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Structure of the TRFH Dimerization Domain
of the Human Telomeric Proteins TRF1 and TRF2

ends. Expression of a dominant negative allele of TRF2
results in immediate destabilization of mammalian chro-
mosomes and rapid induction of cell cycle arrest and
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apoptosis (Karlseder et al., 1999; van Steensel et al.,Hills Road
1998). In general, mammalian cells respond to TRF2Cambridge CB2 2QH
deficiency as if their natural chromosome ends resembleUnited Kingdom
DNA breaks, resulting in degradation of the single-2 The Rockefeller University
stranded telomeric overhang, inappropriate ligation ofNew York, New York 10021
chromosome ends, and activation of the ATM/p53 DNA
damage response pathway (Karlseder et al., 1999; van
Steensel et al., 1998).Summary

Similarly, fission yeast telomeres are protected from
end-to-end fusions and recombination by a TRF-relatedTRF1 and TRF2 are key components of vertebrate telo-
protein, Taz1, that binds to duplex telomeric DNA (Fer-meres. They bind to double-stranded telomeric DNA
reira and Cooper, 2001; Nakamura et al., 1998). Likeas homodimers. Dimerization involves the TRF homol-
TRF1 and TRF2, Taz1 acts as a negative regulator ofogy (TRFH) domain, which also mediates interactions
telomere length (Cooper et al., 1997; Nimmo et al., 1998).with other telomeric proteins. The crystal structures
Remarkably, budding yeast lacks a TRF-like telomericof the dimerization domains from human TRF1 and
protein, and in this organism scRap1p is the main factorTRF2 were determined at 2.9 and 2.2 Å resolution,
that binds duplex telomeric DNA and regulates telomererespectively. Despite a modest sequence identity, the
length (Marcand et al., 1997a; 1997b; McEachern et al.,two TRFH domains have the same entirely �-helical
2000).architecture, resembling a twisted horseshoe. The di-

The TRF family of proteins have similar architectures,merization interfaces feature unique interactions that
defined by two sequence features (Figure 1A). First,prevent heterodimerization. Mutational analysis of
these proteins have C-terminal DNA binding motifs thatTRF1 corroborates the structural data and under-
are closely related to the Myb domain of c-Myb (Nishi-scores the importance of the TRFH domain in dimer-
kawa et al., 1998; Ogata et al., 1994) and also to theization, DNA binding, and telomere localization. A pos-
Myb/homeodomains of the budding yeast Rap1p (Konigsible structural homology between the TRFH domain
et al., 1996; Konig and Rhodes, 1997). Second, theseof fission yeast telomeric protein Taz1 with those of
proteins have a centrally located sequence motif ofthe vertebrate TRFs is suggested.
about 200 aa, referred to as the TRF homology (TRFH)
domain that is unique to this gene family (Broccoli etIntroduction
al., 1996, 1997; Li et al., 2000). The TRFH domains are
more divergent in sequence than are their adjacent MybTelomeres are protein-DNA complexes that protect
motifs (Figure 1A) and overlap with a protein-proteinchromosome ends from being recognized and pro-
interaction domain that mediates strong homotypic in-cessed as DNA breaks (Lundblad, 2000). Mammalian
teractions (Bianchi et al., 1997; Broccoli et al., 1997).telomeres contain long tandem arrays of double-

TRF1 is a homodimer in vivo, and its accumulation atstranded TTAGGG repeats that are maintained by the
telomeres depends on homotypic interactions (Bianchitelomerase and act as binding sites for two related DNA
et al., 1997; van Steensel and de Lange, 1997). Similarly,

binding proteins, TRF1 (Chong et al., 1995) and TRF2
the TRF2 TRFH domain mediates homotypic interac-

(Broccoli et al., 1997). TRF1 acts as a negative regulator
tions (Broccoli et al., 1997), but TRF1 and TRF2 do not

of telomere maintenance. Overexpression of TRF1 re- form heterodimers (Broccoli et al., 1997; Zhu et al., 2000).
sults in telomere shortening, and a dominant negative The TRFH domain of Taz1 may also be responsible for
allele of TRF1 induces inappropriate telomere elonga- homotypic interactions because Taz1, like TRF1 and
tion (Smogorzewska et al., 2000; van Steensel and de TRF2, binds telomeric DNA as a dimer (Spink et al.,
Lange, 1997). Like the budding yeast telomeric protein, 2000). Besides their function in dimerization, the TRFH
scRap1p (Marcand et al., 1997a), TRF1 is thought to domains of the vertebrate TRFs are involved in the re-
act in cis to control telomere extension at individual cruitment of interacting partners to the telomeres. TIN2
chromosome ends. TRF1 binds to the telomeric proteins interacts the TRFH domain of TRF1 (Kim et al., 1999;
tankyrase and TIN2, which also contribute to telomere L.C. and D.R., unpublished data), whereas the TRFH
length regulation (Smith et al., 1998; Kim et al., 1999; domain of TRF2 is involved in the binding of hRap1 (Li
Smith and de Lange, 2000). Similarly, TRF2 and its bind- et al., 2000).
ing partner hRap1, the human ortholog of scRap1p, af- The juxtaposition of two Myb DNA binding domains
fect telomere length maintenance in human cells (Li et appears to be a characteristic of all duplex telomeric
al., 2000; Smogorzewska et al., 2000). Furthermore, DNA binding proteins identified to date. Whereas the
TRF2 plays a key role in the protection of chromosome budding yeast Rap1p has two tandemly arranged Myb/

homeodomains within a monomeric protein (Konig et
al., 1996), the mammalian TRFs and the fission yeast3 Correspondence: rhodes@mrc-lmb.cam.ac.uk

4 These authors contributed equally to this work. Taz1 achieve this by using the alternative strategy of
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Figure 1. Architecture of the TRF Family of Telomeric Proteins and Secondary Structure of the TRFH Domain from Human TRF1 and TRF2

(A) Overview of the shared domain structure of human TRF1 and TRF2 and the fission yeast Taz1. TRFH indicates the TRF homology domain
and Myb the DNA binding domain, and their percentage sequence identity and (similarity) are shown.
(B) Secondary structure elements in the dimerization domains of TRF1 and TRF2. Identical residues are indicated by black dots and similar
residues by circles. The positions of the � helices are indicated by solid-lilac rectangles, and broken lines indicate regions of structural
disorder. Amino acids side chains involved in forming the dimer interface are indicated: residues involved in hydrophobic interactions are
shown in green, and those involved in hydrogen bonds are shown in orange.

dimerization (Bianchi et al., 1997; Broccoli et al., 1997; fith et al., 1999). Although it is not known how t-loops
are formed in vivo, TRF2 has the ability to remodel aSpink et al., 2000; van Steensel and de Lange, 1997).

An optimal telomeric binding site for a TRF1 homodimer telomere model substrate into a looped configuration
(Griffith et al., 1999), and TRF1 can loop and pair telo-contains two YTAGGGTTR halfsites, each bound by one

Myb domain (Bianchi et al., 1999; Konig et al., 1998). meric DNA (Bianchi et al., 1999; Griffith et al., 1998). It
is likely that the ability of TRF1 and TRF2 to change theInterestingly, the relative orientation and spacing of the

two halfsites does not affect the DNA binding affinity of shape of telomeric DNA is a reflection of their oligomeric
nature, as well as their structural flexibility, allowing ap-TRF1, suggesting that TRF1 has an unusual structure

in which the Myb DNA binding domain is connected to position of two distant telomeric sites by the tethering
of two Myb domains in one DNA binding unit. Thus, thethe TRFH domain by a long, highly flexible linker (Bianchi

et al., 1999). TRF2, which has a similar domain structure, homodimerization, as mediated by the TRFH domain,
is likely to be a crucial aspect of the function of thesecan also bind to YTAGGGTTR halfsites with variable

spacing and orientation (A. Bianchi, M. van Breugel, R. proteins.
Here, we present the 3D structure of the dimerizationWang, and T.d.L., unpublished data), consistent with a

similarly versatile DNA binding mode. domain from both human TRF1 and TRF2. Despite a
modest sequence conservation, the two domains haveThe flexible DNA binding mode of TRF1 and TRF2 is

likely to be relevant to the unusual overall architecture the same entirely �-helical architecture, and dimeriza-
tion occurs via three � helices from each monomer.of telomeric chromatin. Telomeres of mammals, ciliates,

and trypanosomes can adopt a lasso-like structure, These structures explain why TRF1 and TRF2 form only
homodimers and not heterodimers. The structural inter-called the t-loop, in which the telomere terminus is

folded back and the single-stranded overhang invades pretation is corroborated by biochemical and genetic
data that confirm the importance of the interface in di-the duplex telomeric DNA (Griffith et al., 1999; Munoz-

Jordan et al., 2001; Murti and Prescott, 1999). T-loops merization, DNA binding, and telomere localization. Sec-
ondary structure predictions suggest that the TRFH do-have been proposed to prevent the chromosome end

from being recognized as damaged DNA and could con- main of fission yeast Taz1 also has an entirely �-helical
fold that might be related to that of the vertebrate TRFs.tribute to the regulation of the telomerase activity (Grif-
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Results and Discussion

Crystal Structure Determination
Proteolysis studies (not shown) and DNA binding studies
(Bianchi et al., 1999) revealed that both TRF1 and TRF2
consist of flexibly linked functional and structural do-
mains, explaining the failure to crystallize the full-length
proteins. Therefore, we focused on the conserved TRFH
domain from both proteins (Broccoli et al., 1997). Con-
structs for expression in E. coli were based on previous
deletion analysis of the dimerization domain of TRF1
(Bianchi et al., 1997), on sequence comparison of the
mouse and human TRFs, and on the location of the
proteolysis sites that defined a protease resistant do-
main that encompasses the TRFH domain of both TRF1
and TRF2. The recombinant purified proteins (residues
48–268 of human TRF1 and residues 42–245 of human
TRF2) used in the crystallographic analysis form homo-
dimers in solution, as judged from gel filtration analysis
(not shown), and hence contain the dimerization domain
of the TRFs. Both dimerization domains contain addi-
tional residues N and C terminally to the region defined
as the TRFH domain from sequence alignments (Li et
al., 2000). The crystal structures of the two dimerization
domains were determined independently by multiple
isomorphous replacement methods (Table 1). The model
of the TRF1 dimerization domain contains residues 62–
265, and that of TRF2 contains residues 43–245 with
short stretches of the same two internal loops missing
in the electron density maps, presumably due to flexibil-
ity in these regions of the two structures. Residues at
the N and C termini of both proteins are also not visible
(Figure 1B). The structure of the dimerization domain of
TRF1 was solved to 2.9 Å resolution and that of TRF2
to 2.2 Å resolution (Table 1). Representative regions of
the experimental electron density maps are shown in
Figure 4.

The Dimerization Domains of TRF1 and TRF2 Have
the Same Architecture
The superposition of the structure of the dimerization
domain of TRF1 with that of TRF2 shows that despite
a modest sequence conservation over this region (27%
identity), the two domains have almost identical 3D
structures (Figure 2A). Each dimer is formed by two
monomers interacting in an antiparallel arrangement
forming a symmetrical dimer whose overall structure
resembles a twisted horseshoe.

The structure of the TRF1 and TRF2 monomers con-
sists of nine � helices, forming an elongated helix bundle

Figure 2. Structure of the Dimerization Domains of TRF1 and TRF2(Figure 2B). The four monomers in the two dimers (heli-
The structures are shown as ribbon representations. Dotted linesces 1–6 and 9) superimpose with a root-mean-square
represent regions of structural disorder.

deviation (rmsd) between C� atoms of 1.23 Å and hence
(A) Superposition of the dimerization domains of TRF1 and TRF2

are structurally very similar. The topology can be viewed showing the horseshoe shape of the structure. TRF1 is shown in
as consisting of three pairs of � helices (1 and 2, 4 and cyan, and TRF2 is shown in magenta.
5, 6 and 7) packing against helices 3 and 8 (Figure 2B). (B) Structure of a TRFH monomer in the dimerization domain of

TRF1. � helices are colored purple to red going from the N to CComing out of helix 7, the loop and helix 8 run across
terminus and are numbered.the surface of the helix bundle, forming a strut that
(C) View of the dimerization domain of TRF1. The crossbrace formedstabilizes the structure. Helix 9 packs almost perpendic-
by helix 9 is also evident in this view. Helices are colored as in (B).

ularly on helix 1, explaining the large size of the dimeriza- The orientation is perpendicular to the view in (A).
tion domain of the TRFs (Figure 2B).

Although the number of � helices and their position
in the amino acid sequences of the TRFH domains of
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Figure 3. TRF1 and TRF2 Dimer Interfaces
Formed by Helices 1, 2, and 9 from Each
Monomer

The structures are shown as ribbon represen-
tations with amino acid side chains. This view
illustrates the multitude of interactions be-
tween the helices forming the dimer interface.
(A) TRF1. � helices are colored as in Figure
2B, and one monomer is shown paler than
the other for clarity.
(B) TRF2. � helices are colored as in Figure
2B, and one monomer is shown paler than
the other for clarity.

TRF1 and TRF2 are very similar, there are some differ- The interface of each of the two dimers is large, with
a buried surface area of 2000 Å2 for TRF1 and 2247 Å2ences in detail (Figure 1B). The most pronounced differ-

ence is between the length of helix 8 and its packing for TRF2. The amino acid side chains involved in forming
the dimer interface are highlighted in Figure 1B. Theagainst helix 3. In the TRF1 domain it is longer and bent

and packs at an angle to helix 3, whereas in TRF2 it helix 1 to helix 1 packing, which forms the core of the
dimer interface, involves a large number of hydrophobicpacks essentially parallel, resulting in a longer loop be-

tween the C terminus of helix 8 and the N terminus of interactions as well as a few hydrogen bonds. Central
to the hydrophobic core is the invariant Trp (Trp77 TRF1,helix 9. A comparison between sequence conservation

and amino acid residues used in helix packing interac- Trp55 TRF2) (Figure 4). Trp77 in TRF1 packs against
Phe255 (helix 9) within the monomer and betweentions shows that the sequence conservation is largely

(70%–80%) due to a conservation in the residues in- Ala259 and Ala260 and against Val263 of helix 9 from
its partner. Similarly, Trp55 in TRF2 packs between Val52volved in forming the structural core (not shown, but

see Figure 6). (helix 1) and Tyr235 (helix 9) within the monomer and
with Met239 and between Ala240 and Ala243 of helix 9
from its partner (Figures 1B and 3). In TRF1, hydrogenThe Dimer Interface: Why TRF1 and TRF2

Do Not Heterodimerize bonds are made across the dimer interface between
Glu71 in one monomer with Ser85 in the other monomer.The dimer interface, consisting of six � helices (helix 1,

2, and 9 from each monomer), is the part of the structure In TRF2 hydrogen bonds across the dimer interface in-
volve residues from both helices 1 and 2: Asn53 to Tyr60,of the two TRF dimers that is most similar (Figures 2A

and 3) with an rmsd for the C� atoms of 0.88 Å. At the Asp75 to Arg89, and Gln78 to Arg89 (Figures 1B, 4A,
and 4C). Helices 1 and 9 are also held together by aninterface, helix 1 from one monomer packs against helix

1 from the other monomer, and, similarly, helix 2 packs extensive hydrophobic core (Figures 2C and 3). The
large, hydrophobic, and closely packed nature of thewith helix 2 forming a symmetrical antiparallel, four-helix

bundle. The four-helix bundle is stabilized by the two dimer interface explains why TRF1 and TRF2 exist only
as dimers and not as monomers. Furthermore, the di-helix 9 packing against each other and perpendicularly

to the two helix 1, forming a crossbrace at the top and meric structure is a more stable entity than a monomeric
TRFH domain would be.the bottom of the dimer interface (Figure 2C).

Figure 4. Close-Up Views of the Center of the Dimer Interface Where the Two Helix 1 Cross

The models are shown in their experimental electron density maps after density modification, contoured at 1�. In each case, the two monomers
in the dimer are related in the crystal by a crystallographic dyad axis. The views are down the dyad axis. Green dotted lines indicate hydrogen
bonds.
(A) TRF1 dimer interface.
(B) Superposition of TRF1 with TRF2. TRF1 is shown in cyan, and TRF2 is shown in magenta.
(C) TRF2 dimer interface.



Figure 5. Mutational Analysis of the TRFH Domain of TRF1
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A detailed comparison of the 3D structures of the two TRF1 and TRF2 are involved in the recruitment of differ-
ent partners to the telomeres (Kim et al., 1999; Li et al.,dimerization domains provides an explanation as to why

TRF1 and TRF2 do not heterodimerize with each other. 2000; L.C. and D.R., unpublished data). A putative kinase
GSK-3 site (SEKSS) (Welsh et al., 1997) present in TRF1Although their architectures are very similar and a num-

ber of interactions are conserved, differences in both but not in TRF2 is accessible on the surface at the C
terminus of helix 8. Interestingly, this is the region in thethe length of the interacting helices and the identity of

interacting side chains, as well as different hydrogen- two structures that differs most between TRF1 and TRF2
(Figures 1B and 2A). In summary, the dimerization do-bonding patterns (see above) (Figure 1B), give rise to

interfaces that are noncomplementary in both shape mains of TRF1 and TRF2 have a common architecture
ideally suited for protein recognition but present differ-and charge (Figure 3). A key difference occurs at the

center of the dimer interface where the two helix 1 cross ent protein interaction surfaces as a consequence of
their sequence diversity.(Figure 4). A superposition of the two interfaces (Figure

4B) shows that Met78 present in TRF1 (Val56 in TRF2),
and whose side chain cannot be rearranged, would Correlation between Structure and Biochemical
make a steric clash with Tyr60 present in TRF2 (Leu82 and Genetic Data
in TRF1), thus preventing heterodimerization (Figure 4B). A series of mutations in the TRFH domain of human

TRF1 was studied for its effect on the DNA binding
activity, which requires formation of TRF1 homodimersA Dimerization Domain Designed

for Protein-Protein Interactions in vitro and in vivo. In electrophoretic mobility shift
assays with a duplex (TTAGGG)12 probe, TRF1 forms a3D structure alignments of the dimerization domain of

TRF1 and TRF2 against the structural database using single predominant complex that was previously shown
to contain one TRF1 dimer (Bianchi et al., 1997). Of 14DALI (Holm and Sander, 1993) reveal no common topol-

ogy. However, the all-helical structure of the two dimers point mutations positioned between residues 66 and
263, three affected the DNA binding activity in multiplecan be viewed as consisting of two parts: a dimer inter-

face formed by � helices 1, 2, and 9 and the arms of independent experiments (mutants A74D/A75P, W77P,
and F81P) (Figures 5A–5C). These inhibitory mutationsthe horseshoe formed by � helices 3–8. As might be

expected from a protein domain consisting of pairs of directly affect the dimer interface, and the introduction
of a proline residue is likely to alter the structure of� helices, structural alignments of the two parts of the

structure reveal features related to other helical proteins. this region, corroborating the importance of helix 1 in
dimerization. As expected, deletion �67–94, which re-The mode of dimerization by TRF1 and TRF2 is used by

many other proteins and is most similar to that of the moves helix 1 completely, strongly diminished the DNA
binding activity of TRF1, although a minor complex thatColE1 protein Rop, which also forms an antiparallel,

four-helix bundle but lacks the crossbrace formed by did not enter the gel was sometimes observed. The
contribution of helix 1 to dimerization is further under-helix 9 (Banner et al., 1986). The domain forming the

arms of the horseshoe, helices 3–7, is related to several scored by the deletion mutants �94–259 and �136–259,
which retain helix 1 but lack most of the TRFH domain.proteins consisting of superhelical structures such as

Sec 17 (Rice and Brunger, 1999). Such protein scaffolds Both deletion mutants formed complexes with DNA, but
their slower mobility suggests an altered conformationare known to function as protein-protein interaction sur-

faces in diverse cellular processes (Rice and Brunger, or formation of larger oligomers (Figure 5C). Robust DNA
binding activity in combination with slower mobility of1999). Furthermore, a four-helix bundle dimerization in-

terface can itself provide or extend protein-protein inter- the complex was also noted for an additional set of
mutants that affect smaller regions of the TRFH domainaction surfaces (Newlon et al., 2001).

The architecture of the dimerization domain of the between positions 90 and 259 (F90P, �94–112, �112–
136, �136–188, �225–259) (Figures 5A, 5C, and data notTRFs gives rise to a large surface for interaction with

other proteins. This, coupled with the divergence in se- shown).
A subset of the TRFH mutants was tested further forquence between the TRFH domains of the human TRFs,

results in protein interaction surfaces that are different, telomere binding by transfecting Myc-tagged versions
into HeLa cells (Figure 5D). In this setting, wild-type (wt)consistent with the findings that the TRFH domains of

(A) Summary of mutations and their phenotypes. Deletion mutations are named after the amino acids flanking the deleted region. Color coding:
red, mutations that disrupt dimerization and DNA binding; green, mutations with no effect; purple, mutations resulting in an altered gel-shift
complex. Helices 1–9 are boxed, and the dimer interface is color coded as in Figure 1.
(B) SDS-PAGE of in vitro translated 35S-Met-labeled wt and mutant proteins (alleles indicated above the lanes).
C) TTAGGG repeat binding assays using IVT wt and mutant TRF1. Gel-shifts with a ds[TTAGGG]12 probe in the presence (	) or absence (�)
of unlabeled ds[TTAGGG]27 competitor.
(D) Localization of wt and mutant TRF1 alleles to HeLa cell telomeres. IF of transfected myc-tagged wt and mutant TRF1 alleles (as indicated)
detected with the Myc antibody (left panels; FITC) in conjunction with an antibody to hRap1 (#666) (Li et al., 2000) (middle panels; TRITC).
Merged images are shown in the right panels.
(E) Dominant negative effects of wt and mutant TRF1 alleles. TRFH domain mutations were engineered into a myc-tagged dominant negative
allele of TRF1 (TRF1-DN) carrying an inactivating point mutation in the Myb domain (R425V), lacking the acidic N-terminal domain. Left panels:
detection of transiently expressed TRF1-DN alleles with a wt or mutant TRFH domain (myc antibody, FITC). Middle panels: same cells probed
with antibody 371C2 to the N terminus of TRF1 (TRITC) (van Steensel and de Lange, 1997) absent from TRF1-DN. Right panels: merged
images. In (D) and (E), DNA is stained with DAPI.
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Figure 6. Pairwise Alignments of the TRFH Domain of the Fission Yeast Taz1 with Those of the Human TRF1 and TRF2

Identical residues are indicated by black dots and similar residues by circles. � helices are indicated by boxes. The positions of � helices in
TRF1 and TRF2 were taken from the structures (Figure 1), and the positions of � helices in Taz1 were predicted using the program PHD (Rost
and Sanders, 1994). The most-buried residues in the two known structures are indicated by lilac shading, and those in the corresponding
positions in the aligned Taz1 that are identical or have similar function, according to the Benner-Gonnet matrix (Benner and Gonnet, 1994),
are indicated by orange shading.

TRF1 showed the expected localization to telomeres wt protein in �80% of the transfected nuclei (Figure 5E).
Generation of a doubly mutated allele by introductionas revealed by colocalization of the punctate-staining

pattern of the Myc epitope with the telomeric protein of the A74D/A75P mutation into TRF1-DN completely
destroys this dominant negative effect, consistent withhRap1. By contrast, the helix 1 mutant TRF1A74D/A75P is

distributed throughout the nucleoplasm with no obvious the loss of homodimerization of this mutant (Figure 5E).
However, whereas mutation F90P and deletions of 67–accumulation at telomeres. Consistent with the in vitro

DNA binding data, TRF1F90P, TRF1�94–259, and TRF1�136–259 94, 94–259, and 94–136 are compatible with homodimer-
ization, these mutations abrogate the ability of TRF1-localize to telomeres, albeit to a lesser extent than the

wt protein. However, unexpectedly, TRF1�67–94 retains DN to act as a dominant negative allele (�80% of nuclei
showing normal levels of endogenous TRF1 on telo-the ability to accumulate at telomeres, despite it lacking

strong DNA binding activity in vitro. One possibility is meres). The data suggest that these mutants do not
compete effectively with the wt TRF1 for homodimeriza-that this mutant can form a multimeric complex by teth-

ering to the endogenous TRF1 via other telomeric pro- tion. In this regard, the mutants mimic the difference
between the dimerization domains of TRF1 and TRF2,teins (e.g., TIN2) (Kim et al., 1999), compensating for its

diminished intrinsic dimerization activity. which similarly favor homodimerization rather than het-
erodimerization.An alternative explanation for the unexpected ability

of TRF1�67–94 helix 1 mutant to accumulate at telomeres
could be that the protein heterodimerizes directly with A Possible Structural Similarity between the TRFH

Domains of Yeast Taz1 and Human TRFsthe endogenous TRF1 protein. To test the ability of the
mutant alleles to interact with wt TRF1, each of the We carried out a secondary structure prediction analysis

on the TRFH domain of the fission yeast telomeric pro-mutations was engineered into the context of a new
dominant negative allele of TRF1, called TRF1-DN here. tein Taz1 using the program PHD (Rost and Sanders,

1994), which accurately predicts the positions of the �This protein has a mutation at position 425 (R � V) in
the Myb domain that destroys its ability to bind to DNA helices in both the human TRF1 and TRF2 dimerization

domains (not shown). This analysis predicts that thein vitro and in vivo (Figure 5E and data not shown). TRF1-
DN also lacks the N-terminal epitope to the antibody Taz1 TRFH domain also has an all �-helical structure,

but because it is larger (about 270 versus the 200 aa of371C2 (van Steensel and de Lange, 1997), allowing spe-
cific detection of the endogenous TRF1 with 371C2 in the human TRFs) (Li et al., 2000), it contains additional

�-helical elements to the nine helices present in TRF1cells that express TRF1-DN. Using 371C2 to monitor the
accumulation of the endogenous TRF1 on telomeres, and TRF2. The predicted �-helical elements in Taz1 were

aligned with those present in TRF1 and TRF2 (Figure 6),TRF1-DN can be shown to act as a dominant negative
allele, interfering with the telomeric localization of the and these alignments were used to determine whether
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expressed in E. coli and affinity purified using similar protocols. PCRthe residues that are buried in the structural core of the
products were cloned into the pET30a vector (Novagen) modifiedTRFH domain of TRF1 and TRF2 (highlighted in Figure
to contain a Tabacco Etch Virus (TEV) protease cleavage site fol-6) and play important roles in helix-helix packing are also
lowed by an N-terminal His6 tag and an S tag. Proteins were pro-

present at the appropriate positions within the aligned duced in the host strain BL21 (DE3). Cell pellets were resuspended
helices of Taz1. According to this analysis, Taz1 has in lysis buffer (50 mM Tris/HCl [pH 8.0], 500 mM KCl, 1% Triton X-100,

10 mM mercaptoethanol, 0.5 mM PMSF, and 1 mM benzamidine)identical residues or residues that can perform a similar
and cells disrupted by sonication. After centrifugation (30,000 
 g forfunction in about 60% of the buried positions in TRF1
20 min), the supernatant was incubated with Ni-NTA resin (Qiagen)or TRF2 (Figure 6). If the calculation is instead based
equilibrated in lysis buffer for 30 min. After centrifugation at 1500on comparing Taz1 to both TRF1 and TRF2, the similarity
rpm, the Ni-NTA resin was washed in wash buffer (50 mM Tris/HCl

increases to about 75%. This correlation must arise [pH 8.0], 500 mM KCl, 20 mM imidazole, 10% glycerol, 10 mM
partly from the geometry of helix-helix packing but also mercaptoethanol, 0.5 mM PMSF, and 1 mM benzamidine), and the

protein was eluted with wash buffer containing 300 mM imidazolefrom the chemical nature of the side chains at the buried
and dialyzed into dialysis buffer (50 mM Tris/Cl [pH 8], 500 mM KCl,positions. This comparison provides further evidence
10% glycerol, 10 mM mercaptoethanol, and 0.5 mM PMSF). TEVfor the similarity between the TRFH domain of the fission
proteolytic digestions were then performed overnight at room tem-yeast Taz1 and TRF1 and TRF2. However, because of
perature by the addition of TEV protease at a ratio of 1:100 to protein

low sequence identity between this family of proteins sample. The TEV protease used was itself His6-tagged. The cleaved
as well as the low number of known family members, a proteins were purified away from the TEV protease and the cleaved

His tag by repeating the binding to 3 ml of Ni-NTA resin equilibrateddefinitive answer to their structural similarity will have
in the dialysis buffer. The proteins were then further purified byto await the determination of the 3D structure of Taz1.
gel filtration on a Superdex 200 column 26/60 (Pharmacia) also
equilibrated in the dialysis buffer. Yields from 3 l cultures wereConclusions
11 mg and 100 mg for TRF1 and TRF2, respectively. To aid the

The dimerization domain of the vertebrate double- determination of the structure of the dimerization domain of hTRF2,
strand DNA binding telomeric factors TRF1 and TRF2 this protein was produced containing seleno-methionine (Se-Met)

as described (Ramakrishnan and Biou, 1996).is essential for high-affinity DNA binding (Bianchi et al.,
1997) and localization to telomeres (van Steensel and de
Lange, 1997; van Steensel et al., 1998). It also provides Crystallographic Analysis
protein interaction surfaces for recruiting other telo- For both TRF1 and TRF2 dimerization domains, crystals were grown

by the hanging drop vapor diffusion method. Drops of 2 or 4 �l weremeric partners in the formation of the protective telo-
used and contained an equal volume of protein and well solution.meric complex. The crystal structures of the conserved
Crystallization of the two proteins required different conditions. AfterTRFH domains of TRF1 and TRF2 reveal a common all
purification, TRF1 was dialyzed against 10 mM Tris/HCl (pH 9.0),

�-helical architecture, despite the divergence of their
200 mM KCl, 10% glycerol, 0.5 mM PMSF, and 10 mM mercaptoeth-

sequences. The specific interactions seen at the dimer anol and concentrated to 34 mg/ml. Crystals were grown against a
interface provide a direct insight into the residues that well solution containing 100 mM sodium cacodylate (pH 6.0),

5%–15% glycerol, 1–5 mM Mg(OAc)2, and 1% PEG 8000. Crystalsare important for dimerization. The structural informa-
were observed within 20 min and grew overnight to a size of 400tion is corroborated by a mutational analysis of TRF1
�m3. After purification, TRF2 was first diluted to a final buffer concen-that underscores the importance of a functional dimer-
tration of 20 mM Tris/HCl (pH 8.0), 200 mM KCl, 4% glycerol, 0.4ization interface for DNA binding and telomeric local-
mM PMSF, 4 mM mercaptoethanol, and subsequently concentrated

ization. to 20 mg/ml. Crystals were grown against a well solution containing
In addition to permitting only homotypic interactions, 100 mM Tris/HCl (pH 7.0), 15%–20% PEG 8000, and 100–200 mM

Mg(OAc)2. Crystals were observed within 2 hr and took 1–5 days tothe extensive dimer interface imparts stability to the
reach maximum size.structure and ensures the presence of two Myb binding

For data collection, crystals of the TRF1 dimerization domain weremotifs within one DNA binding unit. The twisted horse-
frozen at 100K using as cryoprotectant 100 mM sodium cacodylateshoe shape of the dimerization domain provides a large
(pH 6), 30% glycerol, and 5 mM Mg(OAc)2. Crystals were in the

surface area for interactions with other factors. Because spacegroup P3121 with unit cell parameters a � 85.39 Å, b � 85.39 Å,
the modest sequence conservation between the human c � 91.63 Å, � � 90�,  � 90�, and � � 120�. Crystals of TRF2

dimerization domain were frozen using as cryoprotectant 100 mMTRFs is due primarily to a conservation of the structural
Tris/HCl (pH 7.0), 18% PEG 8000, 150 mM magnesium acetate, andcore, it would appear that the TRFH domains evolved
20% glycerol. The crystals used for structure determination wereto have different surfaces to interact with different telo-
C2 with unit cell parameters a � 117.04 Å, b � 80.28 Å, c � 52.82 Å,meric partners, leading to their diverse functions at telo-
� � 90�,  � 101.95�, and � � 90�. Heavy atom derivatives were

meres. In contrast, the Myb motifs are much more con- obtained for both proteins by soaking methods. For the TRFH do-
served in their sequence, consistent with their common main of TRF2, a seleno-methionine-containing protein was pro-

duced, but data from a single wavelength were used (Table 1). Therole in recognizing the same telomeric DNA sequence.
data were collected at SRS Daresbury Laboratory (stations 9.5 andFurthermore, the structural information on the human
9.6) and Elettra, Trieste.TRFs reinforces the proposed evolutionary relationship

The crystallographic statistics for the two structures are shownbetween vertebrate and fungi telomeric proteins (Li et
in Table 1. The data were processed and scaled using MOSFLM

al., 2000) and suggests that the fission yeast Taz1 TRFH (Leslie, 1992) and the CCP4 suite of programs (CCP4, 1994). For
domain has an all-helical structure related to that of the both hTRF1 and hTRF2, the heavy atom positions were found using

Solve (Terwilliger and Berendzen, 1996) and refined using Sharphuman TRFs.
(La Fortelle et al., 1997). Solvent flattening was performed using
Solomon (Abrahams and Leslie, 1996) implemented within Sharp.Experimental Procedures
The models were built into the electron density using O (Jones et
al., 1991). It was immediately apparent that the dimerization domainsProtein Expression and Purification

The two constructs encompassing the TRFH domain of hTRF1 and of both TRF1 and TRF2 were mostly � helical, and initial models
were built using polyalanine � helices. The sequence of the firsthTRF2, residues 48–268 and residues 42–245, respectively, were
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three helices was easily identified in the TRF1(48–268) map using the anti-myc antibody 9E10 (Austrian Biocenter). RapI was visual-
ized using the anti-Rap1 antibody 666 (Li et al., 2000). In the experi-a mercury position and Trp77 as markers. The amino acid sequence

of the rest of TRF1 was identified by superposition with the TRF2 ments with TRF1-DN constructs, wt TRF1 was visualized with the
antibody 371C2 (van Steensel and de Lange, 1997). Rabbit antibod-model (42–245), whose sequence was identified using the Se-Met

positions. Because there are seven methionines in the sequence ies were detected with TRITC-conjugated donkey-anti-rabbit anti-
bodies (Jackson Immunoresearch), and mouse antibodies wereapart from the N terminus, the Se-Met sites provided valuable land-

marks throughout the TRF2 protein. The asymmetric unit for the visualized with FITC-conjugated donkey-anti-mouse antibodies
(Jackson Immunoresearch). Experiments in which one of the twoTRFH domain of TRF1 contains one monomer, whereas that for

TRF2 contains two monomers. For both TRF1 and TRF2, the dimer primary antibodies was omitted showed that there was no significant
bleed-through between the red and green channels. DNA waslies on the crystallographic dyad axis. Model refinement was per-

formed in CNS (Brunger et al., 1998) using noncrystallographic sym- stained with 4�,6�-diamidino-2-phenylindole. Micrographs were re-
corded using fixed settings on a Zeiss Axioplan II microscope withmetry at the initial stages for TRF2, because it contains two mole-

cules in the asymmetric unit. The model for the dimerization domain a Hammamatsu C4742-95 camera using Open Lab software.
of TRF1 (48–268) contains residues 62–265, and that of TRF2 (42–
245) contains residues 43–245, with short stretches of the loops Acknowledgments
between helices 3 and 4 and helices 6 and 7 missing from the
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