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Block in Anaphase Chromosome Separation 
Caused by a Telomerase Template Mutation 

Karen E. Kirk,* Brian P. Harmon, Isabel K. Reichardt, 
John W. Sedat, Elizabeth H. Blackburnl- 

Telomeres are essential for chromosome stability, but their functions at specific 
cell-cycle stages are unknown. Telomeres are now shown to have a role in chromo- 
some separation during mitosis. In telomeric DNA mutants of Tetrahymena ther- 
mophila, created by expression of a telomerase RNA with an altered template 
sequence, division of the germline nucleus was severely delayed or blocked in an- 
aphase. The mutant chromatids failed to separate completely at the midzone, be- 
coming stretched to up to twice their normal length. These results suggest a physical 
block in mutant telomere separation. 

Telolneres  "cap" the  termini of eukaryot- 
ic chromosomes. Chro~nosonles lacking 
telolueres u n d e r ~ o  fus~on .  deoradation. - , <> 

and extre~nely  high loss rates (1-3). Ho\\r- 
ever, there 1s llttle ~nfor lnat ion o n  the  
m e c h a n ~ s m  by \vhlch telotneres ensure 
chromosome s tabi l~ty ,  or a t  what cell-cy- 
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cle stage their job is performed. 
In the ciliated protozoan Tetrahymena 

thrnnophih the transcriptionally actlve, poly- 
ge~lolnic macronucleus divides am~totically, 
whereas the diploid gerlnllne mlcronucleus, 
ivith its chromosomal complement of five 
pairs of metacentric chromosomes, dlvides 
m~totlcallv 14). T h e  telomer~c DNA tracts of , ~ 

the two n u c l e ~  have the same terminal 
GGGGTT repeat sequence, although the 
tracts are markedly different in overall 
length (5). Whereas macronuclear telo~neres 
ulav a cruc~al  role In atn~totic macronuclear . ,  
d~visions (6), the fu~lction of ln~cronuclear 
telo~neres has not been examined. Mlcro- 
nuclear chromosomes are trancriutionallv 
quiescent and mostly dispensable for vegeta- 
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tive cell divisions (7), facilitating studies of 
the role of telomeres in mitotic chromosome 
stability. 

In T. thermophila, the wild-type (WT) 
telomerase RNA (TER1 RNA) contains the 
template sequence for the synthesis of 
GGGGTT telomeric repeats. Mutating this 
sequence generates corresponding mutations 
in the telomeric DNA (6). In this study, the 
template was changed to a sequence predict- 
ed to synthesize GGGGTTTT telomeric re- 
peats, and this mutated gene, terl-43AA, was 
introduced on a high-copy vector into WT 
T. themphila cells (8). Four days after trans- 
formation with terl-43AA, many cells were 
enlarged, and the cell population doubling 
rate was much slower than that of control 
cells transformed with WT TERl (9). By 5 
days, most terl-43AA transformants were 
grossly enlarged and misshapen (Fig. I), and 
their doubling rate had markedly decreased 
(9). The cells ceased to divide within 18 to 
30 population doublings after transforma- 
tion, except for rare revertants arising from 

Fig. 1. Cellular and nuclear 
phenotypes of T. thermophila 
terl-43AA mutant. (A and Bi 
Nomarski optics (same magnificat~on: bar. 20 em). 
(C to G) 4'.6'-Diamidino-2-phenyl~ndole (DAPI) fluo- 
rescence (same magnification; bar, 10 wml. (A. C, 
and D) Tetrahymena thermophila cells 5 days after 
transformation with the WT terl gene. (B, E to G) 

loss of the introduced ter gene (9). This 
gradual onset of cell death, reminiscent of 
previously characterized telomerase RNA 
mutants in Teh-ahymmu (6), is interpreted as 
a cumulative effect of the cells using the 
altered telomerase during growth. 

Five days after transformation, the frac- 
tion of terl-43AA transformant cells with 
micronuclei in mitotic anaphase (Fig. 1, F 
and G)  was over fivefold higher than in 
W T  transformants, indicating a severe de- 
lay or block at this stage of the cell cycle. 
Furthermore, the anaphase micronuclei in 
many highly enlarged mutant cells appeared 
stretched out and were up to twice as long 
as wild-type anaphase micronuclei (com- 
pare Fig. 1G to Fig. ID), but with no visible 
separation of chromosomes at the midzone. 
These results suggested that the mutant 
telomeres prevented complete chromosome 
segregation. The proportions of elongated 
(Fig. 1F) and "hyperelongated" (Fig. 1G) 
micronuclei, taken as an average from 
auantitation of seven indenendent cell lines 
7 days after transformation, were 26 and 
25%, respectively, resulting in an average 
total mitotic index of 51% (10). In con- 
trast. auantitation of W T  micronuclei dem- , . 
onstrated an average of 7% elongated mi- 
cronuclei, and none was hyperelongated. 
These data, coupled with an - 16-hour pop- 
ulation doubling time (WT transformant 

control doubling time was -4 hours) (9), 
indicated that the average time in anaphase 
for terl-43AA micronuclei was -8 to 9 
hours-nearly 30 times longer than the 15- 
to 20-min anaphase of W T  micronuclei. 
The hyperelongation of mutant micronu- 
clei indicated that anaphase in the mutant 
cells continued to progress despite the fail- 
ure of chromatids to separate. 

To study the structure of the terl-43AA 
anaphase micronuclei, we used three-di- 
mensional, high-resolution wide-field fluo- 
rescence microscopy ( I  I). The terl-43AA 
micronuclei were hyperelongated, and the 
distances between the leading edges (the 
centromeres) were -15 and -17 pm, re- 
spectively (Fig. 2, A and B). However, the 
daughter chromosome sets were still un- 
separated. In contrast, W T  anaphase micro- 
nuclei with a comparable distance (15 Fm) 
between leading centromeres showed a pro- 
nounced (2.7 km) gap between the trailing 
free chromosome ends (Fig. 2E). Chromo- 
some strands in the terl-43AA hyperelon- 
gated micronuclei nearly always appeared 
continuous, and sometimes tautly stretched 
from one pole to the other, with no obvious 
separation between chromatids (Fig. 2A). 
Rarely, one free chromosome end was clear- 
ly detected, in an anaphase figure that oth- 
erwise showed an overall lack of chromo- 
some segregation between the daughter 

Fip. 2. Hiah-resolution fluorescence mi- 43AA 
cr&copy of micronuclei in anaphase. (A to 
C) terl-43AA micronuclei. (D to E) Wild- 
type rnicronuclei in control Cells. Cells were 
fixed, stained with a 1 : 1000 dilution of Oli- 
Green (Molecular Probes, Eugene, Ore- 
gon), and washed in buffer A. Cells were 
pipetted onto polylysine (1 mg/ml)-coated 
#I .5 cover slips, allowed to dry briefly, and 
layered with 20 pI of fluorescence mount- 
ing medium (Vectashield; Vector Labora- 
tories, Burlingame, California). Subsequent 
control studies indicated that the drying 
step did not significantly affect the data 
qualitatively or quantitatively (27). Three- 
dimensional (3D) data sets were collected 
with an Olympus 60x 1.4 numerical aper- 
ture oil immersion lens on a computer-con- 
trolled wide-field microscopy system and 
cooled charge-coupled device (CCD) 
camera (1 1). Cells were imaged in 3D by 
moving the sample through the focal plane 
of the objective lens at 0.25-pm incre- 

Tetrahymena thermophila cells 5 days after transfor- ments and recording an image with the lr 
mation with the ter7-43AA gene. Cells were fixed in CCD camera at each position. Out-of-fo- 
3.7O.6 formaldehyde in buffer A [15 mM Pipes (pH cus light was removed by a constrained I 
7.0), 80 mM KCI, 20 mM NaCI, 0.5 mM EGTA, 2 mM iterative deconvolution algorithm with an 
EDTA, 0.5 mM spermidine. 0.2 mM sperrnine, 1 mM empirical point-spread function (28). Pro- Wild type 

dithiothreitol] and sta~ned with DAPI (0.25 pglml). cessed data were examined and manipu- 
In (C) and (E), interphase rnicronuclei are posi- lated by means of the IVE software pack- 
tioned in a pocket immediately adjacent to the age developed for 3D images (29). (A) and 
macronucleus, at roughly 7 and 11 o'clock, re- (B) are serial projections, where 12 se- 
spectively. In (D), (F), and (G), elongated mlcronu- quential single-plane images 0.25 pm thick are converted into four sequential projections 0.75 pm thick. 
clei are ~ndicative of anaphase. In (B), a free end is marked (*). (C) to (E) are single-plane images. Bars, 2 pm. 
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poles (Fig. 2B, asterisk). This observation, 
and inspection of large numbers of mutant 
cell anaphase figures, indicated that separa- 
tion of sister chromatids was detectable by 
this imaging method and was rare. Several 
thousand mutant anaphase micronuclei 
were scanned. but onlv one showed chro- 
mosome separation at the midzone (Fig. 
2C). This midzone gap measured 2.8 ym, 
yet the distance between the leading daugh- 
ter centromeres was 27 ym-nearly twice 
the distance between the centromeres in 
WT nuclei with comparably separated 
daughter chromatids. In WT anaphase mi- 
cronuclei, the chromatid arms were gener- 
ally not individually resolved. In contrast, 
in the hyperelongated mutant micronuclei, 
individual strands, possibly representing 
multiple arms bundled together, were readi- 
lv visualized. Their number varied between 
anaphase micronuclei, perhaps reflecting 
chromosome missegregation in the terl- 
43AA mutant. 

To investigate whether the block in mi- 
cronuclear mitosis in the terl-43AA mutant 
caused the gradual cell death observed, we 
quantitated the micronuclear phenotype 
and cell division capability of transformant 
lines. Random single cells were isolated and 
scored for these properties 24 hours after 
isolation. In all seven transformant cell 
lines analyzed in one experiment, although 
different lines varied quantitatively, the fre- 
quency of hyperelongated micronuclei cor- 
related strongly with cell death. For exam- 
ple, on day 5, most C7 transformant line 
cells were grossly enlarged, with 50% of the 
visible micronuclei in mitotic anaphase, 
and 50% of these being hyperelongated 

WT 43AA r ; : ~  rJ Q 
c 40 .- .- + 20 
2 0 e 5 7 9  5 7 9  5 7 9  

- - 
Days after transformation Normal length 

Hyperelongated 

Fig. 3. Micronuclear hyperelongation correlates 
with lack of cell division. After the establishment of 
transformed cell lines, the cell concentration was 
monitored and cells were diluted as needed into 
fresh medium containing paromomycin (100 pg/ 
ml). At 5,7, and 9 days after electroporation, (i) the 
phenotype of 60 micronuclei on average per cell 
line was assessed for elongation and hyperelon- 
gation as described (lo), and (ii) individual cells 
were isolated to determine division capability. For 
the latter analysis, 35 random single cells per cell 
line were isolated into fresh medium and division 
was scored 24 hours later. 

(Fig. 3). Of the single cells isolated at this 
time point, 47% remained undivided 24 
hours later. On day 7, 75% failed to divide, 
and all cells had ceased dividing by day 9. In 
contrast, on day 5, the C4 cellular pheno- 
type was less severe, and only 6% failed to 
divide, but on day 7, large numbers of hy- 
perelongated micronuclei had appeared, 
and fewer cells divided. O n  day 9, many C4 
ceH nuclei appeared degraded, and nearly 
all cells failed to divide (Fig. 3). Together, 
these data strongly suggest that the extreme 
lag or block in micronuclear anaphase of 
terl-43AA mutants caused the block in cell 
division. 

The nuclear and cellular phenotypes of 
ter1-43AA mutant cells allowed inference 
of their cellular progression (Fig. 4). In WT 
Tetrahymena cells, the micronucleus com- 
pletes mitosis before the macronucleus un- 
dergoes its amitotic division (12), after 
which cytokinesis occurs (Fig. 4, A to F). 
Despite the inability of terl-43AA mutant 
cells to complete micronuclear division, 
some aspects of cell cycle progression took 
place, as evidenced by the extreme stretch- 

Wild tvpe 

ine of the mutant ana~hase micronucleus. - 
indicating continuation of anaphase (Fig. 
41), visible cleavage furrow initation (Fig. 4, 
H and I), and grossly enlarged cytoplasm 
(Fig. 41). Such cell cycle progression is pre- 
dicted, because in ciliates, commitment to 
cell division occurs during micronuclear an- 
aphase (1 3). The ter1-43AA cells that had 
reached a terminal phenotype (unable to 
divide, but still motile) were usually grossly 
enlarged and misshapen, with both nuclei 
visibly degraded (Fig. 4K). In many such 
cells, the micronucleus was no longer visi- 
ble and the macronucleus was s~laved and . , 
partially fragmented. An alternative termi- 
nal phenotype was an unusually small, mis- 
shapen cell containing an interphase micro- 
nucleus or no visible micronucleus (9 ) .  
Both terminal phenotypes accounted -for 
the lack of further increase in mitotic mi- 
cronuclei 7 to 9 days after transformation 
(Fig. 3). 

These findings provide strong evidence 
that a mutant telomeric DNA sequence, 
generated by the expression of an altered 
telomerase RNA, causes a severe delay or 
block in completing mitotic anaphase. Al- 
though the sister chromatids begin to sepa- 
rate and are pulled apart as anaphase 
progresses, they are unable to segregate to 
the daughter poles. What is the nature of 
the anaphase arrest? A DNA damage cell- 
cycle arrest triggered by mutant telomeres 
(2, 3, 14) would be expected to occur in 
G,, before mitosis (15). In contrast, cell 
division of the Terrahvmena terl-43AA mu- 
tant is blocked only late in the progression 
of anaphase, and many aspects of the cell 
cycle continue. These results, and the ex- 
tremely high failure rate of chromatid sep- 
aration, are consistent with a physical block 
in telomere separation during or before an- 
aphase. Therefore, we propose that telo- 
meres of sister chromatids normally are as- 
sociated until metaphase, and that resolu- 
tion of this association before chromosome 
segregation in anaphase is abrogated by the 
mutated telomeric DNA sequence. 

How sister chromatids cohere to one 
another until anaphase is unknown (16- 
18), but telomeres may be involved. Nor- 

Fig. 4. Fluorescence microscopy indicates terl- 
43AA micronuclei remain blocked in anaphase 
as cell cycle progresses. Tetrahymena ther- 
mophila cells transformed with (A to F) the VVT 
terl gene and (G to K) the terl-43AA gene 
(same magnification, bar, 10 pm). Cells were 
stained with DAPl as described in the legend to 
Fig. 1 and images of different cells were com- 
piled into an inferred progression. 

ma1 telomere-telomere associations, seen 
cytologically in a variety of organisms (1 9) 
and occurring specifically in G, in Schizo- 
saccharomyces pombe (20), could be mediat- 
ed through single-stranded DNA tails (21 ) 
or telomere-binding factors. The latter in- 
clude the TBP proteins of hypotrichous cil- 
iates, the Raplp or Sir proteins of yeasts, 
and hTRF of humans (22, 23), or the telo- 
merase ribonucleoprotein itself. A failure of 
telomere separation in the terl-43AA mu- 
tant could result from covalent fusion of the 
mutant telomeric DNA. or it could be me- 
diated through aberrant association of telo- 
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mere-bind~ng factors. Altered spatial orga- 
nizat~on in the nucleus, or an altered telo- 
mere structure, could also make lnutant 
telomeres inaccessible to factors that nor- 
mally act to separate sister chromatids. For 
example, the yeast DNA untangler topo- 
isornerase I1 1s requ~red for anaphase chro- 
matid separation (24), as is proteolysis of 
noncpclin proteins such as Cut2 (18, 25). 
The  cut2 and cut1 lnutant phenotype (26) is 
strikingly s~milar to that of Tet~ahynena 
te~-43AA: The main bod~es of the slster 
chromosolnes are pulled apart, but the telo- 
meres remain localized late in anaphase, 
while the cell cycle continues (20). F ~ ~ r t h e r  
i~lvestigations Into cells with altered telo- 
mere structure will help define the mecha- 
nism by which sister chromatids cohere and 
separate in a timely manner. 
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Immune Hyperactivation of HIV-I -Infected T 
Cells Mediated by Tat and the CD28 Pathway 
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Human immunodeficiency virus-type 1 (HIV-I) infection is characterized by a chronic 
state of immune hyperactivation in patients. Infection of human peripheral blood lym- 
phocytes with HIV-I in vitro resulted in increased interleukin-2 (IL-2) secretion in re- 
sponse to T cell activation via the CD3 and CD28 receptors. Expression of the HIV-I 
transactivator Tat recapitulated this phenotype and was associated with increased IL-2 
secretion in response to costimulation with CD3 plus CD28. IL-2 superinduction by Tat 
occurred at the transcriptional level, was mediated by the CD28-responsive element in 
the IL-2 promoter, and was exclusively dependent on the 29 amino acids encoded by 
the second exon of Tat. 

Symptoms of immune hyperactivation in 
HIV-1-infected individuals are noted 
throughout the course of infection and in- 
clude spontaneous lymphocyte prolifera- 
tion: exnression of T cell activation anti- 
gens; lymph node hyperplasia; increased cy- 
tokine expression; and elevated levels of 
neopterln, PI-microglobulin, acid-labile in- 
terferon, and IL-2 receptors ( 1 ,  2). Immune 
hyperactivation is probably cr~tical for the 
maintenance of the infectious process, as 
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HIV-1 cannot infect resting T cells (3, 4 )  
and therefore depends on a pool of activat- 
ed T cells in the host. Proposed nlechanisms 
for this immune hyperactivation ~nclude 
the persistence of virus and viral antigens 
throughout the course of the disease, the 
presence of a superantigen encoded by HIV 
or another microbe, and the presence of 
autoimmune phenomena (2) .  

We considered the possibility that 
HIV-1 infection itself could lead to the 
superactivation of infected T cells. Periph- 
eral blood lymphocytes (PBLs) were ~nfect- 
ed with the primary viral isolate HIV-I,, , 
(5)  after activation with antibodies to CD3. 
Cells were then restimulated with antibod- 
ies directed against the CD? and CD28 
molecules. These two receptors play a crit- 
ical role In T cell acti\,ation; the CD3 
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