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A stable tetramer of the Mu transposase (MuA) bound to the ends of the Mu DNA promotes recombination. 
Assembly of this active protein-~DNA complex from monomers of MuA requires an intricate array of MuA 
protein-binding sites on supercoiled DNA, divalent metal ions, and the Escherichia coli HU protein. Under 
altered reaction conditions, many of these factors stimulate assembly of the MuA tetramer but are not 
essential, allowing their role in formation of the complex to be analyzed. End-type MuA-binding sites and 
divalent metal ions are most critical and probably promote a conformational change in MuA that is necessary 
for multimerization. Multiple MuA-binding sites on the DNA contribute synergistically to tetramer 
formation. DNA superhelicity assists cooperativity between the sites on the two Mu DNA ends if they are 
properly oriented. HU specifically promotes assembly involving the left end of the Mu DNA. In addition to 
dissecting the assembly pathway, these data demonstrate that the tetrameric conformation is intrinsic to MuA 
and constitutes the form of the protein active in catalysis. 
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Multiple sequence elements bound by specific proteins 
are a common feature of many sites of action on DNA 
such as promoters, enhancers, replication origins, and 
recombination loci. The importance of protein assembly 
on these DNA sites is being recognized in many cases, 
yet the details of how it is achieved are not well under- 
stood. Mu transposition is an ideal system to study the 
mechanisms underlying the construction of protein- 
DNA complexes. The reactions are relatively simple, the 
protein-DNA complexes formed are very stable, and 
multiple DNA sites are specifically required during ini- 
tial complex assembly (Mizuuchi et al. 1992; Surette and 
Chaconas 1992). 

The DNA cleavage and joining reactions central to Mu 
transposition are promoted by the Mu transposase (MuA) 
acting simultaneously on the two ends of the phage 
DNA. These reactions occur i n  the context of higher 
order protein-DNA complexes. Three stable protein- 
DNA complexes on the reaction pathway have been de- 
scribed and characterized: (1) The stable synaptic com- 
plex (SSC), in which MuA is bound tightly to the two Mu 
ends, pairing them together (Mizuuchi et al. 1992); (2) 
the cleaved donor complex (CDC), also called the type-I 
transpososome, in which a single-stranded cleavage has 
been introduced between the Mu and the flanking host 
sequences at each Mu end (Craigie and Mizuuchi 1987; 
Surette et al. 1987); and (3) the strand transfer complex 
(STC), also called the type-II transpososome, in which 
the donor DNA ends are covalently joined to the target 
DNA (Surette et al. 1987). 

Each of these complexes has a common basic struc- 

ture: MuA protein is bound tightly to the three end-most 
MuA-binding sites on the Mu DNA {Fig. 1) (Kuo et al. 
1991; Lavoie et al. 1991; Mizuuchi et al. 1991, 1992). The 
DNA cleavage sites, which lie 6 bp away from the end- 
most MuA-binding sites, are also covered by the protein. 
The complexes contain a tetramer of MuA (Lavoie et al. 
1991; Mizuuchi et al. 1992) that mediates pairing by si- 
multaneously binding to the two Mu DNA ends (Craigie 
and Mizuuchi 1987; Surette et al. 1987; Mizuuchi et al. 
1992). The tetrameric MuA bound to the Mu ends is the 
active complex for the donor DNA cleavage and strand 
transfer reactions. No MuA protein in addition to that 
assembled into the tetramer in the SSC is needed for the 
subsequent reaction stages (Mizuuchi et al. 1992; Surette 
and Chaconas 1992). Thus, assembly of this complex is a 
critical step in transposition. 

Many requirements in the transposition reaction have 
been shown to be necessary before DNA cleavage, spe- 
cifically for assembly of this MuA-donor DNA complex 
(Fig. 1)(Mizuuchi et al. 1992; Surette and Chaconas 
1992). (1) The two Mu ends must be in their proper ori- 
entation on a single DNA molecule; (2) the internal ac- 
tivating sequence [(IAS) also called the transpositional 
enhancer] must be present; (3) the donor DNA must be 
supercoiled; and (4) the amino-terminal domain of MuA 
and (5) the Escherichia coli integration host factor (IHF) 
protein (Surette et al. 1989), both of which bind to the 
IAS; (6) the E. coli hydroxyurea (HU) protein; and (7) 
divalent metal ions are also important cofactors for tet- 
ramer assembly. Each end of the Mu DNA contains three 
end-type MuA-binding sites, called L1, L2, and L3 on the 
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Figure 1. Cartoon of MuA-binding sites on 
donor DNA and structure of the SSC. The 
donor DNA carries six end-type MuA-bind- 
ing sites--three at each end--shown as 
large black arrows. The relative orientation 
of the sites with respect to one another is 
shown by the direction of the arrowheads. 
The IAS is made up of multiple sites bound 
by the very amino-terminal domain of the 
MuA protein. These sites are also bound by 
the Mu repressor and are shown as O1 and 
02. The IHF also binds to a sequence 
within the IAS. The tetrameric configura- 
tion of MuA, although an intrinsic stable 
form of the protein bound to the end sites, 
does not form efficiently in solution in the 
absence of the factors shown. Thus, multi- 
ple sequence elements on the donor DNA, 
divalent metal ions, HU, IHF, and DNA su- 
perhelicity all function to provide a kineti- 
cally accessible pathway for the formation 
of the MuA tetramer-donor DNA complex. 
In the final complex, only the L1, R1, and 
R2 MuA-binding sites are stably bound by 
the protein. This complex is active for the 
subsequent reaction steps, and the remain- 
ing sites become dispensable. 
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left end (L-end) and R1, R2, and R3 on the right end 
(R-end) (Craigie et al. 1984). The IAS also contains mul- 
tiple MuA-binding sites that are recognized by a different 
region of the MuA protein than are the end-type sites 
(Nakayama et al. 1987; Leung et al. 1989; Mizuuchi  and 
Mizuuchi  1989). 

How does this complicated array of sites and factors 
result in assembly of the active MuA-donor  DNA com- 
plex? Under standard conditions, all of the required fac- 
tors cooperatively promote assembly of the active com- 
plex; in the absence of any of them, no intermediate in 
assembly has been detected. Because a critical aspect of 
formation of the SSC is the conversion of MuA from the 
monomer ic  to the tetrameric form, we have investigated 
reaction conditions that influence the mul t imer iza t ion  
of MuA. The use of solvent conditions that favor multi° 
merizat ion of MuA has allowed us to begin dissecting 
the role of the mul t ip le  factors in the assembly process. 

Results  

End-type MuA-binding sites are essential 
for assembly of the active tetramer of MuA 

To investigate the role of the specific features of the 
donor DNA in the assembly of the M u A - D N A  complex, 
min i -Mu plasmids lacking some of the MuA-binding 
sites were assayed for their abili ty to support oligomer- 
ization of MuA by cross-linking with the homo-bifunc- 
tional protein cross-linking agent dithio-bis-(succini- 
midyl  propionate) (DSP) (Fig. 2A). As expected from pre- 
vious results (Lavoie et al. 1991; Mizuuchi  et al. 1992), 

under normal reaction conditions the complete Mu do- 
nor plasmid supported tetramer formation, whereas 
most of its derivatives did not. Of the variants tested, 
only the plasmid lacking the R3 site (AR3) supported 
tetramer formation by MuA. This  dispensabil i ty of R3 is 
consistent with previous results that R3 is not essential 
for Mu transposition in vivo (Groenen et al. 1985) or in 
vitro (Lavoie et al. 1991). Delet ion of the IAS (AIAS), or 
inversion of one Mu end relative to the other (such that 
the two ends were in direct, rather than inverted orien- 
tation; wrong ori)prevented tetramer formation; in these 
cases, MuA remained most ly  monomeric,  al though 
some dimers were detected. 

In contrast, when dimethylsulfoxide (DMSO)(15%) 
was included in the reactions, all of the min i -Mu plas- 
mids supported tetramer assembly by MuA (Fig. 2A). 
The IAS was unnecessary (AIAS), as was the proper rel- 
ative orientation of the Mu D N A  ends (wrong ori). Even 
plasmids carrying only a single Mu end (L- or R-end) 
supported tetramer assembly. The yield of MuA tet- 
ramer in the reactions containing the single Mu end plas- 
mids could not be attributed to the activity of the low 
level of plasmid dimers present in the DNA preparation. 
Furthermore, agarose gel electrophoresis of reaction mix- 
tures (run with and without  protein cross-linking) indi- 
cated that most complexes contained a single mono- 
meric plasmid (data not shown; see below). 

Although DMSO allowed tetramer assembly on plas- 
mids not normal ly  active, Mu D N A  sequences were still 
essential. Tetramers were not detected in the reaction 
containing DNA that lacked any Mu-related sequences 
(~bX174RF) or in that lacking D N A  (no DNA). Divalent  
metal  ions, Mg 2 +, Mn 2 +, or Ca 2 +, were still essential 
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F i g u r e  2. DNA requirement for formation of the active MuA tetramer in the presence and absence of DMSO. Incubations were for 
30 min at 30°C before cross-linking. The identities of the plasmid derivatives present in the reactions are shown above the lanes. The 
L-end plasmid also carried the IAS; the R-end plasmid did not. (A) Western blot of MuA protein after cross-linking with DSP. Reactions 
contained 15% DMSO, where indicated. (B) Agarose gel of DNA showing DNA cleavage and strand transfer promoted by MuA. In each 
set of three lanes, the first is plasmid DNA that has not been incubated with MuA. In reactions containing MuA and the wild-type 
plasmid, nearly all of the DNA runs as a supercoiled circle slightly faster in mobility than the starting DNA; this is one of the four 
possible isomers produced during intramolecular strand transfer, as has been described previously/Maxwell et al. 1987~ Baker et al. 
1991). On the wrong orientation plasmid, none of the isomers generated by intramolecular strand transfer will be supercoiled; the 
products, therefore, run closer to the nicked circle band. 

even in the presence of DMSO (data not shown). In ad- 
dition, tetramer formation displayed an unusual ly  steep 
dependence on the reaction temperature; complex for- 
mat ion was five to six t imes slower at 22°C than at 30°C 
(data not shown). This  influence of temperature indi- 
cates that some step in the assembly process involves a 
relatively high activation energy. 

The MuA tetramers formed during the incubation 
wi th  DMSO were active in donor D N A  cleavage and 
strand transfer. In the absence of DMSO, only the wild- 
type plasmid (and the one lacking R3; data not shown) 
was cleaved and gave rise to strand transfer products (Fig. 
2B). The other deletion plasmids appeared unaltered by 
MuA during the reaction. In the presence of DMSO, 
however, the AIAS plasmid and that carrying the in- 
verted Mu ends were efficiently cleaved and recombined 
by MuA. DMSO therefore relaxes the requirements for 
both tetramer formation and the chemical  steps of trans- 
position, indicating that the MuA complexes made in 
the presence of DMSO are functional.  On the wild-type 
plasmid, the rate of appearance and distr ibution of strand 
transfer products were similar  in the presence or absence 
of DMSO, suggesting that identical complexes formed 
under these two conditions. 

The m i n i m u m  DNA sequence needed to promote 
MuA tetramer assembly in the presence of DMSO was 
analyzed by assaying individual  sequence elements  from 
the Mu L-end. The L-end contains four e lements  in- 
volved in Mu transposition (Fig. 3A): the CA dinucle- 
otide at the site of donor cleavage and the L1, L2, and L3 

copies of the 22-bp MuA end-type-binding site. The L1 
sequence differs from L2 and L3 by being directly adja- 
cent to the cleavage site and by being stably bound by the 
MuA tetramer in the SSC, CDC, and STC (Kuo et al. 
1991; Lavoie et al. 1991; Mizuuchi  et al. 1991, 1992). The 
IAS is natural ly located - 9 0 0  bp from the left cleavage 
site and was also present on the L-end plasmid. 

In the presence of DMSO, the isolated L-end had a 
similar  activity to the min i -Mu containing both ends 
when assayed after incubation at 30°C for 30 m i n  (Fig. 
3B). Deletion of the IAS did not affect the abil i ty of this 
plasmid to function as an assembly cofactor (L-end 
-IAS). To further isolate the m i n i m a l  sequence required 
for assembly, synthetic oligonucleotides containing in- 
dividual binding sites were cloned into pUC19, which  
does not support tetramer formation by MuA (vector). 
The L1 sequence, wi th  its associated cleavage site 
(L1 + CA) promoted efficient tetramer assembly under 
these conditions. Removal of the cleavage site did not 
d imin ish  this activity (L1 - CA). The isolated L3 se- 
quence on a plasmid was also active, whether  or not it 
had an accompanying artificially added cleavage site (L3 
and L3 + CA). In contrast to the activities of these end- 
type sites, the IAS alone did not support tetramer assem- 
bly (data not shown). Thus, in the presence of DMSO, a 
single copy of a 22-bp MuA-binding site on a plasmid can 
promote tetramerization of MuA protein. 

The plasmids wi th  only a single MuA-binding site also 
supported DNA cleavage and strand transfer in the pres- 
ence of DMSO provided that an appropriately positioned 
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Figure 3. Minimal DNA sequences required for formation of the active MuA tetramer. Reactions were as described in Fig. 2, except 
all samples included 15% DMSO. The results after incubation for 30 min at 30°C are shown; the relative activity of the L-end 
derivatives was similar at 5 min, whereas the wild-type plasmid was substantially more active at early time points (see Fig. 6) (A) Map 
of the sequence elements on the L-end; (B) Western blot of the cross-linked MuA protein; (C) agarose gel of the reaction products. The 
contrast of the gel picture was reversed by making an intermediary negative. Plasmids used in the reactions are labeled above the lanes. 
The vector, pUC19, is the parent plasmid of the derivatives carrying the single MuA-binding sites. The ladder of bands and the smear 
between the supercoiled and nicked DNA positions are the intramolecular strand transfer products. 

cleavage site was also present (Fig. 3C). In addition to the 
nicked circular form resulting from donor cleavage by 
MuA, the in vitro reaction produced a ladder of bands 
that migrated between the nicked and supercoiled forms 
of the plasmid. The gel mobilities of these species match 
that expected for the intramolecular strand transfer prod- 
ucts in which only a single Mu end has become co- 
valently joined to an intramolecular target site. Al- 
though the CA sequence was not essential for tetramer 
formation, it was required for DNA cleavage. The site 
was used both when present in its natural position, near 
the L1 site, and artificially placed adjacent to L3. 

DMSO allows formation of the MuA tetramer on 
many DNAs that do not normally support the reaction; 
only a single end-type MuA-binding site and divalent 
cations are essential. Tetramers formed under these con- 
ditions are active in donor DNA cleavage and strand 
transfer. Thus, these data strengthen the previous con- 
clusion that the tetramer of MuA is the enzymatically 
active form of the protein. Furthermore, the specific, ef- 
ficient formation of tetramers of MuA, whether the do- 
nor DNA contained one or six end-type MuA-binding 
sites, demonstrates that the tetrameric configuration of 
MuA is an intrinsic property of the protein, independent 

of the spatial organization of the sites to which it is 
bound. 

Metal ions are not required for specific binding 
of MuA protein to end-type-binding sites 

A divalent metal ion, Mg 2 +, Mn 2 +, or Ca 2 +, is essential 
for assembly of the active MuA tetramer (Mizuuchi et al. 
1992); the presence of an end-type MuA-binding site is 
also essential (see above). In an effort to understand how 
metal ions function in assembly, their effect on specific 
DNA binding by MuA to the end-type sites was quanti- 
tated. The assay used binding of MuA to a 32P-labeled 
synthetic double-stranded oligonucleotide containing 
two MuA-binding sites and UV-activatible cross-linking 
groups (azido phenacyl groups; see Materials and meth- 
ods). After an incubation period to allow MuA binding to 
the DNA, protein-DNA complexes were covalently 
trapped by irradiation with UV light. The samples were 
then run on an SDS-polyacrylamide gel, and the fraction 
of the 32p label migrating as a covalent complex with the 
MuA protein was quantitated (see Materials and meth- 
ods). 

Protein-DNA cross-linking demonstrated that MuA 
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bound to its recognition sequence in theabsence of any 
added divalent metal ions (Fig. 4A). The efficiency of 
cross-linking at different concentrations of MuA indi- 
cated that the affinity of MuA for the DNA was lower in 
the presence of Mg z+ or Ca 2+ than in their absence. 
Cross-linking in the absence of metal reflected specific 
binding of MuA protein to its recognition sequences, as 
revealed by the effect of specific and nonspecific DNA 
competitors (Fig. 4B). Thus, the critical role of divalent 
metal ions in the assembly of the MuA tetramer cannot 
be attributed to a requirement for specific DNA binding 
of MuA to the end-type sites. 

Multiple MuA-binding sites act together in 
tetramer assembly 

In the presence of DMSO, a single end-type MuA-bind- 
ing site and divalent metal ions are the minimal require- 
ments for promoting tetramer formation by MuA. As 
metal ions are not essential for DNA binding, our hy- 
pothesis is that both the end-type binding sites and the 
metal ions accelerate or stabilize a conformational 
change in MuA protein that is necessary for it to tet- 
ramerize. DMSO may also stabilize this altered confor- 
mation and thus render the other reaction components 
that are normally essential to the assembly process un- 
necessary. Therefore, we tested whether those features 
that became unnecessary in DMSO, such as multiple 
MuA-binding sites with specific spacing and geometry 
and the IAS and HU protein, exhibit a stimulatory effect 
on the reaction occurring in DMSO. 

The impact of neighboring MuA-binding sites in tet- 

ramer assembly could be demonstrated in the presence 
of DMSO under several conditions. For example, diges- 
tion of the donor plasmids into fragments revealed the 
cooperative participation of the three end-type sites 
present at each Mu DNA end. Although on a supercoiled 
plasmid, a single MuA-binding site was sufficient to pro- 
mote assembly, linearization of the plasmids carrying L1 
or R1 + R2 rendered these DNAs much poorer assembly 
cofactors (Fig. 5). In contrast, DNAs that contained ei- 
ther the whole L- or R-end, or both ends, functioned well 
whether linearized or supercoiled (L-end shown in Fig. 
5). Digestion of the L-end plasmid with different restric- 
tion enzymes revealed that a linear DNA carrying 
L2 + L3 was also a poorer activator of tetramer forma- 
tion than the intact L-end (data not shown). Thus, on 
long linear DNAs under these conditions, at least three 
end-type MuA-binding sites cooperate in the assembly of 
MuA tetramers. The behavior of the different DNA sub- 
strates as effectors of MuA assembly indicates that MuA 
monomers may be preferentially added to the forming 
complex by binding to DNA. Perhaps on supercoiled 
DNA in the presence of DMSO, nonspecific DNA sites 
can participate as partners in this process. Reducing the 
size of the fragment carrying the MuA-binding sites par- 
tially restored the ability of the L1 and R1 + R2 DNAs 
to support MuA assembly (Fig. 5), indicating that assem- 
bly of the MuA tetramer is sensitive to several different 
properties of the DNA cofactor, including DNA topology 
and length. 

In addition to the cooperation between neighboring 
MuA-binding sites, sites present on the two ends act 
together during assembly. When the time course of tet- 
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Figure 4. MuA protein binds specifically to end-type sites in the absence of divalent metal ions. (A) A MuA protein titration in the 
absence of divalent metal ions and in the presence of 10 mM CaClz or MgC12; (B) Competition experiment to demonstrate the 
specificity of MuA binding by this cross-linking assay. The specific competitor was a duplex 52-bp synthetic fragment containing two 
MuA-binding sites. The nonspecific competitor was a 57-bp synthetic fragment with no Mu sequences. The cross-linking substrate, 
preirradiated for 3 min before its addition to the reactions was also used as a competitor. 
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Figure 5. Tetramer formation on linear samples and frag- 
ments. The plasmids were L1 (pNK5), R1 + R2 (pKN13), and 
L-end (+IAS) (pMK590). Each plasmid was linearized with 
EcoRI for the linear sample (L). pNK5 was cleaved with BamHI 
and EcoRI, and pKN13 was cleaved with BamHI and HindIII to 
make the ~200-bp fragments. The small fragments were syn- 
thetic oligonucleotides (described in Materials and methods). 

ramer assembly on various supercoiled plasmids con- 
taining different numbers and configurations of MuA- 
binding sites was measured, their behavior generally fell 
into two classes (Fig. 6; data not shown). With the first 
class, which included the wild-type plasmid, tetramer 
assembly was completed between 5 and 10 min at 30°C 
(Fig. 6). In contrast, with the second class, the rate of 
tetramer formation was much slower, having a lag of I>2 
min and continuing for >30 min (Fig. 6). The critical 
difference between the DNA substrates in the two 
classes was whether they contained one or two Mu ends. 
The plasmids carrying either the L-end, the R-end, or 
both ends supported similar rates of tetramer assembly 
whether or not they also carried the IAS, indicating that 
it is an interaction between the two ends, rather than 
interactions with the ends and the IAS, that is responsi- 
ble for the faster rate of assembly. 

The reaction time courses shown in Figure 6 demon- 
strate this stimulatory effect of having two Mu ends to- 
gether on a plasmid on the rate of tetramer assembly. 
Both the plasmid containing the R-end alone (R-end) and 
the one carrying the L1 sequence alone (L1) supported 
the slower rate of complex assembly. When these two 
sequences were present on the same plasmid (R- 
end + L1), however, tetramer formation occurred at 
nearly the same rate as on the wild-type plasmid. A dra- 
matic demonstration of this synergy was seen on the 
plasmid carrying two R-ends; on this DNA, tetramer for- 
mation was complete within 2 min. 

The two Mu ends are normally in inverted orientation 
with respect to each other, and this configuration is nec- 
essary for assembly of the SSC under normal reaction 
conditions (Mizuuchi et al. 1992). We therefore checked 

whether the cooperation between the two ends in com- 
plex assembly depended on the orientation of the MuA- 
binding sites. The rate of tetramer assembly was exam- 
ined on a donor plasmid identical to the wild-type DNA 
except that the R-end was inverted. Tetramer formation 
on this plasmid followed the time course similar to that 
of the single-end-containing plasmids (Fig. 6; wrong ori), 
indicating that when the two ends were present in the 
wrong relative orientation they failed to act coopera- 
tively in tetramer assembly. 

Previously, our laboratory has demonstrated that the 
ability of the Mu transposition reaction to distinguish 
the orientation of the Mu end sequences depends on 
structural information gained from the conformation of 
negatively supercoiled DNA (Craigie and Mizuuchi 
1986). The effect of DNA supercoiling on tetramer for- 
mation was therefore analyzed. In the presence of 
DMSO, supercoiling of the donor DNA was not needed 
for efficient formation of the MuA tetramer on the wild- 
type plasmid; the time course of formation of the com- 
plex was not greatly altered by relaxation of the DNA 
(data not shown). In contrast, on the plasmid with the 
ends in the wrong orientation, relaxation of the DNA 
reproducibly accelerated the rate of tetramer assembly 
(data not shown). Thus, under these conditions, negative 
supercoils appear to inhibit the cooperativity between 
the improperly oriented ends. This effect of the Mu end 
orientation and the DNA superhelicity on the kinetics 
rather than the extent of tetramer formation by MuA 
argues that the structure of an assembly intermediate on 
the pathway to the SSC is stabilized by the conformation 
of negatively supercoiled DNA. 
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Figure 6. Time course of te t ramer formation with  different 
DNAs. All reactions contained 15% DMSO, and incubation 
was at 30°C for the t ime indicated before cross-linking. Accu- 
mulat ion of the tetrameric form of MuA was quanti tated as 
described in Materials and methods. The percent of MuA as the 
tetramer was probably overestimated by the quanti tat ion and 
thus should be taken only as a measure of the relative assembly 
efficiency within the experiment. 
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Role of the HU protein in assembly 

The HU protein is required for tetramer assembly under 
normal reaction conditions (Mizuuchi et al. 1992), and, 
in the presence of DMSO, it stimulates the reaction. 
Where and how HU functions in construction of the 
complex was suggested by its effect on tetramer forma- 
tion promoted by the different mini-Mu plasmids in the 
presence of DMSO (Fig. 7). Tetramer assembly on plas- 
raids carrying both ends was stimulated by HU, whereas 
assembly on those carrying only R-end sequences (either 
the entire R-end or just R1 + R2) was insensitive to HU; 
the plasmid containing two R-ends was also not influ- 
enced by HU (data not shown). In contrast, tetramer for- 
mation on the L-end was strongly stimulated by HU (Fig. 
7). The role of HU was not correlated with IAS function, 
as assembly on both the AIAS plasmid and the plasmid 
carrying only the L1 site was clearly stimulated. This 
result suggests that under normal conditions, HU helps 
MuA bound at the L1 site to participate in assembly, 
perhaps by binding and bending the DNA segment near 
L1. The HU protein also stimulated tetramer formation 
on all of the plasmids shown in Figure 3, including the 
L 1 sequence divorced from the adjacent cleavage site and 
the L3 sequence (data not shown). Thus, neither the 
cleavage site nor something unique to the L1 sequence is 
essential for the stimulation of assembly by the HU pro- 
tein. The L 1 site is unique in that it is separated by 70 bp 
from L2. In contrast, R1 and R2 are juxtaposed. Perhaps 
the L-end configuration necessitates the participation of 
HU. 

Role of the IAS in assembly 

Although both the end-type sites and the IAS bind MuA 
and participate in the assembly of the MuA tetramer, the 
data summarized above establishes that their functions 

are distinct. End-type sites alone can activate MuA as- 
sembly, whereas the IAS cannot; multiple end-type sites 
cooperate in assembly but this type of cooperativity be- 
tween end-type sites and the IAS has not been detected. 
The IAS is not very important in the presence of DMSO; 
all of the plasmids that support tetramer formation do so 
equally well in the absence or presence of this "en- 
hancer" sequence. Some hints about the role of the IAS 
are evident, however, in the results of the following ex- 
periment. 

As shown above, the plasmid carrying two R-ends ef- 
ficiently promoted tetramerization of MuA; the time re- 
quired for assembly was shorter than that needed for the 
wild-type plasmid (see Fig. 6). Furthermore, neither HU 
nor the IAS was required (see above). This two-R-end 
plasmid promoted tetramer formation even in the ab- 
sence of DMSO under certain conditions (Fig. 8). Under 
these conditions (see legend to Fig. 8), the wild-type plas- 
mid and AR3 were also active, although plasmids that 
carried a complete L-and R-end, but lacked the IAS, did 
not support tetramer assembly. Thus, as with the re- 
quirement for HU protein, the dependence of assembly 
on the IAS is associated with the L-end. In contrast to 
HU, however, the presence of the IAS on the plasmid 
containing the L-end alone did not stimulate assembly of 
the MuA tetramer (see Fig. 3; data not shown). There- 
fore, we tentatively conclude that the IAS functions to 
assist an L-end in pairing with an R-end. 

Discussion 

The tetramer is an intrinsic form of MuA, 
active for the chemical steps of transposition 

Previous analysis of the structure of the stable interme- 
diates in Mu transposition revealed that the chemical 
steps of recombination are promoted by a tetramer of 

DNA A l A S  A L 2 L 3  R - e n d  L - e n d  R1 +R2 

I " I l ~ l  I I i i I 
HU + --  + - -  + - -  + - + - -  

I I I I I I I I I I 

T e t r a m e r i  

Monomer 

L1 
I f ~ l  

+ - 

I I 

Figure 7. HU helps assembly on the L-end. All 
reactions were on supercoiled donor plasmids in 
the presence of 15% DMSO. Incubation was for 10 
min at 30°C before cross-linking. 
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assembly. Although we do not yet know the basis of the 
effect of DMSO, adding glycerol and lowering the ionic 
strength in the reaction have a similar, but  less dramatic 
effect. These solvent conditions might  ease the confor- 
mational  change in MuA, or the M u A - D N A  complex, 
such that the reaction requirements  are relaxed. It is im- 
portant to note that al though DMSO relaxes the reaction 
requirements,  it does not seem to provide an entirely 
new pathway for MuA tetramer assembly; essentially all 
of the reaction components critical in the absence of 
DMSO still exhibit s t imulatory effects in the presence of 
DMSO under appropriate reaction conditions. Use of 
these relaxed conditions thus allowed the roles of several 
of the factors involved in formation of the SSC to start  to 
be addressed. Our current ideas about the funct ion of the 
different reaction components  in assembly are summa-  
rized in Table 1 and discussed briefly below. 

Figure 8. IAS helps pairing the L- and R-ends. Reactions were 
for 30 rain at 30°C in the absence of DMSO. The reaction con- 
ditions were 25 mM HEPES at pH 7.3, 10 mM MgCI2, 15% glyc- 
erol, and - 120 mM NaC1. Under these conditions, the two-R- 
end plasmid is very active. This is in contrast to our standard 
reaction conditions [25 mM Tris-HC1 {pH 8.0), 10 mM MgC12, 
156 mM NaC1, and 0, 5, or 15% glycerol], in which the wild-type 
plasmid containing an L- and an R-end and the IAS, is more 
active than the two-R-end plasmid. 

MuA protein bound to the ends of the Mu D N A  (Lavoie 
et al. 1991; Mizuuchi  et al. 1992). Under special reaction 
conditions, the requirements  for the assembly of this 
complex are remarkably relaxed; any plasmid carrying at 
least one end-type MuA-binding site will support tet- 
ramer formation. Tet ramer  formation is efficient, and 
tetramers are the most  abundant  mul t imer ic  form of 
MuA produced whether  the D N A  carries one or six end- 
type MuA-binding sites. It was possible that within the 
SSC and CDC, the ability of MuA to be cross-linked as a 
te t ramer was mainly a result of its being bound to 
closely spaced sites on the donor DNA. Specific forma- 
tion of MuA tetramers on DNAs  with  very different 
numbers  and geometries of MuA-binding sites, however, 
demonstrates that  the tetrameric configuration is an in- 
trinsic property of the protein, independent of the struc- 
ture of the D N A  to which it is bound. Under  the relaxed 
conditions for te t ramer  assembly, donor cleavage and 
strand transfer also occur wi th  D N A  that  is normally 
inert for transposition; a single MuA-binding site and a 
CA dinucleotide 4 bp away are al l  that is required. These 
data indicate that  te t ramers  of MuA are active in pro- 
moting recombination, regardless of the pathway by 
which they are formed. 

DMSO relaxes the reaction requirements 

In the presence of DMSO, a Single end-type Mu-A bind- 
ing site on a plasmid is sufficient to promote tetramer 

Roles of the multiple reaction components 
in tetramer assembly 

The 22-bp end-type MuA-binding sites are essential to 
the assembly of the MuA tetramer, as is a divalent metal  
ion and several minutes  of incubation at a relatively high 
temperature.  Binding to its specific D N A  site under 
these reaction conditions apparently potentiates mult i-  
merizat ion of MuA. Tetramer  assembly probably in- 
volves a conformational change in the protein promoted 
by D N A  binding and metal  ions; this step m a y  be re- 
flected in the high activation energy for the assembly 
indicated by its requirement  for incubation above 20°C. 
The role of metal  ions in assembly is not known;  how- 

Table 1. Function of different reaction components 
in assembly 

Reaction component Proposed function 

End-type 
MuA-binding sites 

Mg 2+ or Mn 2 + 

HU 

IAS 

Supercoiling 

IHF 

promote a conformational change in 
MuA required for tetramerization 

required for the enzymatic activities 
of MuA; allows assembly of the 
"active pocket" of the protein 
during tetramer formation 

acts near L1 to allow it to participate 
in assembly 

helps complex formation specifically 
between the L- and R-end 

brings properly oriented L- and R-ends 
together to allow them to 
cooperatively participate in 
assembly; needed to achieve the 
optimal conformation of the IAS in 
the absence of IHF a 

binds to its specific site in the IAS to 
achieve the optimal geometrical 
conformation of this DNA 
segment a 

aSurette and Chaconas (1989); Surette et al. (1989). 
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ever, their requirement for specific binding of MuA to 
the end-type sites has been eliminated. Mg 2 + or Mn 2 + is 
essential for DNA cleavage and strand transfer. There- 
fore, in addition to their role in tetramer assembly, these 
metal ions probably participate in cleavage of the DNA 
phosphodiester bond, as has been described for several 
nucleases that, as with MuA, depend on these ions for 
activity {Beese and Steitz 1991; Suck 1992). Because as- 
sembly of the tetramer activates the protein for the 
chemical steps, the active site or sites on the protein 
may be assembled or uncovered by tetramerization. Per- 
haps the proper conformation of the active site region is 
only achieved, or is significantly stabilized, when metal 
ions and DNA are bound by the protein. 

Apparently once a monomer of MuA is bound to its 
DNA site, it can attract other monomers, perhaps bound 
to nonspecific DNA sites. A similar type of complex as- 
sembly between individual monomers bound to isolated 
single sites is seen for the FLP site-specific recombinase 
of the yeast 2Ix plasmid. On DNA sites that carry only 
half of the normal binding site dyad, binding of one FLP 
monomer recruits another to make dimer and some tri- 
mer and tetramer complexes (Qian et al. 1990; Amin et 
al. 1991). Formation of the dimer by protein-protein con- 
tacts, brings two DNA sites together and forms a com- 
plex active in recombination. Recent studies of FLP mul- 
timers assembled on "half-site" substrates indicate that 
the active site of the protein is actually assembled by 
dimerization of the protein (Chen et al. 1992). Assembly 
of the active site of the protein during multimerization is 
clearly also a possibility with MuA. 

If one function of the MuA-binding sites is to promote 
a conformational change in MuA that is required for 
multimerization, it is easy to envision that on a DNA 
substrate carrying multiple binding sites, depending on 
kinetic parameters and component concentrations, the 
probability of achieving the proper final oligomeric con- 
formation of the protein within a given time could be 
increased. Accelerated formation of the same protein 
configuration is the effect seen by comparing tetramer 
assembly on plasmids carrying a single Mu end, an L- 
and an R-end, and two R-ends, which require - 3 0  rain, 
- 7  min, and <2 min, respectively, to convert 50% of the 
MuA into the tetramer. This phenomenon may be a gen- 
eral explanation for why more protein-binding sites pro- 
mote a more efficient reaction in many instances. For 
example, 20 factor-binding sites may be a better "en- 
hancer" than 10 sites, not because 20 molecules of the 
factor participate in the reaction but because the multi- 
ple sites are more efficient at promoting assembly of the 
factor into an active form. This type of model may also 
explain why DNA-binding sites, apparently redundant in 
function, still participate in reactions and are main- 
tained during evolution. The binding sites at the Mu 
ends and the IAS both contain redundancies; only two of 
the three MuA-binding sites, L2, L3, and R3, are neces- 
sary to support efficient transposition in vitro in the 
presence of the other sites, even under stringent reaction 
conditions (Lavoie et al. 1991), and part of the IAS can be 
deleted (Surette et al. 1989). This presence of redundant 

binding sites also indicates that there are most likely 
redundant pathways for assembly of the protein com- 
plex. 

The end sequences of s o m e  transposable elements 
other than Mu carry multiple protein-binding sites that 
may also promote assembly of the transposition pro- 
teins. The ends of Tn7 are especially reminiscent of the 
Mu ends; the left end carries three repeats of an -30-bp 
binding site for the TnsB protein, whereas the right end 
carries four sites, not all of which are essential for effi- 
cient transposition (Arciszewska et al. 1989; Arcisze- 
wska and Craig 1991). The maize element En/Spm has 
an especially complex array of protein-binding sites at its 
two ends (for review, see Gierl et al. 1989). Multiple, and 
sometimes redundant, copies of a protein-binding site 
are a common feature of replication origins and tran- 
scription control elements as well. Many of these loci are 
known to be sites of assembly of higher order protein- 
DNA complexes (for review, see Echols 1990). 

Although more binding sites are increasingly efficient 
in promoting formation of the MuA tetramer, the orga- 
nization of these binding sites also appears to be impor- 
tant. Both the L- and R-ends carry three end-type MuA- 
binding sites, yet the activity of these two DNA seg- 
ments in tetramer assembly is clearly distinct. In 
contrast to reactions using the L-end, assembly involv- 
ing the R-end does not require HU protein and the pair- 
ing of two R-ends occurs efficiently without participa- 
tion of the IAS under some conditions. The mechanistic 
basis of this functional asymmetry is not known. The 
relative binding affinities, the sequence, and the spacing 
of the end-type sites, however, is different on the two 
ends. The L1 site is unique in that it is separated by 70 bp 
from the nearest site and requires the HU protein to 
function in assembly. The site recognized by the Mu 
DNA packaging protein during phage maturation is jux- 
taposed to L1 (Groenen and van de Putte 1985), perhaps 
preventing a MuA-binding site from occupying this po- 
sition. The R1 and R2 sites are also special in that they 
are the only pair of sites that form a direct repeat without 
any intervening nucleotides. Both of these sites are sta- 
bly bound by the MuA tetramer in the SSC (Mizuuchi et 
al. 1992). Perhaps this close spacing makes R1 + R2 a 
superior promoter of complex assembly. 

In addition to the end-type MuA-binding sites, assem- 
bly of the stable synaptic complex involves those that 
make up the IAS. Although both types of sites function 
during SSC formation, the data presented here demon- 
strate that their roles are distinct. End-type sites activate 
MuA for multimerization, and several different combi- 
nations of these sites cooperatively accelerate the pro- 
cess. In contrast, the IAS alone does not activate assem- 
bly, even in the presence of DMSO, and addition of the 
IAS to either the R- or the L-end plasmid does not accel- 
erate complex formation. Although we cannot yet place 
the role of the IAS in assembly with confidence, it is 
required for formation of the MuA complex on DNA 
carrying an L- and a R-end, under conditions when two 
R-ends work very efficiently without the IAS. We have 
no evidence that the IAS can aid complex assembly by 
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the two R-end plasmid. This effect may  be responsible 
for the observation that in the presence of the IAS under 
stringent reaction conditions, the L-end is better at pair- 
ing wi th  an R-end than is a second R-end. By this mech- 
anism, the IAS could help to ensure that two of the same 
types of ends wil l  not efficiently pair. 

Although superhelici ty of the donor DNA probably in- 
fluences mul t ip le  reaction steps, current evidence indi- 
cates that it plays two especially important  roles during 
assembly of the SSC. The rate of tetramer assembly dem- 
onstrates the cooperative participation of the two Mu 
DNA ends in construction of the MuA tetramer. The 
end-end interaction appears to be stabilized by negative 
supercoiling if the two end segments are in their natural 
orientation. This impact  of DNA topology is further re- 
flected in the inhibi tory effect of DNA superhelicity on 
tetramer assembly wi th  plasmids carrying the two ends 
in the wrong relative orientation. The importance of the 
geometry of negatively supercoiled DNA in allowing the 
Mu transposition reaction to dist inguish the relative ori- 
entation of even distantly located recombinat ion sites 
has been demonstrated previously (Craigie and Mizuuchi  
1986); the reaction step where this selectivity is 
achieved is suggested by the experiments presented here. 
The second important  role of DNA superhelicity is in 
achieving the active conformation of the IAS (Surette 
and Chaconas 1989; Surette et al. 1989). This role can be 
fulfilled by the binding of the sequence-specific DNA- 
bending protein IHF to its recognition sequence in the 
middle of the IAS. Thus, in the presence of IHF, the 
donor DNA needs to be less negatively supercoiled than 
in its absence. As the influence of superhelicity and end 
orientation of tetramer formation can be demonstrated 
under conditions when  the IAS is probably inactive, as 
well as in the presence of IHF (data not shown), these 
two roles of DNA superhelicity in assembly of the SSC 
appear distinct. 

A picture of the events involved in assembly of the 
active tetramer of MuA is emerging. The process appears 
to be fixed to maximize  formation of the tetramer be- 
tween the L- and the R-ends of the Mu DNA when they 
are in the proper, inverted orientation and when the IAS 
is available, whi le  min imiz ing  formation of this complex 
when any of these conditions are not met. The impact of 
DMSO on the transposition reaction reveals the impor- 
tance of the mul t ip le  requirements for assembly of the 
SSC in controlling the reaction. Under these relaxed con- 
ditions, MuA attempts recombinat ion without  the IAS; 
as the IAS is the site of binding of the Mu repressor 
(Mizuuchi and Mizuuchi  1989), control of the transposi- 
tion reaction by the repressor is lost. Perhaps more seri- 
ous, the specificity for the properly oriented Mu ends 
(Craigie and Mizuuchi  1986), and even the requirement  
for a pair of Mu ends (this paper), is lost when tetramer 
assembly is eased. This result reveals that the coordina- 
tion of the chemical  steps that normal ly  exists between 
the two ends of the Mu D N A  is, to a large extent, a result 
of the controlled pathway for tetramer assembly rather 
than obligate to the chemical  steps themselves.  Mu ap- 
parently avoids potential ly deleterious recombinat ion 

events by tightly controlling assembly of the active tet- 
ramer of MuA. 

Materials and methods 

Reagents and proteins 

Buffers, DNAs, and proteins were all as described previously 
(Baker et al. 1991; Mizuuchi et al. 1991). Additional sources 
were DSP (Pierce); azido phenacyl bromide (Fluka); 12sI protein 
A (NEN); Sequenase (U.S. Biochemical); ~X174 RFI (BRL); and 
restriction endonucleases (New England Biolabs). 

DNA 

For all experiments the "wild-type" mini-Mu donor DNA was 
pMK586 {Mizuuchi et al. 1991). The derivatives containing 
fewer MuA-binding sites were of two classes, those made by 
deleting sites from pMK586 and those made by inserting MuA- 
binding sites into the pUC 19 cloning vector. The pMK586 mod- 
ifications were made as follows. (1) AIAS: The IAS was removed 
from pMK586 by removing the BamHI-ClaI  fragment and re- 
placing it with a synthetic linker to make pMK588. (2) Wrong 
orientation: The relative orientation of the two Mu ends on 
pMK586 was switched by inverting the EcoRI fragment that 
carries the entire R-end to make pMK589. (3) L-end ( + IAS) was 
made by deleting the EcoRI fragment containing the R-end from 
pMK586 to make pMK590. (4) L-end (AIAS) was made by delet- 
ing this EcoRI fragment from pMK588 to make pMK588&R. (5) 
R-end (+ IAS) was made by deleting the ClaI-EcoNI fragment 
from pMK586 and replacing it with a synthetic linker (17 bp) 
with complementary ends to make pMK586AL. {6) IAS only was 
made by deleting the EcoRI fragment carrying the R-end from 
pMK586AL to make pMK586ARAL. 

The pUC19 derivatives carrying specific MuA-binding sites 
were as follows: (1) pKN2 carries R1, R2, and R3; (2) pKN13 
carries R1 and R2; (3) pNK10 carries L1, L2, and L3; and (4) 
pNK5 carries only L1. These plasmids were generous gifts from 
Kenji Adzuma and have been described previously (Adzuma and 
Mizuuchi 1988). Three additional plasmids carrying L1 with the 
cleavage site removed, L3, and L3 with the cleavage site added 
were made by inserting the following synthetic oligonucle- 
otides between the BamHI and EcoRI sites of pUC19. The MuA- 
binding sites are underlined. The sequence added upstream of 
L3 is that naturally occurring next to L 1; the A of the cleavage 
site is shown in boldface type. 

L1-CA: G A T C C T G A T T C A C T T G A A G T A C G A A A A A G  
G A C T A A G T G A A C T T C A T G C T T T T T C T T A A  

L3: G A T C C T G T T T C  C T T G A A A A T A C G A A A A A G  
G A C A A A G G A A C T T T T A T G C T T T T T  C T T A A  

L3 + CA: G A T C C T G T A T T G T T T C C T T G A A A A T A C G A A A A A G  

G A C A T A A  C A A A G G A A C T T T T A T G C  T T T T T C T T A A  

The L1 - C A  oligonucleotide shown here was also that used 
as a cofactor for MuA assembly in Figure 5. The following oli- 
gonucleotide carrying two MuA-binding sites was used as the 
specific competitor DNA in Figure 3 and the R1 + R2 oligonu- 
cleotide for promoting tetramer assembly in Figure 5. 

5'-TATTGATT CAC TTGAAGTACGAAAATGTTT CATTAAAAACACGAAAAC CGGG 

3 ' -ATAACTAAGTGAACTTCATGCTTTTACAAAGTAATTTTTGTGCTTTTGGCC C 

Other donor plasmids were AR3 (pKN38), which was made by 
combining the R1 + R2 fragment from pKN13 with the re- 
maining mini-Mu sequences from pKN19 and has been de- 
scribed previously (Adzuma and Mizuuchi 1989); two R-ends 
(pKN37), which is identical to pMK426 {Craigie and Mizuuchi 
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1987) except the flanking host DNA between the two R-ends 
has been replaced with the 526-bp HindIII fragment from SV40 
{base pairs 3476--4002). AL2L3 (pMK587) was made from the 
following components: a 39-bp BamHI-HindIII fragment carry- 
ing L1, the 526-bp HindIII fragment from SV40, an 87-bp syn- 
thetic R-end, and the plasmid DNA vector portion from pKN 19. 
Synthetic DNA substrates used for protein-DNA cross-linking 
are described below. 

Protein cross-linking 

Mu transposition reactions were assembled similarly to those 
used for activity assays except for slight modifications to min- 
imize the presence of free primary amines and disulfide-reduc- 
ing agents. The reaction mixtures {25 or 50 ~1) contained 
pMK586 (70 p~g/ml), MuA (39 ~g/ml), HU (12 ~g/ml), 156 mM 
NaC1, 25 mM HEPES-NaOH (pH 7.8), 15% (vol/vol) glycerol, 
and 10 mM MgCI 2. Reactions also contained 15% DMSO when 
indicated. The assembly of the MuA-DNA complex was 
stopped by the addition of EDTA (pH 8.0) to 20 mM. The reac- 
tions were adjusted to 0.5 M NaC1 to dislodge HU and weakly 
bound MuA and were treated with 200 ~g/ml of DSP for 15 rain 
at room temperature. Cross-linking was stopped by the addition 
of lysine and Tris-HC1 (pH 8.0) to 3 and 25 mM, respectively. 
After stopping the cross-linking reaction, 5 ~1 of each sample 
was mixed with SDS sample buffer lacking any sulfhydryl re- 
agent and loaded on a composite 2% acrylamide/0.5% agarose 
SDS gel as described {Lavoie et al. 1991; Mizuuchi et al. 1992). 
After electrophoresis, samples were subjected to Western blot 
analysis with polyclonal antisera to MuA protein and 12SI-la- 
beled protein A. 

For the time-course experiment (Fig. 6), the amount of the 
MuA present that had been converted to tetramer was quanti- 
tated by both Molecular Dynamics PhosphorImager of exposed 
plates and Scanalytics Master Scan interpretive densitometer 
analysis of the X-ray film with similar results. Each lane of the 
gel was scanned, and the percent of the total radioactivity in the 
lane running at the tetramer position was determined. No at- 
tempt was made to adjust for any possible differences in the 
transfer efficiency or antibody reaction of the tetrameric and 
monomeric forms of the protein or for the effects of DSP con- 
jugation on these processes. We have found recently that during 
electrotransfer of the proteins from the composite acrylamide- 
agarose gel, the efficiency of transfer of the tetrameric and mo- 
nomeric forms of MuA protein are quite different. As a result, 
the percent of total MuA judged to be in the tetramer is probably 
systematically overestimated by this method. Therefore, the 
percent tetramer formation should be used for comparison of 
the assembly efficiency within an experiment but should not be 
taken as an accurate determination of the total amount of MuA 
in the reaction that was converted into the tetramer. 

To address the donor cleavage and strand transfer activity of 
the complexes analyzed by protein-protein cross-linking, sam- 
ples of the reactions {usually removed before protein cross-link- 
ing) were analyzed by agarose gel electrophoresis as described 
previously {Baker et al. 1991). 

UV cross-linking assay for MuA-DNA binding 

A duplex DNA fragment (74 bp) carrying two MuA-binding 
sites, analogous to the R1 and R2 sequences at the Mu R-end, 
was made as follows. A 22-nucleotide DNA oligonucleotide (see 
sequence below) containing phosphorothioate linkages near its 
3' end was made by automated chemical synthesis on an Ap- 

plied Biosystems 380B DNA synthesizer using standard J3-cy- 
anoethyl phosphoamidate chemistry. During synthesis, for the 
first four consecutive cycles, a sulfurizing reagent {Applied Bio- 
systems) was used in place of the standard oxidizing agent. As a 
result of the substitution, the first four bonds at the 3' end 
contained phosphorothioate linkages (underlined in sequence). 
This DNA was used as a primer for synthesis of the rest of the 
Mu end sequence by hybridizing it to a second unmodified oli- 
gonucleotide (74 nucleotides) complementary at the 3' end but 
with a long 5' overhang. DNA synthesis with Sequenase (U.S. 
Biochemical), [32p]dTTP, and unlabeled dNTPs completed the 
double-stranded fragment. In this way, the sulfur groups were 
positioned in the first MuA-binding site, and the DNA was 
labeled with 32p at an adjacent nucleotide. 

5'-CGGAATTCAAGCTTGTATTGTT 
3'-GCCTTAAGTTCGAACATAACAAAGTGAACTTCATGCTTTTGCAAAGTGAACTTCATGCT 

TTTGTCTCTGCAGGC-5' 

The DNA synthesis reaction by Sequenase was stopped with 
EDTA and SDS, the reaction was extracted with phenol, passed 
through a G25 spin column, and the DNA was precipitated with 
ethanol. The DNA was conjugated with the cross-linking re- 
agent azido phenacyl bromide {AZPB) (Fluka) by resuspending it 
in 40% methanol, 20 mM sodium bicarbonate (pH -9), 0.1% 
SDS, and 5 mMAZPB [dissolved initially in dimethylformamide 
(DMF)] and incubated at room temperature in the dark for 1 hr 
(Burgin and Pace 1990). The sulfur in the phosphorothioate link- 
age reacts with the bromide, making a covalent linkage between 
the DNA backbone and the photoactivatable group. Free cross- 
linking reagent was removed from the DNA by phenol extrac- 
tion. Only during and after this conjugation step was the DNA 
handled in low light. 

The MuA DNA-binding reactions contained 25 mM HEPES 
(pH 7.6), 290 mM NaC1, 0.1% Triton X-100, 1% glycerol, -100  
ng of the labeled cross-linking substrate, and 10 mM MgC12 or 10 
mM CaC12, where indicated. MuA and DNA concentrations are 
indicated in the legend to Figure 4. Samples were incubated for 
10 min at room temperature before UV. Irradiation was for 3 
min at 10 cm, using a shortwave UV light ( -  190 ~W/cm2; kmax 
-250 nm). SDS sample buffer was then added, and samples were 
boiled and run on a 10% SDS-polyacrylamide gel (NOVEX) in 
Tris-glycine buffer. 32p Label, shifting to a position in the sep- 
arating gel (not in the stacking gel) and higher in molecular 
mass than MuA, was judged to be the cross-linked complex. 
Under these conditions, the free DNA migrated to the bottom of 
the gel and the percent of the DNA cross-linked was quantified 
by measuring the ratio of free and cross-linked DNA by Molec- 
ular Dynamics PhosphorImager. After DNase treatment of the 
samples, the band of the cross-linked complex disappeared, and 
32p label comigrated with the MuA protein marker (data not 
shown). 
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