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ABSTRACT

Drosophila telomeres are sequence-independent
structures maintained by transposition to chromo-
some ends of three specialized retroelements rather
than by telomerase activity. Fly telomeres are pro-
tected by the terminin complex that includes the
HOAP, HipHop, Moi and Ver proteins. These are fast
evolving, non-conserved proteins that localize and
function exclusively at telomeres, protecting them
from fusion events. We have previously suggested
that terminin is the functional analogue of shelterin,
the multi-protein complex that protects human telom-
eres. Here, we use electrophoretic mobility shift as-
say (EMSA) and atomic force microscopy (AFM) to
show that Ver preferentially binds single-stranded
DNA (ssDNA) with no sequence specificity. We also
show that Moi and Ver form a complex in vivo. Al-
though these two proteins are mutually dependent
for their localization at telomeres, Moi neither binds
ssDNA nor facilitates Ver binding to ssDNA. Consis-
tent with these results, we found that Ver-depleted
telomeres form RPA and yH2AX foci, like the human
telomeres lacking the ssDNA-binding POT1 protein.
Collectively, our findings suggest that Drosophila
telomeres possess a ssDNA overhang like the other
eukaryotes, and that the terminin complex is archi-
tecturally and functionally similar to shelterin.

INTRODUCTION

Dealing with chromosome ends represents a major problem
for the cell, as they can be mistaken for double strand breaks
(DSBs) and activate the DNA damage response (DDR),
leading to unwanted repair, telomere fusion and genome in-
stability. Different organisms evolved different protein com-
plexes that specifically bind chromosome ends and help as-
sembly of the telomere, a protective structure that shields
DNA termini preventing DSB signaling. In most eukary-
otes, telomeric DNA consists of short tandem repeats added
by telomerase to chromosome ends (1,2). Replication of
the lagging strand results in the formation of a terminal
3’ G-rich overhang (3); completion of telomere replication
through a fine interplay between exonuclease activities and
fill-in DNA synthesis results in 3’ overhangs of appropriate
length at the ends of both sister chromatids (4,5).

In organisms with telomerase, terminal repeats are specif-
ically recognized by specialized telomere capping com-
plexes (6). In humans, the TTAGGG repeats are selec-
tively bound by the six-protein (TRF1, TRF2, Rap1, TIN2,
TPP1, POT1) shelterin complex, which localizes and func-
tion almost exclusively at telomeres (7,8). TRF1 and TRF2
bind the TTAGGG duplex and POTI1 the 3’ overhang;
TIN2 and TPPI bridge POT1 to TRF1 and TRF2. hRapl,
a distant homologue of Saccharomyces cerevisiae Rapl, in-
teracts with TRF2, but is not directly implicated in telom-
ere protection or length regulation (9). TRF2 dysfunction
triggers the ATM signaling pathway, and leads to the ac-
cumulation of telomere dysfunction foci (TIFs) enriched in
v-H2AX (10-12). Loss of POT1 causes the accumulation
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of RPA (Replication protein A) onto the 3’ overhang, which
activates the ATR signaling pathway and leads to TIFs (13—
17). RPA is normally recruited at telomere overhangs dur-
ing DNA replication, at a time when POT]1 is partially re-
leased from the telomere, but is replaced by POT1 at the
end of DNA replication. Interestingly, transient ATM- and
ATR-mediated DNA damage signaling occurs even at nor-
mal human telomeres that are completing DNA replication
(18).

Although 3’ overhangs are prevalent among telomeres
of organisms with telomerase, in Caenorhabditis elegans 5'
overhangs are as abundant as 3’ overhangs (19), and blunt-
ended telomeres have been found in Arabidopsis thaliana
(20). 5" overhangs have been also found in mouse and hu-
man cells, particularly in G1/S arrested and terminally dif-
ferentiated cells, as well as in cancer cells that exploit the
alternative lengthening of telomeres (ALT) pathway for
telomere maintenance (21).

In fission yeast, telomeric DNA is protected by a com-
plex that is architecturally reminiscent of shelterin and con-
tains the TRF1 and POT1 homologues Tazl and SpPotl
(22-24). In budding yeast, there is not a shelterin complex
and the shelterin functions are fulfilled by Rapl and the
RPA-like complex Cdc13-Stnl-Tenl (CST) (25,26). Cdcl3
does not share homology with POT1, but both proteins
use oligonucleotide/oligosaccharide-binding (OB)-fold do-
mains to bind ssDNA. The CST complex exists also in
mammals, where it coordinates telomerase-mediated DNA
elongation and fill-in synthesis during telomere replication
(27-29); however, its function is not restricted to telomeres,
as it also plays a general role in DNA replication (30,31).

In Drosophila, there is not telomerase and telomeres
are clongated by the targeted transposition of three spe-
cialized non-LTR retrotransposons (HeT-A, TART and
TAHRE) (32-35). In addition, abundant evidence indi-
cates that Drosophila telomeres can assemble independently
of the sequence of the DNA termini (36-38). Drosophila
telomeres are capped and protected by the terminin com-
plex, which includes HOAP, Moi and Ver. All these proteins
interact with each other and share the same features as the
shelterin subunits: they are specifically enriched at telom-
eres throughout the cell cycle and do not perform other
functions elsewhere in the genome (32,39—41). Most likely,
terminin also includes HipHop, another fast evolving pro-
tein that interacts with HOAP and shares the shelterin-like
properties of HOAP, Moi and Ver (32,42).

Here we focus on the Verrocchio (Ver) protein, which
contains an OB-fold domain with structural similarity to
Stn1/RPA2 OB fold (40). Ver interacts with Modigliani
(Moi), and Moi and Ver are both HOAP-dependent and
mutually dependent for their telomeric localization (39,40).
Ver has been also implicated in the recruitment of the HeT-
A encoded ORFI1p protein and HeT-A transcripts at the
telomere (43). Here, we use both electrophoretic mobility
shift assay (EMSA) and atomic force microscopy (AFM)
to show that Ver binds ssDNA in vitro. We also show that
Moi does not bind DNA and that Ver interaction with Moi
is necessary for Ver localization at telomeres but not for its
binding to ssDNA. Finally, we demonstrate that loss of Ver
favors RPA accumulation at telomeres and triggers DNA
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damage signaling. This suggests that Ver is a functional ana-
log of ssDNA binding proteins such as yeast Cdc13 and hu-
man POTI.

MATERIALS AND METHODS
Drosophila strains

The ver! and moi’ alleles and the Ver-GFP expressing flies
have been described previously (39,40). The Oregon-R or
the ywf strains were used as wild type controls. All flies were
reared according to standard procedures and maintained
at 25°C. The Histone-H3-RFP strain was obtained by the
Bloomington stock center.

Generation of Ver®C-GFP and GFP-RPA expressing flies

To generate Ver®“-GFP expressing flies, the EGFP CDS
was fused in frame with the 3'-end of the Ver®® (aa 1-185)
CDS. The resulting construct was cloned into the pJZ4 vec-
tor (a derivative of pCASPER4), under the control of a
tubulin promoter (39,40). To generate flies carrying an in-
ducible UAS-GFP-RpA70 transgene, the RPA70 CDS was
first cloned in the pPENTR vector (pENTR™/D-TOPO®
Cloning Kit, ThermoFisher Scientific) and then cloned in
frame to the EGFP CDS in the ppGW vector (Drosophila
Gateway " Vector Collection, Carnegie Institution for Sci-
ence), using the Gateway® LR Clonase® II Enzyme mix,
(ThermoFisher Scientific). Germline transformation was
carried out by the BestGene Company (Indiana, USA) us-
ing standard methods. Flies ubiquitously expressing GFP-
RPA70 were obtained through appropriate crosses between
the UAS-GFP-RpA70 flies and flies expressing the actin-
GALA4 driver (B#25374, obtained from the Bloomington
stock Center).

Protein purification

To obtain the GST-Ver”€ fusion protein, the ver region cod-
ing for aa 1-185 was cloned in pGEX-6P vector as described
previously for GST-Ver and GST-Moi (39,40). GST fusion
proteins were expressed in the BL21 strain (DE3), purified
by incubating crude lysates with glutathione-sepharose 4B
(Amersham), and eluted with 50 mM Tris—HCI, 10 mM re-
duced glutathione, pH 8.0. Recombinant His—Ver protein
was also expressed in the BL21 strain (DE3) (40). Exponen-
tially growing bacteria were induced at 37°C for 4 h by addi-
tion of 2 mM IPTG. Bacteria were harvested, resuspended
and incubated for 1 h in lysis buffer (400 mM NaCl, 100 mM
KCl, 10% glycerol, 0.5% Triton X-100, 10 mM Imidazole,
50 mM Phosphate buffer pH 7.8, 0.2% lysozime, Complete
protease inhibitors Roche). Lysates were then sonicated for
20 s, incubated for 30 min with 1.5% N-lauryl sarcosyn, and
centrifuged for 25 min at 4°C. The soluble portion was then
incubated for 1 h with the Ni-NTA His-Bind Resin (Qia-
gen), extensively washed with lysis buffer containing 20 mM
imidazole, and eluted with lysis buffer containing 250 mM
imidazole. Protein concentrations were calculated using the
Bradford assay (Sigma). The purity of the isolated proteins
has been verified by SDS-PAGE electrophoresis followed by
Coomassie staining (Supplementary Figure S1).
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Preparation of DNA constructs

Oligonucleotides, obtained from Bio-Fab Research, are
listed in Supplementary Table S1. For EMSA, oligonu-
cleotides were radiolabeled with [y-3>P] using T4 polynu-
cleotide kinase and purified using the QIAquick Nucleotide
Removal Kit (Qiagen). To generate 3'-tail DNA, 5'-tail
DNA and duplex DNA constructs, ss60-1 was annealed
with ss30-3, ss30-4 and ss60-2, respectively (see Supplemen-
tary Table S1); annealing was performed in 100 mM NacCl,
10 mM Tris—HCI, ]| mM EDTA pH 8.0, by denaturing the
samples at 95°C for 10 min and then gradually decreasing
the temperature.

For AFM imaging, the Blunt-end construct (BEC) was
obtained by digesting pUC18 DNA with Dral (Thermosci-
entific). The digested sample was run on a 1% agarose gel
and the 694 bp blunt DNA fragment was purified with QI-
Aquick gel-extraction kit (Qiagen). To obtain the 3'-single-
tail DNA construct (3’-STC), a DNA fragment of 1246 bp
was amplified by PCR from the pUCI18 plasmid (primers
1246-fw and 1246-rv), and digested with Pstl (Thermo Sci-
entific), obtaining two fragments (400 and 842 bp) with a
blunt end and a 4-nt 3’-OH protruding end. The 842 bp
fragment was gel-purified and then ligated to the adapter re-
sulting from the annealing of the 60-nt long oligonucleotide
ss60-1 and the 22 nt long Ada-3". The ligated 3’-STC con-
tained a blunt end and a 42-nt 3’-protruding end. To ob-
tain the 3’-Double-tail DNA construct (3'-DTC), a 1216
bp DNA fragment, derived from pUCIS8 digestion with
Alw441, was ligated to an adapter formed by the 68-nt long
oligonucleotide DT68 and Ada-3'. The resulting 3’-DTC
fragment consisted of 1260 bp with 42-nt overhang at both
ends. The 5'-double-tail DNA construct (5-DTC) was ob-
tained by ligating a 943 bp DNA fragment, derived from
pUCIS digestion with Alw441, with an adapter formed by
$s60-1 oligonucleotide and the 22-nt long Ada-5'. The re-
sulting 5'-DTC fragment was 979-bp long, with 42-nt over-
hang at both ends.

Electrophoretic mobility shift assay

Protein-DNA binding reactions were carried out in 20 .l
of binding buffer (50 mM HEPES-KOH pH 7.8, 50 mM
KCl, 0.1 mM EDTA, 5% glycerol, 0.2% NP40, 1 mM DTT,
0.1 pg/wl BSA) for 60 min at 4°C, and run on native 5%
acrylamide/bis acrylamide gels [19:1] at 4°C for 2 hin 0.5x
TBE at 150V. Gels were dried and analyzed with a phospho-
rimager apparatus (Typhoon, GE Healthcare). Crosslink-
ing reaction were carried out by adding 0.1% glutaraldehyde
during the last 10 min of the binding reaction. Binding com-
petitions were carried out by adding to the reaction 1 uM
unlabeled DNA (see Figure legends for details).

WEMSA assay

EMSA was performed as described above using labeled and
unlabeled ss30-1 and GST-Ver. After electrophoresis, the
8% polyacrylamide gel was cut into two halves; the part
with the labeled probe was dried and analysed with a phos-
phoimager apparatus, while the part with the unlabeled
probe was transferred to a nitrocellulose membrane (Hy-
bond ECL, Amersham) by electroblotting. The membrane

was then hybridized with anti-GST HRP-conjugated anti-
body (1:5000, GE Healthcare) to visualize GST-Ver.

AFM imaging

AFM imaging of DNA-protein complexes was performed
as previously described (44,45). 10 nM of each DNA con-
struct was incubated for 30 min at 4°C with 200 nM 6His—
Ver or 10 nM SSB in AFM binding buffer (50 mM HEPES-
KOH pH 7.8, 50 mM KCl, 0.1 mM EDTA, I mM DTT)ina
total volume of 20 pl. Samples were then crosslinked by ad-
dition of 0.1% glutaraldehyde for 30 minutes on ice, and the
DNA-protein complexes were purified using the QIAquick
PCR Purification Kit (Qiagen). 10 wl of purified samples
in AFM imaging buffer (4 mM HEPES-KOH pH 7.5, 10
mM NaCl, 1.5 mM MgCl,) were deposited at the center of
freshly cleaved mica. Spreading of samples on the substrate
was performed in the presence of Mg?*, to promote adhe-
sion of DNA /protein complexes to negatively charged mica
(46). After 1 min, the mica surface was rinsed with deion-
ized water and dried under a gentle nitrogen flow. The con-
centrations of the DNA-protein complexes were adjusted
in order to have a uniform spreading of the molecules with
no overlaps (the images reported here have been taken at
0.5 nM concentration of the DNA /protein complex). DNA
constructs and proteins alone were also deposited on mica,
in AFM imaging buffer at 0.5 and 1.4 nM concentration, re-
spectively. AFM imaging was performed on a MultiMode
SPM Nanoscope Digital 111 A, equipped with E-scanner
(Digital Instruments Inc., Santa Barbara, CA, USA), oper-
ating in tapping mode at room temperature, using canonical
sharp silicon tips (Veeco). Images of 512 x 512 pixels were
recorded at a scanning rate of 1.5-2.0 Hz in a scan area 1-3
pm wide.

Analysis of AFM data

To evaluate DNA contour lengths, AFM images were con-
verted from Nanoscope format into TIF files and processed
using the ImageJ software. To assess Ver position along the
constructs, we determined the distance between the center
of the bound protein and the closest DNA end (L;) (see Fig-
ure 2B); for proteins bound at the ends of the constructs, Z;
was considered 0. Half-length constructs were then divided
into 10.2 nm-long sections (~30 bp), and the proteins as-
signed to each section using L;. To determine whether the
observed protein binding distributions were different from
continuous uniform distributions we used the x 2 test. To as-
sess whether Ver binds the ssSDNA overhangs (which are not
visible in AFM images) the contour length of end-bound
DNA molecules (L,) was measured starting from the outer
edge of the protein, and was then compared with the con-
tour lengths of free DNA molecules (L) (see Figure 4). The
histograms obtained from contour length measurements
were fitted to Gaussian function using the open source Qti-
Plot software. To determine whether L is statistically differ-
ent from L, we used the Student’s t-test. Protein volume was
measured using the open source WSXM software. Volumes
were calculated considering the proteins as hemi-ellipsoids
using the formula: V' = ‘—gnrlrzh; where r; and r, represent
respectively the major and the minor radii of the protein



section at half height, and h represents the mean protein
height from the background (47,48). Since it is known that
SSB binds ssDNA as a tetramer (4 x 18.8 kDa) (49), the
volume found for bound SSB (100 nm?) was used as a stan-
dard to elaborate a conversion coefficient (1.33 nm?®/kDa)
to derive the expected Ver volumes from the mass of 6His—
Ver protein (28.5 kDa).

Chromosome cytology and immunostaining

Preparation and immunostaining of mitotic chromosomes
have been described previously (50,51). To obtain polytene
chromosomes for immunostaining, salivary glands from
third instar larvae were dissected and incubated for 8 min
in G Medium (25 mM sodium glycerophosphate, 10 mM
KH;,POy4, 30 mM KCI, 10 mM MgCl,, 3 mM CaCl,, 160
mM sucrose, 0.5% NP40), fixed for 20 min in (100 mM
NacCl, 2 mM KCI, 10 mM sodium phosphate buffer pH
7, 2.8% formaldehyde, 2% NP-40), transferred for 10 min
to 45% acetic acid and squashed in the same solution.
Slides were frozen in liquid nitrogen and, after flipping
off the coverslip, immediately immersed in cold TBS for
5 min. Slides were then washed in TBS-T (TBS contain-
ing 0.05% Tween 20) and incubated overnight at 4°C with
mouse anti-y H2AV (1:20, DSHB, Iowa) and either rabbit
anti-HOAP (generated in our laboratory; 1:20), or rabbit
anti-GFP (1:100, Torrey Pines Biolabs). Secondary anti-
body incubation was carried out at room temperature for
1 h using FITC-conjugated anti-rabbit (1:50, Jackson Im-
munoresearch) and AlexaFluor 555-conjugated anti-mouse
(1:50, ThermoFisher Scientific). Slides were mounted in
Vectashield H-1200 with DAPI to stain DNA. Polytene
chromosome preparations were analyzed using a Zeiss Ax-
ioplan epifluorescence microscope equipped with a cooled
CCD camera (CoolSnap, Photometrics). To quantify the
relative intensities of the yH2AV and HOAP signals at the
polytene chromosome telomeres, we measured separately
each signal and subtracted the relative background using
the Imagel software. We then calculated the ratio between
the yH2AV and HOAP fluorescence. Notably, this calcula-
tion precisely corresponded to a visual evaluation of the two
signals; any time the y H2AV/HOAP fluorescence ratio was
>1, the yH2AYV signal was more extended than the HOAP
signal.

GFP-TRAP-A based AP-MS of Ver-GFP

Batches of 0-3 h old embryos laid by cages of 1-10 day-
old Ver-GFP flies were dechorionated, weighed, flash frozen
in liquid nitrogen and stored at -80 °C. For MS analysis,
~0.4 g of frozen embryos were homogenized in 1.5 ml of
C buffer (50 mM HEPES [pH 7.4], 50 mM KCI, 1 mM
MgCly, 1 mM EGTA, 0.1% IGEPAL CA-630, protease in-
hibitors (Roche). Extract was clarified through centrifuga-
tion at 10 000 g for 10 min, 100 000 g for 30 min and 100 000
g for a further 10 min. Clarified extract was incubated with
30 wl GFP-TRAP-A beads equilibrated in C Buffer (Chro-
motek) for 2 h at 4°C. Beads were then washed 4 times with
ice-cold C buffer and stored at -20°C. Mass spectrometric
analysis was undertaken by the Bristol Proteomics Facil-
ity (http://www.bristol.ac.uk/biomedical-sciences/research/
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facilities/proteomics/), essentially following the procedure
described in (52). The resultant raw data files were pro-
cessed and quantified using Proteome Discoverer software
v1.2 (Thermo Scientific) and searched against the dmel-
all-translation-r5.47 database using the SEQUEST (Ver. 28
Rev. 13) algorithm. Peptide precursor mass tolerance was
set at 10ppm, and MS/MS tolerance was set at 0.8Da.
Search criteria included carbamidomethylation of cysteine
(+57.0214) as a fixed modification and oxidation of me-
thionine (+15.9949) as a variable modification. Searches
were performed with full tryptic digestion and a maximum
of one missed cleavage was allowed. The reverse database
search option was enabled and all peptide data were fil-
tered to satisfy false discovery rate (FDR) of 5%. To re-
move non-specific interacting proteins, the list of protein
IDs was cross-referenced with our false-positive list (52).
IDs not present in the false-positive list, or those enriched
in the experimental sample by >3 fold, were kept; all other
IDs were removed. The proteins were further filtered by re-
moving protein IDs with overall MS Scores <50 and Areas
<1:100 (0.01) Bait: Interacting protein. A less stringent fil-
tering of this dataset (showing all specific proteins identified
with MS scores of >50) can be found on the Wakefield lab
website (www.thewakefieldlab.com/MS).

In vivo imaging

For in vivo time-lapse imaging of embryos, dechorionated 1—
2 h old embryos expressing Ver-GFP and Histone-H3-RFP
were aligned in heptane glue on 22 x 50 mm coverslips, and
covered with a 1:1 mixture of Halocarbon oil 700 and Halo-
carbon oil 27 (Sigma). Imaging was performed using a Vis-
itron Systems Olympus IX81 microscope equipped with a
CSO-X1 spinning disk using a UPlanS APO 1.3 NA (Olym-
pus) 60X objective. Five-1wm slice stacks were acquired at
a 400 ms exposure per slice, at a constant room tempera-
ture of 22°C. Image processing and analysis was performed
using ImageJ to produce accumulated projections.

GST pull-down assays

Bacterially expressed GST-Ver and GST-Ver€ fusion pro-
teins were purified by incubating crude lysates with glu-
tathione sepharose 4B (Amersham), as recommended by
the manufacturer. 6His—Ver was generated and purified
from bacteria as described above. GST pull-down was per-
formed as described previously (40). 6His—Ver was detected
with anti-His HRP-conjugated (1:500; Roche) antibody.

Co-immunoprecipitation

The RPA-FLAG construct was obtained by cloning the
RPA-70 coding sequence, fused in frame to a sequence en-
coding the 3XFLAG peptide, into the pJZ4 plasmid. S2
cells were transfected with plasmids encoding GFP-Ver and
RPA70-FLAG using the Effectene Transfection Reagent
(Qiagen). After 3 days, 5 ml of cell suspension were pelleted
and incubated for 30 min on ice in 500 wl of lysis buffer
(150 mM NaCl, 50 mM Tris—HCI pH 7.5, 30 mM NaF, 25
mM B-glycerophosphate, 10 mM Na3;VOy, 1% Triton X-
100, 0.5 mM PMSF, 1x protease inhibitor cocktail). After
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centrifugation for 10 min at 13 000 rpm at 4°C, the pellet
was resuspended in 250 1 of lysis buffer and the nuclei were
lysed using a syringe, and sonicated for 10 s. The lysate was
then clarified by centrifugation. For DNase I-treated sam-
ples, the lysate was incubated for 30 min at 37°C with 1U
of DNase I (ThermoFisher Scientific). 4% of each lysate
was retained as the ‘input’, while the remainder was incu-
bated with 15 pl of either ANTI-FLAG M2 Affinity Gel
(Sigma-Aldrich) or GFP-Trap (Chromotek) beads for 2 h
at 4°C. The beads were washed four times with 0.5% Tri-
ton X-100 containing PBS, boiled in SDS sample buffer and
separated by SDS-PAGE. For immunoblotting, rabbit anti-
GFP (1:1500, Torrey Pines Biolabs) and anti-FLAG HRP-
conjugated (1:200, Roche) were used to detect GFP-Ver and
RPA-FLAG, respectively.

RESULTS
Ver binds ssDNA in vitro in a sequence-independent fashion

To test whether Ver has the ability to bind ssDNA in a
sequence-independent manner, we performed EMSA ex-
periments by incubating bacterially purified GST-Ver with
terminally labeled oligonucleotides (oligos) of random se-
quence (Supplementary Table S1). We used two different 30-
mer oligos (ss30-1 and ss30-2). When increasing amounts of
GST-Ver were incubated with either oligo, protein/DNA
complexes formed, although a consistent fraction of the
DNA probe remained unbound even at the highest pro-
tein concentration (Figure 1A and B). We usually ob-
served two complexes (also after glutaraldehyde crosslink-
ing); they might reflect either different conformations of
the complexes or different binding modes. We confirmed
that the retarded complexes contain the Ver protein us-
ing a combined western blot/electrophoretic mobility as-
say (WEMSA) (53,54). The GST-Ver/ss30-1 complexes run
on a polyacrylamide gel were transferred on a nitrocellu-
lose membrane and immunoblotted with an anti-GST anti-
body. We detected a strong GST signal matching the com-
plex of the EMSA experiment (Supplementary Figure S2,
lanes 2 and 4). To determine whether Ver specifically binds
ssDNA, we performed EMSA in the presence of competitor
DNA: 100-fold excess of unlabeled ssDNA (ss30-2 oligo)
or double-stranded DNA (calf thymus DNA). Whereas ss-
DNA efficiently competed with the ss30-1 oligo in binding
GST-Ver (Figure 1A, lane 7), dsDNA did not inhibit the
formation of GST-Ver/ss30-1 complex (Figure 1A, lane 8).

We next investigated Ver binding to DNA fragments that
mimic the chromosome end structure of organisms with
telomerase, namely dsDNAs ending with a protruding ss-
overhang. In this analysis we tested DNAs consisting of
30 bp-long duplexes with 30 nt-long 3'- or 5'-protruding
ssDNA tails (abbreviated with 3'-tail and 5'-tail, see Sup-
plementary Table S1), as we wanted to determine whether
Ver was preferentially binding one of the two types of over-
hangs. As shown in Figures 1C and Supplementary Figure
S3, GST-Ver binds with similar affinity the 3'-tail and 5'-tail
probes but fails to bind a double-stranded 60 bp probe used
as control.

Collectively, these results indicate that Ver binds ssDNA
in a sequence-independent manner, although with low affin-

ity. This low binding affinity prevented an accurate estimate
of the dissociation constant.

Atomic force microscopy (AFM) reveals that Ver binds ss-
DNA as a dimer

To confirm that Ver binds ssDNA, we visualized Ver-DNA
complexes by AFM. AFM allows definition of the position
of a DNA-binding protein along the DNA molecule and
provides information on the shape and volume of the com-
plex (44,47,55). To analyze Ver binding to DNA, we made
four different DNA constructs derived from the pUCIS8
plasmid: a construct consisting of 1260 bp of dsDNA end-
ing in two 42-nt 3’-single-stranded overhangs (3’-double-
tail construct, abbreviated with 3’-DTC); a construct con-
sisting of 979 bp of dsDNA ending in two 42-nt 5’ single-
stranded overhangs (5-DTC), a construct containing 860
bp of dsDNA with a blunt end and a 42-nt ss 3’-overhang
at the other end (3’-single-tail construct; 3'-STC); and a
694 bp blunt-ended dsDNA construct (blunt end construct,
BEC) (Supplementary Table S1, Figure 2A). These con-
structs were incubated with histidine-tagged Ver (His—Ver),
which binds ssDNA with approximately the same affinity of
GST-Ver (Supplementary Figure S4). The relatively small
size and charge of the histidine tail causes only a slight al-
teration of Ver molecular weight and properties, allowing
an easy evaluation of protein/DNA complex stoichiometry.
In order to stabilize DNA-protein interactions, complexes
were crosslinked with glutaraldehyde.

As shown in Figure 2C, the Ver-DNA complexes are
clearly visible in AFM images. To determine the localiza-
tion pattern of these complexes we measured the distance
between the center of each complex and the closest DNA
end (L; in Figure 2B); this measure was obviously equal or
less than half the length of the construct. Thus, to map the
complexes, we considered only half of each construct, which
was subdivided into consecutive sections of 10.2 nm (corre-
sponding to approximately 30 bases). We then used L; to as-
sign each complex to one of the regions into which the four
DNA constructs were subdivided (Figure 3). As a positive
control for our experimental set-up, we used the Escherichia
coli SSB protein, which binds ssDNA with high affinity
(Supplementary Figure S5) in a sequence-independent fash-
ion (49,56).

An analysis of Ver-DNA complexes distribution along
the four constructs revealed striking differences. These com-
plexes were randomly distributed on BECs (Figure 3A). In
contrast, 3’-STCs, 3'-DTCs and 5'-DTCs displayed strong
accumulations of the complexes in the terminal regions. In
the 3/-STCs, 50% of the complexes mapped to the terminal
segment (Figure 3B), while 55% of the complexes were con-
centrated in the terminal regions of 3’-DTCs (Figure 3C).
The analysis of His—Ver binding to 5-DTCs showed that
57% of the complexes were located in the terminal segment
(Figure 3D), similar to what found for the 3’-ending probe
3’-DTC. These results are in agreement with the EMSA
analysis (Figure 1C) and indicate that Ver has no prefer-
ence for 3’ or 5 overhangs. Importantly, the SSB protein,
which has a greater ssDNA-binding affinity than Ver, was
randomly bound to BEC (Figure 3E) but preferentially as-
sociated with the ends of the STCs and DTC:s just like Ver,
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Figure 1. Ver binds ssDNA in vitro with no preference for 3’ or 5" overhangs. (A) 10 nM labeled ss30-1 oligonucleotide incubated with GST-Ver at increasing
concentrations and separated on 5% polyacrylamide gel. Lanes 1-5, GST-Ver concentration: 0, 11, 33, 100 and 300 nM; lane 6, 300 nM GST-Ver, complex
crosslinked with 0.1% glutaraldehyde; lane 7, competition with 1 pM ss30-2 oligonucleotide; lane 8, competition with 1 wM calf thymus ds DNA. (B) 10
nM labeled ss30-2 oligonucleotide incubated with GST-Ver at increasing concentrations and separated on 5% polyacrylamide gel. Lanes 1-4, GST-Ver
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with binding profiles very similar to those observed for Ver
(Figure 3F-H).

We also asked whether the terminal accumulation of Ver
in the 3-STCs, 3’-DTCs and 5 DTCs reflects binding to ss-
DNA, which is not visible in our AFM images. We thus con-
sidered the constructs showing Ver binding at one of the ex-
tremities, and measured the L, distance between the inner
edge of the complex and the opposite end of the construct
(Figure 4, left panels). We posit that when Ver is bound at
a terminal position on dsDNA, L, will be shorter than the
contour length L of the construct, due to the DNA por-
tion masked by the protein. In the few BECs showing Ver
at their extremities the distance L, was indeed significantly
shorter than L (Figure 4A), whereas in STCs and DTCs
L, and L were virtually identical (Figure 4B-D). This find-

ing strongly suggests that in STCs and DTCs, Ver is mostly
bound to the overhanging ssDNA. Collectively, the results
of the AFM experiments confirm and extend the conclu-
sions derived from the EMSA experiments, indicating that
Ver binds DNA with a strong preference for regions termi-
nating with ssDNA overhangs that mimic the typical struc-
ture of eukaryotic telomeres.

Finally, we measured the volumes of Ver-containing
structures in AFM images (47,57) to derive their molecu-
lar masses (57). The volumes distribution of unbound Ver
showed a maximum around 70 nm?* (Supplementary Figure
S6A), which is consistent with the volume of a Ver dimer
estimated by calibration with the SSB volume (Supplemen-
tary Figure S6C, see Materials and Methods for full expla-
nation). The volume distribution of Ver bound to DNA was
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nucleoprotein complex and the closest end of the construct, L is the contour length of the entire construct. (C) Gallery of AFM images of Ver and SSB

bound to the four DNA probes. Scale bar, 100 nm.

considerably broader than that of free Ver, suggesting that
Ver binds ssDNA as a dimer or a multimer (Supplementary
Figure S6B).

Ver contains a multimerization domain required for telomere
protection

Consistent with our AFM observations, we have previ-
ously shown by GST pull-down that GST-Ver is able to
bind 6His—Ver, indicating that Ver is able to multimerize
(40). To identify potential Ver interacting residues involved
in dimerization, we performed interface prediction using
CPORT, a computational method based on five interface
predictors (58). An a-helix between residues 185 and 204 is
the most likely Ver dimerization domain. This a-helix spans
the entire length of the OB fold and contains several solvent-
exposed hydrophobic residues (Met190, Phel94, Tyr197,
Trp201; see Figure 5A), suggesting that this motif may be
involved in protein-protein interactions. To verify this pre-
diction, we generated ver“€, a terminally deleted gene that
encodes a Ver protein lacking aa 186-214. Differently from

full-length GST-Ver, GST-Ver®¢ was unable to bind 6His—
Ver (Figure 5B), indicating that the Ver C-terminal domain
is essential for Ver—Ver interactions.

To assess the localization of Ver“C in vivo we gener-
ated transgenic flies expressing Ver®C-GFP in a ver! mutant
background. Immunostaining of polytene chromosome nu-
clei with an anti-GFP antibody showed that Ver*C-GFP
localizes to distinct foci that correspond to the telomeres
(Figure 5C), indicating that the mutant protein is recruited
at telomeres just like its wild type counterpart. However,
Ver®C is unable to ensure telomere protection, as larval
brain cells from ver! mutants that express Ver®¢ showed the
same frequency of telomeric fusions as ver! mutants (40)
(60% cells with at least one telomere fusion per cell; n =
100).

We next verified the ability of Ver®® to bind ssDNA.
EMSA experiments using purified GST-Ver®C protein
showed that Ver®C is unable to bind ssDNA (Figure 5D).
This finding suggests that the ssDNA binding activity of
Ver is essential for telomere protection and supports the hy-
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Figure 3. Analysis of Ver-DNA and of SSB-DNA complexes distribution along different DNA constructs shows that Ver preferentially binds ssDNA. (A)
Distributions of Ver—-DNA complexes along the eleven 30 bp segments that comprise half BEC. Each complex was assigned to a specific segment based
on the distance between the center of the complex and the closest end of the DNA construct (L; in Figure 2B). Counts represent percent of bound DNA
molecules (n = 94 bound molecules out of 314 DNA molecules counted). End indicates complexes associated with the BEC termini. (B) Distributions
of Ver—-DNA complexes along the fourteen 30 bp segments that comprise half 3’-STC (n = 233 bound molecules out of 425); see (A) for explanation.
End includes complexes associated with either a ssDNA or a blunt terminus. (C) Distributions of Ver-DNA complexes along the twenty 30 bp segments
that comprise half 3'-DTC (7 = 163 bound molecules out of 218); see (A) for explanation. End includes proteins bound to both 3’-DTC termini. (D)
Distributions of Ver-DNA complexes along the sixteen 30 bp segments that comprise half 5-DTC (n = 183 bound molecules out of 324); see (A) for
explanation. End includes proteins bound to both 5-DTC termini. (E-H) Distributions of SSB-DNA complexes along (E) half BEC, n = 31 bound
molecules out of 182; (F) half 3’-STC, n = 85 bound molecules out of 173; (G) half 3’-DTC, n = 115 bound molecules out of 170; (H) half 5-DTC, n =
127 bound molecules out of 208. See legends for A-D for explanations.
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Figure 4. A comparison between the contour lengths of unbound and Ver-end-bound constructs confirms that Ver binds ssDNA overhangs. Left, schematic
representation of contour lengths measured on AFM images of naked DNA and terminally-bound Ver/DNA complexes; L is the length of the naked DNA
construct, and L, the distance between the edge of a bound protein and the opposite end of the construct. Right, Gaussian fitting of the distributions of
Ly(orange) and L (green). P values were determined with Student’s 7 test. (A) When Ver is bound to the end of BECs, L; is expected to be shorter than
the contour length of naked DNA (L, < L); the Gaussian fitting of the distributions of L2 and L is in agreement with this prediction. Terminally bound
molecules: n = 17; naked DNA molecules: n = 220. (B-D) There are two possible expectations for 3’-STCs (B), 3'-DTC (C) and 5'-DTCs (D). If Ver is
bound at the terminal DNA duplex, L, should be shorter than L, as in BECs. In contrast, if Ver is bound to ssDNA, L; should be equal to L. The Gaussian
distributions of L and L, for both STCs and DTCs are virtually identical, supporting the conclusion that Ver binds ssDNA. Terminally bound and naked
DNA molecules are 116 and 192 in (B), 90 and 55 in (C), 105 and 141 in (D), respectively.

pothesis that Ver binds telomeric ssDNA as a dimer or a
multimer. However, our data do not exclude the possibility
that the DNA binding and dimerization functions residing
in the C-terminal part of Ver might be separate.

Moi is required for Ver localization at telomeres but not for
its binding to ssDNA

Moi is a terminin component that directly interacts with
both HOAP and Ver (32,39,40). However, the hypothe-
sis that Moi and Ver form a complex is mainly based on

in vitro studies (32,40). To ascertain whether a Moi—Ver
complex exists in vivo, we performed GFP-TRAP-affinity
purification and mass spectrometry (AP-MS) on extracts
from embryos expressing Ver-GFP. We first imaged live em-
bryos expressing Ver-GFP and verified that the protein lo-
calizes exclusively at telomeres also in embryos (Figure 6A
and Movies S1 and S2). We also assayed the efficiency of
our affinity purification procedure; we found that incuba-
tion with GFP-TRAP-A of clarified 1-3 h embryo extracts
consistently depleted 95% of Ver-GFP (data not shown).
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Figure 5. The Ver C-terminal domain is required for Ver multimerization and ssDNA binding. (A) Predicted Ver dimerization interface using CPORT.
Residues involved in the interaction are colored in blue, while the exposed hydrophobic residues of the C-terminal helix are represented as sticks. (B)
GST-pulldown assay showing that GST-Ver, but not GST-Ver®C, binds 6His—Ver. His—Ver is visualized by anti-His WB, GST-Ver by Ponceau staining
(P); FL, full length Ver; In, input. (C) Localization of Ver-GFP and Ver®C-GFP in fixed salivary gland nuclei immunostained with anti-GFP antibodies.
Note the discrete Ver signals at the telomeres. (D) EMSA showing that Ver®€ does not bind ssDNA. 10 nM labeled ss30-2 oligonucleotide incubated with
GST-Ver or GST-Ver€ at increasing concentrations and separated on 5% polyacrylamide gel. Lanes 1-5, GST-Ver concentrations: 0, 11, 33, 100 and 300
nM; lane 6, 300 nM GST-Ver, complexes crosslinked by treatment with 0.1% glutaraldehyde; lane 7, competition with 1 uM ss30-1 oligonucleotide; lane
8, competition with 1 wM calf thymus dsDNA; lanes 911, increasing GST-Ver®€ concentrations: 33, 100 and 300 nM.

Bioinformatics-based analysis of AP precipitates after strin-
gent filtering against a previously described database of
known false positives (52) identified three putative Ver in-
teracting proteins present at quantities of 1:100 or greater
relative to Ver (i.e. Area relative to bait > 0.01); Moi, the
CG30007 and CG7341 proteins (Figure 6B). While CG7341
is currently uncharacterized, CG30007 has been recently
shown to be required for telomere protection from fusion
events and has been named Tea (59). Collectively, these re-
sults strongly suggest that Moi, Ver and Tea form a complex
in vivo.

The strong biochemical interaction between Ver and
Moi, and their mutual dependency for telomere localiza-
tion raises the question of whether they cooperate for ss-
DNA binding. To address this question, we first performed
EMSA after incubation of GST-Moi with the ss30-1 oligo
and did not detect any DNA-Moi complex (Figure 7A). We
then analyzed GST-Ver binding to the same oligo in the
presence of GST-Moi and did not see any variation from
the DNA binding pattern observed after incubation with
GST-Ver alone (Figure 7B). These results indicate that Moi
is unable to bind ssDNA on its own and that the presence
of Moi does not affect Ver binding to DNA.

Ver-depleted telomeres elicit DNA damage response

The finding that Ver binds ssDNA raises the possibility
that upon depletion of Ver, this ssDNA might become
unprotected, eliciting DNA damage response (DDR). In
mammalian cells, failure to recruit POT1 at the telomeres
leads to the accumulation of RPA and y-H2AX at chro-
mosome ends and to a robust DDR (13-17,60). To de-
termine whether Drosophila telomeres are recognized as
sites of DNA damage in the absence of Ver, we immunos-
tained salivary gland polytene chromosomes of wild type
and ver mutants with an antibody specific for the phos-
phorylated form of Drosophila H2AX (y-H2AV) (61) and
for the telomere-specific marker HOAP (Figure 8A). In
wild type, we detected y-H2AV signals at the chromocen-
ter, along the euchromatic arms, and at 47% of the telom-
eres (n = 157); similar results were previously obtained us-
ing a different anti-y-H2AV antibody (62). In 94% of the
telomeres labeled with y-H2AYV the signal was smaller or co-
incident with the HOAP signals (y-H2AV<HOAP, hence-
forth weak y-H2AV signal) and only in 6% of these telom-
eres the y-H2AYV signal was larger than the HOAP signal
(y-H2AV>HOAP, henceforth strong y-H2AYV signal (Fig-
ure 8B); a quantification of the ratios between v-H2AV



3078 Nucleic Acids Research, 2017, Vol. 45, No. 6

A
o
>
o
E
o
'S
Q
14
w
>
o
1'%
14
)
c
(=]
k7
I
B
. : Percentage | Number of Area relative
Protein name Protein ID Coverage Peptides MW [kDa] | Score Area to BAIT
Verrocchio FBpp0304177 51.87 9 24.4 888.27 | 13,599,845,600 1.00
Modigliani FBpp0289215 35.39 7 20.2 111.79 | 1,217,705,602 0.09
CG30007 | FBpp0290141/43 24.73 34 211.7 |298.19| 826,139,608 0.06
CG7341 FBpp0074889 30.53 8 411 66.44 74,887,895 0.01

Figure 6. Ver, Moi and CG30007 form a complex in Drosophila embryos. (A) Stills from a time-lapse video of an embryo expressing Ver-GFP (green) and
Histone-RFP (red), showing that Ver-GFP is specifically localized at telomeres. Time in each frame is given in seconds from the start of imaging. Images
show two separate groups of telomeres moving to the spindle poles; the telomeres closer to the poles are those of the dot (fourth) chromosomes and the
short arm of the acrocentric X chromosome. These telomeres are very close to the centromeres and are therefore expected to be located near the poles of
the anaphase figures. Scale bar: 10 wm. (B) Proteins identified via mass spectrometry isolated from 0 to 3 h Ver-GFP expressing Drosophila embryo extracts
after stringent filtering (see Materials and methods). The proteins shown have MS scores >50 and coverage percentages >20%, respectively. The mean area
corresponds to Top 3 Protein Quantification (T3PQ), the mean of the three highest abundance peptides identified for each protein (area relative to bait
>0.01). AP identified Moi as the interactor of highest abundance (~10-fold less than the bait protein). In addition, a novel interacting protein, CG30007,

was identified as the protein of next-highest abundance.

and HOAP signals is shown in Figure 8C). In ver mutants,
we did not observe a significant increase in the frequency
of y-H2AV-labeled telomeres (47%; n = 110) compared to
wild type. However, the frequency of telomeres displaying
a strong y-H2AV signal was significantly increased com-
pared to control; 54% of the y-H2AV-labeled telomeres dis-
played weak signals, while the remaining 46% were associ-
ated with very strong signals. Consistent with these results,
48% (n = 170) of the polytene chromosome telomeres of
moi mutants showed v-H2AYV signals, which were weak in
47% of the telomeres and strong in the remaining 53% (Fig-
ure 8B). Thus, y-H2AV associates with both wild type and
Ver-deficient telomeres, but the accumulation of this DDR
marker was greater at ver mutant telomeres than at their
wild type counterparts.

Previous studies showed that human and mouse chro-
mosomes exhibit y-H2AX signals at telomeres, and that
the frequency of these signals is increased either by pro-
longed metaphase arrest or loss of telomere protection fac-
tors (63,64). Thus, we asked whether the mitotic chromo-
somes of ver mutants accumulate y-H2AV foci at chro-
mosome ends. Immunostaining of wild type metaphases (n
= 100) with anti- y-H2AV antibodies showed an irregu-
lar and rather diffuse staining of the chromosomes with-
out clear y-H2AV accumulations at the telomeres. In con-
trast, metaphases (n = 200) of ver mutants displayed strong
telomeric accumulations of y-H2AV, with an average of
2.5 telomere-associated foci per cell (Figure 8D). Thus, +y-
H2AV appears to be substantially enriched at Ver-depleted
telomeres, while no clear y-H2AV foci were detectable at
wild type telomeres.
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DNA. (A) EMSA showing that GST-Moi does not bind single-stranded
DNA. 10 nM labeled ss30-1 oligonucleotide was incubated with increas-
ing concentrations of GST-Moi and separated on 5% polyacrylamide gel.
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showing that GST-Moi does not affect binding of GST-Ver to ssDNA. 10
nM labeled ss30-1 oligonucleotide was incubated with 300 nM GST-Ver
(lanes 2-4) and increasing concentrations of GST-Moi, and separated on
5% polyacrylamide gel. Lane 1, no protein; lanes 3 and 4, 100 and 400 nM
GST-Moi.

Telomere-associated y-H2AX foci have been observed in
unperturbed chromosomes of both yeast and mammalian
cells, and they are thought to reflect transient telomere de-
protection events resulting in persistent accumulation of -y-
H2AX (63-65). The presence of relatively small y-H2AV
foci at 50% of the wild type polytene telomeres suggests that
Drosophila telomeres behave like those of yeast and mam-
mals. However, clear foci were not seen at the ends of wild
type mitotic chromosomes. Although this finding might re-
flect structural differences between mitotic and polytene
chromosome telomeres, we believe it is instead a conse-
quence of the lateral multiplicity of polytene chromosomes
ends, which allows visualization of y-H2AV amounts that
would be below the detection level in mitotic chromosomes.
However, both mitotic and polytene chromosomes of ver
mutants displayed large y-H2AV foci at their ends, indicat-
ing that Ver protects both types of telomeres from DDR.

It has been previously shown that in POT1-depleted
cells replication protein A (RPA) accumulates at telomeres
and recruits ATR that signals DNA damage (16,66). We
thus asked whether Ver-depleted telomeres bind the RPA
complex. We generated flies that ubiquitously express the
large RPA subunit (RPA-70) fused to GFP (GFP-RPA70)
in either a wild type or a ver mutant background. Co-
immunostaining of polytene chromosomes with anti-GFP
and anti-y-H2AYV antibodies detected a GFP signal on 10%
of the wild type telomeres (n = 80); 75% of these RPA-
associated telomeres also showed a y-H2AYV signal (Figure
9B). In ver mutants, 49% of the telomeres (n = 131) dis-
played a clear GFP-RPA70 signal, and most of these telom-
eres (95%) also showed a strong y-H2AYV signal (Figure 9A
and B). These results indicate that loss of Ver strongly in-
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creases RPA and y-H2AYV recruitment at Drosophila telom-
eres.

Ver physically interacts with RPA70

Studies on mammalian cells have shown that telomeres bind
RPA during DNA replication, and that RPA is replaced
by specialized ssDNA-binding telomere proteins, such as
POTI, at the end of DNA replication (60,67). Therefore,
to protect their telomeres, cells must dislodge RPA from
chromosome ends, so as to favor binding of telomere cap-
ping proteins. This protein switch is likely to occur in a win-
dow of time when RPA and the telomeric ssDNA bind-
ing protein are simultaneously present at telomeres. Con-
sistent with this idea, in budding yeast RPA physically in-
teracts with the Cdcl3 protein that binds the telomeric
ssDNA overhang (68). Thus, Ver and RPA might physi-
cally interact at Drosophila telomeres. To test this possibil-
ity we performed Co-IP experiments on S2 cell lines ex-
pressing RPA70-FLAG and GFP-Ver. IP with anti-FLAG
antibodies precipitated GFP-Ver from extracts expressing
both RPA70-FLAG and GFP-Ver but not from extracts
expressing GFP-Ver alone (Figure 9C). In the recipro-
cal experiment, anti-GFP antibodies precipitated RPA70-
FLAG from extracts expressing both tagged proteins but
not from extract containing RPA70-FLAG alone (Figure
9D). Notably, the GFP-Ver/RPA70-FLAG interaction was
observed both in the presence and in the absence of DNase
I, suggesting that it is mediated by contacts between pro-
teins.

DISCUSSION
Ver binds telomeric single-stranded DNA

We have previously shown that the integrity of the Ver OB-
fold domain is dispensable for Ver recruitment at telomeres
but is crucial for telomere protection from fusion events.
These results suggested but did not prove that Ver possesses
ssDNA binding activity (40). Here we provide strong evi-
dence that Ver binds ssDNA. EMSA experiments showed
that Ver-GST binds ssDNA probes of different sequence,
and that this binding is reduced by competition with ss-
DNA but not dsDNA. In addition, our AFM experiments
unambiguously showed that Ver binds DNA with a strong
preference for the terminal regions of DNA molecules that
end with either 3’ or 5 ssDNA overhangs. Collectively,
both the results of our experiments and previous studies
on Drosophila telomeres (reviewed in (32,38,69)) strongly
suggest that Ver binds ssDNA in a sequence-independent
manner. However, we cannot exclude that diverse DNA se-
quences could bind Ver with different affinities.

We have also shown that Ver binds ssDNA as a dimer
or a multimer. We mapped the protein domain required
for Ver—Ver interaction and showed that in the absence of
this domain Ver is unable to bind ssDNA and to protect
telomeres from fusion events, providing additional evidence
that the Ver capping function relies on intact ssDNA bind-
ing activity. The presence of ssDNA at Drosophila telom-
eres has never been directly demonstrated, as the variabil-
ity of fly telomeric DNA prevented successful application
of the commonly used DNA sequence-based methods to
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(B) Frequencies (+ SEM) of telomeres showing the types of y-H2AV/HOAP signals illustrated in (A); the frequencies of signals with y-H2AV> HOAP
observed in moi and ver mutants are significantly higher (***P < 0.001, Mann—Whitney test) than those seen in controls (wt). (C) Box plot representation
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characterize the structure of chromosome ends. The find-
ings that Ver binds ssDNA and is required for telomere cap-
ping strongly suggests that fly telomeres do in fact terminate
with a ssDNA like those of yeasts, plants, and mammals.
Studies on C. elegans have shown that this species possesses
both 3" and 5 overhangs that are bound by 2 different pro-
teins, CeOB1 and CeOB2, which exhibit specificity for G-
rich or C-rich telomeric overhangs, respectively (19). Our
data would suggest that Ver could bind both 5" and 3 over-
hangs. However, they do not prove that these overhangs co-
exist in living flies.

Our results indicate that Ver binds ssDNA with low affin-
ity, as even high protein concentrations were not sufficient
to significantly reduce the amount of unbound probe. How-
ever, in a very recent study, Zhang et al. showed that a

trimeric complex formed by recombinant Tea, Moi and Ver,
purified with the baculovirus system, has robust sequence
independent ssDNA binding activity, while a Moi—Ver sub-
complex is unable to bind ssDNA (59). We believe that the
results of our work and those of Zhang and coworkers (59)
are not contradictory and integrate with each other. Their
failure to detect interactions between the Moi—Ver subcom-
plex and ssDNA is probably due to the protein tags and
purification methods they used. On the other hand, they
clearly showed that Moi, Tea and Ver have high ssDNA
binding activity when they act as a trimeric complex. Tea
has not obvious ssDNA binding motifs, and remains to be
determined whether Tea has its own ssDNA binding activ-
ity or simply enhances Ver binding activity.
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Figure 9. GFP-RPA is enriched at Ver mutant telomeres and physically interacts with Ver. (A) Polytene chromosomes from ver mutant larvae bearing a
UAS-GFP-RPA transgene and an actin-GAL4 driver co-immunostained with anti-GFP (green) and anti-y-H2AV (red) antibodies. A few telomeres exhibit
a GFP-RPA signal only (left panels), while most telomeres show overlapping GFP-RPA and y-H2AV signals (central and right panels). (B) Frequencies of
telomeres associated with GFP-RPA only or with both GFP-RPA and y-H2AV in wt or ver mutant larvae. The frequency of GFP-RPA /y-H2AV labeled
telomeres observed in ver mutants is significantly higher than that seen in wild type (P < 0.0001; Mann-Whitney test). (C, D): Physical interaction between
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The RPA-Ver interaction is not affected by a pre-treatment of extracts with DNasel (right panels in C and D).

The low ssDNA binding affinity of the Ver protein is
likely to reflect specific functional requirements. For exam-
ple, it is conceivable that Ver low affinity for ssDNA pre-
vents unwanted binding of Ver to other ssDNA regions
such as those formed during normal DNA replication. It
should be noted that telomeric proteins that bind ssDNA
with relatively low affinity independently of the sequence
have been previously described in yeasts and mammals. For
example, Potl of S. pombe possesses an N-terminal OB fold
that binds DNA in a sequence-dependent fashion, and a C-
terminal OB fold with sequence-independent binding prop-
erties, a feature that is likely to reflect the need to protect the
degenerate telomere sequences present in this yeast species
(70). Another ssDNA binding protein that exhibits no pref-
erence for telomeric substrates is C. albicans Cdcl3. As a
consequence, while S. cerevisiae Cdc13 is recruited at telom-
eres through sequence-specific interaction with telomeric
DNA, recruitment of C. albicans Cdcl3 relies on protein-
protein interactions (71). Remarkably, also a high-affinity
ssDNA binding complex such as TPP1-POT1 is recruited
at telomeres by TIN2, which bridges these ssDNA binding
proteins to the dSDNA binding proteins TRF1 and TRF2
(17). Most likely, also Ver recruitment at telomeres depends
on interactions with other terminin components and not
with telomeric DNA. This is suggested by the behavior of
Ver®C. Although this truncated Ver moiety fails to bind ss-

DNA and to prevent end-to-end fusions, it is normally re-
cruited at telomeres.

We have previously shown that Ver and Moi are both
mutually dependent and HOAP dependent for their local-
ization at telomeres (39,40); HOAP binds dsDNA (72) and
coats up to 10 kb of telomeric DNA (42). These findings
suggested that HOAP could mediate Ver and Moi recruit-
ment at telomeres (39,40). However, recent work has shown
that Moi and Ver association with telomeres is also depen-
dent on Tea, which requires HOAP for its telomeric local-
ization (59). Because HOAP localizes normally at telomeres
in fea mutants (59), these findings suggest that Tea, in the
presence of HOAP, could mediate Ver and Moi recruitment
at telomeres.

Ver prevents DNA damage signaling at telomeres

Although the pathways leading to end-to-end fusion in
Drosophila have not been fully elucidated, this study has
provided evidence that the early steps of telomere dysfunc-
tion recognition are conserved between mammals and flies.
We have indeed shown that fly telomeres depleted of Ver-
Moi accumulate RPA and y-H2AV just as mammalian
telomeres lacking TPP1-POT1 (13-17). It is likely that in
the absence of Ver-Moi the telomeric ssDNA binds RPA,
which is known to bind ssDNA with high affinity (73); RPA
is then likely to recruit the DNA repair machinery that leads
to the formation of telomere associated y-H2AV foci (66).
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Several studies in mammalian cells have shown that fol-
lowing POT1 or TPP1-POT1 depletion RPA is recruited
at telomeres, leading to the model that loss of POT1 un-
masks the single-stranded G overhang, which binds RPA
and ATR, eliciting the DDR response (14-17,60). How-
ever, it has been recently shown that POT1 is also required
for proper telomere replication, probably acting in in the
same pathway as CST (74). These latter findings raise the
possibility that RPA localization to POT1-depleted mam-
malian telomeres is at least in part due to a defect in telom-
eric DNA replication. Our data do not allow us to exclude
that Ver depletion affects telomeric DNA replication in
Drosophila. Thus, RPA and y-H2AYV recruitment at ver mu-
tant telomeres could be the consequence of an exposure of
the telomeric overhang, a defect in subtelomeric/telomeric
DNA replication, or both.

An interesting issue is how can the ssDNA overhangs
of Drosophila telomeres bind Ver in a sequence indepen-
dent manner and avoid binding by RPA, which has a very
strong affinity for ssDNA of any sequence. In human cells,
POT1 is less abundant than RPA and, although it specifi-
cally recognizes the telomeric DNA sequence (75), it binds
ssDNA with lower affinity than RPA (17). Nevertheless, af-
ter each round of replication, POT1 efficiently replaces RPA
at the telomere. The precise mechanism governing this pro-
tein switch has not been fully elucidated. It has been pro-
posed that TPP1-POT1 can outcompete RPA when bound
to TIN2 (17). An alternative model for the RPA-to-POT1
switch involves TERRA and the heterogeneous nuclear ri-
bonucleoprotein A1 (hnRNPAT1), which has an RPA dis-
placing activity. It has been suggested that the low TERRA
levels during the late S phase favor the hnRNPA1 activity
promoting the RPA replacement with POT1 (60,67). How
can Ver replace RPA at the end of DNA replication? This
process might be related to dynamic transformations of the
Moi-Tea—Ver complex that could modulate its affinity for
ssDNA. It is also possible that the physical interaction be-
tween RPA and Ver lowers the affinity of RPA for DNA,
thus allowing Ver to outcompete RPA for ssDNA bind-
ing. However, the precise mechanism governing RPA to Ver
switch is currently unknown and will be a goal of our future
studies.

A model for Drosophila terminin

In all organisms studied so far, specialized OB-fold pro-
teins bind telomeric single stranded overhangs ensuring
protection of chromosome ends. Our past and current find-
ings on Ver broaden the list of these OB fold proteins,
and strengthen the concept that the general architecture
of telomere complexes is conserved across evolution, de-
spite a remarkable plasticity in the individual components
of the complexes (76-79) (Figure 10). TRF1 and TRF2 shel-
terin components bind the DNA duplex and are connected
to the ssDNA binding protein POT1 by the non-DNA-
binding TIN2 and TPP1; the shelterin-like fission yeast cap-
ping complex has similar features. It has been suggested
that these shelterin complexes are functionally equivalent to
the CST and Rapl-Rif1-Rif2 complexes of budding yeast
(78,80) (Figure 10).

The finding that Ver but not Moi binds ssDNA sug-
gests that terminin and shelterin have similar molecular ar-
chitectures. Drosophila HOAP and HipHop interact with
each other and are mutually dependent for their stability.
In addition, ChIP analysis has shown that the two proteins
are enriched over the terminal 10 kb of the chromosomes
(42). Thus, even if HipHop binding to DNA has never
been directly demonstrated, it is likely that the HOAP-
HipHop subcomplex binds the DNA duplex. Moi binds
both HOAP and Ver, and thus is likely to bridge dsDNA-
binding HOAP-HipHop with ssDNA-binding Ver. Our
AP/MS experiments have shown that Moi and CG30007
(Tea) are the most abundant Ver-interacting proteins, sug-
gesting a functionally relevant interaction between the three
proteins. Tea does not contain any known DNA binding do-
main and its DNA binding properties have not so far been
investigated. Should Tea fail to bind DNA, then the struc-
tural similarity between shelterin and terminin would be
even greater than that depicted in Figure 10. In both com-
plexes, there would be a pair of proteins (TRFI1-TRF2 and
HOAP-HipHop) that bind the DNA duplex, a single ss-
DNA binding factor (POT1 and Ver) and two non-DNA-
binding proteins (TIN2-TPP1 and Moi-Tea) connecting
the dsDNA- and ssDNA-binding subcomplexes. Thus, al-
though the shelterin and terminin components do not share
any sequence homology, they form multi-protein complexes
with similar molecular architectures.

Evolution of Drosophila telomere proteins

We have previously proposed that concomitant with telom-
erase loss Drosophila rapidly evolved terminin, a telomere-
specific protein complex that binds and protects chromo-
some ends independently of their DNA sequence. We also
proposed that Drosophila non-terminin telomere-capping
proteins correspond to ancestral telomere-associated pro-
teins that could not evolve as rapidly as terminin because
of the functional constraints imposed by their involvement
in diverse cellular processes (32,39,40). This hypothesis is
supported by the fact that the many non-terminin pro-
teins required for telomere capping (HPla, ATM, Rad50,
Mrell and Nbs) have homologues playing roles at human
and yeast telomeres. Additional support for this hypothe-
sis has been provided by our recent findings on separase
and pendolino/AKTIP. The conserved protease separase
has been shown to be required for telomere protection in
both Drosophila and humans (81). Pendolino (peo) prevents
telomeric fusions in flies (82) while its human homologue
AKTIP is required for telomere replication (83). Strikingly,
Peo and AKTIP directly bind unrelated terminin and shel-
terin components, indicating that they co-evolved with di-
vergent capping complexes to maintain an interaction with
telomeres (82,83).

Our results on Ver provide two important additional
pieces of information on the evolution of Drosophila telom-
eres. First, our findings indicate that the terminin proteins
(HOAP, HipHop, Moi, Ver and possibly Tea), although
fast-evolving and non conserved outside the Drosophilidae
family, are likely to form a telomere-capping complex that
is architecturally similar to the shelterin complex. Second,
we have shown that Drosophila telomeres are likely to ter-
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equivalent to the CST complex of budding yeast, which binds ssDNA through its Cdcl3 subunit, while the Rapl-Rif1-Rif2 complex binds the DNA

duplex (see text for detailed explanation and references).

minate in sSDNA overhangs that recruit RPA just like the
yeast and human telomeres. Moreover, like in human telom-
eres, the levels of telomere-associated RPA and yH2AV
(yH2AX) substantially increase when telomeres are de-
pleted of proteins that bind the terminal ssDNA. Collec-
tively, these results reinforce our idea that apart the capping
complexes and the mechanisms of telomere length mainte-
nance, Drosophila telomeres are not as different from hu-
man telomeres as generally thought (41). We thus believe
that Drosophila is an excellent model system for studies on
telomere organization and function, which can also be ex-
ploited for the identification of novel human proteins in-
volved in telomere maintenance.
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