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ABSTRACT The Escherichia coli (Es. coi) protein Fis
(factor for inversion stimulation) stimulates site-specific DNA
inversion of the G segment in phage Mu by binding to a
recombinational enhancer. By using synthetic oligonucleotides
deduced from the amino-terminal amino acid sequence, we
have cloned the gene (termed fis) encoding this specific DNA-
binding protein. The DNA sequence shows that the Fis protein
is basic and contains 98 amino acids. A helix-turn-helix
sequence motif characteristic of many DNA-binding proteins is
located at the carboxyl-terminal end of the protein. By marker
exchange, we have constructed an insertion mutation offis. Fis
is nonessential for Es. coli growth; however, inversion of the G
segment of a Mu prophage was not detected in thefts mutant.
The fis gene is located between 71 and 72 min on the Es. coil
genetic map.

bind to specific DNA sites, are present in low amounts, and
thus have properties characteristic of proteins regulating
gene expression (9, 12, 13). Indeed integration host factor is
involved in transcriptional control of several genes (10). Up
to now Fis has been shown to participate in one other
site-specific recombination event, the excision of phage A,
which is stimulated by Fis at low Xis concentrations. Fur-
thermore, the amount of Fis in the cell is growth-regulated
(14), an aspect that makes it tempting to speculate about a
more global regulatory function of Fis in Es. coli. Studies in
this direction were restrained by a lack ofgenetic information
about the gene encoding Fis. In this paper we report the
isolation and characterization of this gene, which we desig-
nate fis.I1

Site-specific recombination has been shown to be involved in
a variety of biological processes including viral integration,
antigenic variation, and gene regulation (1). In phage Mu,
site-specific inversion of the G segment determines the host
range of the phage (2, 3). Recombination occurs between two
34-base-pair (bp) inverted repeats and is catalyzed by the
phage Mu-encoded recombinase Gin. Gin belongs to a class
of largely homologous DNA invertases, including Gin, Hin,
Pin, and Cin, that complement each other (4). A distinctive
property of this class of recombinases was revealed by the
discovery of recombinational enhancer sequences capable of
stimulating inversion independent of their position or orien-
tation relative to the recombination sites (5-7). The stimu-
latory effect of the enhancer is mediated by a 12-kDa
DNA-binding protein Fis (factor for inversion stimulation),
identified as an Escherichia coli host factor required for in
vitro DNA inversion (7-9). Fis recognizes three sites within
the Mu enhancer and induces structural alterations: the DNA
is bent and a certain degree ofbending is crucial for enhancer
function (C.K., F. Rudt and R.K., unpublished results).
Host factors other than Fis have been found to be involved

in a number of site-specific recombination systems. One of
these factors is integration host factor, a sequence-specific
DNA-binding protein originally shown to be essential for A
site-specific recombination (10). Another factor is the his-
tone-like protein HU, that is required for transposition of
phage Mu (11). The two proteins are heterodimenic, share
considerable homology on the amino acid level, and are
members of the type II class of DNA-binding proteins (10).

In addition to their role in site-specific recombination,
these host factors participate in other cellular processes. HU
is a highly abundant protein thought to be involved in
condensation of chromosomal DNA through nonspecific
interactions (10). In contrast Fis and integration host factor

MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Phages. Enterobacter clo-

acae (En. cloacae) and the following Es. coli K12 strains
were used: JM83 (Apro-lac rpsL thi 480d lacZAM15); JC7623
(recB21 recC22 sbcB15) (15); CSH50 (ara Apro-lac thi);
K12AHIAtrp (9); W3110 (F- A-) (16). Plasmids pGpl-2 and
pT7-5 were kindly supplied by Stan Tabor (Harvard Univer-
sity, Cambridge, MA) (17). pT7-5 differs from pT7-1 (17) by
the orientation of the 8-lactamase gene. pAK3 is a tester
plasmid for DNA inversion and has been described (18).
Cloning and sequencing vectors were from commercial
sources.

Proteins and in Vitro Recombination Assay. Fis was pre-
pared from strain K12AHIAtrp as described (9); fraction V
was used for the determination of the amino-terminal se-
quence. The isolation of Gin, analysis of recombination in
vitro, and preparation of crude protein extracts were done as
described (9, 19).

General Methods. Methods for the growth of bacterial
strains, genetic manipulations, cloning of DNA, and colony
hybridization followed established protocols (20, 21). Hy-
bridization with 5'-end-labeled oligonucleotides was per-
formed for 10 hr in 6 x SSC (21), 10 x Denhardt's solution
(21), 0.1% NaDodSO4, containing 5'-end-labeled deoxyoli-
gonucleotides (0.5-2 pmol/ml; -2 x 106 cpm/pmol). DNA
sequencing was carried out with the dideoxy method (22).
DNA Synthesis. The following oligonucleotides were syn-

thesized on an automated DNA synthesizer (Applied Biosys-
tems model A380): MC1 (5' ITGTTCGAICAICGCGTCAA
3', MC2 (5' ITGTTCGAICAICGCGTIAA 3'), MC3 (5' ITG-
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TTCGAICAICGIGTCAA 3'), MC4 (5' ITGTTCGAICAIC-
GIGTIAA 3'), MC5 (5' ITGTTTGAICAICGCGTCAA 3'),
MC6 (5' ITGTTTGAICAICGCGTIAA 3'), MC7 (5' ITGT-
TTGAICAICGIGTCAA 3'), MC8 (5' ITGTTTGAICAIC-
GIGTIAA 3'), MC9 (5' ITGTTTGAICAIAGIGTIAA 3'),
MC10 (5' ITGTTTGAICAIAGIGTCAA 3'), MC11 (5'
ITGTTCGAICAIAGIGTCAA 3'), MC12 (5' ITGTTCGAI-
CAIAGIGTIAA 3'), and MC15 (5' ACIGTICIIACIGTIA-
GIACITCICIITTIACICITTGTTCIAACAT 3').

Protein Sequencing. Fis fraction V (9), containing =7 jig of
protein, was subjected to final purification on a 20%/Na-
DodSO4/polyacrylamide gel. Proteins were recovered by
electroblotting on Polybrene-coated glass-fiber membranes
and sequenced as described (23).

RESULTS

Amino-Terminal Amino Acid Sequence ofFis and Cloning of
thefts Gene. Since only biochemical data on the effect of Fis
on G inversion were available, it could not be anticipated
whether afis mutant would have a selectable phenotype. We,
therefore, decided to clone the gene with oligonucleotide
probes. By the microsequencing scheme described (23), the
first 17 positions could unambiguously be determined to be
NH2-Met-Phe-Glu-Gln-Arg-Val-Asn-Ser-Asp-Val-Leu-Thr-
Val-Ser-Thr-Val-Asn.
The amino acid sequence was used to devise a set of 12

deoxyinosine-containing oligonucleotides representing the
first 20 nucleotides of the coding strand (oligonucleotides
MC1-MC12). Another oligonucleotide (MC15) was designed
to represent 47 nucleotides of the noncoding strand. In MC15
deoxyinosine was incorporated for A, T, and G at ambiguous
positions; the remaining sequence possibilities were chosen
randomly. These oligonucleotides were hybridized to South-
ern blots of chromosomal DNA from Es. coli strain K12-
AHIAtrp cleaved with various restriction enzymes (Fig. 1).
Oligonucleotides MC1-MC12 were used individually (data
not shown) and as a mixture (Fig. 1B). As can be seen in Fig.
1B, several specific sequences (more than five in lane 6) were
detected, albeit with various intensities. With oligonucleotide
MC15 only one band was detected in each restriction digest,
and the smallest hybridizing fragment was generated by

EcoRV (Fig. 1C). Since this signal coincides with one of the
weaker bands detected by oligonucleotides MC1-MC12, it
was analyzed for the presence of the fis gene. EcoRV
fragments (1500-2000 bp long) were cloned into the HincII
site of pUC19. By colony hybridization to radiolabeled
MC15, three positive plasmid clones were detected. For one
of them, we demonstrated that it hybridized to the same
fragment as MC15 in Southern blot hybridization (21) (data
not shown). To test if these plasmids contained thefts gene,
we determined a partial DNA sequence with a mixture of
MC1-MC12 as sequencing primer. All three clones gave
identical sequencing patterns. The deduced amino acid se-
quence for the region next to the primer was Val-Ser-Thr-
Val-Asn, which is in agreement with the protein sequence.
Only one clone, pCF221, was used for further characteriza-
tion.
DNA Sequence and Expression ofthe Cloned Gene. We have

determined the DNA sequence of clone pCF221 (see Fig. 4A)
around the unique HincII site. The sequence is shown in Fig.
2. An open reading frame (ORF) with a coding capacity for
98 amino acids was found. The amino-terminal part of the
predicted protein sequence shows a perfect match to the
sequence determined for the Fis protein. The predicted
molecular mass of the protein is 11.2 kDa, which is in
agreement with the apparent molecular mass of 12 kDa found
in NaDodSO4/polyacrylamide gel electrophoresis (9). The
amino acid composition deduced from the DNA sequence is
close to the composition determined experimentally for the
Fis protein (data not shown). The protein is basic, having a
calculated pI value of 9.7. The sequences preceding the ORF
contain a weak homology to the Shine-Dalgarno sequence
(Fig. 2). Within 150 nucleotides upstream of the ORF, no
significant homology to the consensus Es. coli promoter
elements was detected.
To verify the identity of the cloned gene, to test its

functional integrity, and to have a convenient source of Fis
protein for further studies, the phage T7 RNA polymerase
expression system (17) was employed, in which expression of
the cloned gene is driven by a T7 promoter. The EcoRI-Pst
I fragment of pCF221 was cloned into the respective sites of
p17-5 DNA to yield plasmid pCF351. As shown in Fig. 3
induction of T7 RNA polymerase leads to the expression of

A
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B
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FIG. 1. Southern blot hybridization
ofEs. coliDNA from strain K12AHIAtrp
to synthetic oligonucleotides. (A) DNA
(5 jig per lane) was digested with various
restriction enzymes and analyzed on a
1% agarose gel. Lanes: 1, EcoRI; 2, A
HindIII marker; 3, Pvu II; 4, Hpa I; 5,
Hae III; 6, EcoRV; 7, Taq I. After
electrophoresis the DNA was transferred
to a Hybond filter and hybridized to
various probes. (B) Hybridization of blot
shown in A to an equimolar mixture of
oligonucleotides MC1-MC12. The filter
was hybridized to the probe at 42°C. A
high-stringency wash was performed at
48°C for 2 min in 6 x SSPE/0.1%
NaDodSO4. (1x SSPE = 0.18 M NaCl/
10 mM sodium phosphate, pH 7.4/1 mM
EDTA.) (C) Hybridization of blot shown
inA to oligonucleotide MC15. Hybridiza-
tion and high-stringency washes were done
at 520 C.

Sim
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-160 -140 -120
KpnI

GGTACCGAATTGCACGTAAACACGTTTCCTGGTATCTCCAGGAACACGCTCCAAATGACC

-100 -80 -60
PvuII

AGTTTCGGCGCACATTCAACGCCATTGAGGATGCCAGCGAACAGCTGGAGGCGTTGGAGG

-40 -20

M 1 2 3 4 5 6

66- f
CATACTTCGAAAATTTTGCGTAAACAGAAATAAAGAGCTGACAGAACTATGTTCGAACAA

MetPheGluGln

20 40 60
HincII

CGCGTAAATTCTGACGTACTGACCGTTTCTACCGTTAACTCTCAGGATCAGGTAACCCAA
ArgValAsnSerAspValLeuThrValSerThrValAsnSerGlnAspGlnValThrGln

80 100 120

AAACCCCTGCGTGACTCGGTTAAACAGGCACTGAAGAACTATTTTGCTCAACTGAATGGT
LysProLeuArgAspSerValLysGlnAlaLeuLysAsnTyrPheAlaGlnLeuAsnGly

140 160 180

CAGGATGTGAATGACCTCTATGAGCTGGTACTGGCTGAAGTAGAACAGCCCCTGTTGGAC
GlnAspValAsnAspLeuTyrGluLeuValLeuAlaGluValGluGlnProLeuLeuAsp

200 220 240

ATGGTGATGCAATACACCCGTGGTAACCAGACCCGTGCTGCGCTGATGATGGGCATCAAC
MetValMetGlnTyrThrArgGlyAsnGlnThrArgAlaAlaLeuMetMetGlyIleAsn

260 280 300
XmnI

CGTGGTACGCTGCGTAAAAAATTGAAAAAATACGGCATGAACTAATTCAGGTTAGCTAAA
ArgGlyThrLeuArgLysLysLeuLysLysTyrGlyMetAsn

320 340 360

TGCTTGATTAAAAAGGCGCTACTCGGCATGGGGAAGCGCCTTTTTTATAGGTGTCA
* 4 -

FIG. 2. DNA sequence of thefis gene. The coding strand of the
fis gene, including some upstream and downstream sequences, is
shown. The numbering starts with the first nucleotide of thefts ORF;
every 10th nucleotide is indicated by a small dot above. The amino
acid sequence is written below the ORF nucleotide sequence. The
amino acid sequence determined experimentally is underlined.
Relevant restriction sites are marked. Symmetrical sequences are
indicated by arrows. Large dots under the nucleotide sequence
represent the potential ribosome binding site.

a polypeptide that comigrates with the purified Fis protein
(lanes 4-7). This polypeptide is not detected in cells harbor-
ing the vector plasmid (lanes 1-3). Furthermore, extracts
prepared from cells expressing this protein stimulated G
inversion in vitro efficiently (Fig. 3B), whereas extracts from
the control cells were unable to stimulate inversion under the
assay conditions used. These results unambiguously prove
that we have cloned thefis gene.

Location of the fs Gene on the Es. coli Chromosome. The
establishment of a restriction map for the whole Es. coli
chromosome of strain W3110 (16) offered the possibility to
directly map the fis gene without further genetic manipula-
tions. The cloned fis gene was hybridized to a set of 480 A
clones from strain W3110 encompassing the whole chromo-
some on a single nitrocellulose filter (kindly provided by K.
Isono, Kobe University, Japan). A single clone, 2C2 (16),
hybridized to the fis gene (data not shown). The restriction
map around that region is in good agreement with the map
obtained with the cloned gene as a probe (Fig. 4), except for
the position of a single BamHI site. This analysis places the
fis gene at -71.5 min between mdh and rrnE (24) in strain
W3110 (Fig. 4). Since strain W3110 carries an inversion
between rrnE and rrnD (16), fis should be genetically linked
to rrnD in Es. coli K12 derivatives that do not contain the
inversion. The physical mapping was verified by phage P1
transductions in crosses involving genes aroE, rpsL, and the
mutant fis gene described below (data not shown).

Isolation of aJis Mutant. To study the in vivo effects of Fis
on site-specific recombination, a mutant in fis was con-

M 0 1 2 3 4 5 6 7

~ ~ 4

FIG. 3. Expression ofthefts gene by T7RNA polymerase in vivo.
Es. coli strains JM83[pGP1-2,pT7-5] (lanes 1-3) and JM83[pGP1-
2,pCF351] (lanes 4-6) were grown at 28°C in dYT to early logarithmic
phase. After taking samples (uninduced, lanes 1 and 4), cultures were
shifted to 42°C for 20 min (induced, lanes 2 and 5) and then grown at
37°C for another 2 hr (induced, lanes 3 and 6). (Upper) NaDodSO4/
polyacrylamide gel electrophoresis of protein extracts. After adjust-
ing the cell concentration, protein extracts from each sample were
made and boiled in sample buffer. Extracts were analyzed on a 17.5%
NaDodSO4/polyacrylamide gel. The gel was stained with Coomassie
brilliant blue. Numbers to the left denote the molecular mass in kDa
of the size markers (lane M). The arrow indicates the position of the
Fis protein. Lane 7 contains purified Fis. (Lower) Fis activity in
crude extracts. Extracts from the same samples as in Upper were
analyzed for their stimulating effect on G inversion in vitro. For the
preparation of crude Fis, the extracts were adjusted to 50 mM NaCl,
boiled for 5 min, and centrifuged. The supernatant was used as a Fis
preparation. Each extract (50 ng) was added to a standard recom-
bination reaction mixture (9) containing pAK3 DNA and Gin protein
(lanes 1-6). Lane 0 had no added Fis. Lane 7 contained 20 ng of
purified Fis. After completion of the recombination reaction the
substrate DNA was digested with Pst I and analyzed on a 2% agarose
gel. The arrow marks a restriction fragment characteristic for
molecules that have undergone inversion.

structed by marker exchange. To this end, plasmid pCF444
was constructed by inserting the 1.3-kilobase kanamycin
resistance gene kan from pUC4-K into the unique HinclI site

7
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FIG. 4. Restriction map around thefts gene. Alignment of the restriction map offis with the physical map of the Es. coli chromosome of
strain W3110. Relevant restriction sites are shown: B, BamHI; C, HincII; E, EcoRI; H, HindIII; K, Kpn I; P, Pvu II; S, Pst I; X, Xmn I. (A)
Map of thefts clone pCF221. The line represents vector DNA. The Fis ORF is marked with an arrow. (B) Partial restriction map around the
fis gene of Es. coli strain W3110. The mapping was done by hybridizing the EcoRI-Pst I fragment of pCF221 (bold line) to restriction fragments
of genomic DNA from Es. coli strain W3110. (C) Physical map of the Es. coli chromosome. The data are taken from Kohara et al. (16), and
only restriction sites corresponding to sites mapped in B are shown. The A clone 2C2 from the Es. coli library (16) that hybridizes to thefts gene
(bold line) is drawn below the map. The asterisk indicates that strain W3110 carries an inversion between rrnD and rrnE. The map positions
indicated are those from the standard Es. coli map. kb, Kilobases.

of pCF221. pCF444 DNA linearized with EcoRI was used to
transform strain JC7623. Among 38 kanamycin-resistant
transformants, 3 were shown not to contain any plasmid
DNA. Southern blot hybridization proved that these three
clones contained only the mutatedfis gene (data not shown).
The mutation was then transduced into CSH50 with phage
T4GT7 yielding strain CSH50fis::Kan. rpsL at 73 min on the
Es. coli map (24) could be cotransduced with the resistance
marker, demonstrating the association of the kan gene with
the chromosome. Cells carrying the fs mutation grew nor-
mally, showing that fis is a nonessential gene.

fis Mutants Do Not Support Inversion of the G Segment. We
next analyzed whether inversion of the G segment was
affected in thefts mutant. In phage Mu, G inversion leads to
a change in host range that can be quantified by determining
the plating efficiencies of phage lysates on the G(+) host
CSH50 and on the G(-) host En. cloacae. CSH50fis::Kan
and CSH50 were freshly lysogenized with Mucts62. Thefts
mutation had no obvious effect on lysogenization and sub-
sequent phage development. Phage lysates were obtained
after induction of the prophage. For lysates from the mutant
and the wild-type strains, G( +) phage had titers of 4 x 109
plaque-forming units/ml as measured on CSH50 indicators.
On En. cloacae, G( -) phage, obtained from the lysate of the
wild-type strain, had a titer of 2 x 106 plaque-forming
units/ml. The reduced titer is accounted for by restriction in
En. cloacae. The phage lysate obtained from CSH5Ofis::Kan
had a titer of <2 x 102 plaque-forming units/ml on En.
cloacae. Thus G inversion in thefts mutant was reduced by
at least four orders of magnitude, suggesting that fts is
essential for inverting the G segment in phage Mu in vivo.

DISCUSSION

In this paper we report the isolation and characterization of
the gene encoding Fis, the Es. coli host protein required for

site-specific DNA inversion in vitro. The gene, which we
designatefts, was characterized by DNA sequence analysis,
its location on the Es. coli chromosome was mapped, and a
mutant was constructed.

Since we did not use genetic criteria for the isolation of the
fts gene, we inspected the region on the Es. coli chromosome
to which we mapped the gene for known genetic markers to
find out iffts had been described or if it was part of a larger
transcription unit. fts was mapped between 71 and 72 min on
the Es. coli map. This region of the map is not very well
characterized (24), and, considering the phenotypes of mu-
tants in that region, it is unlikely that any of them correspond
to fts. Inspection of DNA sequences upstream of the Fis
coding region did not reveal strong homologies to Es. coli
promoter elements. This might indicate that thefts promoter
does not conform to the Es. coli consensus promoter se-
quence; alternatively fis might be part of a larger operon. In
the T7 expression experiments where a fragment containing
700 bp upstream and 600 bp downstream offis was analyzed,
there was no indication for the expression ofgenes other than
fts as judged by NaDodSO4/polyacrylamide gel electropho-
resis. Sequences immediately downstream offts resemble a
p-independent transcription terminator. Its function in vivo
remains to be tested.
To further test whether fts is related to other genes,

sequence comparisons on the DNA level and on the amino
acid level were performed. We have not found any relevant
DNA homologies to entries in the GenBank or EMBO
sequence libraries.** To investigate whether Fis is structur-
ally related to integration host factor and HU, we compared
the amino acid sequence of Fis with sequences of these and
other type II DNA-binding proteins. Alignments ofthe amino
acid sequences with the Bestfit program from the UWGCG

**EMBL/GenBank Genetic Sequence Database (1987) GenBank
(IntelliGenetics, Mountain View, CA), Tape Release 54.0.

E
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sequence analysis software package (University of Wiscon-
sin) showed no statistically significant similarity between Fis
and these DNA-binding proteins. This was somewhat unex-
pected, because these three proteins serve similar functions
in site-specific recombination and have comparable physical
properties. Since Fis is known to bind to DNA specifically,
Fis was analyzed for homology to the helix-turn-helix motif
found in the DNA-binding domains of many DNA-binding
proteins, such as Cro and catabolite activator protein (25).
We have used the method of Dodd and Egan (26), which
determines the similarity of a given sequence to a master set
of Cro-like sequences. This method estimates the probability
of the Fis carboxyl terminus being Cro-like as 60%. The
alignment of this part of the Fis sequence with sequences
from proteins known to adopt such a conformation is shown
in Fig. 5. Within this structural motif, the most conserved
positions that appear to be crucial for determining the
a-helical structure (25) are also conserved in the carboxyl-
terminal part of the Fis protein. Thus the carboxyl terminus
of the Fis protein could potentially represent a DNA-binding
domain. Determination ofthe structure ofHU (27) has shown
that it does not contain a helix-turn-helix motif but interacts
with DNA through two symmetrical arms. Thus Fis probably
belongs to a different class of proteins than HU and integra-
tion host factor.
The reduction ofG inversion in vivo by at least four orders

of magnitude in the fis mutant demonstrates that Fis is an
essential component for the inversion reaction in vivo. In
vitro experiments addressing this question failed to yield
clear-cut results (19), presumably because Gin isolated from
fis+ strains still contained trace amounts of Fis. The avail-
ability of afis mutant now permits use of a genetic approach
to understand how and at which stage in site-specific recom-
bination the enhancer and Fis participate. Fis is not required
for Es. coli growth, as cells lacking Fis protein have no
obvious phenotype. However, there are several arguments
for an involvement of Fis in regulatory processes other than
site-specific recombination: Fis is a specific DNA-binding
XCro --- Q-T-K-T-A-K-D-L-G-V-Y-Q-S-A- I-N-K-A-I-H ---

16 35

XCI --- Q-E-S-V-A-D-K-M-G-M-G-Q-S-G-V-G-A-L-F-N ---

33 52

CRP --- R-Q-E-I-G-Q-I-V-G-C-S-R-E-T-V-G-R-I-L-K ---

169 ** 188

434 Rep - Q-A-E-L-A-Q-K-V-G-T-T-Q-Q-S-I-E-Q-L-E-N ---

17 * * * 36

--q a-Helix --- a-Helix

FIS --- Q-T-R-A-A-L-M-M-G-I-N-R-G-T-L-R-K-K-L-K ---

74 * * * 93

FIG. 5. The putative DNA-binding domain of Fis. Alignment of
the carboxyl-terminal amino acid sequence of Fis with the helix-
turn-helix motif characteristic for the DNA-binding domains of A
Cro, catabolite activator protein, and A cI repressor. The highly
conserved positions of this motif are marked by dots. Sequence data
are taken from Pabo and Sauer (25).

protein that recognizes sites other than those involved in
stimulatingDNA inversion, e.g., in insertion sequence 5 (IS5)
and in the lac promoter region (C.K., unpublished data). The
protein is not very abundant and the intracellular concentra-
tions vary with growth conditions (14). Thefis mutant should
be of invaluable help for all approaches to define the genuine
function of Fis in Es. coli.

We thank K. Isono for providing clones from the Es. coli library
and W. Messer and 0. Huisman for strains and suggestions. We also
thank F. Rudt, M. Dahl, A. Klippel, C. Weigel, and K. Giese for
many helpful discussions. We are grateful to F. Rudt, A. Klippel, M.
Bolker, and G. Wulczyn for their comments on the manuscript. Part
of this work was supported by the Deutsche Forschungsgemein-
schaft (Ka 411/3-1).

1. Sadowski, P. (1986) J. Bacteriol. 165, 341-347.
2. Kamp, D., Kahmann, R., Zipser, D., Broker, T. R. & Chow,

L. T. (1978) Nature (London) 271, 577-580.
3. van de Putte, P., Cramer, S. & Giphart-Gassler, M. (1980)

Nature (London) 286, 218-222.
4. Plasterk, R. H. A. & van de Putte, P. (1984) Biochim. Biophys.

Acta 782, 111-119.
5. Huber, H. E., Iida, S., Arber, W. & Bickle, T. A. (1985) Proc.

Natl. Acad. Sci. USA 82, 3776-3780.
6. Kahmann, R., Rudt, F., Koch, C. & Mertens, G. (1985) Cell 41,

771-780.
7. Johnson, R. C. & Simon, M. I. (1985) Cell 41, 781-791.
8. Johnson, R. C., Bruist, M. F. & Simon, M. I. (1986) Cell 46,

531-539.
9. Koch, C. & Kahmann, R. (1986) J. Biol. Chem. 261, 15673-

15678.
10. Drlica, K. & Rouviere-Yaniv, J. (1987) Microbiol. Rev. 51, 301-

319.
11. Craigie, R., Arndt-Jovin, D. J. & Mizuuchi, K. (1985) Proc.

Natl. Acad. Sci. USA 82, 7570-7574.
12. Johnson, R. C., Glasgow, A. C. & Simon, M. I. (1987) Nature

(London) 329, 462-465.
13. Craig, N. L. & Nash, H. A. (1984) Cell 39, 707-716.
14. Thompson, J. F., de Vargas, L. M., Koch, C., Kahmann, R. &

Landy, A. (1987) Cell 50, 901-908.
15. Winans, S. C., Elledge, S. J., Krueger, J. H. & Walker, G. C.

(1985) J. Bacteriol. 161, 1219-1221.
16. Kohara, Y., Akiyama, K. & Isono, K. (1987) Cell 50, 495-508.
17. Tabor, S. & Richardson, C. C. (1985) Proc. Nail. Acad. Sci.

USA 82, 1074-1078.
18. Mertens, G., Klippel, A., Fuss, H., Blocker, H., Frank, R. &

Kahmann, R. (1988) EMBO J. 7, 1219-1227.
19. Mertens, G., Fuss, H. & Kahmann, R. (1986) J. Biol. Chem.

261, 15668-15672.
20. Miller, J. H. (1972) Experiments in Molecular Biology (Cold

Spring Harbor Lab., Cold Spring Harbor, NY).
21. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular

Cloning:A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY).

22. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. NatI.
Acad. Sci. USA 74, 5463-5467.

23. Vandekerckhove, J., Bauw, G., Puype, M., van Damme, J. &
van Montagu, M. (1985) Eur. J. Biochem. 152, 9-19.

24. Bachmann, B. J. (1983) Microbiol. Rev. 47, 180-230.
25. Pabo, C. 0. & Sauer, R. T. (1984) Annu. Rev. Biochem. 53,

293-321.
26. Dodd, I. B. & Egan, J. B. (1987) J. Mol. Biol. 194, 557-564.
27. Tanaka, I., Appelt, K., Dijk, J., White, S. W. & Wilson, K. S.

(1984) Nature (London) 310, 376-381.

Biochemistry: Koch et al.


