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Summary

We report characteristics of himA mutations of E.
coli, selected for their inability to support the site-
specific recombination reaction involved in the for-
mation of lysogens by bacteriophage A. The himA
allele lies at minute 38 on the chromosome. Three
noncomplementing and closely linked mutations
define the himA locus; one is a nonsense mutation
which shows that the gene product is a protein.
HimA mutations reduce both A integrative and ex-
cisive site-specific recombination. Since dominance
tests demonstrate that himA mutations are reces-
sive, it is probable that the himA protein is either a
necessary component for site-specific recombina-
tion or, alternatively, regulates the expression of
such a function. HimA mutations exhibit pleiotropic
effects. They reduce integration of phages that
have different attachment specificities from A and
inhibit the growth of phage mu. In addition, himA
mutations reduce precise excision of integrated
phage mu as well as Tn elements. This pleiotropy
suggests that the role of himA protein is nonspe-
cific. Since all of the processes affected by himA
mutations ultimately rely on protein-DNA interac-
tions, we suggest that himA protein may act in an
auxillary manner to facilitate these interactions.

Introduction

An obligatory step in the formation of stable lysogens
by coliphage A is the integration of the phage genome
into the E. coli chromosome (Campbell, 1962; for
recent reviews, see Nash, 1977; Weisberg, Gottes-
man and Gottesman, 1977). The integrated phage
DNA directs the synthesis of a repressor protein which
binds to specific sites on the prophage DNA and
blocks the expression of most other phage products
(Ptashne et al., 1976). When repression is removed,
phage functions can be expressed and the DNA is
efficiently excised from the bacterial chromosome,
ultimately resulting in production of mature phage
particles.

Both genetic and in vitro studies have identified
several proteins and DNA sites involved in the integra-
tion and excision of the A genome. Integration and
excision normally occur at a series of unique nucleo-
tide sequences (att or attachment sites) located on
the phage (attP) and bacterial chromosome (attB), or
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flanking the integrated prophage (attL and attR). One
phage-encoded protein, integrase (Int), is required for
integration (Zissler, 1967; Gottesman and Yarmolin-
sky, 1968; Echols, Gingery and Moore, 1968), and
another excisionase (Xis) is additionally required for
excision (Guarneros and Echols, 1970). Other tem-
perate coliphages capable of lysogeny by integration
exhibit different attachment site and Int specificities
(Gottesman and Yarmolinsky, 1968; Bertani, 1970).

The integration and excision of A occurs normaily in
the absence of host-generalized or homology-depend-
ent recombination functions. Indeed, the extent of
homology between the four att sites is limited toa 15
nucleotide core sequence that is common to all four
att sites (Shulman and Gottesman, 1973; Landy and
Ross, 1977).

Recombination in the absence of host-generalized
recombination functions has been observed in E. coli
with several genetic elements. This recombination
generally appears to occur at unique nucleotide se-
quences and is thus referred to as site-specific recom-
bination. In contrast to some temperate bacterio-
phages such as P2, ¢80 and A that recombine with
the E. coli chromosome at specific phage and bacte-
rial sites, recombination between the E. coli chromo-
some and other genetic elements such as the temper-
ate bacteriophage mu (Taylor, 1963; Howe and Bade,
1975; Bukhari, 1976), transposable antibiotic resist-
ance factors (Tn elements) (Berg et al., 1975; Kleck-
ner et al., 1975; Berg, 1976), and IS (insertion se-
quences) (Starlinger and Saedler, 1972) appears to
occur at specific nucleotide sequences located only
on the element and more randomly with respect to the
bacterial chromosome (reviewed by Starlinger and
Saedler, 1976; Kleckner, 1977).

The prevalence of site-specific recombination proc-
esses active in E. coli led us to consider the possibie
existence of bacterial functions participating in these
events. That host-encoded proteins participate in site-
specific recombination in vitro was shown by Mizuuchi
and Nash (1976) and confirmed by the isolation of
bacterial mutants unable to support phage integration,
himA, himB, hip and himC (Miller and Friedman, 1977,
Williams, Wulff and Nash, 1977; Miller et al., 1979).
P1 transduction studies have located the himA muta-
tions in the aroD-his region at minute 38 (Miller et al.,
1979). We now analyze the complementation patterns
of himA mutations as well as the effects of himA
mutations on recombination processes related to A
site-specific recombination.

Results

Complementation Studies of himA Mutations

Merodiploid himA~ (himA*) derivatives were con-
structed by introducing the himA* allele into himA~
strains using a specialized transducing phage which
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has been shown to carry the pheS gene as well as
other genes in this region (Hennecke, Springer and
Back, 1977a; Hennecke et al., 1977b; Springer,
Graffe and Hennecke, 1977). In each case, the diploid
strains were Him™*, indicating that Him* is dominant to
Him™ and confirming that the transducing phage car-
ries the him gene. Using these lysogens, variants of
the transducing phage carrying the various himA mu-
tations were isolated (see Figure 1). To simplify our
discussion, this phage will be referred to as AhimA.
Complementation between the various himA muta-
tions (himA79, himA42 and hid) was studied using
himA~ derivatives of the AhimA phage. Mutant himA~
strains were lysogenized with each of the himA~
phage. Regardless of the combination of mutations,
the lysogens were phenotypically Him~; that is, there
was no complementation. This finding is consistent
with the placement of the himA mutations in the same
cistron. This explanation is favored, since three ob-
vious alternative explanations can be ruled out. First,
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Figure 1. Integration and Curing of AhimA

The AhimA phage is deleted for the majority of the int gene and
therefore cannot integrate via the normal integration pathway (Kour-
ilsky et al., 1978). Since the phage carries bacterial DNA, lysogens
can be formed by homologous (Rec-promoted) recombination into
the himA region, the recombinational event occurring anywhere within
the region of homology. The resultant lysogens carry a duplication of
the himA region flanking the integrated prophage. A recombinational
event anywhere within the duplicated segment of bacterial DNA can
lead to a bacterium cured of the prophage. Thus although originaily
the bacterium carried the mutant allele (himA~), cured bacteria can
be recovered carrying the wild-type (himA*) allele, providing the
recombination occurred to the right of the mutation as shown. Cured
bacteria are selected as survivors of growth at 40°C. Since induction
of the AhimA prophage (which expresses the thermoinducible cl857
repressor) is lethal to the cell, only bacteria that have lost the
prophage prior to the temperature shift survive at high temperature.
Using thermoinduction, phage carrying the mutant allele can be
isolated from lysates of lysogenic strains. Although these lysates
contain both himA* and himA~ phage, the latter can be recovered by
lysogenizing the homologous himA™ host with the mixed lysate and
screening for a phenotypically himA~ lysogen. These lysogens must
carry a duplication of the himA~ allele. Induction of these lysogens
yields a homogeneous population of phage carrying the himA~ allele.

himA~ mutations do not negatively complement, since
him™ hosts carrying AhimA~ prophages are phenotyp-
ically Him*. Second, the transducing phages do not
appear to lack a promoter for the himA gene. The
absence of this promoter would be detected in studies
with AhimA derivatives; the Him~ phenotype would be
observed either in most AhimA* lysogens of himA™
strains or in some AhimA~ lysogens of him* hosts. In
one of these two types of lysogens, the wild-type allele
would be separated from its promoter. Since Him*
lysogens are always found, irrespective of the initial
location of the himA™ allele, both himA genes must be
associated with active promoters. Third, since the
phage were generated by homologous recombination,
it would seem improbable that this should cause a
loss of genetic material. This was directly proven for
phage carrying the suppressible mutation himAam79.
Under nonsuppressing conditions, himA42 hosts ly-
sogenized with AhimAam79 are phenotypically Him™.
If the strains are further lysogenized with ¢80sulll*,
however, the lysogens now become Him™. At least in
the case of the AhimAam79 phage, therefore, the
transducing phage can be shown to have the himA
gene intact.

We conclude that himAam79, himA42 and hid all
map in the same cistron, because of the absence of
complementation, the close map positions, and the
limited coding capacity of the bacterial DNA carried
by the AhimA phage (Springer et al., 1977).

Him Effects on Site-Specific Recombination
Integrative recombination was studied in hosts carry-
ing either the himA42 or himAam79 mutations in three
ways: stable lysogen formation; intermolecular int-
promoted recombination; and conversion of AattB-
attP. The results of these experiments are listed in
Table 1. Although the procedures used to measure
these three processes are included in Table 1, we
note the following about the third: AattB-attP is one of
the class of phages known as Aatt? that carry bacterial
genes flanked by substrates for site-specific recom-
bination (Shulman and Gottesman, 1971; Nash,
1974). In the presence of the requisite recombination
functions, the genomes of these phages lose their
bacterial DNA, which results in the production of
phage identifiably different from the parental phage.
The conversion frequency of phage with large ge-
nomes to phage with small genomes serves as a
quantitative measure of site-specific recombination.
Conversion of AattB-attP requires Int, while conver-
sion of AattL-attR requires Xis and Int.

As shown in Table 1, measurements of integrative
recombination in a strain carrying the himA42 muta-
tion reveal a virtually total defect in this type of recom-
bination as measured either by frequency of lysogeny,
intermolecular attB X attP recombination (in phage-
phage crosses), or intramolecular recombination (in
AattB-attP), even when Int is provided by a Aint-c
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Table 1. Integrative Recombination in Him Mutants

% Integrative Recombination

Intermolecular

Intramolecular attB

Lysogeny X attP? Int Supplied
by
Bacteria Allele Nonimmune? Immune® attB x attP© int* int-c
K37 himA* >90 >890 8 34 58
K648 himAam79 0.1 nt 0.1 0.2 4
K634 himA42 0.01 1.0 0.1 0.1 0.1

Bacteria were grown to 2 X 10%/ml in LBMM, pelleted, and resuspended at the same concentration in 10 mM MgSO.. For the standard EDTA
treatment used to detect recombinant phage with smaller genomes (Parkinson and Huskey, 1971), lysates are diluted 100 fold into TE buffer and
incubated at 41°C for 15 min. The MgSO, concentration is adjusted to 20 mM prior to titering with 1 M MgSO,.

* The frequency of lysogeny was determined using AclB57 as the test phage. (See Experimental Procedures).

® Both him* and himA42 lysogens of AclB57Pam3att80 were grown at 30°C and then infected with Ac *int-c226 at an moi of 10. The infected cells
were diluted 1072 and grown overnight at 30°C. Appropriate dilutions were plated onto TB plates, and duplicate plates were incubated either at
30°C to determine the total viable cells or at 41°C to determine the number of cells that carried Ac *int-c. Since the original prophage carries the
cl857 mutation, the repressor expressed is thermolabile and the lysogens are induced at 40°C. If the lysogen is subsequently lysogenized by the
Ac *int-c phage, however, the lysogen will no longer be thermoinducible and thus will survive at 40°C. Survival of uninfected lysogens at 40°C is
1%.

° Intermolecular integrative recombination was measured using Aci857 (attP) and Acl857gal49bio256(attB). One of the recombinants resulting
from a cross of these two phages, Acl857gal49 is dinstinguishable from both parental phages because it has a smaller genome that renders it
insensitive to EDTA treatment, and because it carries the Ared region and is thus able to plate on recA™ hosts (the Fec* phenotype—Zissler,
Signer and Schaefer, 1971).

Bacteria were infected with both phages at an moi of 5 of each phage. After a 10 min adsorption, the infected cells were diluted into prewarmed
LBMM and incubated 90 min at 37°C. Chloroform was added and total Fec* phage were assayed on a recA~ lawn (K100), and recombinant
phage were assayed on the same lawn following EDTA treatment. Recombination is expressed as EDTA resistant-Fec* phage X 100 per total
Fec™ phage.
 intramolecular integrative recombination was measured using AattBattP. Bacteria were infected with this phage at an moi of 1. Int was supplied
in trans by co-infecting at an moi of 5 with either AN~int-c or Acl857 (int*). Total Aimm21 phage were assayed on a lawn of a A lysogen (K124), and
recombinant phage were assayed on the same lawn following EDTA treatment. Recombination is expressed as EDTA resistant phage X 100 per
total phage.

Results shown are the average of at least two determinations. In each case, adsorption was greater than 90%. Burst sizes were equivalent for

all experiments. Phage stocks of AatiB-attP and Acl857 initially contained 0.1% EDTA-resistant phage.

phage, a mutant shown to produce high levels of
integrase (Shimada and Campbeli, 1974; Katzir et al.,
1976). In the case of lysogeny, the fact that similar
results are observed in the presence of constant im-
munity (Table 1, column 4) suggests that phage
growth and establishment of repression per se do not
influence to any great extent the outcome of measure-
ments of integration. Strains carrying the himAam79
mutation are also extremely defective for all forms of
integrative recombination, but not as defective as
himA42-containing strains. The restriction by the
himAam79 mutation on integrative recombination as-
sayed by AattB-attP is partially overcome if int-c is
used to supply Int.

Excisive recombination, as measured by conversion
of AattL-attR (Shulman and Gottesman, 1971) is also
inhibited in himA~ hosts. As shown in Table 2, the
himA mutations reduce this conversion reaction by a
factor of 20 fold. The effects of himA mutations on
excision were also measured by determining the burst
of phage following thermoinduction of AcI857 mono-
lysogens, an assay ultimately dependent on the effi-
cient excision of the prophage. By this test, excision
is reduced by 5 orders of magnitude (Table 2), equiv-

alent to the reduction caused by xis ~ mutations (Guar-
neros and Echols, 1970). Surprisingly, excisive re-
combination measured by curing of a Acl857 pro-
phage by transient thermoinduction (Weisberg and
Gallant, 1967) shows only a 2 fold reduction in himA™~
hosts. This suggests that prolonged exposure to Int
and Xis, an inherent feature of the transient induction
curing method, overcomes the himA requirement for
excisive recombination. On the other hand, prolonged
exposure to Int does not bypass the requirement for
the himA product in integrative recombination, since
Aint-¢ phage still fail to lysogenize himA™ hosts.

When the normal bacterial attachment site, attB, is
deleted, A can integrate at a limited number of sec-
ondary sites (Shimada, Weisberg and Gottesman,
1972, 1973). The affinity of A for these secondary
sites is 200 fold lower than its affinity for the normal
attB site. The excision of a A prophage from a second-
ary attachment site can be qualitatively assayed using
the red plaque test (Enquist and Weisberg, 1976; see
also Experimental Procedures).

A himA42 derivative of a red plaque assay strain
was constructed (K713). Since int*xis* phages form
colorless plaques on this strain, it is concluded that
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Table 2. Excisive Recombination in Him Mutants

Table 3. Generalized Recombination in Him Mutants

% Excisive Recombination

Average
Intramolecutar® Phage
Bacteria Allele Curing® attL X attR Burst®
K37 himA* 85 68 100
K648 himAam79 40 3 nt
K634 himA42 58 2 0.001

2 Prophage curing was determined by measuring the percent loss of
a Acl857 Pam3 prophage following transient heat pulse. Since the
cl857 mutation specifies a reversibly thermosensitive repressor, tran-
sient heat pulses result only in expression of some early phage genes,
including int and xis, before repression is reestablished (Weisberg
and Gallant, 1967). Relatively efficient phage excision can therefore,
occur even though there is insufficient expression of lethal phage
functions to cause cell death.

Derivatives of a K37 Acl857 Pam3 lysogen that are him* (K661),
himA42, (K663) and himA79 (K664) were grown in LB at 32°C and
diluted into 41°C broth for exactly 6 min. Samples were then diluted
into 32°C broth in which they were grown overnight with aeration.
Dilutions were spread on TB plates and incubated overnight at 32°C.
Single colonies were tested with ACI60 to detect nonlysogens. Curing
is expressed as cured cells X 100/total.
® Intramolecular excisive recombination was measured as described
in the legend to Table 1, except that AattL-attR was used at an moi of
1. Int and Xis were suppiied in trans by AcI857 (int*xis*) at an moi of
5.
¢ Lysogens of the indicated strains carrying a Acl857 prophage were
grown in LB at 32°C to a density of 2 X 10° per ml. The cells were
diluted 1072 in LB that had been prewarmed at 41°C. After a 90 min
incubation at the high temperature, chioroform was added and the
burst was assayed. Burst is calculated as phage per induced cell.

Bursts of Acl857 following infection of either him* or himA™ non-
lysogens at 41°C did not vary by more than a factor of 2 (data not
shown). (nt) not tested.

excision of A from this secondary att site is defective
in the himA42 mutant strains. Moreover, as discussed
in the accompanying paper (Miller, Mozola and Fried-
man, 1980), a A mutant that shows normal levels of
integration in himA mutants forms a red plaque on
K713.

Relation of Him and Rec

Measurement of recombination in Him~ hosts shows
that Him functions are not involved in generalized
recombination. P1 transduction or Hfr transfer re-
sulted in the stable transfer of markers into himA~
strains at the same frequency as the transfer into
isogenic himA™ strains. A more sensitive assay was
provided by measuring recombination between two A
phages (see legend to Table 3). As shown in Table 3,
no significant difference was observed in the frequen-
cies of generalized recombination between phage mu-
tants.

Growth and Integration of Bacteriophage Mu in
Him Mutants

Bacteriophage Mu, which integrates at random sites
in the E. coli chromosome when establishing lysogens,
appears to require integration also for lytic growth

Titer on:
%
Bacterium Allele K60 K37 Recombination
K37 himA™* 4.7 x 10° 3.6 x 10° 7.6
K634 himA42 3.7 x10° 1.4 x10° 3.8

Bacteria grown to 2 X 10%/ml in LBMM were pelleted and resus-
pended in 10 mM MgSO,. The cells were infected with Aclasy
Nam7am53 red3 and Aclgs; cam red3 Sam7, each at an moi of 5.
After a 10 min absorption period, the cells were diluted 10° fold into
prewarmed LBMM and grown for 90 min, at which time CHCl; was
added. The phage burst was titered on K60(sulll*) and K37(su°).
Both parental phage plate on K37 with an efficiency of 1075, The
red” mutation eliminates the phage-generalized recombination sys-
tem (Signer et al., 1968). Because the amber mutations are both
situated on the same side of att, there is no effect of site-specific
recombination (see Figure 1).

(Taylor, 1963; Howe and Bade, 1975; reviewed by
Bukhari, 1976). It was therefore, not surprising to find
that lytic growth of Mu was severely reduced in himA~
mutants, observed as a failure of plaque formation.
Since adsorption of Mu to the himA~ strains is normal,
the failure to grow must reside in a post-adsorption
step. Phage burst was used as a more quantitative
measure of this inhibition. Mucts-62 (a variant that
expresses a thermolabile repressor) growth was initi-
ated either by infection of celis (at low moi) or by
induction from the prophage state. Mucts lysogens of
himA~ bacteria were constructed by introducing the
himA mutation into a Mucts lysogen by co-transduc-
tion with pps. These lysogens were still Mu-immune,
as evidenced by their inability to plate MunuA, a Mu
variant selected for its ability to plate on himA (see
below). Table 4 shows the results of single-cycle
growth experiments. Regardless of how Mu growth
was initiated, the burst in the himA42 strain was 10~2-
107% particles per induced or infected cell. In analo-
gous experiments, the burst in a him* strain was
approximately 1-2 x 10? particles per induced or
infected bacterium.

Further emphasizing the restrictive effect of the
himA42 mutation on Mu growth is the observation that
himA42 strains survive both thermoinduction of
himA42 (Mucts-62) and infection by Mu at inducing
temperatures, whereas isogenic himA* strains treated
in the same manner are killed, survivors being found
at a frequency of ~107%. However, the colony mor-
phology of induced himA (Mucts) lysogens is notice-
ably different from that of nonlysogens or noninduced
lysogens. The induced himA42 lysogens carrying
Mucts-62 in the /ac operon retain the prophage in its
initial position. The lysogens are lac™, and the fact
that they remain so after induction implies that the Mu
position has not changed, an implication confirmed by
the following experiment. Several himA (Mucts) lyso-
gens were grown at an inducing temperature for three
successive single colony isolations, and then at a
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Table 4. Growth and Integration of Mu in Him Mutants

Average Burst Complementation

~Munu A +MunuA®
Average Burst Average
of Burst of
Bacterium Allele % Lysogeny® Infection® Induction® Mucts-62 Mucts-62
K37 himA* 17 200 50 125
K634 himA42 12 0.05 0.002 0.57 48

Cells were grown in LB + 10 mM MgSO, + 5 mM CaCl, to a concentration of 2 X 10%/ml at 32°C for induction experiments or at 37°C for the
infection experiments.

* To measure the frequency of lysogeny, cells were infected at 32°C with Mu-cts-62 at an moi of 5. After a 15 min adsorption, dilutions of the
infected cells were spread on TB plates and incubated overnight at 32°C. Colonies were scored for Mu lysogeny by determining whether they
were ‘‘immune’’ to Mu infection by cross-streaking the bacteria against Muc25. This test could be used in the case of himA~ mutants because
there was an observable lysis of the mutant bacteria by Muc25 (>10'° pfu/ml) even though this phage does not form a plaque on a lawn of himA~
bacteria. As a further verification for lysogeny, each colony was purified and tested for spontaneous release of phage.

® Cells were infected with Mucts-62 at an moi of 0.1 at 41°C and adsorption was allowed for 15 min. The infected cells were diluted 10° fold into
prewarmed LB at 41°C. After 90 min, CHCI; was added and total phage was titered on K37 on TCMG plates. Average burst is calculated as total
phage per infected cell.

° Mucts62 lysogens of K37 (K686) and K634 (K655) were induced by diluting the culture into prewarmed LB at 41°C. After 90 min, CHCI; was
added and total phage was titered on K37. Burst is calculated as total phage per induced cell.

 Bacteria were infected with Mucts-62 at an moi of 5. The burst was determined as described in footnote c.

¢ Bacteria were infected with at an moi of 5 each with Mucts-62 and MunuA. Infection procedures were the same as outlined above. Plaques were
tested for growth on a himA™ strain (K634) to distinguish the two phage types. The burst size was 100 when MunuA was used and consisted of

~50% of each phage type.

noninducing temperature (32°C) for one isolation.
Then, using P1 grown on a lac* nonlysogen, the
lysogens were transduced to /ac*. In every case the
lac* transductants had lost the Mu prophage.

The frequency of lysogeny by Mucts-62 in Him*
and Him™ hosts was determined as described in Table
4. Contrary to our expectations, the recovery of im-
mune lysogens among the survivors of infected cells
was not significantly different in the himA~ strain from
the wild-type isogenic host. The ability to recover
immune lysogens of himA™ bacteria indicates that Mu
can express functions necessary for establishment
and maintenance of lysogeny as well as for integra-
tion.

The himA~ lysogens of Mucts-62 (or of Muc *) spon-
taneously produce low levels of phage. The amount
of phage produced is independent of the growth tem-
perature and approximates the low level of phage
spontaneously produced from wild-type uninduced
lysogens (Howe and Bade, 1975). In addition, the
temperature independence indicates that phage pro-
duction in himA~ strains is not due to repressor inac-
tivation.

Excision of Mu from a Bacterial Gene

Biological studies on Mu excision cannot be per-
formed using wild-type Mu because the excision event
itself is probably lethal to the bacterial host. Bukhari
(1975) has developed a method for studying Mu ex-
cision using the defective Mu variant, MuX, which
surmounts this difficulty. Excision of MuX is not a
lethal event and occurs in either a precise or an
imprecise manner. When the MuX prophage is inte-
grated in the /lacZ gene, only precise excision results

in the restoration of an intact /acZ gene, forming lac™
revertants. Imprecise excision may relieve the Mu-
induced polarity on the expression of the promoter-
distal /acY gene, however, forming lac™ mel* revert-
ants. Using this system, the frequency of both precise
and imprecise excision of MuX was compared in wild-
type (K650) and himA42 derivatives (K783) of a lacZ:
:Mux lysogen. The lac operon was present on an F’'pro
lac episome. The frequency of both types of revertants
is compared in Table 5. Lac* revertants are at least
10° fold less frequent and mel* revertants at least 10*
fold less frequent in K783 than in K650. Depending
on how closely MuX excision mimics normal Mu ex-
cision, this experiment suggests that himA mutations
interfere with Mu excision.

Reversion of Tn Insertion Mutations

Transposable antibiotic resistance elements (Tn ele-
ments) induce insertion mutations in bacterial operons
in a manner similar to bacteriophage Mu. Since rever-
sion of MuX-induced mutations was severely reduced
in himA~ bacteria, we examined the reversion of a
Tn10 (tetracycline resistance—Kleckner et al., 1975)
induced insertion mutation in the E. coli pro operon.
As shown in Table 5, reversion of pro::Tn10 mutations
is reduced 10 fold in the himA42 host (K5078) as
compared with the wild-type isogenic host (K5076)
when the pro operon is located on an Fpro-lac epi-
some. When the same insertion is chromosomally
located, we cannot detect a significat difference in
reversion frequencies, perhaps because of the large
variation in the frequencies observed at these ex-
tremely low reversion rates. Table 5 also indicates
that there is a more than 100 fold increase in the
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Table 5. Effect of the himA42 Mutation on Excision of Mu and Tn10

Genotype
Strain Chromosome Episome Reversion Polarity Relief
K650 himA* A (pro-lac) F’ pro lacZ::muX5004 2.0x 1077 ®2.0 x 107¢
K783 himA42 A (pro-lac) F’ pro lacZ;:muX5004 2<2.0 X 107'° *<2.5 x 10°"°
K5076 himA* A (pro-lac) F’ pro::Tn10-580 lac °5.2 + 0.6 X 10°° nt
K5078 himA42 A (pro-lac) F! pro::Tn10-580 lac °0.6 + 0.1 x 107° nt
K5096 himA* pro::Tn10-580 25+ 0.8 x 10°°® nt
K5087 himA42 pro::Tn10-580 ‘0.7 £ 0.3 x 10°® nt

Bacteria were grown to saturation in LB at 37°C, washed twice with 10 mM MgSo,, and incubated at 32°C for 30 min. Dilutions were spread on
the following sets of plates: (a) Minimal giucose + trp and minimal lactose + trp at 37°C. (b) Minimal glucose + trp and minimal melibiose + trp
at 43°C. (c) Minimal lactose + pro and minimal lactose at 37°C. Frequencies are expressed as titer on second set of plates per titer on first set
of plates. Numbers are the average of at least three determinations. (nt) not tested.

reversion frequency for the identical pro::Tn10 inser-
tion when it is located in the episome rather than the
chromosome. We have determined that the episome
effect is a cis effect. That is, the reversion frequency
of a chromosomal Tn10 insertion (at a different loca-
tion) cannot be increased by the presence of an F’
episome carrying the same Tn element (data not
shown). We have noticed a similar phenomenon with
the Tn5 (kanamycin resistance—Berg, 1976) ele-
ments (data not shown). Although reversion of Tn
insertion mutations is reduced by himA mutations, this
effect is far less striking than that seen with MuX (see
Discussion).

Mu Variants Capable of Growth on Him Mutants
Mutants of Mucts-62, called MunuA, that grow on
Him™ strains have been isolated from stocks of Mucts-
62 grown on the mutator strains, MutD5, (Fowler,
Degnen and Cox, 1974). Such mutants have not been
obtained without mutagenesis, and even with muta-
genesis are found only at a frequency of ~107°. No
other phenotypic alterations are discernable, how-
ever, lytic growth, lysogeny, and expression of the
thermoinducible repressor carried by the parental
phage are all normal. Experiments with nuA variants
and wild-type phage demonstrate that MunuA-1 is
capable of helping wild-type Mu for growth in himA42
strains. Co-infection of a himA42 strain with equal
numbers of Mucts-62 and MunuA-1 results in a normal
phage burst consisting of equal numbers of both input
phage (Table 4). This suggests that nuA variants are
able to supply some function(s) in trans that permits
growth of wild-type Mu in the himA™ mutant.

The MunuA phages are capable of growing both on
strains carrying the himA42 mutation and on those
carrying the himAam79 mutation. Mapping studies
indicate that the nuA mutations are located near or in
the MuA gene (R. Yoshida et al., manuscript in prep-
aration).

Effects on Repressor Synthesis
As previously mentioned, A forms somewhat clear
plaques on himA~ strains, indicating some defect in

either of the two modes of repressor synthesis, estab-
lishment or maintenance. Aimm21 and Aimm434, as
well as Aclind ™ (noninducible), display this phenotype.

Since A lysogens of himA~ hosts show normal sta-
bility, the clear plaque phenotype is not likely to resuilt
from a defect in the maintenance of repression. This
conclusion is confirmed by direct measurements of
gene expression from the promoter-controlling main-
tenance expression, Pru. These studies show identi-
cal levels of gene expression from Pgy in both the
himA~ and himA* hosts (H. Miller, unpublished ob-
servations). This implies that the clear-plaque pheno-
type might be a consequence of an effect of himA~
on the expression from the promoter-controlling es-
tablishment of repression, Pge. Consistent with such
an interpretation is the observation that at 30°C
Acl857cro ™, which fails to plate on himA* hosts, plates
on himA~ hosts. The failure of the cro mutant to plate
on wild-type strains at 30°C is due to an overprod-
uction of repressor following infection (Eisen et al.,
1970; Reichardt and Kaiser, 1971). This suggests
that the ability of Acro™ to plate on himA~ hosts at
30°C reflects a defect in the establishment mode of
repressor synthesis.

These experiments indicate that himA product may
influence the level of activity of Pre, the normal pro-
moter for establishment of repression.

Discussion

The himA Gene

The experiments reported in this work identify an E.
coli gene, himA, whose product is required for several
types of site-specific recombination. Thus himA mu-
tants are representative of a class of recombination-
deficient mutants that are functionally and genetically
distinguishable from mutants defective in generalized
recombination.

The himA gene probably constitutes a single cistron
and encodes for a protein. These conclusions are
based on the observations that three independently
isolated mutations fail to complement, and that one of
these is a nonsense mutation.
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Site-Specific Recombination

We have demonstrated a requirement for the himA
gene product in all tested forms of A site-specific
recombination, Our results indicate that the failure of
himA mutants to support site-specific recombination
of A is due to the absence of an active host protein
that participates in the recombination reaction. The
following observations argue against the possibility
that himA mutations affect a process that secondarily
influences in vivo measurements of site-specific re-
combination.

First, we have assayed A integrative recombination
by several methods in addition to lysogeny. One
method (Aatt?) requires only Iytic growth of the test
phage, and another (integration of Aint-c under im-
mune conditions) requires neither lytic growth or es-
tablishment of repression. Experiments using these
methods demonstrate that A integrative recombination
is defective in himA mutants.

Second, two lines of evidence suggest that there is
no appreciable interference with the transcription and
translation of the int and/or xis gene in himA mutants.
The first is derived from studies of a mutant Int protein,
Int-h3, which is active under himA conditions (see
accompanying paper, Miller et al., 1980). These stud-
ies show that int-h3 expression is regulated in a man-
ner similar to int™. Since Int-h3 is synthesized in
himA~ hosts, it follows that the int gene must be
transcribed and translated in himA hosts in a relatively
normal manner. Because Int-h3 requires Xis for exci-
sive recombination under himA~ conditions, the xis
gene must also be expressed (Miller et al., 1980). The
second line of evidence comes from in vitro studies
which show that extracts of himA~ lysogens of Aint-c
contain normal specific activities of active Int protein
(Miller et al., 1979). Thus failure to produce Int under
himA~ conditions cannot account for the defect in A
site-specific recombination.

Third, HimA~ strains do not produce a negatively
complementing protein, since bacteria diploid for the
himA region which contain both a himA* and a himA~
gene are phenotypically HimA*. Collectively, these
experiments indicate that the himA mutants are miss-
ing a function needed for the site-specific recombi-
nation event itself.

Although himA mutants were selected for the failure
to integrate A, phage with different Int and attachment-
site specificities such as ¢80 and P2 also fail to
lysogenize these hosts efficiently (Miller et al., 1979).
If the block also is at the level of integration, this
implies that the himA gene product is also required
for ¢80 and P2 site-specific recombination. This indi-
cates that the himA gene product plays a general role
in site-specific recombination and is unlikely to be
involved in nucleotide sequence recognition.

Lysogeny
As discussed above, there are alternative promoters

for transcribing the cl (repressor) gene; one for estab-
lishment and the other for maintenance of expression.
We have argued that himA interferes with the estab-
lishment mode of synthesis. Although we have not yet
determined the manner in which the himA gene protein
may regulate establishment synthesis, the fact that
HimA is also required for integration could provide a
convenient method for the host to coordinate the
various processes involved in channeling A towards
either the lytic or lysogenic pathways. Thus, under
conditions of limiting himA expression, both repres-
sion and integration could be reduced, resulting in
channeling of the phage towards the lytic pathway.
Maximal himA expression would favor both integration
and repression, a situation promoting lysogeny. Thus
the himA gene product may, like the Acll gene product
(Katzir et al., 1976, Court et al., 1977) coordinate the
two phases of lysogeny, repression and integration.

Growth of Bacteriophage Mu

The failure of Mu to propagate in himA™ hosts due to
a deficiency in site-specific recombination would cer-
tainly be consistent with current models for the Mu
life-cycle. These modeis suggest that repeated inte-
gration of progeny Mu DNA molecules into the E. coli
chromosome is a necessary step in Mu DNA encap-
sidation (Bukhari, 1976). Thus interference with this
process would result in abortive lytic growth. Attrac-
tive as this explanation is, we cannot detect any
difference in Mu integration in himA mutants by meas-
urements of lysogeny frequency. This result does not
exclude an effect on Mu integration per se, however,
but only on integration that leads to lysogeny. Assum-
ing that MuX excision mimics some essential feature
of the Mu growth cycle, a lack of this type of recom-
bination in himA~ strains could account for defective
Mu growth.

Several observations suggest that lack of Mu site-
specific recombination is not the sole cause of the Mu
growth defect. In contrast to wild-type bacteria which
are efficiently killed by either Mu infection or induc-
tion, himA~ bacteria exhibit nearly complete survival
following initiation of growth by either method. Thus
high-level expression of Mu-encoded functions that
would normally result in host killing, Mu DNA replica-
tion, and maturation probably does not occur in himA~
hosts. Consistent with this contention is the finding
that less than one round of Mu DNA replication occurs
in himA~ bacteria infected with Mu (M. Pato, personal
communication). Since himA~ bacteria are lysogen-
ized normally by Mu, and himA(mu) lysogens are
immune to MunuA, the genes responsible for estab-
lishment and maintenance of both the Mu repressor
and the Mu-encoded integration protein must be pro-
ductively expressed. Indeed, under conditions of
spontaneous induction, mu must be capable of ex-
pressing and utilizing all the gene products necessary
to produce a viable phage.
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Reversion of Insertion Mutations

We have described the effect of himA mutations on
the reversion of insertion-induced mutations for three
insertion elements; MuX, Tn10 and Tn5. The reduc-
tion in reversion frequencies for MuX is quite dramatic.
The defect in reversion of Tn5 and Tn10 induced
mutations, however, is much less extensive. We have
recently isolated new himA mutants, some of which
appear to be deletions of the himA gene, that reduce
the reversion rate of both Tn5- and Tn10-induced
mutation by approximately three orders of magnitude.
In addition, these new himA mutants are as defective
in excising a chromosomally located element as in
excising one that is episomally located (H. Miller,
unpublished observations). Thus the small reductions
in reversion on Tn10 mutations seen in strains carry-
ing the himA42 mutation probably reflect the leakiness
of his particular mutation with regard to insertion
mutation reversion.

The himA Gene Product

The studies reported here leave open the question of
the role of himA gene product in site-specific recom-
bination as well as in other processes. The himA
protein could act by directly participating in each of
the processes, or indirectly by regulating the synthesis
of several factors.

Recent experiments clarify the role of the himA
gene product in A site-specific recombination. The
product of the himA gene has been identified by
analyzing proteins labeled in ultraviolet-irradiated
cells infected with transducing phage carrying the
himA gene. (H. Milier, manuscript in preparation).
Moreover, himA protein has been shown to be a major
component of purified integration host factor active in
in vitro A integrative recombination (H. Miller and H.
Nash, manuscript in preparation). This result suggests
that himA protein plays a direct role in A site-specific
recombination. It is probable, therefore, that himA
protein participates directly in all the processes af-
fected by himA mutations. Considering the nature of
these processes, one role of himA protein might be to
facilitate the interaction between DNA and protein.
This would be consistent with the himA protein partic-
ipating in both site-specific recombination and gene
regulation. The fact that himA protein is required for
integration of phage with different att site specificities
suggests that it is not involved in determining the
specificity of DNA site selection.

Experimental Procedures

Media

TB contains 1% Difco tryptone broth and 0.25% NaCl. LB is TB +
0.5% yeast extract. LBMM is LB + 10 mM MgSO, + 0.2% maltose.
Minimal media contained (per 1) 6 g Na,HPQO,, 3 g KH.PO,, 0.5 g
NaCl, 1 g NH,CI, 0.25 g MgS04-7H,;0 and 0.4% carbon source. All
of the above plate media was solidified with 1% Difco agar. Gal-TTC
plates are TB plates + 1% D-galactose and 0.0025% 2,3,5-triphen-
yitetrazolium chloride from Eastman (Enquist and Weisberg, 1376).

TCMG plates contain 1% BBL trypticase, 0.85% Difco agar, 0.5%
NaCl and 10 mM MgS0O,. TE is 10 mM Tris (pH 7.4) + 10 mM EDTA.
EBMO plates are described in Gottesman and Yarmolinsky (1968).
MacConkey plates for assaying sugar fermentation contained Difco
MacConkey base and 1% sugar. Amino acid supplements to minimal
media were at 10 ug/mi.

Frequency of Lysogeny

The frequency of lysogeny was measured using essentially the
method of Gottesman and Yarmolinsky (1968). A fresh culture of the
bacteria in LBMM was infected with phage at an moi of 5. After a 10
min adsorption period, dilutions of the infected cells were spread on
TB plates and on EMBO plates seeded with 10° clear-plaque counter-
selecting phage of the same immunity as the test phage. Using this
method, lysogens appear as normal pink colonies on the EMBO
plates, whereas nonlysogens or abortive lysogens appear as irregular,
dark purple colonies. The ratio of lysogens to total surviving cells is
taken as a quantitative measure of lysogeny.

Red Plaque Assay for Iint and Xis

Phages were plated on lawns of derivatives of K387 on Gal-TCC
plates as described by Enquist and Weisberg (1976). On this lawn,
int*-xis *phages give plaques with red centers. Phages that are int~
or xis~ give plaques with colorless centers. The red-centered plaques
result from the Int-Xis-promoted excision of a cryptic A prophage
inserted in the gal/T gene of K387. The excision of this cryptic
prophage results in the formation of gal* lysogens which grow in the
center of the plaque, ferment the galactose, and reduce the tetrazo-
lium dye to a red derivative.

Mating and Transduction
Bacterial conjugal mating and P1 transduction were performed using
standard procedures as outlined in Miller (1972).

Construction of himA~ Strains

The himA alleles were introduced into strains by either specialized or
generalized transduction. Specialized transduction was effected us-
ing variants of a A transducing phage that carries the himA gene (see
Figure 1). The himA allele could be transferred by generalized trans-
duction using phage P1, if the recipient was pps~ (growth on lactate)
(Hansen and Juni, 1974). In this case, the strain was transduced to
pps* with P1 from the himA~ donor strain and the transductants
screened for the himA™ phenotype.

Scoring for the himA~ Phenotype

The himA phenotype was scored as the failure to plate phage Muc25,
Acl857 cin-1 at 32°C or by the inability to integrate A as described
above.
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