J. Mol. Biol. (1982) 162, 720-773

Nucleotide Sequence of Bacteriophage i DNA

F. SaxcER, A, R. Cotrwsox, G, ¥. Hox, D. F. Hrut
AXD G. B. PETERsENT

Laboratory of Molecular Biology, The Medical Research Centre
Hills Road, Cambridge (B2 2QH, England

( Received 15 September 1982)

The nucleotide sequence of the DNA of bacteriophage A has been determined using
the dideoxy chain termination method in conjunction with random cloning in M13
vectors. Various methods were studied for sequencing specific regions to complete
the sequence, but all were much slower than the random approach. The DNA in its
circular form contains 48,502 base-pairs. Open reading frames were identified and,
where possible, ascribed to genes by cemparing with the previously determined
genetic map. The reading frames for 46 genes were clearly identified, though in
ahout 20 the position of the protein initiation site could not be rigorously
established. Probable positions for the kil, ¢/ 1] and lom genes are suggested but
remain uncertain. There are about 20 other unidentified reading frames that may
code for proteins.

The genome is fairly compact with comparatively little non-coding DNA. In
many cases the translation terminators and initiators'overlap, particularly in the
sequence A-T-G-A where the TGA terminates one gene and the ATG initiates the
next. Such structures seem to be characterized by a purine-rich sequence, rather
than by a specific “Shine and Dalgarno” sequence, before the initiator. In the
whole of the left arm the codon CTA, which is normally read by a minor leucine
tRNA, is absent. The distribution of other rare codons in the genes of the left arm
suggests that they may have a controlling function on the relative amounts of the
proteins produced.

1. Introduction

New methods for sequencing DNA (Maxam & Gilbert, 1977: Sanger e/ al., 1977)
have made it possible to determine sequences of several hundred nucleotides very
rapidly. These techniques were originally applied to restriction enzyme fragments
and as they improved the rate of sequencing became increasingly dependent on the
isolation methods for the fragments. A major step forward was achieved by
replacing standard fractionation methods with a cloning procedure using single-
stranded bacteriophage as the vector. Particularly successful were the derivatives
of bacteriophage M13 developed by Messing and his colleagues (Gronenborn &
Messing, 1978; Messing et al., 1981), which could be used in conjunction with the
chain termination techniques (Sanger et ol., 1977,1980). During our studies on
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human mitochondrial DNA (Anderson ef af.. 19813 there were diffienities in
achieving the contaimnent facilities required at that time when using M13 vectors
on himan DNA: consequently. we decided to try out the method on bacteriophage
lambda DNA. Progress was rapid and maost of the sequence was completed by the
time we were able to apply the methods to mitochondrial DNA. Because of the

general interest in and importance of lambda in biochemical and genetic studies, we -

have completed the sequence.

Bacteriophage lambda DNA in its circular form contains 48 502 base-pairs, and
codes for about 60 proteins, It has been studied extensively by genetic techniques
and a fairly complete gene map prepared {Echols & Murialdo, 1978: Szybalski &
Szybalski, 1979: Daniels et al., 1980). In many eases the proteins encoded have been
identified as bands on sodium dodecyl sulphate/polyacrylamide gels, but in only a
few cases has an amino acid sequence heen determined.

When we started the work, a number of DNA sequences had already been
established in lambda (about 6000 base-pairs). particularly in control regions. We
have not rigorously re-investigated these sequences and have usually ignored clones
that were found to contain them. Other sequences have heen reported while our
work was still in progress. In general. our results have confirmed these sequences.

2, Materials and Methods

The lambda DNA used was the standard strain AcZindlts857 Sam7. It was prepared at the
Centre for Applied Mierobiology and Research, Porton. DNA polymerase I (Klenow
subfragment) was obtained from Boehringer Mannheimn. Restriction enzyme FauDIT was a
gift from Professor M. Smith, Other restriction enzymes were from New England Biolabsg.
The M13 vectors were a gift from DrJ. Messing.

. (a) DNA sequencing

The “shotgun™ sequencing was carried out initially as described previously (Sanger ef af..
1980) using restrietion enzyme digests, the vectors mp2 {Gronenborn & Messing, 1978) or
mp7 (Messing et al., 1981) and priming with the 96-nucleotide R1-R1 primer, or the 30-
nueleotide primer prepared hy Anderson ef al. (1980). Tn later work the DNA degradation
was by digestion with DNasc (Anderson. 1981) or by sonication (Fuhrman et., 1981) and
priming was with the synthetic 17-mer prepared by Duckworth et al. (1981). The “dideaxy”
sequencing was carried out in Eppendorf polypropylene tubes rather than in capillaries.
Considerable improvement in the reading of sequences could be obtained by drying the gels
after fixing in acetic acid {see (laroff & Ansorge, 1981). This could be conveniently achieved
by leaving the gel uncovered at room temperature for several hours and then heating at 67°C
till completely dry. Alternatively, a conventional gel dryer could be used.

The main source of error in the sequencing is “compressions” on the gels. instead of there
being a regular distance between each band. some bands run closer together or occupy the
same position. This appears to be caused by sccondary strueture effects, which are not
broken by the denaturing conditions in the gels, with the result that a small region at the ¥’
end of the newly synthesized DNA becomes double-stranded and the corresponding bands
run abnormally fast in the electropheresis. The best way to overcome this problem is by
determining the sequence “in both directions™; i.e. on 2 clones with the sequence in opposite
orientations. It is unlikely that the compression will oecur in the same place in both clones.
Two other techniques have been used to overcome this problem. One is to replace dGTP in
the mixtures with dITP (deoxyinosine triphosphate). T-C base-pairing is weaker than G-,
g0 that the secondary structures are less likely to form (Miils & Kramer, 1979). Usually it is
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sufficient to run an extra dITP track in which 2my-dITP is used with ddGTP (0-65 my) next
to the normal dd(3TP reaction on a sequencing gel. The reaction is “chased  with a mixture
of A ma-dGTP and 0-5 ma-dATP. By comparing the positions of the G bands on the 2
tracks in a region where a compression has occeurred. it is usually possible to resolve the
problem. The method does not work on clones prepared in the vector M13mp7. Presumably
the secondary structure that can be formed due to complementary sequences in the vector
inhibits the progress of the DNA polymerase in the presence of dITP. Another method
of resolving compressions is by running the gels in 259, (v/v) formamide.

Another oceasional source of ervor oceurs mainly at G-T sequences, At the position of the
G residue, bands appear in both the G and T channels with the T band sometimes stronger
than the G. The effect is usually asscciated with unsatisfactory polymerases and can usnally
be eliminated by using a higher concentration of enzyme,

(b} Identification of clones by hybridization

In order to prepare clones covering regions of incomplete or doubtful sequence. *2p-
labelled probes were prepared from clones that we already had and that were
complementary to a sequence at or near to the reguired position. These had usually been
stored as DNA in 10 mm-Tris: HCE (pH 7-4), 0-1 my-EDTA at —20°C. Competent cells were
transfeeted with a small amonnt (0"l to (-3 pl) of the DNA and plated out to give new
plaques.. The number of plaques varied considerably, depending largely on the age of the
DXNA. A better method of storing clones is to set aside about 50 kol of the supernatant after
centrifuging down the bacteria, and keeping it at —20°C! in small capped polypropylene
tubes. The low-phosphate growth medium contained 0-153%, (w/v) KO, 0-5%, (w/v) Nacl,
0-1%, (w/v) NH,CL, 0-29, {w/v) vitamin-free Casamino acids, 0-2%, (w/v) Bactopeptone, 1-219,
(w/v) Tris (adjusted to pH 7-4), 0-049%;, (w/v) CaCl,, 0:5% (w/v) glucose: 0-2 ml wag added to
each sterile glass tube and a plagque or 5 gl of a bacteriophage supernatant was added. To
the remaining low-phosphate mediam, 10 gl of a log culture of Escherichia coli strain JM10]
in 2 x TY medium and 10 Ci of [*2P]phosphate (carrier free) were added per 1 ml of medium,
and 1 ml of this added to each of the tubes. The cells were grown for 6 to 10 h and the DNA
isolated as described {Sanger ef «l.. 1980). Usually, the cultures were combined before
isolation and several regions were probed for at the same time. The isolated DN A was finally
dissolved in 30 to 60 ml of the hybridizing solution (Southern, 1979). This was sufficient for 5
to 10 filters. ' .

A random library of sonicated lambda fragments (average size 500 nucleotides) was
prepared (Fuhrman et al., 1981) and cloned. Individual pure plaques were usually transferred
to fresh plates so that there were about 50 per plate. Blots were prepared using nitrocellulose
filters and hybridization and washing carried out as described by Jeffreys & Flavell (1977).
Autoradiographs were developed with fluorescent screens for 1 to 3 days and DX A prepared
from the plagues giving a positive response. In order to identify plaques containing the
desired sequence, a preliminary screening with the ddT or ddA reaction was carried out. The
results using ddA are usually rather clearer than those with ddT and were done in the same
way (Sanger et al.. 1980). except that the reaction mixture contained H buffer. 0-1 mx-
dGTP, -] ma-dC'TP, 01 my-TTP and 002 my-ddATP.

(e) Subcloning from clones with larger inserts

In order to digest a cloned DNA with a restriction enzyme, double-stranded DXA was
prepared using I'NA polymerase primed with the normal Aanking primer (Hong, 1981). For
clones that had been stored for a long time, fresh DXNA was usually prepared by growing a
1 ml culture and dissolving the final product in 25 pl of Tris-EDTA (Sanger ¢ of., 1980). To
10 1] were added 2 ul of 10x H buifer, 2 pl {04 pmal) of primer and 6 pl of water. The
mixture was heated in a sealed capillary tube at 100°C for 3 min and allowed to cool slowly to
room temperature. To this was added 20 4] of a solution containing 5 pCi of [x-*2P]JdATP
(spee. act. approx. 400 Ci/mmol), (-] mm-dGTP, (*1 my-dCTP, 0-1 my-TTP and 1-5 pm-d ATP
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in H buffer fofllowed by 2 ul (2 units) of DNA polymerase. After incubation for 15 min at
room temperature, the appropriate restriction enzyme(s) was added and incubated at 37°C
for a further 15 min (85°C for Taql). A 2-ul sample was usually taken at this stage and run on
an acrylamide gel to determine whether the digestion was satisfactory. The ligation was done
using vector DNA (MI3mp8 or mpd) cut with restriction enzyme Smal to generate blunt
ends (Messing & Vieira. 1982), and treated with phosphatase. Therefore, if enzymes that
produce staggered ends had been used, it was necessary to convert these to blunt ends. After
heating at 70°C for 10 min to inactivate the enzyme, 1 ul of 05 my-dATP and 1 pl of DNA
polymerase were added und the mixture incubated at room temperature for 15 min: 1 pl of
023 EDTA, 50 pl of water and 50l of water-saturated phenol were added. After separation
of the agueous layer, the DNA was precipitated with ethanol and the product dissolved in
5 el and applied to a 6% acrylamide gel (eontaining no urea). The required band was located
by autoradiography and eluted by the method of Maxam & Gilbert (1977). After
precipitation with ethanol it was dissolved in 5 ut of water; 2 ul of this solution was used for
ligation into 20 ng of the vector and the DNA transfected into competent cells, which were
then plated. Several plagques were usually sereened using the ddATP reaction.

3. Results and Discussion
(a) Determination of the sequence
This work was largely carried out as'a study of methods, so that we have used a
variety of techniques rather than limiting ourselves to the most productive ones.
One of the most important attributes of the cloning approach is that it is a
uniquely efficient purification procedure that is not affected by the size of the DNA

being studied. Consequently, no attempt was made to carry out an initial -

restriction enzyme digestion and fractionation of the lambda into smaller
fragments, but the whole DNA was digested and the resultant complex mixtures
cloned directly. We believe that this approach is more rapid and efticient, though it
may be less easy to carry out in a research environment where each collaborator
would prefer to study a unique piece of the sequence.

Initially, we used restriction enzyme digests and inserted the fragments into the
vector M13mp2 using RI linkers (Sanger et al.. 1980). The most successful of these
were digests obtained with Alul, Haelll, Hinfl, FruDI1I, Tagl, Ddel. and Sau96A.
About 40 to 70 clones were normally sequenced using the “flanking™ primer before
redundant clones became too frequent. Good results were also obtained using
Sau3A digests and cloning in a BamHI vector that was an amber derivative of
strain M13mWJ43 (Winter & Fields, 1980).

Because of their specificity, the use of restriction enzymes imposes a limitation on
the number of useful clones that can be obtained from them, whereas from the
random approach it is desirable to have as complex and varied a mixture as

possible representing the whale of the DNA in equivalent amounts. Anderson

(1981) has described a method of random cleavage using DNase I in the presence of
manganese, and Deininger has used sonication {(see Fuhrman et al., 1981). Using
these methods, it is possible to get many more useful clones from a single digest and
these have been mainly used in the more recent stages of the work.

Initially, the method of sequencing was that deseribed by Sanger et al. (1980).
The DNA from each clone was sequenced by the chain terminating technique with
a flanking primer, and the results entered into the data base using the compiiter
programs of Staden (1980). To begin with, new data accumulated rapidly.
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However. as the work proceeded more of the sequences were redundant and it
seemed that it would be necessary to replace the random approach with a more
specific one in order to find certain missing sequences. We chose to do this when
about 902, of the whole seqtence was in the data base in the form of about 10 to 15
contiguous sequences (“eontigs”: Staden. 1980). In fact. it would probably have
been better to continue the random approach farther. since it is much more rapid
than any specific methods. The final stages of the sequence analysis required. firstly.
joining the separate contigs and then confirming and correcting uncertain
sequences. Two methods were particularly useful for the former. The ends of
contigs can often be extended by reading the DNA sequence further from certain
clones. so that any improvements in the electrophoresis can prove very valuable.
Normalty, sequences of 250 to 300 nucleotides were obtained from each clone, Using
special care and technigques it is possible to read a gel out to as much as 500
nucleotides, [n our experience. using lower acrylamide concentrations (5%,) and
drying the gels before antoradiography have proved the most successful. Although
it is frequently possible to overlap contigs in this way, the sequences obtained are
usually less accurate and will require subsequent confirmation by some other
methed: -

A useful way of extending contigs is by sequencing the insert in an appropriate
clone from its opposite end. (The sequence normally determined is the complement
of the plus strand of the M13 recombinant.) Two methods have been described for
obtaining the sequence of the opposite strand, both of which have been used in this
work. In the method of Winter e al. (1981), the insert in the clone is cut out with a
suitable restriction enzyme and re-ligated into the vector: 50% of the resultant
clones should contain the insert in the opposite orientation and can be sequenced
with the normal flanking primer. Another method, developed by Hong (1981).
makes use of the normal flanking primer to make an unlabelled complete copy of

“the insert and this is sequenced using a synthetic primer corresponding to a

sequence of the M13 at the opposite end of the clone.

The main methad we have used for obtaining sequences from a specific region is
the use of hybridization probes to select clones from random mixtures. For probes,
we chose M13 clones having the complementary sequence to that required and the
DNA from these was labelled by growing on medium containing [**P|phosphate.
Several probes could be used at the same time to screen blots from plates
containing random clones. Although not all of the positively reacting clones were
from the desired region, the method was relatively rapid and enabled us to
complete the sequence. Towards the end of the work when the whole sequence had
been studied, there were some regions that were still uncertain, either because they
had only been covered by gel readings on one strand or had been read from a region
far out from the priming sequence. These could frequently be studied by taking a
clone containing a larger insert, digesting it with an appropriate restriction enzyme
(which could be identified from the sequence we already had) and re-cloning the
smaller fragment. This was a relatively slow process but was useful at this point in
the work, o

With a sequence the size of lambda it is difficult to ensure that there are no
mistakes, but it is believed that there cannot be many. Most of the sequence has
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Sequences nol confirmed in this waork

28 46228 811 Hoess ¢f al. (1980)

35.246-35.279 Franklin & Bennctt (1879)

37.710- 38040 Sehwarz ef al. (1978)

38,108 38.498 Sehwarz ef al. {1978): Roberts ef al, (1977}
38.,681-38.7568 Selhwarz ef al. (1978}

39 ,658-39,690 Schwars of af. {(1980)

44.170-44.500 Daniels & Blattner (1982): Petrov et «l. (1981)

been determined on both strands. Where this was not done there were usually
several gels giving elear and unequivocal readings. The only sequences that we have
not determined are listed in Table 1. They come to a total of 1454 nueleotides and
were completed by others before we started sequencing.

(b) Tdentification of genes

Figure 1 shows the gene map based on both previous work and the sequence.
Since transeription is in different directions in different parts of the genome, the
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F16. 1. Gene map of lamhda showing the most probable reading frames for the proteins. Numbering is
from the left-hand end. Targe arrows above the genes show the main directions of transeription and
translation. Genes in boxes below the line are translated from left to right; those above from right to
left. Boxes with broken lines indicate the more gpeculative reading frames. gif is a gene proposed by
Ineichen ef al. (1981). Where no gene or protein produet has been assigned to an open reading frame (o7f)
it has been assigned a number that corresponds to the number of amino acid residues that the putative
protein would contain.
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Sizes of the lumbda proleins

[eft arm Central region Right arm
Gene Mol. Wt. lene Mal. Wt. Gene Mol Wt.
from from from from {from from
gelst ~ sequenced gelst sequence} gelst sequence t
(kdal) (daltons) (kdal} (claltons) tkclal) {daltons)
Ault 21 20,444 of 27 26.245 cro 70 7365
A ‘ &0 73.280 rex.l 20 31.250 off 11-14 11.057
H a-10 7614 rexB — 15.970 0 34-37 33.870
B 60 59.474 N 135 15,376 I 2327 26,522
N 61 15915 ral — 7605 ren — 10,613
Nud 19 2. 780 ssh 10-10 13.782 arff4é - 16.630
D 11-12 11,574 clii — 6048 arf280 — 33,566
B 38 38.194 or 10,067§ orfa¥ — 6964
Fi 17 14.310 kil 16 5al9 urf60h — T84
Py 115 12,731 or 11.6468 orfs6 — 6321
Z - 20 121,564 ¥ 165 11.646 orf204 — 24,119
L 13-16 [4,651 or 16,3198 orf6s — THE2
§ 25-31 25 814 2 24-30 29,693 orf221 — 25,222
184 a3 15,610 exo 25-26 25912 @ 23 22 475
T 16 16,061 Fua22 19-22 20,939 orf6d — 7084
H 90 92,204 Ea8-5 85 14,751 A — 11.522
M 10 12,532 Tis — 8606 R 18 17.828
L 29 25,713 ind 3644 £0.310 R, 11-13 17,232
K 27 23,014 Eab8 — 59,404
i — 23,127 Eall — 34,588
J 130-140 124 440 Eal7 — 48.103
orf206a — 21.859 orf206h — 20,186
orf401 — 39.880
orfild - e 32,024
orf194 — 21.605

+ 8D8-acrylamide gel clectrophoresis. For references see Szybalski & Szybalski (1979).
f Calculated using prograims TRANDK (Staden. 1978) and MWCALC (Staden. unpublished).
§ Tneichen et al. (1981).

sequence is presented in three scctions, together with the proposed amino acid
sequences of the protein genes (Fig. 2). Transcription and translation are shown
from left to right. The numbering throughout is from the left-hand end of the
genome; therefore in the central region (Fig. 2(b)} it goes backwards. In the main,
genes have been identified by examining the sequence for open reading frames of
the expected length (see Table 2) preceded by a suitable initiation codon and
comparing with the genetic map.

The R gene protein was conclusively identified by comparison of the DXNA
sequence with the known amino acid sequence (Imada & Tsugita, 1971). In order to
cstablish unequivocally the position of some of the structural genes, limited amino
acid sequence data at the N termini were obtained (Walker ef ol., 1982). In this
way, the N-terminal sequences of the proteins of genes I, E. V, B* and H were
determined and the corresponding position in the DNA sequence identified.
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A W E A K I G E R P D A E v mnm A E R K E H Y 5 A P U P D R W A
EGTGGGHGGEGADHRTTGGCGHGCGTCCGGRTGCTGR“GTGRTGGCRGRGCGGRRRGRGCHTTRTTCHGCGCCCGTTCC?GQCCGTGTGG
igi2 igze 1838 1848 1685@ 1BeR 1878 1 BB@ igge
a VLTAGIDsuLnR\'EnnuusuGPGE'EsuLIn
CTTQCCTGRCCGCCGGTﬁTCGRCTCCCﬁGCTGGHCCGCTRCGAHRTGCGCGTRTGGGGATGGEGGCCGGGTGHGGﬂﬂﬂGCTGGCTGRTTG
19a6 1518 1926 1538 1548 1958 isee 1378 1388
A R a I I M 6 R W D D E @ T L L R U D E A I HN_ K r vy T R R N G
ﬂCCﬁGCﬂGﬁTTRTYHTGGGCCGCCRCGRCGﬁTGRRCRGHCGCTGCTGCGTGTGGHTGRGGCCGTCRRTAHﬁﬁCCTﬁTﬁCCCGCCGGﬂRTG
1550 2gae 2BiD - 2028 2838 zBag 2g50 2060 ze7e
a W E W S 15 ® 1 couD T 8 & 1 D P T 1 U E R S K M 6 L F
G-rscnannma'rccmarcccsrn-rcmv:'rccaa'rmwGocsaanﬁsnccccAcca-nGTr,Ta'rsancscTcsnnnnaacnrssscrer
2@ae 2056 2188 ZL10 2128 2138 2148 2150 2160
a s U1 P I K G A S U ¥ B K P oy A S NP R KRN K 6 v v L
TCCGGGTGhTCCCCﬁTYHHHGGGGCRTECGTCTHCGGHAﬁGCCGGTGGCCRGCQTGCCRCGTQHGCGRQQCHRRHHCGGGGTTTACCTTA
217l 2188 2158 2288 zzl@ 2328 2z3a Zzam Zzse
] E 1 6 T 0 7 A K E @ t v H R _F T L + P E G D E P L P 6 A U H
CCGQGﬂTCGGTACGGRTHCCGCGQRHGRGCﬁGﬁTTTRTHHCCGCTTCHCRCTGRCGCCGBHQGGGGHTGﬁﬁCCGCTTCCCGGTGCCGTTC
2260 2274 2288 2298 EEL 2330 23zp 2338 2348
A F P N H P D I F D L T E A Q@ @ L T A E E @ Y E K W U b G R.. K
ﬁCTTCCCGﬁﬁTRGCCEGGRTHTTTTTGQTCTGHCCGRRGCGCRGCRGCTGRCTGCTGHﬂGQGCﬂGGTCGAR&ARTGGGTGEﬂTGGCﬂGGR
#3s5e@ 2360 2378 2388 2398 P 241@ 2420 z43e ;
A ¥« I L W D S K K R R M F a L D C F Y-y A . A A L R I 5 1 5 R i
ﬁﬁﬁRRRTRCTGTGGGRCAGCAHRRRGCGHCGCHHTGﬁGGCRCTCGRCTGCTTCGTTTRTGCGCTGBCGGCGCTGCGCRTCQGTATTTCCC
2448 2458 2468 2476 dage 2498 2508 2518 2528
A M @ L F L 5 A L L A s L @ E E D G A A T N K K T L A D Y A R
GCTGGCRGC1GGRTC?CQGTGCGCTGCTGGCGHGCCTGCRGGHﬁGRGGRTGGTGCRGCRﬂCCRHCﬁﬂﬁﬂﬁﬁﬂcﬂCTGGCHGGTTﬁCGCCC
2530 2548 3558 2568 z578 256e 2599 z6d@ 2E18
Fit. 2. Nucleatide sequence of lambda DNA and the most probable amino acid sequences of prroteins
it codes for. The sequence given is for AcfindIts857 Sam7; mutations from the wild type are at 37,589 . 4
{cfindl), 37.742 (c[ts837) and 45,351 ta 45.353 (Sam7). The sequence is in 3 sections according to the *
main directions of transeription (see Fig. 1): {a) the left arm; (b) the right arm; () the central region.
Transeription and translation are shown from left to right throughout. The numbering is from left to
right of the whole DNA and consequently goes backwards in the central region. The individual gene
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"]
A AL S 6 E E s
GTGCCTYﬂTCCGGRGRGGETGHHIEHCGCGHCHUGRRGQH(TTGCCG?TGCCLGTGCGGCHCTGCATGﬂCCTGﬁTGﬂCﬁGGTQﬂﬂCGGGT
2620 ErEr Zéa@ 2650 288 2679 2696 2658 27ae
t U W s R P U E F T A T $ u & D L K w Y [ p E L E U @
. B RRCAG T E ARG AC GEMELARGHG TGGHGT T TACGLECACTTLCGT 5T CT GACCTGARARAATATAT THCHGAGC TGGARGTGCH
2710 z720 2730 2748 27582 2760 277@ Z7ae 2730
] B B L K T P T 1 F T L L G P il G ™M
" coleataad R CaC et CCTngugaT;TrgTG?ﬂTEaAQHCGCCCﬂCCﬂT1CCCACCCTTCTGGGGCC@GQCGGCQTG
GU R 51 L o
GQCCGGESESQC"C"GESTg 28 Z638 2840 2asa 2650 28748 B
B T e o T CCOaCGaTEaCALLE G T T TGARGRGE GTFG BaTReTRERRCEEACE c¢ 5 reRARcTEY
GTRTGLEC 6L TTATCACGGCGE TGGEAGLLEGA SRGEH r-x ta BACCCA BAGISARAGTETG
acnrcGCTGcccaa BLee" 291@ 2328 2938 2958 297@
B b R A L L P N F T R § N 6 K @ D D L U RN N G T A A N A I 0
GRTGLABECCTGT TG CERRLT T TACCEGTGACAATECCCGCOrAGACEATCTG0T ACGLARTAACEEETAT BCCRLEARCGECATCCAS
25606 2850 3BEG 3616 EEL) 3638 3eie 3dse 3688
B L H 6 D H I U 6 % F f R L $ H R P S W R ¥ L 6 1 & F E E A R
CEGCATCAGBATEATRTCGTLEGETCTTTT T TLCGGCTLACTCATCGCCEARBCTRGCGCTATC TEEECAT CAGGGREGARGARGCCLET
je7a 3688 3090 iloe 3118 atze 3138 3140 ETE
B A F 5 R E v E A A M K £ T A E*n D C ¢ 1 b Y E R K R T F T
GCCTTTTCEERCOAGAT TEARGCBECHTSEAANGAGT TG EGnGGaIGACTGCTGc TECATTGACGTTGAGCOARARC GCACGTTTALL
3166 aive 3:ad 318 280 3216 azze 3zae Az
B L v N a F
ﬂTGnTGnFTCGGGHHGGTGTGGCCHTGCQCGCCTTTHanuTGﬁﬂCTGTTCGT1CHGGCCHCCTbGGﬁTnCCRGTTCGTLGCGGCTTTTC
3258 ! 3388 38
: Q s P I
CGBHCRCRGTTCCGGRTGGTCHFCCCGHﬂGCGCHT(ﬂGCRQCCCGHACQQTRCCGGCGﬂCRfCCGGRQCTGCCGTGCCGGTGTGCRgE;E
33 33 337
B v ou s ¥ £
A RATGACAGCGGTGCGGCGETBrGnYHTTnCCTCﬂGCGngERCGCGrgTCCTGﬁCTug:;gECFEAGRRQTGGRFQYGGATQCFCCGTGQ%
5 uoE P U b 6 o
TTACCCGGCGGGfGCGCCTCGTTCﬁTTCHCGTTTTTGQHLCCGTGGHGGQLGGGCHGQETCrCGBTGcﬁRﬁTGTG1lgTﬁcﬂGcGnggg
3546 sB
B E o M K H L o T L "] N T Q 1L o g ] 1 u L3 Ll E
GAGCAGATGARGATGL TCGACALGCTGLAGAALAL GCAGCTGLAGA GcccchTGTGaHGGcGnTGTnTGcccccarcarTenqnGTsns
IEL0 3620 3630 3640 3650 EECH 88
B F N 5 @ E 0 R E R L T 6 WM 1.6 E I A
CTGGﬁTHCGCHGTLHGCGHTFGHTTTTRTTCTEG”CGCGRRCRGYCR GRGCAGCGGGARRGECTGACCEGCTGEATTGETGAAATTHCE
arz 748 3758 3768 3778 3768
B H m P G D S L N L O T A 0
GCGTATTRCGCCGCQGCGLCGGTCCGGLTGGuHGGCGCHHHﬂGTﬂCCGCHFCTG ATGLCOG6TGACTCALTGAACCTACABACESCICAD
26 EEED) 3848 3858 Igen 3878
B D F L r A 6 L 5 R
GﬂTﬁCGGRTHHCGGrrﬂLTr(GYGTTTGRGCQGTrﬁg;GgTGCGGTgTSTCGCTGCg ggCTGGGTG CTEGTHTGQGCRGCTTTCCCGG
a9 !
8 N Y A @ M 5 ¥ 5 T A R A S A N E & W ¥ M 6 R B K v
nnTTacscccnanTaaacra[rccncascucassccasrscanncaasrcsTGGGcc1nc1TTnTGGGsc&channaTTcsTcochcc
3576 3580 adda 4608 4310 4820 4038 4848 agde
B ® 9 A S @ M F L € W L FEE AT U RURU y T 3
CGTCAGGCGABCCAGATGTTTCTGTGCTGGL TGGAAGAGGCCATIGTTC GCCFCGIGGTGACGT*HCCT?CQQRQGCGCGCTTCAGTTTY
4860 4878 4pee 4898 4188 4118 <48
B G 5 [ W £} H C Bl I G S G R M I
cncﬁanccccecnsTGccTGGGGGHHCTGcoucTGGnrnGGc7ccasTCGTHTGGcchccnTGGTcrsnnﬂGanGTTansnaocssrs
" aise 178 4150 42ZD
’ B ML I E T v K E C A K R G I F A @ @
HTGCYG4;ggpgﬁccaGQCTGQGTRCCTRCGﬂﬁﬂRQGHGYGCGCNQRﬂCGCGGTGRCGRCTRTCQGGRQQTTTTTGCCCRGCQEGTCCGT
3 az6 477 288 ae
B T8 E K o A A A F E S5 G R
GﬂﬂHCGnTGGRGCGCCGTGCRGCCGGTCTTAaﬁcEGCCCECCTG&GCBGCTGCQGC&TTTGAATCCGGGCTGCGnCﬂRgCRECHGRGGﬁG
PELT) a3gg
8 E X S D § R A A =
c T A E L R M L P H I B S ®m a F N E P L H L E P A Y A R
GAGARGAHGTGHCAGCAGAGC TGEBTHATCTCCCECATATTRCCAGCATOECCT TTAATGAGE CHCTGATGC T TEAACCCGECTAT GCGEG
4420 4430 4449 4450 4460 4478 44880 4498 4598
4 U F F C A t & 6 6 +t 61 5 5 L T O A v S 6 0 S5 L T A 6 E a L
GETTTTCTTTTETGCGCTTGLAGGLCAGE T TGEEATCAGEAGECTGACEBATOLGGTGTELCECGACABCE TGALTULCCAGEREELACT
: 4518 4sze PLEY isdg asse 4568 45780 asga asde
C A T L A L g G D D d G P R [¢] R R S Y Lel L il L] G I A [’} L P 4 5
CGLGACGCTGRCATTATCCGGTGATGATGACGGACCACGRCAGGECCBCAGT TATCAGGTCATBRACGGCATCGCLGTGCTGLCGGTGTE
4628 aé1e 2629 4638 4E4p agse 4g6@ ag7a 4E90
3 G T L U S R T R A L @ P Y S 6 M T 6 ¥ N G6 I I A R L Q 0 A A
COBCACGCTHET CABCCEGAC GLBEGLLCTGCAGECETALTCEEEGATOALCOGTTACRACEEEATTATCGCCCGTE TGCARCAGGTTGE
a59@ arge 471Q 47z2p a730 4748 4750 476D a778
N c S D F KW M D 6 I L L D M O T B 8 G M 4 a 6 A F D C A DI 1 &
CRBCGATCCGRTBETGGACG6CATTCTGETCGATATEGACALGN CLGECGE6ATOSTGEC66GGECATTTERCTECGCTGACATCATCEE
. a78e a73p 480 481D agze ag3p 4920 4E5D 2368
. C

R_M R D 1 K L ] A L A N D M N C 5 A G & L L AR 5 A A &S R_ R
COGTOTGCGTGALATARRALLGLTATOLGLGCTTGLCAALGACATGRALTGCAGTGCAGGTCABTTIGCTTGLCAGTGLCGCCTLCLGLLG
4878 4880 4832 08 49108 432 4930 4948 4358

©
Fr

Ly T o s I S
TCTGGTCACLBCHGA CHGGCTfCATquCGTCRTGﬂTvaTLﬁCﬁGl-’-h’-"TTQCGGTGCTGCGCTGGRGGF&ACHC\GGTGTGGR
4368 80 Seac sa cp3a aB

< I T L I Y S 6 5 W % U D G N P ¥ S H L P D D Y R = T L & 5 R
AATCACGCTBAT TTACAGCBGLAGCCATRAGGT RGATGECAACCCCTACAGICATE T TCCGGAT GACGTCCEGGAGACACTGCAGTLLCE
5850 1151 7B 5088 sG9R s1p@ 5118 s1z22 5132
products or reading frames (orf) are identified in the left-hand margin. Some of the more important
control regions are also marked aliove the sequences. The start points of the main transeription products
are indicated as follows: sy, start site for pp RNA s, for pp RNA s, for ppe RNA | 5. for inf message:
s, for pL message. Tn some genes the position of initiation is uneertain and the most prabable has.been
chosen (sce Table 3 and the text).
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H T+ A T ® © ® F H G = u 5 L c ou g [
GATHOACGLARCTCGICALATL I TTGLGLRS HRbGTGTCUb'ﬂfR<QCCuB\ITf'fuu-G(HuGYTGTGCTuGﬁTRCEbR-GCTGC#CT
5130 51%0 S1ed S1EB S19e sz2ga sZlB Sez.
a 1 & G L v H 5 ju)
uTQCHGCGu[CﬂUoRGUC!HTTuﬂTGLLuGRCTbGETGATGAACTTGTThﬁrHGfﬂ CuﬁTCfGﬂT Q(CG CQTGEG1GQTGCRCTGGQ
23a S8 25 5268 ca27ve g298 19
A R K & R
TSCACGTARATICCGT TCTLRAGHGUGLGQRYGQCCQHﬂuﬁGﬁpTCQHYCKQCQG”[uTTTCHGCCQCTGC TEGCRGGC!QRCGTTQC
5323 5333 40 5358 - -1c) 37a 538 33
oL v v P A T E & E H A § A& A 3
TGQCGTBGTGCCHG(GH(GGHGGGCGHGHHCGC(HGCGCG GCGLHG CFGQLGTGRQLGCGCRGQTCHCCGCAGCGGTTGCGGCAGQHQQ
ip 28 5448 s45@ 43@
s r I
CAGCLGL RTTHTGGGGﬂTf“T\nQ TGTURGGQGGCTCkaGQfG'GHHGRHCRGGCRCGCGTGCTGGCAGAHQCCFCCGGTATGRCCGT
55BB 5519 524 53 40 5558 5%

K T A R R 1 L A A A ¥ g S A 0 A R
GRRHAEGGCCCGfCGCﬂTTCTGGCCGCRGCHCCRCHGHGTGCQCRGGCGCGCHGTGHCHCTGCGCTGGRTCGYCTGRTGCQGGGGGCACC
5590 Se@8 5618 5628 563@ S648 Sese 5662 5670
A P L A A G H P A s p A U H D L L H i P ) L4 M T S K E
GGCRCCGCTGGCTGCHGGTRRLECGGCGTCTGHTGCCGTYQRCGR?TTGCTGFRCRCRCCQGTGTRQGGGHTGTTTnTGnCGRGCﬂﬁAGn
o680 E91 s7ee S71@ 5728 5734 5748 5758 STeR
T F T H r @ F 0 G N S D P A H T A 7 a P G 6 L S5 A K A £ A& M
nnCCTTTﬂECCﬂTTﬁCCﬁGCCQCﬂGGGCHRCuGTGHCCCGGCTCHTRCCGCRRCCGCGCCCGGCGGRTYGRGTGCGHRHGCGCCTGCRQT
5773 57¥P0 57398 5808 5818 5828 5838 S84B 5a5e
T P L Ll L o T k] ] R K L LU p G T T il G_ A A U 0O I L a J A
GHCCCCGCTGATGCTGGﬁCHCCTCCAGLCGTﬂRUCTGGYTGCGTGGGQTGGCQCCQCCGHCGGTGCTGCCGTTGGCQTTCTTGCGGTTGC
5868 SB7@ S8EBB 898 s980 sg1e 598z0 S93@ 5948
A p @ T S T T L. T F Y K S5 ¢ T F R ¥ E DB UV L H 7 E A A & b E
TGCTGRCCAGQCCRGCHCCQCGCTGQCGrTCYHCRRGTCCGGCRCGTYCCGTYHTGQGGETGTGCTCTGGCCGGQGGCTGCCRGCG&CGR
s9se 5969 5a70 5999 99 &RBo 6R1a 6829 6230

T L3 K R T A F A B T A 1 g I v
GﬁCGﬁﬁﬁﬁﬂﬂCGGﬁCCGCGfTTGCCGGRHCGGCHHTCRGCHTCGTTTHHCTT1ACCETTCRTCRCTHRQGGCCGCCTGTGCGGCYTTTTT
6B42 &as5e 606hA €a7 6888 EBSB 61@e B118 E1ZB

H g m r T T ] Q L L A A N E D K F_K F [ P L F L R L
THCGGGHTTTTTTTATGTCGRTGTQCHCHQCﬁGgtCﬁHCTGETGGCGGCRNHTGRGCRGRRQTTTARGTTTGRTCCGCTGTTTCTGCGTC
5138 &14B 6154 6178 6180 619@ b2B2 6218

b158

F F R E S vy P F T T E k U ¥ L 5 & I P G L U Hm A L ¥ U & P
TCTTITTCCBTGAGAGC TRTCCCTTCACC ACGHREARRGTCTATETC TCACARATTCLGGGACTGETARARCATGGCGCTGTRCGTITLGE
6228 £238 6248@ 6258 6258 6270 azep 6298

r v 5 6 F v !l R $ R & G 5 T s E F T P G ¥ 44 K- -P K H E 4 N F
CGATTGYTTCCGGTGRGGTTHTECGTTCCCGIGGCGGCTECQCCTCfGﬁRTTTRCGCCGGGRTATGTCﬂﬂGCCGﬁRGCﬁTGHHGTGﬁRTC
6310 6328 6338 6343 5350 63ad 6370 6388 539@

¢ H T L R R L P D £ b P G H L A D P A ¥ R R R R 1 1 M G H ™M
CGCRGQTGACCCTGEGTCGCCTUCCGGRTGHHGQTCCBCHGHQTCTGGCGGQCCCGGCTTHCCGCCGCCGTCGCQTCRTCRTGCRGQHCQ
6428 62418 6428 6430 * 6448 645@ e46@ 6478 6488

R 0 £ FE L A 1 a @& VW E € M @ A W 5 A Y L K B K ¥ T M T G E A
TGCGTGRCGHHGRGCTGGCCQTTGCTCQGGTEGRHGﬂGHTGCHGG&RGTTTCTGCCGTGCTTQRGBGCHRﬂTﬂCACCnTGﬂCCGGTGRPG
5452 6502 6310 6328 £6538@ 6542 65549 B556@ ES7@

F b P U E UD N G R § E E N M 1 T @ 5 G G T E W S K R D K S
CCTTCGRTCCGGTTGQGGTGGHTQTGGGCCGLHGTCQGGHGRRTRRCQTCHCGCQGTCCGGCGGCRCGGﬁGTGGRGCRQGCGTGﬂCQAGT
6588 T80 6604 6618 6629 6638 6640 6658 EE68

T vy D P T P DI E @a % A L N A § &G U UV H I I U F D P K § H A
cCRCGTATGACCCGACCGACGATATLGAHICC TRCGLGCTBARCGLCAGLAGTGTGGIGARTARTCATCGTGTTCGATCLGARNGGLTEEE
6578 &6EED 6694 B7.DB e7vle 672a €738 6748 6758

L F R S f ¥ s U K £ K L D T R R G & N § E L E T A U K D L_ G
CGCTGTTCCGTTCCTTCARRGCLGTEAAGGHGAAGCTGGATACCCGTEGTGGCTCTAATTCCGALLTBGAGACAGCASTGARAGACCT GG
6768 67 6788 6790 5888 6910 828 €838 68408

7a

K A U S ¥ K 6 H ¥ 6 D U A 1 Y U ¥ &§ 6 & ¥ W E H .G U K ¥ H
GCARAGCGGTGTCCTATARGGGEATGTATGGCBATGTGGCCATCGTCGTGTATTCCGGACAGTALGT GGCGTCAA G T
6850 [=1=1:0] ' 68702 6888 &850 6382 69149 6920 6930

F

L P D N T M 4 L G H T @ a R 6 L R T Y 6 € [ G'D A D A @ R E
TCCTGCCGGHCHACRCGQTGGTGCTGGGGQQC“CTCHGGCHCECGGTCTGCGCRCETATGGETGCRTTCQGGRTGCGGRCGCRCRGCGCG
6948 695R 6968 a97@ £988 6399 Taee 7B1d 7828

G I_H_ A S5 A R P K H W4 ¥ T T 5 D P A R E F T n I @ S A F L
ﬂnGGCﬂTTHHCGCCTCTGCCCGTTnCCCGHHHﬂHCTGGGTBHCCQCCGGCGHTCCGGCGCGTGﬁGTTCQCCRTGATTCQGTCHGCQCCGC
7a3a 7e4e 858 TR58- Tava 7e8R 7298 Tige TiLie

H ¢ L A D P D-E F 4 § ¥ Q L A =
TGnTGCTGCTGGCTGRCCETGRTGAGTTCGTGTCCGTACRREYGBCGYﬂATC%TGGCCCTTCGGEGCCRYTGTTTCTCTGTGGREGRGTC
7120 7ize 7142 7158 Tis@ Ti7@ TiE0 7198 Tzee
»m T Kk b E + ! A R L R 5 L 6 E o L N R D u & L T G T K E E L
CHTGRCGHQQGATGRHCTGRTTGCCCGTCTCCGCTCGCTGGGTGRRCRRCTGGRCCGTGATGTCRGCCTGQCGGGGQCGHRRGAAGRRCT
7zip 72z2h 7238 Tean 7258 7z26@ T27e 7288 72598
A L R W a E L K E E L D D T pnp E T A G & D T P L S R E H U L
GGCGCTCCGTGTGGCRGRGCTGHRRGRGGRGCTTGnTGﬂCHCGGATGRRHCTGCCGGTCﬁGGﬂCﬂCCCCTCTCHGCCGGGﬂHﬁRTGTGCT
7390 73:0 73zp 733a 7348 735@ 736¢ Tare 73iea
T 6 HE N E % G 5 A @ P O T v I L D T S E L W T V J & L U K
GﬁtCGGRCHTGﬂHHATGhGGTGGGRTCRGCGCHGCCGG&TACCGTGRTTCTGGATHCGTCTGAQCTGGTCﬂCGGTCGTGGCQCTGGTGRR
7399 Ta@2 ¥410 7428 7430 7448 7458 7468 7478
L HT P AL B &a T R D EP veaF U L P 6 T A F R & 5 & G U A
GCTGCﬂTﬂCTGATGCHCTTCRCGCCACGCGGGGTGﬂﬂcCTGTGGCRTTTGTGCTGCCGGGRHCGGCGTTTCGTGTCTCTGCCGGTGTGGC
7480 Ta9e 7509 7518 529 7338 TSag 7558 ?756@

v A D F D N L F+ D A A [ A

R
AGCCGRHRTGRCHGRGCGCGGCCTGGCCAGHHTGCnhTQRCGGGHGGg?gTGTGhCYGA;TTCGﬂTﬁRCCTGTTCGH;GCTGECHY;&%%

R A D E T 1 R G Y M G T G E A F
CGCGCCGHTGﬁHHCGﬂTACGCGGGTQCRTG‘GRRCGTCHGCCHCCHTTHCHTCEGGTGRGCHGTCRGGTGEGGTGRTﬁCGTGGTGTTYTT
766D 7678 7?6808 T7e0 77z@
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NUCLEOTIDE SEQUENCE OF BACTERIOPHAGE A TINA 39

5 @ 6 v R v E &G &5 &% P S5 L F B T D £
AGGG: 5¥,TTGAAGuCrnC;(CCCG rCCTGrYTUTCCGGRCTGHTG“GG
780 781 raze
N F L R 5 P D S
?RRTTTCTGGGTRBRTCGGGTT1(GCCGG#TGRTGGCGGRQGTTG?CHTCTC

R
CRGLT i TG
GEGGEG I 7480 7918 r5za

7840

W L G R G & P P A U H P
. M A 1 K G L E @B a u £ N

TGGCTTancGGuuCGT CCGrUTGELGT THACCG TCEOOGL I BANAGEGGGATGTATGGCLATAARRESTCT THAGCAGGICGTTGAAR
7540 7950 7960 797d 7988 7558 ABAE a1@

T f O P G A AR A ™M A ! H R WY A S & A I § @ 5 A §
GLBGTGCCTGGTGCCGCCGCARTGELCATTARLCGEGTTGUTTCATLCGCGATATCGCAGTCGGLGT
Boan 050 SUBH aa7e =1cl=1e) Basa ige

L 5 P 1 5 K
ACCTUCAGLLGTATCAGLRRAR
Bpzb gaze
6 U B R E T v W R R K L W k E R A P L K & # T Y k N F Q A R
CACAGETTGCCCATGABACARRGET HEGCCGEHANC TEGT HHAGGRUAGELECAGGL TGARRAGRGLLATBGTCARANATICGCAGECCA
BLIB g128 Bi3e BL4B 8158 8150 817@ ai1ep 1a
I K VU H R <} D L P I L3 L G M A rR " oL S R R R R R L 6 g
GﬂATEﬁnRGTTﬁﬁCCGGGGGGRTTTGCCCGTHQTCARGCTGGGTQATGCGEGGGfTGTECTTTCGCGCCBCRGGCGTCGTARRQRGGGGE
B870R gz1e az2a Bz38 g24@ 8250 8268 8278 EELT
L 5§ & L K G G 55 W L v L G N R R 1 e ] A F I Q a L L3 M G R
aGcGTTCnTCCCTGRRRGGIGGCRGCHGCGTGCrTGTGGYGG@thECGTCGTHTTCCCGGCGCGTTTA1TCAGCQQCTGRRRQHYGGCE
z98 g3 12 EEL] 8330 834 8358 83609 378

H_ R g
GGTGGCHfuTCH fl"CHL;CuI'Grm;(:TGG(ﬁsu—-m' CGTTHI CCE Hr [GRTGN.&TURARAH I‘FGM [GGCGGTI:CLuCTGﬁCCQCGGCGT
aeR 390 840@ B4t@ B42D 8472 B448

K @& WM 1 £ &R I R R_E R L E £ L G ¥ L I R

TTﬂﬁHCHRRRYHTTGHGCGGRfHCGGCGTGNACGTCTTCLGHQHGRGCTGGGCTHYGCGC7GCQGCQTCRRCTGRGBRYGGTQRTQSQGC

gavn 8488 849 B33 s1a BSZB 8538 8548 8550

M K H T € L R & @ % L D A & E K # B T G A T F F D G R P A& U
-

GATGARARCATACTGAACTCLGTGCAGCCGTACTESATHCAL TGGAGRAGCATSACHCCGEGHEGHCGTTTTTTGATGGTCGCCCCGLETAT

8568 BS7A 4580 a539a ReBpn 2610 B62d 8630 B&48

F pD E @a D F P A U A& U ¥ L T G A E ¥ T 6§ E E L D S P T H & &

TTTT EHTGHGGCGGFH TTTCCGGCHGTTGCCGTT TATCTCACCGGCRCTGARTACACGOGLGAAGAGE TGGRLAGCGRTACCTGECAGEC

670 aa8d BE9G a7ea arie B72a g73@

e u F D £E 9 R Y
GGHGCTGCQTHTCGRRGTTTTCCTGCCTEETCHGGTGLCGUQTYCRGHGCTBGRTGCGTG(‘ﬂTGGGGTCCCGGHTTTSTCCGG'FGHTGSG

amnun

D I P A L 5 D L 1 T Hou A b D
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AGCLGATCTGACTTATGTCATTACCTATGARATGTGAGGAEGETATGCCTGTACCARATCCTACARTGLCGGTGARAGG TGLCGEGALCA
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CCCTGTGGEGT TTATARGGGGAGCGGTGACCCTTHEGECGRATCCGE TTTCRGACGTTGACTEGTCGCGTLTGGCAARAGT TRRAGACLCTGA
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P 6 E L T A £ % ¥ D D S ¥ L D Db E D A D W T A T G @ & G K §
CBCCCGECGAACTBACCGCTEAGTLCTATGHCGACAGCTATCTOGATGATGARGATGLAGRL TGGAC TECGACCGEGCAGELGCAGAART
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A G B T S ¥ T L A M M P G E @ 6 @ @ A L L A W F N E G D T R
CTGCCGGAGATACCAGC TTCACGL TBBEGTGGHTHEC CE6GAGRGLAGEGGCAGCAGGLGCTGCTGGCATGGTTTAATEAAGLLGATACCE
9149¢ 9299 S21i@ gz2z8 az3a 2240 9258 9268 az7a
A Y ¥ I R F P H G T U D V. F R G H U 5 5 ¥ G K A U T A K E U
GTGCCTATARAATCCGC TTCCCGARCGGLACGGTCGATRTB I TACE MG6CTGGGTCAGCAGTATIGGTAAGECGGTGRCGGLGAAGGAAG
2280 9298 9308 EE) a3z8 338 934@ 9358 9368
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TGATCACCCGCACGGTGARRGT CACCARTGTGGEACETCCBTCGATGGCRGAAGATCGLAGLACGGTAACAGCGECAACCGHCATGACCE
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TGACGCCTGCCABCACC TCGETEETGHARCGECAGAGCACCACGC TGACCGTEGCCTTCCAGCEGGAGEGCGTARCCGACARGAGCTTTC
9468 5478 9482 9498 9580 9518 9s524d 953 a544a
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GTGCGGTGTCTGCGEATARARCARAAAGCCACCGTGTCGG ICAGTGGTATGACCATCACCGTGARCGGLGTTBCTECAGGCAAGETCAACA
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480 7Q ava

vy E P 6 D F € I A R L & ¢ D E F T F K K L I D
TGTTGAGCCHGGTGRTTTCTGCRTRGCCHGQCTTGGGGGTGQTGRGTTTACCTTCﬁﬁGHHQCTGATCnGGGRTﬂGCGGTCAGGTGTTTTT
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366538 366080 36678 666@ 36658 36648 663 s628 36618

. K v L 6 A T B [ _E G € L F B S & b 1 v 1 K P K F K R D [ K
TRTTRRHGGTCTTRGGGGCRRCRGHTHTTGQQGGGGRGCTTTTYGRCTCQTTGGRTATRGTCﬂTTQRGCCﬁﬁRﬂTTTﬁRnRGGGnTRTRR
36688 36598 36580 ass7e 3656 36558 36549 3653 36528

" K Yy 8 K D 1 1 F H P § P & F_ S5 P I 5 L R A K O E A 6 D 1 L 7T
nnnnGG1TGccaaGGnTﬂTTATTTTTAncccsTcaccTcnnrrrrcnﬁncaTTnGCCTGCGGGCAannGarsaGGCCGGnGaTn1TTTan

' © 3Ea8 - 64 36458 36448 36430

CQGRHCRTTﬁTCTRTCHGHARRQGGECRTCTCTCRGCGCCTCTGRRCQRGGTCECCHRTGCTGAGRTﬂGCTGHﬂGﬁGHTGGCRTﬁTTGET
1@ 363 35342

aCECRRGRRTGRRRRGTGHTQTRCTGGHHTGTTTTnnﬁﬁGGCRGGTGGGCRRRGTTQRGGHTTHRTTATCHGGQGTﬁﬂTTﬂTGCGGﬂRCﬂ
3B 3631 J&E2oB 35249 EETR 36250 36258

S
GﬁATCATGCCTGGTGTTTACATRGTQQTRRTTCETTﬁCGTTﬂTCGTRﬁGCHTTTGCTnTCTCCT?TTCCGCCRCTQCRTTCCTGGTGTTT
623 €222 619 36168

CTTTTTCHGC CﬂTRGhGHTGG|CTTGGGGCGhCRYTGYCHTCATATGCRGGnﬁCCﬁTGﬂTTGCRRTCCTGATTGCTGCCTTGQCGE;;%
36

I 6 S R T'R.R L A K I R E Y G ¥ H T & 4% W I U ¥ A L
TRRTCGGHHGCAGHQCGCGCCGQCTGGCCﬁﬁGﬁTTHGHGRGTﬂTGGGTRTﬂTGﬂCRTCGGTQGTTHTTGTCTﬂTGCCCTTﬂGTTTTGTTG
36 36R8l 35354 35988
3
HGETYGGQGCTTTGTTYTTCTGCGGGTTRTTGCTTCT|TCCQGCATRQGCGGCTACRTGQTRCCCHCTETCGCCATCGGCATTGCCTCTG
5960 3595 as 59 2@ 3589
5 F I H I ¢ 1 L U F O L Y H_ L T R E G £ *
CATCGTTCATTCHRTATATHRCATCCTTGTTTTCCAACTATATARTTTGACCAGAGARCARGAATIACCCGGCCTCAGCGCCAGGTTTITCTT
assse 35878 BED 35852 35844 sB38 aseze 3seLe Sped
TGCCTCACGATCGECCCCARARCACATARGCAATTGTATTTATTGARAARTARATAGATACAACTCACTAAACATAGCARTTCAGATLTC
asvoe 35788 3577a 3578@ 35756 35748 asrae 35728 35718
TCQCCTHCCHRRCRRTGCCCCCCYGCRRHRRHTAAQTTCﬁTRTHHﬁHRRCATRCRGRTRRCCRTCTGCGGTGRT%HRTTETCTCTGGCGG
as7ep 3sss5@ 35684 35678 3IS6ED 35650 35640 35638 35628
L
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USQTQTTGCGCTHH'PGY“UGuHHR( GCGTGTT&R”“ITbhnHCﬁGLRHAQYCRﬂHQC tﬂACGQGCRGCG?GnGTRT?ﬂCGﬁRGGTGT
D210 3Q22B 301 30LER a\sLve 30160 58 3gL4@ 3Je13a

TQTCTCGGRTGGQQGTNQGCGTR-'GCTHGH;TGGQGHGCQRLGHHGTCCGTGRQGQCGGQQQCCRGT?TCTTGTTGTTCGCCQTCCTGG
28 3211R @180 aa7e <1l 3
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GRHGRCTCCTGTFRTCAQGrHrIUCHPTGGTGRCCTGGQQGAGTTICTGCGGCﬂGnTRQTCCﬁﬁCnHGRCCCGTTRGTAACTRTCGRCRT
o030 300z8 Je¢10 IAeee 29 68 2995e
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CﬁTYHCGCHTCGCTRTTQEGGGGTTGGRGGTCHHFGGGTTCRGGRYGERGGTGRGTHTCTGCRTHTGRTGTCTGACGCTBGCQTTCGC&T

29940 29939 z99z8 29%18e 29998 2989@ 29088 578 JELD

CHRRGGQGAGTGQGHTCGGYTrIGTRﬂRﬂGﬂTﬁRCGCTTGTGRRHH-GCTGRRTTTCGCGTCGTCTTERCRGCGQTGCCHGRGTCTGTQG
ag 29873 Beza 29 29

TGTEPGRTGRYGQCCGTACTCHRRCHTCGGGTTGHGTRTTRTC|TACTGTTTCTTTRCHTRRRCﬁTTGCTGHTﬂCCGTTTAGCTGARRCG
297 58 748 29738 249720 297 29698 29688
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RCHTRCRTTGCHHGGGGTTTﬁTHﬂﬂTGHGTﬁTCQRYGﬂGTTGGHGTCTGRGCﬂﬂﬂﬂRGRTTGGGCGTTﬁTCRﬁTGTTGTGCRGﬁTCCGGT
23668 25 29 29620 598
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GTCT TGTCTCCRTGCRGRCHTCQCGHQGGTGTTTRTGTRGRTGQRGGTRTRGRTQTQGQGTCGGCATACQRRYHT CC TGHQEGTTTQT
29 795 29560 2555@ 29588
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RRGTC;A ﬂ@GR[QRnégCCCQTTCTﬁgﬂﬂTGTGCGRBQARTGSCTGQTRCEGTGCRQQRTTﬁTTR;CRCGRGTSCGGTGGRRSCGﬁ;
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RCTTGCCCTCYCTGTQCQHQRCHTRTHGQTBRTTRﬁnCCCRRTﬂTTQC%TﬁRCRRTCCTCGCACTCGCGGGGRTTTRTTTTATCTGRRCI
29 78 29360 29358 29349 29338 29329
CGCTACGGCGGGTTTTGTTTTRTGGGGHTGRTHRRTGCaCTTCCGRGTCﬁCHGGﬁGﬂRTGGnnTGGHGHGCCATTCAACAGaGTTATCGA
293:0 29388 . 23298 29288 2578 29260 29250 29248 29258
hGCGGﬁGHﬁCﬂTCHﬂCGRCTGCTQCGACCQCTGGRTGRTRTGGGCGCﬁGRTﬂGCﬂCATGCRGRCGTRRCCRRTRTTCGQHTTGAQGHRCT
29228 z9zid Z3zBo 2919¢ 29180 29170 29160 29158 z2914@
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GnnﬁﬁﬂﬂCACCAHGCCGCCTEHTGGCGGTTTTTTCTTGEGTGTﬂﬂTTGCGGRBRCTTTGCGﬂTGTRCTTGAERCTTCQGGRGTGGRREGC
2913a z912a 9118 z9lBa 29092 z9a8a 29878 zZ9aaad es5e
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ﬂCGCCRGCGRCGTCCﬂﬂGHQGCCTTGHH“CFGTTCGTCGRTGGGTTCGGGQQTGCRGGHTETTCCCﬂCCTCCGGTTRﬂGGﬁTGGﬂFGPGR
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GTHTCYGTTCCRCGQRTCHGCGGTﬂkRGGTTGHCTTnﬂﬁTCGRCCRGTHHCRGGTGGCCTTTTGﬂﬂGﬂGGATCRGHRRTGGGRﬁGHHGGC
2950 28948 28938 2a5z@ 28910 28508 2daa98 78860
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GRHGTCHTGRGCGCCGBGRTTTHCCCCCTﬂﬂCCTTTRTRTQRGHHHCQRTGGRTRTTﬁCTGCTﬂCRGGGRCCCQRGGRCGEGYQHQGRGT
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TTGGﬂTTﬂGGCRGHGRCRGGEGﬂQTCGCﬂRTCRCTGRHGCTRTHCﬂGGCCRRERTTGﬂGTTaTTTTCRGGRCHCARHCRCRRGCCTCTGR
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CﬂGCEHGHHTCRHCRGTGﬂTRRTTCCGTTQCGTTﬁCHTTCHTGGCTTGnTCGCTﬁCGﬁhRRRﬁTCCTGGCCRGCQGQGGRRTCRRGCQGQ
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ﬁGﬁCRCTCRTHﬁRTTRCﬁTGRGCRQRQTTHRRGCHHTRAGGRGGGGTCTGCCTGRTGCTCCQCTTGHHGHCRTCRCCQCQQ&HGHHRTTG
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A M L H G ¥ % p E G K A A 5 A K L I R 5 T L S D A F- R E A I
CGGCRARTGLTCHATGGRTACA ﬂGﬁCGRGGGCﬂHGGCGGCGTCAGCCRRGTTRATCRGRTCRQCRCTGRGCGHTGCRTTCCGQGQGGCHR
zasee z2e49a 28488 28478 28468 450 Zedqae 2B430 2B42!
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RCCTGHHRQTTTQTCHQGCRGCRGRHTCRTCQCCHTGTTGGCTCGGHCTTGCHﬁTGGﬁnCTGGCTGTTGTTHCCGGGCAHCGHGTTGGTG
g3zl 29250 28248
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CTCGTCGCGRHCCGCTTTCHTCCGGCRCRGTQTCﬁﬂGGTﬁTTTTRTGCGCGCRCGRRRAGCRTCﬂGGTCTTTCCTTCGHHGEEGRTCCGC
ZB@ash 28048 28e3s 24Q29 £8 zenl 2799e 27988 27978
T F H £ L R S L 5 A R & Y E b1 s
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CGGRCACCATGGCRYCQCHGTRTCGTGQTGRCQGAGGCQGGGHGTGGGQChﬁﬁﬁTTGﬂRGTCHRQTRRTGHTTTTRTTTTGﬁCTGRTRGT
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GRCCTGTTCGTTGCQQCRRHTTGRTRRGCQRTGCTTTTTTﬂTRRTECCRQCTTQGTRTAﬂﬂRHﬁGCTGhﬁCGRGﬁﬁﬁCGTHHQHTGFTRT
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CTTAGATGGTATTAGTGACCTETARCAGAGCAT  AGLGCARGGTGAT TTITGTCTTCTTIGLGCTRATTTTTTGTCATCARRCCTGTLOCA
27600 2759D 75680 2757a 27568 27558 27548 27538 27524
ARRGLCTCGCARTCCAGTGCARAGLTTTGTBTGCCACCCACTACGACCTGLATARCCAG TARGAAGATAGCAGTGA
crccnggg?gGCﬁC T 27499 27488 27470 27468 27458 27448 27438
TGTEARACGACGCAGCTGACTTCTTITCTTTCACGACTTCCECACACECAGLATGCATACCTTTCCECCATARCTGTAGTGRATGTCTGT
27428 27418 z74R@ 27ase 2738¢ z737@ 27368 27358 27348
SGCGGRAGTTAACACTTATGARARRTGGC TRCGAAGTCCGTGOLTATCTATCGGCTTATTAGTACTTBAARCAGCTTCTT
TﬂTGngggggG EGZ?EZE 27310 z7328 27298 27299 2vzre 27268 27258
CAGARGCCTGARGAGCTARTCGTTCGGCIATACTATATHTGCATTAATAGALTATATCGTTGGTATAARCAGTGCACCATGLAACATGAR
2724 27238 272z2a 27210 avzZea 2¥19@ Z718d 2717e 27168
TTATCCARAAGGAAGCAGARKGE TAAATATGGAAAACTACARTACGATGCCCCGTTARGTTCAATALTACTARTTTTTAG
TﬂﬂCAg;?gg B3t 27138 27128 27118 27108 2785@ 2728e 27070
ATGGHARACGTATGTARTAGAGAGTAAC TTARAAGAGAGATCCTGTGTTGCCGLCARATARATTGLEGT TATTTTAATAAAATTAAGEGT
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TacTnTﬂTGTTGGRGTTTHGTGTTaTTsnanGaaGtGGGTnTﬂTchTGCnGTnGnAnaAanTnnGGchchTacsnGcAGnTGGTTGG
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ﬂaTGnCTaTchrTrsTTnCﬂaTGTrTTaTchACTGTCTTTGﬁTGnGchGGTGnggggrecﬁnTnTCGGnnanTTaanaTTGGTTTT
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GTAGGTCRRHRRGQHGRRGTQDGCRCTTﬂTTtﬁT-ﬂﬂTnGﬁTRRRRQRTTCGGTCQQCTCCCTGRQATGTTTTTTTCCTTAGGTGQRﬁGC
798 ZeT70 28 26T g67 1]

nTTGACTﬂCfﬂTGTTARTCTCﬂGCRHHTTHRGCGﬂTGGTTTTaHﬂCﬁTHgCCTTCTTRHHGCTHTTCHGGRTTTHGTHETQTGGCgﬂAHT
2667 2687
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CGRTTAGCCGﬂCHTTGRRRQTGQARGCGTCCTTQ%CGCCTCQYTQCTTﬂGAGGGGTRﬂCTCTTTCAGRRRTTERTGGACQGTTCGCACGT
26618 266PB 265358 2e568 zasve 26568 6550 265448 26530
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GTGYTRHHTGGTTTGCCRGQRTTGTCﬂGRTTTCERCTTTTCnTTTRRTRGQRRQRGTGCTCCCGGﬁTTCHGTGHTTTQQCTHTQCCTTTT
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GHGGTGQCGGTTHATTCTHTGCCCRGCRCGRHCRT?CHTGCTTTTRTCGGGCGGRHTGGGTGTGGTAnnﬁCﬁﬁCRRTTTTGﬁnTGGﬁﬁTG
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HTTGGTGCAHTCRCCRHCCCRGARRRCQATGHHTHTTTTTTCTCTGAARQTQRTRGRCTTRTCGﬁGTCnﬁGRﬂTCCCRAAGGGQTHTTTT
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CBATCGCTTGTTTCAGTTTCGTTTAGTGCATTTGATCCTTTTACTCC TCCTAAAGAARCAACC TGACCCAGLAAAAGGTACACAATACTTT
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TATATTGGACTCARGARTGC TGCCAGCARTAGTTTARAATCACTAGGCGATCTCCGCTTAGAATTCATTTCAGCATTTATTGGTTATATG
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R U D R K R @ L W L E A I K ¥ L § S D E N F § N M E L I S L
AGnGTHGﬂTRGAARRQGRCHQCTCTGGCTTGHQGCTQTCRRARRRCTRRGTEGTGATGRQQRCTTTTCﬂHﬂTaTGGAACTCRTCHGCCTC
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ATTTCTﬂﬂATATGﬁﬁﬁﬂﬁTTAAGRCGTRQTGQHCCQCQGRTTCHRGTGGACGRTGRTRRRTTCACTQQﬁTTGTTTTRTGACRAYﬁTCCﬂG
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nﬂﬂTHTCTGCTTCGﬂATGRGCTCTGGﬁCﬂTGCRQTTGTTTTRTTTRCTQTERCﬁﬁGHTTﬂGTﬁGRTGTCGTTGGCGﬁﬂAAGTCﬁTTRGTT
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TTATTCGATGRACCAGAGGT TCATCTGCATCCACCTTTGCTCTCTGCTTTTTTACGAACATTARGCGRCTTACTCGATGLACACAATGET
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GTAGCQHTRRTTGCARCTCQTTCCCCAGTRGTACTGCAQGHGGTTCCﬂﬁnnTCCTGCRTETGGHQQGTCCTRCGGTCAHGHGRRGCHHTQ
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HRTRTTRTCCGTCCGGRTRTTGﬂGGCQTTCGGTBRGQACTTAGGTGTTTTRRCTCGTGREGTETTTTTHCTTGﬁhGTGﬂCﬁﬁATTC;gGS
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25539 255z2a Z551m s5ea 2549@ 25480 25478 25464 25459
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CGRRCCGTTTTAHRRGCGRTGQTARTGHHCﬁGHGﬂTGARGGTﬁﬁHGTHCﬂRTGQRﬂHﬁﬂCTﬂCCTCTTCCHGCGQGRACTTRTHGCGAQA
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ﬂﬂTﬂTﬂGﬂnTﬁTTHﬁGCTCGﬁCRGGTCRGTTﬂTTT CCTRCGHCRGGRCQCRCCCTCTTGRGCCTGERRCCTTRGTRGTTGGTRRCCTGH
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CRQQGGTTRARTTHGHRHAGCTTTQTGRRQATAATCTCCGRGQTﬂﬂﬂﬂQCﬁﬁﬂCCCGCTﬂGﬂACRTRTTRCGﬂTGﬁCﬂTGCTTGTTYCRT
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TTCCTRTTGCQCRTTRTCCTGQRTTTTCGG
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CRGGTGRRQAHTGTCCATTTTGTGGTGHTHTRGGﬁCHGﬂCRHHAﬂHTﬂTHGHTCRTTTTC
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TBRTGCCTR;TRHTTTHGTTCCHTCGTGCCGCGHCTGCHRTRTGGGHGﬁGﬂﬁﬁGGTSg?gTTTfCGCRGTﬂGﬁTGﬁGGTRCHCCRRGCGa
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ATGTTGAXRTGCCCL GcfﬂﬂcTEGRGGfﬁGGRﬂGﬂCkﬁHCnLHGHGCFCTTCRT TTTCHnGCTPTTaRATRTTGCTRQCAGGTATCGTT
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TGGRGGCQGGBHHGCﬁCTTGRGYGﬂﬁGTGHTTQCTCHPRGHHQCTCTTTCG’RQHHGTT TﬁRGGHQArQTﬂGTTCﬂACCGCﬂhCGTTTC
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HGTGCC{RGERQRCTCGGARGATYYTTTEHGHGGGQTCTHGHRTﬂTGﬁTGAHAGRTRGQARHTTRCGHCGCTTkTCBGHﬂGTGRﬂCGﬂﬂT
24500 £4498 448 24470 24460

ACTYTTTﬂTﬂTGHuGHGGG(TGTTTTTQCAQHHTCC’bTHhTRhCTTGCTnaLCRHTTCFTGGGCnGGTEHTTGGLRQCQGTUGCQTGER
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CCGﬂGﬂHGGHLGTTTGTﬂﬂTGTCCGEYCEGGLQCHTHGCRGYELTRGGGACQGTGhCGTACRGTCﬁTHGRTGGTCGGTGGGﬂGGTGGTﬂC
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CHCGTTCCTGCﬁTHCGRCGTGTCTGCGGCTCTHCCRT“TLTCLTﬂTGRGCRRCGYuTThuCﬂGnGCCHﬂGCCRCARCTCTAﬂTTTTRRTﬁ
158 z412d 2411 g4128

RTHHTGEHTGnTﬂﬂTnATHuTHTTRanﬁnYTTrrTUTG-ﬁﬁcTﬂﬁTTYRCTHTHTGuTTTCTGRTRHGQQTCﬂTTGCQRRGRTCHQQCQ
24 24pBY 24e78 24080 2485a 48

RCTTGTHTTHQQTTGHCHGTTRHGCHGTTHﬂTTTTRTCHCuTLTﬁRHA-ﬁTHTCHGCﬁTCTnGCaTGCRRCCTPTCHﬁﬂﬁTGGnGﬂGTfT
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TGGERTRCRHHTHQQCAAYCCHRTGGG RCGHTGTGHITTCGCCHﬁCnTCRYTCGQCTCTTTRTTTGRTGQRGCCQGGPGRRTHHC
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TFTQQRHaTRHHHGGTThCTCCﬁTAAGCnnRTTGTC ﬂCAHThTGﬂCHnTﬂRRRTﬁﬁTTCCTGHRGﬂTRTTﬂARGH
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GGﬂCGGTTaTCﬁChTTCAnHCQTTRﬂTTTTTTRTGRTHR HQTTQCRTCCHHTTGATTTahTCﬂﬁTnCﬁﬂCRTTTGRQGnTCnHGCRBR
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TTTITGGLGT TATGCAGET GRCRGRECCHﬂnHTRQCQRQTGCCTHTGGCTTCHTTYGGQTQFCRUQGCTRTGGCTCﬁGHﬁR
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RCCHTQTTTEHTGLGTTCHFTLTlHRRQGLGRTTGGrGGTuATGTHHRCQCTQTGAACRRTTGHGTCHTAGHRCTTCCQTTRTTCTCCTG
22748 2273B 227 700 22598 22688 2267 ot=4-1-1-)
ARGATAATAATCHUCH RQTHHQCCHHTRCTCHGCTTTQCRATQTRCfﬂﬂcTRACCGCQGQHCGTTQTTTCRTRCQACGTTTCTGCGGCRT
22658 2640 27538 z52@ zé14@ zZ688 22598 - 22588 2572

ATCACRARACOATTRCTCCATAACAGGEALAGCAGECCACTCANTATCAGGTUCALTTOATGTATEA - .
22568 22550 2E540 22531 z252e z2e5ie 22589 22490 224802
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As a further identification of reading frames. we have uzed the computer method
of Staden & MelLaehlan (1982). which calculates the frequencey with which codons
avear in the different reading frames. The method is now contained in a more
gencral analytical program called ANALYSEQ. Known genes are chosen and the
frequency of oecurrence of the different codons caleulated and used as a standard.
A region of the sequence is then scanned and the frequency of codons in each
reading frame caleulated and compared with that of the known genes. The results
are expressed as “probability” that the reading frame is coding for a protein,
assuming that coding regions will have a similar codon distribution, Figure 3 shows
results using ANALYSEQ on the lambda sequences. In these diagrams the
probability is plotted against the position in the sequence for the three different
reading frames. Thus the presence of a coding region is indicated by a peak in a
particular reading frame. In most cases the results are quite clear and confirm the
expected positions of the genes, We have also used these diagrams to help identify
the position of protein mitiation. At the beginning of the coding region there is
usually a sharp rise in the probability curve and we have measured the positions
where this crosses the 509, probability mark. These figures are given in Table 3. 1t
appears that the distribution of codons differs in the differént transeription units of
lambda (see Table 5}. Thus, when the ANALYSEQ results were calculated using as
standard a gene from the left-hand end of the sequence (e.g. gene J), they were clear
for other genes in the left-hand end but less so for those in the right-hand end ; and.
conversely, good results were obtained for the right-hand end when the standard
was from that end (e.g. genes O and £ or exo and B). Differences between the two
ends of lambda have been noted previously, particularly in the nucleotide
composition, the left-hand end being G+ C-rich and the right relatively A +T-rich.

(e} Protein initiation sifes

Table 3 lists the proposed start points of the gene products. In many cases they
are not rigorously established and depend largely on choosing an appropriate
AGT or GTG preceded by the best “Shine and Dalgarno” (8D) sequence
(Shine & Dalgarno, 1974). Various attempts to define more precisely the nucleotide
sequence important for initiation in the vicinity of initiation sites have met with
only limited success. In an extensive study on 124 initiation sites, Stormo el al.
(1952) have shown that other sequences both before and after the ATG may
contribute to the formation of an initiation signal and have suggested additional
rules that may be used to identify sites. These “Stormo” rules have alzo been taken
into account in this work.

An interesting feature of the lambda sequence is the frequent occurrence of
ovetlapping termination and initiation sites, particularly in the sequence A-T-G-A.
where the T(GA is the termination codon for one reading frame and ATG the
initiation of the next. These structures are listed in Table 4. The initiators are
usually preceded by an SID sequence, but more characteristic is a very purine-rich
region separated from the ATG or GTG by a few nucleotides. This effect is
particularly marked in the nin region (see below), where there is a continuous serics
of 13 overlapping reading frames. It is not known what the function of this
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Flii. 3. Gene predictions for the DNA of lambda using the codon preference method of Staden &
MeLachlan (J982). which is one function of ANALYSEQ. a general sequence anabysis program. The x
axis represents sections of the lambda sequence {Figs 1 and 2) and the probability of coding is plotted in
the y direction. The method assumes that the codon preferences for neighbouring genes are similar. and
henee that the codon usage of some of the known genes can be used as standard.
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Probabilities of coding are caleulated by sliding a window of 35 codons along the scquence, one coden
at a time. For every position of the window, the codons found in each of the 3 reading frames are
compared with those in the standard and the corresponding probabilities of coding caleulated. The
probabilities for each of the § frames have been plotted. one above the other. every § codons. A solid
horizontal linc at the mid-point of a reading frame (this is at the 509, level of probability) indicates
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which of the 3 frames is most likely to be coding. The initiation codons ATG, GTG are marked as vertical
bars along the base of each plot and the termination codons as vertical bars along the 50% level. {a)and
{b) The left arm : genes A.B.C. D E.FI.V.H L.J used as standards: (¢) the right arm, using genes 0,
P. ). It as standards; (d) positions 10.000 to 45.000 of the right arm using reading frames orfI46. orf290
and orf204 as standards; {¢) and {f) the central region using genes ¢f . rexd . ssb.y. B, exo, Fai9 and Ea3l
as standards.
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TapLr 3

Most probrble initiution sites for the A profeins

Proposed start

EFrom From Shine & Dalgarno Statug
Gene sequence ANALYSEQ sequencet {also see the text)
Nl 191 210 G-G-A[DATG One of 2 possible
A 711 770 G-G-G-THETG Uneertain
H 2633 2660 G-G-A-G(SIATG Lstablished by amber mutation
B 2836 2880 A-G-G-A(B)ATC One of 2 possible
I H18 4430 A-G-G-A-G-GIBGTG Best of 6 possibilities
D 5747 — A-A-G-GE)ATG Amino acid sequence
E 6135 6150 G-G-A(TIAGT Amino acid sequence
Pl 7202 7170 G-3-A-G-G(NATG Most probable of 2
i 7512 7620 G-G-A-G-GB)GTG Most probable of 2
KA 7977 7960 A-A-G-G-G-G(B)ATG Most probable of 3
) 8552 8350 G-G-A(DHATG Only possible
4 8955 - 8970 G-A-G-G(MATG Amino acid sequence
& 9711 — G-G-A-G(MATG Maost probable of 2
T 10,114 10,110 G-G6GTG Uneertain
H 10,642 10520 A-G-G-A-G-G(10}ATG Amino acid sequenee
M 13.100 13,090~ G-G-A-G-G-T{R)ATG Maost probable of 5
13,160
L 13429 13410 A-G-G-GI-T(NAGT Only probable
K 14,276 14,250 G-G-A-G-GUIDATG Tneertain
1 14,773 14,864 G-A-G-G-TI3HATG Most probable of 3
J 15,505 — G-G-A-GMATG Most probable
orf206a 18,965 18,960 G-A-G-G-TR)ATG Most probable of 3
orfd01 19,650 18,66 G-G-GBATG Mast probable
orf314 21,029 20,545 A-GO2ATG Most probable (see the text)
orfl194 21937 21,950 G-A-G-G{LOATG Only probable
cro 38,041 37,980 AAG-G-AG-G-TBATG Schwurz et al. (1978);
. - Raoberts et al. (1977)
el 38,360 38370 A-AG-G-AIDATG Schwarz ef al. (1978);
Raoberts et al. (1977)
4} 38.686 38,680 A-G-G-A-GBATG Schwarz et ol. (1978)
P 39,582 39,560 G-G-G-TMATG Schwarz ef al. (1980)
ren 40,280 40,370 A-A-G-G-A-G(RIATG Only probable one
nin region See the text and Table 4
43 886 43,910 G-G-A-GRATG Daniels & Blattner (1982);
Petrov ef ul, (1081}
orfbd 44.621 - G—G-G-TMATG Daniels & Blattner (1982)
S 45.186 45,130 G-G-G-G-TISIATG Daniels & Blatiner (1982)
R 45.403 45 4%} G-G-A-G(T)ATG Amino acid sequence
{ITmada & Tsugita, E971)
Ry 45.966 45,964 G-A{TIATG Maost probable
ol 37.940 37,950 i Ptashne et al. (1976)
rexAd 3.4 37.100 G-G-A(MATG Only possible
Landsmann ef al. {1982)
rexl3 36.239 - A-G-G-A-GBHAGT One of 2 possible
Landsmann-et al. {1982)
N 35.438 35,390 G-G-A(10ATG Franklin & Bennett (1979)
ral 34,287 3210 A-G-G-ARATG Ineichen ef al. (1981}
ssh 33,904 33.930 A-G-G-AMWATG Ineichen et al. (1981)
cllf 33,463 33460 A-A-G-G-A-G(7)ATG See the text
kil 33,330 33,340 A-GG-A-GUOIATG see the text
¥ 33,112 3000 A-G-G-AG(R)ATG See the text
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TABLE 3 (continued)

Proposed stavt

From From Shine & Dalgarno Status
Cene sEqUENCE ANALYSREQ sequencet {alsp sce the text)
g 32810 32,800 G-A-G-GU2AGT Only probable
eT0 32.028 32,040 A-A-G-G-G-G{H)ATG ' Most probable
EaZ22 30,3945 T 30430 G-A-G-GEYTG Gnly probable
Ea85 29,655 26,600 AAG-G-AGIRIATG Only probable
xia 29,078 29,250 G-G-A-G(ATG Hoess el al. (1980)
int 28,882 28,780 A-G-G-A(B)ATG Huoess ef al. (1980)
Ead8 26,973 27 040 A-A-GGMATG Only probable
Eadl 25,399 25410 A-A-G-G(RIATG One of 2 possible
Ead? 23,918 23,750 G-G-A-GMATG Most probable
orf2066 20,767 20,900 A-A-G(BGTG See the text

T The figures in parentheses are the number of nucleotides between the first residue of the initiating
ATG or QTG and the A of the G-G-A-G-G in the 8D sequence. or the corresponding position in the 8D
sequence if there is no A there.

{The initiating ATG for the ¢f protein is at the 5' terminus of the mRNA when the mRNA is
transcribed from py and consequently has no 8D sequence.

characteristic overlapping structure is, though it is tempting to suggest that it
sould allow the ribosome to read through from one frame to the next. Oppenheim &
Yanofsky (1980) showed that there was “translational coupling” between the trpD)
and trpE genes, which are connected by an overlapping termination and initiating
codon in the sequence T-G-A-T-G (Le. that the expression of frpD) was dependent
on the expression of trpf) and suggested that this effect may be due to a ribosome,
or a component of it that terminates on the first reading frame, being able to
initiate more efficiently on the second one than a free ribosome, We have na
evidence as to whether there is translational coupling between the lambda proteins
that are connected by overlapping termination and initiation codons, but it is
certainly an attractive hypothesis.

(d) Sizes of the proleins

Table 2 shows the molecular weights of the various proteins calculated from the
most probable reading frames shown in Figure 2. These are compared with values
found previously by sodium dodecyl sulphate/acrylamide gel electrophoresis. The
agreement seems reasonably good. The most notable exception is ¢, which is
discussed below. There is a similar diserepancy in the case of the xis gene (Hoess e
al., 1980), where a molecular weight of 32,000 was suggested by acrylamide gel
electrophoresis (Hendrix, 1971). In this case there seems to be ample proof for the
smaller value obtained from the DNA sequence. : -

(e) The codon CU A
An interesting feature of the left arm is that the codon CUA is completely absent
from its 7476 codons. This is not the case in the other regions, where there are 40
CUAs in 6220 codons, or in other E. coli systems. (UA is a leucine codon and is
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TaBLF, 4

— Overlapping initiation and termination sites of A proteins

Terminator Initiator Purine contentt  Gap sizel Structure§
- A W 10/11 0 ATGA
W B 11/15 8 ATGA
B . 14/14 0 GTG(I4)TAA
7 I 13/16 2 ATGA
o T /6 0 QTG TGA
i : i 8/8 6§ ATGETGA
H M 81 2 ATGA
M L 11714 3 TGATG
— K ! 14/19 0 ATGOTITGA
g orf314 orf194 /12 0 TAATG
0 B 7/8 3 ATGA
4 i P ren 11/12 3 ATGA
ren . " orf26 9/11 0 ATGA
orf26 orfid6 : 14/14 2 ATGA
b it orfl46 orf290 25/20 4 ATGA
ad orf290 orf57 19/10 4 ATGATGY]
pD orf57? orf60b 13/13 3 GTG28ITAA
ing onf60b orf56 11/12 0. gTGA
ent orf56 orf204 ©10/10 0 ATGATR2)TAA |
ne, orf204 orf68 15/18 4 ATGA
to orf68 orf221 14/16 0 ATG(ITITCA
no orf221 ) 10/10 3 ATGA
ins : 8 ’ R 16/19 0 ATG(11)TAA
t is R By ' BN Y: 3 ATGA
8 e20 1417 1 ATGA
exo orf60a 10/12 2 ATGA
orfSta orf63 21/25 4 ATQ(22iTAA
orf63 orfb1 12/14 0 ATGU4)TGA
the s int 12/14 0 ATGOTTGA
ues Eas9 Ea3l ' 14/16 4 ATGA
The '
1 is + Number of purine residues/total nucleotides in purine-rich region preceding the initiator.
s et f Number of nucleotides between the purine-rich sequence and the initiator.

§ The initiator is underlined and the terminator overlined. Where appropriate. the number of
gel nucleotides between the initiator and the terminator is shown in parentheses. The hyphens have been
the omitted for clarity.

- | These sequences have 2 consecutive ATG triplets, either of which could be the initiator.
recognised by a unique tRNA, which is present in a relatively low concentration
(Tkemura, 19816). It seems that this unusual feature must have some biological
sent, significance. Possibly, at the late stages of infection CUA becomes a limiting eodon
e 40 ! so that the structural proteins can be synthesized at the expense of other proteins
d is of the bacteriophage or host that contain CUA codons. Such a situation could be
25
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achieved if the CTA tRNA were inactivated by one of the late proteins of lambda
and it would be interesting to know if this is indeed the case. In this connection.
Yudelevich (1971} has shown that a different leucine tRNA. which recognizes the
codon CUG, is split into two fragments by an enzyme produced by bacteriophage
T4 when it infects the cell.

(£} Yield of the protein products

There are probably 25 proteins coded for by the left arm of lambda (positions 1 to
22 560). These are produced in very different ameunts (Murialdo & Siminovitch.
1972: Hendrix, 1971) but are probably made from a single transcriptional unit
initiated at the late promoter, pg. Ray & Pearson (1974.1975) have produced
evidence that the various regions of the RNA are present in equal amounts during
the production of the proteins: therefore, the varving vield of proteins is probably
due to differences in translation. There is no obvious relationship between the
nature of the initiation sites and the vield of proteins. This does not of couse
preclude the possibility that initiation is involved, as the characteristics of the sites
are still not well-understood and it may be that secondary structures are concerned
in the control of initiation (Iserentant & Fiers, 1980}, although this is not apparent
from the primary structure. Another possible mechanism of translational control
may be the frequency of certain codons that correspond to minor transfer RNAs
and may limit the rate of protein synthesis (Ikemura, 1981ab). Table 5 lists the
frequency of rare codons in the proteins of the left arm and the approximate yield
of some of these proteins (Murialdo & Siminoviteh, 1972). 1t can be seen that there
is a general correlation; the codons are more frequent in proteins that are produced
in small amounts than in the major components. The figures are probably not
aceurate enough to define an exact relationship, but it seems likely that this may be
an important mechanism for translation control. -

As mentioned above, the two arms have different codon distributions and the
rarer codons also differ. Only CTA and ATA seem to be rare in both. In the right
arm, the rare codons seem to be related mainly to its being an A + T-rich region.
Tor instance, the rarest codon is CCC, and UUG is considerably rarer than TUUA,
whereas the reverse is true in the left arm.

(g) Possible secondary structures

Although the new sequences reported here have not been rigorously searched for
possible secondary structures, it was noticed that there are a number of possible
looped strnctures in the left arm ocemring in intergenic regions before the initiation
sites of certain proteins. These are shown in Figure 4. Some of these {preceding £,
J, orf401: Fig. 1) are followed by a run of T residues, which is a characteristic of
transeription termination sites. These would seem to be unlikely- places for such
sites, since all the proteins are believed to be translated from one long mRNA
initiated at the py promoter, and in any case they would probably be anti-
terminated by the @ protein (Schechtman et al.. 1980). Another possibility is that
these loops may be sites for RNA processing by ribonuclease II1. It is interesting
that four of these loops (B, Z. J. orf401) contain the sequence C-C-G-C-C.
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ila TaBLE S
on. Frequency of certain rare codons in the left avm of A
the
age Frequeney of codon per 100 Relative
(lene ATUA UTA CAA CGA R ¢fe AGE UCA  eoncentrationt
Nl 110 0 0 165 275 1o (+55
A 62 1-16 0 {31 109 062 (47 1
to W 0 0 0 43 1-45 20 ¢
B 056 038 019 0-56 2-4 038 3
ch, I 024 024 048 048 17 0 *73
nit Nudt 0 0 057 057 0 0 17 230
“ed D 0 0 0 0 09 0 0 70
: E ] 0 0-88 0 0 0 (+38 0
mg P 0 0 14 0 ] 076 76 } 260
bly Fii 17 0 0 0 42 0 17 |
the . z 21 0 14 52 31 31 16
i U O ( 23 0 1-5 ] 2-3 375
rse ¥ 0 0 0 0 0 0 (1 265
tes 7 0 0 0 ¢ 2 071 21 18
1ed P Do 0 0 069 b 0 14
H 012 0 059 0-35 I-6 L1 0-59 12
ent M 092 0 0 92 I8 092 0
ol L 0 0 0 43 86 0 0 44
"As K 0 o 0-50 10 30 030 15 14
; I 045 13 045 45 13 90 2-2
the J 088 009 028 026 Il 071 035 13
eld orf206a 049 {r49 0497 0 097 0-49 048
ore orf401 075 0 075 02 075 12 57
orf314 0 1-3 032 0-32 [} 096 1-6
ced orf194 052 15 052 0 25 052 052
not
- be AUA UUA CAA (X caa AGA TCA CUA
Total for
left arm 43 021 038 0-38 1-38 (62 1-06 0
the Total for .
sht central region 191 2:35 1-41 072 44 243 207 058
= Total for .
on. right arm 065 077 177 150 088 227 112 073
TA,
T Relative number of copies of protein in cells 45 min after infection with lambda (Murialde &
Siminoviteh, 1972).
1 Assuming initiation at position 5132,
for
ible . .
ion (h} The reading frames
- E. In this section we discuss certain features of some of the individual reading
+ of frames. Other aspects of the sequence will be discussed in a separate paper (Daniels
ach el al., 1982).
NA
. Nul
nti- )
hat There are two possible starts at positions 191 and 269. Both have satisfactory 8D
ing o sequences that satisfy Stormo rule 2D. We have chosen the former from the

ANALYSEQ result.
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.

TG £-G AT

c T CT C-G G A

c-G A~ G G T A-T

G-C A C TG T

c-G coT G-C A-T

C-G C-G G-C G-C

cGC Cc-G C-QG G-C

A-T G-C G-C G-C

A-T C-G G-C G-C

CTA TTTTT(13)ATG(13) C-G ATG{a9)AAAC-GC GAG-TGI36) ATG
6095 . 3029 14217

E Z K
T AL
GC A G G-C
TG A-T G-C
c-G T TG C-G
Cc-G T-A G-T C-G
G-C A-T c-G G-T
c-G T-A G-T C-G
Cc-G T-A T-4 G-G
A-T T-4 A-T C-G
a-T T-A - G-T G-C

TGA-TT (21) ATG GCG-C A(10)AAC GC ACA-TTTTTTNATIG
15461 18933 19610
J orf 206a orf 401

Fii. 4. Possible looped strictures found near the initiating sites of some of the genes in the left arm of
lambda. The initiating ATG is indicated by underlining and its relative position is shown by the
numbers of nueleotides in parentheses, Base-pairing is indieated by dashes and sequence hyphens have
heen omitted for clarity.

A

There are five possible sites. The ATG triplets at positions 891 and 900 have very
poor SD sequences. wheveas the GTG triplets at 930 and 933 have good ones.
However, the ANALYSEQ results suggest that this is a coding frame back to 770
and there is 2 GTG at position 771 preceded by (3-(3-G-G-T, which is probably an
acceptable SI) sequence involving a single G-U base-pair.

W :

Q. ¥. Hong (unpublished results) has shown that a strain of lambda with a
mutation in gene W has T at position 2642 instead of the normal C. This establishes
the ATG at 2633 as the only possible start.

B

The start of the main protein product B* has been shown by amino acid
sequencing to be at position 2002 (Walker et al., 1982). This is a processed protein
and so the initiation site must precede this. There are two possible ATG triplets at
2836 and 2878, both of which have SD sequences. That at 2836 is better and obeys
Stormo rule 2B. [t also overlaps with the termination codon of the previous protein
{I¥} in the sequence AT-G-A. This seems to be a feature of several of the lambda
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NUCLEOTIDE SEQUENCE OF BACTERIOPHAGE 2 DXA Tha

protein starts, though in this case it is not preceded by the usual purine-rich
sequence (see Table 4).

%

The GTG at position 1418 is prefered to five other possible start sites as it hasa
much better SD sequence. It also overlaps the end of the B protein and is preceded
by a run of 14 purines, It is present in the sequence G-T-G-A but. unlike most other
séquences of this type (see Table 4}, the TGA is not the terminator of the previous
protein. The size of this protein is vonsiderably smaller than that estimated by
acrvlamide gel electrophoresis (see Table 2). Even if the first possible GTG
(position 4283) were used. the molecular weight would be only 48.475.

Nujd

Nud is believed to be a protein of 19.000 M, initiating within the (" gene and in
the same reading frame. There are a number of ATG and GTG triplets that would
give a protein of about this size, but none has a satisfactory 81 sequence. Better
sites are at positions 5219 and 5342: they would give proteins of 29555 and
25.255 M,, respectively. '

o

In spite of being one of the major protein components, it has a rather poor SD
sequence (GGA), but does obey Stormo rule 2C. It is preceded by an interesting
structure, which has the characteristics of a transeription términation site {Fig. 4).
There is also a smaller loop after the ATG containing the sequence C-C-G-C-C".
which is also present in the other loop. Tt is tempting to suggest that in some way
these structures might play a part in translation control and ensure that what
appears from its primary structure to be a poor initiation site may produce
relatively large amounts.of protein.

VA

Although the reading frame is very clear here with only one possible start site
with an SD sequence, the Z gene gives a rather poor peak in the ANALYSEQ
program {see Fig. 3), suggesting an unusual codon composition. This may be partly
due to the relatively high frequency of the rare codons (see T'able 5) and to the small
amount of asparagine and glutamine codons. There is a possible looped structure
containing the sequence C-C-G-C-C' within the coding region (sce Fig. 4).

%
There is a very poor SD sequence, but the ATG overlaps the terminator of gene Z

and is preceded by a purine-rich sequence (see Table 4).

(

Murialdo & Siminoviteh (1972) identified the ¢ gene product as a protein of
about 33,000 M, or approximately 330 amino acids, whereas the reading frame in
this position contains only 140 amino acids. The DNA sequence has been checked
carefully. If there were an extra nucleotide between positions 10,068 and 10,133




66 F.SAXGER ET AL,

there would be a reading frame of 279 amino acids: however. there would then be
no reading frame for the 7' gene.

T
There are three possible initiation sites. at positions 10.115. 10,160 and 10,184, all
of which have only G-G as an SD sequence. The one at position 10,113 is chosen as it

overlaps the end of the ( gene and is preceded by a purine-rich sequence (see
above).

H

The site at 10,542 corresponds to the N terminus of the H* protein (Walker ef al..
1982 : Hendrix & Casjens, 1974). Thus the processing of H to H* does not involve
removal at the N terminus.

M

The start from the ANALYSEQ program is not clear here, but there is only
one initiator with a good 8D sequence and this overlaps the terminator of H. This
small protein has an unusually high tryptophan content (5 residues out of 109
This may account for the tow peak in the ANALYSEQ program.
K

There are two possible start sites. The one at 14,276 has a good 8D sequence but
it is 12 residues from the ATG: the other one at 14,306 has AG( seven residues from
the ATG. Neither obeys Stormo rules 2 or 6. The former has been chosen rather
arbitrarily. The coding sequence is preceded by a gap of 148 nucleotides that
contain a possible loop structure (see Fig. 4). The protein has a somewhat unusual
composition with a high tryptophan and histidine content (9 and 12 residues,

respectively, out of 199). This may partly account for the poor peak i the
ANALYSEQ program.

!

The ATG at position 14,773 is selected as the only initiator with an SD sequence.
although it is separated by 13 residues. Other possibilities are an ATG at 14812 ora
GTG at 14,872, The latter overlaps the terminator of the K gene but is not preceded
by a run of purines, which seems to be a characteristic of such structures. If position
14,773 is correct, there-is an overlap of 103 nucleotides with the K gene.

J

There are several GTG triplets farther downstream of the probable start site, but
these have poorer SD sequences. There is a gap of 61 residues between the [ and J
genes containing a looped structure followed by a run of T residues, which thus
resembles a transcription terminator (see Fig. 4).

0?f2050

There are two GTG triplets at positions 19,118 and 19,142 that could be initiation
sites, but these have poorer SD sequences than the ATG at 18,965. This site is
within a possible looped structure (see Fig. 4).
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There is no obvious start site. Besides the ATG at 19,650, there are several GTG
triplets farther downstream. but the ANALYSEQ result makes the former more
probable. Position 19,650 is preceded by a looped structure resembling a
transeription termination site (see Fig. 4). An unusuali feature of this reading frame
is the high content {57%) of the coden UCA. This is normally a rare codon. no
pther frame on the left arm having more than 2:3%, (Table 5). There are two quite
fong open reading frames on the opposite strand in this region. One (20,744 to
19.876) has no good initiation site and gives a trough with ANALYSEQ ; the other
(20,955 to 20,149), which we call orf206b. gives a good peak and has a possible
initiation GTG at position 20,767 (Iig. 5). Translation of this reading frame would
give a protein with a very unusual amino acid composition (Table 6). It would
contain 269, alanine and be very hyvdrophobie. For this reason. it seems possible
that it may be the gene (lom) for the outer membrane protein identified by Reeve &
Shaw (1579} (see below). It is interesting that if orf407 makes a protein it also would
be very rich in alanine, This is probably due mainly to the fact that the alanine
codon. GON, will inevitably be found on both strands in a different reading phase.

orf314

This long reading frame has no really satisfactory start site. The nearest possible
one to the position indicated by ANALYSEQ is at 21,020, It contains 12
nucleotides between the SD sequence {A-G) and the ATG. It may be noted that
there is an ATG in a different, phase at-position 20,815 which contains a good SD
site {A-A-G-G-G-G-T). This could be the initiation site if there were an error
(insertion) in the sequence between positions 20818 and 20.964. However, the
sequence has been determined on both strands and there is no evidence of any
ambiguity. One possible explanation could be that there is no protein encoded by
this reading frame in the strain of lambda used. The & region appears to have no
essential function in phage grown in the laboratory. so that a fortuitous frame-shift
mutation could have taken place and been preserved in the strain without having
any effect on its growth or other properties.

b L L vy a L L S Cc T I P F L W U S A § 5 5 a4 T
COTTGCRGLARGCGTITCRGACGTEGLTGTITGGTIGCACTGCTGRBLTGCACTATCCCCTTITCTCGTIGTGTCCGCATCCTCAABLCGCGAL
Zevee zZarve ZBvee 2arse Zp74a 28738 287e 287 2aT@8

RA__E [l I S _ S A R F A E F F A R I A A R 5 A A L L L £ D A_ D T
ARECTGARGCTATATC T TCTGCACET TT TGCCGAATTTTTTGCACGTATTIGCCGCCGLT TCTGCCGCACTTTTGCTCTGCGATGCTGATAC
2°E5Q 2esag ZBRET 28568 B65 B64@ 2263 9620 618
A L P A A 5§ W A F U D a4 ¥ D A L P A A A U F A 5 A A A E A L
CGCACT TCCCGUAGLLTCTGTCGCCTTCGTGGATGCCGTTEACGCACTCCCCGLCGLCGLTGTTTTTGLGTETGCCACGGCAGAGECGET
2esal Bs BsBR 2957 BS568 28558 28548 2853 28528
R % A A ¥ S5 L 0D L & F U S5 D U F A & L A E F S A A U A E E A
CCGTTCCGCTGLTGTTTCAGATGACCT GECAT TCOTCTCAGARCATT T TTGCCGCCCTGGLAGAATTTTCTGLCGECGTTGCCGAGBGANGE
z2@s18 ZBsee zZad49p 2a48a 2470 Zpd68 28458 a4 29430
A R P A L D D A F W 5 D p F A A S F E A T A S F A E M A A S
TGCACGACCGGCACTTGATGATGCGTTCGTTTCTGATGATTTIGCTGLCTCTTTTGAGGCCACCGCATCTCGTGETGAAGTGGCGGCETC
29428 22410 2ed408 2839 3 B37 20360 28359 29349
L A_F Y A AR YU E A D U A A D C € D A A A F U 5 Db U F A A P A
TGACGC T T TCGTGGLCGEGGTGGAGGECAGALGTGGCGGCTGATTETTGTGACGC TGCAGCATTCGTTTCTGACGTTTTCGCCGEACCGGE
283398 2|32 o31p Za3ea 2829 ZBzZen z2az27e zBzea 28259
L v A A A F F € D 5 A A A A L F 5 A S U A F & D A A S A P £
ACTGB T GGCLGCCGLGTT T TTTGAGGACTCTGCGGLTOCGGCACTTITTTTCLGCTTCAGTGGCCTTTGETGATEGCCGET TCTGEACCEGA
20240 20230 2@zze 28219 z@ze8 zg1se 2e18e 2eive 2BL68

D A 5 =
GOACGCTTCCTGAGCTGACGATGCAGT
2150 D149 20130

Fic. 3. Nueleotide and amino acid sequence of orf2060.
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The nin region

This region. which is not essential for the growth of the phage. has an unusual
structure. Tt contains eight or nine possible reading frames. all of which start with
an ATG or GTG that overlap the end of the previous reading frame. Their
structures arve shown in Table 4. 1t will be seen that there is also a very short
reading frame (orf26) that overlaps the ends of the ren and orf746 gene with similar
structures.

Altogether, there is a continuous series of 13 overlapping reading frames from the
beginning of the O gene to the end of the ¢ gene. The €. /> and {) genes make
proteins, but it is not known whether the others do. Figure 3(c) shows the
application of the ANALYSEQ program to the right transeription region using
genes (7, I°, @ and R as standards. Although there are peaks corresponding to the
nin reading frames, they are not very clear. Figure 3(d) shows the results for the nin
region using orfl46, orf290 and orf204 as standards. Here, all the other reading
frames show up as definite peaks, indicating that they all have a similar codon
distribution.

orfod
‘This is a reading frame proposed by Daniels & Blattner (1882). It does not give a
peak in the ANALYSEQ progratn.

S

There are two ATC triplets close together. The first is chosen as having the better
SD sequence. The reading frame has a TAG at position 45,351, This is the site of the
87 mutation, which was present in the strain used.

The right-hund end (46,428 to 48.502)

Other than the cos site, no function has yet been ascribed to this region and there
do not appear to be any possible rightward reading frames in it. However, there are
two possible reading frames on the opposite strand with acceptable 5D sequences
(see Fig.6). In the ANALYSEQ program. using standards from the left arm or
from the central region, they do show as peaks, but the values are not very high. As
far as we know, there is no other evidence for leftward transcription or for gene
products in this region. -

rexB
There are two ATG triplets with good SD sequences at 36,259 and 36,244

orf28

In the ANALYSEQ program there is a high peak (position 34,357 to 34,271} just
preceding the reading frame assigned to the ral gene (Ineichen et al., 1981). It
corresponds to a reading frame having a satisfactory possible initiating site. It
would code for a protein of only 28 amino acids, of which eight would be glutamic
acid, four aspartic acid and five tyrosine. Such a bizarre protein could have
interesting properties.
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NUCLEOTIDE SEQUENCE OF BACTERIOPHAGE A DXA 704
oA @ Vv A I F K E I F D 4 U R
CGRTF\RTGCHRRCTRCGCGCCCTCGTHTCﬁCﬁTGGﬂﬁGGTTTTF\CCHQTGGCTCRGGTTGCCQTTTTTRF\RGRRRTRTTCGRTCQRBTGC
47498 47480 47470 47468 47458 a744@ 47438 474 47418
¥« D L D € € L F_ Y S E L K R H H Y S H ¥ I ¥ v L A T D_HN_ I #
GAAQRGETTTF!GRCTGTGF\RTTGTTTTﬂTTC“rGﬂﬁCTQPARCGTCQCRRCGTCTCRCQTTRTHTTTFICTRTCTRGCCHCRGQ?QQTAT?C
47480 47358 380 47378 47368 47350 AT 3248 4733@ 4732@

I Vv L E H L K T U L I ¥ 6 L K ®x 4 U H M K F 5 R H T H L I E
ACATCGTGTTAGARAACGATARCACCGTGTTAATARARGGALT TRARARGGTTGTRARTGTTAAATTCTCARGARALACBCATCTTATAG
47316 4738@ 4729 47280 47278 <7268 47258 47248 47238

T § Y. D R L K § R E I T F Q. @ v R E H_ L A K A G W F R W U T
AARCGTCCTATBATAGG T TGARAT CAAGAGARATCACATTTCAGCAATACAGGGARRATCTTGLTAARGCAGGAGT ITTLLGATGGGTTA
47220 47218 47200 47198 4718@ arLya 4a71&68 47158 47148

N I H E H K R ¥ ¥ ¥ T F D M & L L F T E & I @ N T T @ 1 F P
CRARTATLCATGAACATARARGATATTACTATACCTTITGATARTTCATTACTATTTACTGAGAGCATTCAGARCACTACACAAATCTTTC
47138 47129 47118 47188 47as@ 470880 a7ara 7a6 47858

CRCECT:RRTCﬁTﬂﬁCGTCCGGTTTCTTCCGTGTCAGCHCCGGGGCGTTGGCQTRHTGCHHTQCGTGTRCGCGCTAﬂﬂCCCTGTGTGCRT
47p40 47230 37020 47612 4vaae 456998 45288 4697TH 4BIB|
CETTTTRAATTATTCCCEGACACTCCCGCAGAGHRAGT TCCCCGTEAGGGCTGTGGACATAGTTARTCCGGGARTACAATGRCGATTCATCG
45958 455948 4693a 46928 a691@ 46900 46898 46888 _ 4BB7A

CRCCTGACATACATTAATARATATTAACARATATGAAATTTCAARCTCATTGTTTAGGGTTTGTTTAATTTTCTACACATARCGATTCTGCGA
46868 45858 46849 46838 46528 4cBi@ 46689 46798 46788

m K Kk M L L A T A L A L L I T 6 C A G o T
ACTTCRRPRBGCATCGGEARTARCACCATGAARAAAATGCTACTCGCTACTGCGCTGELCCTEGCTTATTACARGGATGTGLTCAACAGRCE
46770 36760 4675 6748 4673d 46728 46710 4672R 46698

F T W G N K P A A 4y A P K E T 1 T H H F F U 5 6 I 6 G K kK T
TTTACTGTTCARAACARACCGGCAGCHGTAGCACCARAGGARRCCATCACCCATCATTTCTTCGTTTC TGGAAT TGGGCAGARGARBACT
45688 4ABETR 46660 46658 664 AE63 =3 6ELD 466080

VU DA A K I €C B 6 A € N v W K T E T @ @ T F ¥ N 6 L L G F I
GTCGATBCAGECARART T TETGBEGGCGCAGARRATGT TET TARAALCAGAAACCCAGCARNCATTCGTARRTGGAT TGCTEGGTTTTATY
46592 46588 46572 46568 a6558@ 46540 46530 652 4651

T_ L 6 I Y T P L E A R vy ¥ € 5 @ *
ACTTTAGGCATTTATACTCLGCTGGAAGCGCGTGTGTATTGCTLACAATAATTGCATE
46500 45492 45488 46478 4645d 46458

Fi:. 6. Nucleotide sequence of the r strund (i.e. the opposite strand to that shown in Fig. 2(b)} in the
region 46,452 to 47,500 and the aminn acid sequence of 2 open reading {rames.

elil, kil and v

There are various interpretations possible in this region, none of which is entirely
satisfactory. The DNA sequence has been determined by Ineichen ef ol (1981) and
by us independently, so it is very unlikely that there are any mistakes in it.
According to Ineichen ef al., the ef1] protein starts at 33,456, y at 33,232 and £il at
33,112 in the same reading frame as y. We present here an alternative
interpretation that was suggested by the ANALYSEQ results (see Fig. 3 and
Table 3) and which seems to fit the results better, although giving rather small
proteins. :

The ATG start proposed by Ineichen et al. for the ¢f /] gene at 33,456 is preceded
by a good SD sequence at 33,475 to 33,470, 14 nucleotides upstream. If this is
indeed a ribosome binding site. it would seem much more likely that it would
initiate at the ATG at 33,463, which is seven nucleotides away. This would give a
protein of molecular weight 6040, which is probably the ¢I1I. There are no data
concerning its molecular weight. There is an alternative start upstream in the same
phase at 33,5635, a GTG with a good 51 sequence that would give a protein of
molecular weight 9006, However, it would not fit so well with the ANALYSEQ
result. This would leave the reading frame from 33.477 to 33,189 free and we
suggest that it codes for the kil gene, probably starting at the ATG at 33,330, and
giving a protein of 47 amino acids. The initiation site at 33,232 proposed by
Ineichen ef al. for the y gene has a very poor 8D site, and the ANALYSEQ program
would suggest that the site at 33,112, which has a better SD sequence, may be the
actual start although it would give rigse to a smaller protein than predicted (Karn et
al., 1974). Clearly, further work is required to identify the reading frames for these
genes,
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exu

There are a numhber of possible start sites fart her dowuastream but none has as
good an 8D as that at 32,028, The A-T-G-A overlap with gene § also makes this

probable.
Region 31347 to 30 385

According to Epp (1978). there should be a gene (Ea9) coding for a protein of
9000 M, in this region. There does not appear to be a reading frame of this size.
though there are three possible smaller frames starting at 31.351. 31.196 and 31.024
that could code for proteins of 60. 63 and 61 amino acids. respectively. They all
have overlapping termination and initiation sites, the first one overlapping with
exo. and could form a continuous series like that found in the nin region. They give
weak peaks in the ANALYSEQ program. We refer to these reading frames as
orf60a, orft3 and orf61. Two functions have been mapped in this region by Court ef
al. {1980a.b) and are probably encoded by these reading frames. Most of this region
has also been sequenced by Luk & Szybalski (1982), The results agree with ours.
except at position 31.139-31.14). where they have only one T residue.

xis )
The ANALYSEQ results are not very satisfactory in the region of the xis gene.

This may be related to the unusual amino acid composition, particularly the high
content of basic residues (Hoess el al., 1980).

Region 27 810 to 26 972

This region, which contains the aif site, probably does not code for any proteins.
There is a short reading frame starting at 27.604. but it has an unlikely initiation
codon.

The b region

The b region is not essential for lytic growth and has not, therefore, been
studied in detail by genetic methods. Several proteins, identified by their size, have
been shown to be encoded by this region (Hendrix, 1971 : Murialdo & Siminovitch.
1972 Epp. 1978). In the DNA sequence there are eight possible reading frames:
four on the left arm and four in the central region. orf#07 and orf2066 overlap on
opposite strands (Iig. 1) i

There are three clear reading frames in the central region, which are clearly
identified as Ead¥, Ea3l and Ead7? (Fig. 1. Hendrix, 1971 ; Murialdo & Siminovitch.
1972: Bpp, 1978). Epp et al. (1981) have identified a product (Ea24, M, 24.000) that
maps in the same region as Ka39. There is. however. no other reading frame of this
size in this position. It may be initiated within the same reading frame and use the
same terminator as fa39. There is a possible. but unlikely initiating ATG at
position 26,082, .

Reeve & Shaw (1979) identified a lambda encoded protein of 21,000 M, in the
outer membrane of the infected cell and mapped the gene (lom) encoding it near the
end of the ./ gene. Thete are two possible reading frames. orf206a and 01f2066. The
amino acid composition expected from frame orf206h (Table 6) shows it to be very
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NUCLEOTIDE SEQUENCE OF BACTERIOPHAGE A TINA 7il
TABLE &

Amino acld composition (number of residues) of proteins that would be
coded by reading frames orf206a and orf206h

- Amino acid orf2ifia orf206h
Phe 7 19
. Lea 8 16
Ile 8 3
Met 8 0
Val 23 2l
Ser 2t 24
Pro § 6
Thr 18 4
Ala 22 74
Tvr 10 0
His 3 0
Gln 4 0
Asn 3 0
Lys 9 0
Glu 8 19
Asp 8 1
Cvs : 1 +
Tvp 3 0
Arg 10 ]
Gly 24 0
Polarity indext 42 30

+ Capaldi & Vanderkooi (1872).

hydrophobic. as would be expected for a membrane protein. orf206a is less
hydrophobie but contains local regions of high hydrophobicity, which might anchor
it to the membrane. Reeve & Shaw believed lom to be a late protein, which would
favour orf206a, though orf206b could possibly be translated on a different mRN4
from the other early proteins. There is thus no clear evidence as to which reading
frame is coding for this protein. If orf206b is lom, 0rf206n may be La21 (Hendrix,
1971). Hendrix identified late products (La43, La40 and La38) that he suggested
were related to one another by degradation. These probably correspond to orf401
though La38 could perhaps-be related to orf374 (see above). Murialdo &
Siminoviteh identified late products pI6 and pI7 (23,000 and 20,000 ¥
respectively), which could correspond to orf206u and orf194. They also found
evidence for a late protein produet, 8, of 73,000 M. in the b region : however, there
is no reading frame of this size.

Other reading frames

There are a number of fairly long open frames reading from right to left on the
left arm. They are found in the same position as the coding frames on the opposite
strand and are probably related to the fact that the codons UCA, CUA and UTA,
which are complementary to the termination codons UGA, UAG and UAA,
respectively, are absent or rare in the coding regions (Table 5). Whether or not this
effect has a more general biological significance or whether it is a coincidence




T2 F.RANCER ET AL

applving only to this region of sequence is not clear. The reading frames on the
strand opposite to genes K. L and J show slight peaks with the ANALYSEQ
program. but do not have satisfactory initiation sites. ATG and QTG are in fact
rare codons in these frames. since the complementary codons CAC and CAT. which
code for histidine. are rare on the coding strand. The only possible initiation site in
these reading frames is an AT at position 17.853. which could ende for a protein of
472 amino acids.

Some of the sequencing was carried out by (. Howe. V. Devalia and (. J. Edge while they
were summer students in this laboratory. to whom we are very grateful. We wish to thank J.
Messing for gifts of the M13 vectors, F. R. Blattner and D. L. Daniels for supplying us with
up-to-date lamhda data and for helpful advice, K. MeKenney for advice on interpretation of
the data and other members of this laboratory, especially B. G. Barrell. for help and advice.
The computer analyses were very much dependent on the help of R. Staden. to whom we are
very grateful. D.I" H. thanks the Medieal Researeh Council of New Zendand for pest-doctoral
support and CLB.P. thanks the Royal Society and Nuffield Foundation for a
Commonweatth Bursary.
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Note added in proof: Kroger, M. & Hobom, G. (Gene, 20, 25-38 (1982)} have recently
published the DNA sequence from position 40,218 to 43,972, Our results agree with their
sequence except at positions 41,978 and 43,082. At pesition 41,978 we originally had the
{7 sequence C-G, but have now re-examined the sequencing gels and find that they were mis-
o read and that the sequence is G-C, which agrees with Kriger & Hobom. This has now been
corrected in Figure 2(b). At position 43,082 they find ( whereas we find A. We believe that
this may be due to a difference in the strain of lambda used.
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