82 (9) 40
AAC 29 (4) 64 (9) 73 (11) 18 (2) 60

Lys AAA 75 (12) 94 (17) 83 (15) 33 (1) 82
AAG 25 (4) 6 (1) 17 (3) 67 (2) 18

Asp GAU 75 (6) 62 (13) 36 (4) 50 (3) 64
GAC 25 (2) 38 (8) 64 (7) 50 (3) 36

Glu GAA 67 (16) 100 (18) 75 (9) 80 (8) 68
GAG 33 (8) 0 (0) 25 (3) 20 (2) 32

Cys UGU 67 (2) 50 (3) 29 (2) 100 (2) 45
UGC 33 (1) 50 (3) 71 (5) 0 (0) 55

Trp UGG 100 (2) 0 (0) 100 (9) 0 (0) 100

Amino % Utilization in:
Codonacid tdcA tdcB tdcC ORFX trpEDCBA

Arg CGU 25 (3) 38 (6) 67 (8) 17 (1) 30
CGC 8 (1) 31 (5) 25 (3) 50 (3) 59
CGA 25 (3) 19 (3) 0 (0) 0 (0) 5
CGG 8 (1) 0 (0) 8 (1) 33 (2) 3
AGA 25 (3) 12 (2) 0 (0) 0 (0) 3
AGG 8 (1) 0 (0) 0 (0) 0 (0) 1

Gly GGU 61 (11) 46 (15) 44 (14) 50 (5) 38
GGC 17 (3) 42 (14) 44 (14) 30 (3) 42
GGA 0 (0) 6 (2) 6 (2) 10 (1) 10
GGG 22 (4) 6 (2) 6 (2) 10 (1) 11

End UAA 100 (1) 100 (1) 60
UAG 100 (1)
UGA 100 (1) 40

a Percentage utilization in each codon family is shown; numbers in paren-
theses represent absolute values. For comparison, the average frequencies for
trpE, trpD, trpC, trpB, and trpA coding regions of E. coli (27) are given.

In summary, nucleotide sequence, transcript mapping,
expression of polypeptides, and other data clearly indicate
that the transcription of tdc mRNA encoding three distinct
genes is initiated from a single functional promoter, P1, and
that tdcB, the structural gene of the biodegradative threonine
dehydratase, is the second gene in this polycistronic mRNA.
This was an unexpected finding, and the chromosomal
organization of these genes as well as their common tran-
scriptional regulation implicates a novel operon in E. coli
whose gene products may cooperate biochemically to con-
stitute a pathway for anaerobic threonine metabolism. Ex-
periments are in progress to analyze the physiological func-
tions of these proteins in the context of anaerobic energy
metabolism in the coliaerogenes group of bacteria.
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