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The sequence of traK gene of the F sex factor of Escherichia coli is presented; the traK gene product is
predicted to be a protein of 25,627 Da with a signal sequence of 21 amino acids to give a mature protein of
23,307 Da. The traK4 mutation is an extremely polar mutation in the F plasmid that affects F pilus synthesis
and plasmid transfer. traK genes carrying the traK4 mutation and a nonpolar mutation traKi05 were cloned,
sequenced, and identified as an amber nonsense and a frameshift mutation, respectively. The traK4 mutation
occurred within one predicted rho-dependent transcription termination element (TTE) and immediately
upstream of another, while the traKi05 mutation occurred after the two potential TTEs within the traK gene.
S1 nuclease protection analysis and Northern (RNA) blot analysis were used to confirm that the traK4
mutation, but not the traKi05 mutation, caused premature termination of transcription. Computer analysis of
the F transfer region suggested the presence of TTE motifs at regular intervals throughout the 33.4-kb
sequence.

The F plasmid is a self-transmissible plasmid, approximately
100 kb in size, with the genes required for transfer located
within a 33.4-kb region adjacent to the origin of transfer (for a
review of conjugation, see references 8, 13, and 36). At least 15
of the 28 genes known to be required for transfer are involved
in pilus synthesis and assembly (8, 13). These genes are
encoded within the transfer (tra) operon, which has been
estimated to have a maximum length of 31.5 kb (8, 33). The tra
operon is regulated by the TraJ transcriptional activator, which
positively controls the expression of tra genes from the Py
promoter.

Early experiments suggested that the Py transcript extends
from traY through traI (Fig. 1). Recent work has identified a
number of promoters in distal tra operon genes, and it is
presently unclear where the Py transcript ends (13). Neverthe-
less, this transcript is predicted to be long, with the next known
promoter within the transfer region occurring before the trbF
gene, nearly 16 kb downstream from the Py promoter (11).

Flac traK4 and Flac traK105 (JCFL4 and JCFL105, respec-
tively) are two transfer-deficient mutants of the F plasmid;
tra-4 (later known as Flac traK4) was shown to contain an
amber-suppressible mutation and was predicted to lie within
traK, while Flac traK105 was predicted to contain a frameshift
mutation (2, 3, 34). Complementation tests with F tra amber
mutants indicated that the traK4 mutation was extremely polar
and affected expression of genes in the interval from traK
through traG (12) (Fig. 1). By using a series of Hfr strains
carrying deletions extending into the transfer region, the
position of this polar mutation was confirmed to be within the
traK gene (35).

Recently, the salient features of rho-dependent termination
in Escherichia coli have been characterized (19, 37). A se-
quence motif common to all rho-dependent terminators char-
acterized thus far, consisting of a region of high cytosine-over-
guanosine content, or C>G-rich bubble, prior to the 3' end of
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a terminated transcript has been described (5). It was subse-
quently shown that any DNA fragment bearing this consensus
motif could activate rho-mediated release of transcripts in the
absence of translation, regardless of its physiological role (21).
Richardson (19, 20) has proposed that intragenic rho-depen-
dent terminators act to prevent further transcription of long
inessential operons during times of stress. Thus, when a
transcript containing a latent rho-dependent transcriptional
terminator is no longer being translated, the transcriptional
termination signal is recognized and transcription ceases.

In this report, we present the sequence of the F traK gene,
identify the positions of the polar traK4 and the nonpolar
traK105 mutations in the Flac plasmid JCFLO, and character-
ize their effect on transcription. Alifano et al. (5) have pro-
posed a consensus sequence for intragenic rho-dependent
terminators based on a computer algorithm for DNA sequence
analysis. Using a similar program, we predicted the presence of
possible transcription termination elements (TTEs) within the
transfer operon and used the traK mutations to test the validity
of these predictions. We have shown that the traK4 mutation
occurs before a predicted termination signal, while the traK105
mutation is located after both predicted TTEs in the traK gene.
In addition, we verified the positions of the 3' ends of the
transcripts by using Si nuclease analysis and found that
premature termination hastened the rate of degradation of
traK4 transcripts, possibly by subtle alterations in the second-
ary structure.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Bacterial strains
used in transformations were E. coli DH5a [supE44 AlacUJ69
(+80 lacZAM15) hsdR17 recAl endAl gyrA95 thi-I reLA1],
MV1193 {A(lac-proAB) rpsL thi endA sbcB15 hsdR4 A(srl-
recA)306::Tn10(Tetr) F' [traD36 proAB+ lacIq lacZAM15]},
BL21 (hsdS gal [AcIts857 indl Sam 7 ninS lacUV5-T7 gene 1]),
and HB101 (supE44 hsdS20 recA13 ara-14 proA2 lacYl galK2
rpsL20 xyl-5 mtl-1). M176, used as the donor strain for mating
assays, contains the F plasmid, JCFLO (2), in E. coli JC3272
(F - lac AX74galK his trp lys str xr T6r), while E. coli ED24 (F -
Lac - Spcr) was the recipient. Plasmids Flac traK4 (JCFL4) and
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FIG. 1. Genetic map of the transfer region of the conjugative
plasmid F, including the positions of C>G bubbles or potential TTEs.
Arrows above the open reading frames indicate the location of TTEs;
small arrows represent bubbles for which the percentage of C's is less
than two times greater than the percentage of G's, and large arrows

represent bubbles for which the percentage of C's is more than two
times the percentage of G's. The scale represents the number of
kilobases from the BglII site located 141 nt upstream of oriT. tra genes
capitalized; trb genes are in lowercase. Two counter transcripts, finP
and artA, are indicated. IS3 represents the insertion element that
interrupts the finO gene of the F plasmid.

Flac traK105 (JCFL105) have been described elsewhere (2,34)
and were supplied by N. S. Willetts and K. Ippen-Ihler,
respectively; pKO4 and pKL200 were obtained from N. Wil-
letts and are related to plasmids developed by McKenney et al.
(17). Plasmids plTQ18 and pTTQ19 (26) were purchased
from Amersham, and LB (Luria-Bertani) broth was as previ-
ously described (15).
Recombinant DNA techniques and reagents. Restriction

and DNA modification enzymes were purchased from Boehr-
inger Mannheim and, unless otherwise stated, were used
according to the manufacturer's instructions. The wild-type
traK gene was subcloned from pRS27 (25), using convenient
restriction sites (8), into M13mpl8 (38) by standard methods
and sequenced by the chain termination method (24), using a

Sequenase sequencing kit (United States Biochemical Corp.).
Two primers of sequences 5'-GACCTGGCTGGATAAT[
TCG-3' and 5'-AGCCACAGGTACTGCTTlGCG-3' (Fig. 2)
were used in the PCR to amplify an 850-bp fragment contain-
ing the entire traK gene from purified F plasmid DNA isolated
from M176 and JC3272 containing each of the two mutant F
plasmids. The amplified fragments were then treated with
Klenow enzyme and T4 polynucleotide kinase and were ligated
into SmaI-digested pUC118 (30). These constructs were trans-
formed into E. coli MV1193, and single-stranded DNA was

prepared for sequencing (30). Plasmid pSPK1 contained the
wild-type traK gene oriented away from the lac promoter, while
pSPK4 and pSPK5 contained the traK4 and traKi05 genes,

1 . PrmrI . RBS . Start . StoptaE) 50
GACCTGGCTGGATAATTTCGGGGAACAGACGatgAGAAAAAAtaaTACG

N R K N N T
PstI 100

GCAATAATATTCGGGAGCCTG-TTT CCTGCAGCGTGATGGCCGCAAA
AI I F G S L F F S C S V K A A N

. U E1-- 150
CGGTACGCTGGCCCCCACCGTGGTGCCAATGGTGAACGGTGGTCAGGCCA
G T L A P T V V P M V N G G E A
.----------aBstEll 200

GTATTGCCATCAGCAATACCAGCCCGATCTGTTTACCGTTCCCGGTGAC
S I A I 8 N T S P N L F T V P G D

.A-T. 250
CGGATTATCGCCGTGAACAGTCTGGATGGTGCCCTGACCAATAATGAGCA
RI I A V N S L D G A L T N N EQ

_ * __L _ _ *_L _ 300
GACCGCCTCCGGCGGTGTGGTGGTTGCCACCGTCAACAAAAAGCCCTTTA

T A S G G V V V A T V N K K P F
____-_ ____.- ---------350
CGTTCATTCTGGAAACAGAACGTGGTCTGAATCTTTCCATTCAGGCCGTT
T F I L E T E R G L N L S I N A V

* * ;@*~~1 400
CCCCGTGA&GGCGCGGGGCGTACCATTCAGCTGGTCAGTGACCTGCGCGG
P R E G A G R T I Q L V S D L R G

T.E2____. 450
AACCGGAGAAGAAGCCGGTGCGTGG lACGCCACICTTACGAATCCC

T G E E A G A T E T S p Y E
___ _ _* ____* __!'_* _ _ 500

TGCTTGTAACCATCAGCCAGGCCGTCCGTGGCGGA AATTACCCGCAGGC
L L V T I S Q A V R G G K L P A G

WYQV PV T R E L Q A fA G L
600

GTCTTCAGTGGCAGATGCCGTATGGMCGGGGKATCACCTGAGATGGTCC
S S V A D A V W T G N E L K N V

650
GCTTTGCCGTGGAA&TAAAACGCTGTCTGCCCTGRATATCCGGGAAAGT
R F A VE F" T L S A L N I R E S

GACTTCTGGCAGCCTTTAACCCGTGCCGTG&TGTTCAGCCAGCCTGCCAG
D F W Q P G T R A V N F S Q P A S
I ~~~~~~~~~~750

CCAGTTACTGGCAGGTGCGCGCATGGATGTGTATGTCATCCGTGACGGGG
Q L L A G A R M D V Y V I R D G

ES S*S*tn PfIms2 800
AGGGCAACtgatgGcCAGTATCAATACCATTGTGAAACGdA&GCAGTACC
E G N

TGTGGCT

FIG. 2. Nucleotide sequence of the traK gene of the F plasmid. The
traK4 and traKi05 mutations are indicated at nt 249 and 541, respec-
tively; the PCR primers 1 and 2 and oligonucleotide SPE4 are
underlined. Lowercase letters indicate the overlapping start and stop
codons of traK and traE, respectively, as well as the overlapping stop
and start codons of traK and traB, respectively. RBS indicates ribosome
binding sites for traK and traB. The stop codons found in traK4 and
traK105 are double underlined. In addition, the two potential TTEs are
indicated by overbars. The open arrows denote the 3' ends of the
truncated transcripts found by Si nuclease analysis of the wild-type
and K105 traK genes, while the filled arrow indicates the 3' end of the
traK4 transcript.

respectively, oriented in the same direction as the lac pro-
moter. The BamHI-EcoRI fragments from pSPK1, pSPK4, and
pSPK5 were cloned into pTTQ18 and pTTQ19 vectors (26) to
create plasmids pQSK1, pQSK4, and pQSK5, respectively,
such that the traK gene was aligned with the tac promoter.
Assay for transfer efficiency. Plasmid transfer ability was

quantitated by the procedure of Frost et al. (9). Donor cells (E.
coli JC3272 containing wild-type JCFLO, Flac traK105, or Flac
traK4 and either pSPK1, pSPK4, or pSPK5) and recipient cells
(E. coli ED24) were grown to mid-log phase in LB broth at
37°C, and 0.1 ml of each was mixed together with 1.0 ml of
fresh broth. The cells were incubated at 37°C for 1 h, diluted
100-fold in 1 x SSC (0.15 M NaCl plus 0.015 M sodium
citrate), vortexed to interrupt mating, and plated on selective
media after further dilution.
galK assay. The assay to measure galK activity was per-

formed as described previously (17) except that the specific
activity of the [14C]galactose was 59.6 mCi/mmol and the
background strain was E. coli HB101. The units were expressed
as nanomoles of galactose phosphorylated per minute per unit
of optical density of cells at 650 nm.
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Computer-predicted termination sites. By using the param-

eters suggested by Alifano et al. (5), a computer program for
the IBM PC was written in Turbo Pascal to assess the presence

of possible termination sites within the entire F transfer region.
TlEs were defined as regions of at least 78 nucleotides (nt)
where the percentage of cytosine residues was greater than the
percentage of guanosine residues. Details of the program and
the program itself are available upon request.
RNA preparation. Cells (1.5 ml) containing pQSK1, pQSK4,

or pQSK5 were induced for 3 min by the addition of IPTG
(isopropylthiogalactoside) to a final concentration of 0.5 mM
followed by the addition of rifampin to a final concentration of
200 jig ml -1 for 2 min. RNA was prepared by the modified hot
phenol extraction method described previously (7).

Si nuclease analysis. Nuclease protection experiments were
carried out by using the 337-bp BstEII-PstI (Fig. 2) fragment as

a probe. The fragment was labeled with [a- 2P]dATP, using
Klenow enzyme to fill in the recessed 3' end of the BstEII site
(15), and purified by passage through a Bio-Gel P-30 column.
Hybridization of 0.1 pmol of probe to 50 ,ug of total RNA was

allowed to proceed overnight at 50°C prior to treatment with
400 U of S1 nuclease. Maxam and Gilbert sequencing reactions
(16) were carried out simultaneously on the labeled BstEII-PstI
fragment, and the reactions were electrophoresed on a 6%
denaturing polyacrylamide gel.

Northern (RNA) blot analysis. Oligonucleotide SPE4 (5'-
GGCTGATGGITACAAGCAGGG-3') is complementary to
the 3' end of TTE2 (Fig. 2) and was end labeled with
[_y-32P]ATP, using T4 polynucleotide kinase (23). RNA ex-

tracted from E. coli containing pQSK1, pQSK4, and pQSK5
was subsequently probed with the labeled primer. RNA was

separated by electrophoresis on a 5% polyacrylamide gel
containing 8.5 M urea and transferred to a Hybond N nylon
membrane (Amersham), using a Biorad Trans-Blot Cell. The
membrane was prehybridized for a minimum of 2 h at 37°C in
2.5 x SSC-5 x Denhardt's solution (23)-1.5% sodium dodecyl
sulfate (SDS)-100 ,ug of E. coli W tRNA type XX (Sigma) per
ml-100 jig of denatured calf thymus DNA per ml. After
hybridization at 56°C overnight, the membrane was washed
twice for 10 mm each time with 6x SSC-0.1% SDS at 56°C
and twice for 10 min each time at 61°C. Autoradiography was

performed at - 70°C with an intensifying screen, using Kodak
X-AR5 film.

Secondary structure analysis. Sequence analysis and sec-

ondary structure predictions were generated by RNAFOLD
(39), using the PC/Gene program (Intelligenetics, Mountain
View, Calif.) and the LoopViewer RNA secondary structure
viewing program (10).
GenBank accession number. The nucleotide sequence of

traK can be accessed through GenBank accession number
U01159.

RESULTS

Sequence analysis of the traK gene. As part of a project to
complete the sequence of the entire F transfer region (8), the
traK gene was cloned into M13mpl8, using PstI and SmaI
restriction sites within the traE, traK, traB, and traP genes (8,
9). Two PstI fragments of 461 and 2,408 bp extended the
sequence presented earlier (9) to within the traP gene down-
stream from traK and traB. A single SmaI fragment of 1,498 bp
contained the 3' portion of the traE gene and extended into the
traB gene following traK. These fragments were sequenced in
both directions, using oligonucleotide primers to extend the
sequence, and the portion representing the traK gene is shown
in Fig. 2. traK is located 1.7 kb downstream from the Py

TABLE 1. Comparison of galK activities observed for wild-type, K4,
and K105 traK genes assayed with a termination assessment vector

% galK activityb
Construct GalK activitya compared with

wild type

pKL200 (vector) 14 25
Wild type 57.0 100
K4 5 9
K105 9 16

a Expressed as nanomoles of galactose phosphorylated per minute per unit of
optical density of cells at 650 nm.

' Average for two assays.

promoter and overlaps with the genes upstream (traE) and
downstream (traB) from it. The traE gene overlaps the traK
sequence by three codons, while the stop codon for traK is part
of the initiation codon for traB. This pattern of translational
coupling is a common feature of the F transfer operon (8).
The traK gene product is predicted to be a protein of 25,627

Da, as determined by the PEPTIDESORT program of PC/
Gene. With use of the PROSITE and SURFACEPLOT
programs, TraK is predicted to be a periplasmic protein of
23,307 Da after cleavage of a signal sequence of 21 amino
acids.

Identification of the traK4 and traK105 mutations. The
phenotypes of the F plasmids Flac traK4 and Flac traKi05 were
confirmed by performing mating efficiency assays and compar-
ing the results with those for the wild-type F plasmid, JCFLO.
The traK105 mutation could be complemented by wild-type
traK supplied in trans from pSPK1, but the traK4 mutation
could not, which agrees with data presented previously (2, 34)
(data not shown). By using PCR and primers described in
Materials and Methods, the traK genes from JCFLO, Flac
traK4, and Flac traK105 were amplified and cloned into
pUC1 18 to give pSPK1, pSPK4, and pSPK5. pSPK4 was found
to contain a C-T transition at nucleotide 249 resulting in an
amber stop codon at amino acid 73 (Fig. 2), while the traK105
mutation resulted from the addition of an extra CG base pair
after nt 541, giving a frameshift mutation and termination of
translation after codon 195. Several isolates from each ampli-
fication and cloning reaction were sequenced in order to guard
against mutations introduced by Taq polymerase during PCR.
Measurement of termination activity within the traK gene.

The highly polar nature of the traK4 mutation suggested the
presence of a rho-dependent terminator which would affect
expression of downstream genes in the tra operon. Termina-
tion activity was measured by using the vector pKL200 (17),
which contains a multiple cloning site flanked by the lac
promoter upstream and the galK gene downstream. Insertion
of a fragment containing a transcription terminator results in a
decrease in galK activity proportional to the efficiency of the
terminator. The traK genes from pSPK1, pSPK4, and pSPK5
were inserted into pKL200 by using convenient restriction
sites, and the level of galactokinase activity was measured in an
E. coli HB101 background. The results of the galK assays are
shown in Table 1. Measurements of galK activity in these
constructs showed greatly reduced galK activity both for traK4
and traK105 compared with the wild-type gene. The low galK
activity measured for traK105 was unexpected, as this mutation
has not been demonstrated to be polar in the F plasmid. It was
therefore not predicted to cause termination of transcription.
Interestingly, pKL200 containing the wild-type traK gene
showed strong galK activity, approximately fourfold greater
than that for the vector alone. To test for the presence of a

J. BACTERIOL.
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FIG. 3. Computer analysis of the traEK genes of the F plasmid for
potential lFl Es. The dotted line represents 25% cytosine or guanosine
content for each 78-nt block searched. The traK4 and traKi05 muta-
tions (A) as well as the positions of the 3' ends of protected fragments
found by S1 analysis of wild-type and K105 traK (open arrows) and
traK4 (filled arrows) are indicated. Asterisks identify the translation
stop points for the traE and traK genes. lTEs are shaded.

promoter near the end of traK, we inserted the gene in the
promoter assessment vector, pKO4 (17), and measured the
resulting galK activity. No difference in galK activity could be
detected between this construct and the vector alone, suggest-
ing the absence of a promoter in traK

Computer-predicted TTEs in traK. Using the features of the
computer program described by Alifano et al. (5), we searched
the entire transfer region for possible C>G bubbles, also
known as TTEs. TTEs were defined as regions of at least 78 nt
which contained a higher percentage of cytosine residues than
guanosine residues. It is noteworthy that it is the ratio of C
residues to G residues, rather than the absolute number of C's,
that is important. Sequential blocks of 78 nt were searched at
1-bp intervals throughout the transfer region to identify se-
quences fitting these criteria. The search for TTEs in traK
identified two such regions at nt 131 to 330 and 429 to 510, the
second of which lay between the traK4 and traK105 mutations
(Fig. 2 and 3). In addition, a number of these motifs occurred
throughout the tra operon and are depicted in Fig. 1. Strong

dw _

C 0C

I<- FL

<- 290

.(- 183

<- 114

FIG. 4. S1 nuclease analysis of the wild-type (WT) traK, traK4, and
traK105 transcripts, using the 337-bp BstEII-PstI fragment (nt 196 to
533 in Fig. 2) as a probe. Sizes of protected fragments is shown in base
pairs. C indicates the sequence of C residues obtained from Maxam
and Gilbert sequencing of the same fragment. FL indicates the
position corresponding to the full-length fragment. The autoradiogram
is overexposed in order to visualize the protected fragments.

TTE motifs (large arrows) were characterized by a percentage
of C residues at least twice that of G residues, while weaker
TTEs (small arrows) contained a greater percentage of C's
than G's, but the percentage of C's was less than two times
greater than the percentage of G's. The two TTEs in the traK
gene were considered to be weak signals by these criteria.

Analysis of the efectiveness of the TTEs in traK. The second
T1'E in traK, positioned between the traK4 and traK105
mutations, would be expected to truncate mRNA that is not
actively translated. If this TTE is recognized under these
conditions, a truncated transcript would be predicted for traK4
but not traK105, since translation continues downstream of the
T1'E in the latter mutant. Because of the extreme length of the
tra operon transcript in the F plasmid itself, the fate of the
RNA in the wild-type and mutant plasmids could not be
assessed easily. Therefore, the traK genes from the pSPK
constructs were recloned into pTTQ118 and p1TQ119 such
that they were under the control of an IPTG-inducible tac
promoter in the vector, generating pQSK1, pQSK4, and
pQSK5. Si nuclease protection experiments were performed
as described in Materials and Methods in order to define the 3'
ends of the mRNA resulting from induction of the tac pro-
moter in each construct. A protected fragment which termi-
nated 290 bp from the BstEII site was identified for pQSK4
(Fig. 4); a small amount of full-length probe corresponding to
the 337-bp BstEII-PstI fragment was detected upon overexpo-
sure of the gel. Since equal numbers of counts were loaded in
all lanes of Fig. 4, these results indicate that most of the traK4
transcripts terminated near the 3' end of TTE2. The protected
fragments detected for mRNAs induced from pQSK1 and
pQSK5 were identical; the strongest band represented the
full-length probe, while weaker bands were found to terminate
at 114 and 183 bp from the BstEII site (Fig. 4). Assuming that
the transcripts began within the vector at the tac promoter, the
ends of shorter transcripts detected in pQSK1 and pQSK5
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FIG. 5. Northern blot analysis of the wild-type (WT) traK, traK4,
and traK105 transcripts, using oligonucleotide SPE4 as a probe. Each
sample contained 10 ,ug of RNA; size markers are in kilobases.

samples lie between TTE1 and TTE2, while the 3' end of the
truncated product in pQSK4 is located near the end of YTE2,
suggesting efficient termination at this site.
The mRNA induced from the pQSK clones was subjected to

Northern blot analysis in order to estimate its size and
abundance (Fig. 5). The pattern of degradation and/or pro-

cessing of the mRNA in pQSK5 contained only minor differ-
ences from the pattern in pQSKI. The largest transcripts
detected were approximately 880 nt long, corresponding to the
predicted length for full-length RNA. A very weak signal
corresponding to a transcript approximately 540 nt long was

detected for pQSK4 upon overexposure of the autoradiograph.
The size of this fragment is within the expected size range for
a transcript expressed from the tac promoter and terminating
at nt 486 (Fig. 2) and thus was thought to correspond to the
protected fragment detected by Si analysis.
The overall increase in the rate of degradation of traK4

RNA may be the result of changes in secondary structure. To
investigate whether either the traK4 or traK105 mutation
affected the secondary structure of the RNA, we made used of
the computer algorithm RNAFOLD (39) to predict the sec-
ondary structures of these transcripts. Nucleotides 122 to 490
of the wild-type traK (and traK105, since the sequence is
identical in this region) sequence and nt 122 to 486 of the traK4
sequence were folded into their most stable predicted config-
urations (Fig. 6). The C-to-T transition at nt 249 in traK4 was
found to alter the predicted structure of the RNA between nt
241 and 381. Note that despite their different structures, the
molecules have similar calculated free energies of approxi-
mately - 193 kcal (ca. - 807.5 kJ). The one-base-pair change
that defines the traK4 mutation may affect the pattern of
degradation of the transcript by affecting the overall structure
of the RNA. In contrast, the secondary structure predictions
for nt 402 to 760 of the wild-type traK and traK105 transcripts,
which encompass the traKiOS mutation, were identical.

DISCUSSION

Unlike rho-independent terminators, which usually occur
between genes, rho-dependent terminators have been identi-
fied both between genes, as in AtR, (31) and trpt' (18), and

within an operon, as in the his operon of Salmonella typhi-
murium (4, 6) and the ilvGMEDA operon (32) and lacZ gene
(22) of E. coli. In the latter two cases, the polarity of certain
mutations has been attributed to rho-dependent termination
under conditions in which translation has stopped. It has been
proposed that the recognition of latent intragenic terminators
under such conditions is a general mechanism to reduce
unnecessary transcription (19, 20). Because of the large size of
the tra operon, regulatory elements such as rho-dependent
intragenic terminators would be expected to be present within
this operon. The polar nature of the traK4 mutation suggested
that a rho-dependent terminator may have been unmasked and
that this was the cause of the poor expression of genes
downstream from traK. While traB is predicted to a have strong
ribosome binding site, expression of this gene is greatly af-
fected by the traK4 mutation, suggesting that the primary effect
of the mutation is at the transcriptional rather than the
translational level.
With use of the PROSITE and SURFACEPLOT programs,

TraK is predicted to have a molecular mass of 23,307 Da after
processing from the original product of 25,627 Da. In previous
analyses of tra products, only one polypeptide of approximately
24,000 Da has been identified, and it was weakly expressed in
all cases (1, 14, 29); no precursor polypeptide was detected.
Resolution of tra proteins in this size range is difficult because
of the large number of tra proteins close to the 25,000-Da
range; this may explain the inability to detect a precursor
product. Attempts to overexpress the TraK protein from the
traK-containing fragment of pOSKI placed under the control
of an inducible T7 RNA polymerase promoter were unsuccess-
ful. This suggests that TraK expression may be influenced by
the presence of one or more tra genes within the larger
fragments used previously (1, 14, 29) to detect the traK gene
product.

In galactokinase assays, reduced galK activity could be
demonstrated with both the traK4 and traK105 genes. While
reduced galK activity was expected for the traK4 gene, the
activity for traK105 was unexpectedly low. This reduced activity
appears to be the result of reduced translation rather than
transcriptional termination, since SI nuclease analysis and
Northern blot analysis demonstrated the presence of full-
length traK transcripts in this construct. The traK105 mutation
could affect ribosome loading of the galK gene by allowing an
alternative secondary structure to form in the absence of
translation at the 3' end of this transcript. Also, the origin of
the increased galK activity found for the wild-type traK gene is
unknown, since no promoter activity could be detected by
using the promoter assessment vector pKO4 (data not shown)
and no fortuitous promoter was found at the cloning junction
in pKL constructs.
The current model for the mechanism of rho-dependent

termination suggests that these TTEs function by coupling
transcription to translation to ensure that transcription does
not continue when translation has been aborted (20). In the
absence of translation, specific sequences, called rut sequences,
which are recognized by Rho protein, are exposed in the
nascent RNA. Rho binds to the rut sequences and causes
termination at a point just downstream of rut by a mechanism
which is still unclear. In 1991, Alifano et al. (5) described a
motif which was common to all rho-dependent terminators and
is proposed to constitute a rut site: a region of high cytosine-
over-guanosine content called a C>G-rich bubble.
A search for TTE motifs in the traK gene revealed two of

these TTEs, one of which lies between the traK4 and traK105
mutations. The location of this TTE in traK supports the theory
that the polar nature of the traK4 mutation is due to rho-
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dependent termination. Abortion of translation at codon 73 in
traK4 would result in recognition by Rho of TTE2, and
termination of transcription would occur. In traK105, none of
the TTE2 were predicted downstream of the translation stop
codon, suggesting that transcription would proceed into the
next gene.

Nuclease protection experiments identified truncated tran-
scripts in traK4 which terminated at the 3' end of TTE2. In
contrast, the majority of transcripts identified in wild-type traK
and traK105 samples protected the probe from digestion by Si,
suggesting that these transcripts were not terminated prema-
turely. The truncated transcripts detected for traK4 in North-
ern blot analysis appeared unstable and were very rapidly
degraded, possibly because of an altered secondary structure of
the prematurely terminated transcripts which triggered ribo-
nucleolytic degradation. In comparison, transcripts isolated
from cells expressing cloned wild-type traK and traK105 were
considerably more stable, and fragments corresponding to
full-length transcripts were detected. It is possible that in the F
plasmid itself, alternate secondary structures and degradation
patterns, differing from those described here, may occur when
these genes are part of the large tra operon.
The RNA secondary structure predictions were identical for

the wild-type traK and traK105 mRNAs, but an alternate
structure was predicted for traK4 mRNA. It is interesting to
note that a single base change in the traK4 mutant significantly
altered the predicted secondary structure. This altered struc-
ture could result in rapid degradation of the traK4 transcripts
by an alternate pathway to that used for wild-type or traK105
transcripts. The longer of the two truncated transcripts ob-
served in wild-type traK and the traK105 mutant (nt 379 in Fig.
2) ends at the 3' side of a predicted stem-loop structure,
suggesting that this may be a polymerase pause or RNase
processing site. In traK4, this stem-loop no longer occurs,
explaining the absence of an RNA transcript of corresponding
size. These results suggest that subtle changes in sequence (1
bp) can greatly affect RNA stability either by altering target
sequences for ribonucleolytic cleavage or by decreasing chem-
ical stability in the absence of translation.
The absence of any full-length transcript from the traK4

gene supports the theory that the polarity exhibited by this
mutant is due to the recognition of a rho-dependent termina-
tor in traK, and computer analysis to detect possible termina-
tors suggests that TTE2 could fulfill this role. Since the
consensus sequence for rut sites can be characterized as having
low stringency, this mechanism of termination could be widely
used in a variety of genes. That a number of TTEs were found
throughout the tra operon and were especially prominent in
the longer genes such as traE, -B, -C, -U, -N, -G, and -D and
trbH suggests that they play a role in terminating unnecessary
transcription in this long operon. These results provide an-
other example of how intragenic elements may function to
control gene expression.
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