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ABSTRACT

We describe the isolation of a variant of Mu transposase
(MuA protein) which can recognize altered  att sites at
the ends of Mu DNA. No prior knowledge of the
structure of the DNA binding domain or its mode of
interaction with att DNA was necessary to obtain this
variant. Protein secondary structure programs initially
helped target mutations to predicted helical regions
within a subdomain of MuA demonstrated to harbor att
DNA binding activity. Of the 54 mutant positions
examined, only two showed decreased affinity for att
DNA, while eight others affected assembly of the Mu
transpososome. A variant impaired in DNA binding
[MuA(R146V)], and predicted to be in the recognition
helix of an HTH motif, was challenged with altered att
sites created from degenerate oligonucleotides to select

for novel DNA binding specificity. DNA sequences
bound to MuA(R146V) were detected by gel-retardation,
and following several steps of PCR amplification/
enrichment, were identified by cloning and sequencing.

The strategy allowed recovery of an altered  att site for
which MuA(R146V) showed higher affinity than for the
wild-type site, although this site was bound by wild-type

MuA as well. The altered association between
MuA(R146V) and an altered  att site target was competent
in transposition. We discuss the strengths and
limitations of this methodology, which has applications

in dissecting the functional role of specific protein—
DNA associations.

INTRODUCTION

Several cofactors are essential for formation of the transpososome.
These include a negatively supercoiled DNA substatherichia
coli HU protein, and metal ions. Two familiegt(@nd enhancer)
of multiple sites interact with individual monomers of MuA,
promoting assembly of a tetramic complex which footprints on
only three of the six binding sites within the leftt() and right
(attR) ends (L1, R1 and R2, but not L2, L3 and R3; Ejdthe
individual sites will be referred to here with ait prefix). MuA
interactions with the enhancer sites have been shown to help
overcome an intrinsic barrier in the protein structure that prevents
its tetramerization when free in solutief).(nteractions with two
of the three accessoatt binding sites (L2, L3, R3) are also
important for tetramer assembly)(What role do the multiple
DNA sites and protein factors play in unfolding the dormant
activity of MuA, but only within the context of the tetramer? Is
there an ordered set of interactions between individual DNA—protein
associations? Does each subunit perform a distinct role in the
finished complex? How does position dictate function?
Complementation experiments between two sets of catalytically
inactive variants have suggested that monomeric MuA may carry
only a partial active site, with full active sites for DNA cleavage
and strand transfer being assembled by sharing polypeptide
domains between MuA monomef).(Experiments designed to
determine the functional contribution of each MuA subunit to the
different steps of transposition have thus far relied on assembly
of the tetramer under artificial conditions [addition of dimethyl
sulfoxide (DMSO)], where a functional MUA-DNA complex can
be assembled efficiently on linear right end substrates, bypassing
the requirement for HU protein, supercoiled DNA, the Mu
enhancer and the multigidt sites {—10). While these experiments
have provided insights into the arrangements of the individual
subunits within a tetramer assembled on lire#R substrates

DNA transactions such as transposition, site-specific recombinatidd,1-13), they have left open the possibility that the linear
replication and transcription are performed by large proteintopology of theatt substrates might permit pairing possibilities
DNA assemblies]| and references therein). Not unlike proteinnot available to sites arranged to interact within the constraints of
chaperones that guide the final form of partially folded proteina normally supercoiled DNA substraté4(15). The linear

(2), multiple binding sites for one or more proteins providesubstrates also do not provide the opportunity to address how the
scaffolds for guiding specific functional interactions within theseomplex arrangement aft and enhancer sites found on a natural

assemblies.

Mu substrate influences subunit association and function within

The Mu transpososome is an example of a large nucleoproteire tetramer. A powerful tool to investigate such questions would
complex within which a tetrameric form of the Mu transposasbe an alteredtt specificity variant of MuA, that could be directed
(MuA protein) executes the chemistry of Mu DNA transpositidn ( to the different MuA binding sites to report on their role in the
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attR Mutagenic primers contained a centrally placed degenerate codon
of the targeted residue, so as to recover a spectrum of amino acid
changes at that residue. All mutations were verified by DNA
sequencing.

R2 R1
01, R3

" Design of oligonucleotides for altering MuA specificity

Five sets (S1-S5) of single-strandatiR2 oligonucleotides
(100mers) were synthesized, each set differing from the next in
attL the position of five contiguous degenerate nucleotides within the
centrally placed 30 nt R2 sequence, flanked on either side by
sequences encompassingieeR|—Hindlll polylinker region of
DDE pUC19 plasmid. Double-stranded forms of these substrates were
generated by PCR amplification using appropriate primers.

B ——~
PCR ar Ip"ﬁC&tiO /selectio protocol for vV UA(R146V)-

o7 243 491 574 663 altered DNA association

! n m Aliquots of 0.02 pmol of 52P-labeledattR2 substrates (S1-S5)
were incubated with 1.5 pmol MuA or 10 pmol MuA(R146V) in
Figure 1. (A) Disposition ofattiL (L1-L3), attR (R1-R3) and enhancer 2(Q u| 25 mM Tris=HCI (pH 7_5)' 10 mM MgQ,I 1ug salmon

(01-02) sites on supercoiled Mu DNA. The MuA tetramer footprints on only ; :
three att sites (L1, R1, R2). Non-Mu DNA is indicated by broken fines. SPETM DNAand 150 mM NaClfor 15 min a8l Bovine serum

(B) Domainal organization of MuA. On the basis of limited proteolysis, three albumin (50_|,lg/m|) and 5% glyc_erol (final) were added to th_e
domains (I-Ill) were assigned to MuA protein. Amino acid numbers reactions prior to electrophoresis on 6% native polyacrylamide

corresponding to the N-terminus of each major subdomain (designfted y) gels, MuA(R146V)-bound S2 DNA was detected by auto-
are shown beneath the structure. Dom@jnid responsible foatt DNA binding. — radiography, recovered, elutetil and amplified by PCR using
Q\e(t:;ilytlc triad of catalytic DDE residues is found in domain 8ee text for appropriate primers. Enrichment of the cognate DNA sequences
for MUA(R146V) was repeated through three more cycles of
binding, isolation of bound DNA and PCR amplification. During
W&kch enrichment step, a fixed amount of the amplified substrate
S(0.02 pmol) was titrated with a range of MuA(R146V)

assembly and function of the transpososome. The problem
particularly challenging given that thé site spans two turns of

the DNA helix (25 bp) and requires two protein subdomain concentrations. Only the binding reaction that yielde@-20%

(comprising togethef200 amino acids) for recognition. We f the input DNA in the bound complex was subjected to the next

. . . f . Q
describe here the isolation of such a variant. The properties of ﬂéﬁrichment cycle. Reactions that yielded >20% conversion of the
variant agree well with the structural features of the Mupéubstrate into bound form were discarded so as to maintain

DNA-binding domain, which became available after this worvp. . X . =
' ‘ igh-stringency selection against non-specific sequences. Compared
was completedi(5,17). As such, the experimental approach tha o the initial binding reaction, the first and second enrichment

was successfully applied to MuA should be suitable for oth : .
DNA-binding systems that lack structural information. e§teps required 8 and 5 pmol of MUA(R146V), respectively, to

yield 10% of the substrate in the bound form. However, no

reduction in the protein amount was observed between the second

MATERIALS AND METHODS and third cycles to obtain 10% level of substrate binding. The

; protein-associated DNA from the third enrichment cycle was

DNA and protein reagents PCR amplified and cloned into pUC19 digested \EitoR| and

Plasmids pMK21 (mini-Mu donor substrate) and pET158 (vectadindlll. Plasmid DNA was isolated from several independent

for high-level protein expression) have been descrii&l ( clones, and the inserts were sequenced.

pUC19 was used for cloning individual wild-type and muédnt

sites;att substrates[{L00 bp in length) for DNA binding assays | yitro assays for DNA transposition

were generated by PCR amplification, such that a 3ttigite

was flanked by[B5 bp of pUC19 DNA on either side. Type O (L8), type | £3) and cleavage assays for linear substrates

Double-stranded R1-R2 aatll substrates have been described11) have been described. Crude extracts proved unreliable for

previously (L1 and19, respectively). type 0 assays, which were performed only on purified proteins.
MuA and HU proteins were purified as describé) (DNA

and purified protein concentrations were determined as previoushe| retardation assays

described Z0). DNA-binding and transposition activities of MuA ) . o

variants were assayed either in crude lysates or after purificationRelative dissociation constantKq( values) for MuA and

reactions employed Vent Polymerase from New England Biolabgitt or attS2DNA with increasing amounts of the proteig)(Kq
values for binding were estimated by determination of the protein

concentration needed to complex half of the DNA under
conditions where the protein was in excess over the DNA [0.02 pmol
Residues in domairy were altered by PCR mutagenesis using' 32P-labeled DNA and 0.1-10 pmol of purified MuA or
the megaprimer metho@%), and cloned directly into pET158. MuA(R146V)]. Protein—-DNA complexes were formed and

Site-directed mutagenesis
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analyzed as described above, except salmon sperm DNéllowed by genetic selection strategies aimed at decreased

concentration was reduced to Q@ affinity for the wild-type DNA site and for increased affinity for
DNA-binding activity of domain By mutants was assayed altered DNA (reviewed i@7,28). We describe here a strategy by
using end-labeledttL. DNA. which we have altered the DNA-binding specificity of MuA
protein without prior knowledge of specific protein~DNA

Quantitation contacts. The strategy involves: (i) site-directed mutagenesis of

. o . . redicted secondary structure motifs within a known DNA-binding
Gels were dried, visualized by autoradiography or Bio-Ragomain: (iji) choice of a DNA-binding mutant based on the failure
Phosphor Imager and analysed by Molecular Analyst 2.0 videg most mutations at that position to bind DNA; (i) restoration

densitometer. of DNA binding to altered oligonucleotide® vitro; and
) o (iv) enrichment of bound DNA by several cycles of PCR
Protein secondary structure prediction amplification.

The SOPMA (Self Optimized Prediction Method for Alignment; "€ outcome of the above strategy was an altered DNA site for

25,26) protein sequence analysis package was used for second‘% jch a MuA variant shows a significantly higher relative affinity
structure prediction (http://www.ibcp.fr/serv_pred.html ). than for the wild-type site. However, this affinity was lower than
- that of wild-type MuA for the wild-type site. The altered site was

bound by MuA and the variant with roughly equal affinities. In
RESULTS AND DISCUSSION the context of the results discussed below, we define ‘altered
Rationale specificity’ as the ability of a protein (the MuA variant) to

: - i . discriminate between two DNA targets (the native or the altered
Most strategies to alter the DNA-binding specificity of protelnsoinding site). gets (

thus far have relied on knowledge of DNA—protein contacts
gained either from DNA footprinting experiments, or fromSecondary structure prediction and mutagenesis of thatt

crystal structures of DNA—protein complexes. These strategi g :

have generally included: (i) construction of chimeric DNA—binding%ﬁ\lA_blndlng domain 1By

proteins from different DNA-binding domains; (i) site-directed The MuA att site is large 9,30), and residues in two separate
alterations of known amino acid—base pair contacts; and (jii) randosnbdomains of MuA fly; Figs 1B and2; 19,31,32) bind two
mutagenesis of the gene encoding the DNA binding proteigpnsecutive major grooves and an intervening minor groove
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Figure 2. Summary of targeted mutagenesis of dom@ynThe domainf} and l subdivision (arrows) is based on partial proteolysis of MuA (19). Eight predicted
helical regions (Helix 1-8, shaded grey) within domginwere identified using the SOPMA package (see Materials and Methods). The consensus secondary structur
predicted by this method for amino acid residues 77—-242 of MuA was as follows (H, helix; E, sheet; C, coil): CHCCHHCCHHHHHHH@@ECHHHHHHH-
HHHHHHHHHHHHHHHHCCCHHHHHHHHCCCEEEEHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCHHCCCHHHCCHHCHHHHHHHHHCCCCHH
HHHHHHHHHHHHHCCCCCCCCCHHHHHHHHHCHHHHHHEHHCC. A previously identified HTH motif is indicated by hatched boxes (34). Resithges in
predicted helical regions were primarily targeted for mutagenesis (vertical bars with indicated changes). Mutants ispfetgdua study (32) are indicated by
italicized font. Mutations affecting DNA-binding are boxed, while those affecting assembly are circled (see text foReetilsy.determined helical regions using

NMR (16,17) are indicated as helices below the peptide sequence.
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(30,33). In an earlier study, targeted mutagenesis of residue A
within a putative HTH motif in domair3lhad identified three
mutants (F131S, R146N, K157Q) that were compromised i SCRAR TAC GAA

DNA binding (Fig.2; 32). Based on the predicted secondary . i il

i

Lad

structure of domainfy (Materials and Methods), we targeted =~ S -
residues primarily within helical regions gffor mutagenesis. Of sz NN

particular interest were several acidic and basic residues th

might potentially be involved in base-specific or phosphate $3 — NN

contacts with DNA. A summary of the mutagenesis results i
presented in Figur2 [While this manuscript was in preparation,
Clubbet al (16) and Schumachet al (17) published solution . e
structures for isolated domaing§ kand . The congruence
between the predicted and determined helical regions we
excellent (Fig.2).] The mutants were first tested in crude cell
extracts for cleavage of Mu ends (type | assay) (Materials ang
Methods). Mutants defective in these assays were further test
for DNA binding, as described in Materials and Methods.
Assembly of the Mu transpososome (type 0 assay) was monitor:
using purified proteins.

Consistent with our previous inference that Argl46 was
important in DNA recognition32), the present analysis also
revealed several alterations at this position that resulted in loss
binding (Fig. 2). However, unlike the K157Q mutation that
abolished DNA binding 32), the mutations introduced at the
Lys157 position in this study showed little effect on DNA binding
(Fig. 2). Therefore, Argl46 variants were chosen for further
analysis. This residue is located within a helix which was
predicted earlier to be the recognition helix of an HTH ma&#f.(

This prediction has now been confirmed by the recently publishegligure 3. Strategy for altering the specificity of MuAAY Five sets of
NMR studies {7). Essentially all of the mutations at the 146 degeneratattR2 oligonucleotides (S1-S5) spanning a 25 nt region (essential
position failed to bind DNA, as would be expected for a residuevild-type MuA contacts with G residues at R2 indicated by boldface; 30) were

" . - synthesized, each set differing from the next in the location of five contiguous
that makes a critical contact with DNA (Fig). The only degenerate (N is any one of the four bases) nucleotides. Extension of

exception was an Asn SUbStitUtion for Ar9146_- A“hOUgh theappropriately placed primers (arrows) in flanking residues (pUC19 sequences;
R146N mutant was able to bind DNA, the migration of thegrey areas) converted these single-stranded substrates into double-stranded DNA.
resultant DNA—protein complexes in gel-retardation experiment$B) Aliquots (0.02 pmol) of end-labelediR2 substrates (S1-S5) were incubated
was different from that of wild-type MuA complexe8?2) with either 1.5 pmol of MuA or 10 pmol of MuA(R146V), and electrophoresed

- R : . in 6% polyacrylamide gels. DNA was visualized by autoradiography. See
Selection of altered target specificity was carried out using,teria
MuA(R146V). In a precedent provided by the CAP protein,
substitution of Glu181 by Val, Leu or Lys resulted in a protein that
had specificity for A-T base pairs at positions 7 and 16 of thg\

. . . rgl46Val substituent. In principle, the restoration of binding
DNA recognition site, rather than G-C base pairs favored by, 4 result via a novel DNA contact or via the removal of
wild-type CAP (5,36).

. inding interf f le interaction. A
Eight other mutants (D159L, Q186L, D191LK, R194V, binding interference caused by an unfavorable interaction

27V gel-retardation assay was carried out with complexes of the
K197V, E205V, R206G, R226L) were found to be defective i . i ; ; ;
type | formation (cleavage of Mu ends), but not in DNA bindin ltered (S1-S5) double-stranded oligonucleotides and either

X S1N'Id-type MuA or MuA(R146V) (Fig.3B; Materials and
(Fig. 2, data not shown). No type O (assembled but uncleavgqiaihags). The results of this initial experiment clearly indicated

complex) was detected with these mutants in the presence t this strate : P P
. ; ; gy was likely to succeed. Substitutions within the
either M@* or C&* ions. These results suggest that domain | o 2 and S3 regions were not well tolerated by wild-type MuA

MuA, in addition toits rolein DNA binding, may also contribute,, o, compared to those at S1, S4 and S5, as indicated by poor
to the later steps in transposition. binding to the former substrates. (The extent of binding obtained
with S1, S4 or S5 wa2—3-fold lower than that with wild-type
Association of MUA(R146V) with alteredatt DNA sites attR2 under identical reaction conditions; data not shown.) This
is consistent with the observed higher affinity of the right half of
In order to determine if any alteration in it DNA sequence the att consensus sequence for domdglp (17). On the other
would allow MuA(R146V) to re-establish binding, we targetechand, MuA(R146V) appeared to associate with the S1 and S2
five contiguous regions separately witkittR2 (the first site to  substrates preferentially. Because wild-type MuA showed good
be occupied on supercoiled Mu DNA upon titration withbinding to S1, the S2 substrate was chosen for further selection,
increasing MuA;20) for alteration (Fig3A). The rationale for in the hope that it would provide a better discrimination between
this strategy was that if Arg1l46 was involved in a direct DNAwild-type MuA and MuA(R146V). [Note, however, that the
contact, specific alterations within or in the vicinity of thebinding reactions containedb—7-fold higher MuA(R146V)
contacted nucleotide might restore interaction with the&oncentration relative to MuA. The choice of the protein amount

5 TR

Mu A R146'y

Bound DNA

sSuhsirate

Is and Methods for details.
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Table 1.DNA binding affinities of wild-type and Mu(R146V)

A T G C G
A
T T G C C 1 10 20 30
T G A G C L1 5'TGIATTGATTCACTTGAAGIRGGAAAAARA 3!
G G C c C L1%*  TGIATTGATTCACTIG 2
8 g g g g L2 TAGTCGTTAATCAATGA GATA
C T G c G 1252  TAGTCGTTAATCAATG: AAGATA
(Cj 8 g g é Lgsz GCTTTT@TTTCATTGAA ACA
¢ c T C ¢ L. GCTTTTGTTTCATTGAAA ACA
¢c ¢ ¢ Cc C Rl TGAAGCGGCGCACGAAR AAGCGT
C C C C C R1%2  TGAAGCGGCGCACGAAAA AAGCGT
C C C C A
C C A C T R2  GAAAGCGTTTCACGATA ACTT
C C A C C R2%?  GAAAGCGTTTCACGATAAL ACTT
A G C A G
A G C A C R3 ACATCTGTTTCATTTG GCTA
A C C C G R352  ACATCTGTTTCATTTGAAE GCTA
A C C C C
A C A C A
A 5 0 5 3 3 B
C 9 11 11 13 12
G 3 6 2 3 3
T 2 2 1 0 1 Att DNA MuA (K4, M) [MuA(R146V )(Kq, M)
R2-(wt) 33 x107°® 1.9 x 10°
Figure 4. Sequence of 19 independettR2(S2) clones competent in binding RZSZ 2.4 x 1077 24 x 1 0-7
MuA(R146V). The ‘S2’ region on one strand of the R2 site is indicated at the ) .
top. Frequency of the four bases (A, C, G, T) recovered at each of the five altered RlSZ NT 27 x 1 0-7
nucleotides within ‘S2’ is shown at the bottom. :
R3%? NT 3.1 x 107
. . L1%? 2.6 x107 22 x 107
(yielding [110—-20% of the DNA in complexed form) was based -
upon prior titration assays.] 1252 NT 32 x 107
MuA(R146V)-S2 DNA complexes were isolated, and the 3% NT 22 x 107
bound DNA amplified by PCR (Materials and Methods). :

Complex formation, DNA isolation and PCR amplification of
MuA(R146V)-bound DNA was repeated for three more cycles, , o _
until there was no further enrichment in binding (Materials andf) SEREEEE S S e oRe AR B, Bt S e e e algned
.MethOdS)' Bound DNA from the flnal selection CyC|e W?‘S Clonedbased on consensus sequences (29,30). Only one DNA strand is shown. Essential
In_to pUC19. The sequence of 19 independent clones is _shc_an &lesidues (or their complementary bases) are indicated in bold face. The ‘S2’
Figure4. The recovered DNA sequences that restored binding tRgion is boxed.8) Dissociation constants for MuA and MUA(R146V) binding
MuA(R146V) showed an increase in the number of C residues i wild-type andittS2sites + Dissociation constantig) were determined by

the top strand (in the S2 region), rather than changes at a specifiél retardation as decribed in Materials and Methods. The values reported are
position. Two of the 19 sequences recovered had all C nucleotid&sm single experiments. The affinities of MuUA(R146V) for wild-type R1, L1

in the top strand. All of these DNA substrates showed comparabkand L3 were similar to that shown for R2 (within a factam)f wt, wild-type;
affinities (within a factor of 2) for MuA(R146V) (data not NT, nottested.

shown). An R2 site whose S2 region consisted of all C nucleotides

in the top strand, was chosen for functional characterization. We

shall henceforth indicate this altered site with an ‘S2’ superscrip&:ﬁ_2 » 10-M) were obtained for the binding of MUA(R146V)

to other individual wild-typett sites as well (R1, L1 and L3; data
Specificity of MUA(R146V) for attS2 not shown). By contrast, the affinity of MUA(R146V) &itR252

relative toattR2 was enhanced-fold. However, it should be
The specificity and affinity of wild-type MuA and MuA(R146V) noted that MuA(R146V) was a weaker DNA-binding protein
for attR252were determined from band-shift assays (Tapsee than MuA, as revealed by the difference in the affinifi#sfold)
Materials and Methods). Since the sit sites (L1-L3 and of the two proteins for their respective cognate sites. Although
R1-R3) are not all identica?29,30), and since wild-type MuA is initial experiments had suggested possible reverse discrimination
known to have slightly different affinities for these si2$49), by MuA againsattR252 i.e. lower affinity forattR252compared
the affinity of MUA(R146V) for all otheattS2 sites (TablelA;  to MuA(R146V) (Fig.3B), the binding analysis with the pure
Materials and Methods) was also determined. The bindingrget sites (Tabl®) revealed that this was not the ca§gjalues
conditions employed were similar to those used for staridard for attR252 were nearly the same for MuA and MuA(R146V)].
vitro transposition assays, except that the reactions containBidt withstanding this outcome, the large decrease in the binding
10pug/ml salmon sperm DNA (Materials and Methods).of MUA(R146V) toattR2 combined with its significant preference
MuA(R146V) showed ariB0-fold lower affinity for attR2  for attR252 overattR2 permitted us to target MuA subunits to
compared to wild-type MuA (TabldB). Similar affinities specificatt sites on Mu DNA.
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Functionality of attR252in DNA transposition A

To test whether the MuA(R146V)—-R2DNA partnership was
proficient in transposition, we monitored Mu end cleavage on an
R1-R22 substrate under DMSO assay conditions (5id.1).

We had shown earlier that under these conditions a cleavage
proficient configuration is one where the active [with respect to
a triad (DDE) of catalytic residues] MuA subunit is positioned at
R2 (Fig.5A; 11). Positioning of an active (DDEsubunit at R2

and an inactive (DD# subunit at R1 on the R1-R2substrate

(S), was achieved as follows. The substrate was first incubated B . . gatcacteatTe — R R2%
with MuA(R146V) at a molar ratio of1l:10 of substrate to S: 3, _gRagtoagtaac

protein, in order to saturate the ¥ites, and thus block them A l

from occupancy by a partner lacking the R146V mutation. The

DDE™ mutant MUA(E392A) was added subsequently at a similar 51 gatcactcarre K1 R2¥
DNA to protein ratio (Fig5B). The 11 nt cleavage product (CL) 3" HoAC

could be readily detected on a denaturing polyacrylamide gel. +
Control reactions showed that wild-type MuA yielded strand CL: "3'-ctagtgagta

cleavage at a DNA to protein molar ratid @f20 (lane 2), while
MuA(R146V) (lane 5) was inactive at the same ratio
[MUA(R146V) was also inactive on a wild-type R1-R2 substrate;
data not shown)]. This is to be expected, since wild-type MuA can
bind both R1 and F& sites, while MuA(R146V) shows
specificity for R22 (Tablel). Also as expected, the catalytically
inactive variant MUA(E392A) (lane 4) did not yield a cleavage
product. When MuA(R146V) was paired with MuA(E392A),
however, strand cleavage occurred (lane 3). The level of cleavage
was[B0% of that seen in the MuA reaction (lane 2). The lack of
cleavage with MuA(R146V) alone (lane 5) certifies that the
cleavage obtained with the protein mixture could not have
resulted from fortuitous association of MUA(R146V) with R1. This
result is therefore consistent with the arrangement of the MuA
subunits deduced from subsite complementation assays using
wild-type DNA and protein substrate$1f. Thus, MuA(R146V)

can not only discriminate between wild-type ati?sites, but also

— CL

.. ? . - - - - MuA
participate in the chemical step of strand cleavage. . + + + - E ,‘l;., A
We have now extended the above analysis to supercoiled DNA . - 4+ - 4+ RV

substrates by substituting each of the six wild-psites with

attS2 sites. Using a mixture of MuA and MuA(R146V) we have

analyzed DNA strand cleavage and strand transfer executed Ipigure 5. MUA(R146V)-attR252 association is functional in transposition

the oriented tetrame@'(). The results have established the utility vitro. (A) Position of ‘DDE’ domains during DNA cleavage and strand transfer
P : : ot derived from complementation experiments performed using linear R1-R2

?f ML.JA(R|146W asan alt?rﬁ/ld ZpeCIE;ICIty Var!?}r_]t 'T‘ elu0|dat||ng thesubstrates (11). DDBubunits are indicated by X, and DD&ibunits by DDE.

unctional arrangement of MuA subunits within its normal tetra-The subunits were loaded separately on R1 or R2 ‘subsites’ that were brought

meric configuration. Furthermore, they have led to the unexpectedgether by complementary base-pairing (dotted lines). The R1-R2/R1-R2

revelation that the catalytic contributions of the individual MuA synapse is presumed to mimic a noraidl/attR synapse. The arrowheads

; ; ; ; £ indicate the 30H groups generated upon cleavaB¢An aliquot of 0.2 pmol
Subunits can be different in native versus artiicial SUbSTa®s ( of the substrate (S) (obtained by hybridizing two deoxyoligonucleotides that

span the R1 and R2 sequences, and labeling the strand that undergoes
CONCLUSIONS cleavage withd-32P]cordycepin phosphate at theeBd; indicated by *) was

incubated with 4 pmol each of wild-type MuA (lane 2), MUA(E392A) (lane 4),
We have used arin vitro selection scheme to isolate a MuA(R146V) (lane 5), or a complementing mixture of 2 pmol of MUA(R146V)
transpositionally functional variant of MuA with an altered added first, followed by 2 pmol of MUA(E392A) (lane 3) under DMSO reaction

PP conditions (see Materials and Methods; reaction volume wg§.ZReaction
specificity foratt DNA. The method we have used should have roducts were electrophoresed in a 12% denaturing acrylamide gel, and

general aPP"FatiO” for _the iSOIatiOU of altered specificity Variantietected by autoradiography. Strand breakage (arrowhead) produces a labeled
of DNA-binding proteins, even in the absence of structuralproduct (CL) that is 11 nt long.

information on the nature of the DNA-protein contacts. A

potential limitation of the method is that if the assay is done witfor MuA, it is important to establish the functional correspondence

an inappropriate substitution of a critical residue involved irbetween the mutant protein and the altered DNA site before probing
DNA contact, thein vitro selection may not yield an altered the productive configuration of a DNA—protein assembly.

binding site from the pool of quasi-randomized cognate sequencesThe recently obtained NMR structure of tBelbmain of MuA

This problem could, in principle, be circumvented by performind17) accommodates our results quite nicely, even though the
the selection with multiple substitutions, and at more than orstructure was not available to us until after our studies had been
amino acid position. Furthermore, as has been demonstrated hesenpleted. Our rationale for the choice of MuA(R146V) for
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selection of new DNA binding specificity has been vindicated bassemblies7,28), the MuA analysis reported here is likely to
the ability of MuA(R146V) to discriminate between wild-type provide another useful paradigm for application in related systems.
andattS2sites on linear substrates, as well as to participate in the

chemical step of strand cleavage (Blg). We have extended these

findings successfully to supercoiled substrates as well, allowinAgcK'\IOV\/LEDGEMENTS
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