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ABSTRACT. X-ray cocrystal structures of Briransposase (Tnp) bound to its 19 base pair (bp) recognition
end sequence (ES) reveal contacts betweg#iamp (amino acids 240260) and positions 3, 4, 5, and 6

of the ES. Here, we show that mutations of residues in this loop affecirbotho andin vitro transposition.

Most mutations are detrimental, whereas some mutations at position 242 cause hyperactivity. More
specifically, mutations to thg-loop affect every individual step of transposition tested. Mutants performing

in zivo andin vitro transposition less efficiently also form fewer synaptic complexes, whereas hyperactive
Tnps form more synaptic complexes. Surprisingly, two hypoactive mutations, K244R and R253L, also
affect the cleavage steps of transposition with a much more dramatic effect on the second double end
break (DEB) complex formation step, indicating that fhlwop likely plays an important roll in positioning

the substrate DNA within the catalytic site. Finally, all mutants tested decrease efficiency of the final
transposition step, strand transfer. A disparity in cleavage rate constaiitt® for mutants with changes

to the proline at position 242 on transposons flanked by ESs differing in the orientation of{hddése

pair at position 4 allows us to postulate that P242 contacts the position 4 nucleotide pair. On the basis of
these data, we propose a sequential model for end cleavagé itransposition in which the uncleaved

PEC is not symmetrical, and conformational changes are necessary between the first and second cleavage
events and also for the final strand transfer step of transposition.

Transposition is the process of moving DNA from one containing one cleaved end and one uncleaved end is referred
location to another. Th is a well-studied composite, to as the single end break complex (SEB). (The hairpin
prokaryotic transposon consisting of two insertion sequences,within the SEB is resolved by the nucleophilic attack of a
IS50R and IS50L, flanked by 19 base pair (bp) inverted second M@™-activated water molecule. Cleavage of the DNA
repeats termed outside ends (OEK) (S50R encodes the at the second OE/dbb junction then proceeds in the same
transposase (Tnp), the only protein required for transpositionfashion creating a blunt-ended transposon with frée 3
in this system %). Tn5 is mobilized using a cut-and-paste hydroxyl groups (Figure 1B, column 2). The synaptic
mechanism in which the transposon is completely removed complex containing two cleaved DNA ends is referred to as
from its original location before being inserted into a new the double end break (DEB) complex. Following cleavage,
DNA site (3). the DEB complex captures a nonspecific DNA target and

Following translation, Tnp initially nonspecifically inter- ~ inserts the transposon in a non-concerted fashion resulting
acts with DNA but then localizes the OE by both inter and in 9 bp duplications (Figure 1A and ref 9)f (10, 11).
intramolecular transfer, possibly via a looping mechanism  X-ray crystal structures have been solved for both DEB
(Figure 1A; Adams, C. D., personal communication and ref complexes containing OEs and a Tnp analogue, the inhibitor
4 (4)). The OE bound Tnps then form a dimeric synaptic protein (Inh) (2—16). Interestingly, amino acids 24®60
complex, the nucleoprotein complex required for catalysis are disordered in the absence of the OE (as in the Inh
(5—7). Following synapsis, cleavage occurs at one OE/ structure) but form g-loop in the DEB complex structures
flanking donor backbone (dbb) DNA junctior-1) followed (Figure 2). Various amino acids within thiloop contact
by the other. First, a water molecule activated by?Mg differing moieties of nucleotide pairs 3, 4, 5, and 6 of the
attacks the phosphodiester backbone of one DNA strand atOE, and thefS-loop acts as a clamp, holding the DEB
the+1 location, resulting in the generation of al§droxyl complex together.
group (Figure 1B, column 1). This' Biydroxyl group then Previously, a hyperactive 19 bp Tnp recognition end
attacks the opposite DNA strand creating a hairpin interme- sequence (termed the mosaic end (ME)) was constructed,
diate and releasing the dbb DN&)( The synaptic complex  which differs from the OE at three positions: 4, 17, and 18
(17). The hyperactivity was shown to stem from the

f This work was supported by NIH grant GM50692 to W.S.R (M.S.  orientation of the adenirethymine (A—T) bp at position 4

and J.D.M). 15). When T was located on the non-transferred strand

(
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Ficure 1: (A) Mechanism of T8 transposition. TB Tnp initially interacts with DNA in a non-specific manner followed by OE localization

via inter and intramolecular transfer. The OE bound Tnps then form a dimeric synaptic complex. Cleavage of the transposon from the
flanking or donor backbone (dbb) DNA occurs within this complex by a two step sequential process (see B). Following cleavage, the
double end break (DEB) complex captures a non-specific target and integrates the transposon resulting in 9 bp duplications. The Tnp is
represented by a gray oval, and the OEs are shown as light gray rectangles. The 9 bp duplications are repré¢séB)eddme detailed
description of the cleavage step ofStmansposition. The cleavage site is marked whith, and the Tnp has been omitted for clarity. First,

a Mg?" activated water molecule attacks the phosphodiester backbone of the transferred strand (Figtidergpalting in the formation

of a 3 hydroxyl group. This 3hydroxyl group then attacks the non-transferred strand (Figure 2) directly opposite of the initial nick,
creating a hairpin intermediate. The resulting complex is referred to as the single end break (SEB) complex. The hairpin is resolved by
attack of another Mg activated water molecule, completing cleavage at this end of the transposon. Cleavage at the second end occurs via
the same mechanism resulting in the double end break (DEB) complex and is shown in the second column. The DEB complex is competent
for target capture and strand transfer.

the ME, no contacts are observed between the F+gop

and the base pair at position 26]. This led us to conclude
that the contact between Tnp and the ME necessary for
hyperactivity must occur at a transposition step preceding
that observed in the crystal structures.

To investigate this further, mutations were made to
residues in thgg-loop, and their affect on Thtransposition
was tested botlin vivo andin vitro. Also, the individual
steps of transposition, synaptic complex formation, cleavage,
and strand transfer, were examined more rigorously using
only purified Tnp, small fluorescently labeled oligonucle-
otides containing either the OE or the ME, Mgand a target
DNA to reconstitute these steps of Stmanspositiorin vitro.

From these experiments, we learned that contacts between
i 2N residues in th@-loop and the recognition end sequence (ES,
transferred 7 W non-transferred either the OE or ME) are important for multiple steps in

strand strand Tn5 transposition. More specifically, mutations to K244 not
FicUrRe 2: Magnified view of contacts between Tnp and base§1  only affect synaptic complex formation but also slow
of the ES in the Tnp-ES cocrystal structure. The Tnp is representedcatalysis and strand transfer. The mutation of R253 to a
in green ribbon format, whereas the DNA is shown in orange, and |eycine has a similar affect. In addition, mutations to K244

the base pairs are numbered appropriately. Catalytic triad residues
Asp97, Aspl88, and Glu326 together with other important amino and R253 have more severe effects on the second DNA

acids are represented in yellow ball-and-stick format and are labeled.cleavage event compared to those the preceding first DNA
Transferred and non-transferred DNA strands are also labeled. Thecleavage event. Changing Q243 to a glutamate or R256 to a
Tnp-loop contacting bases-3 of the ES is accented with ablack  |eucine not only decreases synaptic complex formation
box. efficiency but also alters the type of complexes observed.
Two mutants with changes at amino acid P242, P242A Tnp,
formation was much less efficiert). Interestingly, in X-ray and P242G Tnp are hyperactivie »izo andin vitro and
crystal structures of the DEB complex containing the OE or form more synaptic complexes than the control Tnp. Interest-
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ingly, these mutants perform the strand transfer step of of the $-loop mutant) by adding gL of each reaction to 4
transposition less efficiently, indicating that increased syn- uL of 1% SDS. Following completion of the time course, 4
aptic complex formation must more than compensate for uL of 6X loading dye (30% glycerol, 0.25% bromophenol
defects in later steps of transposition. Becausesthmop is blue, and 0.25% xylene cyanol) was added, and the time-
not in the catalytic core and, therefore, cannot directly affect points were electrophoresed on a 1.3% agarose gel followed
the catalytic steps of transposition, we suggest that confor-by visualization of reaction products by ethidium bromide
mational changes necessary for catalysis require interactionstaining. This reaction was repeated three times for each
between the Tngs-loop and the ES. Finally, additional —mutant. The percentage of supercoiled substrate remaining
mutations were made at P242, and all were found to beat each timepoint was then quantitated using Total Lab
hyperactivein vitro with a ME flanked transposon. Con- software. These percentages were plotted versus time and
versely, only P242A Tnp, P242G Tnp, P242L, and P242V fit to a single phase exponential decay equation

were found to be hyperactive on an OE flanked transposon.

These data indicate that P242 may contact position 4 of the y=axe ™+p 1)

ES. A model encompassing these observations will be

presented. wherea = the amplitude,b = the plateau, and = the
observedin vitro transposition rate constant. Both the

EXPERIMENTAL PROCEDURES observed rate constant and the standard error of the rate were

determined for each mutant using this fit.

PEC Formation AssayPaired ends complex (PEC)
formation with Tnp mutants was assayed essentially as
described 15). Forty nanomolar fluorescently labeled 60-
bp double stranded oligonucleotide containing the ME

Site Directed Mutagenesi&ll DNA manipulations were
performed inEscherichia colistrain DH%x (18). All DNA
polymerase chain reaction (PCR) primers were obtained from
Integrated DNA Technologies (IDT). All mutant Tnp con-

structs contain hyperactive E54K and L372P mutatid®s ( (sequence in ref 1516)) was incubated with 175 nM Tnp

20) and the M56A mutationa(). in 20 mM HEPES (pH 7.5) and 100 mM potassium
All point mutants were constructed by overlap PCGR)( glutamate for 1.5 h at 37C. The loading dye was added,

Bases corresponding to amino ac_ids&368 were amplified and PECs were separated from unbound DNA by electro-
from pRZ10300 §) by PCR using Pfu polymerase and phqresis on a 7% native gel. Complexes were visualized

internal mismatched primers containing the point mutation. using a Typhoon 9410 Variable Mode Imager.
The external primers includedotl andNhelrestriction sites Cleavage AssayTo examine cleavage for Tnp (control)

in the Tnp gene. The PCR products were digested Wati K244R, R253L, P242A, P242G, P242V, and P242L Tnps,

andNheland cloned into the largiotl—Nhelfragment of 44 1 fluorescently labeled 60-bp double stranded oligo-
PGRYTB35 @). All proteins used in this study were purified 1 ,cjeotide containing the ME was incubated with 175 nM

to homogeneity at the same time using the same previously—rnp in 20 mM HEPES (pH 7.5) and 100 mM potassium
described method4]. It should be noted that the protein glutamate for 1.5 h at 37C. A 20 uL aliquot was then
referred to as Tnp throughout this article contains the above .o moved before adding MgAc to a final concentration of 10
mentioned hyperactive E54K and L372P mutations as well ,,n1. Then, 20uL timepoints were taken from 45 s to 1 h

as the M56A mutation. and added to %L of cold gel loading dye. The cleavage
Transposition Assay in V0. Thein vivo papillation assay  products were electrophoresed on a 7% native polyacryamide
was performed essentially as describezB)( Plasmids  gel and visualized using a Typhoon 9410 Variable Mode
expressings-loop mutant Tnps (or the control Tnp) were |mager. The bands corresponding to PECs, single end break
transformed into ark. coli strain containing a transposon (SEB) complexes, and double end break (DEB) complexes
with a promotorlestacZ gene. These cells were then plated ere quantitated relative to each other using Image Quant
on minimal media containing X-gal (Sigma), phergb- Total Lab Software and plotted versus time to visualize the
galactoside (Sigma), ampicillin (10@/mL), and tetracycline  effect of the mutations on DNA cleavage. The data corre-
(10ug/mL). Following overnight incubation at 3T, single  sponding to a decrease in PECs over time was fit with single-
colonies were replica plated onto these same plates so as t@xponential decay eq 1. The data corresponding to the
give each colony equal resources. Plates were then incubategariation in both SEB and DEB complexes over time were
for 3—5 days at 30C to allow the production of blue papilli.  fit with a point-to-point spline.
The number of papilli observed for each mutant Tnp was  Strand Transfer AssayTo examine strand transfer ef-
then qualitatively compared to that of the control Tnp to ficiency for Tnp (control), K244R, R253L, P242A, P242G,
determine an approximate increase or reduction in activity. p242v, and P242L Tnps, 25 nM fluorescently labeled 40-
Photographs were taken following overnight incubation at pp double stranded oligonucleotide containing the ME but
4°C. no donor backbone DNA (sequence in ref 1E)j was
Transposition Assay in VittoThe in vzitro transposition incubated with 150 nM Tnp in 20 mM HEPES (pH 7.5) and
assay was performed essentially as describgdl0 assay 100 mM potassium glutamate for 1.5 h at 32 to form
Tnp activity on the mosaic end (ME),12.5 nM pKJ#5{ post-cleavage PECs. A 24 aliquot was then removed from
was incubated with 100 nM Tnp in 20 mM Hepes (pH 7.5), each reaction and separated on a 7% native polyacrylamide
100 mM potassium glutamate, and 10 mM magnesium gel to assess post-cleavage PEC formation for each mutant.
acetate (MgAc) buffer at 37C. To assay Tnp activity on  To the remaining reaction, MgAc was added to a final
the outside end (OE), 12.5 nM%) was incubated with 250  concentration of 10 mM, and supercoiled pUC19 was added
nM Tnp in transposition buffer at 37C. Timepoints were  to 100 nM. Then, 1QL timepoints were removed from 0
taken for varying lengths of time (depending on the activity to 24 h, added to &L of 1% SDS, and heated at 8& for
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5 min. Agarose loading dye (@) was then added, and the A
timepoints were placed at20 °C. The two strand transfer

products, single end strand transfer (SEST) and double end u s@
strand transfer (DEST) were separated together with the e
unreacted substrate by electrophoresis on a 2% agarose gel.

Control R253L

Strand transfer products were then visualized using a Q243E R236L
Typhoon 9410 Variable Mode Imager and were quantitated
using Image Quant Total Lab Software. The initial rate of
strand transfer was then assessed by plotting the fluorescence
K244E K244R

units (FUs) corresponding to the DEST product versus time
for the first 5-6 timepoints and fitting the data to a first- D
order polynomial '

y=mx+b ) K244A Control

wherem = the slope andb = the y-intercept. In this case, ; ‘ *
the slope corresponds to the initial strand transfer rate
constant for each Tnp.

B
RESULTS Control

Analysis off-Loop Mutants in Vio. Previous cocrystal
structures of Th Tnp paired ends complexes (PECs) show
a f3-loop (amino acids 246260) of Tnp contacting nucle- P242A P242G
otide pairs 3-5 of the recognition end sequence (E$3,( : - .
15, 16) (Figure 2). To understand the biological relevance ‘ﬁ - » “
of these interactions, mutations were made to several amino
acids in thisg-loop. The mutations were designed to study P242v P242L
both Tnp-base specific contacts and TAPNA phosphate
backbone interactions. Also, each amino acid was only
changed minimally so as to specifically determine the amino

acid requirements "f‘t EQCh posi_tif)n. Ficure 3: (A) Papillation assay showing transposition activity for
To measure then wvivo activity of each mutant, a  hypoactive Tnps. Th@-loop mutant Tnps (or control Tnp) were

papillation assay was performe@3. In this qualitative expressed in ai. colistrain with a promoterledacZ gene flanked

colorometric assay, the ability of Tnp to transpose a by outside ends (OEs). The Tnps move this transposon (Tn) to new

) . locations in the genome with some frequency, and when the Tn is
promoterlesdacZ gene flanked by outside ends (OES) is jnserted in the pr%per orientation and regding ?ra,ﬂﬁgalactosidase
assessed. When the Tnp expressed in trans can mobilize the produced. When X-gal and a lactose analogue are included in
transposon and insert it downstream of an active promoterthe media, cells capable gfgalactosidase production appear as

: e . the activity level of the Tnp. The control Tnp, shown in both the
Is produced. This is observed as blue papilli among Othertop left and bottom right corners, causes enough transposition so

lacZ minusE. coli when X-gal and pheny-p-galactoside  that the entire colony appears blue. The R253L mutation causes
are included in the media. The number of papilli corresponds an approximately 3-fold reduction in papillation, whereas the Q243E
to the activity level of Tnp. and R253L mutations completely abolishvivo transposition. The

. K244R mutation causes an approximately 2-fold reduction in
This assay was performed for sevefaloop mutants. papillation, whereas the K244A mutation causes a 10-fold reduction.

Figure 3A shows the activity level of mutants found to be The k244A mutation completely abolish@s vizo transposition.
hypoactive compared to that of the Tnp control. The K244R (B) Papillation assay showing transposition activity for Tnps with
mutation results in approximately 2-fold reduction in papilli mutations to P242. It should be noted that alth_ough the COI_‘ltI’0|
formation, whereas the K244A mutation reduces papillation Tnp, shown in the top left corner, seems less active than that in A,

. . this is due to a shorter incubation time for th&seoli. Both P242A
approximately 10-fold. The K244E mutation completely and P242G have approximately 2-fold more blue papilli than the

abolishesn vivo transposition. The removal of charge from  control Tnp, indicating that these mutant Tnps are hyperactive.
the side chains of two arginine residues (253 and 256) cause$242V and P242L have approximately the same number of papilli

an approximate 3-fold reduction in papillation for R253L as that of the control Tnp.
Tnp and complete loss of activity for R256L Tnp. The

Q243E mutation also causes the inactivation of Tnp. Ana|ysis ofﬁ_Loop Mutants in Vitro.To observe then
Figure 3B shows the activity level of mutants at position wuitro activity of the g-loop mutants, purified Tnps were
242, found to be hyperactive compared to that of the Tnp incubated with a supercoiled plasmid (pKJ4) containing a
control. It should be noted that although the Tnp control transposon (Tn) flanked by mosaic ends (MESs) in transposi-
seems less active in Figure 3B than in 3A, this is because oftion buffer containing magnesium (Mg. A schematic of
a shorter incubation time for the control in Figure 3B. The this reaction is shown in Figure 4A. Aliquots of the reactions
mutation of P242 to either alanine or glycine results in were stopped at timepoints by the addition of SDS to
significant hyperactivity, whereas mutation to isoleucine or denature the Tnp, and the reaction products were separated
leucine results in only a marginal increase. on an agarose gel. The contiolvitro reaction with Tnp is
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Ficure 4: (A) Schematic of thén uitro transposition reaction. Supercoiled plasmid pKJ4 was incubated with either the control Tnp or
B-loop mutant Tnps in buffer containing Mg Over time, this results in nicking of pKJ4 followed by cleavage of the plasmid into transposon

(Tn) and donor backbone (dbb) reaction products. The Tnp end sequences (ESes) are shown as black rectangles. (B) Tiweltre hour
transposition time course for the control Tnp. The supercoiled pKJ4 substrate and all reaction products are labeled as in A. (C) Twenty-four
hourin vitro transposition time course for R253L Tnp. The supercoiled pKJ4 substrate and all reaction products are labeled as in A. This
reaction is shown as an example of the hypoagfileop mutant Tnps. (D) Twelve hoim vitro transposition time course for P242L Tnp.

The supercoiled pKJ4 substrate and all reaction products are labeled as in A. This reaction is shown as an example of the hyperactive
pB-loop mutant Tnps. (E) Percent supercoiled pKJ4 quantitated at each timepoint for each reaction. These percents were then plotted versus
time and fit to an exponential decay equation to determine the observed cleavage rate dopstéete, the data and fits for the control

Tnp (green), R253L Tnp (purple), and P242L Tnp (red) are shown. The inset shows magnification of timep@mid. (F)kops for
eachp-loop mutant together with the standard error of each fit.

shown in Figure 4B. An example of am zitro transposition pB-loop mutant is reported in Figure 4F together with the

reaction with a hypoactive Tnp is shown in Figure 4C standard error of each measurement. All hypoactive or

(R253L Tnp), whereas an example with a hyperactive Tnp inactive in vivo transposition mutants show either no

(P242L Tnp) is shown in Figure 4D. detectable (ND)n vitro activity (Q243E Tnp and K244E
To quantitate the effects of thg-loop mutations, the  Tnp) or reducedn vitro activity (K244R Tnp, K244A Tnp,

percentage of supercoiled substrate pKJ4 at each timepoinR253L Tnp, and R256L Tnp) compared to that of the control

was calculated and plotted versus time. These data were theffnp. These results correlate well with vivo results, even

fit to an exponential equation to obtain the observed reaction though a ME flanked transposon was used foritheitro

rate constantlgpy). Figure 4E shows the analysis of the experiment. All mutations to the P242 residue were hyperac-

control Tnp, P242L Tnp, and R253L Tnp. Thgsfor each tive compared to the Tnp control, but the alanine, valine,
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Ficure 5: (A) Schematic of paired ends complex (PEC) formation. A 60 bp fluorescently labeled, ES-containing oligonucleotide was
incubated with Tnp to form PECs. The fluorescent labels at tten8 of each oligonucleotide are represented with *. The 19 bp Tnp ES

is shown as a black rectangle. The Tnp cleavage site at the Tn/dbb junction is markedt#itlig) PEC formation with the control Tnp

and the hypoactivg-loop mutants. PECs and the unshifted substrate oligonucleotide are marked. Some mutants form additional PECs,
marked with altPEC and altPECa. (C) PEC formation with the control Tnp and the hyperactive P242 mutants. PECs and the unshifted
substrate oligonucleotide are marked. The percent DNA contained in PECs is shown for each mutant.

and leucine substitutions were significantly more hyperactive Tnp form an uncharacterized altPEC, termed the altPECa,
than the glycine mutation (compare 4.74, 5.10, and 5:27 h  which migrates more quickly than the PEC. From these data,
to 4.07 hl). Thisin vitro kops rate constant trend does not we conclude that the hypoactifdoop mutants have a defect
correlate with the previously discussedvivo observations. in PEC formation and form alternative complexes with the
This phenomenon will be explored later on in this article. It ES-containing oligonucleotide.

should be noted that,scorresponds to the loss of substrate  Representative data for PEC formation with four hyperac-
and not to the creation of reaction products. However, an tive Tnp mutants is shown in Figure 5C. The efficiency of
analysis of the percentage of donor backbone (dbb, see Figurehis reaction is measured by the percent PEC formation for
4) increase over time shows a simikggstrend for all mutants each mutant, which is defined as the amount of ES-containing

tested (data not show). oligonucleotide in PECs divided by the total DNA in each
Paired Ends Complex (PEC) Formation with the.oop reaction. This value is shown below the lane corresponding

Mutants Mutations to the Th Tnp S-loop affect bothin to each mutant.

vivo Tnp activity andin vitro transposition rate constants. The control Tnp complexed 22% of the substrate oligo-

We next wanted to define which steps of thebTransposi- nucleotide. All of the hyperactive mutants tested formed more

tion mechanism are affected by these mutations. To deter-PECs than the control with the P242A mutation Tnp having
mine if the synaptic complex formation step is altered, paired the most dramatic effect, shifting 39% of the substrate DNA.
ends complex (PEC) formation was assessed witlf to@p P242G also increased PEC formation approximately 1.6-fold,
mutants. A PEC consists of two 19 bp recognition ES- resulting in 35% PEC formation. The P242L and P242V
containing oligonucleotides and two Tnp molecules and is mutations had less of an effect, resulting in a 1.4-fold increase
analogous to the synaptic compléy.(Each mutant Tnp was in PEC formation. From these data, we conclude that the
incubated with an ME-containing oligonucleotide in trans- hyperactive P242 mutants form more PECs than the control
position buffer. A schematic of this reaction is shown in Tnp.
Figure 5A. To visualize the PECs, the reactions were Cleavage with thes-Loop Mutants All mutations to the
separated on a native gel, where PECs are shifted comparedn5 Tnp f-loop affect synaptic complex formation. Next,
to the unbound oligonucleotide. we wanted to determine if these mutations also perturb the
PEC formation with the hypoactive Tnp mutants is shown cleavage steps of transposition. Four hyperacfivieop
in Figure 5B. All hypoactiveS-loop mutant Tnps formed  mutants and the K244R and R253L hypoactive Tnps were
PECs except for K244E Tnp, and the abundance of PECsincubated with an ME-containing oligonucleotide to form
formed by each mutant qualitatively corresponds to both the PECs. None of the other hypoactive Tnps formed enough
in »ivo andin vitro activity levels. K244R and R243L cause PECs to assess the cleavage step of transpositioft. Was
some reduction in PEC formation, whereas K244A, Q243E, then added to induce cleavage of the oligonucleotide at the
and R256L cause a significant reduction in PECs. Addition- transposon (Tn)/donor backbone (dbb) junctiei), result-
ally, K244E Tnp forms the newly characterized altPEC ing in single end break (SEB) and double end break (DEB)
containing two Tnps and two ESs but in a differing complexes. A schematic of this reaction is shown in Figure
conformation than that of the PEC (Adams, C. D., personal 6A. Following the addition of Mg, aliquots were removed
communication), and K244E Tnp, R253L Tnp, and R256L over time and visualized on native polyacrylamide gels,
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Ficure 6: (A) Schematic of the cleavage reaction. First, PECs are formed as shown in Figure 5. Upon the additidn tf Mgse
complexes, Tnp cleaves the dbb from the Tn, resulting first in a single end break (SEB) complex and, subsequently, in a double end break
(DEB) complex. (B) Cleavage reaction for the control Tnp. Timepoints were taken from 0 to 60 min. PECs, SEB complexes, and DEB
complexes are labeled. (C) Cleavage reaction for P242A Tnp. This reaction is representative of all hyg&taopvautants. Timepoints

were taken from 0 to 60 min. PECs, SEB complexes, and DEB complexes are labeled. (D) Cleavage reaction for K244R Tnp. Timepoints
were taken from 0 to 60 min. PECs, SEB complexes, and DEB complexes are labeled. (E) Cleavage reaction for R253L Tnp. Timepoints
were taken from 0 to 60 min. PECs, SEB complexes, and DEB complexes are labeled. (F) Amount of DNA present in PECs at each
timepoint calculated as a percent of the total DNA in PECs, SEB complexes, and DEB complexes at each timepoint. These percent PECs
were then plotted versus time and fit to an exponential equation. Data corresponding to the control Tnp is shown in green. The decrease
in percent PECs over time was found to be similar for all hyperactive P242 mutants (data not shown). Therefore, the data for these Tnps,
shown in red, were combined with variation from the mean being represented with error bars. The data corresponding K244R Tnp is shown
in purple, whereas the data for R253L is shown in yellow. (G) Amount of DNA present in SEB complexes at each timepoint calculated as

a percent of the total DNA in PECs, SEB complexes, and DEB complexes at each timepoint. These percent SEB complexes were then
plotted versus time and fit with a spline. The increase and then decrease of percent SEB complexes over time was found to be similar for
the hyperactive P242 mutants (data not shown). Therefore, the data for these Tnps, shown in red, were combined with variation from the
mean being represented with error bars. Colors corresponding to other Tnps are as in F. (H) Amount of DNA present in DEB complexes
at each timepoint calculated as a percent of the total DNA in PECs, SEB complexes, and DEB complexes at each timepoint. These percent
DEB complexes were then plotted versus time and fit with a spline. The increase and then plateau of percent DEB complexes over time
was found to be similar for the hyperactive P242 mutants (data not shown). Therefore, the data for these Tnps, shown in red, were combined
with variation from the mean being represented with error bars. Colors corresponding to other Tnps are as in F.

where the SEB and DEB complexes migrate more slowly The analyses indicate that cleavage of the substrate
than PECs. Figure 6B shows a representative cleavage timeoligonucleotide is similar for all hyperactive P242 mutants
course corresponding to the control Tnp. Figure 6C shows a(data not shown). Therefore, these mutants are represented
representative cleavage time course performed with P242Aby the average percent PECs, SEB complexes, and DEB
Tnp. Figure 6D corresponds to K244R Tnp, whereas Figure complexes at each timepoint together with error bars indicat-
6E represents R253L Tnp. The percent substrate oligonucle-ing one standard deviation from this average. The hyperactive
otide in PECs, SEB complexes, and DEB complexes at eachP242 mutants behave in manner very similar to that of the
timepoint was determined relative to the total amount of Tnp control, having approximately the same rate of percent
substrate oligonucleotide contained in these three complexesPEC decline (Figure 6F, compare red to green), percent SEB
These percentages were then plotted versus time so as t@omplex appearance and disappearance (Figure 6G, compare
qualitatively compare the effect of thegdoop mutations red to green) and percent DEB complex formation (Figure
on the cleavage steps of transposition. Figure 6F shows the6H, compare red to green, timepoints O through 10 min).
decrease in percent PECs for ffoop mutants, Figure 6G  The only significant difference between the hyperactive P242
shows fluctuations in percent SEB complexes, and Figure mutants and the control lies in the fate of the DEB
6H shows the increase in percent DEB complexes for the complexes. The hyperactive mutants make slightly more
f-loop mutants. DEB complexes than the control (Figure 6H, compare red
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Ficure 7: (A) Schematic of the strand transfer reaction. First, Tnp was incubated with a fluorescently labeled, 40 bp, ES-containing
oligonucleotide lacking dbb DNA to form post-cleavage PECs. Supercoiled pUC19 was then added, and over the next 24 h, oligonucleotides
in the post-cleavage PECs integrated into the supercoiled pUC19 resulting in transfer of the fluorescent label to the pUC19. A single end
strand transfer (SEST) product appears first, followed by the double end strand transfer (DEST) product. (B) Strand transfer reaction with
the control Tnp. Timepoints were taken from 45 min to 24 h. Both SEST and DEST products are labeled. (C) Strand transfer reaction with
P242G Tnp. Because gitloop mutants had decreased strand transfer activity, this reaction is representativg-looalimutants tested.
Timepoints were taken from 45 min to 24 h. Both SEST and DEST products are labeled. (D) Amount of DEST product (in fluorescence
units, FUs) at each timepoint determined for each mutant. FUs were then plotted versus time for timepoints 45 ntin6thrdoigall

pB-loop mutants and for timepoints 45 min thrdug h for the control Tnp. These points represent the linear portion of DEST product
formation. These data were fit with a first-order polynomial to determine the observed strand transfer rate dopstantr(p is shown

in green, K244R Tnp is shown in blue, R253L is shown in yellow, P242A is shown in red, P242G is shown in orange, P242V is shown
in pink, and P242L is shown in purple. (E),ssicalculated from the fits in D for eaghloop mutant or control Tnp.

to green at the 20 min timepoint), and the percent DEB control (Figure 6G, compare blue and yellow to green, 0O
complexes remains relatively constant from 20 min to 45 through 15 min). Also, unlike the control Tnp, the rate of
min for these mutants. Comparatively, the control Tnp conversion of SEB complexes to DEB complexes is drasti-
produces the highest percent DEB complexes at 20 min, andcally reduced, resulting in a plateau of percent SEB
then this reaction product slowly declines until the 45 min complexes for the two hypoactive mutants (Figure 6G, blue
timepoint. This discrepancy reflects a decrease in the ability and yellow 15 to 60 min) and a decreased rate of DEB
of the hyperactive P242 mutants to perform the next step of complex appearance (Figure 6G, blue and yellow O to 20
transpostion, strand transfer. This will be explored further min). Finally, the hypoactive mutants, like the hyperactive
in the next sections. mutants, have a decreased ability to perform the next step
Of the hypoactiveg-loop mutants only two formed enough  of transposition, strand transfer. This is seen as a plateau in
PECs to test the catalytic steps ofSinansposition, K244R  the percent DEB complexes (Figure 6H, blue and yellow,
Tnp and R253L Tnp (Figure 5B). Surprisingly, these mutants 20 to 60 min) and will be explored further in the next section.
have deficiencies in catalysis in addition to defects in PEC It should be noted that although both hypoactive mutations
formation. The percent PECs decrease more slowly for both affect all catalytic steps, the R253L mutation causes a more
K244R Tnp and R253L Tnp than that for the control Tnp severe defect than the K244R mutation.
(Figure 6F, compare blue and yellow to green). This slower  Strand Transfer with th@-Loop Mutants To determine
decrease in percent PECs results in a lag in the appearancé the -loop mutations affect the last step of Ftransposi-
of SEB complexes for both mutants as compared to the tion, strand transfer, post-cleavage PECs were first assembled
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Table 1: Observed Catalytic Rate Constarkts for -Loop flanked Tn catalysis did not follow this trend. P242G Tnp
Mutants on ME- and OE-Containing Substrates and P242A Tnp have a 3.2-fold largles,s than the control
Kobs we (1) fold Koos oe(Y) fold Tnp. This is approximately 2-fold greater than the hyperac-

TR (Kobs me.std en(hfl)) difference (Kops oe st er(hfl)) difference thIty seen on the ME flanked Tn. P242L Tnp and P242V
Tnp also show hyperactivity on a Tn flanked with OEs, but

control 2.64 (0.18) 0.79 (0.03) e : ..

P242G 4.07 (0.15) 15 2.50 (0.10) 32 the activity level is comparable to the hyperactivity of these
P242A 4.74 (0.16) 1.8 2.52(0.14) 3.2 mutants on a ME flanked Tn. Thgysvalues for both mutants
P242L 5.27(0.35) 2.0 1.56 (0.07) 2.0 are approximately 2-fold greater on both ME and OE flanked
p242v 510(0.13) 1.9 1.42 (0.06) 18 Tns. Finally, the P242I Tnp shows only a minimal increase
p242l 5.50 (0.65) 2.1 0.93 (0.03) 1.2 .

P242E 3.46 (0.12) 1.4 0.58 (0.03) 0.7 n kobs on an OE flanked Tn, whereas P242F Tnp, P242Y
P242Y 4.52(0.13) 1.7 0.60 (0.04) 0.8 Tnp, and P242D Tnp are actually less active on an OE
P242D  5.53(0.18) 21 0.55 (0.03) 0.7 flanked Tn than the control Tnp. The differences in rate

constants on OE and ME flanked Tns allow us to formulate

with an oligonucelotide containing the ES but lacking dbb a model about Tnp interaction with position 4 of the ES.
DNA. These complexes were incubated with supercoiled The details of this model will be presented in the Discussion
pUC19 DNA, where the oligonucleotides were incorporated section.
into pUC19, resulting in single end and double end strand
transfer products. See Figure 7A for a schematic of this DISCUSSION
reaction. Figure 7B shows the reaction for the control Tnp, Contacts between a Tn5 TipLoop (Residues 24€260)
whereas Figure 7C shows the reaction for P242G Tnp. Theand the ES Are Important for in Md and in Vitro
fluorescence units corresponding to the double end strandTransposition Experimentsn »izo andin vitro conclusively
transfer (DEST) product were quantitated and plotted versusshow that mutations to residues Q243, K244, R253, and
time for timepoints 0.75 throdg6 h (or 0.75 through 5 h  R256 are detrimental to transposition.
for EK/LP Tnp) (Figure 7D). These timepoints representthe  The side chain of K244 approaches the position 3 non-
linear portion of an exponential curve. The slope of each transferred strand guanine but does not actually contact the
line is the observed initial DEST rate constaki,{s) for base in the ES-Tnp cocrystal structurg6)( When this
eachp-loop mutant. residue is changed to an arginine, the guanidino group causes

All 5-loop mutants tested had a redudegl sscompared an approximately 60% reduction in transpositionizo and
to that of the control Tnp (Figure 7E). The P242A mutation in vitro. When all positive charge is removed by replacing
had the least detrimental effect, showing only a 1.4-fold the lysine with an alanine, transposition is reduced 95%
decrease irkopsst The K244R mutation also had minimal bothin vizo andin vitro. Finally, when the positively charged
effect, reducingkqps st 1.9-fold. The remaining mutations, lysine is substituted with a negatively charged residue, a
P242V, R253L, P242G, and P242L, redudggl stbetween glutamate, allin »ivo andin vitro transposition activity is
3.4- and 4.9 fold. lost. These data indicate that a base specific contact requiring

P242 May Make a Base Specific Contact to Position 4 of a positively charged side chain is made between the residue
the ES In the Trb Tnp-ES cocrystal structures, P242 is in at position 244 and the position 3 non-transferred strand
close proximity to position 4 of the ES, but it does not guanine during Th transposition. This is despite the fact
actually contact any base. If thymine is present on the non-that the precleaved ES-Tnp cocrystal structure fails to show
transferred strand (Figure 2) at position 4, hyperactivity such a contactl). Perhaps the contact would be obvious
resulting from more efficient synaptic complex formation is if we had structural information on other steps in the
observed. To determine if a contact between the C5-methyltransposition process.
group (C5-Me) on the non-transferred strand thymine at Q243 makes a base specific contact to the position 6
position 4 (T4) of the ES and P242 may be responsible for transferred strand adenine in the ES-Tnp cocrystal structure.
the aforementioned hyperactivity, additional mutants were When this residue is changed, to a glutamate, all transposition
constructed (P2421, P242F, P242Y, and P242D). Following activity is abolished. These data indicate that contact between
purification, each mutant was incubated with both a super- the amide side chain of glutamine and the ES position 6
coiled substrate having a Tn flanked by MEs and a transferred strand base is essential fob Trmnsposition.
supercoiled substrate having a transposon with OEs in Mutations were also made fbloop residues near the ES
transposition buffer containing MY, and the observed phosphate backbone in the ES-Tnp cocrystal structure. The
reaction rate constantkf9 for each P242 mutant was guanidino group of R253 bridges ES phosphates between
calculated. These reactions are similar to those seen in Figurdransferred strand bases 4 and 5. When this residue is changed
4. kops Was determined for both ME and OE flanked Tns to a leucine, therefore removing all positive charge, trans-
because the ME has a thymine on the non-transferred strangosition is reduced approximately 90% bathvizo andin
at position 4, whereas the OE has an adenine at this positionzitro. When the same mutation is made to R256, whose side
kobs On the OE flanked Tn was also determined for the chain nearly contacts the phosphate of non-transferred strand
previously constructed P242 mutants (P242A, P242G, P242L,base 3 in the Tnp-ES cocrystal structure, transposition is

and P242V)ky,sfor each reaction, the standard errokgf, undetectablen vivo and 95% reduceth vivo. These data
and the fold difference between each mutkgpt and the indicate that contacts between positively charged residues
control kops are listed in Table 1. in the S-loop and phosphates in the DNA backbone of the

All additional P242 mutant Tnps metabolized the ME ES are integral for Th transposition.
flanked substrate faster than the control Tnp, with a fold  Although we postulate that these residues specifically
difference inkgps ranging from 1.4 to 2.1. Surprisingly, OE  contact the ES, disruption of electrostatic interactions can
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have relatively long-range affects. Therefore, the absence ofin the orientation of the AT base pair at position 4, we
positive charges may cause disruption of other side ehain conclude that the differences ks (ME) and kops (OE)
DNA interactions or general misalignment of the protein with indicate that P242 contacts this base pair.

the DNA phosphate backbone. At position 4 of the ME, the C5-Me of the non-transferred

Finally, several mutations were made to P242. This residue strand T4 protrudes into the major groove near P242. Mutant
does not contact any part of the ES in the ES-Tnp cocrystal Tnps with larger nonpolar side chains (L, V, and I) are
structure 16). Therefore, we were surprised that changing slightly more hyperactive than residues with smaller nonpolar
the proline to either alanine or glycine caused hyperactive side chains (G and A) on this ES. This implies that leucine,
transpositionn vivo andin vitro. Interestingly, when P242  valine, and isoleucine have side chains large enough to
was changed to valine or leucine, no hyperactivity was contact the C5-Me, whereas the methyl side chain of alanine
observedn vivo, but both mutant Tnps were hyperactine and the hydrogen side chain of glycine are too small to
vitro. This discrepancy reflects the difference in activity of interact with C5-Me. Therefore, P242L, P242V, and P242I
the P242V and the P242L Tnps on OE versus ME flanked are more hyperactive on the ME than P242A and P242G.
transposons and will be explored in much greater detail later Why then are P242A Tnp and P242G Tnp hyperactive on
in the discussion. We hypothesize that P242A Tnp and the OE? The non-transferred strand position 4 is occupied
P242G Tnp are hyperactive because exchange of an iminoby an adenine (A4) in the OE. Because A4 is much larger
group for an amino group causes increased flexibility of the than the T4 present in the ME, mutant Tnps with larger
pB-loop and favorable base specific contacts between thenonpolar side chains (L, V, and |) are sterically hindered
amino acid at position 242 and the non-transferred strandwhen trying to interact with the OE. This causes a reduction
base at position 4 of the ES. This will be discussed further in the observed hyperactivity compared to that of P242A
in future publications. and P242G Tnps.

Mutations to the Tn5 Tnf-Loop Affect kzery Step of the Here, we also present evidence that PEC formation is more
Transposition MechanisrntheS-loop mutant Tnps discussed  efficient for the P242 mutations on a substrate with the ME.
in this article were constructed on the basis of the ES-Tnp These observations, taken together with the evidende of
cocrystal structure with the hypothesis that changing thesevitro hyperactivity, allow us to propose that removing an
residues would affect synaptic complex formation. Many imino acid from the base of th@-loop increases flexibility
mutations tgs-loop residues caused decreased PEC forma- such that synaptic complex formation becomes more ef-
tion, whereas mutations to position 242 caused increased PEGicient. Unfortunately, this increased flexibility is not useful
formation (Figure 5). These data indicate thatgHeop does when the side chain of the amino acid at position 242 is
indeed play an important role in PEC formation. large enough to be sterically hindered by the base at position

Suprisingly, when R253L Tnp and K244R Tnp were 4 of the ES upon synaptic complex formation. This is the
assayed for the cleavage (Figure 6) step of transposition, bothcase for many of the P242 Tnps upon complex formation
were found to have defects in single end break (SEB) and with the OE.
double end break (DEB) complex formation with a much ~ New Model of Tn5 Transpositio@bservations presented
more dramatic effect on DEB formation (Figure 6H). These in this article allow us to present a new model of5Tn
results were surprising because {fioop is not near the  transposition. A crystal structure of a Tnp lacking the
active site in the ES-Tnp cocrystal structure and, therefore, N-terminal 55 amino acids shows that thdoop is disor-
cannot have a direct affect on catalysis. Even more surprisingdered in the absence of DNAZ). Also, ES-Tnp cocrystal
was the effect of thg-loop mutations on the final step of structures indicate that contacts betweenAteop and the
transposition, strand transfer. Evefyloop Tnp was less ES are trans contacts or those that occur upon synaptic
efficient than the control Tnp at this transposition step (Figure complex formation 13). Data presented here support these
7). The above data require changes to the currer8 Tn findings. All 5-loop mutations tested cause either a reduction
transposition model. This changed model will be presented or an increase in PEC formation (Figure 4). As the synaptic
at the end of this article. complex forms, thes-loop interacts with residues-3 of

Residue P242 Contacts the Thymine at Position 4 of the the ES, and these contacts are important for maintaining the
ES Previous data indicate that the hyperactivity of the ME integrity of the complex. Because changes to residues that
ES is due to a contact between Tnp and the C5-methyl groupcontact both the DNA phosphate backbone and specific bases
(C5-Me) of the non-transferred strand (Figure 2) position 4 have an effect, we propose that both types of contacts are
thymine (T4) (5). The observed catalytic rate constarktsy important for synaptic complex formation.
for eight position 242 mutant Tnps on both the wild-type  As previously mentioned, the K244R and R253L muta-
outside ES (OE) and the ME are reported in Table 1. Thesetions also have an effect on the catalytic steps of transposi-
data show that every P242 mutant Tnp is hyperactivénfor  tion. Interestingly, both SEB complex and DEB complex
vitro transposition with a ME flanked transposon and that formation are slowed down with these Tnps, indicating that
kobs is between 1.4- and 2.1-fold greater for these mutants the 5-loop likely plays an important role in positioning the
than for the control Tnp. Contrastingly, four of the eight P242 substrate DNA within the catalytic site, but the effect on
mutants (P2421, P242F, P242Y, and P242D) have ap- DEB complex formation is much more dramatic (Figure 6).
proximately the same or even less activity than that of the Because the effect on DEB complex formation is dispro-
control Tnp on an OE flanked transposon, and more portionally greater than the effect on SEB formation, we
significant hyperactivity is seen for P242G and P242A Tnps propose that the uncleaved PEC is not symmetrical and that
under these conditions withpsbeing about 3.2-fold greater  one ES is completely cleaved before a conformational change
for these mutants. Because the only significant difference allows the cleavage of the other ES (Figure 1B). This model
between the ME and the OE (as it pertains to these data) isis consistent with the mechanism of TG a closely related
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transposon, transpositioR4). Interestingly, the post-cleavage
Tnp-ES cocrystal structures show a symmetrical dimer of
Tnp bound ESs1(3). Also, no accessory proteins such as
IHF are required for Thtransposition. Therefore, the source
of the asymmetry required for a sequential cleavage mech- 8.
anism remains a mystery and requires further investigation.

Finally, how do mutations in a region distant from the
active site affect all catalytic steps (cleavage and strand 10.
transfer) of Ti® transposition? We (and others) have previ-
ously proposed that transposition must require significant 4,
conformational changes in the Tnp. These mutations and their
affects on catalysis support this notion. If cleavage on the
ES is sequential, as we now believe it is, then the confor-
mational change required to initiate cleavage on the second
ES must require K244 and R253 to appropriately contact
the ES. Also, the conformational change needed to either 13.
capture or integrate into a target DNA must require very
specific contacts between tifeloop and the ES. 14

In this article, we have shown the importance of contacts
between the Th Tnp -loop and the ES for multiple steps
of Tn5 transposition. The results of these experiments allow
us to significantly modify our current model of ®Bn
transposition to include a sequential cleavage step and a 16.
requirement for several Tnp conformational changes. These
findings have broad implication to many transposition 17
mechanisms.

15.
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