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Translational termination in  Escherichia coli
three bases following the stop codon crosslink to
release factor 2 and affect the decoding efficiency of
UGA-containing signals
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ABSTRACT Over three decades, comprehensive studies on the suppressior
of nonsense codons have supported the concept that the
termination signal may be >3 1#{1). Elucidating the elements
important for terminatioias provemifficult and the development
of new approaches to address this problem was needed.

For this purpose, a database, TransTerm, containing sequences
at translational termination sites was establist®)l &nd has
been developed and updated continu@B).(We have used this
database to analyse sequences around stop codons in genes fror
a wide range of organisms and have shown that there is a
significant bias in the surrounding codon context on both sides of
the termination codor2¢). The most striking bias was in the
position following the codon (+4 base) and a number of
experimental approaches with different organisms have been
applied to provide strong evidence that the base in this position
is a key determinant of the efficiency by which the signal is decoded
: : . X 16,25-27). In vitro experiments witlE.coli termination complexes
invariant U to RF2. A strong selgctlon bias fpr fjsing az?ro-length ch())sslinking moiety, thio-U, as the +4 Ease of the
particular bases in the +4 to +6 positions of certain mRNA showed crosslinking to the decoding factor, implying close
E.coli UGANNN termination sites correlated in some proximity of the RF to this position in the MRN2S.
cases V‘."th c_rosshnkmg efficiency to RF2 and In vivo The statistical analyses of translational termination sites raised
termination signal strength. These data suggest that RF2 the possibility that there may be further contacts between the
may recognise at least a hexanucleotide UGA-containing decoding RF and other bases in thedhitext of the stop codon
sequence and that particular bgse .comk_J|nat|ons W't.h'n and an extended sequence element might form part of’ the
this sequence influence termination signal decoding molecular signature of the termination signal. In this study, we
efficiency. have addressed this question using termination complexes with
E.coli RF2 and small designed mRNAs containing thio-U
INTRODUCTION residuesZ9) at various positions & the stop codon. Subsequent

The Class | polypeptide chain release factors (RFs) are protep{gotoactl\{atlon induces crosslinks from the th|o—L‘J.and’ allows a
involved in decoding the translational termination sigijal4  Snhapshot’ of where decoding RF molecules are ‘fixed’ in close
tRNA analogue model for how RFs function was proposed aftéfoximity to the bases. In addition, we have determinedvo
evidence that these proteins spanned the decoding site of the styifther selected contexts from the TransTerm analyses influence
subunit of the ribosome and the peptidyltransferase centre of tHi strength of the termination signal when placed in competition
large subunit like a tRNAZ). Subsequently, it was proposed thatWith the +1 frameshift event at the RF2 frameshift site.

aregion of the RF mimics the tRNA anticodon and is homologous

to regions of EF-G domain I\3{5). Whereas tRNA recognition MATERIALS AND METHODS

of the translational ‘elongation signals’ (the sense COdO”?\)Iaterials

involves only three bases in the mRNA because of codon:anticodon

interaction, the recognition of translational terminasigmals by ~ Deoxyoligonucleotides were made using an Applied Biosystems
the RF proteins clearly must occur by a different mechanism al30B DNA synthesizer or purchased from Macromolecular
could involve a larger sequence element than three f8es ( Resources, Colorado State University3SPP]JGTP (3000 Ci/mmol)

The observations that the  Escherichia coli release
factor 2 (RF2) crosslinks with the base following the
stop codon (+4 N), and that the identity of this base
strongly influences the decoding efficiency of stop
signals, stimulated us to determine whether there was
a more extended termination signal for RF2 recognition.
Analysis of the 3 ' contexts of the 1248 genes in the
E.coli genome terminating with UGA showed a strong
bias for U in the +4 position and a general bias for A and
against C in most positions to +10, consistent with the
concept of an extended sequence element. Site-directed
crosslinking occurred to RF2 from a thio-U sited at the
+4, +5 and +6 bases following the UGA stop codon but
not beyond (+7 to +10). Varying the +4 to +6 bases
modulated the strength of the crosslink from the +1
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and Hybond transfer membranes were supplied from Amersham, B
A RiboMAX O Large Scale RNA Production System (Promega) *&
kit was used foin vitro transcription reactions. tRN¥2 was
supplied by Subriden. UV irradiation was carried out using a 15 watt, s
National Matsushita black light (FL15 BL) in a Griffin UV light 3
box through a glass filter that was impermeable to light <300 nm.g
Ribonuclease T1 was purchased from Boehringer Mannheimg
The pMALO-c2 plasmid and Maltose Binding Protein (MBP) £
antibody, restriction enzymes and buffers, and T4 DNA ligase <«
were purchased from New England Biolabs. A Promega Wiz-
ard] Miniprep DNA purification kit was used to prepare plasmid
DNA and cloned DNA was sequenced using a 373A AB1
Sequencer. Plasmids were electroporated into bacterial cells using
an Electro Cell Manipulatar 600 (BTX). Schleicher and Schuell
supplied the nitrocellulose transfer 'membra'nes. Other Chemlcélgure 1. Statistical analysis of the' Zontext of UGA-containing=.coli
re_age”ts were purchased from_ Sigma. BIO-Ra_ld_ supplied trl@rmination signalsA) The non-randomnesg?) was determined for each of
Mini-PROTEAN Il electrophoresis cell and the Mini Trans-Blot the 17 positions'3o the 1248 genes ending in UGA from the comiieteli
electrophoretic transfer cell that were used for gel electrophoresignome. B) The bias of each base in the +4 to +10 positions following UGA
and protein transfer respectively, as well as a GS-670 imagi;:%op codons. An occurrence at a higher frequency than expected is expressed

Nonrandomness (positive or negative %2)

0

456789104567891045678910456780910
Base Position Base Position

- : : a positive value, and an occurrence at a lower frequency than expected is
Qen§|t0meter_used for_Iaser densitometry of the proteins from t pressed as a negaiive value.
in vivo bacterial experiments. An LKB ULTROSCAN XL laser
densitometer was used for the analysis of the bands produced

from autoradiography of the crosslinked proteins. regions. Since there were a total of 12179 ‘stop signals’ in the

non-coding regions, UGACUG represented 0.14%. Therefore, at
i : ) termination sites, of the 4160 hexanucleotide stop signals

Media and bacterial strains . e ;

included in this analysis 0.14% or 25 would be expected to be
Bacteria containing plasmids conferring ampicillin resistanc& GACUG. This contrasts with the observed occurrence of 6.
were grown in Luria Broth with 10Qg/ml ampicillin. Protein ~ There is a general bias against UGAC and UGAA termination
expression was induced from thgdpromotor with IPTG at Signals in theE.coli genome. Therefore, in determining the
1 mM. Primary cloning was carried out in faeoli strain TG1, ~deviation for the stop signals UGACUN and UGAAGN the
FJU112 [D(lac pro) gyrA ara recA56~ T FlaclQ (30) for ~ Within the set and the average deviation of all the signals in each
analysis of fusion proteins. This strain contains wild-types€t was calculated (FigA).
ribosomes and no suppressor tRNAs which could compete with
the termination or frameshifting events in the translationaln vitro transcriptions

termination/frameshift assay.
Y The method of Stadet al. (32) was used to prepare 4-thio-UTP

from 4-thio-UDP (Sigma). Transcription reactions were carried
Computer sequence analysis out as describe@§). In brief, the single-stranded DNA templates
(0.2 nmol) were annealed to an equimolar amount of T7

Statistical analyses of nucleotide sequences were performed mwlymerase primer in transcription buffer by heating® ®%or
the complete genome ofE.coli (GenBank Accession 3 min) then cooling to room temperature. Transcription reactions
No. U00096) after entry into the TransTerm databe&®& ( (100 pl vol) containing the annealed primer:templates in
http://biochem.otago.ac.nz:800/Transterm/homepage.html )  &snscription buffer supplemented with 7.5 mM ATP and CTP,
described previously3(). 0.25 mM GTP, 0.52 mM 4-thio-UTP, 26Ci [a-32P]GTP and

For UGA termination signalg? values of the non-randomness 3000 U T7 RNA polymerase were incubated &t@dvernight.
at each nucleotide position following the stop codon wer&@he mRNA transcripts were purified on a 15% polyacrylamide
calculated. Expected values were predicted by mononucleotif&8:2 acrylamide:bis(acrylamide)]/ 7 M urea/ 0.1% SDS gel then
frequencies observed in the 100 nt of non-coding regitmtBe  located by autoradiography. The bands were excised, extracted
UGA stop codon (FiglA). If a base occurred at the termination with phenol/SDS buffer, collected by ethanol precipitation and
site at a greater frequency than expected, then the bias whse yields calculated from Cerenkov radiation of the samples.
presented as a positive value. If it occurred at a lower frequency,
then the bias was presented as a negative value. In suchg@n,somal complex formation and site-directed crosslinking
analysis, eacly? value was multiplied by the sign of z where
(observed — expected) = z (Fid). Ribosomal complexes were formed by incubating 25 pmol 70S

Deviation in the use of hexanucleotide termination signaldbosomes with 1000 pmol 0f4P]JmRNA, 75 pmol tRNA2-2
(Fig. 4A) was calculated as follows: deviation = (observed Hanticodon VGC) and 140 pmol RF2 in flbuffer containing
expected)/expected. For a given hexanucleotide stop signal) mM Tris—HCI pH 7.4, 100 mM NI, 20 mM MgC} and 6%
expected values were calculated from the occurrence of ti@v) ethanol at 37C for 30 min. Crosslinks were formed by
hexanucleotide signal in the non-coding region of all genes. Fdispensing the complexes onto Parafilm resting on ice then UV
example, the signal UGACUG occurred 72 times in all non-codingradiating from a distance of 10 cm for 30 min.
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Analysis of crosslinked complexes by gel separation sequence element recognised by RF2)? To determine this, the
. . _ .. occurrence of a particular base in each position following UGA
Aliquots (10l) of crosslinked complexes were digested withyy termination sites was compared with its occurrence following
100 U of ribonuclease T1 at 3 for 30 min. Crosslinked - yGA in non-coding regions. The analysis considered the first
samples, and those treated with ribonuclease, were resolved ofyg positions downstream from the stop codon of each gene, or
129 polyacrylamide [29:1 acrylamide:bis(acrylamide)] mini g€ke\yer positions if a second gene began within this region. Of the
system prior to transfer to a nitrocellulose membrane as describgsig genes, 4160 were included in the analysis as they contained
(25). The crosslinked proteins were visualised by autoradiography, hase ambiguities and sufficient intergenic sequence. If a base
and the intensity of the crosslink bands from at least three separg{g,red at the termination site at a greater frequency than
experiments were measured by densitometry. An average of th. ected, then the bias was presented as a positive vaiue, if it
measurements was used to calculate the relative crossligksyrred at a lower frequency, then the bias was presented as a
efficiency of RF2-mRNA specific bands at different contexts. negative value (FiglB). The most striking differences between
termination sites and the non-coding sites was the strong bias for U
Plasmid construction and analysis of expressed fusion and against C in the +4 position. For the other positions extending
proteins to +10, there was a general bias for A in the +6 to +10 positions and
. . . a more modest bias against C.
The formation and analysis of the plasmid constructs has beefy, have subdivided the dataiether into four base (UGAN)
described in detail previousl$1). In brief, for the current study  gjgnals and analyséie following bases in the same manner. The
complementary redundant deoxyoligonucleotides spanning tygneral bias for A and against C was still evident, although there
RF2 frameshift window and containing UGANUA, UGAAGN quis some variation among the +4 base contexts (not shtvis).
and UGACUN stop signal context series were annealed andyysis revealed why Apparently was not significant in the
_dlrectlonglly cloned into t_he _pl\/lﬁl expression plasmid. Follo_wmg +5 position (as shown in FigiB). Fortwo contexts (+4 A or C),
introduction of the plasmids into tBecoli strain TG1, recombinant A \yas strongly favouredHowever, this was contrasted by A
clones were identified by sequencing. Plasmld DNA expressi ing relatively rare in the other two contexts (+4 U or G).
fusion proteins from the RF2 frameshift window were introduced g critical question is whether these observed statistical biases
into E.colistrain FJU112, then fusion protein expression inducegre important for the decoding mechanism during translational
and the products analysed immunologically following PAGE anghymination? Wénow alreadythat the strong nucleotide bias at
western blotting using the MBP as describéd).( Relative  he +4 position of all stop signals profoundly reflects termination
proportions of frameshift and termination products were determ'n‘aéi‘ficiency in both bacteria and mammal§,5,26), and that this
by laser densnometry. Data from at least three separate exp§jise is in close proximity to the decoding RE)(In the current
ments that used multiple clones of the same construct were U%‘fgsdy,in order to define the extent of the RF recognition signature,
to calpulate the relative termlnatlon_eﬁ|0|ency. _R_’ele_ase factQfe nave used a site-directed crosslinking strategy to determine
selection rates were calculated using a modification of th8F ~ontact between the +4 to +10 positions, together with an

g%lé?eti:tna?((ezrig)ed by Pedersen and Curfeh) &s described in iy assay that allows measurement of termination signal strength.

RESULTS RF2 crosslinks to bases'3f the UGA stop codon

For analysis of the extent of RF2 proximity with basds $e stop
signal, sever$2P-labelled mRNA analogues were transcribed
Recently, the sequence of the complEteoli genome has vitro from designed long oligonucleotide templates. The oligo-
become available, enabling the contexts of all the genes to becleotides were designed to reflect the statistical bias for A in the
extracted for entry into our TransTerm databag8). (Of 3 context positions. Each mRNA analogue contained the
particular interest to our current research programme are thasgro-length crosslinking reagent thio-U in the +1 position of the
contexts downstream from UGA stop codons (1248 genes stop signal and a second thio-U sited in one of the positions +5 to
4268 coding sequences of the completli genome). UGA-  +10 substituting for A. The statistical analysis has shown that U
containing signals are decoded only by RF2, the factor used foccurs at the expected frequency in most positions from +5 to +10
a comprehensive site-directed crosslinking study from definddllowing UGAG, the signal used for these experiments. As a
sites in the mMRNA as described below. Analysis of the sequengassitive control, we have used the thio-U to substitute for G in the
in the TransTerm database allowed predictions of hoariexts  +4 position,the position shown recenttg support crosslinking
from stop codons might influence translational terminatiod, to RF2 @8). A thio-U for U substitution in the essential
thenthese predictions wetested experimentally. +1 position of the stop codon in MRNA analogues has been
The non-randomness of nucleotides in positions +4 to +2@emonstrated previously not to affect RF binding in termination
following UGA stop codons is shown in Figutd. Consistent complexesZ9). In the current experiments termination complexes
with previous analyses for all stop codons in a more restricteglere formed usinde.coli ribosomes, with the stop codon of the
dataset 4), the most significant deviation was for the basenRNA positioned in the A-site by a P-site bound tRR#& in
immediately following the stop codon. However, there weré¢he presence of RF2. Irradiation with UV at wavelengths >300 nm
biases (as indicated from tRvalues) which were significantly specifically activates the thio-U residues to form crosslinks with
higher in the positions to +10 that were not evident in the momaolecules in the immediate vicinity.
distant positions. Our previous study has shown that RF2 crosslinked to any
Were these biases indicative of a preference for a particular bas®&NA fragment is retarded during electrophore&ig).(By
at each position (as might be expected if there was an extendadjecting the mRNA in the crosslinked complex to ribonuclease

Analysis of bases '3to UGA stop codons
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RF2 The results obtained with the control experiment (where the
. Y . mMRNA analogue contains thio-U in the +1 and +4 positions) is
G/G/G/\G/AAAAAAAG/\CCG/CG/‘;G/AUAAAAAAAG/AAAAAAA control mRNA shown in Figure8A. A prominent crosslinked band was seen in
5

Aé/ﬁAAAAAAé complexes containing RF2 (lane 1, arrow) that was absent in
complexes lacking RF2 (lane 3). Ribonuclease T1 digestion
Aé/A‘SAAAAAé destroyed the complex and produced two baRdsziously, we
N have identified the lower prominent band at the position of native
AGrAUARAAG RF2 (46 kDa) (lane 2js being derived from the +1 position
Aé/AAA*SAAAg crosslink and containing a dinucleotide crosslinked to RF2. The
e . less intense RF-specific radiolabelled band in lahatPigrated
AG/’*A“““AAG between the band at the native RF2 position (+1 band) and the
Aé/AAAAKL%é position of the undigested RF2-mRNA complex is derived from

the +4 position crosslink and containgezanucleotide fragment
crosslinked to RF22g). This bandvas absent when the mRNA

Figure 2. The products generated by ribonuclease (RNAse) T1 digestion ofcomalned only a thio-U in th.e +1 pos't'of‘ of thg St_Op codon .(nOt
MRNA analogues containing thio-U. The control mRNA (+1 and +4 thio-U) is Shown). We have used previously RNA fingerprinting to confirm
shown in full above the test mMRNAs containing +1 and +5 to +10 (as shown)that these bands arose from crosslinks from the +1 and +4
thio-U. The sites of RNAse T1 cleavage are shown by a diagonal bar. Th:positions in the RNAZS8). The two bands were immunologically
asterisks denote the radiolabelled G. The solid bars represent crosslinks to R ;fositive for RF2 and absent in complexes lacking RF2 (lanes 3
from the control mRNA. and 4)

Typical RF2-mRNA crosslink patterns for mRNA analogues
T1 digestion, which specifically cuts on thé §de of G containing thio-U from the +4 to the +10 position after
nucleotides, a fragment of a defined length is attached to the Ronuclease T1 digestion are shown in FigiBeAn undigested
The mobility of the RF2-mRNA fragment then depends on thBRF2-mRNA crosslinked complex was included (lane 1). All
length of the attached mMRNA fragment (and hence the positionnosslinked complexes showed a significant band at the position
the mRNA from where the crosslink originated). The strateggf native RF2 corresponding to a crosslink from the +1 position
with the potential crosslinked mRNA fragments for the sixlanes 2-8). The higher RF2-specific crosslinked band that
mRNAs under study and the control is illustrated in Figyre originated from the downstream position was evident in complexes
diagonal bars represent the cleavage positions. A crosslink frarantaining a +5 and +6 thio-U (lanes 3 and 4) as well as +4
the +1 position will result in a dinucleotide fragment attached tane 2). In each case, they reacted with an RF2-specific antibody
RF2, a crosslink from the +4 position results in the attachment obnsistent with the migration of RF2 being retarded by the
a decanucleotide fragment and a crosslink from any of the +5 #édtached octanucleotide fragments. In contrast, this band was
+10 positions leaves an octanucleotide fragment attached to REPsent from RF2-mRNA complexes with a thio-U sited in the +7
The mRNAs were radiolabelled at the G nucleotides so that aftdrough to the +10 positions of the mRNA (lanes 5-8). A band
ribonuclease T1 digestion and separation by PAGE, the crossigrating at the position of the undigested RF2—mRNA complex
linked fragments could be identified by autoradiography. We useglas sometimes present (asterisk, lanes 2—8) but it did not react
an antibody to RF2 to confirm that the mRNA fragment wasvith the RF2-specific antibody. A +1 thio-U-containing mRNA

attached to the factor. analogue has been shown to crosslink to ribosomal protein S1 in
A +RF2 —-RF2 B Second thio-U Position
- 4 = 4+ FMhAs 4 4 5 & T B 89 10
- - =
. =
+d > * sacond
- crogslink
- e e e = | ]
E— +1
1 2 3 4 5 & 7 B
1 2 a 4

Figure 3. PAGE separation of crosslinked complexég. Analysis of the fragments from mRNA containing UGAU. Lanes 1 and 2, and lanes 3 and 4 show the
crosslinks formed in the presence and absence of RF2, respectively, both before (lanes 1 and 3) and after (lanes Relads® (iNAse) T1 digestion. The large
arrow shows the position of the RF2-mRNA crosslinked species prior to digestion. The upper crosslinked species (denatstengk) imlanes 1 and 3 represent
probable crosslinks from the mRNA to ribosomal protein BjLAfalysis of the fragments from mRNAs containing a thio-U in the +1 position and a second thio-U
in any of the +4 to +10 positions as shown. All crosslinks were formed in the presence of RF2. An undigested crosslinkesl sloompian lane 1 (large arrow)

and the complexes shown in lanes 2—8 have all been digested with RNAse T1. The upper crosslinked species (denotedskjtregnesstets probable crosslinks
from the mRNA to ribosomal protein S1.
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Figure 4. Analysis of UGANUA hexanucleotide contextsA) Deviations of the observed from the expected occurrences for each N base in this context. Bars above
the line mean that the base occurs more frequently than expected and those below the line that the base occurs IésariregpectityiB) Thein vivotranslational
termination efficiency at UGNUA contexts. The data was derived from laser densitometry of the expressed protein products as described in the Materials a
Methods. C) Analysis of fragments from mRNAs containing USIA stop signals (N= U). All crosslinks were formed in the presence of RF2. The left lane shows

the RF2-mRNA crosslinked complex prior to RNAse T1 digestion. The upper crosslinked species in all lanes (asterisk)prepaggertmsslinks from the mRNA

to ribosomal protein S1D] Relative efficiency of the +1 crosslink in mRNAs containing UM contexts (N= U). Bands from at least three separate experiments
were analysed by laser densitometry and the efficiency of the +1 crosslinks is expressed as a percentage of the totabsstinised the +1 and +5 positions.

the presence or absence of RF and migrates to a similar positlmses of the same sequences? FifDighows an example of the
(29) and is the most likely identity of this radiolabelled band. crosslink patterns for UGAGUA, UGAAUA and UGACUA
contexts after ribonuclease T1 digestion. The UGAUUA context

Stop Signa| context affects termination efﬁciency was not included as the adjacent +4 and +5 thio-Us could not be
o ] o separated by the ribonuclease T1 digestion strategy and would

The crosslinking experiments demonstrated that the RF is in cloggnfound the analysis. The efficiency of crosslinking from the

proximity with the +1 and the +4 to +6 positions of the MRNA+5 hase showed little difference among the three contexts. In

Termination efficiency might be related to how well the RFcontrast, RF2 contact with thel base showed significant

contacts each signal at these positions. UGACUA and UGAGUfgriation, with the strength of the crosslink decreasing in the order

are examples of hexanucleotide contexts that we have showh +4 G>A>C. A histogram of the relative efficiency of

previously to have stop signal efficiencies that are low and highi crosslink formation where the +4 base is G, A or C is shown

respectively £5). As mRNA proximity to RF2 extends to the +6 in Figure 4D. Strikingly, this order of crosslink efficiency

base, we investigated whether variations in the +4, +5 and t@rrelates with both the frequency of occurrence of the signals at

bases in these two contexts would affect the crosslink from thermination sites and with thie vivo termination efficiency

invariant +1 U position of UGA. directed by the +4 base of the signals (Bigand B).

Firstly, reversing the order of the +5 and +6 bases from

UGAGUA to UGAGAU increased RF2 crosslinking efficiency Table 1. Relative efficiency of RF2 crosslinks at each

from the +1 position by7% but a change from UGACUA to hexanucleotide signal

UGACAU slightly reduced efficiency (Tabl®). These results

suggest that the'3context can modulate the closeness or UA AU

orientation of the first position of the stop codon with respect to

RF-2. Second, a detailed comparison of the characteristics of UGAGNN 10 137
UGACUA, the weak signal, with UGAGUA and the other two UGACNN 10 0.88
members of the series, UGAUUA and UGAAUA, have been . ) o .
examined by a number of criteria. Figde shows a statistical The efficiency is the average crosslink intensity (measured by

densitometry) for each signal relative to that for UGAGUA
and UGACUA, respectively. The fifth and sixth bases are
shown at the head of the Table.

analysis of the relative frequency of these signals at termination
sites over that expected after comparison with the non-coding
regionsin the +4 position of the UGANUA context, G is selected
for, U is at the expected frequency and A and particularly C are
selected against. Figut8 shows the influence of the +4 base on A statistical analysis was performed on termination sites from the
in vivotermination efficiency at these UGANUA signal&ioli  completeE.coli genome with six bases (+1 to +6) constituting the
(31, as measured in a competition assay where terminati@ignal. Five of the six bases were fixed and there was variation in the
competes with a frameshift event at the RF2 recoding site. Themaining position. The biases in the numbéspecific sequences
order of efficiency of the signal was U>G>A>C for the +4 basén each dataset provide useful predictive data as to what might be
in these hexanucleotides. The RF selection ra® for more or less efficient termination signals. From this analysis we
UGAUUA was 28-fold more efficient than for UGACUA. Is this selected for examination several hexanucleotide series varying in the
order of signal strength at UGANUA contexts reflected in howt6 position, including UGAAGN and UGACUN. These latter
efficiently RF2 can be crosslinked with the +1 and +5 thio-LWtontexts show striking statistical differences between observed and
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DISCUSSION

01+ Statistical biases extending ta@yond the triplet were found in
] the bases downstream of the stop codon when the complete gene
complement oE.coli was examined. If these sequence contexts
reflect an important aspect of bacterial cell biolotpen an
obvious candidate is the termination phase of protein biosynthesis.
Already, extensive evidence has been collected for a role of the
base following the stop codon (+4) in polypeptide chain
termination (6,25-27), and for this base being in close proximity
to the decoding RF in a termination compl@8)( Do bases
beyond the +4 base have a role in termination and perhaps form
part of the recognition element for the decoding RiRsthe
current work we have combined two experimental approaches to
14 answer this questiorin vitro site-directed crosslinkingindin
1 vivo measurement of frameshifting efficiencies as a function of
] termination signal competitiveness. A critical experiment illustrated
104 in Figure3B has shown that the structural elements of RF2 are
positioned close enough to the +5 and +6 bases of the mRNA for
site-directed crosslinking to occur. In the previous study with the
0.6 +4 base, we showed that the PAGE-retarded band released from
the crosslinked product after RNAse T1 digestion (B#)
] contained the +4 thio-U oligonucleotidegj. We interpret these
0.2 new data to suggest that the contact the ‘anticodon-like’
recognition region of the Riakes with the mRNA may extend
UGAC UGAC as far as the +6 base. The failure to crosslink from the +7 to +10
UGAAGN  UGACUN positionscould reflect that elements of RF structure are no longer
in close proximity to these bases, given that the thio-U is
Figure 5. Analysis of UGAAGN and UGACWN hexanucleotide contexts.  essentially a ‘zero-length’ crosslinking moiety. Howeités,also

(A) Deviations of the observed from the expected occurrences for each N base )ﬁ%ssmle thathe microenvironment simply may be unfavourable

Deviation

-0.4

UGACUGAGCGC
UGAAGN  UGACUN

0.8+

0.4

RF Selection Rate

0.0

these contexts. Bars above the line mean that the base occurs more frequently t L : P
expected and those below the line that the base occurs less frequently th CrOSS“nkmg compared with the +4 to the +6 positions. \We

expected B) Thein vivoRF selection rate at each context. The rate of RF selectionProbed the recognition process further by showing that changing
relative to the rate of frameshifting was calculated from data derived from at leashases in the +4, +5 and +6 positions affects how efficiently the

three separate experiments that used multiple clones of the same construct.  +1 base crosslinks to the RF. That the sequences downstream of
the stop codon can influence this event presumably reflects a
changed orientation of the mRNA with respect to the critical
elements of RF structure at the +1 base position.

The TransTerm database is particularly helpful to predict
expected occurrenced termination sites for each of the four sequences which may be strong or poor termination signals when
bases in the +6 position (Fi§A). Both contexts are already the length of the sequence is small (for example, four or even five
strongly selected against because of the +4 A and +4 Gases) aselatively large numbers of sequencesurin each
respectively, which are known to affect termination efficiency fossubsetExtending the analysis of termination signal&iooli to
UGA-containing signals, and the data are normalised for this +4 basehexanucleotide sequence is at the limit of reliability for
bias in each case. For the UGAAGN contexts, A and particularkignificance as the numbers of sequences in each dataset becom
C are selected against in the +6 position. The UGACUN contextslatively small. This is particularly so if the +4 base is a C.
are rare at termination sites with a stronger bias against A andN&vertheless, we selected potentially suitable hexanucleotide
in the +6 position than against U and C. The selection againstgandidates to test termination signal strength. Some sets showed
in these contexts was in contrast to the general bias for A as avd@iation in termination signal strength as a function of the +6
base when all UGA-containing termination signals are corbase (as shown in Fi§). These data suggested that the +6 base
sidered (Fig1B). was influencing termination but not necessarily as the TransTerm

We used, as above, the frameshift site in the RF2 gene to measamalysis had predicted.
in vivothe rate of RF selection at each UGACUN and UGAAGN The ultimate aim of our continuing studies has been to define
termination signal in competition with the frameshifting event ira consensus sequence element for the termination signal that is
E.coli. The RF selection rates for the UGAAGN and UGACUNrecognised by the RF, but this may be difficult particularly if each
contexts varied with the +6 base in the order C = A>G>U for thposition cannot be defined independently of the others. For a series
UGAAGN series, and U>G = C>>A for the UGACUN series. Invarying in the +4 base (the UGANUA series), there is a correlation
these cases, in contrast to the UGANUA series, the data did mait only between the frequency of occurrence of the four possible
parallel thestatistical selection biases. For example, although C arsgquences at termination sites and their strengths when in
G were infrequently found at the +6 position of UGAAGN andcompetition with frameshifting at the RF2 frameshift site, but also
UGACUN contexts, respectively, they did not weaken the signalith the efficiency of the crosslink between the decoding RF and the
(compare Fig5B with A). invariant +1 U of the stop signal (Fid). Within this series,
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UGACUA seems to be a context that is not recognised égsily Howard Hughes Medical Institute and the work described here
RF2. Indeed, this rare UGA context is also found at the +1 framesHifas been supported by a grant from the Human Frontier Science
recoding site of the RF2 gene its@8). In this case, the stop signal Program (awarded to W.P.T. and Yoshikazu Nakamura) and the
is thought to contribute to a pause in translation that is believed kdarsden Fund of NZ.
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immediately 5to the stop signaBg,35). REFERENCES
Important features of the termination signal may not be so . _

evident in a total dataset derived from all the gene sequences bf Igt’el'gg-Pisga'ph'”vM-E-v Pel,H.J. and Mannering,S.A. (1836). Eng.
an organism, whereas a special subset can be; more mformatw;.M(')ﬁaL J.G. and Tate,W.P. (199%)Biol. Chem.269 1889918903,
Previously, we have used the Codon Adf_;\ptatlc_m Index (C_AI, & Ito,K., Ebihara,K., Uno,M. and Nakamura,Y. (1998pc. Natl. Acad. Sci.
measure of sense codon usage correlating with expression) to USA 93, 5443-5448.
show quite definite characteristics in the termination signal with4 Nakamura,Y., Ito,K. and Isaksson,L.A. (19G&l, 87, 147-150.
respect to the +4 base in the most highly expressed subset (tépU”O'M-* Ito,K. and Nakamura,Y. (199Bjochimie 78, 935-943.
5-10%) @4). The key features gradually became less obvious a Tate,W.P. and Mannering,S.A. (19989l. Microbiol, 21, 213-219.

: Y g - y . 9 Tate,W.P., Poole,E.S., Dalphin,M.E., Major,L.L., Crawford,D.J.G. and
subsets of lower CAl were examined successively. For example, mannering,S.A. (1996Biochimig 78, 945-952.
UAAU, experimentally shown to be the strongest four base stofg Salser,w. (1969lol. Gen. Genet105 125-130.
signal, is by far the most prevalent signal in the highest CAI® 835%%6@:%% ag;OEPSte'n,R- (196®)d Spring Harbor Symp.
subset, whgrgas L_JGAC the_weakest signal, is never found in tlw Fluck M.M.. Salser W, and Epstein,R.H. (19¥8). Gen. Genet151
subset. This implies that highly expressed genes have a Strict 137_149.
requirement for a strong signal which is decoded rapidly, whereas Bossi,L. and Roth,J.R. (1988jture 286 123-127.
genes that are expressed in lower amounts can tolerate a wi@?rmssi,;--él983)kllt\)ﬂolt-_ Bizh ,\/}6(41,;833—;87\)' ! Biol. 164 571

i i H H3 i lier,J.A. an eruni,A.vl. . Mol. Biol, 3 —/1.

range of S|gna_lls_decoded at different rates. While it is dn‘ﬁ_culté%s Smith.D. and YarusM. (1988yoc, Natl, Acad. Sci. US/B6, 43974401,
perform a statistical analysis of larger sequence elements in a CAl gy cxingham,R.H., Strensen.P., Pagel,F.T., Hijazi,K.A., Mims,B.H.,
subset off400 genes because the expected nunfoersach Brechemier-Baey,D. and Murgola,E.J. (198@)chim. Biophys. Actd05Q
specific sequence are smalle are examining currently which 259-262. _
hexanucleotide sequences occur more frequently within the t@p Pedersen,W.T. and Curran,J.F. (1981lol. Biol, 219 231-241.

: : Kopelowitz,J., Hampe,C., Goldman,R., Reches,M. and Engelberg-
CAl subset, to select candidate sequences for further experimel IKulka,H. (1992)0. Mol. Biol, 225, 261269,

testing. ) _ 18 Bjornsson,A. and Isaksson,L.A. (1993Mol. Biol, 232, 1017-1029.
Will it be possible to define a consensus sequence element f@r Mottagui-Tabar,S., Bjérnsson,A. and Isaksson,L.A. (189480 J, 13,
decoding RF recognition? We have defined the core of the 249-257.

termination signal as URRN (excluding UGGN and where fof0 Biomsson,A., Mottagui-Tabar,S. and Isaksson,L.A. (LEB630 J, 15,
E.coli N:U/G>A/C) (28). An important consideration for a 1696-1704.
: . ' P 21 Zhang,S., Ryden-Aulin,M. and Isaksson,L.A. (1926Ylol. Biol, 261,

consensus sequence is the sequeridestife stop codon, and a 98-107.
series of important experiments have been carried out th2& Brown,C.M., Dalphin,M.E., Stockwell,P.A. and Tate,W.P. (1993)
indicate at least two codons (i.e. the six bases -1 to —53; Nucleic Acids Res21, 3119-3123.

L . L . . Dalphin,M.E., Brown,C.M., Stockwell,P.A. and Tate,W.P. (1997)
significantly influence termination efficiencyl ¢,20). Here the Nucleic Acids Res25, 246-247.

coding potential of the' Sequence is most likely to be the critical 54 Tate W.P.,, Poole,E.S., Horsfield,J.A., Mannering,S.A., Brown,C.M.,
feature, and these data may reflect interactions the decoding RF Moffat,J.G., Dalphin,M.E., McCaughan,K.K., Major,L.L. and Wilson,D.N.
makes with the last tRNA and the last two amino acids. Currentlﬁ/é (1995)Biochem. Cell Bio}.73, 1095-1103.

i Poole,E.S., Brown,C.M. and Tate,W.P. (1988)BO J, 14, 151-158.
we are examining the se_quencésaﬁd 3 of the stop codon 26, McCaughan,K.K., Brown,C.M., Dalphin,M.E., Berry,M.J. and Tate,W.P.
together. It should be possible to define sequence elements Which 1 go5)proc. Natl Acad. Sci. USA2, 5431-5435.
are recognised with high affinity by the decoding RF and decoded Bonetti,B., Fu,L., Moon,J. and Bedwell,D.M. (1995Mol. Biol, 251
rapidly, and those which are recognised poorly and decoded 334-345.

slowly. These will mark the extremes for a consensus recogniti@§ PooleE.S., Brimacombe,R. and Tate,W.P. (189¥), 3, 974-982.

element and sequences between these extremes are likely t&%egg};egvéysgeuefﬁ- and Brimacombe,R. (198leicAcids Res18,

tolerated as termination signals by most genes which are under$io jgrgensen, F. and Kurland,C.G. (1980ylol. Biol, 215 511-521.
particular expression demands or are not subjected to a competitize Major,L.L., Poole,E.S., Dalphin,M.E., Mannering,S.A. and Tate,W.P.
recoding event. (1996)NucleicAcids Res24, 2673—-2678.

32 Stade,K., Rinke-Appel,J. and Brimacombe,R. (1988)eicAcids Res.,

17, 9889-9908.

33 Craigen,W.J., Cook,R.G., Tate,W.P. and Caskey,C.T. (F386) Natl.

ACKNOWLEDGEMENTS Acad. Sci. US/82, 3616-3620.
. . . 34 Weiss,R.B., Dunn,D.M., Atkins,J.F. and Gesteland,R.F. (X28/d) Sprin

We would like to thank Dr Mark Dalphin for expert help with the™ " 51p0r Symp. Quant. Biol52, 687—693. (196i6) Spring

TransTerm database. W.P.T. is an International Scholar of the Hatfield,D. and Oroszlan,S. (1990%nds Biochem. Scil5, 186—190.



