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Spirochetes of the genus Borrelia include the tick-transmit-
ted causative agents of Lyme disease and relapsing fever. They
possess unusual genomes composed mainly of linear replicons
terminated by closed DNA hairpins. Hairpin telomeres are
formed from inverted repeat replicated telomere junctions
(rTels) by the telomere resolvase ResT. ResT uses a reaction
mechanism similar to that of the type IB topoisomerases and
tyrosine recombinases. ResT can catalyze three distinct reac-
tions: telomere resolution, telomere fusion, and Holliday
junction (HJ) formation. HJ formation is known to occur only
in the context of a synapsed pair of rTels. To test whether te-
lomere resolution was synapsis-dependent, we performed ex-
periments with rTel substrates immobilized on streptavidin-
coated beads. We report that telomere resolution by ResT is
synapsis-independent, indicating that alternative complexes
are formed for telomere resolution and HJ formation. We also
present evidence that dual hairpin telomere formation pre-
cedes product release. This mechanism of telomere resolution
prevents the appearance of broken telomeres. We compare
and contrast this mechanism with that proposed for TelK, the
telomere resolvase of �KO2.

Spirochetes of the genus Borrelia include important tick
transmitted zoonotic pathogens that cause Lyme disease and
relapsing fever maladies (1–5). Borrelia species possess un-
usual, highly segmented genomes with the majority of the
replicons, including the chromosome, as linear dsDNAs ter-
minated by covalently closed DNA hairpins referred to as
hairpin telomeres (6–9).
The “end-replication problem” for linear DNAs is solved by

the simplest of possible means; the hairpin telomeres elimi-
nate the discontinuity in the DNA chain that causes the prob-
lem. Bidirectional replication from an internal origin pro-
duces, after replication through the hairpin telomeres,
replication intermediates with replicated telomere (rTel)2
junctions with inverted repeat sequence symmetry (10, 11,

44). Mother and daughter DNA molecules are covalently
linked via the rTel junctions, which must be resolved by a spe-
cialized DNA breakage and reunion reaction, referred to as
telomere resolution, that reforms the hairpin telomeres to
allow for subsequent segregation. The essential, specialized
telomere resolvase for Borrelia is known as ResT (13–15). A
similar replication strategy has been demonstrated for the
linear lysogen of the N15 bacteriophage, the best studied ex-
ample of bacteriophages that possess linear prophage ge-
nomes terminated by hp telomeres (16–18).
ResT and other confirmed telomere resolvases have a

catalytic domain that shares the protein fold and most of
the catalytic side chains of the catalytic domain of tyrosine
recombinases (19–22). Biochemical analyses have con-
firmed that telomere resolvases and tyrosine recombinases
share a common chemical mechanism (13, 23). Addition-
ally, ResT appears to have a hairpin-binding module simi-
lar to that found in cut-and-paste transposases; this mod-
ule is implicated in DNA hairpin formation in both types of
enzymes (24, 25).
The reaction of all characterized tyrosine recombinases

proceeds via synapsis of the two recombining sites mediated
by an enzyme tetramer; cleavage and strand exchange of the
equivalent strand in each duplex forms a Holliday junction
(HJ). The HJ then undergoes a modest isomerization leading
to cleavage and strand exchange of the remaining pair of
DNA strands to produce the recombinant products (26). By
contrast, the co-crystal structure of a bacteriophage telomere
resolvase (TelK) that captures TelK with its substrate after
cleavage but before hairpin formation shows a dimer acting
on a single reaction site (20).
ResT can catalyze three distinct reactions: telomere resolu-

tion (formation), telomere fusion, and HJ formation (13, 27,
28). In principle, telomere resolution and fusion could be cat-
alyzed by a dimer of ResT as is telomere resolution catalyzed
by TelK. However, the HJ formation reaction catalyzed by
ResT occurs in the context of a synapsed pair of rTels as it
always does in the reactions of tyrsosine recombinases (28,
29). Therefore, it has been unclear whether ResT could form
alternative dimeric, unsynapsed, and synapsed tetrameric
complexes to catalyze the telomere resolution and HJ forma-
tion reactions, respectively, or whether both reactions occur
in a complex with two synapsed rTels and a tetramer of ResT.
The possible alternative reaction schemes for telomere reso-
lution if the reaction is synapsis-dependent versus -independ-
ent is summarized below (Fig. 1).
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EXPERIMENTAL PROCEDURES

Oligonucleotides, Beads, and Proteins—All oligonucleotides
were purchased from Integrated DNA Technologies. The
streptavidin coated beads were 1 �m paramagnetic
Dynabeads� MyOneTM streptavidin C1 from Invitrogen. All
reactions used N-terminal (His6) tagged wild type ResT puri-
fied as reported in Ref. 25.
Immobilization of rTel Substrates—For each 0.6 pmol of

5�-32P end-labeled, biotinylated DNA substrate, the substrate
was mixed with 1.5 �l of 1 �m paramagnetic Dynabeads�
MyOneTM streptavidin C1 (Invitrogen). The mixture was in-
cubated in 50 �l of buffer containing 50 mM Tris-Cl, pH 7.4,
150 mM NaCl, 1.0 mM EDTA, 0.05% Tween 20. Incubation
was at room temperature for 30 min with gentle agitation.
The beads were then washed three times in 500 �l of the
same buffer to remove unbound substrate.
Reactions with rTels Immobilized on Streptavidin Beads—

0.6 pmol of the bead-immobilized rTel were then placed in 40
�l of buffer containing 50 mM Tris-Cl, (pH 8.5), 100 mM

NaCl, 1.0 mM EDTA, 0.05% Tween 20, 1 �g/ml BSA, 10%
glycerol, and 11 �g/ml of ResT. Incubation was at 30 °C for 45
min with gentle rotation. Bead and supernatant fractions were
separated by application of the test tubes to a DynaMag-2TM
magnetic test tube rack ( room temperature for 20 s; Invitro-
gen). Biotinylated product (and substrate) bound to the beads
were dissociated by heating the complex for 2 min at 95 °C in

a buffer containing 10 mM EDTA, pH 8.2, and 95% (v/v) form-
amide. The free products in the supernatent were treated in
the same manner prior to PAGE analysis. The reaction prod-
ucts were separated using a 10% polyacrylamide electrophore-
sis gel containing 7 M urea and 1� TBE buffer at 27 V/cm and
then documented on a Storm 860 PhosphorImager.
DSP Cross-linking Assays—Reactions contained 25 mM

Tris-Cl, pH 8.5, 150 mM NaCl, 1 mM EDTA, 0.03 pmol of
radiolabeled DNA substrate, and 4 �g/ml ResT. 240 �l reac-
tions were incubated at 30 °C for 45 min. Dithiobis(succinimi-
dyl propionate) (DSP; Pierce) was added at 10 and 50 �g/ml
(final concentration) in 40 �l of each aliquot for 15 min at
room temperature. A stock solution of 25 mg/ml DSP in di-
methyl sulfoxide was prepared immediately before use. Tris/
Lysine was added to a final concentration of 30 mM for both
components to quench excess unreacted DSP (room tempera-
ture for 5 min). The reaction products were resolved using a
20-cm 4.5% polyacrylamide electrophoresis gel containing
SDS and 1� TAE buffer at 200V for 2 h and visualized after
scanning the gels with a Storm 860 PhosphorImager.

RESULTS

A Physical Test for Synapsis (In)dependence of Telomere
Resolution

Experimental Rationale—As a direct physical test of
whether telomere resolution is synapsis-dependent or -inde-

FIGURE 1. Models of synapsis-independent and synapsis-dependent telomere resolution. Model I (I) features a dimer of ResT acting on a single rTel. Both
strands are cleaved simultaneously. This establishes a transient intermediate in which a monomer of ResT is covalently attached to each DNA strand via 3�-phos-
photyrosyl linkages (represented by the Y in the schematic) that store the bond energy of the substrate. The 6-nt 5�-OH terminated overhanging strands attack the
phosphotyrosyl bonds on the opposing strands to form two hairpin telomeres. This is the mode of action of the bacteriophage telomere resolvase, TelK. Model II (II)
features a tetramer of ResT acting on two rTels in a synaptic complex. It is in the context of this synapse that the 4-fold DNA cleavage and hairpin formation reac-
tions occur. In this model, synapsis is only required to activate reaction chemistry that proceeds as in Model I. This mode of regulation of enzyme activity is a feature
of the reactions of many restriction enzymes and of the transposon excision reaction catalyzed by cut-and-paste transposases (e.g. Refs. 42, 43). Model III (III) also
features a tetramer of ResT acting on two rTels in a synaptic complex. This model posits transition through a HJ intermediate. The HJ is isomerized to a 4-fold sym-
metric structure, and the 4-fold strand cleavage and hairpin formation reactions occur as in Model II. The HJ intermediate is a feature of the reactions of the tyrosine
recombinase family of enzymes, with which ResT shares a catalytic domain (see Introduction). The prototypical tyrosine recombinase, � integrase, has been re-
ported to produce DNA hairpins (and three-way junctions) from reaction with certain modified HJs (12, 37).
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pendent, we adopted the approach of physically immobilizing
the rTel substrate on a physical matrix (3�-biotin modified
substrates and streptavidin-coated 1-�m paramagnetic beads;
Fig. 2B and “Experimental Procedures”). The rationale for the
experiment is that when the substrate is immobilized on
beads at subsaturating conditions (2.2% of bead substrate
binding capacity) synapsis with another rTel is prevented un-
less excess free substrate is added in solution to the reactions
(30).

A Physical Test for Synapsis (In)dependence of Telomere
Resolution

Substrate Design—Natural substrates are completely dyad
symmetric. Such inverted repeat symmetry favors intramolec-
ular annealing, yielding hairpins rather than rTels. It was
therefore necessary to design substrates in which the inverted
repeat is disrupted by constructing rTels that are hybrids of
the sequence of distinct hairpin telomeres that possess com-
parable specific activities in vitro (see Figs. 2A and 3A) (31).
Additionally, 15 bp of a nontelomeric sequence were added to
the left side of the substrate. This substrate design allows effi-

cient assembly of rTels from two oligonucleotides without
contaminating hairpins and allows differentiation of products
formed on the left and right sides of the rTel. The nontelo-
meric 15 bp also increase the distance between the substrate
and the bead to reduce the effects of steric clash on the reac-
tion. The rTel is tethered to streptavidin-coated paramagnetic
beads via a 3�-biotin moiety synthesized into the oligonucleo-
tide that comprises the bottom strand of the substrate. With
this substrate design, resolution of the rTel when it is immo-
bilized results in the larger hairpin telomere (hp1) remaining
attached to the bead, whereas the smaller hairpin telomere
(hp2) is released into the supernatant (Fig. 2B).

Because use of such artificial asymmetric rTel substrates
has not been reported previously, we ran preliminary experi-
ments to confirm that an asymmetric rTel and a nicked or
“suicide” version of the asymmetric rTel yield the same prod-
ucts as their symmetric counterparts. The results of this anal-
ysis are shown in supplemental Fig. 1. The native 10% native
TAE-SDS-PAGE gel analysis shows that the same pattern of
products is produced from symmetric and asymmetric ver-
sions. The protease K digestion removes ResT covalently

FIGURE 2. Reactions with immobilized type 1 rTels. A, the type 1 rTel used in this study. To aid the annealing of the oligonucleotides into an rTel, the nor-
mal dyad symmetry of native rTels was broken by having distinct sequences on the left (L) and right (R) sides in positions where the sequence of different
type 1 rTels varies (red letters). The magenta and blue boxes highlight sequences found in all type 1 rTels; the arrows indicate the scissile phosphates. 15 bp
of the nontelomeric sequence was added the left side, and the biotin moiety (B) is on the terminus of an additional 10 nt of ssDNA. These extensions were
added to eliminate steric clash and to increase the gel mobility differences of the substrate and products. The asterisks on the 5� ends represent 32P end
labels. The L sequence is derived from the sequence of the right telomere of lp17 and lp56. The R sequence is derived from the ChromR telomere (31). B,
schematic of the substrate and experimental design. The substrate in A is immobilized on a 1-�m streptavidin-coated paramagnetic bead via a 3�-biotin
modification present on the bottom strand of the substrate. The nucleotide distance between the termini and the scissile phosphates is indicated. The total
chain length of the hairpin products (hp1 and hp2) is also shown. The bottom schematic pictures a nicked suicide rTel with a strand discontinuity 1 nt 3� of
the cleavage site on the top strand. Post-cleavage diffusion of this nucleotide prevents strand resealing to reconstitute substrate and slows the hairpin for-
mation reaction of the product released into the supernatant allowing accumulation of CP, wherein ResT is covalently attached to the bottom strand. C,
10% native TAE-SDS-PAGE analysis of telomere resolution reactions with the substrates in A and B. In the reaction key above the gels, F is free substrate (no
beads); B is the bead fraction after dissociation from the beads; and S is the supernatant. The supernatant and bead fractions are separated by application of
the reaction to a magnetic test tube rack. On the gel labels, S is substrate. Unreacted substrate splits into two bands after the treatment used to dissociate
immobilized substrate from the (95 °C for 2 min in formamide). hp1 & hp2 are the hairpin telomere products.
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attached to the cleavage product (CP) confirming our assign-
ment of this product in the reactions with asymmetric rTels
by analogy with previous characterization of reactions with
symmetric rTels (supplemental Fig. 1B, native gel, lanes 3, 6,
9, and 12). Also apparent from the native gel analysis is the
problem of incomplete or improper annealing of a fraction of
the symmetric substrates; this problem is especially promi-
nent for the symmetric nicked rTel (supplemental Fig. 1B,
native gel, lanes 4 and 10). The 10% denaturing TBE-urea
PAGE analysis confirms the assignment of the hp1 and hp2
products as hairpin telomeres and that both asymmetric and
symmetric versions of the substrates yield products of identi-
cal size (supplemental Fig. 1B, denaturing gel, lanes 2, 4, 6,
and 8).
Synapsis Independence of Telomere Resolution—Fig. 2C

documents the results of reactions with an immobilized rTel.
The first three lanes are controls without ResT. The first lane
establishes the efficacy of substrate annealing. Lane 2 shows
the rTel after immobilization, mock incubation, bead collec-
tion by magnet, and dissociation of the rTel from the beads by
incubation at 95 °C in formamide. This establishes the posi-
tion on the gel of the bands that represent unreacted sub-
strate after the procedure for bead dissociation. Lane 3 is the
supernatant of the mock reaction, and the emptiness of this
lane shows that all the added substrate was absorbed to the
beads. Lane 4 shows the biotinylated rTel reacted with ResT
in the absence of streptavidin-coated beads. This is referred to
as a “free” reaction (indicated by F in the gel reaction key).
The reaction with the immobilized substrate (lanes 5 and 6)
shows that immobilization does not prevent reaction. The
hp1 and hp2 products appear in the expected fractions. Ex-
amination of an aliquot from each reaction on a TBE/urea
polyacrylamide gel confirmed that the products observed
were indeed DNA hairpins (data not shown). The immobili-
zation does not block a required synapsis step as titration of
free rTel lacking the biotin modification further inhibits the
reaction (data not shown). These results argue against the two
synapsis-dependent models presented in Fig. 1.
It should be noted that although immobilization of the sub-

strate did not block reaction, it did lower the level of reaction
(Fig. 2C; lanes 5/6 versus 4). The 3�-biotin moiety, per se, has
no effect on reaction efficiency as confirmed by comparison
of control free reactions with biotin-containing substrates and
the same substrates lacking the biotin modification (data not
shown). The reduced reaction levels seen with the immobi-
lized substrates is caused by a combination of the effects of
bead addition independent of substrate immobilization and
by a direct diminution of reaction kinetics caused by the im-
mobilization (see supplemental Fig. 2). The immobilization-
independent effect of bead addition reduces the amount of
substrate converted into products but does not affect kinetics
(supplemental Fig. 2, no biotin substrates, � versus � bead
addition, top gel). Despite this minor effect on reaction effi-
ciency, biotin-mediated immobilization of substrates provides
a powerful tool to visualize telomere resolution products and
to follow product release.
Assaying Effect of Immobilizing a Suicide Substrate—To

assay the effect of substrate immobilization on DNA cleavage

and hairpin telomere formation, we designed a substrate that
allowed us to study these reaction steps separately with a sin-
gle substrate (Fig. 2B, lower panel). The substrate is the same
rTel used in Fig. 2B (upper panel) modified by introduction
of a discontinuity in the top DNA strand one nt 3� of the scis-
sile phosphate. This is a so-called suicide substrate since
cleavage of the top strand causes the one nt distal to the cleav-
age site to diffuse away, blocking strand resealing to reconsti-
tute the substrate and to slow (but not completely block) hair-
pin formation on the right side of the substrate; ResT
covalently attached to the cleaved substrate becomes trapped
on the DNA and is readily identified on an SDS-containing
polyacrylamide gel as a CP (Fig. 2, lane 10) (32).
Fig. 2C shows the result of immobilization of this substrate.

Substrate assembly and absorption to the beads was assessed
as before (Fig. 2C, lanes 7–9). Reaction with the immobilized
nicked rTel yielded hp1 in the bead fraction and the covalent
ResT-DNA CP and hp2 in the supernatant fraction (lanes 11
and 12, respectively). Examination of an aliquot from each
reaction on a TBE/urea polyacrylamide gel confirmed that the
products observed were DNA hairpins rather than protein-
free double strand breaks (data not shown).
The free reaction of the nicked rTel yielded the expected

preponderance of the CP versus hp2 indicating that the pres-
ence of the top strand nick inhibits hp2 formation (Fig. 2C,
lane 10). However, immobilization of the nicked rTel resulted
in a release into the supernatant of a much less CP relative to
hp2 than expected (Fig. 2C) (12). This hinted at possible com-
munication between the hairpin formation events prior to
product release.
Assaying Immobilized Type 2 rTels—The telomeres of Bor-

relia burgdorferi vary in sequence with only one sequence
motif, referred to as box 3, occurring in all telomeres at posi-
tions 14–21. The various telomere sequences divide into
three types based on the presence/absence and relative spac-
ing of another sequence motif referred to as box 1. (Box 1 and
3 motifs are represented as blue andmagenta shaded boxes in
Figs. 2 and 3.) Only type 1 and 2 rTels are efficiently resolved
in vitro by ResT (15, 31). The rTel assayed in Fig. 2 represents
a type 1 telomere. We therefore designed and tested the effect
of substrate immobilization on a type 2 rTel as well (Fig. 3).
With the initial version of the type 2 substrate that we de-

signed and tested, the asymmetrization of the sequence of the
rTel needed for efficient substrate assembly led to very un-
equal yields of the two hairpins in free reactions with much
more hp2 formed than hp1 (Fig. 3B, lane 4). This marked bias
is not due to unequal labeling of the strands (Fig. 3B, denatur-
ing gel, lane 1). Immobilization of this substrate equalized the
yield of hp1 versus hp2. The bias in hairpin formation seen in
the free reaction of rTel version 1 (LR) could be due to the
presence of the extra nontelomeric sequence present on the
left side of the substrate or to the sequence differences (7/25
bp) between the “L” and “R” sequences. To distinguish be-
tween these possibilities, we swapped the L and R sequences
to produce rTel version 2 ( RL; Fig. 3A). This RL arrangement
eliminates the hp2 formation bias in free reactions seen with
the LR substrate (Fig. 3B, lane 10). This indicates that the bias
in hp formation was due to the telomeric sequences (or spe-
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cifically the L sequence juxtaposition with the nontelomeric
sequences) rather than due solely to an effect of the nontelo-
meric sequences. Immobilization of rTel version 2 (RL) mark-
edly reduced overall reaction yield; comparable relative levels
of hp1 and hp2 were recovered in the bead and supernatant
fractions (Fig. 3B, lanes 11 and 12).
Unexpectedly, the mobility in a native gel but not the nu-

cleotide chain length of hp2 product differs between the LR
and RL versions of the substrate (Fig. 3B, lanes 4 and 6 versus
lanes 10 and 12, native versus denaturing gels). This indicates
that hp2 produced from reaction with the RL substrate pos-
sesses more intrinsic curvature than hp2 produced from the
LR substrate (e.g. Ref. 33). The mobility in native gels of the
two substrates is equivalent, showing that the sequence swap
has not affected the overall curvature of the substrates. This
would seem to indicate that the telomeric R sequences or the
non-telomeric sequence must cancel out the intrinsic curva-
ture of the L sequence.
A key difference between free and immobilized reactions is

that in the immobilized reactions only hairpin products that
have been released are visualized; this is, by definition, the
case for the products in the supernatant. The reaction prod-
ucts from free reactions represent both products that have
been released as well as products that may be present in
ResT-DNA complexes in which only one hairpin telomere has
formed. This is the case because the results of the free reac-

tions are visualized after termination of the reaction with SDS
for application to the gels, whereas the results of the immobi-
lized reactions are only visualized after the bead and superna-
tant fractions are separated by application of the reactions to
a magnetic test tube rack to pull down the paramagnetic
beads. Therefore, the equalization of hairpin telomere yield in
immobilized reactions using a substrate with a large hairpin
formation bias (version 1 (LR)) suggested that hairpin te-
lomeres are not released until both hairpin telomeres form.
Hairpin Formation Occurs Prior to Product Release—To

more rigorously test this contention, we performed time
course experiments with a nicked rTel under conditions
where we could manipulate the relative hairpin formation
rates of the two hairpin telomeres and tested the effect of im-
mobilization on the time course (Fig. 4). The nicked type 1
rTel used in Fig. 2 was employed again. As noted for that ex-
periment, hp2 formation proceeds more slowly than hp1 for-
mation as the 5� overhang that results from cleavage is one nt
too short, and consequently, the hairpin that forms must do
so without a complementary base pair at the site of strand
resealing (Fig. 2) (32). Therefore, one can infer that hairpin
formation under standard conditions is homology-dependent.
We have discovered that this homology dependence can be
partially alleviated by supplementing the reaction buffer with
glycerol to a final concentration of 10%. Addition of glycerol

FIGURE 3. Reactions with immobilized type 2 rTels. A, a schematic of the substrates used. A comparison with Fig. 2A will reveal that type 2 rTels differ
from type 1 rTels by the sequence of box 1 (shaded in blue) and by the relative spacing between of the box 1 and box 3 sequences (the latter shaded in ma-
genta). Version 1 (LR) of a type 2 rTel that we tested displayed a large bias in the ability to form the hairpin telomeres on one side of the substrate relative to
the other, so we constructed a second version where the L and R sequences were switched to yield Type 2 rTel version 2 (RL). As in Fig. 2, the sequences
that differentiate the L and R sides are noted with red characters. The L sequence is derived from the left telomeres of lp28-2 and lp36. The R sequence is
derived from the right telomere of lp28-4 (31). B, 10% native TAE-SDS-PAGE and 10% denaturing TBE-urea PAGE analysis of telomere resolution reactions
with the substrates in A. The gel labels are as indicated in Fig. 2C.
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reduces the disparity in the reaction rates of hp1 versus hp2
formation (Fig. 4A, free reaction panels).
Under homology-dependent conditions, hp1 formation in

free reactions is essentially complete by 5 min; hp2 does not
start to appear until the 10-min time point, and only a small
amount has been produced by the 40-min end point. The
cleaved but not yet hairpinned right side of the substrate is
apparent on the gel as the CP band; top strand cleavage is
somewhat slower than bottom strand cleavage, but the major
effect for hp2 formation is on the rate of the hairpinning step
(Fig. 4) and (32). Upon immobilization of this substrate under
these conditions, the yield of the hairpins is equalized, and the
reaction proceeds at the slow rate of hp2 formation (compare
hp2 appearance in the supernatant versus hp1 appearance in
the bead fraction; Fig. 4).
Supplementing the reaction buffer with glycerol increases

the reaction rate of top strand cleavage and hp2 formation
(Fig. 4A, homology-independent free panel). This increase in
the reaction rate of hp2 formation was accompanied by a cor-
responding and equal increase in the rate of hp1 formation in
reactions with immobilized nicked rTel (Fig. 4A, homology-
independent immobilized panel). Essentially identical results
were obtained with a nicked type 2 rTel (data not shown). An
interpretive reaction scheme is presented under the gels for
the two conditions (Fig. 4). The results in Fig. 4 strengthen
the conclusion that hairpin formation precedes product
release.

Protein-protein Cross-linking ResT in a ResT-DNA Complex
That Has Formed Only One Hairpin—We reasoned that if the
slow formation of hp2 in the nicked rTel substrate used in Fig.
4 prevented the dissolution of the ResT-DNA complex cata-
lyzing telomere resolution and product release, then we
should be able to visualize this complex by protein-protein
cross-linking. The CP in Figs. 2 and 4 represents a monomer
of ResT covalently linked to a radiolabeled half-site; addition
of a protein crosslinker (DSP) should trap an additional
monomer of ResT on this half-site if a dimeric ResT-DNA
complex performing telomere resolution persists until hp2
formation is complete. Fig. 5 presents the results of DSP addi-
tion to a reaction under conditions that maximize the yield of
CP but before significant amounts of hp2 has been formed
(no glycerol supplement, 4 �g/ml ResT in a 30 °C, 30-min
incubation). Lane 2 shows the reaction with a nicked rTel
without DSP addition; there is quantitative conversion of the
substrate into hp1 and CP (the small amount of hp2 formed
runs off the bottom of this gel). As expected, addition of DSP
(lanes 3 and 4) trapped an additional monomer of ResT onto
the radiolabeled half-site. ResT is prone to aggregation (34)
and a significant proportion of the cross-linking has resulted
in a shift into the well, especially at the higher concentration
of DSP tested (lane 4; 50 �g/ml). Essentially identical results
were obtained when the cross-linking experiment was re-
peated with an immobilized version of the nicked rTel (see
supplemental Fig. 3).

FIGURE 4. The effect of immobilization on time course reactions with an rTel that forms the two hairpin telomeres at different rates. 10% native
TAE-SDS-PAGE analysis of telomere resolution time courses comparing free versus immobilized reactions under homology-dependent (very slow hp2 for-
mation) and partially homology-independent (faster hp2 formation) conditions using the nicked type 1 rTel presented in Fig. 2. Under the gels, interpreta-
tions of the reaction occurring under the two regimes is presented. Both the strands of the substrate are cleaved; top strand (t.s.) cleavage is slower due to
the presence of the nearby nick (32) and irreversible due to the diffusion away of the nucleotide distal to the scissile phosphate. Bottom strand (b.s.) cleav-
age is reversible as it occurs on the intact strand. Subsequent to cleavage the two hairpins are formed at different rates. The hairpins appear not to be re-
leased until both are formed substantially slowing the reaction relative to the free reaction in which all products whether released or not are visualized. The
case of the time course performed under partially homology-independent conditions differs in two key respects: (i) hp2 formation is substantially acceler-
ated, and this is mirrored by a corresponding increase in the rate of hp1 formation, and ii) CP is released into the supernatant indicating that successful hp2
formation and product release have been partially uncoupled.
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DISCUSSION

Mechanism of Hairpin Telomere Formation—Different
mechanisms of hairpin telomere formation seem to be opera-
tive for the two best characterized telomere resolvases: ResT
and TelK (also referred to as a protelomerase). The leading
models for each are presented in Fig. 6. In both models, the 6
bp between the scissile phosphates must be deformed as a
prelude to the breaking of these bp and the formation of the
hairpin telomeres. The hairpin telomeres are a higher energy
structure than the original duplex because only one base pair,
at most, from between the cleavage sites would reform at the
base of each hairpin loop (20, 35). Therefore, both models
must explain where the energy for their formation is derived.
For ResT, the hairpin-binding module is thought to play a

crucial precleavage role by predisposing the DNA between
the cleavage sites to assume a conformation prepositioned to
cause hairpin formation once the substrate DNA has been
cleaved (25). The hairpin-binding module was identified by
sequence homology to a region of Tn5 transposase crucial for
hairpin formation in the transposon excision reaction of Tn5
(24, 36). Mutation of this module in ResT results in a cleavage

defective telomere resolvase. This defect can be rescued by
introduction of the heteroduplex at the central 2 bp of the
rTel, which predisposes the DNA to spontaneously fold back
into DNA hairpins (25). The hairpin-binding module may
actively distort the DNA or stabilize something akin to a pre-
formed bulged DNA structure. This role is structure-specific
rather than sequence-specific, as ResT recognizes and re-
solves 19 different telomeric sequences that include six dis-
tinct sequences between the scissile phosphates (31). The
hairpin-binding module is not well conserved in TelK (20).
Experimental data indicate that the energy stored in the

substrate in the form of DNA supercoiling plays an important
role in telomere resolution by being used to aid assembly of a
chemically competent “cross-axis” complex, a process that is
probably equivalent to dimerization of ResT on its substrate
(see Fig. 5). This does not occur easily on linear or relaxed
DNA (25, 32, 34). Once this has occurred, DNA cleavage and
hairpin formation rapidly follows, all within the context of the
cross-axis complex (this study). DNA supercoiling has not
been reported to affect the reaction of the bacteriophage te-
lomere resolvases typified by TelN and TelK (16, 23). The
model of hairpin telomere formation for TelK differs from
that for ResT mainly by hairpin telomere formation proceed-
ing by use of the energy of a strained dimer complex being
used for its dissolution concomitant with or preceding forma-
tion of the hairpin telomeres (20).
A domain of TelK critical for hairpin telomere formation

has also been discovered and is referred to as the stirrup do-
main. The stirrup domain interacts with distal sites in the
substrate; this interaction stabilizes a large (73°) bend induced
by TelK binding. The stirrup domain plays a post-cleavage
role in hairpin formation; its deletion does not affect the abil-
ity of TelK to cleave its substrate but blocks formation of the
hairpin telomeres. The energy of the DNA bend that the stir-
rup domain stores in the complex is thought to aid the disso-
lution of the complex once DNA cleavage has occurred. This
allows spontaneous strand fold back for hairpin formation.
They were led to this conclusion by modeling exercises with
all the known structures of nucleic acid hairpins docked into
their structure; significant electrostatic repulsion or steric
clashes were encountered for most attempts to fit the hairpins
within the constrained space of the TelK dimer (20). Sponta-
neous strand foldback to form DNA hairpins has precedent in
aberrant reactions of the closely related tyrosine recombinase
family of enzymes (37, 38). Deletion of the analogous domain
at the end of the C-terminal domain of ResT yields a cleavage
defective resolvase.3

It is not currently known what role DNA bending may play
in telomere resolution by ResT. However, the results in Fig. 3
with the LR and RL versions of the type 2 rTel indicate that
substrate curvature affects telomere resolution. The L se-
quence possesses intrinsic curvature. Moving the L sequence
from one side of the rTel to the other produces free reactions
that have opposing biases in the ability to form the two hair-
pin telomeres, indicating a negative impact of this curvature

3 Y. Tour and G. Chaconas, personal communication.

FIGURE 5. DSP cross-linking a second ResT protomer to the ResT pro-
tomer trapped in CP produced by reaction with a nicked rTel. A, sche-
matic representation of the protein-protein cross-linking experiment with
the type 1 nicked rTel used in Figs. 2 and 4 (see Fig. 2, A and B). ResT is incu-
bated with the nicked rTel under conditions that maximize the yield of the
CP in which ResT is covalently attached to the radiolabeled DNA (no glyc-
erol in the reaction buffer; 30 °C for 30 min incubation). DSP was added to
induce cross-linking. The resulting cross-linked species are visualized by
4.5% TAE-SDS-PAGE. ResT is represented by shaded ovals, the line connect-
ing the ResT to the scissile phosphate (F) indicates the covalent 3�-phos-
photyrosine linkage trapped by cleavage next to the nick on the top strand.
CP and CP (DSP) are covalent ResT-DNA complexes with the radiolabeled
half-site derived from the right side of the rTel after cleavage; cross-linking
is visualized by virtue of attachment to this half-site. hp1 is the hairpin te-
lomere derived from the left side of the rTel. B, 4.5% TAE-SDS-PAGE analysis
of the results of DSP cross-linking a reaction with a type 1 nicked rTel. The
key above the gel indicates whether ResT has been added to the incubation
and if DSP treatment has followed the reaction (two concentrations of DSP
were used; 10 and 50 �g/ml). The gel labels are explained in A. A 20-cm
long vertical gel apparatus was used.
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on hairpin formation. For the immobilized reactions, the rTel,
in which the “L” sequence was bead proximal (the LR ver-
sion), was more reactive than its RL counterpart. The rTels
are immobilized via the bottom strand only (Fig. 3A), so one
direction of intrinsic curvature relative to the bottom strand
may be more conducive to reaction than the other. This pos-
sible role for DNA bending in telomere resolution by ResT
requires further study. Substrates produced in vivo by replica-
tion through a hairpin telomere will always be perfectly dyad
symmetric, in part, preventing the effects of intrinsic sub-
strate DNA curvature from producing a serious bias in the
formation of the two hairpin telomeres.
Our previous report that studied telomere resolution with

substrates that blocked cleavage or hairpinning on one side of
an rTel indicated that the chemical steps of telomere resolu-
tion could be uncoupled from each other (32). For the hairpin
formation step of the reaction, this was particularly surprising

as it implied that a hairpin telomere would be produced at the
expense of also producing a deleterious ResT-capped double
strand break. However, the use of immobilized substrates in
this study allowed us to uncover a reaction mechanism for
hairpin telomere formation that incorporates a requirement
for both hairpin telomeres to be formed in the context of a
ResT-DNA dimer complex prior to dissolution of this com-
plex and release of the products. This mechanism of dual
hairpin telomere formation preceding product release acts as
a surveillance of the structural integrity of the telomeres and
thereby protects the integrity genome as a whole.
Synapsis Independence of Telomere Resolution, Possible in

Vivo Implications—We have demonstrated that the physical
immobilization of replicated telomere junctions (rTels) does
not prevent telomere resolution by ResT. This demonstrates
that there is no requirement, intrinsic to the reaction mecha-
nism of ResT, to synapse together rTels for telomere resolu-

FIGURE 6. A comparison of the current models of the telomere resolution reactions of ResT (B. burgdorferi) and TelK (�KO2; Klebsiella oxytoca). The
reaction of ResT is pictured after the limiting step of substrate binding and dimerization. Once this complex is formed, the hairpin-binding module, found at
the end of the N-terminal domain, engages the sequence between the scissile phosphates inducing a DNA distortion that can be mimicked by introduction
of heteroduplex (25). This distortion seems to be required to allow the C-terminal catalytic domain to cleave and then rapidly hairpin the DNA followed by
release of the hairpin telomeres (now pictured as encompassed by two sets of brackets instead of one set). The crucial feature of this model is that the en-
ergy of DNA distortion is used to license DNA cleavage and predispose the DNA strands for hairpin formation within the ResT-substrate complex. TelK bind-
ing and dimerization on its substrate is accompanied by significant substrate bending (73°) induced by the actions of the stirrup and muzzle domains. The
stirrup, through interactions with distal sites in the substrate, induces the bend. The muzzle domain enforces a significant offset in this bend. This offset
induces shear forces in the DNA between the cleavage sites buckling the basepairs between them. After DNA cleavage, this highly strained complex flies
apart and the hairpins are formed by spontaneous strand fold back attacking the 3�-phosphotyrosine cleavage complexes closing the hairpins (20). The
crucial feature of this model is that the energy of DNA bending/deformation is used for dimer dissolution, which in turn, allows spontaneous hairpin
formation.
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tion. This argues against the reaction models II and III pre-
sented in Fig. 1. These synapsis-dependent models of
telomere resolution were an attractive possibility because they
afford a direct means of linking telomere resolution and chro-
mosome segregation with cell division; synapsis of the rTel
junctions at mid-cell to activate telomere resolution would
allow a tight temporal/spatial link between these processes
akin to that of the resolution of circular chromosome dimers
by XerCD and FtsK at dif sites (39). The synapsis independ-
ence of telomere resolution in vitro and the fact that the ori-
gins of replication for several linear replicons in B. burgdorferi
are thought to be asymmetrically disposed (40)3 raises the
possibility that DNA replication, in these cases, may give rise
to Y-shaped replication intermediates in which one rTel has
been resolved before the other telomere has been replicated.
Such intermediates are a demonstrated feature of the replica-
tion of the hairpin telomere containing N15 linear prophage
(17). Now, of course, in vitro reactions with short synthetic
substrates and purified ResT fail to reproduce many impor-
tant conditions in the cell that may influence telomere resolu-
tion. Substrate DNA supercoiling (41), presently unidentified
accessory factors (15), possible resolvasome assemblies lo-
cated at specific fixed cell loci, or coincident processes like
DNA replication and transcription are all missing from our in
vitro reactions. Although we have previously shown, in vitro,
that ResT can form synapses of two rTels that form HJs, we
do not know that such synapses are incapable of performing
telomere resolution, just that they are not necessary. There-
fore, a rigorous elimination of Model II will require a separate
in vivo study of DNA replication and telomere resolution dy-
namics. Additionally, in such a study, it is possible different
replicons may show different dynamics.
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