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ABSTRACT

The yeast TTAGGG hinding factor 1 (Tbfl) was identi-
fied and cloned through its ability to interact with
vertebrate telomeric repeats  in vitro . We show here that

The DNA sequence at telomeres is generally constituted of an
array of tandem repeats with clusters of G in the strand running
5 3 towards the chromosome extremities, ending with a 3
overhang. The length of this repetitive DNA varies among species
and cell types. For example, the irregular {Tdp telomeric

a sequence of 60 amino acids located in its C-terminus
is critical for DNA binding. This sequence exhibits
homologies with Myb repeats and is conserved among
five proteins from plants, two of which are known to
bind telomeric-related sequences, and two proteins
from human, including the telomeric repeat binding
factor (TRF) and the predicted C-terminal polypeptide,
called orf2, from a yet unknown protein. We demon-
strate that the 111 C-terminal residues of TRF and the
64 orf2 residues are able to bind the human telomeric
repeats specifically. We propose to call the particular
Myb-related motif found in these proteins the ‘telobox’.
Antibodies directed against the Tbfl telobox detect two
proteins in nuclear and mitotic chromosome extracts
from human cell lines. Moreover, both proteins bind
specifically to telomeric repeats
to correspond to one of them. Based on their high
affinity for the telomeric repeat, we predict that TRF
and orf2 play an important role at human telomeres.

INTRODUCTION

in vitro . TRF is likely

sequence oBaccharomyces cerevisiagpans only few hundred
base pairs, while the TTAGGG repeats at vertebrate telomeres
cover thousands of base pairs. A non-nucleosomal pattern of
nuclease digestions is observed along the telomeric DNA of ciliates
(7,8) and yeast9). In contrast, the terminal repeats from various
vertebrate and invertebrate species are arranged into regularly
spaced nucleosomes smaller than bulk nucleosoii®s An
absence of nucleosomes at the very end of human telomeres was
suggested from the diffuse nuclease digestion pattern observed
with short human telomeresll). This particular telomeric
chromatin is associated with various subnuclear structures depend-
ing on species, cell type, stage in the cell cycle and chromosomes
(for a review seg). For example, mouse telomeres located on the
long arm of chromosomes move from the interior of the nucleus
to the periphery between the G1 and G2 phases of the cell cycle
(12). During fission yeast meiosis telomeres are clustered near the
spindle pole body and the nucleol@8)( The dynamics of these
associations are largely uncharacterized and may require both
stable and transient DNA—protein interactions.

In ciliate macronuclei the G-rich single-stranded tail is tightly
bound to specific proteins that are believed to protect the

Telomeres are necessary to preserve the integrity of chromosoreeiemities from degradation (for a review $ée Such ‘capping
during the cell cycle by allowing their proper segregation duringroteins’ may also exist in vertebrates, since a similar single-
cell division, by preventing their exonucleolytic degradation andtranded binding activity was detectedXienopusegg extracts
end-to-end fusion, by positioning chromosomes within the nucle$5) and several G-rich strand binding proteins have been
and by enabling complete replication of chromosomal ends (foeported irChlamydomonaandS.cerevisia€l6,17). Most of the
reviews seé,?2). In addition, yeast telomeres exert a position effeafouble-stranded part fcerevisiagelomeric DNA appears to be
both on transcription3(4) and on the timing of DNA replication complexed with an array of multifunctional repressor—activator
(5). Finally, reports of nuclear movement mediated by telomergsotein 1 (Rapl), which distorts telomeric DNA as it birdd}. (
during karyogamy and meiotic prophase in fission yéastiggest Rapl contacts non-DNA binding proteins to initiate propagation
that telomeres may also be involved in meiotic chromosonw transcriptionally repressed chromatin into adjacent non-telomeric
movement. sequenceslp; for a review se&0).
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Figure 1. Human nuclear proteins analysed by immunoblotting with antibodies directed against Tbfl and by Southwestern assay with a telomeric DNA pro
Molecular weight markers are indicated in kDa beside the 4¢Bofal yeast proteins (lane 1) and total HeLa nuclear proteins (lanes 2—7) separated by 8% SDS—PAGE
and transferred to nitrocellulose. The filters were subjected either to an immunoblotting procedure using TBD antiserum (diluted 1/500) (lane 1) or affinity-purif
antibodies against TBD (lane 2) or to a Southwestern assay (lanes 3-7) using thgprlfel(lanes 3-5) or the Ytel probe (lanes 6-7) in the presence of either
linearized pUC18 DNA, a non-specific competitor or linearized pHpdBNA, a pUC18 derivative containing 700 nt of (TTAGGdhe molar excess of plasmid

DNA over the probe is indicated above each lane. The triangles indicate the position of Tbfl and the human 65 kDa protein. The right panel shows Coomassie
staining of an amount of total nuclear protein (lane 8) or chromosomal protein (lane 9) equivalent to that used for immunoblotting and SouthweBdimtalssays. (
HeLa chromosomal protein or a soluble extract (S100) made from isolated HeLa nuclei were subjected either to an immunoblotting procedure with affinity-puri
TBD antibodies (lanes 1 and 4 respectively) or to a Southwestern assay with thg ptobel (lanes 2 and 3 respectively). The gel was run for longer than in (A)

in order to better resolve the two bands of the p65 doublet.

Several G-rich strand binding proteins have been identified involved in DNA binding. This so-called ‘telobox’ is also found in
human cells. They all correspond to proteins involved in RNAeveral plant proteins.
metabolism %1,22). Therefore, the functional significance of
DNA binding is unclear. The telomeric repeat factor (TRF) is
recently characterized protein which specifically binds (I"I'ACﬁGG)ii‘/lATERIALS AND METHODS
duplex DNAin vitro and which is localized at chromosome endsyclei, chromosomes and nuclear fractionation
during mitosis 23). The function of TRF is unknown.

In budding yeast a protein called Tbfl (TTAGGG repeaNuclei from HelLa cells were isolated in polyamine buffers as
binding factor 1) specifically recognizes the vertebrate telomerjsreviously described in Gassgral. (27). Soluble nuclear extracts
repeat (TTAGGG), but not the irregular yeast telomeric repea{S100) from HelLa and Jurkat cells were prepared according to
(24). Although the exact function of the protein is unknown, th®ignam et al. (28). Heparin fractions from Jurkat cells were
gene encoding Tbfl is essential for mitotic groviah).(Since  eluted by increasing KCI concentration from a sulfopropyl 5PW
TTAGGG repeats are found within the sequence of the subtelomezsiumn loaded with a 0.6 M KCI step elution fraction from a
elements X and 'Y Thfl may bind these sitesvivoand exerta heparin—agarose column as previously describgd Metaphase
function at the ends of yeast chromosor2és However, Tbfl  chromosomes were isolated from Hela celtskidd in mitosis
binding is not likely to be essential, since novel telomeres can (&0). The purity of the chromosome preparation was checked by
formed and maintained without TTAGGG sequenggd/fhat-  fluorescence microscopy after DAPI staining (data not shown) and
ever the physiological function of Tbfl may be in yeast, w&DS-PAGE protein pattern as revealed by Coomassie staining
hypothesize that this protein could be phylogenetically related (Big. 1A, lane 9). The total nuclear and chromosome extracts for
‘true’ telomeric proteins in vertebrate cells, in which telomeregel electrophoresis were obtained after digestion of the samples
are exclusively constituted of TTAGGG repeats. We show hereith microccocal nuclease for 1 h onice in 3.75 mM Tris—HCI, pH
that a sequence of 60 amino acids within the Tbfl DNA binding.4, 0.05 mM spermine, 0.125 mM spermidine, 20 mM KCI, 1 mM
domain shares epitopes with two human proteins, TRF and t@aCh and then adjusted to 2% SDS, R%nercaptoethanol and
predicted C-terminal polypeptide from an as yet unknown proteit0% glycerol. The amount of extract loaded per well of
Both human proteins and Thfl contain a Myb-related mot®DS—polyacrylamide gel correspondsitdP nuclei.
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a1im s EDTA, loaded onto an amylose column and E-TBD protein was
= —-—'—'_'_'_'—'d Im_=—'—'_'_'_'_| eluted with maltose as describ&d)( producing a highly purified
) Bkl g Souhwenam protein, as checked by the presence of a single band after heavily

, anti- TBD : LY : loading an SDS gel (data not shown). A similar purification

3 FI5 F6 FI? - Fl4 FIS FI6 FIT FIg procedure was applied to proteins used for DNA binding assays,
1 2 L] A 4 f 1 H 5 . . .
- except for the heparin column, which was omitted.

[ = J The TBD part from the purified E-TBD protein was separated
L r' ‘ from MalE by Xa protease cleavage, performed as indicated by

- Biolabs. The 28 kDa fragment corresponding to TBD was then

by . I (] g — purified from a preparative 8% SDS—polyacrylamide gel. Injection
— - -—-p i into rabbits and the bleeding schedule was performed as described
dul - (32). TBD antibody affinity purification and Western blotting were
i as previously described®7). As secondary antibodies we used
anti-rabbit Ig peroxidase-linked F(gbfragments from donkey,
detected by the ECL light-based system purchased from Amersham.

- Band shift experiments and DNA probes

Band shift experiments were performed as described in @iison
Figure 2. Partial purification of the p65 doublet. Fractionation of a Jurkat cell &l- (18), except for the binding reaction buffer, which contained
nuclear extract. Elution from a sulfopropyl HPLC chromatograph was with a20 mM KCI, 180 mM NaCl, 15 mM Tris—HCI, pH 7.4, 0.05 mM
linear KCI gradient (concentrations are given above the gels). Aliquots fromspermine, 0.125 mM spermidine, 1 mM dithiothreitol, 10Qung/
fractions F15-F17 (lanes 2—4), along with the initial soluble nuclear eXtracl%)Oly(dl-dC) 100 ng;tl bovine serum albumin. About 2 fmol of

(lane 1), were assayed by immunoblotting with antibodies directed against TB .
and aliquots from fractions F14—-F19 were assayed by Southwestern assay WimObe was used. All the following probes were labelled at both ends

the human telomeric probe Hufgllanes 5-9). The position of the p65 doublet  With [a-32P]dATP using the Klenow enzyme. The Hygerobe

is indicated on the right of the gel. is a 110 nEcaRI-Hindlll fragment from pHuTegh containing 10
TTAGGG repeats cloned into the polylinker region of pPGEM3Zf—.
The HuTe) s probe is a 110 nEcdrI-Hindlll fragment from
pHuTeb 5 containing the sequence TAGGGTTAGGGTTAGGG

Expression of hybrid proteins between MalE and Tbfl inserted in between tt®&ad andKpnl sites of pUC18.
in Escherichia colicells, protein purification and The sequences of double-stranded oligonucleotides used as
preparation of antibodies against Thfl competitor are, for (TTAGGG), GTACCTAGGGTTAGGGTT-

) _AGGG annealed with TCGACCCTAACCCTAACCCTAG, and,

We used the MalE expression system to produce the C-termigg) O.MYB, GTACAACCTAACTGACACACAT annealed with
part of Tbfl, hereafter called TBD, and its truncations. To construgE GAATGTGTGTCAGTTAGGTT. Note that O.Myb includes the
the plasmid pMalE-TBD, pMAL-c2 DNA (purchased from saquence used for determination of the structure of c-Myb—DNA
Biolabs) was cut witlecdRI and ligated with the 800 iEcaRlI complexes%3).
fragment from pCDS4726). pMalE-TBD encodes a 72 kDa
hybrid protein, named E-TBD, consisting of maltose bindin%
protein (MalE) lacking its signal sequence, in order to be expresse
into the cytoplasm, and the last 236 amino acids of Thfl separatedmputer searches in sequence databases were performed using tt
by the recognition site of the protease factor Xa. Plasthid p BLAST algorithm @4) and the e.mail servers available from NCBI.
(expressing a 67 kDa hybrid protein, namedE+n which amino We used clustalW to produce the multiple alignmés). (The
acids 482-562 of TBD are missing) was constructed by deletimipylogenetic tree was constructed using the neighbour-joining
theEcaNlI-Earl fragment from the coding region of TBD. Plasmid method 86). The percentage of difference between sequences was
pA2 (expressing a 65 kDa hybrid protein, namefZin which  taken as an arbitrary distance. Positions corresponding to gaps into
amino acids 404-468 of TBD are missing) was constructed ltige multiple alignment were not taken into account for calculation
exchange of th&lcd—Stu fragment of Al for a PCR-amplified of the percentage of difference. The telobox consensus sequence wa
fragment corresponding to residues 326—404 of Thf1. All construaerived from multiple alignment of the eight members of this family,
were checked by sequencing of the cloned fragments. retaining amino acids found at least four times in a given position.

In order to obtain large amount of TBD for injection into The sequences used for the multiple sequence alignment and
rabbits, E-TBD was purified from bacterial cells in acedure tree construction were: MybSti7); IBP1 (38); BPF139); Rapl
involving two chromatographic stepEscherichia colistrain  (40); Tbfl 25); human c-Myb41); human A-Myb and B-Myb
DH5a transformed with plasmid pMalE-TBD was grown i 2 (42); Xenopudlybl and Myb243); a set of open reading frames
YT medium supplemented with 1Q@y/ml ampicillin to an  derived from partial cDNA sequences (EST) with the GenBank
ODggg of 0.6, at which point IPTG was added to 2 mM. After aaccession nos 726064 (orfA), D23805 (orfR1) and D22340
further 3 h cells were harvested and lysed as previously descrilfedR2); orfl and orf2, first identified from the assembly of
(18). The supernatant was applied to a heparin HypedIlumn  R33191, R68526, R25990 and R709120iét and T58911 and
(Sepracor SA). Most E-TBD, as monitored by Western blof11692 fororf2. Sets of primers containing built-in restriction sites
analysis with anti-MalE antibodies (kindly provided by J.M.Clé-were then designed in order to clarél andorf2. EcARl sites
ment), duted in the 0.6 M NaCl fraction. This fraction was were located at thé-Bnd of the upstream primers (Pa anf}, Pa
dialyzed against 50 mM Tris—HCI, pH 7.8, 0.2 M NaCl, 1 mMwhereasXbd sites were located at thédnd of the downstream

Squence analysis and cloning of orfl and orf2



Nucleic Acids Research, 1996, Vol. 24, No. 7 1297

A B
RIrugTnee Inuwisesshknlcing wills
off the lpheid prodelie M affmny pudifled mdibadies - AEEILE
L]
F1 .
y i P‘” E-TH} E-THIY E-42 E-41
ersp s p E-TBI! — "]
= JHE h - [ERNT! 1 5 LAY 1 i
— 1 ¥ X4 56 7 K 9 LIk DN T |3 |4
E-Al
C3- i
o s
H
: | = - - -
E-urfl F_ & .-
| — ST | =
: - L —
E-orfi

LN

Figure 3. Immunological cross-reactivities and DNA binding capacities of the Tbf1 DNA binding domain (TBD) and truncated de\glitiedeft part shows

a schematic representation of the various hybrid proteins produeemlirand used in these studies. The N-terminus part of these hybrids corresponds to bacterial
maltose binding protein (MalE, thin dashed line). The C-terminus parts are constituted of the 236 C-terminal residues of Tbfl (E-TBD, hatched rectangle) or
truncated derivative lacking 64 internal residueé(-er by a truncated derivative lacking the 80 terminal residué&)Brby human orfl (E—orfl, empty rectangle)

or by human orf2 (E—orf2, grey rectangle). The black rectangles show the position of the telobox in each of these sequences. The right part shows a set of immur
bearing fraction F16 (see text and Fig. 2) and a bacterial extract containing E-TBD. The positions of the relevant proteins are indicated beside the gel in the
photograph. The immunoblots were incubated in the presence of TBD antibodies, previously affinity purified against either BLTBR2EE—orfl or E—orf2.

The bands below E-TBD are likely to be degradation products from the hybrid pB)tBemnd shift assays using hybrid proteins highly purified from bacterial lysates
with an amylose column (see Materials and Methods) and a duplex DNA probe containing 2.5 repetitions of TTAGGE ¢eleMaterials and Methods). The
position of the free probe is indicated by F and the three DNA—protein complexes by C1, C2 and C3. The name and the quantity of the protein used in each ass
indicated above each lane, as well as the name of the double-stranded oligonucleotige ¢H@I®yb) used as cold competitor. Lanes 1 and 3 correspond to a
reaction with a 5-fold molar excess of the oligonucleotide over the probe and lanes 2 and 4 to a 100-fold excess.

ones (Pb, Pand P9 (Fig. 6). After PCR amplification using the 10° c.p.m./ml), Sug/ml poly(dl-dC), 5Qug/ml E.coli DNA and
DNA of a HelLa cell cDNA library as templaté4j products of competitor plasmid DNA as indicated (Figand4). Filters were
expected sizes were digested viatttRI andXbd and inserted in - washed for 20 min in 2 | ice-cold binding buffer supplemented with
between the corresponding sites of pNMIAEC2 in order to fuse 0.5% non-fat milk. Buffer was changed several times. Then filters
malEandorfl or orf2 in-frame. Two independent clones emanatingvere quickly dried on 3MM paper and exposed for autoradio-
from each PCR experiment were sequenced twice on both stragdgphy on Kodak X-Omat films and amplifying screens at€70
and found to have identical sequences @igin each case, after The HuTelg probe is described above. The YTel probe is a
IPTG induction and SDS-PAGE of a total protein extractl30 nt EcaRI-Hindlll fragment from pYtCA-1X 47) that
Coomassie staining revealed the induction of an abundant proteamtains 80 nt of TG 3 repeats. pHuTghg was constructed by
whose migration corresponded to the expected molecular weight fieserting between thecdRl andSma sites of pUC18 plasmid
the hybrid protein (data not shown). These extracts were used eitb®A a mixture of PCR products digested wibdRI andStu

for a Southwestern analysis or to transfer the hybrid protein ont@anerated in a template-free reactié) (ising primers GCGGA-

nitrocellulose filter in order to purify TBD antibodies. ATTC(TTAGGG) and GAAGGCCTC(TAACCE Sequencing
of the resulting plasmid DNA revealed the presence of only
Southwestern assay TTAGGG repeats over the 700 nt of the inserted DNA in pHgglel

The procedures used are based on Miskigtilad. and von Kries

et al. (4546). After SDS-PAGE (8% polyacrylamide), without RESULTS

bo_iling the samples, geI; were equilibrated in blotting buffer (25_m he DNA binding domain of Tbf1 is immunologically

Tris base, 192 mM glycine, 10% methanol) and electrophoretically|ated to two human nuclear proteins

transferred onto nitrocellulose filters (BAS85, 0.45 mm; Schleicher

& Schuell). The filters were incubated overnight @€ 4n 25 mM  Since the yeast Tbf1 protein specifically recognizes the vertebrate
Tris base, 192 mM glycine. They were then incubated in bindirtglomeric repeat (TTAGGG) we hypothesized that a human
buffer (10 mM Tris—HCI, pH 7.4, 50 mM NaCl, 1 mM EDTA) telomeric protein might contain a DNA binding domain related to
supplemented with 5% non-fat milk for 90 min at room temperatutéat of Tbfl. To explore this, a polyclonal rabbit antiserum was
with shaking, then for 90 min in binding buffer, 0.5% non-fat milkraised against the C-terminal 236 residues of Thfl (amino acids
and again for 90 min at room temperature in binding buffer, 0.5826-562; see Materials and Methods), which were known to
non-fat milk, end-labeled prob&300 fmol/ml, corresponding to include the protein DNA binding domain (called TBP%).
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B plICIA closely migrating with an upper band of lesser intensity {Hg.
Fr b Bom __3 30 30 lane 4); note that in this experiment SDS-PAGE was run for
bl S N R S R longer in order to improve the resolution of the two bands. We
. conclude that two human nuclear polypeptides with apparent
i mq molecular weights close to that of Thfl are specifically recognized

Berl PO -‘ el A - A by antibodies directed against the TbfL DNA binding domain.
O pHuTal60 pHuT=L K The two Tbfl-related human proteins bind telomeric
2 ] 5 200 DNA

1 T3 45686 J-B'il WL I

s - - - To determine whether the human proteins detected by TBD
T W e~ affinity-purified antibodies also bind human telomeric DNA a
. Southwestern assay was performed on the same protein sample:
using a duplex DNA probe containing 10 TTAGGG repeats
T (named .HuTqb). Remarkably, the major (TTAG'GQ)binding
D = T 50 TEn activity in total nuclear extracts migrates with an apparent
121 458 T8 W molecular weight of 65 kDa, exactly co-migrating with the
Tbfl-related proteins (FigA, compare lane 2 with lanes 3 and 4).
q‘ Since this activity is completely eliminated by the presence of a
20-fold excess of the specific competitor pHEJEDNA (Fig. 1A,
o B - - - lane 5), but not by a 200-fold excess of non-specific pUC18 DNA
(Fig. 1A, lane 3), the binding appears to be highly specific for
telomeric repeats. A similar competition pattern was obtained using
a DNA probe including 40 TTAGGG repeats (data not shown).
Figure 4. Southwestern assays with human orfl and orf2. Bacterial extractsgjnce (TTAGGG) sequences, like most telomeric repeats, are

containing various MalE hybrid proteins were subjected to a Southwester| .
assay using #2P-labelled DNA fragment containing 10 TTAGGG (Huggl an'”Ch on one strandLI, we tested whether or not the 65 kDa

The fast migrating band present in E—orf1 (marked by a star) is likely to be £and W0U|d bind the irregular (E&n sequence OS-CereVi_Siae
breakdown product of the hybrid proteia) (The name of the hybrid protein  telomeric DNA. With the double-stranded yeast telomeric probe

is indicated above each lane. Signals obtained are indicated by arrowheadgTe| we were unable to detect any interaction with either 65 kDa

(B-D) Lanes 1, 4, 7 and 10 are bacterial extracts containing E—orfl; lanes 2, ; . ; ;
8 and 11 are bacterial extracts containing E—orf2; lanes 3, 6, 9 and 12 a?%mtem (Flg'lA' lanes 6 and 7)’ Iendmg further support to the hlgh

bacterial extracts containing E-TBD. About 10 pmol hybrid protein was S€lectivity of this human protein for (TTAGG{=jequences. A
present in the loaded sample. The type of competitor DNA, either a linearize@imilar band co-migrating with the major immunoblotting activity
plasmid DNA (pUC18, pHuTgh or pHuTejog or a double-stranded was detected in a Southwestern experiment with total mitotic
oligonucleotide containing a typical Myb DNA site (O.Myb), is indicated above -hromosome proteins (FigB, lane 2).

:iggslﬁ?:s' ﬁe"vser']'oavirfs molar excess over the probe. Equivalent autoradiogramp.e ¢ ming 3 similar Southwestern assay on human proteins
from a soluble nuclear extract, two proteins exactly co-migrating
with the doublet protein detected by immunoblotting bind the
HuTehg probe (FiglB, lanes 3 and 4). We reproducibly failed to

Western blot analysis of a total yeast protein extract revealed willetect the upper band in lysed total nuclei, both by immunoblot-

the TBD antiserum (FiglA, lane 1) shows a single band ting and by Southwestern assays (E&}.lanes 2—4 and longer

corresponding to the size of Tbhfl (65 kDa). When a protein extragxposures of these autoradiographs; data not shown). This may be
from the same yeast strain expressing a hybrid protein betweendue to abundant proteins in whole nuclei, that are less abundant
transactivation domain of Gal4 and TBD is probed with this serum soluble extracts, which interfere with either transfer to the filter
an additional band corresponding to the expected size for tbewith DNA binding of the upper band. Treatment of the soluble
Gal4-TBD hybrid protein is seen (data not shown). These resuétstract with calf intestinal phosphatase did not modify the migration
demonstrate that the serum is monospecific for Tbfl in yeast. of either band of the doublet, as revealed by either Southwestern or
The antibodies directed against TBD were affinity purifiedmmunoblotting experiments (data not shown). Thus the upper band
using TBD as the antigen and were used in blotting experimerigsunlikely to correspond to a phosphorylated form of the lower
with human nuclear proteins. In total protein from isolated HeLband.

nuclei the anti-TBD antibodies recognized a major band with anWe next asked whether the protein bands at 65 kDa detected by

electrophoretic migration identical to that of Tbfl and an uppémmunoblotting really correspond to the proteins detected by

band of lesser intensity (FibA, lane 2, Coomassie staining, and Southwestern assay. To do this we subfractionated the soluble
lane 8). The major band was also detected among total protemglear extract from Jurkat cells through several chromatographic
from isolated metaphase chromosomes (fg.lane 1). Using steps and tested all samples by both immunoblotting and
the secondary antibodies alone neither of the two bands we&euthwestern assay. In the initial extract two closely migrating
detected (data not shown). We ruled out that the human nucleiproteins65 kDa are recognized by anti-TBD antibodies (Eig.
chromosomes were contaminated with yeast by probing totaine 1), like those detected in a similar nuclear extract of HeLa
human nuclear extracts with an antiserum directed against Raptclei (Fig.1B, lane 4). After a heparin—agarose column the two
an abundant yeast nuclear protein. No cross-reacting protein vpasteins, as revealed by both DNA binding and immunoblotting,
detected (data not shown). A soluble extract prepared from isolatamelute at 0.6 M KCI (data not shown). The 0.6 M heparin
nuclei (S100) also exhibits a major signal at the level of Tbffraction was then loaded onto a sulfopropyl 5PW column, where
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A) Sequence comparison of Thil (aad(4-466) with the third repeat (R3) of human c-Myb ) Phylogenetic tree
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Figure 5. Sequence comparison of Myb repeats and teloboxes. Amino acids are given in the single lefgrAdmprenént between amino acids 404—466 of Tbfl

and the third repeat of human c-Myb (Hu-c/R3). The amino acid identities are indicated b8 pGhastgI\W (35) was used to produce a multiple alignment of the
following Myb repeats: Thfl (amino acids 404—-466 aferevisiad@bfl); IBP1 (amino acids 576—630 of maize IBP1); BPF1 (amino acids 581-636 of parsley BPF1);
orfR1 and orfR2 (translated from rice partial cDNA sequences); orfA (translated flatharanapartial cONA sequence); orfl and orf2 (translated from a human
partial cDNA sequence); ScRapl (amino acids 358-434efevisiaRapl); KIRapl (amino acids 211-26 KdactisRap1l); Hu-c/R1, Hu-c/R2 and Hu-c/R3 (Myb
repeats of human c-Myb); Hu-A/R1, Hu-A/R2 and Hu-A/R3 (Myb repeats of human A-Myb); Hu-B/R1, Hu-AB/R2 and Hu-B/R3 (Myb repeats of human B-Myb)
Stl (amino acids 100-151 of potato MybSt1); X1/R1, X1/R2 and X1/R3 (Myb repe&aaius<mybl); X2/R1, X2/R2 and X2/R3 (Myb repeatsXx@nopus

Xmyb2). C) Phylogenetic tree showing the divergences among the sequences used for the multiple alignment presented in (B) constructed using the neighbour-jc
method (36). The percentage of difference between sequences was taken as an arbitrary distance. The sequences belonging to the telobox group (also referri
text as the ‘Thfl family’), as well as to the R1, R2 and R3 groups, are bracketed on the right of the figure.

again immunoblotting and Southwestern assay detect two clos&lyA2, left part of Fig.3A). Antibodies affinity purified against
migrating proteins that elute between 200 and 240 mM KCI iE-Al detected the p65 doublet present in fraction F16 poorly,
fractions F15-F17 (Fig, lanes 2-9); in the Southwestern assay thevhile they bind perfectly a full-sized E-TBD protein expressed
two closely migrating bands in these fractions are more easily saatbacterial cells (right part of FigA). In contrast, when purified
in a lower exposure of the autoradiograph (data not shown). Thgainst EA2 they efficiently recognized both p65 and E-TBD
binding specificity for (TTAGGG)DNA of the activities recovered (right part of Fig3A). These results demonstrate that most of the
in fraction F16 was confirmed by competition experiments (data nepitopes shared between TBD and the p65 doublet are localized
shown). F16 is still a mixture of several polypeptides, as revealed Wjthin amino acids 404—-468 of Thfl. Interestingly, this region
SDS-PAGE followed by Coomassie staining, and no majaontains an essential part of the Tbf1 DNA binding domain, since
polypeptide at 65 kDa is visible (data not shown). its deletion abolished DNA binding. This is demonstrated both
Since the two proteins revealed by Southwestern assay aftgr band shift assay with highly purified hybrid proteins (Fig.
two successive chromatographic steps are indistinguishable 2%, compare lanes 6-8, wild-type E-TBD, with lanes 12-14,
SDS—PAGE analysis from the two revealed by immunoblottings-Al) and Southwestern assay with total bacterial extracts
it is very likely that both assays identify the same proteins. Thusntaining either E-TBD or A1 (Fig.4A). In contrast, a TBD
we conclude that there exist two human polypeptides (the p&&th the 80 amino acid C-terminal deletion still binds telomeric
doublet; Fig1B) that bind specifically to human telomeric DNA DNA in a sequence-specific manner (2, lanes 9—11; data not
and that are recognized by affinity-purified antibodies directeshown). We conclude that the Thfl DNA binding domain is found

against the Thfl DNA binding domain. between positions 326 and 482 and includes, between positions
404 and 468, most of the epitopes shared with the p65 doublet.

Both polypeptides of the p65 doublet share epitopes We attempted to identify p65 by searchmg hu_man protein

with a single Myb repeat present at the end of Tbfl sequences homologous to the sequence (amino acids 404-468) o

Tbfl in various databases using the BLAST algoritBd). \We
In order to map the epitopes of Thfl that are shared with the p@&und that the sequence corresponding to amino acids 406—457
doublet, we tested antibodies purified against a series ekhibits homology to the DNA binding domain of Myb proteins
truncated forms of TBD. A TBD lacking 64 central amino acidgFig. 5; data not shown). These DNA binding domains are often
(A1) and a TBD lacking 80 terminal amino acid®) were constituted by three imperfect tandem repeats (R1, R2 and R3),
expressed and purified froB.coli cells as a hybrid protein with R2 and R3 making specific contacts with the cognate DNA
with the bacterial maltose binding protein MalE (H-and  sequence33). An alignment between Tbfl and the third repeat
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¥ G GARA GAA AGA AGA GTA GGA ACT CCT CAA AGT ATA
gln asp leu asn lys glu glu arg arg val gly thr pre gln ser thr

gly thr gla gl

ARK AAG AAA AAR GRA AGC AGA AGA GUC ACT GAA AGT AGA ATA CCT GTT TCA AARC AGT CAS
lys lye lys lys glu ser arg arg ala thr glu ger arg ile pro val ser lys ser gin
121

CCG GTA ACT CCT GAA AAA CAT CGA GOT AGAE AAR ACA CAG GUA TGG COTT TG ChRA GAA GAC
pro wval thr pro glu lya his arg ala arg lys arg gln ala trp leuw tre glu glu asp
181

ARG AMAT TTG AGA TCT GGC GTG AGS ARA TAT GGA GAG GGA RRC T3C TOUT AAA ATA OTG TTS
Tys azn lew arg ser gly val arg lys tyr gly glu gly asn brp ser iye ile leu leu
241

TAT TAT AAML TTC AAC AAC OG0 ACA AGT GTC ATS TTR AAA GAC AGE TGG AGG ACT ATG AAS
nis 1yr lys phe asn asn arg thr ser wval nmet ls2u lys asp arg trp arg thr met lys
301

EAA CTA ARA CTG ATT TCC TCR G R,
lys leu lys leu ile =mer ser asp glu asp

B) orf2
1

) A ATA BC A ASA ARS CAC AAGC TGG ACT OThA GAA GAR AGC GAG TGS
glu asp ser thr thr asn ile thr lys lys gln lys trp thr val glu glu ser glu trp
41

GTC AMG GCT OGA OTC CAG BAR TAT GOG GRA GGR AAC TGG GCT GOC ATT TOT AAX AAT TAC
val lys ala ¢ly val gln lys tyr gly glu gly asn trp ala ala ile ser lys asn tyr
121

CCA TTT GTT AAC CGA ACA GCT GTS ATG ATT AAT GAT CGC TGS

pro phe val asn srg thr ala val met ile lys asp arg trp arg thr met lye ary lsu
181 i
Qo0 ATS AAC Teik ARCAGGCTTICATTICCACA GAATTCACH

aly meb asn *** @

) Sequence comparison of orfl and orf2

41
orfl : TEEKHRARKRCAWLWEEDKMLRSGVRKYGESNWSKILLIYKFNNRTSVMLEDRWRTMEELY LI SSDSED*

= ok & ok LR R N S A kEk rk wwkkrEIT &

orfz : ECETTHNITEKCKWIVEESEWVEAGV(EYGESWARL SKENYPFVNRTAVMIKDRWRTMERL. - .. - - GHN™*
1

Figure 6. Sequence of the orfl and orf2 cDNAs and their encoded pepfidesdB) The sequences of the PCR primers (Pa, PbPBand P used to amplify

orfl andorf2 cDNA are underlined (see Materials and Methods). For the downstream primers’ (&g P8 the underlined sequences correspond to the
complementary strand of the oligonucleotid®. $equence comparison of the telobox region of orfl and the entire orf2 amino acid sequence. Identical residues a
marked with a star. Note that outside the telobox region the sequences are divergent.

of a typical member of the Myb protein family, namely humamparsley BoxP binding factor BPFi9). The IBP1-DNA complex
c-Myb, is shown in Figur8A. Although the homology is partial, at theShrunkerpromoter covers an exact plant telomeric repeat
many of the highly conserved residues important for R3 are preséAGGGTTT) (38) and BPF1 binds a series of sequences rich in
within the Tbfl sequence. In particular, two out of the three expect&i T, motifs (39). Both proteins share an almost identical single
tryptophan residues are present. However, in contrast to most kndwyb repeat (one mismatch out of 54 amino acids) located at their
Myb proteins, the Tbfl sequence has only one such repe@ttermini (Fig.5B) which is implicated in DNA binding3g,39).
Intriguingly, Tbfl does not specifically bind DNA sequencesThis suggests that, in addition to their function in transcriptional
recognized by various known Myb proteins. This is demonstratediiegulation, these proteins may play a role in plant telomere
Figure 3B, where increasing amounts of a double-stranded oligghysiology. Comparison of the Myb repeat with the DNA binding
nucleotide carrying either a DNA sequence recognized by masbmain of the well-characterized yeast telomeric factor Rapl
known Myb proteins49,33) (lanes 3—4) or 2.5 repeats of TTAGGG shows that Rap1 also contains two regions of homology with the
(lanes 1-2) were added as competitor to the band shift asdelyb box @0).

Similarly, no competition was observed using two other DNA Such observations prompted us to explore whether a subclass
sequences recognized by plant MYB.PH3 ¢lata not shown). of Myb repeats defines a family of telomeric DNA binding
factors. To this end we constructed an evolutionary tree of Myb
repeat sequences. Our analysis includes amino acids 404—466 of
Tbfl, the region of Rapl which exhibits the most pronounced
homology to Myb (i.e. amino acids 211-267Kdifiyveromyces
Since Tbfl does not bind a typical Myb DNA site and containkctis Rapl and amino acids 358—414 QiterevisiaeRapl),

only a single Myb repeat (see above), Thfl may belong tolBP1, BPF-1 and another single Myb repeat plant protein
particular subfamily of Myb proteins. Indeed, among the Myl§MybSt1), as well as several open reading frames (orf) derived
proteins revealed in the BLAST search for proteins homologoti®om partial cDNA sequences that contain a single Myb repeat
to the Thfl-like Myb repeat two have a single Myb repeat anfrfR1 and orfR2 from rice, orfA frorabidopsis thalianand

bind specific DNA sequences related to telomeric repeats, namel§l and orf2 from human). We included five representative Myb
the maizeShrunkerinitiator binding protein IBP13@) and the proteins of the ‘three repeats family’ by considering each repeat

A subfamily of single Myb repeat-containing proteins
binds telomeric DNA sequences
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A) Sequence comparison of the Telobox consensus with R2R3 of the human ¢-Myb.

R
Telobox KQxWIVEEXEALVAGVXEXGTExUHR=I {1,12) NxKXRTXVDLEDKWRT2xT
*

* ok ww LA L * Ak "

* *h  kk * w w* - w

Hu-¢/R3 KTSWTEEEDRIIYQAHKRLGNR-WAEIAK-------— LLPGETONZTENHW -HSTHME
Hu-c/R2 KGPWTQEEDQRVIELV)KYGPKEWSVIAKG----—- HLEGRLGEQCREFEWHNHLNE

B)The sequence of the telomeric repeat and of Myb binding sitcs are related.

Telomeric repesat TAACCO

LE 22

Myb binding site YAACGE
T

Figure 7. Similarities and differences between telobox and Myb regeal.he telobox consensus sequence was derived from the multiple alignment of the eight
members of this family (Fig. 5), keeping amino acids found at least four times in a given position. The underlined residues are conserved between all the fz
members. A central variable region of from 1 to 12 amino acids is indicated by (1,12). Identical residues between the telobox consensus and both R2 and R3 of |
c-Myb are represented by a double star, while identical residues between the telobox consensus and either R2 or R3 are represented by a single star. The residu
and R3 interacting with the Myb DNA site, as determined by NMR analysis, are in bold typB)(333equence comparison between a human telomeric repeat and
the consensus sequence recognized by most of the known Myb proteins (49), but not by Tbf1, orfl and orf2. The bases interacting with c-Myb are in bold type

(R1, R2 and R3) as a separate unit, namely c-Myb, A-Myb amaifl and orf2, the single Myb repeat is located at the extreme
B-Myb from human and XMybl and XMyb2 froddenopus C-terminus of the protein.
laevis The tree was constructed based on multiple sequenceCrude extracts fronk.coli cells expressing either E—orfl or
alignments (FighB). As expected, the members of the ‘threeE—orf2 were subjected to a Southwestern analysis with kel
repeats family’ fall into three groups which include sequences froprobe. In both cases a telomeric DNA binding activity co-migrates
either R1, R2 or R3 (FieC). Remarkably, most single repeatwith the hybrid protein (FigdA). As a control extracts from
sequences are clustered in one separated group connected to tHedR®ria expressing only MalE or the hybrid proteid-which
sequences. This implies that they are more closely related to awes not bind (TTAGGG)n band shift assays (Fi8B), failed to
another than to any of the other repeats from the same or oteshibit any telomeric DNA binding activity and an extract
species. Interestingly, this ‘Tbfl family’ exhibits a pronouncedontaining E-TBD exhibits a binding activity at the level of the
similarity to the R3 sequence, which corresponds to the criticaybrid protein (FigdA). This shows that, like TBD, orfl and orf2
repeat for DNA binding. Rapl and MyStl do not fall into thishind telomeric DNA sequences. The specific binding of E—orfl and
family, but are, nevertheless, distantly related members of the E30rf2 to (TTAGGG) sequences was further analysed by specific
family. and non-specific competition experiments. Up to a 200-fold molar
excess of non-specific competitor DNA (pUC18) over the probe did
not affect binding of either E—orfl or E—orf2 or E-TBD (BB).
Human orfl and orf2 bind telomeric DNA sequences In contrast, a similar molar increase of the specific competitor
pHuUTekgg DNA, containing 700 nt of TTAGGG repeats inserted
To further test the possibility that all members of the ‘Tbflinto pUC18, greatly reduced binding of the three hybrid proteins
family’ bind telomeric DNA (see above) we investigated th€Fig. 4C, lanes 4-12). It is worth noting that pHHeDNA,
DNA binding properties of the two human open reading framesontaining 60 nt of TTAGGG repeats, Vi times less efficient
derived from partial cDNA sequences, namely orfl and orf2. ThHs competition as compared with pHuEIDNA, further indicating
DNA coding for orfl and orf2 was PCR-amplified from a HeLathat the competition is dependent upon the number of TTAGGG
cDNA library as described in Materials and Methods. Afterepeats (FigdC, compare lanes 1-3 and 7-9). Finally, the binding
cloning in-frame with thenalE gene synthesis of the E—orfl andof either orfl, orf2 or TBD is unaffected by the presence of up to a
E-orf2 hybrid proteins was checked by Coomassie blue stainidg00-fold molar excess of O.Myb oligonucleotide over the probe,
of total bacterial extracts analysed by SDS—PAGE. An abundasitowing that, like TBD, orfl and orf2 do not exhibit specific binding
induced protein of the expected molecular weight was confirmdd a typical Myb DNA site. Overall, these results demonstrate that
by immunoblotting using anti-MalE antibodies (data not shownhrfl and orf2, like TBD, specifically bind human telomeric DNA
The sequence recovered by PCR largely confirmed the expectattl that the minimal telomeric DNA binding domain of the proteins
sequence from an EST assembly (&Agand B), with the presence from which orfl and orf2 are derived is found within the 111
of a stop codon in-frame with thdyb-containing open reading C-terminal amino acids of orfl and the 63 C-terminal amino acids
frames. Since this stop codon was present within the sequence ofaherf2.
PCR primers Pb and Plwe also amplifiecbrf2 with a primer
located downst(eam of P@Pc, Fig. 6B); sequence determination ,man orf1 and orf2 are related to the p65 doublet
through Pbconfirmed the presence of the stop codooifi@ The
amino acid sequences of orfl and orf2 outside the Myb-relat&the fact that orf1l and orf2 bind telomeric DNA sequences and
region are not related (Fi8C), confirming that orf1 and orf2 reflect share homologies with amino acids 404—-466 of Tbfl strongly
portions of two different proteins having a Myb/Tbfl-relatedsuggests that these open reading frames may be identical to the
domain at their extreme C-terminus. Intriguingly, for all thep65 doublet. When TBD antibodies were affinity purified against
characterized members of the ‘Tbf1 family’, i.e. Tbfl, IBP1, BPFlgither E—orfl or E—orf2 they recognized roughly equally p65 and
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E-TBD (right part of Fig3A). Since TBD antibodies purified detect two human nuclear proteind 6 kDa (the p65 doublet),
against MalE alone do not react with p65 and E-TBD (data nbbth of which specifically bind telomeric DNA sequences in a
shown), we can conclude that orfl and orf2 are both immunolodgbouthwestern assay (Figsand 2). At least one of the p65
cally related to Tbfl. polypeptides is likely to correspond to TRF, which has a similar
apparent molecular weight3). Whether orf2 corresponds to the
other p65 polypeptide or to another protein remains to be
determined.

f The fact that Rapl does not fall into the telobox family based on

DISCUSSION

This study has identified a particular Myb-related protein moti . .
that appears to be specialized for specific interaction with dupl& Phylogenetic tree analysis (F3g:) suggesits that other types of

telomeric DNA. This motif is present in proteins from yeas yb-related domains may also be used for binding telomeric

; ; ts. In addition to the sequence divergence between Rapl anc
(Tbf1), plants (IBP1 and BPF1) and in partial sequences of hum&Pc& : v : .
open reading frames (orf1 and orf2). We propose to name this m&gPPox proteins, the Rapl DNA binding domain contains two
the ‘telobox’. Other putative members of the telobox famil yb-related moiifs instead of onéq). It is worth noting that the

include open reading frames from rice (orfR1 and R2, Fig. 5B) arjduence of thé.cerevisiagelomeric DNA (TG_gy is quite
ifferent from the sequences found in a wide phylogenetic range of

from Arabidopsis (orfA, Fig. 5B). The sequence of orfl is : > |
identical to the C-terminal part of the human telomeric proteiHUKaWOtes' |nclud|_ng the vertebrate TTAGGG s_equéii)e‘l(hls
yggests that during evolution a new telomeric repeat sequence

TRF, whose sequence was published after this work wa i ” X
completed 23). Since orfL/TRF is located at chromosome endgught have been added to the existing one, requiring recruitment of

. . ; : o ient Rapl precursor for efficient telomere maintenance. The
in vivo (23; unpublished results), this protein is expected to plag" 31Ccen : mere
an important role at telomeres. This may also be true for orfpréSence of TTAGGG-like repeats at the junction between yeast

which binds TTAGGGn vitro with the same affinity as orfl/TRF (clomeric repeats and the interior of chromosomes may thus
(Fig. 4). Overall, these results strongly support the existence BFPresent elic’ sequences from an ancient teloniesg The

two human telomere-associated proteins sharing a telobox at tHgpServation of Tbfl in yeast is probably due to non-telomeric
C-terminus. The respective role of each protein in telome ynctions, which remain uncharacterized but may be linked to

physiology remains to be determined. regulation of transcription. Like Rapl, which acts both as a structural
A telobox consensus was derived from the multiple alignmeGPMPONeNt of yeast telomeres and as a transcriptional regikor (
presented in FiguréB, revealing a bipartite structure with a POt 1BP1 and BPF1 were first identified as promoter binding
central region that is variable in length and sequence )g. elements. It will be revealing to examine other members of the
Roughly 30% of residues are identical between the N-terminal 2910P0X’ family to elucidate whether or not the presence of a
residues of the telobox consensus and R2/R3 of c-Myb, whiiayP-related DNA binding domain and involvement in transcrip-
only 10% are identical with the two c-Myb repeats within th 1onal regulation represent universal characteristics of telomere

C-terminal 19 residues (FigA). In particular, the C-terminal inding proteins.
VDLKDKWRT sequence of the telobox consensus shows limited
homology with the sequence of R2 and R3, while it is highf?\CKNOWLEDGEMENTS
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