Viral Integration and Excision:
Structure of the Lambda att Sites

DNA sequences have been determined for regions

involved in lambda site-specific recombination.

Arthur Landy and Wilma Ross

Site-specific recombination is an im-
portant genetic pathway in both prokary-
otes and eukaryotes. The range of phe-
nomena associated with this genomic
transaction in prokaryotes includes the
generation and integration of episomal
factors, the highly mobile antibiotic re-
sistance elements, the influence on gene
expression by small DNA insertion se-
quences (IS-elements), and the transition
between cytoplasmic vegetative phage
genomes and host-integrated prophage.
Although less is known about eukaryotic
systems, recent biochemical experi-
ments and a renewed appreciation of old-
er genetic experiments are beginning to
suggest that site-specific recombination,
in addition to being important in the in-
tegration of viral genomes, may also be
relevant in cellular regulation or devel-
opmental pathways (or both) (/). An up-
to-date collection of recent work in this
area is presented in (2). One of the most
thoroughly characterized examples of
site-specific recombination, and also the
subject of this article, is the integration
and excision reaction of bacteriophage
lambda (A\) (3).

According to the now well-docu-
mented model proposed by Campbell for
\ integration, the infecting phage ge-
nome is first circularized by means of its
cohesive termini and then undergoes a
single reciprocal recombination event at
specific loci (att sites) on the bacterial
and viral chromosomes (¢) (Fig. 1). The
product of the phage gene inf, which
maps immediately to the right of art, is
required for both integration and exci-
sion of the A prophage (5). The excision
reaction, in addition, requires the prod-
uct of a second phage gene, xis, which
maps immediately to the right of the int
gene (6). Although no other phage-spe-
cific proteins are required (7), there are
at least one or more host-specified pro-
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teins that are also involved in the in-
tegration-excision pathway (8). The en-
zymology of the integration-excision re-
action has only recently yielded to direct
biochemical analysis (9, 10), and infor-
mation crucial to the formulation of a
complete model will undoubtedly be
forthcoming in the near future. Not in-
cluded within the 1400 base-pair att-int-
xis cluster are the regulatory genes clII
and cIII, whose products greatly en-
hance the expression of the int gene, but
not of xis, by mechanisms which re-
main to be established (//, 12).

In current nomenclature the phage
(attP) and bacterial («ttB) att sites are
designated POP’ and BOB’, respective-
ly, and the prophage att sites are desig-
nated BOP' (atzL) and POB’ (attR) (Fig.
1). Transducing phage carrying attLL
(Agal) or attR (\bio) are generated from a
prophage which has excised from the
host chromosome by a rare int-indepen-
dent recombination which deletes phage
DNA from one end of the prophage and
adds bacterial DNA to the other (¢). A
phage carrying the bacterial «tt site,
BOB’, is obtained as a product of int-
promoted recombination between a gal
(BOP’) and a bio (POB') transducing
phage which is capable of transducing
gal and bio together (/3).

The analysis of int-dependent recom-
bination between phage bearing different
att sites lead to the proposal by Guerrini
14) that the arms of the atf sites, P, P’,
B, and B’, differ from each other in nu-
cleotide sequence, and that the extent of
int-dependent recombination between
different att sites does not depend on the
degree of homology between them. Fur-
thermore, all four arms of a given pair of
att sites are somehow important together
in determining the results of a cross (/3,
15), as are the temperature and the activ-
ity of xis protein (/6). Electron microsco-

py of appropriate heteroduplex mole-
cules has yielded estimates for the maxi-
mum size of the postulated recognition
elements, for example, less than 20 base
pairs for element B (/7); however, such
conclusions are necessarily qualified be-
cause of the number of possible models
for att site structure (/8).

In addition to the unique character of
each att site, the genetic results of Shul-
man and Gottesman (/9) suggested that
there is a common region, O, which is
shared by all of the \ att sites. Mutants
defective in art function can be crossed
from one att site into another; and, since
some of the progeny of a mutant by wild-
type cross are heterozygous, they have
postulated that the actual crossover
might be made by staggered nicks in the
two strands of the common core region
(19, 20). Failure to find evidence of this
type of homology by electron micro-
scope heteroduplex analysis yields an
upper limit of 20 to 50 base pairs for a
common core region (/7, 21).

When Escherichia coli carries a dele-
tion of the gal-bio region, that is, of the
primary bacterial att site BOB’, int-de-
pendent integration of X can be detected
at numerous loci (secondary bacterial att
sites) on the E. coli chromosome (22).
This integration always involves the
phage att site (POP’) (23) and is thus
very similar to the behavior of IS-ele-
ments (24, 25). The secondary prophage
att sites are given the general designation
AOP’ and POA’, and they differ from
BOP’ and POB’ and from each other in
their biological properties as determined
by int- and xis-dependent recombination
frequencies with various att sites (26).

We have undertaken a study of the
structures involved in site-specific in-
tegrative and excisive recombination in
bacteriophage A. In this article, we re-
port the DNA sequences for each of the
four primary art sites, POP’, POB’,
BOP’, and BOB'. Our results show that
the phage att site and bacterial att site
have in common a sequence 15 nucle-
otide pairs in length. The crossover
event of integrative recombination must
be within the limits (or at the boundaries)
of this “‘common core’’ sequence since it
occurs unaltered in both the leftward and
rightward prophage att sites. The four
sets of sequences, adjacent to the com-
mon core region, are different from one
another and hereafter will be referred to
as “‘arms’’ (P arm, B’ arm, and so forth)
without any implication as to their func-
tional significance. Several features of
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J POP’. i s " N ol crocll the att site structures are discussed in
® P P PRy terms of possible models for the site-spe-
t cific recombination.

Restriction Fragments

int +xis @_/ Mapping of Primary and Secondary
J

> ol . o The first step toward direct sequence
+ LIS @ <D~ analysis of the four primary A att sites
gal bio t J involved the generation and identifica-
BOB' tion of appropriate DNA restriction frag-
ments with the use of the large collection
of site-specific endonucleases that are
OB now available [for recent reviews see (27,
XD bio 28)]. In order to obtain fragments of an
pommommooeo- appropriate size and sufficient purity, it
-— T -{;} ‘. was necessary to use a two-step isolation
gol , procedure. The logic used in identifying
ool 5P the art-containing primary fragments
' from four phage, each carrying a dif-
¥ ferent arr site (Fig. 1), is outlined in

gal @ bio Flg 2.
BOB/ When DNA from each of these four

phage is digested with Hind II+III, one

unique fragment is found in each gel pro-

ab c d e f file (Fig. 3, legend). This work has been
, . . , described (29). From the sizes of these

b-h- POP" POB E _B_O_E fragments, and the placement of the
Hind III cut site, which forms the left
i d end of the POP’ and BOB'’ fragments at
POP € - approximately 56.8 on the A map (30), it
was concluded that the entire attachment

e f e region of each phage (centered at 57.3)
J 9-€- was probably contained in these primary

fragments.
The primary att-containing fragments
were isolated from preparative-scale gels

e f Fig. 1 (top). The X integration-excision path-
Y- B way and the origin of transducing phage car-

rying different atr sites. Integration of the cir-

cularized phage genome requires the phage-

d
' encoded protein int and proceeds via site-spe-
al < > , cific recombination between the phage att site
9" BOP POP’ and the primary bacterial att site BOB’.
e-f - The reaction yields a prophage bounded by a
ab h 9 e f : left prophage att site, BOP’ (arrL), and a right
prophage art site, POB’ (attR). The reverse
‘ l j reaction, excision, involves recombination

b between BOP’ and POB’ to yield BOB' and
a-b- POP’ (excised phage) and requires int and a

> . second phage product xis, both of which map
gal BOPB bio immediately to the right of a¢t. The gal trans-
ducing phage carrying the left prophage art
site and bio transducing phage carrying the right prophage at? site are created by rare excision events in which inz-independent recombination
occurs at sites other than the prophage att sites. A gal-bio transducing phage carrying the bacterial att site BOB' is generated by int-dependent
recombination between the prophage att sites of coinfecting gal and bio transducing phage. Fig. 2 (bottom). Logic used to identify restriction
fragments carrying the four art sites POP’, POB’, BOP’, and BOB'. The DNA’s from four phage, each carrying a different art site, are cleaved
with a restriction endonuclease at the specific sites marked a to 4. The DNA restriction fragments, resolved by electrophoresis in adjacent gel
lanes, are predicted to fall into three categories: (i) those common to all four profiles, and deriving from phage DNA outside the boundaries of the
bacterial DNA substitutions, for example, fragments a-b and ef; (i) those appearing in two of the four profiles, and deriving from within
bacterial DNA, from the non-arr phage-bacterial DNA juncture, or from within phage DNA deleted during formation of the transducing phages,
for example, fragments b—c, d—e, b-h, and g—e; and (iii) those occurring in only one profile. These ‘‘unique’’ fragments, of which there should be
one per profile, contain the crossover region, for example, fragments c—d, c—g, h-d and h—g (designated with an asterisk in the figure). Preparative
quantities of the primary atz-containing fragments (see text) are subjected to secondary digestions with restriction enzymes having shorter, and
therefore more frequent, recognition sites. Secondary at¢-containing fragments can be identified by a similar logic; however, the first category of
fragments, those appearing in all four profiles, is not expected in these experiments since the ends of the primary fragments fall within the
bacterial DNA substitutions. An exception to the above predictions would be found if a primary or secondary restriction site occurred within a
region of homology that was common to all four at sites; in this case, no unique, atz-containing fragments would be found. This situation did not
occur in our experiments.
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of Hind II+IIT digests and used as
source material for the secondary digests
(29). The method used to identify the atz-
containing secondary fragments gener-
ated by each of five restriction enzymes
was similar to that used for primary frag-
ments and is outlined in Fig. 2. A second-
ary fragment that is not unique can be
assigned to a particular arm based upon
the two profiles in which it appears. By
labeling the 5’ termini of the primary
fragment with 2P prior to the secondary
digestion, the end fragments can be de-
termined. If the number of fragments as-
signed to an arm is only one or two, the
order of these and of the adjacent unique
is readily defined. Simultaneous diges-

tion with two restriction enzymes con-
firms the placement of cut sites deter-
mined from single digests (especially im-
portant in the case of sites which are
close to one another) and in some in-
stances yields additional information
about fragment order. The gel profiles of
Hinf I digestion products of the primary
fragments are shown in Fig. 3 as an ex-
ample of these experiments.

As seen from the map shown in Fig. 4,
restriction enzyme sites are found at ap-
propriate intervals for sequence analysis
of both DNA strands in the P, B, and B’
arms. The P’ arm presented a stretch of
approximately 170 base pairs of se-
quence without a restriction site (be-

tween Alu I and Mbo II sites) in an area
known to contain the crossover region.
Therefore, to supplement the restriction
enzymes, a less specific nuclease, en-
donuclease IV (37), was used to generate
smaller fragments for sequence analysis
in this region (32).

DNA Sequencing in the

Crossover Region

We have used the dimethyl sulfate—
hydrazine chemical modification method
developed by Maxam and Gilbert (33) for
our sequence work. A DNA restriction
fragment uniquely labeled with 32P at one

Table 1. Analysis of sequence from restriction fragments containing the P and P’ arms of the phage atf site. Section 1 includes the P arm sequence
and sections 2 and 3 the P’ arm sequence. The fragment numbers (first column), for example, PP’1, have been arbitrarily assigned to facilitate
reference between this table, Fig. 6, and the text. A fragment is named (second column) by the primary fragment from which it was derived (see
Fig. 3, legend), the secondary restriction enzyme or enzymes used to generate it, its approximate length in base pairs, and, where applicable, the
purified strand, / or r (! is the template strand for leftward transcription). The double-stranded fragments used in these experiments are 5'-labeled
at only one end, the end created by the first enzyme in the fragment name; the second enzyme named was used after labeling to remove the other
5" end. Single-stranded fragments were obtained by gel purification of strands after 5’ labeling of a double-stranded fragment generated by either
one or two enzymes (Fig. 5 legend). Primary fragment 1290 (from which PA’1 was obtained) was derived from a phage carrying a secondary
prophage art site, A\Y905 (29). (Fragment 1290-Alu I + Hha I-155 was provided by Karen Bidwell.) Numbering of the sequence is as described in
Fig. 7, with zero being the center base of the 15-base common core region. The boundaries of the common core are indicated by brackets. The
#P-labeled 5'-end is designated *p. . . . Sequence from the r strand is written in reverse chemical polarity (that is, written 5’ to 3’ right to left),
and is underlined with dots. Large letters represent sequence read confidently in that particular experiment. Sequence in small letters was either
run off the gel or was not determined with certainty in that experiment, but was confirmed by data from other experiments. The 5’ ends of the
endonuclease 1V fragments are not known precisely; they were estimated on the basis of (i) migration of bands on sequencing gels relative to a
bromophenol-blue dye marker and (ii) the preferred recognition sequences of this enzyme (37).

Fragment

Yambor Fragment Name Sequence
SECTION 1 P REGION (-114 to -3)
-110 -100 -90 -80 -70 -60 -50 -40 -30 20 -10
PP'1 cl—Hlnfé;3§?¢_édstrAnd 'p..,TCATAGTGACTGCATATGTTGTGTTTTACAGTATTATGTAGTCTGTTTTTTATGOH 1 :
PP'2 Cl-HinfI-320, 1 strand ‘P...TcATAGTGACTGCATATGTTGTGTTTTACAGTATTATGTAGTCTGTTTTTTATGCAAAATCTAATTTAATATATTGATATTTATATCATTTTACGTTTCTCGTTCAEEfff::TOH
P4 Cl-Hinfé;gg?o_Eastrand : . ‘ HO@A@I@@AAA...p'
PP'S Cl—Hinfé;gigé_gSstrdnd : ' ‘ HOéA@ﬂ@@eAA...P'
Patl 1290-Alul+ihal-155 Ho...gAAgAgégAATnggTAATA§AT§A§5§5AAAAATACGTTTTAGATTAAATTATATAACTATAAATATAGTAAAATGCAAAGAGCAAGﬁcP'
i : ) R Pt L ey
PB'L D3a-Alul+HinfI-109, 1 strand *p,, TCATAGTGACTGCATATGTTGTGTTTTACAGTATTATGTAGTCTGTTTTTTATGCAAAATCTAATTTAATATATTGATATTTATATCATTT. . oK
i . ! l |
P2 DlaALLnT-109, £ strand 0., .wme@AT1AAAUATATAAcTATAAMAM@TAMAW@AAA@A@.ceeﬁq‘ep'
PB'3 DIa-ALuI+Hingi-109 HOL -@6?6.T‘.\T%‘?‘.“.\@AW}‘.\AT@T?‘.‘W‘T‘.‘?‘.\TC‘.\@*.‘?‘.V.V.“.V.V.‘T/.\¢@TTTT‘.\@‘.\TT%‘MTTAT’?T’;\A?T‘.\TA‘.\‘.\TAV,\@T‘.“)‘.".‘T@?’?‘.“.‘@‘.\@%‘.\@ Tp”
SECTION 2 P’ REGIOMN (+3 to +105
ey +10 +20 +30 +40 +50 +60 +70 +80 +90 +100
PP'3 Cl-Alul+HinfI-211 'P‘..ACTARGTTGGCATTATAAAAAAGCATTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTGATTTCAATTTTG%CCCAc...OH
PP4 CioiinfI-320, x strand  Ho..,, TOATTCAACCGTAATATTTTTTCGTAACD" '
EndoIVv-43 s prrerrrrrrer e oy "
PP'S Cl-HinfI-320, r strand Ho...TGATﬂCAACCGTAATATTTTTTCGTAACGAATAGTTAAACAACP'
EndoIV-55  iaees e PR DO ' '
. HOTIGTCCAGTENTAGTCAGTTTTATTTTAGTATAMACTAMGTTAMMCAGETS. . p*
P18 CleHinfI-320, r strand ] : 10 TTTACTATAMCTARAGTTAMACRGEGTE .. p*
BP'2 B7a-HinfI1~227, 1 strand 'P:;JAFTAﬁGTTGGCATTATAAAAAAGCATTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTGATTTCAATTTTGf..OH
BP'3 B7a-HinfI-227, r strand HO‘"AA@T?AG@TT?%AAQA@@@T@'"P.
SECTION 3 P’ REGION (+100 to +203
+100 +110 +120 +130 +140 +150 +160 +170 +180 +190 +200
PP'6 Cl-HinfI-320, r strand HO. . AGGGToASGEACH* ‘
EndoIV-61 e | ) !
PP'7 Cl-HinfI-320, 1 strand *peT6CCTCTETCATCACGATACTGTGATGCCATGGTGTCCGAOH
EndoIV-41 . .
Y clwinei-azo, ¢ sixan MO GO GGAC BN ACAGTAG T AT GACACTACaTACCACAGGC TG TACOGO TCTTCTACAACTCGT T TGMTAGCGAATAGACGMGAGTATcrc. . p*
PP'9 CloWinfI-320, r strand HOAGS G TOAGEGACGBAGACAGTAGTGCTATGACACTACGGTACC Acp® : f ‘
EndolVv-46 eriiaooned rree B R R R
BP'3 B7a-HinfI-227, r strand Ho...AGGGTGAGGGACGGAGACAGTAGTGCTATGACACTACGGTACCACAGGCTGAATACGGGCTCTTCIACAACTCGTTTGAATAGCGAATAGAGGAAGAGTATCTC...p'
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5’ end is obtained in one of two ways. A
restriction fragment that has been la-
beled at both 5’ ends with polynucleotide
kinase and [y-**P]-ATP is cut with an ap-
propriate restriction enzyme, and the
two singly labeled product fragments are
reisolated by gel electrophoresis. Alter-
natively, the denatured strands can be

separated by agarose (34) or polyacryla-
mide gel electrophoresis (33). The singly
labeled molecule is then chemically mod-
ified in four parallel base-specific reac-
tions that render the molecules labile to
alkali cleavage at the modified bases. Re-
action with dimethyl sulfate is specific
for purines, and reaction with hydrazine

Table 2. Analysis of sequence from restriction fragments containing the common core region of
the phage and bacterial att sites. The boxed area indictes the 15-base common core sequence.
See also the legend to Table 1.

szgxgzx;t Fragment Name Sequence
-10 0 +10
PP'2 Cl-HinfI-320, 1 strand *pe o TTCTCOTTCAGCTTTTTTATACTAAGTTGGCATTA, . o
PP'3 Cl-Alul+HinfI-211 » *ocTTTTTTATACTAAGTTGGCATTA. . . oH
PP'4 Cl-HinfI-320, r strand HOAAGTICGAAAAAATATGATTCAACCGTAAT. . . p®
EndoIV-43 R IR R IR R
PP'S Cl-HinfI-320, r strand HOAAGTICGAAAAAATATGATTICAACCGTAAT. . -p.
EndoIV-55 DR IR IR K
PB'4 D3a-Alul+Hpall-275 : CTTTTTTATACTAACTTGAGCGAA. . .OH
BP'2 B7a-HinfI-227, 1 strand ’P...GTTGAAGCC CTTTTTTATACTAAGTTGGCATTA. . .oH
BB'4 C8a-Hhal-163, 1 strand ’P...GTTGAAG¢C CTTTTTTATACTAACTTGAGCGAA. . .oH
BB'S CBa-Hhal-163, r strand o, .,CAACTTCGGACGAAAAAATATGATTBAACTCGCTT. . .p®

(POP') (BOP (BOB') (POB')
C1 B7a C8a D3a
RS ---s 490 —— -
it ——
t320 —=a ____ .
295 —— 295 ——
27 ===
T R e
p= = w—
e b
e 145
gg\ 84
=
. 747

Fig. 3. Hinf I digestion profiles of the four primary
att-containing fragments. The primary fragments
are: (i) from A wt. POP’ fragment of 1400 base
pairs in length, named Cl; (ii) from Agal49 a
1600-base-pair BOP’ fragment, named B7a: (iii) from Abio256 a POB’ fragment of 650 base
pairs, named D3a; and (iv) from Agald49bio256 a BOB' fragment of 850 base pairs, named C8a
(29). A portion (1.0 to 1.5 pg) of each purified primary fragment was incubated with Hinf I
restriction endonuclease (29). Samples were subjected to electrophoresis on a 1-mm thick, 8
percent acrylamide—0.26 percent methylene-bis-acrylamide gel in tris-borate buffer, pH 8.3, for
4 hours at 150 volts. The gel was stained in ethidium bromide (2 pg/ml) and photographed with
Polaroid 55 P/N film using a long-wave ultraviolet light source. Arrows mark the unique art-
containing fragments in both gel and schematic profiles. (The B7a unique fragment, 227, co-
migrates with fragment 230, which is also found in Cl. In double digests with Hpa II, the 230
fragment is cut, leaving 227 readily apparent as the unique fragment; data not shown.) The
molecular weight marker is a Hind 11+111 digest of ¢80psuy, DNA (62). (Calibration of the
smaller fragments in this marker digest will be described elsewhere.) Molecular weight esti-
mates in base pairs are given besides each fragment in the schematic profiles. ( ) Hinf |
products of primary fragments; (- - - - - ) products of other fragments contaminating the pri-
mary fragment preparation (present in less than molar yield); (7) fragments whose entire se-
quences have been determined.
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is specific for pyrimidines. Adenine (A)
is distinguished from guanine (G) by dif-
ferential release of the two bases after
the modification step. Thymine (T) is dis-
tinguished from cytosine (C) by the fact
that a high concentration of salt de-
presses the modification (and therefore
the cleavage) of T relative to C. By limit-
ing the extent of these chemical reac-
tions, the size ranges of cleavage prod-
ucts can be controlled. The cleavage
products -are subjected to electro-
phoresis in adjacent gel lanes under con-
ditions that permit resolution of frag-
ments differing in length by a single nu-
cleotide. As can be seen in Fig. S, the
DNA sequence can be read directly from
an autoradiograph of the gel by ascer-
taining in which of the four lanes a band
appears for each size increment. De-
pending on the quality of gel resolution,
an average of 80 to 110 bases of sequence
may be read from one labeled 5’ end in a
series of samples that have undergone
electrophoresis for differing times.

The five panels in Fig. 5 have been
chosen as examples of the sequencing
gels because they are from the region of
the crossover in three of the att sites. (A
description of the nomenclature for the
secondary restriction fragments appears
in the legend to Table 1.) The Alu I cutin
the P arm was recognized, from mapping
studies, to be the closest one to the
crossover region in the phage atr site
(see Fig. 4). Panel B of Fig. 5 shows the
sequence proceeding rightward from the
Alu I cut in the POP’ fragment. In this
gel, 30 of the first 33 bases of sequence
are identified, and with two additional
gels that have undergone electrophoresis
for longer times (not shown) the total
amount of sequence obtained ran from
—6 to +105 (Fig. 7). Figure 6 shows a
schematic representation of this se-
quence (labeled PP’3) as it maps with re-
spect to sequences derived in other ex-
periments. The actual sequence informa-
tion obtained from this gel series is
shown in Tables 1 and 2.

The same Alul cut labeled in the
above series of experiments also occurs
in the right prophage att site, POB’. Pan-
el A of Fig. 5 shows 31 of the first 34
bases of sequence proceeding rightward
from this cut site into the B’ arm, and
Fig. 6 shows the total length of sequence
determined (labeled PB’4). The two se-
quences are expected to be identical for
some distance and then to diverge. The
predicted identity is found in the first 14
bases, 11 of which are shown bracketed
in panels A and B of Fig. 5. Although the
divergence starts at position +8 (with a
G in the POP’ site and a C in the POB’
site; see Fig. 7), positions 9, 10 and 11
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Table 3. Analysis of sequence from restriction fragments containing the B (sections 1 and 2) and B’ (section 3) arms of the bacterial att site. See
also the legend to Table 1.

Fragment

Number Fragment Name Sequence
SECTION 1 B ARM (-171 to -80)
-170 ~160 ~150 ~140 -130 -120 -110 =100 -?0 —?0
Be'1 B7a-HinfI+AluI-99 ; : \ . ’ ! | Ho. . .GTTACGGTCGCGG. . . p*
' ' ' y ' ‘ ' '
BB'1 C8a-AluI-370, r strand HO. . .c%CCATGGTCGCGCCAAACTAGTCTTCCTGCAACTAGCCCGCCCCAACrcP‘I’ ; . ' |
e ! 1 ,
BB'2 C8a-Hhal-78, 1 strand *peoGTTTGATCAGAAGGACGTTGATCE6GCEGGGTTEAGCTACAGGCEGTCAGCETCACGCCAARAGCCARTGCCAGC GOH
BB'3  CBasihal-78, r strand HoGCGCCARACTAGTCTTCCTGCANLTAGCCCEECOCANC TCEATGTOCECCAGTCRCAGTAEOTTTTCROTTACGETcy®
SECTION 2 B ARM (-85 to -3)
—2}0 —?0 -tlSO —?0 -50 —?O -|ZO ~10
e BraziinfirAlul=s9 Ho. .+ TCBCGGTCTOCCCTTTGACTTTTACACAAGTGTCCANCGABGCCCGATACTTTATCTTTTTACT Tap® !
Bet2 BTasHinfI=227, 1 strand : ; | : 1 L *oAATCCGTTGAAGCCTRCTTT. . om
BB'4 C8a-Hhal-163, 1 strand “pcéAGACGGGAAACTGAAAATGfGTTCACAGG‘TTGCTCCGGG¢TATGAAATAQAAAAATGAATCCGTTGAAGQCT CTTT...on
B chasihal-led, x serand v COBNTACTTTATCTTTTTACTTAGGCACTTCEOACGARA. . p*
SECTION 3 B’ ARM (+3 to +88)
. +1o +20 +30 +40 +50 +60 +70 +80
PB4 D3a-Alul+Hpall-275 *pr+ACTAACTTGAGCGAAACGEGAAGGTAAARAGACAAARAGT TETTTTTAATACCTTTAAGTGATACCAGATGGCATTGCGCCATCTG. ot

BB'4  C8a-Whal-163, 1 strand  *p... ACTAACTTGAGCGAAACGGGAAGGTAARAAGACARAAAGTTETTTTT, o | *
' ! ' ' |

'S Caanihailes, ¢ strand o, TGN TEAACTOGCTTTOCCCTTCCATTTTTCTOTTTTTCACAMARTIATGOMATICACTATGRTCTACCG Tascic*

att(57.3)
¥ 1 —
= =% _ ! % __]E'.' = = %
T 5970 fows <! “ o o4 o
S £3r % < I 2=
) I o | ¥ bbb | /t/ b
POP'(c1 e MR- y - ; . e —— . ——]
250 200 -150 -100 -50 0 +50 +100 +150 #200 4250  +300 ¢/ +n00
!
1
1
= *:.'* : he = =
o ©8T = 5! © o °
£ £3% = <! i £ £
, 1 o b ! o !
POB'(D3a) I +—t + - —~ ~— 4
1
.
i p—
= =_ _ = _ ] = R = = = =
Z 82 > 2 2% 8 E2¢ 2 s 2
T LT T < T T T ! T ITa T I T
J N I | | b o | s b
BOPI(B7G) w“\/:/ b < ~~ A : : it " /5 / : i
. . / 8/
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Nucleotide Pairs

Fig. 4. Map of secondary restriction endonuclease recognition sites in the att regions of the four primary atf-containing fragments, Cl, D3a, B7a,
and C8a. The primary fragments (29) were generated by a mixture of the two nucleases Hind I1+111, recognizing the sequences GTPyPuAC (63)
and AAGCTT, respectively (64). The secondary enzymes used in studying all four primary fragments were: Hinf I, purified from Haemophilus
influenzae strain R, and recognizing the sequence GANTC (28); Hha I, purified from H. haemolyticus , recognizing GCGC (65); Hpa 11, purified
from H. parainfluenzae, recognizing CCGG (66); Mbo 11, purified from Moraxella bovis, recognizing GAAGA and cutting eight base pairs
downstream of the recognition site (28); and Alu I purified from Arthrobacter luteus, and recognizing AGCT (67). Hae 111, purified from Haemo-
philus aegyptius, and recognizing GGCC (28) and BamH 1, purified from Bacillus amyloliquefaciens H, recognizing GGATCC (28) were studied
only with primary fragment C1. Digestion conditions used for all enzymes were as reported (29). The methods used in mapping these recognition
sites are discussed in the text. The numbering scale, in base pairs, is the same as that used for the sequence in Fig. 7. The precise positions of
some restriction cut sites have been determined by sequence analysis (Figs. 6 and 7). Additional sites are known to occur in the B and P’ arms,
but their map positions are undetermined. The presence of unmapped sites for particular enzymes is designated by the symbols between slashes
in these arms. (A) Hha I; (A\) Mbo II; (M) Hinf I; ((J) Alu I; (@) Hpa II; (O) Hae I1I; ( ) phage DNA; (—————) bacterial DNA; (*) the
relative order of these two sites is not certain; (+) three additional Hha I sites occur to the right of the one mapped in B, but their locations have
not been determined.
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are the same in both sequences. The dif-
ference at position +8 has been con-
firmed in several different experiments
(Table 2). Thus the A at position +7
must either be at the crossover point, or
it must constitute the right boundary of a

L9
0O -4
yro

r strand ,

POP'

Cl1-Hinf1-320 ,

“8)

EndolV-55
(PP'5)

D
P
e
1290-Alul+ Hhal- 155
(PA'T)

| strand

C
BOP'
—_—

BA-Hinfl-227
(BP'2)

A>C

B
OFP
e
Cl-Alul+Hinf1-211
(PP'3)
T+C C>TA+G G

A
os'
—_—

D3a-Alul+Hpall-275
(PB'4)

1152

I+C C>T A+G G
-

common core region (or both). The left
boundary of a common region could be
no further to the left than the Alu I site,
as this occurs only in the P arm. This es-
tablishes a maximum of 15 bases for a
possible common core region, and the fi-
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the Alu I cut in the P arm (Fig. 4). There-
fore, this BOP’-unique fragment should
contain a short length of B arm sequence
which is not found in either of the frag-
ments discussed above. This sequence
would be followed either by a common
core region, or there would be no region
of identity with POB’; and, at position
+8in BOP’, the sequence would become
identical to that determined for POP’.
Panel C of Fig. S shows 33 of the first 36
bases proceeding rightward from the left
" Hinf I cut of the BOP'-unique (see also
BP’2 in Fig. 6 and Tables 1 to 3). As was
expected, the sequence initially differs

Fig. 5. Sequencing gels illustrating the central
portion of the phage and bacterial atf regions.
Each gel shows a portion of the sequence that
was obtained from the fragment named above
the panel, for example, panel A sequence is
from PB’4 (Fig. 6), fragment D3a-
Alu 1 + Hpa 11-275 (see Tables 2 and 3). Also
indicated above each panel are the region and
direction of the sequence; for example, the se-
quence in panel A begins in O, the common

core region, and extends into the B’ arm.’

Brackets indicate those bases that are part of

a common core sequence. (In panels A and B, .

the bands corresponding to the first three nu-
cleotides of the common core have been run
off the gels; these bases were seen on other
gels, for example, panel E; see also Table 2.)
In preparation for sequencing, the fragments
used in panels A to D were generated by di-
- gestion with the first enzyme in the name,
then labeled at the 5’ end with polynucleotide
kinase and [y-**P]JATP as described (29). [y-
*P]ATP was synthesized according to modifi-
cations of methods described (33, 68). The
two 5’ ends of each labeled fragment were
separated either by (i) digestion with the sec-
ond named enzyme, followed by gel purifica-
tion of the products (panels A, B and D), or
* (ii) separation of the two DNA strands of the
fragment by gel electrophoresis (panel C) 33,
34). In panel E, purified r strand of C1-Hinf I-
320 was digested with endonuclease 1V (31),
and the products were labeled at the 5’ end
and purified by gel electrophoresis (32). La-
beled fragments were eluted from gels by dif-
fusion and sometimes purified from soluble
gel material by BND cellulose or hydrox-
ylapatite column chromatography. The se-
quencing method has been described by Max-
am and Gilbert (33). We chose to use five of
the reactions specified by Maxam and Gilbert,
including two ‘‘alternative’’ cleavages. For
the T+C lane, labeled fragment was in-
cubated with 12 to 15M hydrazine hydrate.
For the C>T lane, incubation was with 14 to
17M hydrazine hydrate, plus 1.5M NaCl. For
the G+A and G lanes, the fragment was in-
cubated with dimethyl sulfate. Half of the
sample, for the G+ A lane, was then subjected
to the ‘*strong adenine/weak guanine’’ cleav-
age method. The remaining half was cleaved
by the ‘‘alternative guanine’” method to spe-
cifically cleave methylated G residues. A fifth
reaction, the ‘‘alternative strong adenine/
weak cytosine’’ cleavage, was used for the
-A>C lane. The gels illustrated are 16 percent
acrylamide-7M urea, with electrophoresis at
600 volts for approximately 9 hours, after a 6-
hour prerun of the gel. Autoradiography was
done at —20°C.
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from the POP’ and POB’ unique frag-
ments. At position —7 (16 bases from the
labeled Hinf I terminus) the sequence
becomes identical to that found in both
POP’ and POB’, and from position +8
rightward it diverges from POB’ and re-
mains identical to POP’. The left bound-
ary of a 15-base-pair common region is
thus established at —7 (the G of the
AGCT Alu I site found in the P arm).

Panel D of Fig. 5 shows the sequence
extending leftward from the Alu I site in
the P arm, confirming that this sequence
does differ from that presumed to be the
B arm sequence (panel C of Fig. 5). Pan-
el E of Fig. 5 shows the sequence de-
rived from an endonuclease IV product
of the purified | strand of the HinfI
unique fragment from the POP’ att site
(PP’5 in Fig. 6). This sequence is com-
plementary to a portion of PP'3 (+34 to
—6) and provides a ‘‘read through’ of
the Alu I site, thus confirming and con-
necting the sequences shown in panels B
and D of Fig. 5. This shows that there is
no small undetected intervening Alu I
fragment, a function also served by PP'2
(Fig. 6). '

An interesting feature of the O and P’
regions, which can be seen in panels B
and E of Fig.'5, is an inverted repeat (see
below) 11 base pairs in length and in-
volving positions —7 to +3 and +16 to
+26.

Extent of Sequernice Determined

Considerable additional sequence in-
formation was determined both in the re-
gion of the common core discussed
above and in the arms extending leftward
and rightward from the common region
(Fig. 7). Several secondary fragments
from each of the four primary att-con-
taining fragments were used to generate
the sequences shown in Fig. 7, and the
relative positions and extents of se-
quences determined from these frag-
ments are illustrated in Fig. 6. The deri-
vation of the fragments, labeled PP'I,
PP2, and so forth, can be determined
from Tables | to 3. Complementary se-
quences were obtained for all regions re-
ported, with the exception of the distal
ends of the arms and a short (18 base-
pair) segment of the P’ arm between +35
and +52 (Fig. 6 and Table 1). Often, one
strand was sequenced from one primary
fragment, the other strand from the other

primary fragment carrying the same arm.

Obtaining complementary information
served as a check on the accuracy of the
method, the same base-pair information
being obtained from two different base
specific reactions. No contradictory in-

formation was found. In all cases, the se-
quences determined - from opposite
strands did complement each other; and
sequences from the two primary frag-
ments carrying each arm were in agree-
ment.

In addition, Fig. 6 illustrates that
wherever a restriction site within the re-
ported sequence was used as an end
from which to determine sequence (Alu I
in the P arm; Alu I, Hha I and Hinf I in
the B arm; and Hha I in the B’ arm) the
restriction site and adjacent bases to-ei-
ther side were ‘‘read through’ in se-
quence determined from another second-
ary fragment. This confirmed that no
very small restriction fragments, unde-
tected by our mapping procedures, occur
between the sequenced fragments.

A summary. of the data obtained from
all fragments sequenced is presented in
Tables 1 to 3. All bases .reported were
unambiguously observed at least once,
and almost all in two or more experi-
ments. The sequence information from
all four primary A att sites totals approxi-
mately 1000 base pairs. For the phage art
site, the sequence includes 107 base
pairs to the left (P arm) and 196 base
pairs to the right (P’ arm) of the common -
core boundaries. Similarly, for the bacte-
rial site it includes 166 base pairs to the
left and 81 base pairs to the right of the
core boundaries. Preliminary sequence
information corresponding to one strand
of the phage atr site has been obtained by
Davies using a different approach from
that described here; however, identifica-
tion of the common core was not pos-
sible (35).

A Common Core

The most striking feature of the results
shown in Fig. 7 is the 15-nucleotide-pair
sequence that is common to all four art
sites. The crossover event of integrative
recombination must occur within the
limits (or at the boundaries) of this
‘““common core”’ sequence, since this se-
quence is unaltered in both the leftward
and rightward prophage att sites. This
observation eliminates the possibility,
previously untestable by genetic means,
that phage insertions result in some se-
quence alterations that are then reversed
in the course of excisive recombination.
‘The common core region could also be
viewed as support for the suggestion .
from genetic' experiments that the in-
tegration-excision reactions proceed by
way of staggered cuts in the two DNA
strands of each recombining ats site (19,
20). However, there are other equally at-
tractive functions that can be ascribed to
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this region on the basis of sequence fea-
tures discussed below.

In their detailed analysis of A second-
ary insertion sites, Shimada et al. (23)
calculated that, if the E. coli genome is
treated as a random DNA sequence, the
observed frequency of secondary att
sites would be indicative of a 5- to 6-
base-pair recognition site. This dis-
crepancy between the frequency of sec-
ondary att sites and the observed length
of the common core region is suggestive
of two possibilities.

According to the first, it is likely that
most, or many, secondary bacterial att
sites do not possess the exact 15-nucle-
otide-pair sequence of the common core

POP«cn

region. This would be consistent with the
wide range of efficiencies found among
different secondary bacterial att sites
(23). The excision of A from a secondary
att site within a bacterial gene results in
the restoration of full wild-type function
both to the bacterial gene and to the X att
site (23). Therefore, if excision proceeds
via staggered cuts in the two strands of
each recombining att site, it is not likely
that there would be mismatched base
pairs within any resulting heteroduplex
region. This would suggest that second-
ary att sites are likely to have a shorter
but uninterrupted region of homology
with the common core region of the
phage att site. According to the second

possibility, which is not mutually exclu-
sive of the first, the M\ insertion sites
might consist of sequences that occur
more frequently in the E. coli chromo-
some because of some particular func-
tional significance.

Bias in Base Composition

It is not surprising that a common core
region, although it had been looked for
carefully, was never detectable in elec-
tron microscope heteroduplex analyses
(I7, 21). In addition to its small size, the
core is 80 percent A+T and hence would
tend to form relatively unstable du-
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Fig. 6. Schematic summary of results from Tables 1 to 3, showing the extent of complementary and overlapping sequence information. Only those
portions of the four primary fragments from which sequence was determined are represented. Restriction sites in the sequenced region are
indicated. Arrows represent lengths of sequence determined in particular experiments; the source of fragments, PP’1, and so forth, and actual
sequence determined from them can be found in Tables 1 to 3. Arrows indicate sequence in a 5’ to 3’ direction. Those pointing rightward
represent sequence from the / strand, those pointing leftward represent sequence from the r strand. The scale, in nucleotide pairs, is as designated

for Fig. 7. (——) Phage DNA; (
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plexes. As is shown in Fig. 8, the bias in
base composition is not confined to the
common core region, but extends from
approximately —40 to +60 (average 70
percent A+T) in the bacterial att site and
from +100 to at least —100 (average 75
percent A+T) in the phage at: site. In the
P arm, our sequence does not extend far
enough to delimit the region of high
A+T, and these sequences are probably
contiguous with, or a part of, the readily
denatured region that extends approxi-
mately from the att site leftward into the
b2 region (36).

The significance of this extreme bias in
base composition is most likely related
to the recent findings that negatively su-
percoiled DNA is required as a substrate
for integrative recombination (37). Since
negatively supercoiled DNA will tend to
partially denature in regions of high A+T
(38, 39), there is the strong suggestion of
a preference for single-stranded DNA by
one or more of the components in the re-
combination pathway. Our results so far
with secondary bacterial att sites, how-
ever, suggest that an extended region of
high A+T may be a required feature only
in the phage atr site.

Molecular Palindromes

The rotationally symmetrical charac-
ter of a molecular palindrome (a DNA

sequence whose complementary strands

read the same in the 5’ to 3’ direction)
permits its recognition by a protein com-
posed of two or more identical subunits,
each of which can interact with identical
features on the complementary DNA
strands. In addition, this symmetry
would facilitate recognition from either
direction by a protein capable of one-di-
mensional diffusion along the DNA
molecule. The significance of molecular
palindromes as protein recognition ele-
ments is most convincingly substantiated
by their persistent recurrence in a large
number of different sequences com-
prising recognition sites for a variety of
restriction endonucleases.

A vparticularly rich cluster of over-
lapping palindromes is found in the P
arm in the region from —25 to —55 (Fig.
7). It is interesting that the phage att site
is far richer than the bacterial att site in
palindromic sequences, and this, as well
as other sequence features (see below),
suggests that the phage elements may
play a more critical role than the bacte-
rial elements in integrative and excisive
recombination. There are no molecular
palindromes that are unique to either of
the prophage art sites.
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Identities and Direct Repeats

As is seen in Fig. 7, there are a few
places where the P and B arms (or P’ and
B’ arms) have similar sequences (identi-
ties). Since there is no a priori reason to
expect any such identities, the se-
quences may possibly be of functional
significance. It may also be of interest
that one of the largest identities (at posi-
tions +20 and +30) includes one element
of the largest inverted repeat found in the
entire sequence (this inverted repeat,
which crosses the OP’ juncture, is of par-
ticular interest and is discussed below).
Whether or not the sequence similarities
are functionally related to site-specific
recombination, they may reflect some
evolutionary link in the generation of
these two genetic regions.

There are two primary reasons for not-
ing sequences that are repeated on the
same DNA strand in the neighborhood of
the art sites. The first concerns those
schemes for the att site recognition ele-
ments which suggest that the same se-
quence might be used on both sides of a
common core region—for example, POP
in the phage art site and BOB in the bac-
terial art site (40). However, the att site
sequences do not contain those features
which would be predicted by this class of
models (Fig. 7). The second reason for
noting repeated sequences concerns the
possible existence of multiple binding
sites for one or more of the proteins
which interact with this region. This type
of interaction, for example, is found in
the sequential binding of multiple re-
pressor molecules to the A operator re-
gions (41).

Inverted Repeats

An inverted repeat consists of two
DNA sequences which read (with the
same chemical polarity) the same on op-
posite strands, and it has the property of
rotational symmetry. Therefore, when
the distance between the two elements of
an inverted repeat is not too large, these
sequences are, like molecular palin-
dromes, potential sites for interaction
with dimeric or tetrameric proteins.
These sequences also have the capacity
for intrastrand H-bonding, and the for-
mation of double hairpin structures 42).
Although there is at present no evidence
to support the natural existence of
double hairpins in native DNA #3),
there have been several models ad-
vanced for both generalized and site-spe-
cific recombination in which these struc-
tures play a prominent role (44). Finally,

inverted repeats and direct repeats have
a special significance in reactions, such
as site-specific recombination, which
consist of symmetrical operations. (RNA
polymerase binding and initiation of
transcription is an example of a non-
symmetrical operation.) If there is a po-
larity to the action of a protein that binds
on both sides of the crossover region, the
recognition sequences would constitute
an inverted repeat. Proteins that have a
nonpolar mode of action could just as
well be associated with direct repeats
centered around the crossover region
(see above.)

Three of the four art sites have in-
verted repeats that are centered to vary-
ing degrees around the common core re-
gion, with the bacterial art site, BOB’,
lacking such a configuration. The most
symmetrically disposed inverted repeat
occurs in the phage att site with element
centers at —38 and +36. It may be inter-
esting that both of the symmetrical in-
verted repeats in the phage att site have
one element within the region of the P
arm which also has a high concentration
of palindromic sequences. Among the in-
verted repeats that are not centered with
respect to the center core region, there is
at least one in each of the four att sites
which involves a portion of the core re-
gion (see Fig. 7).

Features of the Core-Arm Junctures

The existence of the 15-nucleotide-
pair common core region could be taken
as evidence in support of the genetic pre-
diction that integration and excision pro-
ceed by way of staggered cuts in the two
DNA strands of each recombining mole-
cule (/9). If, in fact, this is the primary
significance of the common core region,
then we would expect that one cut is
made in each strand at the two opposite
ends of the common core sequence.

Examination of the art sequences at
the core-arm junctures for features that
might be suggestive of cut sites at these
loci reveals a very short inverted repeat
that also contains a very short (and ‘‘de-
generate’’) molecular palindrome (45).
However, both of these sequence fea-
tures are too short (or too degenerate) to
even meet the criteria for inclusion in
Fig. 7 (see legend); it is only their place-
ment at the core-arm junctures that war-
rants attention.

In contrast to these weak patterns at
the four core-arm junctures, we would
like to point out that three very dis-
tinctive features of the atr site sequences
involve the OP’ juncture—thus suggest-
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above the corresponding sequence. The two elements of each inverted repeat are connected

) Phage DNA; (
by dashed lines. The only inverted repeats included in the lower section are the three that

, that is, those with elements in P and B’ or B and P’, are

Fig. 7. Sequences determined in the phage, prophage, and bacterial att site regions. The
sequences are numbered with zero as the central base of the common region. Sequence
central 111 bases of each of the four att sites, 55 bases to each side of zero. The lower
section includes the distal portions of the four arms, P and B from —50 toward the left, and
section.) In the lower section, the central 101 bases are represented by the appropriate

symbols. Three types of structural features are identified in the sequence. Molecular palin-
lower sections. There are no palindromes meeting the set criteria (see below) which are
unique to the prophage att sites. Direct repeats are only marked in the top section and are
repeats. In the prophage sequences only those direct repeats (see below for criteria) which
occur in the proposed int gene termination region (see text). The critqria used in marking
each of the above sequence features were a minimum of six base pairs with no mismatches, a
with at least four base pairs to each side. Three sequences, of special interest because of
their location, have been marked as inverted repeats even though they do not meet the

stated criteria. Two of these occur from —46 to —33 and from —40 to —30 in the P and B
(see text). Direct and inverted repeats, with elements often separated by considerable dis-

tance, also occur in the distal portions of the arms (lower section) but have not been includ-
ed. In the central 111 base pairs, similar sequences (‘‘identities’’) occurring in approximately
the same positions in the P and B arms, and in the P’ and B’ arms, are marked between the
two prophage sequences by (m—————). A sequence of 10 bases (+5 to +14) in the phage [
other element of the same inverted repeat structure that occurs in the other ISI arm (+,
exact match; L, purine or pyrimidine match; and X, A-T base pair). Homology between the
core-arm junctures and the 3’ end of 16S ribosomal RNA are indicated by (e) under the
matching bases (see 69).

extending rightward from zero into the P’ and B’ arms is assigned positive numbers, and
bacterial DNA; (#4) the common core region. The top section of the figure includes the
P’ and B’ from +50 toward the right. (There is a 5-base overlap of each arm with the top
dromes are indicated by (»—) above the corresponding sequences in both the top and
indicated below the corresponding sequences by (——). Dashed lines connect the pairs of
singlé central mismatch with at least three base pairs to each side, or two central mismatches
arms, respectively. The third sequence involves the core-arm junctures in the phage att site
strand (marked ++ +) is identical to part of an inverted repeat structure in one arm of IS/
7). A similar but less perfect homology exists between the r strand (+3 to —11) and the

leftward from zero into the P and B arms negative numbers. (
shown. Inverted repeats are only marked in the top section and are indicate

are unique to these sequences

ing the possibility of a special or impor-
tant role for this particular region.
The largest inverted repeat seen in all
of the sequences that we have deter-
mined has one 11-base-pair element
comprised of a large part of the common
core region (—7 to +3); the other 11-
base-pair element, separated by an inter-
val of 12 nucleotide pairs, occurs in the
P’ arm (426 to +16). Both elements of
this 11-base-pair inverted repeat contain
the sequence TgA, which is associated
with termination of transcription at those
sites which do not require the protein
factor p 46). The E. coli promoter se-
quence, TATPuUATG ¢7), also overlaps
the boundaries of both repeat elements.
Although in vitro experiments indicate
that RN A synthesis per se is not required
for integration or excision (9, 10), it is
possible that RNA polymerase or some
related element plays a role which does juncture. There is a perfect 10-base-pair
not actually require transcription. This match between one arm of IS/ and the
unusual concentration of potential RNA  OP’ juncture (+5 to +14). The match be-
polymerase binding sites in the core and tween the second IS/ arm and the PO
‘P’ arm could also be the reflection of an  juncture is not as extensive (see Fig. 7);
evolutionary relation between RNA however, by deleting three contiguous
polymerase subunits and some of the bases from the second IS/ sequence, one
proteins now involved in site-specific re- obtains a perfect 13-base-pair match with
combination. Other functions that might the OP’ juncture (not shown).
be assigned to these sequences involve This homology raises interesting spec-
the regulation of transcription into and ulations about a functional or evolution-
out of the prophage when it is integrated ary relationship between int protein and
16 SEPTEMBER 1977

into the E. coli chromosome. This func-
tion provides an interesting analogy with
the effect of IS-elements on the expres-
sion of nearby chromosomal genes [see
@, 25)).

The second distinctive feature is a 7-
base-pair molecular palindrome that
overlaps the OP’ juncture and extends
from +3 in the core region to +9 in the P’
arm.

Finally, the third feature of the OP’
juncture is a significant region of homol-
ogy with sequences in the arms of the
IS/ insertion sequence. Grindley (48) has
found that the first 23 nucleotides at each
end of the IS/ sequence constitute an im-
perfect inverted repeat (18 matches out
of 23 base pairs in each element of the
repeat). In Fig. 7 we have indicated the
extent and nature of the homology be-
tween the IS/ arms and the core-arm

the proteins which act on IS/ or the in-
volvement of these sequences in recogni-
tion by host proteins. It will also be inter-
esting to see whether this sequence ho-
mology is related to the earlier ob-
servation that at least one secondary
insertion site for A on the E. coli chromo-
some (in segment six of the galT gene) is
genetically inseparable from a site fre-
quently occupied by IS sequences (49).

These three sequence features, which
occur at the OP’ juncture, lead to the
suggestion that site-specific recombina-
tion may not be a reaction between two
partners of equal importance or specifici-
ty; in particular, the phage att site, POP’,
would have a special role in integrative
recombination, and the left prophage att
site, BOP’, would have a similar special
role in excisive recombination.

Would a bias in the reactivity of the
recombining sites be consistent with oth-
er available data? Parkinson (50) has
pointed out, on the basis of suggestive
(although not conclusive) genetic experi-
ments, that efficient int-promoted recom-
bination seems to require that at least
one of the recombining att sites contains
P’. There are, however, some unpub-
lished experiments that are not in agree-
ment with this conclusion (57). A special
role for the core-P’ region is also consist-
ent with the segregation patterns ob-
tained by Shulman et al. (19, 20) for a
number of independently isolated att site
mutants. In each case examined, the
type of segregation pattern observed de-
pends on whether the P’ arm is associat-
ed with the mutant or the wild-type par-
ent.

If the int protein interacts more strong-
ly with the OP’ region, one might expect
to find this reflected in binding studies in
vitro with phage DNA’s carrying dif-
ferent arr sites. Kotewicz, Chung, Ta-
keda, and Echols (52) have found that int
protein does indeed bind most efficiently
to the phage art site, POP’, and the left
prophage att site, BOP’. The right
prophage att site POB’, binds very poor-
ly. The only finding from this study
which is not consistent with the above
model, that BOB’ also binds to int pro-
tein, is not corroborated by the results of
either Nash or Kamp (53). They find that
int protein binds BOB’ much less well
than it binds either attP or arrL, which is
consistent with our suggestion.

Thus, while there is information from
other experiments that would be consist-
ent with a special role for OP’, resolution
of this question is to be found in the re-
sults of further experiments.

A final interesting feature, which we
examined in conjunction with prelimi-
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nary studies by Nash on the nature of
host factors required for integrative re-
combination in vitro, is a homology be-
tween the core-arm junctures and the se-
quence at the 3’ end of 16S ribosomal
RNA. The extent of matching observed
is equal to, or better than, that found
with the ribosomal binding sites of many
mRNA’s (see Fig. 7 and legend); how-
ever, the significance of this homology
remains to be determined. ’

Theint Gene

It has been suggested, from the prop-
erties of the deletion mutant at501 (20),
that the distal end of the int gene is prob-
ably within 50 nucleotides of some func-
tional region of the at site (7). This dele-
tion is too small to be seen in the electron
microscope, yet it both destroys att site
function (20) and fails to recombine with
several int amber mutations (7). We have
examined this point by noting the read-
ing frame of all chain termination triplets
in the DNA strand which would corre-
spond to the messenger RNA (mRNA) of

100

POP’

757

50

251

the int gene, that is, the r strand of the P’
arm. As is seen in Fig. 9, there are two
adjacent chain termination triplets at po-
sitions +83 and +80, which are not pre-
ceded (in the 120 nucleotides sequenced
thus far) by any other chain termination
signals in the same reading frame. In the
downstream direction, within the next 25
nucleotide pairs, this reading frame
generates three more chain termination
triplets (+65, +62, and +59), which are
again in the tandem arrangement fre-
quently observed at the chain termi-
nation signals of several other E. coli
phage genes (54, 55). If the genetic and
electron microscope data are taken at
face value, neither of the other two read-
ing frames that have chain termination
triplets as far upstream as positions +187
and +198, respectively, could code for
the int protein. Further confirmation of
these conclusions should be available as
a natural consequence of our present ef-
forts to analyze the sequence of signifi-
cant portions of the int and xis genes.
In the region of the postulated ins ter-
mination signal, between +76 and +94;
there are only two base pairs that do not

Fig. 8. Base com-
position of phage
and bacterial att
sites. Average

+50

+150 4200 base composition

.|§0 +100
of blocks of ten
[ base pairs, begin-
1007 BOB ning at zero (0 to 10,
11t0 20, and so on)
is represented as
757 the percent of
A+T.
501
251
4150 100 -50 0 130 +100  +1%0 200
Nucleotide Pairs
0 20 40 60 80 100 120 140 160 180 200
1 1 1 1 1 L L. . 1 L L i 1 i L 1 1 1 4 1 J
T T T 1T T 1 LI T T T T
1 111 11
2 22 2
3 3 3 33 3 3 3

Fig. 9. Potential chain termination triplets for the int gene. The positions of all chain termination
codons (UAA, UGA, or UAG) are shown for each of the three reading frames in the r strand
(corresponding to the mRNA) of the P’ arm. Numbering of the P’ arm is as described for Fig. 7;

U, uridine.
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participate in a palindromic sequence
seven or more base pairs in length. This
region is also bracketed by three in-
verted repeats (Fig. 7). Two of these, if
considered together, are capable of
forming a stem and loop structure, with 12
complementary bases in the stem and 5
unpaired bases in a loop that includes the
first chain termination codon. The signif-
icance of this stem and loop may be re-
lated to the observed enhancement of
termination site function by such struc-
tures (56). The strongest. candidate for

the RNA polymerase termination site of

the int messenger RNA, GCT;AT 46),
occurs at the +20 position, 68 bases
downstream-frem the chain termination
codon. If this site is functional, it would
have to be sufficiently beaky to account
for some prophage transcription from int
across attL into adjacent bacterial genes
(57). The existence of an RNA polymer-
ase termination site not far downstream
from the int gene is consistent with two
observations: (i) that the rate of leftward
transcription in the P’ arm decreases
beyond the att site (58) and (ii) that coii-
stitutivity of an intC mutation does not
extend beyond the int gene into the 52
region (/1). Both of these results, how-
ever, could be affected by mRNA pro-
cessing (59), and further experiments are
needed to clarify this question.

It should also be noted that the poten-
tial RNA polymerase termination sc-
quence, TgA, is also found at two placcs
on the /- strand at positions —65 and -3
If functional, these sites would serve (o
terminate transcription coming from thc
b2 region toward the int gene.

Summary

The results shown in Fig. 7 provide a
framework for experiments and models
pertinent to the mechanism of site-spe-
cific recombination. Utilizing the large
amount of information that has been ac-
cumulated about the integration-excision
reaction of bacteriophage A, as well as
those general insighis derived from the
analysis of numerous other nucleic acid
sequences, we have attempted to ideati-
fy those features of the atf site sequcnces
that are most likely to be relevaiit in the
functional interactions of this DNA rc-
gion.

The actual site of the crossover for
both integration and excision must take
place within, or at the boundaries of, the
15-base-pair sequence that is commoti Lo
all four atr sites. The common core re-
gion provides exactly the structure sug-
gested by Shulman and Gottesman (/9)

SCIENCE, VOL. 197



on the basis of their genetic studies of art
site mutants and could be viewed as sup-
port for the suggestion that integration
and excision proceed via staggered cuts
in the two DNA strands of each recom-
bining att site. However, one inter-
pretation of the att site sequence fea-
tures that is particularly attractive places
special emphasis on the OP’ juncture and
suggests that the primary significance of
the common core region is as a protein
recognition site (or part of one) (60). Ac-
cording to this view, there may be stag-
gered cuts, but they could lie close to
one another. Alternatively, the cross-
over event need not involve staggered
cuts at all, and the genetic results of
Shulman and co-workers (/9, 20) primar-
ily reflect a particular class of mutant att
sites rather than the behavior of the wild-
type att sites.

Several distinctive sequence features
overlap the common core and the P’
arm: the largest inverted repeat in the se-
quence, a 7-base-pair molecular palin-
drome, and a strong homology with both
arms of IS/ 48). These observations
lead to the suggestion that possibly the
phage att site (POP’) in integrative re-
combination and the left prophage art
site (BOP’) in excisive recombination
have a special role in terms of recogni-
tion or initiation of the reactions.

There would also seem to be some
special function associated with the P
arm, as suggested by its unusual concen-
tration of molecular palindromes and di-
rect repeats, which also coincide with
‘‘identities’’ and the elements of inverted
repeats. The bacterial att site is by com-
parison sparse in such sequence fea-
tures, and a less ‘‘active’” role seems
consistent with the high frequency (and
implied lack of specificity) of secondary
bacterial att sites.

There are two other possibly inter-
esting features of the art site sequences.
One is the occurrence of potential RNA
polymerase recognition sites, both in the
form of termination signals and se-
quences associated with E. coli promot-
ers. These sequences may, of course, be
fortuitous, or vestiges of evolutionary
significance. However, if functionally
significant, these sites would probably be
enhanced by the extensive bias for A-T
base pairs in this region (39, 61). The lat-
ter is also a feature that is probably re-
lated to the requirement for negatively
supercoiled DNA as a substrate for the
integration reaction (37). The second fea-
ture is a homology between sequences
at the core-arm juncture and the 3’ end of
165 ribosomal RNA (69).

Many of these questions should be an-
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swered, or at least better defined, by ex-
tension of the work reported here. Se-
quence analysis of mutant and secondary
art sites, including int-dependent phage
deletions, will be quite helpful in identi-
fying critical features of the art struc-
tures. The precise internucleotide bonds
which are cut during recombination re-
main to be determined. Interactive, stud-
ies with purified int protein (9, 52) and
relevant host proteins are now possible
and will be crucial in putting together a
more complete picture at the molecular
level of this model system for site-specif-
ic recombination.
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Disasters as a Necessary Part of
Benefit-Cost Analyses

Water-project costs should include the possibility

of events such as dam failures.

R. K. Mark and D. E. Stuart-Alexander

Although it is well known that some
low-probability events can be very cost-
ly, benefit-cost analyses for water proj-
ects generally have not included the
probable value of these costs. The signif-
icance of expected costs is reflected in
the growing difficulty of obtaining liabili-
ty insurance against dam failure, even at
highly inflated prices (/). This article is
intended to stimulate discussion of the
need to include events such as dam fail-
ures, impoundment-induced  earth-
quakes, and landslides in the benefit-cost
analyses of reservoir projects. It is not
concerned with actual methods of esti-
mation (2).

Dam Failures

Dam failures are not uncommon. Gru-
ner (3) reported that 33 dams failed in the
United States between 1918 and 1958;
five of these were major disasters in-
volving the loss of 1680 lives. He stated
that these 33 were part of a list of 1764
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dams built prior to 1959. Other refer-
ences list about 1000 more dams com-
pleted by 1959 (¢, 5), so that we are as-
suming an average of 1600 dams over
this 40-year period (5). These data sug-
gest a failure rate of approximately 5 X
10~ per dam-year and a major disaster
rate of approximately 0.8 X [0~ per
dam-year. Kiersch (6) reported that from
1959 to 1965 ‘‘nine major dams of the
world have failed in some manner.”” In
1962 there were 7833 major dams (7), in-
dicating a worldwide failure rate of about
2 X 10~ per dam-year for that period. In
1976 there were six dam failures, four of
which are considered major disasters, re-
sulting in significant property damage
and a total of more than 700 deaths. Dam
failures have generally resulted from de-
sign, construction, or site inadequacies,
or from natural phenomena, primarily
storms or earthquakes.

Generalized estimates of dam failure
probabilities can be based on historical
frequency observations, either aggre-
gated (as above) or, if sample size per-

tein synthesis. The extent of complementarity
ranges from three to nine bases, depending upon
the particular mRNA [J. Shine and L. Dalgarno,
Proc. Natl. Acad. Sci. U.S.A. 71, 1342 (1974);
K. U. Sprague and J. A. Steitz, Nucl. Acids
Res. 2,787 (1975)]. A number of E. coli proteins
are involved in this site-specific recognition. For
arecent review see J. A. Steitz et al., in Nucleic
Acid-Protein Recognition, H. J. Vogel, Ed. (Ac-
ademic Press, New York, 1977), p. 491.
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mits, disaggregated into categories and
time periods (5). Historical trends may
result from the balance between improv-
ing technology and the need to use more
difficult dam sites. For instance, calcula-
tions based on data compiled by the
Committee on Failures and Accidents to
Large Dams (5) indicate that the U.S.
major failure rate did decline by about an
order of magnitude during the first four
decades of this century, but has since
fluctuated between about 1 x 10~ and
2 X 107* per dam-year.

The number of failures in small popu-
lations of dams are generally insufficient
to give precise estimates of failure rates,
nevertheless it can be instructive to con-
sider restricted populations. For ex-
ample, the U.S. Bureau of Reclamation
had accumulated approximately 4500
dam-years’ experience on earth-filled
dams for reservoirs in excess of 1000
acre-feet storage capacity (8), when its
Teton Dam in Idaho failed on 5 June
1976. Terminating the sample at this first
disastrous failure (9) (that is, an inverse
binomial sample, with ~4500 dam-years
to first failure), we obtain a median-un-
biased estimate of the failure rate (10) as
approximately

2 1

T — —4 R
3 X 4500 1.5 x 107* per dam-year

Such an estimate, based on a single fail-
ure, has a very wide confidence interval;
however, it is generally consistent with
the other worldwide estimates.
Project-specific probabilities of failure
as well as generalized probabilities of
failure can be estimated by ‘‘fault tree”’
analysis of the probabilities of casual
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