
in gene 0, close to the Eco RI restriction 
site. Thus, the gene encoding the initia- 
tor of the X replicon overlaps the replica- 
tor. Denniston-Thompson et al. report 
the precise localization of the ori- muta- 
tions, to the level of nucleotide sequence 
(22). 
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contains a number of unusual features. 

Moore et al. (1) and Furth et al. (2) 
have described the construction and 
functional analysis of chimeric phages 
carrying restriction endonuclease frag- 
ments from the replication control region 
of the bacteriophage lambda (X) genome. 
Fragments extending from the immunity 
control (imm) region to the Eco RI site 
within gene 0 (imm-oriX fragments) have 
been shown to carry a fully functional 
origin of replication, displaying all the 
known requirements of the normal X rep- 
licator. All known mutations (ori-) that 
inactivate the X replication origin, with- 
out affecting expression of the structural 
genes (O and P) essential for replication, 
lie in a small portion of this fragment (2). 
We now describe a structural analysis of 
the A replication region, including a de- 
termination of the changes in nucleotide 
sequence by which four ori- mutations 
inactivate the replicator. 

The first step in this analysis was to 
determine the locations of restriction 
endonuclease cleavage sites within the 
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2.75 percent X Eco RI fragment from 
Ch3X2imm434A7c (or an identical frag- 
ment from phage KK1, Fig. 1; 3). This 
short fragment contains imm434 genes 
on the left and X genes on the right, as 
shown in Fig. 1. A similar Eco RI frag- 
ment from the immX phage KK2 (Fig. 1) 
is about 3.7 percent X in length and con- 
tains only X genes. The two types of frag- 
ment were, respectively, designated 
imm434-oriX and immX-oriX. Many re- 
striction endonuclease cleavage sites (4) 
were located by comparing digestion pat- 
terns of the two imm-oriX fragments. 

The fragments were purified by dif- 
ferential centrifugation (1) and were la- 
beled at the 5' termini with 32P (5, 6). The 
fragments were then redigested with a 
second restriction enzyme. The sub- 
fragments were separated by elec- 
trophoresis on polyacrylamide gels (7) 
and visualized both by staining and by 
radioautography. Since the right ends of 
the two imm-oriX fragments are identi- 
cal, any subfragments with differing 

1051 

2.75 percent X Eco RI fragment from 
Ch3X2imm434A7c (or an identical frag- 
ment from phage KK1, Fig. 1; 3). This 
short fragment contains imm434 genes 
on the left and X genes on the right, as 
shown in Fig. 1. A similar Eco RI frag- 
ment from the immX phage KK2 (Fig. 1) 
is about 3.7 percent X in length and con- 
tains only X genes. The two types of frag- 
ment were, respectively, designated 
imm434-oriX and immX-oriX. Many re- 
striction endonuclease cleavage sites (4) 
were located by comparing digestion pat- 
terns of the two imm-oriX fragments. 

The fragments were purified by dif- 
ferential centrifugation (1) and were la- 
beled at the 5' termini with 32P (5, 6). The 
fragments were then redigested with a 
second restriction enzyme. The sub- 
fragments were separated by elec- 
trophoresis on polyacrylamide gels (7) 
and visualized both by staining and by 
radioautography. Since the right ends of 
the two imm-oriX fragments are identi- 
cal, any subfragments with differing 

1051 

Physical Structure of the 

Replication Origin of Bacteriophage Lambda 

Abstract. The nucleotide sequence of part of the replication region of wild-type 
bacteriophage lambda and offour mutants defective in the origin of DNA replication 
(ori-) has been determined. Three of the ori- mutations are small deletions, and one 
is a transversion. The sequence of the origin region, defined by these mutations, 

Physical Structure of the 

Replication Origin of Bacteriophage Lambda 

Abstract. The nucleotide sequence of part of the replication region of wild-type 
bacteriophage lambda and offour mutants defective in the origin of DNA replication 
(ori-) has been determined. Three of the ori- mutations are small deletions, and one 
is a transversion. The sequence of the origin region, defined by these mutations, 



mobilities must come from the left. The 
terminal subfragments, identified by 
their 32p label, and the internal sub- 
fragments, identified only by staining, 
were thereby assigned to the left or right 
ends of the imm434-oriX and immX-oriX 
fragments. Finally, any remaining ambi- 
guities were resolved by comparison of 
the sizes of double digestion products 
with the sizes of subfragments produced 
by digestion with each enzyme alone. 

An example of this approach to map- 
ping restriction sites is the analysis of the 
Hpa II digestion patterns shown in Fig. 
2. This enzyme produced five sub- 
fragments of 517, 415, 215, 123, and 95 
base pairs (bp) from the imm434-oriX 
fragment. Hpa II digestion of the immX- 
oriX fragment also produced 123- and 

517-bp subfragments, but a single 1270- 
bp subfragment appeared instead of the 
415-, 215-, and 95-bp species. In each 
case the 517-bp subfragment was labeled 
by 32p and was therefore assigned to the 
right end. The 123-bp subfragment must 
occupy a position second from the right, 
since it was the only other subfragment 
common to both digests. The 215-bp sub- 
fragment of imm434-oriX was also end- 
labeled and was therefore assigned to the 
left end of the map. As was expected, the 
1270-bp subfragment was end-labeled in 
the immX-oriX DNA. From this experi- 
ment, it was possible to determine the 
Hpa II subfragment order for the 
imm434-oriX fragment: 215-(95, 415)-123- 
517 (Fig. 3). The Hpa II subfragment or- 
der 95-415 was deduced by comparison 

of the sizes of products of double diges- 
tion by Hpa II and a second enzyme 
(Alu I, Hae II, Mbo I, or Taq I) with the 
sizes of subfragments produced by single 
digestions. 

The sites of cleavage of the imm434- 
oriX fragment by ten different restriction 
endonucleases are shown in Fig. 3. The 
subfragments produced by each of these 
enzymes are listed in Table 1. We also 
took advantage of DNA sequence infor- 
mation as it became available, to confirm 
and refine the restriction map (8-14). 

We adopted an arbitrary scale for 
numbering nucleotide pairs by designat- 
ing the 3' terminal nucleotide of the I 
strand of imm434-oriX fragment (that is, 
the site of Eco RI cleavage in gene O) as 
1500 (see Figs. 3 and 5). This placed the 
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positions assigned to restriction enzyme cleavage sites are given. (Hae II and Bgl II cleavage sites are subsets of Hha I and Mbo I sites, respec- 
tively.) Horizontal arrows indicate areas for which we have determined the nucleotide sequence (6). Boxes indicate sequences determined by 
others: (a) M. Rosenberg (9); (b) Kleid et al. (10) and Rosenberg et al. (11); (c) Scherer et al. (12); (d) V. Pirotta (13); (e) E. Schwarz, G. Scherer, 
G. Hobom, and H. Kossel (14); and (f) J. Dahlberg and F. Blattner (8). 
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Fig. 4. Polyacrylamide gel electrophoresis of 
Hpa II and Eco RI double digests of chimeric 
plasmids. pKDT2, pKDT3, pKDT12, 
pKDT93, pKDT96, pKDT99, and pKDT905 
DNA's (1) were digested to completion with 
an Hpa II-Eco RI mixture. DNA fragments 
were separated by electrophoresis through a 
10 percent polyacrylamide slab gel (7). 

left end of this fragment approximately 
at position 135. 

The restriction enzyme activity Ava X 
was useful for relating the restriction 
map to previous electron micrographic 
and genetic maps of this region. We dis- 
covered this activity as an uncharacter- 
ized minor component of a preparation 
of Ava I. While Ava I does not cut the 
imm434-oriX fragment, Ava X cuts at ap- 
proximately 80 bp to the right of the 
imm434 substitution, a region for which 
the sequence has been determined (9) 
(Fig. 3). This allowed us to relate our ar- 
bitrary scale of the imm-oriX region to 
the standard X physical map, on which 
the imm434-A junction is a widely used 
fiducial mark of 79.1 percent (15). 

Furth et al. (2) showed that seven in- 
dependent ori- mutations lie on the imm- 
oriX Eco RI fragment. We report here 
that three of these mutations are small 
deletions located near the right end of 
this fragment. Figure 4 shows Eco RI 
plus Hpa II digestion patterns of plasmid 
DNA's containing the imm434-oriX frag- 
ment from each of four ori- mutants. 
Three of them (r93, r96, and r99) have a 
perceptibly shorter subfragment in place 
of the 517-bp subfragment of wild-type. 
This is the rightmost Hpa II subfrag- 
ment. A similar shift was observed in the 
mobility of the rightmost Hph I sub- 
fragment (360-bp in wild-type; data not 
shown). One of the ori- mutants (ti12), 
two O amber mutants and several wild- 
type isolates from different sources did 
not show detectable alterations in mobil- 
ity of the rightmost Hpa II subfragment. 

Plasmid DNA carrying a wild-type or 
mutant X ori region was digested with 
Eco RI (1) and labeled at the 5' terminals 

by phosphorylation with 32p (5, 6). The 
DNA was then digested with Hpa II to 

produce subfragments labeled at one (the 
Eco RI) end. These were separated on 5 

percent polyacrylamide gels. The ori- 

containing subfragment was eluted, and 
the nucleotide sequence was determined 

by the method of Maxam and Gilbert (6). 
Sequencing gels for the wild-type ori re- 

gion and for two of the ori- mutants are 
shown in Fig. 5. The sequence of 110 bp 
to the left of the Eco RI site in O was 
deduced from 15 experiments of this 

type, all of which gave consistent results 

(Fig. 6). The results have not yet been 
confirmed by sequencing the comple- 
mentary stand or by analysis of the O 
protein. Thus, unanticipated anomalies 
in the DNA chemistry could be a source 
of error. 

The sequence of DNA from each of 
the ori- mutants r93, r96, and r99 shows 
a simple deletion near the Eco RI site, of 

24, 15, and 12 bp, respectively (Fig. 6). 
The extents of the deletions agree with 
the changes in mobilities of the ori 
DNA fragments (Fig. 4). The DNA se- 

quence of the ori- mutant ti12 shows a 
C * G to A * T change at position 1451. 
This transversion has been observed in- 

dependently by Scherer et al. (14a). No 
other differences in sequence were ob- 
served between the ori- mutants and 

wild-type X. 
We find no protein initiator codons in 

any phase between any of the three ori- 
mutations and the Eco RI site. Because 
this site lies within gene 0, this provides 
strong evidence that these ori- mutations 
also lie within 0, in agreement with the 

genetic mapping presented by Furth et 
al. (2). 

The sequence of the X ori region (Fig. 
6) has a number of unusual features. For 
example, there is a stretch of 48 nucle- 
otides on the r strand of which 81 percent 
are pyrimidines. This region contains an 
unbroken tract of 18 pyrimidines, which 

probably is the longest in X (16). The se- 

quence also has many runs of identical 
nucleotides. There are seven instances 
of at least four T's (thymine) in a row, 
and two runs of five C's (cytosine), on 
the r strand. As is shown in Fig. 6 (ar- 
rows), there is a long hyphenated repeat 
which a,lso contains inverted repeats. 
This portion of the sequence can be rep- 
resented as either a single interrupted 
hairpin loop with 13 paired bases sepa- 
rated by an internal 4-bp mismatch or as 
two hairpin loops with a total of 18 
paired bases (Fig. 7). 

In this group of three reports (1, 2) we 
have identified a region of X DNA which 
has two functions: (i) it serves as the X 
replicator and (ii) it encodes part of the 
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Table 1. Sizes of restriction endonuclease 
subfragments of imm434-orik fragment. Sub- 
fragments produced by digestion of purified 
imm434-oriX fragment by each of ten restric- 
tion endonucleases were subjected to electro- 
phoresis in 10 percent polyacrylamide gels 
containing 25 percent glycerol (7). Sizes were 
determined by comparison with products of 
Hpa II plus Eco RI digestion of plasmid 
pKDT2, which were calibrated by com- 
parison with a Hae III digest of 4X174 (24). 
Numbers not in parentheses are subfragment 
sizes determined by mobility on gels. Frag- 
ments too large to measure accurately are 
designated NM. Numbers in parentheses are 
our best estimates of subfragment sizes; these 
estimates are based both on many single and 
multiple digestion experiments and on DNA 
sequence information. Subfragments are list- 
ed in their map order (left to right). 

Enzyme 

Alu I 

Ava X 

Hinc II 

Hha I 

Hae II 

Hpa II 

Hph I 

Mbo I 

Bgl II 

Taq I 

Subfragment (bp) sizes 

(249 319 797) 
250 320 NM 

(425 940) 
415 NM 

(664 701) 
570 720 

(277 23 387 239 439) 
285 21 385 240 450 

(300 1200) 
320 NM 

(215 95 415 123 517) 
215 95 415 125 520 

(699 306 360) 
NM 305 360 

(315 278 187 89 60 434) 
315 275 190 95 65 440 

(871 60 434) 
NM 65 470 

(514 166 191 489) 
540 165 195 490 

structural gene O. It is clear that the 
DNA deleted by each of the three ori- 
mutations r93, r99, and r96 contains a 
nucleotide sequence essential for ori but 

dispensable for 0, since the mutants 
were chosen to retain O function (17, 
18). The minimum contiguous segment 
of DNA which includes at least one base 
pair affected by each of these ori- dele- 
tions is 26 bp long. This sets a lower limit 
to the size of the X replicator. An upper 
limit is set on the right by the Eco RI 

cleavage site (2) but is not yet deter- 
mined on the left. 

We do not know which aspect or as- 
pects of origin function is involved in 
each mutant defect-binding of an initia- 
tor, entry of accessory factors, or polym- 
erization of nucleotides. Nevertheless, it 
is interesting to consider the relation of 
the strength of the ori- phenotype to the 
structural features affected in each case. 

The Xr96 and Xr99 mutants are strong- 
ly ori- (2, 17), and thus the pyrimidine 
tracts removed by these deletions may 
well contain very important components 
of the origin region. This provides an oc- 
casion to recycle the speculations about 

dPy . dPu (deoxypyrimidine . deoxypu- 
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rine) clusters discussed by Szybalski 
(19). 

Xr93 appears to be a slightly less defec- 
tive mutant since it can make minute 
plaques under favorable conditions (2, 
17). This mutation removes one copy of 
the partial duplication (it may have aris- 
en by recombinational elimination of the 
duplication) as well as part of the largest 
inverted repeat. The residual ori function 
of Xr93 could lie either in the remaining 

copy of the duplicated sequence or in a 
truncated hairpin loop. 

The Xtil2 is the least defective ori- 
mutant we have studied, since it forms 
tiny'plaques under normal plating condi- 
tions. More direct measurements show 
that the ti12 mutation impairs X DNA 
replication by about tenfold (18, 20). Se- 
quence analysis indicates that the ti12 
mutation is a transversion at position 
1451 (Fig. 6). This agrees with genetic 

mapping, which shows that ti12 lies very 
close to r99, between the flanking dele- 
tions r93 and r96 (2). 

Kleckner (21) reported that, in the ab- 
sence of N function, XOam29 exhibits a 
cis-dominant defect in replication. The 
Oam29 mutation maps near the ori- mu- 
tations (2, 17, 18) and so may simultane- 
ously affect O and ori. 

The fact that the strongest ori- muta- 
tions studied are deletions is significant, 

r96 

'tt L3- XlA 15 bp 

*" ' 
"** 

A12 bp- - ... 

= . 

A G C A G C A G C T T 

Fig. 5 (above). Autoradiograms of sequence gels of wild-type and two 
mutant X ori regions. Plasmids containing the imm434-orix fragment 
(pKDT3, pKDT96, pKDT99) (1) were digested with Eco RI. The re- 
sulting fragments were end-labeled with [y-32P]ATP and T4 poly- 
nucleotide kinase and redigested with Hpa II. From each strain the 
Hpa II-Eco RI subfragment containing the ori region (517 base pairs in 
wild-type), labeled only at the Eco RI end, was purified and subjected 
to the four base-specific chemical degradations described by Maxam 
and Gilbert (6). The products were divided into portions which were 
resolved by electrophoresis on 20 percent polyacrylamide gels con- 
taining 7M urea for varying lengths of time (ori+ for 48, 30, and 12 
hours; r96 and r99 for 30 and 12 hours). The gels were frozen and the 
end-labeled DNA degradation products were visualized by autoradiog- 
raphy. Fig. 6 (right). Nucleotide sequence of the replication origin 
region of bacteriophage X. The sequence of the region of the r strand 
immediately to the left of the Eco RI cleavage site in gene O (position 
1504) was determined by the method of Maxam and Gilbert (6). Nu- 
cleotides deleted in the ori- mutants r93, r96, and r99 are indicated. The 
ori- mutant ti 12 shows a single C ? G to A ? T transversion at position 
1451. The sequences determined for the ori+ parent of the ori- mutants 
(cloned in pKDT3) and for another ori+ strain (cloned in pKDT2) were 
identical. Arrows in the same direction indicate a partial duplication 
(15 of 27 base pairs); arrows in opposite directions indicate inverted 
repeats (Fig. 7). Lines between strands indicate the positions of pyrimi- 
dines on the r strand. A, adenine; G, guanine; T, thymine; C, cytosine. 
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since deletions were not explicitly se- 
lected (17, 18). This may mean that no 
base pair in the origin region is suffi- 
ciently important for a point mutation to 
produce a tight ori- phenotype. 

An interesting question is whether the 
bidirectionality of X replication results 
from a bipartite substructure of the ori- 
gin. We do not see an extended symmet- 
rical structure within the region deline- 
ated by the ori- mutations, but additional 
sequence analysis might reveal such 
structure. Conversely, it seems possible 
that bidirectional replication emerges 
from a unidirectional initiation event 
(22). 

Insight into ori function may emerge 
when a number of comparable origin re- 
gions have been characterized in suf- 
ficient detail. At present we can only 
note a tendency of such regions from di- 
verse types of replicons to contain long 
dPy * dPu clusters (23). The long AT 
(adenine, thymine)-rich dPy * dPu tract 
removed by the r96 deletion (Fig. 6) may 
facilitate localized strand separation in 
the origin region. 

Like X, 4X174 has its ori site within 
the structural gene for its initiator pro- 
tein (24). Close linkage of these inter- 
acting entities may be of importance in 
evolution (25). We cannot yet assess any 
physiological significance of such link- 
age. 

We have shown both by genetic and 
by structural analysis that the ori region 
and gene 0 overlap; thus the sequence 
shown in Fig. 6 reveals information 
about the 0 protein. Because the molec- 
ular weight of the 0 polypeptide is about 
35,000 (26), this sequence corresponds to 
about 12 percent of gene 0. 

We are not yet able to determine the 
reading frame of the 0 gene, but one 
reading frame is not possible due to a 
translation terminator codon at position 
1402. In either remaining reading frame, 
the segment of the polypeptide corre- 
sponding to the known nucleotide se- 
quence would be very rich in basic 
amino acids (48 percent in one frame and 
27 percent in the other). Each of the ori- 
deletions removes a multiple of 3 bp, so 
that no phase shift is created. This result 
is consistent with the 0+ phenotype of 
the mutants. In each of the possible read- 
ing frames, the deletion at the DNA level 
translates into a simple amino acid dele- 
tion; there are no substitutions intro- 
duced by fusion of codons. 

We are amazed to find that mutations 
selected for retention of 0 function 
would be deletions. However, some prop- 
erties of the 0 gene suggest that its 
product is bifunctional, and hence the re- 
gion of protein affected by ori- mutations 
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Fig. 7. Structures of potential hairpin loops lo- 
cated between positions 1409 and 1460. The 
underlined sequence A4G is similar to the se- 
quence at the junction between the RNA pri- 
mer and DNA seen in Col El DNA synthesis 
in vitro (23). 

might serve as a connector. The NH2- 
terminal portion of the 0 protein deter- 
mines type specificity and presumably 
recognizes the DNA of the origin region 
(27). The COOH-terminal portion ap- 
pears to interact with the replication ap- 
paratus of the cell, through or in con- 
junction with the P protein (28). Since ori 
is near the junction between the two 
functional domains of 0 (in the same in- 
terval as the Eco RI site) (2, 27), the re- 
gion of the protein encoded by this part 
of gene 0 may simply connect the two 
functional parts. Such a passive protein 
function might relieve coding constraints 
on the sequence so that it could evolve 
DNA function as a recognition site for 
replication. 

The role of RNA synthesis in X DNA 
replication is not yet understood. It has 
been suggested that oop, a small RNA 
molecule encoded near the replication 
region, primes DNA replication (29). 
However, all of the ori- mutations stud- 
ied here lie at least 450 bp to the right of 
the startpoint for leftward oop transcrip- 
tion. Furthermore, deletion of the 123-bp 
Hpa II subfragment does not impair the 
replicator function of an immX-oriX frag- 
ment cloned in Charon 3 (30). The delet- 
ed subfragment includes the oop pro- 
moter .and all of the oop coding region 
except 14 bp corresponding to the 3' end 
of the transcript (8, 12). Thus, oop RNA 
appears to be dispensable for X DNA 
replication. 

There remains a cis requirement for 
rightward transcription in the replica- 
tion region, whether the replicator is 
at its usual location or on a trans- 
posed fragment (2, 20). Normally this 
RNA synthesis initiates at PR, but mu- 

tants with new rightward promoters, 
such as c 17 or the ric mutants, are able to 
bypass the requirement for transcription 
from PR (20, 30a, 31). Remarkably, two 
of the ric mutations have been mapped to 
the right of the Eco RI site in gene 0 (2, 
18) and thus do not promote rightward 
transcription of the region affected by 
the ori- mutations. This remains an 
enigma requiring further study. 
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Expression in Escherichia coli of a Chemically Synthesized 

Gene for the Hormone Somatostatin 

Abstract. A gene for somatostatin, a mammalian peptide (14 amino acid residues) 
hormone, was synthesized by chemical methods. This gene was fused to the Esche- 
richia coli /3-galactosidase gene on the plasmid pBR322. Transformation of E. coli 
with the chimeric plasmid DNA led to the synthesis of a polypeptide including the 
sequence of amino acids corresponding to somatostatin. In vitro, active somatosta- 
tin was specifically cleaved from the large chimeric protein by treatment with cy- 
anogen bromide. This represents the first synthesis of a functional polypeptide prod- 
uct from a gene of chemically synthesized origin. 
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The chemical synthesis of DNA and 
recombinant DNA methods provide the 
technology for the design and synthesis 
of genes that can be fused to plasmid ele- 
ments for expression in Escherichia coli 
or other bacteria. As a model system we 
have designed and synthesized a gene for 
the small polypeptide hormone, soma- 
tostatin (Figs. 1 and 2). The major con- 
siderations in the choice of this hormone 
were its small size and known amino acid 
sequence (1), sensitive radioimmune and 
biological assays (2), and its intrinsic bio- 
logical interest (3). Somatostatin is a tet- 
radecapeptide; it was originally discov- 
ered in ovine hypothalamic extracts but 
subsequently was also found in signifi- 
cant quantities in other species and other 
tissues (3). Somatostatin inhibits the se- 
cretion of a number of hormones, includ- 
ing growth hormone, insulin, and gluca- 
gon. The effect of somatostatin on the se- 
cretion of these hormones has attracted 
attention to its potential therapeutic val- 
ue in acromegaly, acute pancreatitis, and 
insulin-dependent diabetes. 

The overall construction of the soma- 
tostatin gene and plasmid was designed 
to result in the in vivo synthesis of a pre- 
cursor form of somatostatin (see Fig. 1). 
The precursor protein would not be ex- 
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pected to have biological activity, but 
could be converted to a functional form 
by cyanogen bromide cleavage (4) after 
cellular extraction. The synthetic soma- 
tostatin gene was fused to the lac operon 
because the controlling sites of this oper- 
on are well characterized. 

Given the amino acid sequence of 
somatostatin, one can design from the 
genetic code a short DNA fragment con- 
taining the information for its 14 amino 
acids (Fig. 2). The degeneracy of the 
code allows for a large number of pos- 
sible sequences that could code for the 
same 14 amino acids. Therefore, the 
choice of codons was somewhat arbi- 
trary except for the following restric- 
tions. First, amino acid codons known to 
be favored in E. coli for expression of the 
MS2 genome were used where appropri- 
ate (5). Second, since the complete se- 
quence would be constructed from a 
number of overlapping fragments, the 
fragments were designed to eliminate un- 
desirable inter- and intramolecular pair- 
ing. And third, G-C-rich (guanine-cyto- 
sine) followed by A-T-rich (adenine- 
thymine) sequences were avoided since 
they might terminate transcription (6). 

Eight oligonucleotides, varying in 
length from 11 to 16 nucleotides, labeled 
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