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ABSTRACT
In none of the 92 published prokaryotic sequences is a translation

codon preceeded by UAG as the first "termination codon". In most cases the
UAA or UGA is close to the initiation codon and may be part of the ribosome
recognition signal.

Early work on translation initiation focused on an abortive attempt to

find a protein nucleic acid interaction which would explain the initiation

specificity observed (review 1). This situation was radically changed by the

prediction of Shine and Dalgarno in 1974 (2) that an important feature of

initiation is an interaction between the 3' end of the intermediate sized

ribosomal RNA and a sequence proceeding the initiation codon. Compelling

evidence in favour of the proposal was obtained by the actual isolation of

the mRNA-rRNA complex (3). The ultimate proof that this proposal was correct

for one prokaryotic initiation has been provided by the recent isolation of

mutants affecting the interaction (4). However this is clearly not the whole

story as many regions which have the potential for mRNA-rRNA interaction and

are followed at the appropriate distance by an AUG or GUG codon are non-func-

tional in initiation. Many functional initiation codons are preceeded by a

sequence which does not have extensive complementarity with the 3' end of

ribosomal RNA. Another feature of initiation sequences which may affect the

Shine Dalgarno interaction is the potential for many of them to form stem

and loop structures (recently reviewed in 49). However the role of these

potential loops in initiation is unclear. Extensive studies with fusions

between the lac initiation region and the X cl or X cro initiation region have

so far not revealed the additional features which are important for initiation

(52,53).

A re-examination of the sequences surrounding initiation codons reveals

a striking fact not previously commented upon. None of the 63 published se-
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quences from unrelated prokaryotes have UAG as the first translation terminator

upstream of an initiation codon (table 1) and if related sequences are con-

sidered the total is 92. Some of these related sequences are similar and some

are very different. On a random basis the expected frequency of UAG is 21 and

31 respectively. Several reports have noted that there was a terminator just

upstream of the initiation codon, but the extent of this feature has not been

appreciated. If the sequence was random then on average one would expect to

find one terminator in any frame per seven codons. However examination of

the published sequences (table 1) shows that half of the sequences have UAA

or UGA within the first three codons, and nearly all of the rest have either

within the first seven codons. This puts the majority of the terminator

codons between the Shine Dalgarno region and the initiation codon, although

some of them are part of that region, and some of them 5' to it. If there is

functional significance in the UAA or UGA preceeding the initiation codon,

then their distance from the initiation codon might be expected to be more

constant. However the distance from the initiation to the Shine Dalgarno re-

gion is also variable though less so.

It appears not to be important which of the two, UAA or UGA occurs. The

UAA or UGA codon occurs in any of the three frames with respect to the initia-

tion codon, but perhaps there is a preponderance in the zero or +1 frame. There

is no apparent distinction between UAG, UAA and UGA either upstream of the

first "terminator" or downstream of the initiator, or corollary with the gene

termination codon. In table 1 there are 11 UAG, 18 UAA and 10 UGA triplets

upstream of the "terminator" preceeding the initiator, and 5 UAG, 19 UAA and

8 UGA triplets downstream of the initiator. In some cases one or two bases

in the initiation codon itself form part of a "termination codon". Such

terminators are noted in the table and are never UAG. In these cases the next

upstream terminator is still nearby and is UAA or UGA. Not quite all the

initiators are preceeded by a termination codon, but each of the exceptions may

be interesting. The translation initiation codon for *xl74 gene A is very

close to a transcription initiation site, and the resulting transcript is un-

stable (5.6). The proximity of fd gene lit to the translation start site has

not been published, but there may be at least some similarities with 4>xl74

gene A (7). The X repressor (cl) protein can be synthesized from either of

two mRNAs originating at different promoters (8). One message contains the

sequences preceeding the initiation codon shown in table 1, whereas the other

begins at the translation initiation codon directly. The 10 to 20 fold lower

level of protein synthesis in the latter case has been presumed to be due to
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the lack of mRNA-rRNA base pairing, but it could equally well be due to the

absence of a UAA or UGA proceeding the initiation codon. Miller and colleagues

(review 1) have studied translational re-starts in the lad gene. In these

cases also UAA or UGA is found as the closest upstream stop codon, however

the distances are considerable. Perhaps significantly the level of translation

initiation is low.

A considerable number of the known sequences are from polycistronic

RNAs but it is very unlikely that the upstream termination codons are merely

a fail safe mechanism for termination of the preceeding gene. In MS2 for in-

stance, the maturation gene is the 5' proximal gene, and it has" a termination

codon as the second upstream codon from the initiation codon (9). The matura-

tion gene is in a different reading frame (10) than the next downstream gene,

the coat gene.. Nevertheless the UGA which is the second upstream codon from

the coat initiator is in phase with the coat gene and not the maturation gene.

The coat and synthetase genes are in the same reading frame but there is a

double stop codon at the end of the coat gene (11), and no in-phase read-

through of these codons to the UGA which preceeds the synthetase gene has

ever been detected despite a detailed study (Atkins, Gesteland, and Reid,

unpublished).

This examination of "terminator codons" preceeding translation initia-

tion sites was prompted by (1) my studies with J. Steitz and C. Anderson on

the effects on protein synthesis of using antibody to release factors (un-

published) , (2) the isolation by Ganoza and colleagues (review 12) of a

protein which seems to be involved in initiation as well as termination, and

(3) the isolation of a mutant, which is not in the structural gene for this

protein (12), but which gives suppression of UAA and UGA and not UAG (41).

The observations reported here lend support to the general idea suggested by

Ganoza and colleagues that termination signals are involved in ribosome recog-

nition (45). However analysis of the sequences specifically limit the signals

to UAA and UGA, and make it clear that these signals are in positions where

they could be as important as the "Shine Dalgarno interaction" in ribosome

recognition. Perhaps then translation initiation involves not only interaction

between 16s rRNA and the "Shine Dalgarno sequences", but also the nearby UAA

or UGA. From the work of Ganoza it seems likely that a protein is involved

in recognition and thus may be part of the initiation complex. However this

protein has to be specific for UGA or UAA. Involvement of rRNA (2) in addition

to the protein release factors (42,43) in chain termination has been considered,

but the situation is still unclear (13).
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TABLE 1

G n * Sequence

MS2 aa tura t ion ' • ' '
MS2 coa t"
162 l y s i s " " • • * 7

M2 synthetase 1 1 ' * 1 - "
Cfl saturation1

QjPcoat1

QB synthetase u *l

•X174 A*

S'

•X174 A«T* U, GAG
#1174 B*
•1174 C*
•1174 D*
•1174 E*
•1174 f*
•1174 G*
•1174 H*
•1174 J*
•1174 l'
fd I '
fd I I 7

fd I I I 7

fd IV7

fd V7

fd VI7

fd V I I 7

fd V I I I 7

fd IX7

fd X7

17 O.J sit* a'
T7 O.J site b1

17 1.0 polynrase b

T7 1.3 ligiset
T4 r l l B1

E.c. thr leader11

B.C. thr A gene"
S.t. U l leader1*
S.t. his Gj»>d

S.t. his D*
S.t. his C4

B.C. ph* leader"
B.C. ph* A"
B.C. trp leader"
E.c. t ip B»»
E.c. t ip A"' -1 '0

S.t. trp B*'
B.C. trp C*
B.C. ara B>
E.c. gal E>
B.C. gal T>
E.c. lac I "
E.c. lac 7."
g-lactaaase"
B.C. riboioaal L14"
E.c. riboioaal S1217

B.C. riboioaal L12"
E.c. riboioaal LI *»
B.C. riboional LIO"
E.c. riboioaal L7/L12**

UUU
UCA
CGG
AAG

CUU

B.C. RNA poljraeraie lubunit?**
B.C. lipoprotein10-11

X CTO *
X a" CUG AGG
Xd ' . "
X c I I 1 ' . 1 1

XcII (non functional)"

UCA

of init iat io

UGU

UAA
tSSl
cue
CUU

UUC
GAG
ACG
GCC

UCA
UGC
AUC
UCA
GUC
CGG

GUA.GGU
UCU
AAA
AGA
UUC
CUD

CUG
UCU
CAU
GUC
UUU
GCU
CUG

CCA
AUU
AGU
UUA
UUC

UUU
DM
ACU
UGC
UAC
UGG

CAU
CCC
CAA
AUU

AAA

A
AGA
U M
GAA
ACC
GCU
CCC
UUU
GCC
ACG
UAA
UUU

USA
CAA
AAU
GCG
GCC
CCG
UAU

UUU-AM

UUU

AAC
GUA

n codon

UCC
UCA
UGC
CAA
CUJG
CUU
UM
AAU
UUG
AGG
GUG

UAG.
ACC
AAG
ACA
AGU
UGG

GAG
GGA
GUC

GUU
GUU
UCC

UGA GGA
AUA
GUT

CUA.AGG

CUU
CUG

GGA
GAG

UCU.AGG
GAC UGC

ACU. .AAV. AGG
GCG
CUU
CUG
ACU
UGC
CAC
GGA

UUG AGG
ACU UGA
CUU.4GG

AAU

UGA CCU
UGA AGC
UAA AAG
UUA
CGA

CCC
CAU

GUG AUC
AUG, AAA
GGC
GCC
AGC
UGG
UAA
CUU
GGA
AGU

UMGW.AGG
GGA
UUU
UUG

UUA UCA

UUA
CGC
UM
UCG
UU|L

1$
GCA
UGC
CGA

ACg.AftC
UUV.MC

AUA AAA
UCG ACC
AAtLGfrA
UUC
GCG

UUU

UUU

ACA

AGA
GAA
CGU.

UAU

AUU
AAA
UAA
CAG
CCC
AAA

TAG
&&
CAC

UUU.SAA
UUU, GAA
CUG

GAU, AAC

UUA
UAU

CAA

AUU
GCC
GGC
UUC
CUU

GGU
CUG
CCC
UGU

GG

CGC
CUG

uuu
AUA
UAU
AGU
AAU
UAA

CAA
C

ACA

UUG
AAA

AGG
CGG
GGA
ACC
GAG
AAG

AUA. AGG
UMGCA
UUC

•44"
TSc

CGG
GGA
UGG

UUU GAG
ACGAGG
GGA
UGG
UAG
CUA
GAG

GGU.AAC
GCA
GAU

CGC"
UCA
UM
m.CAA
AGC
GCA
GCG
UUU
AGC
CCC
CAA
UUC
UAU

UWLACA
GCU AAA
ACC
CUG
AAA
ISA
GUC
UCA
UGC
GAU
UUG
UAU
CCA

CAA

UUC
AAA

ecu

GGA
AAG
GAG
AUA,
UAF
GAG
AUC
GAG
GGA
CAA

CUU AAG
CAA
AAA
AAU
ACG
UAU
GCA
GGA

AAA
AGG
UAG
AGG

AGU.
AUA
U M
GGG
AUU
GUA.
UAA
GUC

UUU
UCC
UAA
CGG
GAA
GCG
UAA

UGC
UUU
ACU
AGA
AAA
AUC
UUU
AUU

UUA, AUC

USA
GAU
UUU

UUU
GUA

Gm»
initiation
oodoo
COS CGA
AOC GCU
AOC GAA
AOC UCG

GCU
UCC
ACC
AAG

AOC CCU AAA
AOC GCA AAA-

AOC UCU AAG
AUC GUU
A W . M A
AOC GAA
AOC AjGA
ADG.AGU
AOC GUA

CGU
UCG
CAA
AAA
CM.
CGC

JUG UCU AAU
AUC UUU
AOC UUU
AOC UCU

CUG.AUC.AGU
AUA. AAU
GUA
UUC
AUU

TJuc

CAU
AAC
CAA
AAA

UUA AUC
CUA AGU AAC
AAC
GGG
GGG
UAA

AGG

UUC
UCA
GAU
CAC
AGA
CAC

AUA AAC

JfiC
ACA
GUA

AAA
ACA
ACA

GGAAUU
GAA CGC
GUA AAG
GGA
GAA
GGC
GUA
AGA
GGA

UAA GGA
CGA
UGG

CUA AUG
GAU
UUC
ACA

U&A
ACC'

UAA
AGG
CAG
AAA
5CG
AGG

CUU GAG
GUA.SUG
CAU
UAU
ACC
AUC
AUG
CUA
CGG

CCA
UCA
GAG
VA5
UAC
UCA
OCA

CUA AGG
GU: UAG

GAG
GGA
GGA

GGG

GCA
ACA
AAC
UCG

cue
AAG
UCA
AAG

AOC GCU

CAG
GGU
AAA
CGA
GUU

APE.AUU.fi4C
CBff.AAA
APP.AAA

AAA
UUG

APC..AUU.AAA
AOC CCA
AOC GAG
A W . A / A
AOC.AGU
AK.AAU.

GUU
CAG
AAG
GUU
AAU

AOC GO> AUG
GUA.AUC U

UAA
AUD
AUU
UCC
ACC
UUU
AGA
ACC
AGC
AAC
ACU
ACA

AUA ACA
AAU
AAA
U M

ACU GAA
GAG
GGA
GUG
GAA
AGG
GAG
AGC
GAA
GAC
GCA
ACA

CUG AGG
AGG

m
UAG
AAA
AAA

GUA
GGA
GGA
AUU
UAC
UAC

CGA
ACG

JtfS.AAC ACG
APC.AU5.AAC
AOC UAC
APE.AAA
AOG CGA
ABC. ACA
AOC UUA
APC_AGC
AH5.AGC
Affi.AAA
AW. ACA
A W . AAA
AOC CAA

CUP AOG GAA
AAC

ACG'
AUU
ACC

GUG AAU
ACA
AAG

GCU
AGU

eg AAA
UAU
UUU

m
AUU
AAC

AUC ACA
.AOC CAA
AOC GCG
AW..AGA
AW. ACG
CUE .AAA
AW..ACC
AUG..AGU

A W . AUC
UUA A\OC GCA

AAU
CGC
GUG
CGC
6AC
uuc
ACU.
CAC
UCG
GCA
AGA
CGC
ACA
ACC
AUU
GUU
CAA
CCA

UUU AGU
AAC
CGA
ACA
UUA

UUU
UUC
ACA
CCG

UUA GAG
ACA
UCU

G
UAU

CGU.AfiA

cue
UUC
GUU
UGG
AUU
ACU
GCU
GGU
AAA
UAU
AUG
UUA

ACU
GAC
ACU
ACU
CAA
UUU
AUU
AAA
AUU
UUU
CAU
UUA

UUA AAU
GUU
CUU
GUC
UCU

.GAA
UUG
GCG
UUA

UUA.gUG

UAU .GAC
UCUJMC

AUU. AAC
AUU..AAG

AUU. AGC
UU5.AAG

GUU
AAC
AAU
.GM
AUA
GAA
AUU
CAA
UAC
CUU
GUU
GCA
CUG

CAA
AAC
ACC
AAC
CCG
AAC
UUC
AAA
GAA

cue
UUA
AUU
GUU

UUU.AAU
GUA ACG

AUC..AUU
AUU
CAA
ACA

AUA-AUG GCU. AAG
GAA JOC GCU.
CUA.AUC GCU

UAA
ecu

UUA AUA
GfiTUGU
GUC AUU
UAA CGU
UUA
UUA

CAU
CAU

AUC UCU
AOC GUU
A W AAA
AUC GAA
AW.ACA
AW..AGC
AUC GUU
JOC GUU

AAA

CAA
GAA

ACG
CAU
CAG

GUU.AAC

AAA GUA
CUG..ACC

UUA.AAU
AUC
UAC
GCU
CAA
AAU
ACA
CGU
CGU

CUU
ACU. A M
UCC
ACU.
CGC
ACA
AAA
GCA
GCA

UAU
AAA
AUA
GCA
AAG
AAC
AAC

Gene

stop
codon
UAG
UAA
UAA
UAG

UGA
UAA
UGA
UGA
UGA
UGA
UM
UGA
UGA
UGA
UM
UAA
UGA
UAA
UAA
UAA
UAG
UM
UM
•>GA

UGA
UGA
UM

UGA

UAG
UGA
UGA

UGA

U M

UGA

UM

UAA
UAA
UM
UM

UAA
UAA
UAG
UGA
UGA
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Why is UAG excluded from being part of the "start signal"? The effect

of a UAG should be tested by conversion of the "start signal" UAA or UGA by

site directed mutagenesis (14). However a mutant of \ with an IS2 insertion

just proceeding the ell gene may be instructive in this regard. The insertion

interferes with the expression of ell and it causes UAG to be the first ter-

minator upstream of the ell AUG initiation codon (15). In this mutant 4 of the

7 bases in the Shine Dalgarno sequence and all of the bases between the Shine

Dalgarno sequence and the initiator AUG remain -intact. However since 3 of

the 7 bases in the Shine Dalgarno sequence are altered a clear conclusion

cannot be drawn from this mutant.

Examination of the known sequences surrounding higher eukaryotic trans-

lation initiation sites reveal several differences. UAG is frequently found

as the closest "terminator" upstream of the start codon, e.g., in SV40 T and

t (16), SV40 VP2 (16) , human (5 globin (17) and turnip yellow mosaic virus coat

gene (18). Also the nearest "terminator" codon is frequently .much further

removed from the initiation codon than in prokaryotes. When more eukaryotic

initiation sites are sequenced it will be possible to examine the situation

in more detail. However numerous other studies (review 1, 19) also show dif-

ferences between prokaryotic and eukaryotic initiation. In prokaryotes where

there are polycistronic mRNAs the ribosomes may have evolved to recognize

an intimate association between termination and initiation (48). Thus the

use of a "termination" codon as part of a ribosome recognition signal even

when it is unrelated in function to translation termination may not be too

surprising.

Sequences surrounding initiation codons. The initiation codon is in
italics. The closest upstream "terminator codon" is underlined twice. With
4>xl74 gene K, T7 0.3 site b, trp A and the gene for ribosomal protein S12 the
closest "terminator codon" (which is UAA or UGA) overlaps the initiation codon
but it is underlined by a dotted line. All other terminator codons are also
underlined by dotted line. Reference 1 is a review and is not the original
source of these references, a is G. E. Christie and T. Platt (review 50), b is

D. McConnell (DNA sequence) and J. Dunn (RNA sequence) unpublished, c is J.
Dunn, unpublished, d is Husson and Barnes, unpublished (DNA sequence) and
Kohno, T, unpublished (protein sequence), e is Wu and Platt (review 39). The
related sequences also examined were from R17 and f2 (review 1), G4 (28) and
M13 (P. Van Wezenbeek, T. Hulsegos and J. G. G. Schoenmakers, unpublished
results), Salmonella tryptophan operon (40), and the E. coll histidine operon
(23). E.c. signifies Ê _ coli and S.t. Salmonella typhimurium.
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