
Proc. Natl. Acad. Sci. USA
Vol. 82, pp. 7676-7680, November 1985
Genetics

Primary structure of phage Mu transposase:
Homology to Mu repressor

(transposable elements/phage D108/iptegration host factor/DNA-binding protein/secondary structure prediction)

RASIKA M. HARSHEY*, ELIZABETH D. GETZOFF*, DONALD L. BALDWIN*, JANET L. MILLERt,
AND GEORGE CHACONASt
*Department of Molecular Biology, Research Institute of Scripps Clinic, La Jolla, CA 92037; and tCancer Research Laboratory and Departments of
Biochemistry and Microbiology-Immunology, University of Western Ontario, London, ON N6A 5B7 Canada

Communicated by Franklin W. Stahl, July 19, 1985

ABSTRACT The phage Mu transposase is essential for
integration, replication-transposition, and excision of Mu
DNA. We present the complete nucleotide and derived amino
acid sequence of the transposase and analyze implications for
transposase/DNA interaction. The NH2 terminus of the Mu
transposase has considerable sequence homology with the Mu
repressor and with the NH2 terminus of the transposase of the
Mu-like phage D108. These three proteins are known to share
binding sites on DNA. The protein sequence and predicted
secondary structural similarities at the NH2 termini of the three
proteins suggest a common DNA-binding region similar to the
regions found in proteins of known structure. An internal
sequence in the Mu A protein also shares these features. We
anticipate that these regions will be involved in DNA recogni-
tion during transposition.

The temperate phage Mu is remarkably efficient at transpos-
ing its DNA into multiple sites in many bacterial genomes and
mediating a variety of DNA rearrangements (1, 2). Mu is
therefore an excellent model for studying protein/DNA
interactions involved in transposition and in associated
chromosome shuffling. Transposition requires two phage-
encoded proteins: the transposase (encoded by gene A) and
the transposition enhancer (encoded by gene B). Unlike other
transposons, Mu has dissimilar sequences at its left and right
ends (3). However, A protein apparently binds three specific
blocks of sequences at each end of the DNA, allowing
identification of a consensus sequence recognized by A
protein (4). In addition to binding of Mu ends, transposition
requires binding to target DNA and appropriate cutting and
strand transfer reactions.
The A gene extends from 1.3 to 3.3 kilobases (kb) from the

left end ofMu and encodes a 70-kilodalton protein (5), which
has been purified (6). Expression of the early genes of Mu,
including A, is regulated by the repressor c, which binds to
an operator sequence and shuts off early transcription (7).
The repressor c, at high concentrations, can occupy almost
exactly the same sites on Mu ends as the A protein does, and
conversely, A can bind to fragments containing the Mu
operator sequence (4). This implies that A and c are related
and may interact in the control of transposition,
Also related to A is the transposase of the Mu-like phage

D108 (8). Electron-microscopic analysis of Mu-D108
heteroduplexes shows that, except for three small regions,
the DNAs of the two phages are homologous. One nonho-
mologous area extends across the repressor gene into the
NH2 terminus of the A gene and includes the operator
sequence bound by the repressor. Accordingly, Mu and D108
have different immunities (i.e., their repressors do not bind

each other's operators). Demonstrated sequence differences
at the NH2 termini of the two A genes support the electron-
microscopic analysis (9). However, the A proteins from the
two phages can function interchangeably to promote trans-
position, although with different efficiencies, and Mu A binds
at the left end of D108 to DNA sequences similar to those at
Mu ends (4). Thus Mu and D108 A proteins appear to share
DNA-binding specificity for transposition but probably not
for operator recognition.

Previous studies ofMu defined 264 nucleotides at the NH2
terminus of the A gene (10). To understand DNA recognition
during transposition, we have sequenced the entire A gene
and identified sites in the transposase that may govern
transposition. We identify homologous regions of Mu
transposase, Mu repressor c, Mu transposition-enhancer B,
and phage D108 transposase that resemble the a-helix-
turn-a-helix structure implicated in many sequence-specific
DNA-binding proteins (11, 12).

MATERIALS AND METHODS
Bacterial and Phage Strains and Plasmids. Mu DNA frag-

ments from plasmids pCL222 (13), pRA600 and pGC511 (14,
15), and pTM211 (16), were subcloned in M13 phage vectors
and sequenced. Phages M13mp8 and mp9 and their host
strain Escherichia coli JM103 were obtained from Bethesda
Research Laboratories and were propagated as described by
this supplier's manual.
DNA Sequencing Strategy. Sequencing reactions were car-

ried out with a modified version of the dideoxynucleotide
chain termination method (17) as described in the Bethesda
Research Laboratories sequencing manual. The DNA frag-
ments used for cloning in M13 and sequencing are identified
in Fig. 1. The sequence ofMu transposase was derived from
three regions of the gene (Fig. 1B) and the two segments
overlapping them as follows: (i) Bal I-Pst I fragment of
pCL222 was isolated from agarose gels, made blunt ended
with T4 DNA polymerase, and inserted into the Sma I site of
M13mp8. Clones with both orientations of the insert were
isolated and sequenced. (ii) The Pst I-Bgl I fragment from
pRA600 was isolated, ligated to itself, and sheared by
sonication to generate subfragments of average size 200-600
base pairs (bp). These were made blunt ended with T4 DNA
polymerase, and fragments in the size range 300-600 bp were
isolated by trough elution employing preparative agarose gels
as described (18). The mixture of random subfragments was
inserted into the Sma I site of Ml3mp9. Individual clones
were isolated and sequenced on both strands. On an average,
each base pair was sequenced six times. The random se-
quence was compiled into a contiguous stretch by using the
Staden computer program (19). (iii) The Bgl I fragment from

Abbreviations: kb, kilobase(s); bp, base pair(s); CAP, catabolite
gene activator protein.
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FIG. 1. (A) Schematic map of the Mu genome (not to scale). The
37-kb DNA is flanked by host sequences (shaded bars). The early
region contains the immunity determinant c, another negative reg-
ulator ner, and the primary early genes involved in DNA transpo-
sition, A and B. Between genes c and ner lie the operator region
bound by the repressor c and the promoters for the repressor
(transcribed leftward) and the early genes (transcribed rightward).
(B) Restriction map of the early region. The DNA length scale is
indicated by short vertical lines placed at 1-kb intervals below the
horizontal line of the map. Below are the DNA fragments from the
corresponding plasmids used for cloning in M13 and sequencing.

pGC511 was isolated and inserted into the Sma I site of
M13mp8. Subclones of this fragment generated with Dde I,
Alu I, Rsa I, Hae III, and Dra I and inserted into the Sma I
site of M13mp8 were also sequenced. Both strands of the
DNA were thus sequenced. (iv) The sequence across the two
joints at Pst I and Bgl I was confirmed as follows: A 380-bp
Hinfl fragment from pTM211 that includes the Pst I site and
a 160-bp Ban I-Hinfl fragment that includes the Bgl I site
were isolated. Each was subcloned in the Sma I site of
M13mp9 and sequenced in both orientations.

Protein Purification and Sequencing. The Mu A protein was
purified according to the published procedure (6). A confirm-
ing partial NH2-terminal amino acid sequence was deter-
mined by R. Aer-bersold, D. Teplow, and S. Kent at the
California Institute' of Technology (personal communica-
tion). I

Sequence Analysis. The simultaneous alignment of multiple
protein sequences (done by hand) emphasized the alignment
of both identical and similar residues to yield maximal
homology. Similarities considered included like hydropho-
bicity, size, charge, or secondary structure preferences.
Computer programs from the Protein Sequence Database of
the Protein Identification Resource: were used to align pairs
of sequences, to analyze homologies versus random compar-
isons, and to. search for' DNA homologies within the
transposase gene. Protein secondary structure predictions
and hydrophobicity profiles were calculated by the computer
program SECSTR (unpublished method), which applied
Chou/Fasman empirical parameters (20) and the Eisenberg
consensus hydrophobicity scale (21).

RESULTS AND DISCUSSION
Primary Structure. The three DNA fragments used for

cloning and sequencing gene A are aligned on a diagram ofthe
Mu genome in Fig. 1. The longest open reading frame (Fig.
2) extends from position 1328 to 3316 and encodes a protein
of 662 amino acids with a predicted molecular weight of
74,889. The amino acid sequence of the first 8 residues of the
purified protein agrees with that deduced from the DNA
sequence.

Possible Repressor and Transposase Binding Sites Overlap
Gene A. Besides binding to the Mu ends and operator region,
the Mu A and repressor proteins bind in vitro to sequences

within the coding region ofA (4); thus the two proteins may
interact in additional ways to regulate transposition. There-
fore, we looked within the A coding region of the DNA for
sequences similar to the consensus sequence defined from
the three stronger transposase-binding sites at Mu ends (4):
TGNTTCANTNNAARYRCGAAAR. The best match (four
mismatched bases) occurs at nucleotides 2849-2870 (Fig. 2).
For one ofthe three strong transposase binding sites, the right
half of this consensus sequence can be deleted without
affecting transposition (24). Interestingly, the left end of the
consensus sequence-TGNTTCANT-resembles subsets of
the operator sequence recognized by the repressor (7),
suggesting that both proteins may recognize this sequence.
The DNA sequence starting at position 2812 matches this
repressor recognition sequence fairly well and is also similar
to the extended consensus sequence for the transposase
binding site. These or other similar sites may account for the
in vitro binding of the two proteins to the A gene.
Homology with Mu c, D108 A, and DNA-Binding Proteins of

Known Structure. We have identified significant sequence
homology among the NH2-terminal regions of Mu A, Mu c,
and D108 A proteins. Amino acids common to all three
sequences cluster in the region numbered 42-57 (Fig. 3),
which also includes the region of maximal homology between
the Mu transposase and repressor. Significant homology
between these two proteins also occurs between positions
109 and 149 (Fig. 3). In contrast, the best homology between
the two transposases starts from position 65, suggesting that
this region may be specific to the transposition function. Mu
c and D108 A share less sequence homology with each other
than either does with Mu A. The homology among these three
sequences may reflect their shared ability to bind Mu ends.
The three site-specific DNA-binding proteins for which

three-dimensional structures are known [the cro and cI
repressors of phage X (25, 26), and the catabolite gene
activator protein (CAP) of E. coli (27)], each contain an
a-helix-turn-a-helix structural motif thought to be respon-
sible forDNA binding. We determined and plotted secondary
structure predictions and hydrophobicity profiles for the Mu
transposase, Mu repressor, and D108 transposase protein
sequences (Fig. 4). The overall match of each set of super-
imposed curves suggests that these three proteins have
similar secondary structures for the region corresponding to
the first two-thirds of the repressor sequence. The predic-
tions indicate four a-helical peaks near the NH2 terminus,
each separated from the next by a tight turn. This a-
helix-turn predicted region could be viewed as three over-
lapping a-helix-turn-a-helix structural motifs (as labeled 1,
2, and 3 in Fig. 4A), resembling those found and predicted for
DNA-binding proteins. The similar hydrophobicity profiles
through position 145 for the Mu A and c and D108 A proteins
(Fig. 4C) are consistent with their primary and predicted
secondary structural similarities.
Sequence homologies have been identified in DNA-binding

regions of proteins with known or proposed bihelical struc-
tures (Fig. 5; refs. 11, 12, and 28). Gly is preferred at position
9 as part of the tight turn, and the side chains at positions 5
(Ala or Gly preferred) and 15 (Val or Ile preferred) form van
der Waals contacts, which probably help to maintain the
proper angle between the two a-helices. Examination of the
protein sequences for Mu and D108 transposases and Mu
repressor in the potential a-helix-turn-a-helix regions of the
sequence (Figs. 3 and 4) shows that the middle bihelical
region best fits this sequence pattern (Fig. 5). For this
bihelical region, positions 5 and 9 would both be Gly in all
three proteins. Allowing one insertion before residue 14,
position 15 would be Val, Ala, and Ile in Mu c, Mu A, and
D108 A, respectively. Stereo illustrations of the a-helix-
turn-a-helix structures of CAP, cro, and cI (26, 27, 29)
suggest that such an insertion could be accommodated within

tBarker, W. C., Chen, H. R., Hunt, L. T., Orcutt, B. C., Yeh,
L. S., George, D. G., Johnson, G. C., Seibel-Ross, E. I. &
Dayhoff, M. 0. (1984) Nucleic Acid Sequence Database (National
Biomedical Research Foundation, Georgetown University Medical
Center, Washington, DC).
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FIG. 2. Nucleotide and predicted amino acid sequence for Mu A. The sequence is shown 5' to 3', beginning 1300 bp from the left end of
the Mu genome and extending to 3340. The standard one-letter code for amino acid residues is used. Broken lines indicate the Shine-Dalgarno
sequence AGGTG. Wavy lines mark similarity to the A protein recognition sequence at Mu DNA ends. The termination codon is indicated by
an asterisk. Sequences similar (two mismatches) to the integration host factor (IHF) consensus binding site TNYAANNNRTTGAT (22) (Y =
pyrimidine, R = purine) are boxed. Those at 1310 and 1459 occur on the opposite strand in the inverse orientation. Mutations in himA and himD
genes, whose products constitute IHF, affect early Mu transcription (7) and block transposition (23). The hatched amino acid sequences (residues
35-55 and 389-408) resemble the a-helix-turn-a-helix structure present in a number of DNA-binding proteins (see Fig. 5).

the turn or adjoining helical ends without requiring a con- it requires no insertions, but unfavorable in replacing the
comitant shift of critical side-chain positions within the preferred Ala (position 5 in Fig. 5) with the much bulkier Tyr.
helices. Similar insertions are tolerated in turns between The bihelical motif in the three proteins, identified on the
helices found in related pairs of proteins [e.g. between basis of sequence similarities to DNA-binding proteins (Fig.
different species of hemoglobin (30) or cytochrome c' (31)]. 5), shows reasonably good agreement with that predicted
Furthermore, the residues aligned at positions 4, 5, 8, 15, 18, from secondary structure considerations (Fig. 4A: the middle
and 19 (which face the hydrophobic core in the known protein pair of a-helices). In the Mu repressor and Mu and D108

structures) are, in general, nonpolar in the Mu and D108 transposases, the first a-helical region marked in Fig. 4 could
sequences, as is true in other DNA-binding proteins (12). A correspond to the additional a-helix found in CAP, cro, and
different potential x-helix-turn-a-helix sequence (positions cI, which precedes the bihelical unit and has only limited
130-150 in Fig. 3) was identified in Mu A and Mu c by R. structural homology among those three proteins.
Brennan and B. Matthews (personal communication). They The transposition protein B from Mu is required for

compared amino acid sequences and minimum base changes replicative transposition and is responsible for the high
from a master set of 10 DNA-binding proteins but did not transposition frequency. A sequence in Mu B (residues
allow insertions and deletions. Their site is favorable in that 21-40; ref. 14), similar to known DNA-binding sequences, is



Genetics: Harshey et al.

10 20 4030

Proc. Natl. Acad. Sci. USA 82 (1985) 7679

50 60

MAAD GS V H RI NV TKK K EWE 0

E I LmvsP mEC A N 0Ps 3K I v El 0 1EN 3TR ! ,AN Ig E A ; EA

IK E Yr A R R E L A G YQ KPTLHVRH K A GSF QVET!VS F /K AL

O000000000000000 OOQQOQQQD 00000QQ OQQQQ0M

70 80 90 100 110 120

VIAHL LSTPDT IAQANEKQDSS LINKLTTT INMI EELEPDEAW K L L ISKGGLL L iPL

I RjE L | HDYDREA WSKWDNASDSOR L E W PAVQ E LN

N aQ R a ..

0000000

130 140 150 160 170 180 189

VFNEEQJ LI sf1 FS3Q IQ MMLDALPEEKR EILSKYG/HEQESVVVPSQEPOEVKK V MUc

QGIST TAFATVA HY V AS RDKYYQVOKFA PDWAAALVDGRGASRRNVHKSEFDED W ... MU A

FIG. 3. Alignment of the Mu A, Mu c, and D108 A amino acid sequences. Numbering is based upon the total alignment. Sequence-invariant
residues are shown on a black background, and chemically similar amino acids are indicated by italic letters. The sets within which residues
were considered similar are: (F, W, Y), (F, I, L, M, V), (A, G), (G, P), (D, N), (Q, N), (E, Q), (D, E), (H, K, R), and (S, T). Computer alignmentst
of Mu transposase with Mu repressor and D108 transposase indicate significant homology (10 standard deviations above the mean score for
randomly matched sequences). The regions of predicted a-helical secondary structure are indicated schematically below the sequences.
Predicted turns occur between the noted helical areas, and both turns and helices clearly fall within the major regions of sequence similarity.
The turn predicted between the last two helices would intervene in the second half of the bihelical motif shown in Fig. 5, but it could form a
310 helix. A similar intervening turn is predicted for the sequence of phage X cI repressor, but it is not present in the structure.

aligned in Fig. 5 and was also selected by R. Brennan and B.
Matthews (see above). Our secondary structure predictions
for Mu B (not shown) identify an a-helix-turn motif but no
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putative second helix. However, the second helix is also
poorly predicted in our analysis of CAP or cI repressor
sequences. Moreover, there are striking sequence similarities
between this protein B sequence and the aligned sequence
(residues 36-56) in D108 transposase (Fig. 5). Another
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contacts. Sequence identities in the second helix of both regions of
Mu A include: Glu followed by Tyr, and the penultimate Pro.

MU c

MU A

DIOS A

MU c

MU A

D108 A
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homologous region of Mu A (residues 389-408) with a
predicted a-helix-turn-a-helix structural unit is also aligned
in Fig. 5.
Mu Transposition. Knowing how proteins recognize spe-

cific base sequences within double-stranded DNA is essential
to understanding gene expression. The CAP, cro, and cI
crystallographic structures have helped illuminate the mech-
anism of protein-DNA recognition. The Mu transposase,
unlike these proteins ofknown structure, performs functions
more complex than simple binding to the DNA. Therefore,
Mu A regions that show homology with this family of
sequences and appear to satisfy requirements for adopting
this bihelical conformation are of considerable interest.
The predicted bihelical motif in the Mu repressor protein

(Fig. 5) has a conserved glutamine residue at position 1, as do
most other phage repressor sequences (12). Since sequence
homology between the repressor and Mu A is extensive in
this bihelical region, the corresponding sequence in Mu A
(residues 35-55) may also be involved in operator binding.
Homologies between Mu A and repressor in this region differ
from those between MuA and D108 A. This is consistent with
recognition by Mu and D108 A of the same sequence for
transposition but probably different operator sequences. We
suggest that the same region in these transposases binds the
two DNA sequences (i.e., operator and ends) but makes
some contacts with these two sets of sequences through
different sets of amino acid residues.
Sequence homologies between the two regions of Mu A

transposase aligned in Fig. 5 (residues 35-55 and 389-408)
suggest that the second region contains a binding site for Mu
DNA ends, as proposed for the first region. The two ends of
Mu function nonequivalently in transposition-i.e., the effi-
ciency of transposing two left or two right ends is at least two
orders of magnitude lower than that of transposing one left
and one right end (unpublished results). Perhaps the two ends
are recognized by two different binding sites on the
transposase, ensuring that only the left-right end combina-
tion can initiate transposition efficiently.

Sequence homologies between D108 A and Mu B (Fig. 5)
in their predicted DNA-binding regions may imply that B also
has a role to play in recognizing the DNA ends. Although it
does not bind specifically to the ends, B does seem to bind
DNA nonspecifically (15). Since Mu can transpose into
nearly random locations in the E. coli genome (1), perhaps
one function of B is to assist the Mu ends in binding random
target sites on the DNA.

Conclusions. The Mu transposase and repressor proteins
and the D108 transposase have significant sequence similar-
ities and also a region in common that could serve a
DNA-binding function and possibly make contacts with two
sets of DNA sequences (the repressor-operator and the
phage ends). The presence of a second potential DNA-
binding site in the Mu transposase suggests that the MuDNA
ends may be bound at two sites on this protein. Finally, we
note intriguing sequence similarities between the possible
DNA-binding regions in D108 transposase and Mu transpo-
sition protein B.
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