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Summary

The termini of linear chromosomes are protected by specialized DNA structures known as telomeres
that also facilitate the complete replication of DNA ends. The simplest type of telomere is a covalently
closed DNA hairpin structure found in linear chromosomes of prokaryotes and viruses. Bidirectional
replication of a chromosome with hairpin telomeres produces a catenated circular dimer that is
subsequently resolved into unit-length chromosomes by a dedicated DNA cleavage-rejoining enzyme
known as a hairpin telomere resolvase (protelomerase). Here we report a crystal structure of the
protelomerase TelK from Klebseilla oxytoca phage ¢KO2, in complex with the palindromic target
DNA. The structure shows the TelK dimer destabilizes base pairing interactions to promote the
refolding of cleaved DNA ends into two hairpin ends. We propose that the hairpinning reaction is
made effectively irreversible by a unique protein-induced distortion of the DNA substrate that
prevents re-ligation of the cleaved DNA substrate.

Introduction

The duplication of chromosome ends during replication is essential for genomic stability, and
consequently, specialized replicative processes have evolved for this purpose. The termini of
linear chromosomes pose challenges during replication because incomplete synthesis of DNA
5’ ends by the lagging strand of the replication fork could lead to progressive shortening of a
chromosome over generations (Olovnikov, 1973;Watson, 1972). Also, the exposed ends of
double-strand DNA are substrates for aberrant recombination or repair leading to chromosomal
rearrangements and fusions (McClintock, 1941;Muller, 1938).

Several effective strategies have evolved to overcome the chromosome end replication
problem. Bacterial and archaeal species with circular genomes have eliminated issues of
exposed DNA ends, but instead must resolve interlinked (concatenated) chromosomes
following replication by the action of topoisomerases and site-specific recombinases. The
linear chromosomes of eukaryotes have guanine-rich repetitive DNA sequences near the ends
(Szostak and Blackburn, 1982) that bind to protective proteins and adopt a compact structure
that is resistant to degradation. GT-rich terminal sequences with a 3’ overhang can fold into
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structures such as the T-loop (Griffith et al., 1999) and possibly the G-quadruplex (Parkinson
et al., 2002;Smith and Feigon, 1992) that together with site-specific binding proteins form
specialized nucleoprotein complexes constituting telomeres (Baumann and Cech, 2001;Bilaud
et al., 1997;Cooper et al., 1997;Smith and de Lange, 1997). The telomere provides physical
protection of the DNA ends (van Steensel et al., 1998) while permitting extension of the
telomeric sequence by the activity of a specialized reverse transcriptase to prevent chromosome
shortening (Blackburn, 1991;Greider and Blackburn, 1985). Other types of terminal structures
have also been identified in linear chromosomes. Drosophila telomeres are maintained by the
insertion of a transposon sequence at chromosomal termini (Levis et al., 1993;Pardue and
DeBaryshe, 1999). In streptomyces (Bao and Cohen, 2001;Hirochika and Sakaguchi, 1982;Lin
et al., 1993), adenoviruses (Rekosh et al., 1977), and bacteriophages such as ¢29 (Mellado et
al., 1980), DNA synthesis is primed by a protein that remains covalently attached to the 5'-
ends of the genome and protects the DNA from degradation.

An elegantly simple solution to the chromosome end problem is widespread among bacteria
and viruses, including the plant pathogen Agrobacterium tumefaciens (Goodner et al., 2001),
eukarytic brown algae viruses (Delaroque et al., 2001), linear plasmid prophage of several
bacteriophages from Vibrio, Yersinia, Klebsiella, and E. coli (Casjens et al., 2004;Hertwig et
al., 2003;Lobocka et al., 1996;0akey et al., 2002;Rybchin and Svarchevsky, 1999), and genus
Borrelia, the causative agent of the Lyme disease and relapsing fever (Casjens et al.,
1997;Hinnebusch and Barbour, 1991;Hinnebusch et al., 1990). These organisms have linear
chromosomes or replicons with covalently closed hairpin termini (telomeres). Here,
bidirectional DNA replication starts from an internal origin (Picardeau et al., 1999;Ravin et
al., 2003) and produces a circular dimer with inverted telomeric repeat sequences at the
junctions between two copies of the replicated chromosome. This circular replication
intermediate is then resolved into two unit length linear chromosomes with covalently closed
DNA hairpin ends by a specialized telomere resolvase/protelomerase (Casjens, 1999;Kobryn
and Chaconas, 2001;Ravin et al., 2001) (Figure 1A). Y-shaped intermediates that have been
observed in electron micrographs of these chromosomes result from telomere resolution at one
end of the chromosome dimer before the replication fork reaches the other end (Ravin et al.,
2003).

Protelomerases share limited sequence homology with the A-integrase family of site-specific
recombinases (also known as tyrosine recombinases) and with type IB topoisomerases (Deneke
et al., 2000;Kobryn and Chaconas, 2002;Rybchin and Svarchevsky, 1999). These enzymes
have similar catalytic mechanisms for DNA cleavage and ligation, generating a 3'-
phosphotyrosine DNA intermediate that enables the covalent rejoining of cleaved DNA strands
without the use of a high-energy cofactor (Champoux, 1981;Craig and Nash, 1983;Huang et
al., 2004;Pargellis et al., 1988). However, each family of enzymes performs a different DNA
remodeling task using a monomer, dimer, or tetramer bound to one or two DNA molecules.
The monomeric type-1B topoisomerases cleave and rejoin a single strand of DNA to relax
supercoils (Champoux, 2001). Protelomerases bind as dimers to a double-stranded DNA and
generate a staggered cut that is converted into two DNA hairpin ends (Figures 1B and 2). Site-
specific recombinases catalyze the pair-wise exchange of four DNA strands in the context of
atetrameric recombinase bound to two recombining DNAs (Biswas et al., 2005;Chen and Rice,
2003;Van Duyne, 2001). Using a common reaction chemistry, these enzymes perform
specialized DNA remodeling functions to achieve different biological outcomes.

DNA hairpins are generated following an endonucleolytic strand cleavage as transient reaction
intermediates during the remodeling of immunoglobulin and T-cell receptor genes, and during
the transposition of some mobile genetic elements (van Gent et al., 1996). Enzymes catalyzing
these reactions have specialized DNA binding elements that stabilize a hairpin fold during the
direct attack of a nicked 3'-OH end on a phosphodiester bond (Davies et al., 2000;Rice and
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Baker, 2001). Protelomerases are unique in converting a doubly nicked DNA duplex into two
stable hairpins via a transient enzyme-DNA covalent intermediate. This reaction sequence
suggests a different mechanism from that of DNA transposases that form a hairpin starting
from DNA with one nicked strand.

A key question concerning the mechanism of DNA hairpin formation by protelomerases is
how the canonical double helical conformation of the DNA substrate is efficiently rearranged
into a seemingly higher energy (enthalpically unfavorable) hairpin structure. To better
understand the mechanism of this unique DNA cleavage and rejoining reaction, we have
determined crystal structures of the protelomerase TelK from Klebseilla oxytoca phage ¢KO2
(Casjens et al., 2004;Huang et al., 2004), an essential factor for the maintenance of a linear
plasmid prophage episome during lysogenic growth of ¢KO2. Our crystallographic and
biochemical data suggest that TelK breaks the duplex structure of DNA to allow the
spontaneous folding of individual DNA strands into hairpins.

Results and Discussion

Overview of the TelK Dimer Complexed with DNA

TelK was crystallized in complex with a nicked palindromic target DNA in which
orthovanadate (VO43~) mimics the scissile phosphate of a pentavalent transition state for DNA
cleavage (Table 1 and Figure 3) (Davies and Hol, 2004). We also crystallized covalent TelK-
DNA complexes in the same overall conformation using suicide DNA substrates, representing
the phosphotyrosine intermediate following DNA cleavage (Table S1 and Figure S1). The TelK
dimer presents a series of DNA contacting surfaces that hold the 44bp DNA substrate in a
curved conformation with a central discontinuity in the DNA helical axis (Figures 4A, 4B, and
5). The contact area between subunits is extensive, with the major interactions occurring
between the N-terminal domains and between the catalytic domains (Figure 4). The DNA is
completely enveloped by the protein, which gives the appearance of a relatively inflexible
platform for holding a bound duplex DNA substrate in the strained conformation during the
cleavage reaction.

Each TelK monomer has an oblong shape (approx.110 A by 35 A by 60 A) that covers an entire
DNA half-site, with a noncrystallographic dyad axis relating the two halves of the complex.
The core of the TelK monomer consists of an N-terminal domain (colored red in Figure 4C)
and a catalytic domain connected by a long a-helical linker (helix K) forming a two-domain
architecture reminiscent of the tyrosine recombinases (Chen and Rice, 2003;Van Duyne,
2001) (MacDonald et al., 2006). However, there are two functionally important extensions of
this basic architecture in TelK. An additional, C-terminal DNA binding domain named the
stirrup (Figure 4C) is present only in TelK and is required for the resolution of hairpin telomeres
(see below). TelK's N-terminal domain (a.k.a., the core binding domain; (Tirumalai et al.,
1998)) has an insertion termed the muzzle, which contacts the opposing subunit and enforces
an offset in the path of the DNA across the dimer interface (Figures 4B and 5).

The catalytic domain of TelK constitutes a large dimerization surface (Figure 4D; 1100 A2 of
buried surface area in each subunit), in contrast to catalytic domains of the tyrosine
recombinases that communicate with neighboring subunits through an extended peptide
segment (Chen and Rice, 2003;VVan Duyne, 2001). Electrostatic interactions are abundant in
the dimerization surface of TelK's catalytic domain—this interface includes 12 pairs of residues
forming hydrogen bonds or salt bridges (Figure S3). The hydrophilic nature of the dimer
interaction surface may-reflect the fact that TelK can exist as a monomer when not bound to
DNA (Huang et al., 2004). Additional, less extensive contacts are made between the muzzle
subdomains (residues 79-200; Figure 4) of subunits within the TelK dimer. Two long a-helices
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(aF and al) form the core of this protruding element, which cradles the linker helix K of the
opposite subunit (Figure 4B).

The TelK dimer shows an interlocked domain arrangement where the muzzle is packed against
the DNA-binding toroid (catalytic and N-terminal domains) of the opposite subunit. This
reciprocal interaction appears to reinforce the protein scaffold that clamps the bound DNA in
a distorted conformation to promote the separation of cleaved DNA strands prior to hairpin
formation. The DNA appears to be sequestered within the TelK dimer so that product release
is likely to require a loosening of protein subunit interactions. Opening of the catalytic domain
interface, or even a complete dissociation of the TelK dimer, may in fact be a prerequisite for
the hairpin products formation itself. TelK dimer offers only a limited space across the two
active sites for the pair-wise strand rearrangements (Figure S4), and could only accommodate
two hairpin ends with an extremely compact conformation (Figure S5). However we cannot
exclude the possibility that hairpin formation occurs in the context of the TelK dimer, and
requires minimal structural change in the protein. How the DNA strand rearrangement process
is coordinated with the dynamics of TelK dimer remains to be investigated.

DNA Interactions by TelK

TelK makes extensive interactions with the DNA substrate, burying a total of 6000 A2 of the
accessible protein and DNA surfaces per monomer. All three domains of TelK participate in
DNA binding interactions, with as many as 55 protein residues positioned in close proximity
to the DNA (<3.6A; Figure 6A). Seven bases of the binding site are recognized by sequence-
specific hydrogen bonding interactions, in addition to van der Waals contacts that involve
additional bases of the binding site (Figure 6A). The N-terminal and catalytic domains of TelK
bind to opposite faces of the DNA by inserting a-helices into the major groove (Figure 6B),
and several basic residues from the a-helical linker (helix K) contact the DNA phosphodiester
backbone. The side chain of Trp 219 within helix K packs in the major groove against the edges
of 4 bases adjacent to the site of strand cleavage. The N-terminal domain inserts a-helix C into
the major groove at a right angle with respect to the DNA axis. Asn67 and Ser68 from helix
C make base-specific hydrogen bonding interactions with the DNA (Figure 6B). A basic N-
terminal segment (residues 1-10) lacks well-defined electron density, but appears to interact
with the minor groove, which is significantly widened in the intervening region between the
DNA sites bound by the catalytic and stirrup domains. The catalytic domain inserts a-helix R
into the major groove. Helix R is curved (~45 degrees) and tracks along the major groove
where it contributes three base-specific contacts from the side chains of Asn357 and Thr362,
and the main chain carboxyl of Ala358 (Figure 6B).

Protein fold analysis by DALI (Holm and Sander, 1998) indicated that the catalytic domain of
TelK is structurally most similar to that of A-integrase (Kwon et al., 1997), except for a unique
insertion (Figure 4C; helix Q and the N-terminal part of helix R, and the intervening loop;
residues 335-352) that traverses the major groove opposite the linker helix (Figure S3) and
completes the DNA-binding toroid formed by the N-terminal and the catalytic domains. One
of the additional interactions made by this insertion involves Arg350, an essential residue for
DNA nicking activity (Huang et al., 2004). An extended loop between 3 and 4 of TelK
(residues 296-310), which is represented by a shorter connecting segment in the tyrosine
recombinases, traverses along the minor groove and makes several interactions with the DNA
backbone. Two side chains from this loop (Lys300 and Arg302) insert deep into the minor
groove. Arg302 appears to be the only residue whose side chain is in a position for hydrogen
bonding interactions with bases of the central 6 base pair region (Figure S4), raising the
possibility of a direct role in hairpin formation. Although the N-terminal and catalytic domains
of TelK completely encircle the DNA cleavage site, there are few interactions with the central
six base pairs that ultimately form the hairpin products of telomere resolution.
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TelK's C-terminal stirrup domain contacts the DNA flanking the cleavage site (Figures 4 and
5C), extending the DNA binding interface. This domain binds to DNA using the winged helix-
turn-helix motif, similarly to the human Rap30 DNA-binding domain and linker histon H5
(Groft et al., 1998). The a-helical and B-hairpin segments of the stirrup straddle the major and
minor grooves of DNA, respectively (Figures 4 and 6C). A short a-helix (helix X) the adjoining
loop contribute Arg 492 and Thr 498 for base-specific hydrogen bonds and several other
residues for DNA backbone interactions (Figure 6A). The stirrup is tethered to the catalytic
domain by two extended linkers (Figure 4) and makes few interactions with the rest of the
protein. The spatial configuration of the catalytic and the stirrup domains appears to be a major
determinant for the orientation and extent of DNA bending.

Distorted DNA Conformation Induced by Binding of the TelK Dimer

The DNA bound by TelK is curved by ~73 degrees within a plane parallel to the 2-fold axis
of the complex (Figure 4A). In contrast, the related A-integrase recombinase generates a sharp
kink in DNA that breaks the internal two-fold symmetry within each half of the A-integrase
tetramer, which may bias the strand exchange reaction in favor of recombined products (Biswas
etal., 2005). The DNA bend introduced by TelK preserves the two-fold symmetry of the protein
dimer, perhaps reflecting the symmetry of the strand exchange reaction that generates two
hairpins from one DNA duplex. The distributed bending of DNA by TelK may produce tension
that is relieved by the double strand-nicking reaction, serving to liberate the ends of the DNA
and preventing the reversal of the initial DNA cleavage reaction. An interaction between the
stirrup domain and a distal DNA site appears to stabilize the bent conformation of the DNA
(Figures 4A and 4D). Deletion of the stirrup domain by a C-terminal truncation of TelK has
little effect on DNA cleavage activity, but profoundly impairs hairpin formation (Figures S6
and S7). This observation suggests that DNA bending is important for the refolding of cleaved
DNA strands into hairpins.

The large amount of buried surface area that is devoted to DNA interactions and subunit
contacts by the TelK dimer stabilizes a marked (~7.5A) shift in the DNA helical axis at the
center of the complex (Figure 5A). This jog in the double helix is accompanied by the shearing
of base pairing interactions within the central sequence (5’-CGCGCG-3') of the cleaved DNA
substrate (Figure 5B). The central bases are partially unstacked and exhibit poor hydrogen
bonding geometries across the central two G-C pairs (Figures 5B and 6A). The adjacent G-C
pairs are severely buckled, but otherwise remain within base pairing distance. It is notable that
two guanines from opposite strands stack together across the dyad axis, instead of stacking on
the adjacent cytosines within each strand. This interstrand base stacking might support
destabilization of a canonical B-form duplex as a prelude to hairpin formation. The central
base pairs are less well ordered in the crystal structures of TelK covalently complexed to suicide
substrates (Table 1 and Figure S1), suggesting that the unligated 5’-OH ends of the cleaved
DNA are not constrained after DNA cleavage.

The Active Site of TelK

The Tyr425 nucleophile for DNA cleavage is located on a partially buried helix (U) at the
dimer interface where it appears to be held in a fixed orientation by subunit packing
interactions. In contrast, the catalytic tyrosine residue of the tyrosine recombinases is typically
located on a flexible segment that is subject to movement within the active site in order to
regulate DNA cleavage activity (Chen and Rice, 2003;Van Duyne, 2001). The pentavalent
vanadium ion bound in the active site of TelK coordinates the 3'-OH group of DNA, the tyrosine
nucleophile and the juxtaposed 5’-OH group of DNA (Figure 7). The electron density, within
the limitations of the x-ray data at modest resolution, is suggestive of a trigonal bipyramidal
reaction intermediate with the coaxial alignment of the oxygen atom of the attacking tyrosine,
the vanadium atom, and the oxygen atom of the 5’ leaving group. The structure supports the
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predicted catalytic mechanism of TelK, in which the two consecutive Sy2-type
transesterification reactions first form then break the phosphotyrosine protein-DNA linkage
(Huang et al., 2004;Mizuuchi and Adzuma, 1991).

The active site residues of the protelomerase family of proteins show mixed features of the
tyrosine recombinases and type IB topoisomerases (Figure 7). The scissile phosphate is
coordinated by the basic side chains Arg275, Arg383, and His416 of TelK, corresponding to
Arg488, Arg590, and His632 of the human topoisomerase | (Redinbo et al., 1998). TelK
residues Arg275 and Arg383 are also structurally analogous to two arginine residues of the
tyrosine recombinases constituting the catalytically important and extremely well conserved
Arg-His-Arg triad (e.g., Arg212-His308-Arg311 of A-integrase) (Nunes-Duby et al., 1998).
Like all type IB topoisomerases, the active site of TelK has a Lys residue (Lys380) instead of
the third catalytic triad histidine residue that has been proposed as a general base catalyst for
the tyrosine recombinases (Whiteson et al., 2007). Lys380 (corresponding to a non-catalytic
residue Lys587 of human topo 1) contacts a phosphate immediately adjacent to the scissile
phosphate. His416 of TelK takes the position of a less conserved His/Trp residue of the tyrosine
recombinases and the catalytically important His (Asn in some bacterial enzymes) residue of
the topoisomerase IB family of proteins (Stewart et al., 1998). The side chain of Lys300
(corresponding to the catalytic residue Lys532 of human topo | (Interthal et al., 2004)) is
positioned between the DNA O5’ (axial) and a vanadate non-bridging (equatorial) oxygen,
although not in an ideal hydrogen-bonding geometry with either oxygen. The amino group of
this lysine residue might protonate the 5’-OH leaving group during DNA cleavage, as was
suggested for Lys167 of the vaccinia topoisomerase (Krogh and Shuman, 2000). The active
site residues in each half of the complex are contributed by one TelK monomer, showing that
the DNA cleavage is catalyzed in cis and consistent with the ability to efficiently cleave a half-
site substrate (Figure S6).

Mechanism of Hairpin Telomere Formation

Palindromic DNA sequences can spontaneously fold into hairpin structures, although extended
duplexes are preferred except under conditions of low salt concentration and elevated
temperature (Antao and Tinoco, 1992;Bonnet et al., 1998;Pieters et al., 1989;Senior et al.,
1988;Sinden and Pettijohn, 1984;Wemmer et al., 1985). The thermodynamic stability of
hairpin loops is highly dependent upon the sequence of the loop and adjacent base pairs in the
duplex stem region. Structures of DNA and RNA hairpins show that a reversal of the
polynucleotide chain is accompanied by an interruption of base pairing interactions at the distal
end of the loop (Chou et al., 2003). Based on these findings, refolding of six base pairs at the
center of the TelK target sequence should be energetically unfavorable under physiological
conditions, with hairpin formation stabilized by at most two base pairs prior to ligation.

How does TelK effectively overcome the energetic barrier of converting a DNA duplex to a
hairpin structure (Figure 2)? The enzyme bends the DNA (Figure 4A) and enforces an offset
between half-sites (Figure 5A) that disrupts base pairing interactions between the DNA strands
at the center of the binding site (Figure 5B). We propose that in this configuration the DNA is
poised for spontaneous folding of the cleaved DNA strands into hairpin ends, which are
subsequently captured by reaction with the 3’ phosphotyrosine to generate the covalently closed
hairpin products. A modeling exercise suggests that within the physical constraints of the
binding site, the apposing DNA hairpins of the product may experience electrostatic repulsion
or steric clashes of extrahelical bases (Figure S5). This could provide a driving force for the
physical separation of the nascent DNA hairpins, perhaps concomitant with dissociation of the
TelK dimer, serving as a Kinetic trap for the accumulation of product. Whether the dimer
dissociates prior to the hairpin formation or the hairpin formation triggers the dimer
dissociation, a favorable entropy of DNA cleavage may also contribute favorably to hairpin
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formation. It has been reported that tyrosine recombinases such as A integrase and Flp form
DNA hairpins as an aberrant reaction, on DNA substrates carrying mismatches between the
top and bottom cleavage sites or on half-site substrates with a 5’-overhang (Nash and Robertson,
1989;Zhu et al., 1995). These observations suggest that following the staggered double-strand
nicking, the DNA strands can spontaneously fold into hairpins given a driving force for the
strand separation.

The crystal structure of the TelK-DNA complex does not support the reaction mechanism
proposed for the Borrelia burgdorferi telomere resolvase (protelomerase) ResT (Bankhead and
Chaconas, 2004), in which the DNA is extruded into a cruciform structure that is stabilized by
the hairpin-binding motif of the enzyme prior to DNA cleavage. ResT binds specifically to
DNA sequences flanking replicated telomere junctions, and cleaves DNA at different sites that
appear to be determined by the distance from the center of the inverted repeat rather than the
specific sequence of the junction region (Tourand et al., 2003). This observation implied that
ResT may resolve a preformed DNA structure such as a cruciform or bulged hairpin loop
located at the junction site. The amino acid sequence of ResT includes a DNA hairpin-binding
motif with homology to the transposase Tn5 and related enzymes (Bankhead and Chaconas,
2004;Davies et al., 2000), supporting the hypothesis that a hairpin structure may be the target
of DNA cleavage by ResT. This putative hairpin-binding motif, however, is not well conserved
in TelK (Figure S8), raising the possibility of different reaction mechanisms for TelK and ResT.

The native target sites of all protelomerases are palindomic DNA sequences in which a perfect
inverted repeat extends to the center of the dyad axis, which defines the apical ends of the
hairpin products. The first and the sixth nucleotides from the scissile phosphates additionally
must be complementary to one another, as they likely form the first base pair in the stem of
the hairpin. We therefore examined how the symmetry of the central six base pairs of the target
site affects DNA binding and cleavage by TelK. A substrate containing the nonpalindromic
sequence 5-GTAGCG-3' in place of the native 5'-CGCGCG-3’ sequence was used to
discourage hairpin formation. The DNA substrate with an asymmetric 5'-GTAGCG-3’
sequence is rapidly cleaved by TelK (Figure S6) even though hairpin products do not
accumulate (Figure 2). Furthermore, half-site DNAs lacking a self-complementary sequence
are also cleaved by TelK (Figure S6). These results show that an inverted repeat sequence in
the hairpin forming region is not required for efficient DNA cleavage activity, lending strong
support to a mechanism in which the enzyme interacts and cleaves a symmetrical duplex DNA
before the ends of the cleaved DNA fold into hairpins.

The resolution of duplicated telomere sequences by TelK is remarkably efficient (Figure 2),
and correspondingly, telomere fusion activity is undetectable in vitro even when the DNA
hairpin product is present at high concentrations (not shown). We suggest that TelK dimer
bound to an uncleaved duplex DNA is “spring loaded” to promote separation of cleaved DNA
strands, and thereby enable spontaneous hairpin folding and stable capture by covalent ligation
of the DNA (Figure 1B). In this context, one might expect TelK monomer to bind the hairpin
product in preference to the duplex substrate, consistent with the observed low turnover of
enzymatic activity (Huang et al., 2004). We previously proposed a model for phage A
recombination in which protein-DNA and protein-protein interactions shape the complex in a
conformation that is competent for the final enzymatic step of recombination to propel the
reaction forward (Biswas et al., 2005). A recent single-molecule study has indeed demonstrated
that the A-integrase forms a stable product complex that does not readily disassemble (Mumm
etal., 2006). Protelomerases may similarly remain bound to the resolved chromosome termini
until the next round of DNA replication, perhaps serving to protect the ends of chromosomes.
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The TelK538 protein used in the present study includes 20-residue N-terminal His-tag followed
by the TelK residues 1 to 538. The TelK538 construct that lacks ~100 C-terminal residues of
the full-length TelK (640 amino acids) shows a robust in vitro resolution activity (Figure 2).

The last structured residue (Pro534) in the crystal structure of TelK538 is located in the linker
joining the stirrup domain to the catalytic domain, and matches well with the native C-terminus
of Borrelia burgdorferi telomere resolvase ResT (Figure S8). TelK538 was overexpressed in
E. coli strain BL21 under the control of the arabinose Pgap promoter (Guzman et al., 1995),
and was purified using the nickel-chelating and the Heparin column chromatography.

We employed three different strategies to obtain crystals of TelK in complex with a DNA
substrate containing the palindromic target sequence. First, a nicked suicide DNA substrate
(Huang etal., 2004;Nunes-Duby etal., 1987;Pargellis et al., 1988) was used to trap the covalent
phosphotyrosine intermediate. The nick was introduced one base 3’ from the scissisle
phosphate. The 5’-ends of DNA in the resulting TelK-DNA complex are one nucleotide shorter
than the natural reaction intermediate because the nicked nucleotide was unable to remain with
the cleavaged TelK-DNA complex and therefore the 5’-ends cannot attack the phosphotyrosine
bond for subsequent ligation reaction. The second phosphotyrosine complex was trapped using
amodified DNA substrate in which the nucleotide sequence between the two scissile positions
is altered from 5'-CGCGCG-3' to 5-GTATAC-3". The mutated DNA substrate is cleaved
efficiently by TelK but, for unexplained reasons, is a very poor substrate for either hairpin
product formation or religation to regenerate the substrate. This leads to accumulation of a
stable phosphotyrosine intermediate that can be crystallized. A third TelK-DNA complex was
assembled using orthovanadate and a DNA substrate lacking the scissile phosphates. All
oligonucleotides were synthesized on the AB1394 synthesizer and were gel purified. The
sequences of the oligonucleotides used in crystallization are available in supplementary table
S1.

To prepare the phosphotyrosine complexes with cleaved DNA, the purified protein was mixed
with 1.4x molar excess of the nicked or GTATAC suicide DNA substrates at an approximate
protein concentration of 0.2mM, and was dialyzed against 10mM Hepes (pH7.2), 100mM
NaCl, 150mM (NH,4)2S0g4, 0.5mM EDTA, 5mM DTT, and 10% glycerol. The covalent TelK-
DNA complexes tended to precipitate under lower salt conditions, but could readily be
resolublized by increasing the ionic strength. For the vanadate complex mimicking a DNA
cleavage intermediate, the protein was mixed with a DNA substrate nicked at the scissile
positions in the presence of 10mM sodium orthovanadate, and was dialyzed against the same
buffer as above except that DTT was omitted to prevent reduction of vanadium(V).

Crystals of the TelK-DNA complexes were grown using the hanging drop vapor diffusion
method at 22°C. The well solution consisted of 30% PEG4000, 50mM Tris (pH8.5), 10%
glycerol, and 750mM (NH4)»,SO4. The PEG phase of the phase-separated well solution was
mixed in 1:1 volume ratio with the TelK-DNA complex to form the drops. Addition of -NAD
(nicotinamide adenine dinucleotide) into the drops at a concentration of 10mM improved the
morphology of otherwise extremely thin needle crystals. The crystals were cryoprotected by
increasing the glycerol concentration to 15% then flash frozen in a cold nitrogen steam for data
collection. Selenomethionyl protein was expressed in minimal medium containing glycerol as
the carbon source, using the metabolic inhibition method (Doublie, 2007). The Hg derivative
was prepared by treating the crystal with 1mM ethyl mercury phosphate. For the iodine
derivative, 5-iodo-dU was incorporated at multiple positions during the DNA synthesis.
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All three types of TelK-DNA complexes were crystallized in the same crystal form under
similar conditions. The structure of the first phosphotyrosine complex was determined by
experimental phasing using selenium, mercury and iodine derivatives (Figure S1), and the
models for the other two complexes were built according to difference fourier maps (summary
of crystallographic data in Table 1). All three structures are essentially identical except for the
base pairing interactions within the central region between cleavage sites.

All x-ray diffraction data were collected at the APS beamline 191D (Argonne, IL). The data
indexing, integration, and scaling were done using HKL2000 (Otwinowski and Minor, 1997).
For the selenomethionine (SeMet) derivative, diffraction frames from two different crystals
were merged and scaled together to obtain a single anomalous dataset. Further data processing
including the structure factor calculation and scaling between different datasets was achieved
by the CCP4 suite of programs (Collaborative_Computational_Project Number_4, 1994). The
automated Patterson search by SOLVE (Terwilliger, 2002) identified 24 selenium, 13 iodine,
and 6 mercury sites. The programs SHARP (De LaFortelle and Bricogne, 1997) and
MLPHARE were used for the heavy atom refinement and phase calculation, generating
electron density maps of comparable quality after density modification with DM or RESOLVE
(Terwilliger, 2002). The atomic model was built using O (Jones et al., 1991). Model refinement
was performed using CNS (Brunger et al., 1998), imposing strict 2-fold noncrystallographic
symmetry restraints throughout the process. The structure of the vanadate complex gave the
best quality electron density (Figure 3) as well as model refinement statistics (R-work/R-free
= 25.5/28.6% at 3.2A resolution), thus was used in all figures to represent the structure of the
TelK-DNA complex. Ramachandran analysis shows 78.6 % of the protein mainchain dihedral
angles are in the most favored regions, 19.7% in additional allowed regions, 1.2% in generously
allowed regions, and 0.4% in disallowed regions. Figures were produced using PYMOL
(DeLano, 2002). Curves (Lavery and Sklenar, 1989) and 3DNA (Lu and Olson, 2003) were
used for DNA geometry analyses.

Resolution and DNA cleavage assays

A 5’-fluorescein labeled 66bp oligonucleotide (5'-
TCTTTAGCCCTATCAGCACACAATTGCCCATTATAXXXXXXTATAATGGACTATT
GTGTGCTGGCG-3') was annealed with an unlabeled complementary strand to form the
duplex substrate in which the central 6bp XXXXXX is either 5'-CGCGCG-3’ or 5'-
GTAGCG-3', and italic nucleotides denote non-target sequences added to facilitate the size
separation of the reaction products. The protelomerase reaction was performed at 22 °C with
50nM substrate DNA, 540nM TelK538, 83.3ng/uL A-DNA or poly (dI-dC), 10mM Tris
(pH7.5), 100mM NaCl, 0.5mM EDTA, 2mM DTT, and 10% glycerol. The presence of non-
specific DNA, either phage A-DNA or poly (dI-dC), was found to dramatically stimulate the
resolution reaction although TelK538 is stable and remains fully active under the same buffer
condition devoid of any DNA for longer than 5 hours. The reaction was quenched at each time
point by phenol/chloroform extraction and the samples were analyzed on a 12% native
acrylamide-TBE gel. The bands were quantified by detection of 5'-fluorescein using the
Typhoon imager (GE healthcare). The gel was subsequently stained by SYBR green I nucleic
acid stain (Invitrogen) to visualize both labeled and unlabeled hairpin products (shown in the
inset of Figure 2).

The phosphotyrosine complex formation was monitored on 44bp nicked suicide substrates
assembled from 24mer and 20mer oligonucleotides. 7.2uM TelK538 was incubated with 2x
molar excess of substrate DNA in the same buffer condition used for the resolution reaction
without non-specific DNA. The reaction was quenched at each time point by addition of SDS
and the samples were analyzed by SDS-PAGE. Following the staining with coomassie blue,
the band intensities were quantified by densitometry. All biochemical experiments were done
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in the protein and substrate DNA concentrations well above the apparent Kp of TelK538 to
the recognition sequence (~17nM at 100mM NacCl), which was estimated using the
fluorescence anisotropy experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Protelomerase resolves replicated hairpin telomeres

(A) Replication of a linear chromosome with hairpin telomeres produces a dimeric circular
intermediate that is resolved into unit-length chromosomes by the activity of protelomerase.
(B) A model for the hairpin formation reaction by the protelomerase TelK, proposed based on
the crystal structure presented in this study.
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Figure 2. Efficient resolution of the replicated telomere sequence by TelK

Resolution kinetics of 66bp oligonucleotide substrates into the hairpin products by TelK538.
A substrate with the natural symmetric central sequence gets resolved efficiently (shown on
the gel in the inset), whereas an artificially asymmetrized sequence blocks hairpin formation.
Error bars denote standard deviation.
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Figure 3. Electron density for the TelK-DNA complex

The simulated annealing composite omit map at 3.2 A resolution for the TelK-DNA-vanadate
complex that represents the intermediate of DNA cleavage reaction. The electron density
within 2.5A from atoms in the final model is shown at a contour level of 1c above the mean.
Densities for protein and DNA are colored in blue and green, respectively. (A) A view
perpendicular to the 2-fold noncrystallographic symmetry axis that relates two TelK subunits.
(B) Top view along the 2-fold axis.
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Figure 4. Structure of the TelK dimer bound to DNA

(A) A view perpendicular to the 2-fold noncrystallographic symmetry axis that relates two
TelK subunits colored respectively in orange and cyan. (B) Top view along the 2-fold axis.
(C) TelK monomer after a ~45deg rotation around the vertical axis compared to the cyan
monomer in (A), with individual protein domains color-coded. (D) Bottom view along the 2-
fold axis showing extensive dimerization contacts between the two catalytic domains.
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G2 C3

Figure 5. Distortion of the duplex DNA substrate induced by the binding of a TelK dimer

(A) A large offset in the DNA helical axis is highlighted by dotted lines showing the axes for
each half site. (B) Base pairing interactions are severely compromised in the central region
between the two scissile phosphates represented by magenta spheres. The unstacked Gua4
bases in turn participate in an inter-strand base stacking. A sigmaA weighted 2Fo-Fc omit map
at 3.2A resolution, contoured at 0.8 (green) or 1.6c (red) above the mean level, was computed
with phases derived from a model that had never been refined in the presence of the central
DNA residues Cytl, Gua2, Cyt3, Gua4, and Cyt5 built for either strand. (C) The distal region
of DNA bound by the stirrup domain is shown for comparison, with a simulated annealing
composite omit map (1.0c) superimposed.
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Figure 6. DNA substrate recognition by TelK

(A) A schematic diagram showing the DNA backbone and base-specific interactions. The
protein residues are color-coded for each domain according to the scheme in Figure 4C and
DNA backbones are colored to match the structural figures. DNA bases involved in hydrogen
bonding interactions are colored yellow, and those involved in van der waals contacts are
colored cyan. Solid and dashed lines denote electrostatic/hydrogen-bond and van der waals
interactions, respectively. (B, C) Base-specific hydrogen bond interactions made by the core-
binding and catalytic domains (B), and by the C-terminal stirrup domain (C).
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Figure 7. The active site of TelK

(A) Vanadate moiety links 5'- and 3'- ends of DNA to the Tyr425 nucleophile, mimicking the
pentavalent DNA cleavage intermediate. (B) Sequences around the catalytically important
residues are shown for protelomerase (top), tyrosine recombinase (middle), and type 1B
topoisomerase (bottom) family of proteins. The aligned proteins are; protelomerases from
Klebsiella oxytoca ¢KO2, Escherichia coli N15, Yersinia enterocolitica PY54, Ectocarpus
siliculosus virus, Vibrio harveyi bacteriophage VHML, Agrobacterium tumefaciens, and
Borrelia burgdorferi, phage A integrase, phage P1 Cre, yeast 2u plasmid Flp, Escherichia
coli XerD, phage HP1 integrase, Human topoisomerasel, Vaccinia virus topoisomerase,
Minivirus topoisomerase, and Deinococcus radiodurans topoisomerase 1B.
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