1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Nature. Author manuscript; available in PMC 2013 May 15.

-, HHS Public Access
«

Published in final edited form as:
Nature. 2012 November 15; 491(7424): 413-417. doi:10.1038/nature11602.

Structure of the Mu transpososome illuminates evolution of DDE
recombinases

Sherwin P. Montafiol, Ying Z. Piglil, and Phoebe A. Ricel”

1Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, IL
60637, USA

Abstract

Studies of bacteriophage Mu transposition paved the way for understanding retroviral integration
and V(D)J recombination as well as many other DNA transposition reactions. Here we report the
structure of Mu transposase (MuA) in complex with bacteriophage DNA ends and target DNA,
determined from data that extend anisotropically to 5.2/5.2/3.7A resolution, in conjunction with
previously-determined structures of individual domains. The highly intertwined structure
illustrates why chemical activity depends on formation of the synaptic complex, and reveals that
individual domains play different roles when bound to different sites. It also suggests explanations
for the increased stability of the final product complex and for its preferential recognition by the
ATP-dependent unfoldase ClpX. Although MuA and many other recombinases share a structurally
conserved “DDE” catalytic domain, comparisons among the limited set of available complex
structures suggest that some conserved features, such as catalysis in trans and target DNA
bending, arose through convergent evolution because they are important for function.

Mobile DNA elements are important in many aspects of biology, such as disease, evolution,
and the spread of antibiotic resistance, and the recombinases they encode, including MuA,
are useful genetic tools!2. The DNA transposition system of bacteriophage Mu was the first
to be developed in vitro3. MuA, many other DNA transposases, and retroviral integrases
share a conserved RNaseH-like or “DDE” catalytic domain, named for the 3 Mg**-binding
carboxylates in their active sites®. Structural studies have lagged behind biochemical ones:
only 3 family members have been cocrystallized in active, DNA-bound complexes, and only
one with target DNA®-7. Despite mechanistic similarities, only the catalytic domain is
conserved among all of these, and their overall architectures are completely different?. More
examples are needed to understand the diverse ways in which these enzymes harness a
common catalytic domain to accomplish transposition. The richness of the known

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

“Correspondence to: price@uchicago.edu.

Author Contributions: SPM carried out most of the crystallographic work, YZP grew the first diffracting transpososome crystals and
assisted with all other aspects of the project, and PAR designed the project and assisted in computational work and interpretation of
the results.

Author Information:

Coordinates and structure factors were deposited at the PDB, with ID 4fcy. Reprints and permissions information is available at
www.nature.com/reprints. The authors have no competing financial interests.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Montafio et al.

Page 2

biochemistry for Mu, from assembly of the initial complex to targeted disassembly of the
product complex, makes it a particularly informative example for structural studies.

The first steps of Mu transposition (Fig. 1) are common to many other DNA transposition
systems as well as retroviral integration: (1) pairing of the mobile element’s ends by the
recombinase to form a “transpososome” or “intasome,” (2) hydrolytic nicking at the phage-
host junction, and (3) attack of the newly freed 3’ hydroxyls on a target DNA (“strand
transfer”), creating a new connectivity. Bacteriophage Mu uses this mechanism to form a
lysogen, and to replicate when it becomes lytic. During the lytic phase, host enzymes are
recruited to convert the branched product into replication forks, resulting in duplication of
the entire phage genome. However, during initial lysogen formation, the “flanking host”
DNA (gray in Fig. 1) consists only of extra sequences appended during headful packaging.
In this case, a poorly understood signal causes the transposase to cleave both strands at each
genome end, leading to a simple insertion without replication8:°.

MuA is chemically active only when incorporated into transpososomes that pair the two
ends of the phage genome, and thus assembly of this complex is a regulatory step. Mu
transpososomes become increasingly stable as the reaction progressesi®-11, After strand
transfer the complex is so stable that the “enzyme” MuA does not actually turn over. The
strand transfer reaction can only be reversed if the complex is disrupted, for instance by
heating to 75C1213. This may be a thermodynamic necessity for a reaction in which the 15t
step (hydrolysis) is committed, yet the 2" step (strand transfer) is chemically isoenergetic,
with no net change in the number of phosphodiester bonds. In vivo, Mu transpososomes
must be disassembled by the ATP-dependent unfoldase ClpX before DNA replication can
proceed!4-17. Our new transpososome structure suggests explanations for the increased
stability of the final complex and its preferential recognition by ClpX.

Crystallization of the strand transfer complex was facilitated by two observations. First,
despite a lack of target sequence specificity, MuA attacks mismatch-containing target DNA
with single-nucleotide precision (Fig. S1). Second, the natural transpososome assembly
pathway (described below) can be simplified under permissive conditions in vitro. The
resulting active complexes contain 4 copies of the MuA protein and 2 copies of a ~50bp
DNA derived from the phage genome’s right end, each carrying two MuA binding sites
(termed R1 and R2)18:19, Modeling based on the structure of these complexes suggests that
transpososomes formed on full left and right ends are quite similar.

Overall Architecture

Viewed in isolation, the 5 domains of each subunit resemble beads on a string (Fig. S2).
However, when all four subunits are assembled on the DNA, they intertwine to form a
network of protein-protein and protein-DNA interactions (Fig.2 and movie S2). The overall
transpososome resembles a pair of scissors, with the phage end DNAs forming the handles
and the sharply bent target DNA the blades. A 34A resolution EM reconstruction of Mu
transpososomes in the absence of target DNA found a similar V shape, although the arms
were shorter and the accompanying electron spectroscopic imaging predicted a more
contorted path for the DNAZ20. Within the transpososome, most of the individual protein
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domains perform different roles in the R1- vs. R2-bound subunits. Where a system encoded
by a larger genome might evolve two separate polypeptides, phage Mu cleverly re-uses the
same sequence to perform different functions within the complex.

Catalysis and Mu DNA end binding in trans

The catalytic sites lie within domain Ila. In agreement with biochemical studies, only the
R1-bound subunits’ active sites engage with DNA, and they do so in trans: e.g. the dark blue
subunit binds the blue Mu DNA via domains If and y while its active site domain docks at
the red Mu DNA - target junction (the interdomain linkers are too short for any other
connectivity) (Fig. 3). First characterized for Mu transposition?1:22, such trans catalysis is a
recurring theme in DNA transposition, and helps render chemical activity dependent on full
complex assembly4. Domains 1lap of the R2 subunits bridge the two Mu end DNAs and
play a primarily structural role. lla of each R2 subunit interacts with DBD If of the subunit
bound to the R1 site of the same DNA segment, whereas |1 of each R2 subunit binds to the
opposite DNA segment. Biochemical studies had predicted domain 11 to interact with the
target DNA, which does occur in the R1 subunits23.

Domains If and Iy recognize the specific binding sites on the phage DNA ends and their
positions agree with footprinting and mutagenesis data242°, The closest structural match to
MuA’s tandem DNA binding domains is the centromere binding protein CENP-B, which
probably evolved from an ancestral transposase2®. The eukaryotic mariner family Mos1 and
Tc3 transposase structures also include tandem DBDs’:27. In both, contacts between the
DBDs equivalent to MuA’s I8 mediate synapsis of the two transposon ends. In the Mu
transpososome, only the R1-bound DBDs mediate protein-protein contacts: 1 as described
above, and Iy to both lla of the other Mu end’s R1 subunit and Illa of same Mu end’s R2
subunit. The importance of these interactions is underscored by the high sequence
conservation within the interaction surfaces (Fig. S3).

Although the resolution precludes detailed analysis of DNA bending, the path of the
backbone is clear. The R2 site is bent by ~28°, largely through compression of the major
groove around domain Ip, which agrees with DNasel hypersensitive sites, and the CENP-B
— DNA structurel9.2528 The R1 site is less bent (~17°). Stronger bending there would cause
a steric clash between domain Iy of the R1-bound subunit and the 3 barrel (113) of the
adjacent R2 subunit. We propose that the R1 site straightens somewhat upon transpososome
formation. The formation of favorable protein-DNA and protein-protein contacts within the
transpososome could offset the cost of weakening contacts between DNA and domain Ip.

Larger DNA conformational changes may occur on transpososome formation, as implied by
solution experiments that found ~90° bends in monomeric MuA-DNA complexes??. In
monomeric MuA, domain lla could interact in cis with its own If and additional DNA
bending might be induced by electrostatic interactions with 11 and Illa. A different but
stable monomer conformation would raise the energy barrier to spontaneous tetramer
formation, making it more amenable to regulation. It could also prevent premature
encounters between the active site and the DNA.

Nature. Author manuscript; available in PMC 2013 May 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Montafio et al.

Target DNA

Page 4

The target DNA is bent through a total of ~140°. Protein-DNA contacts are mediated by the
R1 subunits’ domains Ila, 11 and Illa and extend to all but the outermost base pairs of the
target DNA, as predicted by footprinting3C. A long loop (residues 410 to 430) extends from
each catalytic domain (I1a) underneath the target. This loop could be fit onto experimental
electron density by a rigid-body rotation from its position in the 2.8A domain llap structure
(PDB ID 1bcm)3L. The positively charged p barrel, domain 11B, interacts loosely with the
outer end of the target. Although poorly ordered, its position is defined by the SeMet signal
from two adjacent Met residues. The relative orientation between domains lla and 113 of the
R1 subunit is shifted slightly from that in the unbound protein and in the R2 subunit. This
alters the connecting loop, which also lies near the target, but could not be modeled. Finally,
the R1 subunits” domain Illas pair to form a coiled coil on the concave side of the bent
target DNA.

Two roles for domain llla

Domain llla, the final ~45 residues in our structure, also plays different roles in the R1 vs.
R2 subunits. It is highly positively charged and binds DNA as an isolated peptide32. The R1
subunits’ domain Illas appear to stabilize the bent target DNA in two ways: (1) alleviating
electrostatic repulsion between the sides of the U-shaped target, and (2) physically trapping
the target DNA within the complex. In the absence of target DNA, they must be either
mobile or in a different location. Since the C-terminus of MuA contains a ClpX binding tag,
rearrangement of the R1 subunits” domain Ills upon target binding could allow ClpX to
preferentially recognize the final strand transfer complex for ATP-dependent disassembly.
Furthermore, it is these endmost subunits that ClpX preferentially unfolds33:34,

Initial transpososome assembly requires domain Illa on the R2- but not the R1-bound
subunits22:3536, The structure suggests that the R2 subunit’s I1la stabilizes the complex by
wrapping around the other subunits near the active site. It may also anchor the flanking host
DNA (Figs. 1 and 3). The construct crystallized included minimal flanking host DNA, but if
extended, it could bind the R2 subunit’s Illa, occupying a spot where symmetry-related
DNA interacts in the crystal. This model agrees with footprinting data that predicted a large
distortion, and would prevent steric clashes between the flanking host and target DNAs10:30,
Domain Illa was reported to have cryptic nuclease activity that might cleave the flanking
DNA flap after the initial insertion reaction832. Alternatively, movement of domain Illa
triggered by an unknown signal) might deliver the uncleaved strand to the DDE site for
hydrolysis.

Transpososomes with full left and right ends

Although the complex that we crystallized is highly active in vitro, its assembly requires
high protein and DNA concentrations or “permissive” solvent conditions!®. The natural
system is more complicated and provides an interesting example of templated complex
assembly. The two ends of phage Mu genome carry different arrays of 3 MuA binding sites
each, and the left end also binds the DNA bending protein HU (Fig. 4). Conversion of an
initial pairing of right and left ends to an active complex is stimulated by transient binding
of the N-terminal domains of several of MuA subunits to an internal enhancer element37:38,
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However, if complexes assembled this way are treated with a high salt wash, an active
complex remains that contains only four subunits of MuA, contacting only the R1, R2 and
L1 DNA sites0.19, Thus the other binding sites are important for assembly but not for the
final activity.

Modeling showed that the functional part of the tetrameric assembly, where Mu ends join to
target DNA, can be identical in the crystallized (R1R2), complex and in the full left + right
complex (Fig. 4). Subunits R1, R2, L1, and domains Il and 111 of the L2 subunit were
modeled directly from the crystal structure. The HU-induced bend allows a single protomer
of MuA to bind the L2 site via domain Ip while its domains Il and 111 form part of the core
complex. Domain ly acts as a linker, which explains why L2 is the only site where Iy
doesn’t footprint2°,

Additional interactions involving the L3 and R3-bound subunits may temporarily hold the
components together while the intertwining of protein and DNA needed to form a
transpososome at the Mu-host junction occurs. We modeled interactions between the L3
subunit’s domain lla and R2’s Iff based on those seen in the crystal between the R2 and R1-
bound subunits. The R3 subunit’s role is unclear, but if the HU-induced bend were relaxed,
similar cross-end interactions might occur between the L3 and R3 subunits.

Topological studies predicted two right-handed superhelical crossings within the
transpososome3%40, One such crossing occurs in the crystal structure, near the junction with
target DNA (R1 over L1 in Fig. 4). A 2"d crossing (L3 over R2) results from the severe bend
induced by HU in the model, in conjunction with a smaller bend in the L2 site. Restraint of
two supercoils within such short segments of DNA helps is consistent observations that
supercoiling stimulates transpososome assembly*Z.

During assembly on intact phage DNA, domain la transiently binds an internal enhancer,
which contains two clusters of MuA binding sites termed O1 and O2. There are too many
degrees of freedom to add the enhancer to our model. However, our model does agree with
data showing that O1-bound proteins interact with both L3 and R1 and that the somewhat
longer O2 bridged to both R3 and L1243, The multiple protein-protein interaction surfaces
of MuA may help stabilize an initial pairing of the phage ends, but interactions between the
wrong partners could slow down the transition to a final, cleavage-ready complex. The
enhancer may stimulate this transition by preventing unproductive interactions among L-
and R- bound subunits as well as by aligning them for productive ones.

Such a baroque assembly process is not limited to Mu: many other mobile elements also
require seemingly “extra” recombinase subunits*4. Although the details vary among these
systems, they may all be using the same fundamental strategy of using additional subunits to
temporarily stabilize pairing of the element end DNAs while a complicated, intertwined
structure forms at the 3’ ends. The additional complexity may also provide additional
opportunities for regulation. Finally, for mobile elements that are present in high copy, it
may help ensure that the two ends paired in a single transpososome belong to the same copy
of the mobile element.
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Convergent and divergent evolution

Many DNA transposases and retroviral integrases share a structurally conserved “DDE” or
RNaseH-like catalytic domain, suggesting divergence from a common ancestor. However,
this is the only domain conserved among these diverse recombinases. Comparison of the
four reported structures of DDE recombinases in complex with substrate DNAs shows that
other recurring features may reflect convergent evolution for functional reasons (Fig. 5). All
four complexes are held together by intertwined networks of protein-protein and protein-
DNA contacts, although different domains mediate those contacts®. Mos1 and MuA do have
structurally related bipartite DNA binding domains, but even those domains form different
protein-protein contacts in their respective transpososomes’.

Despite the diversity of these complexes, catalysis is always in trans: the subunit that
catalyzes DNA cleavage and joining on one mobile element end binds to specific sequences
on the other end. This feature ensures that the chemical reactions at the two element ends are
coordinated, because the complex requires proper pairing of the ends for assembly.

Another recurring feature is strong bending of the target DNA. Target DNA bound the PFV
intasome is also bent, although not quite as severely as that in the Mu transpososome8. The
Mos1 transpososome was crystallized without target DNA, but additional end DNAs found
in the crystal bind where target is expected to, and in a way that requires target bending’.
Modeling of target DNA onto the Tn5 transpososome structure also requires bending, which
agrees with biochemical data for the related Tn10 system®45, Qutside of the catalytic
domain, contacts to the target DNA vary widely among these structures. Why then have they
all evolved to strongly bend the target DNA? As noted for the PFV structure, target bending
may help render strand transfer irreversible by straining the DNA conformation such that the
ends snap away from the active site after strand transfer. This may be a source of the product
binding energy that drives forward the otherwise-isoenergetic strand transfer reaction. The
overall conformation of the target DNA in the Mu transpososome resembles that bound by
IHF. In that case, a nick at the kink does enhance affinity by allowing the ends to spring
apart.

The DDE catalytic domain is thus a conserved module that has been co-opted by numerous
mobile elements to perform similar chemical reactions. However, other similarities in the
way that it has been harnessed to mobilize these elements appear to reflect convergent
evolution to satisfy functional requirements.

FULL METHODS

Overview

We determined the structure of the final strand transfer complex, which contains a tetramer
of MuA, 2 copies of the phage end DNA, and one target DNA (Fig. 2 and movie S1).
Crystallizations used a slightly truncated protein, MuA 77-605, which is active in vitro and
lacks only the N-terminal enhancer-binding domain and the C-terminal domain that interacts
with ClpX and MuB, a second phage-encoded protein that helps deliver an appropriate
target DNA under non-permissive conditions#’. The phage end DNA mimics precleaved
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right ends, and the 35bp target DNA contains a central G:G mismatch. Although MuA
displays little sequence specificity for target DNA, it attacks mismatch-containing DNA
with single-nucleotide precision®. This feature facilitated production of a homogenous
sample for crystallization.

Phases were determined by MIRAS using 3 derivatives. The crystals diffracted
anisotropically to 5.2A, 5.2A and 3.7A along the 3 principal axes. Model building was
possible despite the low resolution because >90% of the protein structure had been
previously determined as isolated domains3148:49. Placement of the protein domains was
verified by SeMet data, and the DNA sequence register by an additional data set collected
from crystals where every T on one strand had been substituted with 5-Br-dU (Fig. S4). No
prior structure was available for domain Illa, which comprises ~45aa that are strongly
predicted to form one long helix followed by a short one. Although density for these helices
was visible, the sequence register is uncertain. The complex lies on a crystallographic
twofold axis such that the asymmetric unit contains half a transpososome. After highly
restrained refinement R and Rgee Were 39.3 and 43.7%, well within the range expected for a
low-resolution structure.

Expression and Purification of the MuA transposase

The pMK599 plasmid, a pET3c derivative that contains the MUA open reading frame coding
for residues 77 to 605, was a gift from the Mizuuchi lab®0. This plasmid was transformed
into E. coli Rosetta pLysS strain (EMD Biosciences) for protein overexpression. After
plating transformants, a starter culture was prepared by inoculating multiple colonies into
LB media (with 100 ug/mL ampicillin) and growing at 37 °C until the ODggg was ~0.7.
Typically, 100 ml of starter culture was prepared per liter of final culture. After the addition
of starter culture to fresh ampicillin-containing LB media, cells were grown to an ODggq of
~0.8, then protein expression was induced with IPTG (added to a final concentration of 0.5
mM). Cells were harvested 2 hours after induction by centrifugation at ~8000g for 10
minutes, and cell pellets were stored at —80 °C for later use.

Cell pellets were resuspended in a lysis buffer (25 mM HEPES [pH 7.5], 1 mM EDTA, 1 M
NaCl, 10% sucrose, 10% glycerol, 5 mM DTT, 200 ug/ml lysozyme, protease inhibitor
cocktail from Roche Diagnostics), sonicated, and centrifuged at 40,0009 for 1 hour (18,000
rpm in a SS-34 rotor). Ammonium sulfate was added to the supernatant to 30% saturation in
order to precipitate the protein. The pellet was collected by centrifugation, and redissolved
in buffer A (20 mM MES [pH 5.5], 0.5 mM EDTA, 5% glycerol, 0.2 M NaCl, and 1 mM
DTT). The protein sample was filtered before loading onto a heparin affinity column (GE
Healthcare). Proteins were eluted with salt gradient from 0.2 M to 2.0 M NaCl. To improve
the purity, MuA-containing fractions were rechromatographed on heparin after dialysis into
buffer A. The protein was then dialyzed into buffer A again and loaded onto a Mono-S
column (GE Healthcare). A gradient similar to that from the heparin affinity purification
was applied. Fractions containing MuA were pooled and dialyzed at 4 °C into 20 mM
HEPES [pH 7.5], 0.5 mM EDTA, 0.2 M ammonium sulfate, 20% glycerol, and 1 mM DTT.
The protein was concentrated to approximately 10 mg/ml, and stored at =80 °C. Minimal
nuclease contamination was detected when samples (0.5 mg/ml final concentration) were
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incubated for 2 hours at 37°C in 10 mM HEPES pH 7.5 with supercoiled plasmid DNA, 50
mM NacCl, and 10 mM MgCl,.

SeMet-labeled MuA 77-605 was prepared similarly except that cells were grown
differently®l: Instead of using LB, the cells were inoculated in M9 media plus 0.4% glucose,
10 mM NacCl, 0.1 mM CaCl,, 2 mM MgSOy,, and 100 mg/ml ampicillin until ODggq reached
~ 0.5. An amino acid cocktail containing L-isoleucine, L-leucine, L-lysine, L-phenylalanine,
L-threonine, and L-valine was then added to a final concentration of 100 mg of each amino
acid per liter. Seleno-DL-methione (Sigma) was also added to a final concentration of 60
mg/liter. The culture was grown for 15 more minutes before 0.5 mM IPTG was added. Cells
were harvested after 3 hours of induction.

Preparation of Mu end and target DNA

Mu end DNA duplexes were designed to contain the R1 and R2 binding sites for MuA. Each
duplex was prepared by mixing four single strands in equal molar amounts. The
oligonucleotides used for the structure determination are listed below:

TL: 5-GCTTGAAGCGGCGCACGAAAAACGCG,

TR: 5-AAAGCGTTTCACGATAAATGCGAAAAC,

BL: 5-AACGCTTTCGCGTTTTTCGTGCGCCGCTTCA
BR: 5-CGGTTTTCGCATTTATCGTGA.

These strands were heated at 80°C for 20 minutes, and annealed by slow cooling to room
temperature. The final concentration of the duplex DNA is 0.2 mM in TEN buffer (10mM
Tris-HCl and 0.5mM EDTA, 100 mM NaCl, pH 8.0). The resulting DNA mimics the
product of initial DNA cleavage by MuA, and has a three-nt 5’-overhang on the uncleaved
strand, and a two-nt 5’-overhang on the other end. Each strand of the resulting duplex is
nicked at a position that does not interfere with transpososome assembly.

The target DNA contains a central mismatch and was designed to be asymmetric to avoid
hairpin formation during annealing. The target DNA was prepared in a manner similar to
that of the Mu end DNA using the following oligonucleotides:

1. 5-TATCGCAACAACACATCGGATAACCATAAGTAATA
2. 5-TATTACTTATGGTTATCGGATGTGTTGTTGCGATA.

All unmodified oligonucleotides were obtained from IDT Technologies. Brominated
oligonucleotides (discussed in the later section) that were used in this study to validate the
sequence of the donor DNA and the location of the target DNA were obtained from Yale
University’s Keck Facility. Since brominated oligonucleotides are photolabile, they were
handled in the dark as much as possible.

Crystallization and Data collection

Strand-transfer complexes were assembled by mixing the target DNA, Mu end DNA, and
MuA protein in 1: 1.4 : 3.7 molar ratios in a solution containing 10 mM MgCl,, 25 mM
Hepes [pH 7.5], 10 mM DTT, 0.02% Zwittergent, 14% glycerol, and 0.2 M (NH4)2SO4.
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This was incubated for at least an hour at room temperature to ensure completeness of the
strand transfer reaction. Although DMSO is usually added to stimulate assembly of
transpososomes with two right end DNAs, we found that it was not necessary at the high
protein and DNA concentrations used for crystallographic work18. Crystallization trials were
then performed using hanging-drop vapor diffusion method: drops contained a 1:1 mixture
of complex stock solution (~2 mg/ml) and well, and were incubated at 19°C. Crystals
appeared in 22-28% (v/v) PEG400, 0.1 M Hepes [pH 7.5], and 0.2 M MgCly, and grew to
their full size in two to four weeks. Tantalum bromide derivatives were obtained by soaking
the crystals of the strand-transfer complex for 1 to 8 days with 0.4 mM [TagBrq2]%* cluster
(Jena Bioscience) in a solution that mimicked the condition of the drop. For derivatization
with mercury, crystals were soaked in 32% PEG400, 0.1 M Hepes [pH 7.5], 0.2 M MgCly,
and 0.1 mM mersalyl acid (Sigma) for 1 to 2 days. For derivatization with selenium,
crystallization setups were done with SeMet-protein. And for that with bromine, the
brominated donor DNA where every thymine on the T-rich strand (oligos BL & BR) was
replaced with 5-bromo-dU was used. All crystals were frozen in liquid N2 directly from the
drop.

Numerous data sets were collected from several different beamlines at the Advanced Photon
Source in Argonne, IL. Many crystals were screened at BIO-CARS 14-BM. All data sets
used for the final phasing and refinement were collected at SBC-CAT 19-ID beamline at
100K temperature. For the SeMet data, data sets collected from two different crystals were
merged to improve completeness of data, especially at the low resolution shells. X-ray data
collected from the native and Ta-derivative crystals were integrated and scaled with

HK L3000 suite and the others with HKL2000%2, A summary of the data collection statistics
is shown in Table S1.

Structure Determination and Refinement

The toehold in solving the structure of the Mu transpososome was a single Tantalum
bromide cluster (Table S1). This cluster was initially found using direct methods in
SHELXD?®3 from a 5-day-soaked Ta-dataset, and was consistent with the anomalous
difference Patterson maps®* generated from other Ta-datasets where crystals were soaked
for 1, 3, 5, 7, and 8 days. SIRAS phases from this one cluster were generated using
MLPHARE and were utilized in anomalous difference Fourier methods to determine the
substructure for the mercury derivative®. We used SIRAS phases calculated from the Hg
derivative to independently confirm the Ta site. Following several rounds of difference
Fourier calculation, we were able to locate the rest of the heavy atoms. Final MIRAS phases
were generated from 4 [TagBri»]?*, 3 Hg, and 17 Se sites. Reasonable figures of merit were
obtained prior to density modification: 0.41 for centric and 0.25 for acentric reflections.
With 77% solvent in the crystal, further phase improvement was achieved by density
modification using Parrot®6. Electron density maps generated showed clear density for the
DNA as well as tubular densities that represent protein helices. The protein structure was
initially modeled by docking previously determined structural domains (I, Iy, and catalytic
domains) of the MuA transposase into the density using Se peaks as markers. The bromine
sites, despite not being included in calculating phases due to the low resolution of that data
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set, were particularly useful in guiding the model building for the donor DNA. We also have
a low resolution dataset from a crystal that contains a symmetric brominated target DNA:

5-TATCGCAACAACACATCGGATGTGTTGTTGCGATA.

Bromine peaks obtained from this particular crystal was useful in confirming the location of
our target DNA (Figure S4).

The transpososome lies on a crystallographic twofold axis such that the asymmetric unit
comprises half of a transpososome: two MuA protomers, one Mu end DNA, and %% target
DNA. The initial model revealed possible loose contacts between two crystallographically-
related copies of domain I (a B-barrel). To improve the diffraction of our crystals, we
engineered three sets of mutations (Quikchange, Stratagene) in that region of contact: a
single M521W mutation and two double mutations, M521W/N525L and M521L/N525L.
The latter led to an improvement of the resolution along the best diffracting axis of our
“native dataset” from 4.2 to 3.7 A. The structure was modeled in COOT®’, and refined using
PHENIX58, Density was visible for several sections that unfortunately could not be modeled
due to the resolution: e.g. the linker between domains I and Iy lies in the minor groove as
seen for Mos1 and CENP-B, and the region around the 3" active site residue of the R1-
bound subunits, which clearly changes conformation from the inactive form seen in isolated
domain Il structures. Multiple restraints were employed during refinement due to the low
resolution of the data. These include H-bond restraints on the DNA base pairs, secondary
structure restraints, model restraints where models of the individual domains of the MuA
transposase were obtained from the PDB, NCS restraints, and Ramachandran restraints.
Nine TLS groups were used: 1) R1p and the DNA with which it is interacting, (2) R2p and
DNA, (3) R1y and DNA, (4) R2y and DNA plus R2-domain Illa, (5) R2-domain 11
including the B-barrel, (6) R1-domain Il without the B-barrel, (7) R1-p-barrel, (8) R1-domain
I, and (9) target DNA including the sequences after the CA step in the donor DNA (that
do not interact directly with the DNA binding domains). As categorized by PROCHECK,
the % of residues in the following regions of the Ramachandran plot were: favored/allowed/
generous/disallowed = 93.8/5.4/0.2/0.5. Several variations on this protocol were tried.
Simply removing the Ramachandran restraints made very little difference, probably because
most of the model was already restrained to previously-determined domain structures. The
unrestrained Ramachandran plot statistics were: favored/allowed/generous/disallowed =
90.1/9.0/0.4/0.5, and Rwork/Rfree were 40.1/43.6% (as opposed to 39.3/43.7% with
restraints). Superimposing the two structures (refined +/— Rama restraints) revealed some
slight differences in residues 347 to 356. This is the region where Ramachandran outliers
were observed. However, upon inspection of the experimental map and the difference maps,
it was difficult to discern which was more correct. Hence, we are choosing to report a
structure that has better geometry. We also tried refinement with DEN®?, but it only
improved the Rfree by 0.3% and greatly degraded the Ramachandran plot. Our structure
may be an unusual test case for DEN because of the low resolution of our data and the high
quality of our individual domain models.

During the initial rounds of refinement, progress stalled when R¢ce Was ~49%. However,
after ellipsoidal truncation and anisotropic scaling were performed on the native dataset
using the Diffraction Anisotropy server®?, the Ryee considerably improved to ~44%. The
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server truncated the dataset to 3.7 A along c¢* and 5.2 A along a* and b*. The final refined
structure has an Ryyork and Rgree 0 39.30 and 43.70, respectively.

Modeling the full transpososome

To model the full complex, additional model B-form DNA coordinates was created using
the W3DNA serverl, DNA and protein coordinates were manipulated in both pymol and
coot. Subunits R1, R2, L1, and domains Il and 111 of the L2 subunit in the model could be
taken directly from the crystal structure. To model the other subunits, we docked domain I8
of the R2 subunit and the DNA segment it binds onto the appropriate site in the modeled
DNA. The L1 and L2 binding sites are separated by an ~80bp segment where the DNA
bending protein HU binds. Modeling of the HU-induced bend was based the structure of a
closely-related IHF-DNA complex and on footprinting data for HU synergistically bound
within this loop%2:63. Modeled DNA for the L end was broken and appropriate sections
abutted to the ends of the DNA in the IHF-DNA structure. We justified some additional
bending of the DNA on the L2 end of the HU site based on the symmetry-related DNA in
the IHF structure, and the fact that IHF- and HU-induced bends are known to be flexible.
Bending of the model DNA in the L2 binding site was based on bending seen
crystallographically in the R2 site. In modeling the R3-bound subunit, the other domains
simply followed I as a rigid body, which gives only a rough placement of domain Il. For
the L3-bound subunit, we modeled an interaction between its domain Il and the R2 subunit’s
domain If3 based on the Il — Ip interactions seen in the crystal.

Figures were prepared using Pymol (The PyMOL Molecular Graphics System, Version 1.3
Schrédinger, LLC.)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transposition pathway and structure determination. a) Cartoon of transposition. The

transposase (MuA) pairs the phage genome ends (blue and red). At each end, the same
active site catalyzes the attack of H,0O at the phage-host junction and then the direct attack
of the phage 3’-OH on target DNA (“strand transfer”). Target binding is nonspecific, and
there is a 5 bp stagger between the sites of attack. Host and target DNAs may be entire
circular replicons. After the ATP-dependent unfoldase ClpX disassembles the final strand
transfer complex, the 3’ hydroxyls are used as replication primers, resulting in duplication of
the phage genome. Our crystals contain the strand transfer product (3™ panel). b) Domain
structure of MuA. c) Experimental electron density map after phase improvement with
Parrot superimposed on the model (contours are 1.2 and 20).

Note: part a was originally drawn in Illustrator, and an editable pdf can be supplied if
needed. Part b was drawn in Word.
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Figure 2.
Transpososome structure. The complex sits on a crystallographic twofold (vertical) that

relates the blue and red halves. The pale- and dark-colored subunits adopt different
conformations within the homotetramer. DNA colors match Figure 1. a) Cartoon. Catalytic
sites are marked as yellow and tan stars (facing the viewer or the background, respectively)
and domains of the blue subunits are labeled. b) Ribbon drawing, with the scissile phosphate
groups shown as yellow spheres. ¢) Same drawing as in B, rotated ~90° about a vertical axis.
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Figure 3.
This is a stereo pair.

Stereo close-up of interactions near the Mu DNA-target junction. Colors are the same as in
Figure 2. A segment of DNA from a symmetry-related complex (yellow) binds the
positively-charged domain Illa of the R2-bound subunit (cyan). If the red Mu end DNA
were extended to include flanking host DNA, it could lie where the yellow DNA does. The
yellow sphere marks the phosphate group at the Mu-target DNA junction, and the main
chains of the two active site D’s are also yellow (a third active site residue lies on a helix
that could not be modeled). The loop that extends from domain lla aa 410-430) to interact
with the black target DNA is circled on the red subunit.
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Figure4.
Model for a transpososome assembled on full left (reddish) and right (blue) bacteriophage

ends. The N-terminus of each domain If is marked with a red sphere to show the
approximate position of domain la, which transiently binds the enhancer. Domains
discussed in the text are labeled. Inset: cartoon of the bacteriophage Mu genome ends and
internal enhancer element.
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Figure5.
Comparison of DDE recombinase-DNA complexes. The mobile element ends are red and

blue and target DNA (where included) is black. Subunits that carry out the chemical
reactions are red and blue; additional subunits pink and cyan. Active site residues, scissile
phosphate groups, and the two f strands of the conserved catalytic domain that carry the
catalytic D’s are in yellow. Mos1 is a TcI/mariner family eukaryotic DNA transposon; Tn5
is a bacterial DNA transposon, and Prototype Foamy Virus (PFV) is a mammalian
retrovirus®’. Mos1 and Tn5 require only a dimer for activity, whereas Mu transposase and
PFV integrase require tetramers. In the PFV structure, only the catalytic domains of the
additional subunits were visible (pink and cyan).
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