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ABSTRACT Escherichia coli peptide chain release factors
are proteins that direct the termination of translation in
response to specific peptide chain termination codons. The
mechanisms of codon recognition and peptidyltRNA hydroly-
sis are unknown. We have characterized the genes encoding
release factor 1 (RF-1) and release factor 2 (RF-2) to study the
structure-function relationships of the proteins and their
regulation in the bacterium. In this report, we present the gene
structure of RF-1 and RF-2, and a partial peptide sequence of
RF-2. RF-1 and RF-2 are highly homologous in their primary
structure. In addition, an in-frame premature opal (UGA)
termination codon is located within the RF-2 coding region at
amino acid position 26. This region of the protein was se-
queficed by automated Edman degradation to confirm the
predicted reading frame, and a second independent isolate of
the RF-2 gene was identified and sequenced to confirm theDNA
sequence. These results imply that a frameshift occurs prior to
the premature termination codon, thus allowing for translation
of RF-2 to be completed. This may represent a mechanism of
translational control of RF-2 expression. An alternative pos-
sible means of translational regulation is discussed.

Polypeptide chain termination is the final step in protein
biosynthesis resulting in peptidyl tRNA hydrolysis to release
the nascent polypeptide from the ribosome. In bacteria, two
codon-specific protein factors participate in the termination
event. Release factor 1 (RF-1) recognizes the termination
codons UAG and UAA, and release factor 2 (RF-2) recog-
nizes UGA and UAA. The details of termination codon
recognition and hydrolysis of peptidyl tRNA are unresolved.
Three activities associated with RF-1 and RF-2 can be

examined: ribosome binding, codon recognition, and
peptidyl tRNA hydrolysis (1). The functional similarities of
RF-1 and RF-2 suggest that they may have structural simi-
larities. Indeed, antibody binding studies have demonstrated
several shared structural determinants (2). Earlier attempts at
structural studies were thwarted by the small quantities of
purified RFs available and by insensitive peptide sequencing
techniques. The genes encoding RF-1 and RF-2 have recently
been isolated (3, 4), and in this report we have characterized
these genes by DNA sequencing. We have also sequenced
the amino-terminal region of the RF-2 protein to confirm the
correct reading frame. We show that the RF-1 and RF-2
proteins maintain remarkable sequence conservation. In
addition, these structural studies suggest that the genes may
be under translational regulation.

METHODS
Materials. Restriction enzymes, polymerase I (Klenow

fragment), T4 polynucleotide kinase, T4 DNA ligase, 17-mer
oligonucleotide sequencing primer, and bacterial alkaline
phosphatase were purchased from either Bethesda Research
Laboratories or New England Biolabs and used according to
the supplier's recommendations. Radionucleotides were pur-
chased from Amersham.
DNA Sequencing. DNA sequencing was performed as

described by Maxam and Gilbert (5) or Sanger et al. (6), as
modified by Biggin et al. (7). Sequence analysis was carried
out using the Messing program for an Apple computer (R.
Larson and J. Messing, University of Minnesota, Apple II
sequence analysis programs).
Amino Acid Sequencing. Approximately 200400 pmol of

the purified RF-2 protein (as described in ref. 8) was se-
quenced on the Applied Biosystems model 470 A protein
sequencer using the 02NRUN program with trifluoroacetic
acid conversion to phenylthiohydantoin (PTH) derivatives.
PTH amino acids were identified by high-performance liquid
chromatography (HPLC) on a Waters Nova Pac C18 column
using a Waters HPLC system. Solvent A was 84% sodium
acetate (33 mM, pH 5.0)/16% acetonitrile; solvent B was 60%
isopropanol/40% water. The column was maintained at 40'C
and PTH amino acids were eluted at a flow rate of 1 ml/min
using the following gradient: 0-0.5 min, 0% solvent B; 0.5-3.5
min, convex gradient to 35% solvent B (Waters' curve 4);
3.5-12 min, isocratic elution at 35% solvent B. All PTH amino
acids were eluted from the column by 12 min at 35% solvent
B. The amino-terminal sequence was determined twice.

Protein Labeling and Immune Precipitation. Protein label-
ing and immune precipitation were performed by the method
previously described (3).

Construction of an Escherichia coli A Bank. E. coli genomic
DNA from the strain RR1 was isolated by the cleared lysate
method (9). The DNA was partially digested with Sau3A and
fragments between 15 and 20 kilobases (kb) were isolated
from low melting agarose. The fragments were ligated into
the BamHI site of cut and dephosphorylated Charon 28 (10).
The average insert size was 10-15 kb. The phage was grown
on the E. coli host strain LE392 and S5000 plaques were
screened With the RF-2 sequence by the method of Benton
and Davis (11). Positive clones were plaque purified (12), and
HindIII fragments were subcloned into pUC9 (13). Further
subcloning of the 5' region bf RF-2 into the dideoxy sequenc-
ing vector M13 (mp9) (14) was accomplished by using an
Acc I restriction site found within the RF-2 gene and the Acc
I site within pUC9.

Abbreviations: RF, release factor; kb, kilobase(s); bp, base pair(s).
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RESULTS

RF-1 and RF-2 Gene Structure. DNA sequencing by the
method of Maxam and Gilbert was conducted on the 1.7-kb
insert (Fig. 1) ofthe recombinant plasmid pRF1-1 (3). A single
open reading frame of 969 bases, encoding a protein of 35,911
daltons, was identified. No other reading frame of the
appropriate size was observed. Our prediction that this
sequence corresponded to the RF-1 coding sequence was
confirmed by expression studies.
We subcloned a 1.3-kb fragment, using restriction sites 52

base pairs (bp) 5' to the predicted initiation AUG and 250 bp
3' to the termination codon (Fig. 2), downstream from the lac
promoter of the plasmid pUC9. The new recombinant,
pRF1AP, was shown to contain the RF-1 coding sequence by
an immune precipitation assay, as described (3). A protein of
the correct molecular size was produced at high levels (Fig.
2), indicating the cloned RF-1 gene was still intact. We were
unable to confirm the predicted amino-terminal sequence of
purified RF-1 by peptide sequencing, despite attempts to
deformylate the amino-terminal methionine by acid treat-
ment of the protein.

Fig. 3 depicts the nucleic acid sequence of RF-1. The
region -65 bp 5' to the translation start site contains possible
transcription control sequences homologous to the canonical
-10 box and -35 box described for E. coli promoters (15).
The exact transcription initiation site has not been deter-
mined. A possible Shine-Dalgarno sequence (A-G-G-G-U) is
present 12 bp upstream from the initiator methionine in the
RF-1 gene. The termination codon of the RF-1 gene is UGA,
an RF-2 specific codon.
The RF-2 gene, contained on an insert of 2.7 kb within the

recombinant plasmid pRF2-1 (3), was likewise sequenced by
the strategy outlined in Fig. 1. An open reading frame was
identified in the same manner as for the RF-1 gene. The open
reading frame DNA sequence identified a coding sequence
for RF-2 that predicted a protein of 30,056 daltons with an
initiator methionine at position 610 in Fig. 3. Amino acid
sequencing of the amino-terminal 44 amino acids of the
purified RF-2 protein did not confirm the predicted initiator
methionine, but rather identified a methionine 206 bp up-
stream as the initiator methionine. As described below, a
single base frameshift in the DNA sequence allows extension
of the open reading frame to 1019 bp, which would encode a
protein of 38,404 daltons. This latter molecular size is more
compatible with earlier studies (16).
To eliminate the possibility of a cloning artifact, the

plasmid from which the DNA sequence was derived was
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FIG. 1. Sequencing strategy for RF-1 and RF-2. Arrows repre-
sent direction and extent of each sequence; all fragments were
labeled on the 5' end. Only the restriction sites used in sequencing
have been included. A, Acc I; Al, Ava I; A2, Ava II; H, HincII; Hg,
Hga I; HE, Hae III; HP, Hpa II; Hd, HindIII; Hi, Hinfl; M, Mbo
II; P, Pvu II; R, Rsa I; S, Sac II; X, Xho II.
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FIG. 2. Construction and assay of RF1AP. (Left) Strategy for
inserting the RF-1 gene adjacent to the lac promoter of pUC9.
Predicted translational start and stop codons are indicated. The
1.3-kb Ava I/Pvu II fragment containing the RF-1 gene was isolated
from low melting agarose and blunt-ended with Pol I, Klenow
fragment. The resulting fragment was inserted into the HincII site of
pUC9, and the correct orientation was identified by restriction
mapping. (Right) Immune precipitation of [35S]methionine-labeled
RF-1, showing that the inserted fragment contains the entire RF-1
coding region.

assayed for the production of RF-2 by immune precipitation
of [35S]methionine-labeled protein. A protein of the correct
molecular size was produced (data not shown). In addition,
we have determined the sequence ofthe region of the plasmid
between the authentic site of peptide chain initiation and the
predicted site of initiation based on the open reading frame,
by both the dideoxy and Maxam-Gilbert techniques (Fig. 4).
A single in-frame premature UGA termination codon and
adjacent (+ 1) frameshift is contained within the RF-2 coding
sequence. To confirm this finding, we obtained an indepen-
dent RF-2 clone from a Charon 28 X bank constructed from
the E. coli strain RR1. The 5' region of this second isolate was
inserted into the M13 vector mp9 and sequenced by the
Sanger method (Fig. 4). These sequence studies confirmed
the occurrence of the premature UGA termination codon
initially detected using the Maxam-Gilbert method. A sum-
mary ofRF-2 peptide and nucleic acid sequence in this region
is given in Fig. 5.

Fig. 3 depicts the nucleic acid sequence of RF-2. The RF-2
gene contains sequences -55 bp 5' to the initiator methionine
that are homologous to the -10 box E. coli promoter
sequence. As with the RF-1 gene, a possible ribosomal
binding site is present in the RF-2 gene upstream from the
initiator methionine; but in neither gene is the region exactly
complementary to the 3' end of the 16S RNA. The termina-
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10 20 30 40 50 60 70 80 90 100 110 120
AAAGCCGCAGCGGTTGAGGCGGAAACTATTGTCGCTCAGGAAACCAGCGAATTTATGGCGTGGCTGCGAGCACAAAGCGCCAGCGAAACCATTCGCGAGTATCGCAGCCAGCAGAGCAAG
*A***G**G** ** * * * * * **** * *C * ** * ** *** * * * **G* *

100 110 120 130 140 150 160 170 180 190 200 210

130 140 150 160 170 180 190 200 210 220 230 240
TTCGCGATGAGTTAACGCCAAAGCGTTAGCGGCCCTTGAGCAGGGCGGCGACGCGCAAGCCATTATGCAGGATCTGGCATGGAAACTGACTAACCGCTTCATCCATGCGCCAACGAAATC
*C* ** * * *** * * * ***** ** *** * * * ***T** * *

220 230 240 250 260 270 280 290 300 310 320 330

250 260 270 280 290 300 310 320 330 340 350 360
ACTTCAACAGGCCGCCCGTGACGGGGATAACGAACGCCTGAATATTCTGCGCGACAGCTCGGGCTGGAGTAGCAGTACATCATTTTCTTTTTTTACAGGGTGCATTTACGCCTMGAAG
*A* **C** * **C** * * * * **T** * * ** * ** * ** ** *

340 350 360 370 380 390 400 410 420 430 440 450

370 380 390 400 410 420 430 440 450 460 470 480
CTTCTATCGTTGCCAAACTGGAAGCCCTGCATGAACGCCATGAAGAGTTCAGGCGTTGCTGGGTGACGCGCAAACTATCGCCGACCAGGAACGTTTTCGCGCATTATCACGCGAATATG

**T * * **A** ** * * **** * ** ** * ** **C* * ** *

460 '470 480 490 500 510 520 530 540 550 560 570

490 500 510 520 530 540 550 560 570 580 590 600
CGCAGTTAAGTGATGTTTCGCGCTGTTTTACCGACTGGCAACAGGTTCAGGAAGATATCGAAACCGCACAGATGATGCTCGATGATCCTGAAATGCGTGAGATGGCGCAGGATGAACTGC

* **C * * **** * * ** **C* **A** ** *A** * ** * * ***

580 590 600 610 620 630 640 650 660 670 680 690

610 620 630 640 650 660 670 680 690 700 710 720
GCGAAGCTAAAGAAAAAGCGAGCAACTGGAACAGCAATTACAGGTTCTGTTACTGCCAAAAGATCCTGATGACGAACGTAACGCCTTCCTCGAAGTCCGAGCCGGAACCGGCGGCGACG

* * ** ** ** *** * ** ** ** * ***** ** ** ****** * * ** ** * ***** *

TTGCTGAACTCGACGCCCTGGAAGAAAAACTGGCGCAGCTTGAGTTCCGCCGTATGTTCTCTGGCGAATATGACAGCGCCGACTGCTACCTCGATATTCAGGCGGGGTCTGGCGGTACGG
700 710 720 730 740 750 760 770 780 790 800 810

730 740 750 760 770 780 790 800 810 820 830 840
*GCGGCGCTGTTCGCGGGCGATCTGTTCCGTATGTACAGCCGTTATGCCGAAGCCCGCCGCTGGCGGGTAGAAATCATGAGCGCCAGCGAGGGTGAACATGGTGGTTATAAAGAGATCA

AAGCACAGGACTGGGCGAGCATGCTTGAGCGTATGTATCTGCGCTGGGCAGAATCGCGTGGTTTCAAAACTGAAATCATCGAAGAGTCGGAAGGTGAAGTGGCGGGTATTAAATCCGTGA
820 830 840 850 860 870 880 890 900 910 920 930

850 860 870 880 890 900 910 920 930 940 950 960
TCGCCAAAATTAGCGGTGATGGTGTGTATGGTCGTCTGAAATTTG*TCCGGCGGTCATCGCGTGC*CGTGTTCCTGCTACGGAATCGCAGGGTCGTATTCATACTTCTGCTTGTACCG
CGATCAAAATCTCCGGCGATTACGCTTACGGCTGGCTGCGTACAGAAACCGGCGTTCACCGCGTGGTGCGTAAAAGCCCGTTTGACTCCGGCGGTCGTCGCCACACGTCGTTCAGCTCCG

940 950 960 970 980 990 1000 1010 1020 1030 1040 1050

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
TTGCGGT**TGCCAGACTGCTGACGCAGACTGCCGGACATCCAAGATTACGATTGATACTTTCCGCTCGTCAGGCGGTTAGCACGTTACACACCGGTTCGG

1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CAATTCGTATTACTCACTTGCCGACCGGGATTGTTGTTGAATGTCAGGACGAACGTTCACAACATAAAMACAAAGCTAAAGCACTTTCTGTTCTCGGTGCTCGCATCCACGCTGCTGAAA
* * ******** *** * *********** ** * ** *** **** ***** ** ** ** ******* * * ** * * ** * * *

CGGTGCGTATTACCCACATCCCGACCGGGATCGTGACCCAGTGCCAGAACGACCGTTCCCAGCACAAGAACAAAGATCAGGCCATGAAGCAGATGAAAGCGAAGCTTTATAACTGGAGAT
1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
TGGCAAAACGCCAACAGGCCGAAGCGTCTACCCGTCGTAACCTGCTGGGGAGTGGCGATCGCAGCGACCGTAACCGTACTTACAACTTCCCGCAGGGCGCGTTACCGATCACCGCATCAA

** * * * * * * * * * * * * ** * * * * * * * * *

GCAGAAGAAAAATGCCGAGAAACAGGCGATGGAAGATAACAAATCCGACATCGGCTGGGGCAGCCAGATTCGTTCTTATGTCCTTGATGACTCCCGCATTAAAGATCTGCGCACCGGGGt
1300 1310 1320 1330 1340 1350 1360 1370 1380 1390 1400 1410

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
CC 11CTCTACCGCCTGGATG15GTGATGGAAGGT0GCTGGATATGCTGATTGAACCGATTATCCAGGCATCAGGCCGACCAACTGGCGGCGTTGTCCGAGCAGG4TAATGGAA

%MiACCCGCAACACGCAGGCCGTGCTGGACGGCAGCCTGGATCAATTTATCGAAGCA GTTTGAAAGCAGGGTTATGAGGAA CCAATATGTCTGAACAACACGAAAAAAAAAAA
1420 1430 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530

FIG. 3. DNA sequence ofRF-1 and RF-2. Upper line represents RF-1 and lower line represents RF-2. The sequences are aligned to maximize
homology and asterisks denote positions of identity. The extra thymine nucleotide is included in the RF-2 sequence. Possible control sequences
are underlined, and the translation start sites are underlined with two lines. The termination codons of each gene are boxed and the in-frame
premature UGA termination codon is indicated by three dots.

tion codon of the RF-2 is UAG, an RF-1-specific codon. A son, where the first methionine of RF-1 has been aligned with
comparison of the DNA sequences reveals a 41% sequence serine-18 of RF-2 to maximize homology.
homology between RF-1 and RF-2 (Fig. 3). The DNA There is a 31% amino acid sequence identity between RF-1
homology is greatest in the 3' end of the genes and cor- and RF-2. If conserved amino acid substitutions are included
responds with the amino acid homology. in this calculation, the homology increases to 51%. Regional
Amino Acid Sequence Comparison of RF-1 and RF-2. RF-1 homology is much greater; between residues 231 and 284, the

is composed of 323 amino acids and RF-2 is composed of 339 homology is 77%; between residues 130 and 284, it is 57%.
amino acids, as predicted by the nucleic acid sequences. Fig. These values increase to 89% and 77%, respectively, if
6 depicts the two amino acid sequences aligned for compari- conserved amino acid substitutions are taken into account.
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FIG. 4. DNA sequence of the region ofRF-2 gene that contains the premature UGA termination codon. The relevant feature is the presence
of three thymidine nucleotides. The two panels on the left side of the figure are Maxam-Gilbert sequences of both strands from the original RF-2
isolate pRF2-1. The two panels on the right side are dideoxy sequencing gels of the same region, to eliminate the possibility of a sequencing
artifact. The panel farthest right is of a second independent RF-2 isolate that shows the same sequence (see text).

The alignment can be increased slightly by introducing a
one-residue gap in the amino-terminal end ofRF-2 at position
80. It would appear that RF-1 and RF-2 are quite conserved
in their carboxyl sequence and less so in their amino-terminal
sequence.

DISCUSSION
In the present study, the structures of the genes encoding the
E. coli peptide chain RF-1 and RF-2 have been determined.
In addition, purified RF-2 protein has been partially se-
quenced twice to confirm the assignment of the amino-
terminal methionine.
The RF-1 and RF-2 gene sequences predict protein sizes of

35,911 daltons and 38,404 daltons, respectively. This is in
contrast to the estimated molecular sizes of -47,000 and
-48,000 daltons, respectively, as measured by their electro-
phoretic mobility on polyacrylamide gels (16). Sedimentation
equilibrium studies ofRF-2 estimated the molecular size to be
-35,000 daltons (16), a finding consistent with the data
presented here. The anomalous mobility on the polyacryl-
amide gel system can possibly be accounted for by the acidic
nature of the two RFs; RF-1 has a pI of 5.6 and RF-2 has a
pI of 5.1 (16).
A comparison of the amino acid sequences of both RFs

demonstrates the extensive homology that exists between
them. This homology is presumably a reflection of the shared
functional features of the RFs; namely, both must bind to the
ribosome, recognize the termination codon, and interact with
the peptidyl transferase center to cause hydrolysis of the
nascent peptide chain. The most obvious divergence of
function is in the exclusive codon specificity that each RF
maintains. Structural divergence has been more difficult to

Tyr Leu stop
5_51r .

NH2... TAT CTT TGAC TAC GAC ... COOH.2
L-J I I I

Asp Tyr Asp

FIG. 5. Summary of the DNA and peptide sequences of the
region of RF-2 containing the in-frame termination codon. Amino
acid sequencing confirms the presence of the amino acids Tyr, Leu,
Asp, Tyr, and Asp on either side of the termination codon. The three
thymidine nucleotides that are indicated in Fig. 4 are underlined.

assess, but available evidence indicates that the ribosomal
binding domains show definite dissimilarity. This difference
in ribosomal binding has recently been studied in detail by
Tate et al. (17), by measuring the termination activity ofeach
RF with reconstituted ribosomes. The ribosomal protein L11
differentially influenced the RF-1 and RF-2 codon-de-
pendent, but not the independent, termination reaction. This
finding suggests that ribosomal factors influence RF-1 and
RF-2 codon-dependent recognition. Since both factors rec-
ognize UAA it would appear that the LMI effect is related to
structural differences ofRF-1 and RF-2 influencing ribosomal
interactions, and not specifically codon recognition.
While nucleotide sequence recognition is predictably a

complex mechanism, the obvious amino acid sequence dif-
ferences of RF-1 and RF-2 reside in the amino-terminal
region. This amino-terminal region has several repeating
amino acid doublets that are found in both RFs; a leucine-
glutamic acid doublet and arginine-glutamic acid doublet that
are both reiterated a number of times and reflect repeating
DNA sequences. The significance of this is unclear.

Earlier studies indicated that the peptidyl transferase
activity of the ribosome has the capacity to catalyze peptidyl
tRNA hydrolysis in the presence ofRF or certain antibiotics
(18). Numerous efforts to identify covalent intermediates of
the nascent peptides with RF have failed. N-Ethylmaleimide
alkylation of RF-2, however, markedly diminished its ability
to participate in peptidyl tRNA cleavage without influencing
its codon recognition or ribosomal binding properties (un-
published data).
RF-2 has four cysteine residues (positions 128, 274, 300,

and 336); RF-1 has three cysteine residues (positions 50, 200,
and 256). Cysteine-274 and cysteine-256 are in identical
positions (as aligned by amino acid homology) in the two
genes, and both are found within highly conserved regions,
implying that this amino acid may have a role in the peptidyl
tRNA hydrolysis function. Knowledge of the RF-1 and RF-2
protein primary structures now permit targeted in vitro
mutation of the cloned genes for determining the functional
regions and residues.

Several structural features of the RFs suggest a transla-
tional regulation of RF activity. A simple extension of the
finding that RF-2 terminates with the codon UAG and RF-1
terminates with the codon UGA is that each RF can effect the
translation of the other RF transcript. Earlier studies have
shown that suppressor tRNAs and RF compete for peptide-

Proc. Natl. Acad. Sci. USA 82 (1985) 3619
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MFEINPVNNRIQDLTERSDVLRGYLDYDAKKERLEEVNAELEQPDVWNEPERAQALGKERSSLEAVVDTLDQMKQGLEDV
* *

MKPSIVAKLEALHERHEEVQALLGDAQTIADQERFRALSREYAQLSDVSRCFTDWQQVQEDIE

SGLLELAVEADDEETFNEAVAELDALEEKLAQLEFRRMFSGEYDSADCYLDIQAGSGGTEAQDWASMLERMYLRWAESRG
* * * * ** * * ** ** ** * * *** *** *

TAQMMLDDPEMREMAQDELREAKEKSEQLEQQLQVLLLPKDPDDERNAFLEVRAGTGGDEAALFAGDLFRMYSRYAEARR

FKTEIIEESEGEVAGIKSVTIKISGDYAYGWLRTETGVHRVVRKSPFDSGGRRHTSFSSAFVYPEVDDDIDIEINPADLR
** *****M* ***** ** * **E***H**E**N**** ** * *******

WRVEIMSASEGEHGGYKEI IAKISGDGVYGRLKFESGGHRVQRVPATESQGRIHTSACTVAVMPELPDAELPDINPADLR

IDVYRTSGAGGQHVNRTESAVRITH IPTGIVTQCQNDRSQHKNKDQAMKQMKAKLYNWRCRRKMPRNRRWKITNPTSAGA
** * ********* * ** **** ***** ** ******* * * *

IDTFRSSGAGGQHVNTTGSAI RITHLPTGIVVECQDERSQHKNKAKALSVLGARIHAAEMAKRQQAEASTRRNLLGSGDR

ARFVLMSLMTPALKICAPG(TAG)

SDRNRTYNFPQGALPITAST(TGA)

chain termination codon translation (19). By using a peptide- tions and
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Sequences are aligned to maximize homology and
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sequencing of RF-2. Termination codons used by
RF-1 and RF-2 are indicated at the end of each
protein. A dot is above the position in RF-2 that
contains the premature termination codon.
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