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ABSTRACT

We have determined the nucleotide sequence of the rho gene which encodes
the E. coli K-12 transcription termination factor. The structural gene was
Tocated on a cloned 3.6 kilobase BglI1I-HindIII restriction fragment by the
introduction of the insertion element y§ and analysis of the recombinant
plasmids by restriction analysis and in maxicells. The coding region consists
of 1260 nucleotides directing the synthesis of a polypeptide 419 amino acids in
length with a calculated molecular weight of 46,094. The deduced amino acid
composition, amino-terminal protein sequence and calculated molecular weight
are consistent with the data from the analysis of purified rho protein (16).

We have shown that the rho genes from E. coli K-12, B and C strains are located
on Pvull-HindIII fragments of the same size by hybr1d1zat1on to the rho (K-12)
coding sequences.

INTRODUCTION

The E. coli transcription termination factor rho was first identified by
Roberts (1). Rho causes termination of transcription at specific sites and
catalyzes the release of the nascent RNA from the transcription complex (1, 2).
Mutants of rho are known and alleles have been referred to as suA, psu, and
nitA as well as rho (3-7). Rho is an essential protein, and it has been map-
ped to 84 minutes on the E. coli chromosome (8).

Rho has an RNA-dependent ATPase activity which appears to be required for
the release of the nascent mRNA from the transcription complex (9), and the
ATPase is stimulated in the absence of transcription by specific T7 mRNAs (10),
the RNA encoding the rho-dependent terminator (t') at the end of the trp operon
(J. Sharp and T. Platt, submitted) and synthetic RNA such as poly(C) (11, 12).
Electron microscopy (13) and crosslinking studies (14) suggest that rho can
exist as a hexamer. Studies of rho in solution indicate that although it dis-
sociates readily at dilute concentrations, the hexameric form may be stabilized
by the addition of poly(C) under these conditions. Since rho hexamers appear
most stable under conditions of ATP hydrolysis, it has been inferred that the
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active form of the enzyme in vivo is hexameric (14). It is not known if rho
monomers exhibit ATPase activity.

Rho is a moderately abundant protein of E. coli, approximately 1000 hex-
amers per cell, as determined by immunoprecipitation (15) and by yields ob-
tained from the rho purification procedures (16, 17). The polypeptide has an
estimated molecular weight of 48,000 determined by electrophoretic mobility in
SDS-polyacrylamide gels (16) and it is a basic protein with a pI between 8.0
and 9.0 (18, T. Platt, unpublished results). The amino acid sequence of the
amino terminus of rho has been reported previously (19), as well as the amino
acid composition, extinction coefficient and circular dichroism spectrum (16).

To aid in correlating enzymatic and physical properties of the rho poly-
peptide and to begin to understand the genetics and regulation of rho ex-
pression, we have determined the DNA sequence of the rho gene and its regu-
latory regions. The DNA sequence will permit a comparison of rho mutants on
the nucleotide level, and the deduced amino acid sequence provides a framework
for the assignment of structural and functional domains of the rho molecule.
Both will be required for a detailed study of the mechanisms by which rho
interacts with the RNA polymerase elongation complex and RNA during tran-
scription termination.

METHODS
Isolation of plasmids with vé insertions and preparation of maxicells

The plasmid containing the rho coding region was a generous gift of Stanley
Brown. p39 is a pBR322 derivative which has a chromosomal BglII-HindIII (3.6
kilobases) insertion replacing the 346 base pair HindIII-BamHI fragment. We
used the protocols described in Sancar and Rupp (20) to isolate y§ insertions
in the p39 plasmid with the following modifications: the donor strain was
MG1063 (F*(ys), recAS6) transformed with p39(ApR) and the recipient strain
was NG136 (recAl, galaSiés, 555?, F=). Cells which had received the ApR
determinant by transfer of a cointegrant formed with the F*(ys) (21) were
selected first in Luria broth with 200 ug/ml ampicillin and 250 ug/ml strepto-
mycin for two hours. Then the cells were washed to remove g-lactamase and grown
on MacConkey base agar (Difco) with 1% galactose, ampicillin (200 ug/ml) strep-
tomycin (250 ug/ml) plates. White colonies which were ampicillin and strepto-
mycin resistant were picked for plasmid analysis by mini DNA preparations :(22),
and recombinant plasmids containing y§ sequences within the p39 insert DNA were
identified by restriction enzyme analysis.

The maxicell procedure was modified in the following manner: CSR603
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(uvrA6, recAl, phr-1) cells transformed with p39::ys were grown in Luria broth
with ampicillin (200 ug/ml) to a cell density of 2x108, centrifuged, re-
suspended in minimal salts, irradiated as described, centrifuged again and re-
suspended in Luria broth for overnight incubation. A1l subsequent steps were
performed as described (23).

Restriction mapping and DNA sequence analysis

Restriction enzymes were obtained from commercial suppliers (Biolabs,
Boehringer-Mannheim). DNA fragments were treated with alkaline phosphatase and
labeled at their 5' termini by incubation with [‘Y-32P] ATP, >9000 Ci/mmol
[synthesized by the method of Johnson and Walseth (24) as modified by I. Ken-
nedy and 0. Uhlenbeck] and polynucleotide kinase (Boehringer-Mannheim). DNA
fragments were labeled at their 3' termini by incubation with 0.5 U Polymerase
I large fragment (Boehringer-Mannheim), 50-100 uCi [a-32P] dCTP (3000
Ci/mmol, Amersham), 10 mM Tris-HC1, pH 7.6, 10 mM MgClp, 1 mM dithiothreitol
for 20 minutes at 159C. Restriction mapping was carried out by partial
digestion of end-labeled fragments (25) and the DNA sequence was determined by
the methods of Maxam and Gilbert (26) and Sanger et al. (27). Computer an-
alyses of the DNA sequence were performed using programs from Queen and Korn
(28) and Staden (29).

Isolation of M13 phage DNA and dideoxy sequencing

M13 clones were constructed by digesting the 920 base pair BclI-Clal re-
striction fragment internal to the rho gene with HpalIl, Sau3A or Rsal and
ligating each mixture of restriction fragmenté into the replicative form (RF)
M13mp9 (30) digested with AccI, BamHI or Smal, respectively. Purified Clal
fragments were ligated into M13mp9 RF digested with AccI. Ligated DNA was
transfected into the JM101 strain and plaques were screened as described (31).
White plaques were picked and single-stranded DNA was prepared in the following
way: JM101 cells infected with phage from a single plaque were grown in Luria
broth for 5-7 hours at 37°C. The cells were removed by filtering the cul-
tures through polysulfone membranes (Gelman Tuffryn Membranes, 0.2um). Phage
particles in 1.2 mls of supernatant were precipitated by the addition of
250 u1 2.5 M NaCl, 20% PEG 6000, allowed to stand at room temperature for 15
minutes and centrifuged for 5 minutes at room temperature. The supernatant was
removed by aspiration with a finely drawn capillary. The phage pellet was dis-
solved in 10 mM Tris-HC1, pH 7.6, 0.1 mM EDTA, extracted with phenol, chloro-
form and ether and ethanol precipitated. These volumes yield enough DNA tem-
plate for 40 sequencing tracks or 10 complete sequencing experiments.

The sequencing reactions contained 0.34 pmole single-stranded DNA tem-
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plate, 0.1 pmole 17 nucleotide primer (Collaborative Research), 0.6 U Polymer-
ase I large fragment (Boehringer-Mannheim), 40 uM of three deoxynucleotide
triphosphates, 0.5 uM [a-32P] dATP (400 Ci/mmol, Amersham), 12-200 yM of one
deoxynucleotide and 2 yM of the corresponding dideoxynucleotide triphosphate
per sequencing track. The ratios of dideoxynucleotides to deoxynucleotides were
varied according to the desired DNA elongation.
Genome blot

The genomic DNA from strains C117, W3110 and E. coli B was prepared from 2
ml overnight cultures. The cells were centrifuged and resuspended in 50 mM
Tris-HC1, pH 7.6, 10 mM EDTA, 0.1% SDS, 1 mg/ml proteinase K (Beckman) and
incubated at 50°C for 30 minutes. The DNA solution was sequentially ex-
tracted with phenol, chloroform and ether and ethanol precipitated. The DNA
was digested, electrophoresed on a 1% agarose gel and transferred to nitro-
cellulose by the method of Southern (32). The blots were hybridized at 37°
and 490C with nick-translated (33) 920 base pair BclI-Clal fragment in 50%
formamide, 5x SSC, 50 mM NaPOs buffer pH 6.5, 1x Denhardt's solution and 0.1
mg/ml sonicated salmon sperm DNA.

RESULTS AND DISCUSSION
Identification of the rho gene

The rho gene has been Tlocalized to 3.6 kilobase Bg1II-HindIII restric-
tion fragment subcloned into pBR322 from a adrho transducing phage (19). The
resulting plasmid, p39, complements rho mutants (19), and in maxicells, the
production of a polypeptide which co-migrates with purified rho protein in
SDS-polyacrylamide gels is observed (Figure 1). A small polypeptide of approx-
imately 12,000-14,000 molecular weight is made from this plasmid as well. It
has been observed previously by other workers (S. Brown, personal communi-
cation), but the identity of this protein is not known.

The position of the rho gene on the insert DNA of p39 was determined using
F-mediated transfer of p39 by random insertion of a yé§ insertion element (21,
22) (see Methods). Recombinant plasmids were analyzed by restriction pat-
terns to determine the position of the v& element within the BglII-HindIII
insert of p39. Nine different recombinant plasmids were found, 6 in the v§
orientation, 3 in the §y orientation. The positions of the insertions in the
yé orientation are shown in Figure 2. From the DNA sequence of y§ (34, R.
Reed, personal communication) we knew that the y amm introduces termination
codons in all translational reading frames within 110 base pairs of the in-
sertion junction. We expected that insertion of ys within the rho gene would
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Figure 1. [35S] methionine-labeled proteins produced in maxicells by p39 and
its derivatives containing vy inserts in the rho gene. Cell extracts were
prepared as described (23) and electrophoresed on a 15% SDS-polyacrylamide gel.
Lane 1 shows the protein products of the rho and bla (g-lactamase) genes with
M, values of 40,094 and 31,000, respectively as well as the 13,000 protein
synthesized from p39. The rho polypeptide co-migrates with purified rho
protein. The arrow in lane 3 marks the probable restart protein product
(34,000) of p39::v528, and the arrow in lane 7 marks the truncated protein
(32,000) made from p39::ys36. Lanes 2, 4, 5 and 6 show the maxicell products
of p36::v834, p39::vy811, p39::v827 and p39::v810, respectively. No full size
rho is made from any of the recombinant plasmids.

cause premature cessation of polypeptide synthesis, and provided that the
shortened proteins were stable, the truncated rho proteins could be seen by
maxicell analysis.

The six recombinant plasmids in the yé orientation were transformed into
CSR603 for maxicell visualization of their protein products. No recombinant
plasmids made full size rho polypeptide, and truncated proteins were detect-
able with only 2 of these plasmids (Figure 1). We had the ambiguous result
that p39::ys36 made a peptide of 32,000 and p39::v628 made a peptide of 34,000
molecular weight. The paradox was resolved when the direction of rho tran-
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Figure 2. Restriction map and sequencing strategy for the E. coli K-12 rho
gene. The upper part of the figure shows the position of the gﬁg gene with re-
spect to the sequenced DNA. The positions of the ys insertions within the gene
are indicated by the heavy arrows. The middle section illustrates the re-
striction map of the rho gene and includes restriction data for the enzymes
used to generate the sequenced DNA fragments. The Tower section shows the
sequenced DNA fragments. Open circles indicate 5' end-labeled DNA sequenced by
the Maxam and Gilbert method. The open square indicates a 3' end-labeled
fragment. The closed diamonds denote DNA sequenced by the dideoxy method.

scription was known (19, S. Brown and S. Pedersen, personal communication). It
was determined that p39::ys36 makes a true truncated peptide and p39::y628
directs the synthesis of a probable restart protein. The recombinant plasmids
p39::v834 and p39::ys11 make no detectable peptides because these insertions
are close to the initiating ATG. p39::y828 should be in this group. p39::v610
and p39::v827 should direct the synthesis of peptides 22,000 and 25,000, re-
spectively, but these truncated products are not detectable. This observation
may be due to instability of these truncated proteins, since unstable mutant
rho proteins (15) as well as restart rho peptides have been reported (19).
DNA sequence of the rho gene

The restriction map and the sequencing strategy employed is presented in
Figure 2. The Maxam and Gilbert (26) technique was used for the 5' region of
the gene as shown, and the dideoxy sequencing method of Sanger et al. (27) was
used for most of the gene. The sequence of 1800 nucleotides of the coding
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strand is given along with the corresponding amino acid sequence it predicts in
Figure 3. The sequenced region includes the 1260 nucleotides encoding a 419
amino acid protein, the 387 nucleotides preceding the initiating ATG codon, and
the 153 nucleotides following the TAA termination codon. The GC content of the
rho coding region is 50% compared to 51% for the total E. coli genome (35).

The GC content is 45% for the 387 base pairs preceding the gene and 41% for the
400 base pairs following the gene.

The direction of transcription and the DNA sequence of the promoter region
of rho including the first 45 nucleotides of the structural gene have been re-
ported by Brown et al. (19). The sequence presented in this paper differs at
four positions from that of Brown et al. At position 55 we report a G rather
than a T consistent with a BstNI recognition site (CCTGG) from which we have
sequenced. However, in E. coli the internal C residue is methylated and is re-
sistent to modification by hydrazine. Consequently, cleavage does not occur at
this residue and a blank space appears at that position in the sequencing gel.
The other three differences occur in the coding region of the gene close to the
Bcll site. We sequenced across the Bcll site from restriction sites 5' and 3'
to BclI rather than from the Bcll site only as Brown et al. did. We find a T
rather than a C at nucleotide 420, a T instead of an A at nucleotide 423, and
we assign a C at nucleotide 427 where Brown et al. report an unknown N. Our
predicted amino terminal sequence agrees completely with the 16 amino acid re-
sidues reported by Brown et al. (19).

An open translational reading frame extends from the ATG beginning at
nucleotide 388 to a TAA stop codon that ends at nucleotide 1648. We have
judged the validity of this open reading frame by several criteria: 1) the
molecular weight for rho calculated from this open reading frame is very close
to that estimated by SDS-polyacrylamide gel electrophoresis, 2) the predicted
amino-terminal peptide sequence is exactly the experimentally determined se-
quence, and 3) the amino acid composition predicted by the open reading frame
correlates closely to the experimentally determined composition for rho from E.
coli B. In addition, partial tryptic digestion of rho in the presence of
poly(C) and ATP gives two peptide fragments: the larger one has the amino ter-
minus of intact rho, and the smaller of these has the amino-terminal sequence
Val-Leu-Thr-Gly (D. Bear and T. Platt, in preparation) which follows a Lys
residue at amino acid 283. Not only is this unique in the deduced protein
sequence, but the sizes of the peptide fragments determined by SDS-poly-
acrylamide gel electrophoresis are consistent with a cleavage at Lys 283.
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Table I Codon Usage in E. coli K-12 rho Gene

Phe UUU 8 Ser UCU 9 Tyr UAU 1 Cys UGU 1
Phe UUC 8 Ser UCC 4 Tyr UAC 6 Cys UGC O
Leu UUA 3 Ser UCA 3 End UAA 1 End UGA O
Leu WG 2 Ser UCG O End UAG O Trp UGG 1
Leu CUU 2 Pro CCU 4 His CAU 1 Arg CGU 17
Lew CUC 9 Pro CCC 1 His CAC 7 Arg CGC 13
Leu CUA O Pro CCA O Gin CAA 1 Arg CGA 0
Leu CUG 28 Pro CCG 12 Gln CAG 10 Arg CGG O
Ile AUU 10 Thr ACU 6 Asn AAU 5 Ser AGU 1
ITe AUC 20 Thr ACC 13 Asn AAC 16 Ser AGC 4
Ile AUVA 1 Thr ACA 1 Lys AAA 19 Arg AGA O
Met AUG 16 Thr ACG 3 Lys AAG 9 Arg AGG O
Val GUU 14 Ala GCU 8 Asp GAU 12 Gly GGU 20
val GUC 1 Ala GCC 7 Asp GAC 11 Gly GGC 7
val GUA 4 Ala GCA 8 Glu GAA 27 Gly GGA 1
val GUG 6 Ala GCG 8 Glu GAG 9 Gly GGG 1

Operon structure

Brown et al. (19) report that the 5' end of the rho mRNA is located 256
(nucleotide 132 in Figure 3) nucleotides from the start of the structural gene.
A short translational reading frame occurs within this "leader" mRNA and ex-
tends from an ATG at position 202 to a TGA codon at 303 (Figure 3). If this
open reading frame is translated, the putative peptide is 33 amino acids in
length, has a calculated molecular weight of 3662 and is serine rich (9/33).
This putative peptide has a weak Shine-Dalgarno (38) sequence, and it is in the
same reading frame as the rho protein.

The rho ATG codon is preceded by a ribosome binding site identified by a
Shine-Dalgarno sequence (underlined in Figure 3). It consists of 4 (possibly
5) nucleotides complementary to the 3' end of the 16S RNA and centered 11
nucleotides 5' to the ATG. The average ribosome binding site has a 4.8 residue
complementarity centered 9.8 nucleotides 5' to the AUG codon (38, 39).

A region of GC-rich dyad symmetry followed by a series of T residues,
typical of prokaryotic terminator structures has been found downstream of the
TAA termination codon. The base of the stem and loop is 15 nucleotides 3' from
the UAA stop codon. Functional analysis of this structure in vivo and in vitro
is in progress (J. Pinkham and T. Platt, in preparation).

Codon _usage

The codon usage is given for the rho gene in Table I, and it is similiar

to other essential, moderately expressed genes (37, 40), especially the genes
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Table IT Amino Acid Composition of Rho

Residues, Residues,
Amino acid observed predicted
E. coli B (16) E. coli K-12
Lys 29 28
His 8 8
. Arg 30 30
Asx 43 44
Asp 23
Asn 21
Thr 22 23
Ser 23 21
Gl1x 51 47
Glu 36
Gln 11
Pro 15 17
Gly 31 29
Ala 31 31
Cys + 1
Val 26 25
Met 17 16
Ile 28 31
Leu 43 44
Tyr 7 7
Phe 15 16
Trp 2 1
total 421 419

for the beta (rpoB) and sigma (rpoD) subunits of RNA polymerase (36). In
general, codons are used which are decoded by the most abundant tRNA species in
E. coli (37). Using assignments of optimal and non-optimal codons of Ikemura
(37), rho contains 77.2% optimal codons and 22.8% non-optimal codons. However,
there appears to be a clustering of non-optimal codons in the first 40 codons
where the frequency of non-optimal codon use is 47.7%.
Amino acid composition

The amino acid composition of rho from E. coli K-12 deduced from the DNA
sequence is compared to the experimentally determined amino acid composition
for rho from E. coli B in Table II, and they agree very well. Some features of
the composition include one Cys residue at position 202, and a single Trp at
residue 381. Rho is particularly poor in aromatic residues but contains a
slightly higher percent of charged amino acids (29.8%) than does the "“average"
protein (25.1%) (41). This number represents 14.1% acidic residues and 15.7%
basic residues and there is approximate agreement between calculated and ob-
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Figure 4. Secondary structure of rho protein predicted by Chou and Fasman
rules. The numbers refer to the residues at the g turns, + and - refer to
charged residues, 2% a helix; AA B sheet; [ B turns; .eorandom coil.

served isoelectric points.
Secondary structure of rho

Figure 4 is a representation of the Chou and Fasman (42) prediction for
the secondary structure of the rho monomer. The distribution of amino acids is
without any notable clustering of hydrophobic, acidic or basic residues. This
structure predicts 42% a helix, 18% 8 sheet and 40% random coil. Although it
is not in agreement with secondary structure predictions from the circular
dichroism spectrum (24% o helix, 22% 8 sheet and 54% random coil), Finger and
Richardson suggest that discrepancies may arise from the use of inappropriate
reference proteins to interpret the CD spectrum (16). The Chou and Fasman an-
alysis predicts a rather disordered amino-terminal third and a tightly ordered
structure for the remainder of the protein. The trypsin-sensitive Lys residue
at 283 is located at a B turn and could conceivably be on the surface of the
hexameric enzyme where it would be accessible to tryptic digestion.
Comparison of rho genes from E. coli K-12, B and C

Figure 5 shows that the structural gene for rho in K-12, B, and C strains
occurs on 3.2 kilobase PvulI-HindIII fragments. Stringent hybridization con-
ditions indicate that the B and C strains hybridized the K-12 rho sequences as
efficiently as the K-12 control; thus, the rho genes from these strains are
closely related. Rho proteins from K-12 and B strains co-migrate in SDS-poly-
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Figure 5. Genomic blot of the rho genes from E. coli K-12, B and C strains.
The probe is nick-translated 920 base pair BclI-Clal restriction fragment, and
all lanes are Pvull-HindIII digests of the DNA. "Lane 1, single copy recon-
struction and control hybridization to rho K-12 3.2 kilobase PvulI-HindIII
fragment of p39; lane 2, W3110 DNA; lane 3, E. coli B; lane 4, C117.

acrylamide gels (16) and in isoelectric focusing gels (T. Platt, unpublished
results), in contrast to previous observations (18, 43). The amino acid
composition of rho from E. coli B correlates well with that deduced from the
DNA sequence of the K-12 rho gene. Since the rho proteins are indistin-
guishable by other criteria as well (D. Bear and T. Platt, in preparation), it
is likely that rho is identical in B and K-12 strains.

CONCLUSIONS

Because rho~ phenotypes are varied, it would not be surprising to find
that the ATPase activity, RNA binding properties and the subunit interactions
involved in hexamer formation can be altered to produce several different
classes of rho mutants. Deletion analysis of rho mutants is now feasible and
characterization of these mutants at the nucleotide level is possible. It
would be interesting to know if the rho mutants isolated for readthrough of
lambda terminators involve different functions of the rho protein than mutants
isolated as polarity suppressors of bacterial operons, and if any known rho
mutants are multiple mutations.
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It has been suggested that rho is autogenously regulated because mutant
rho strains consistently give higher yields of purified rho protein (15,
43-45). To better understand the regulation of rho expression, we are pre-
sently investigating rho transcription in vitro and in vivo and attempting to
obtain overproduction by directed transcription from the the lambda P_ pro-
moter (J. Mott et al., in preparation). The gene sequence presented here will
provide a solid framework for future genetic and biochemical studies of the
properties of rho and the mechanism of its action.
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