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ABSTRACT

We have measured the processivity of telomeric DNA
extension by Euplotes aediculatus telomerase at
various concentrations of the nucleotide substrates
dGTP and dTTP. The maximum processivity (  [B repeats)
was observed at 1100 uM of each dNTP. Processivity
decreased as the dNTP concentrations were reduced
and, surprisingly, as the concentration of dGTP was
increased. Also, the characteristic banding pattern
generated by telomerase extension of DNA primers
shifted in response to changes in dGTP concentration.
One pattern with 8 nt periodicity was predominant at
dGTP concentrations <16 pM, while at =250 uM an 8 nt
repeat pattern out-of-phase with the first was observed;

at intermediate concentrations the two patterns co-
existed. We propose that two different segments of the
RNA subunit can serve as the template for repeat
synthesis; nt 42—49 at low dGTP concentrations and nt
36-43 at high dGTP concentrations. An alternative
model for the low dGTP pattern involves an internal
pause site but no pause at the end of the template and

is, therefore, considered less likely. Because the
effects of dGTP on processivity and banding pattern
appear to be distinct from nucleotide binding in the
polymerase active site, we propose a second dGTP
binding site involved in template selection and proces-
sivity.

INTRODUCTION

programmed development of the macronucleus of the hypotrichous
ciliates (for reviews see refs10).

Telomerase is a ribonucleoprotein enzyme that contains a
single RNA subunit and associated protein components. Two
protein components of telomerase have been reported for the
holotrichous ciliatefetrahymena thermophild 1), one of which
has homologs in mammaldZ13). Two unrelated protein
components have been found in the hypotrichous difiapéotes
aediculatug14), and one of these (p123) is a reverse-transcriptase
related protein proposed to serve as the catalytic subGpiThe
yeast homolog of p123, Est2p (Ever Shorter Telometés)is
essential for telomerase activityvivo andin vitro (15).

The sequence of the RNA moiety has been determined for
many organisms, and each contains a region complementary to the
telomeric repeatl(7). Modifications of the telomere-complemen-
tary sequence produce correspondingly altered telomeric repeats,
demonstrating that this RNA provides the template for telomere
synthesis 18-20). The region of telomere complementarity is
[11.5-2 repeats in length. However, only a segment coding for one
repeat appears to serve as the actual template. The adjacent sequen
has been shown to align thé-éhd of DNA substrates by
base-pairing, so that correct repeats are synthe&ized (

The telomerase RNA secondary structure was determined for
the ciliates by phylogenetic analysi?{23), and while the primary
sequence of the RNA varies greatly between species, the overall
architecture is very similar. The telomerase RNA fiaaedicula-
tus studied herein, is shown schematically (E)gvith a primer
positioned on the template (shown in bold). Also shown is the
UGUCA motif that is conserved among the ciliates and is located
2 nt B of the templateZ3).

In most eukaryotes, the DNA sequence at the chromosomdn vitro, ciliate telomerases are processiv&},45). This
termini consists of an array of simple tandem repeats. Thigquires that after each repeat is added, the newly extereladi 3
repetitve DNA and associated proteins make up a terminhe repositioned (or translocated) without dissociation of the
structure called the telomere (for reviews 58 The telomere primer from the enzyme. Translocation is possible because the
provides a protective cap to prevent degradation or termin@lregion of the DNA substrate binds at a second site on the
fusion of the chromosomes$,4). The DNA repeat sequence enzyme, designated the anchor sit®.(This additional binding
varies between organisms, but is often 6-8 nt long and rich in<ge may be especially important for telomerase’s rofieinovo

and T nucleotides in the strand runningdb3 towards the end telomere synthesis. Both ‘chromosome healing’ events and ciliate
of the chromosomes). This holds true for organisms as diversemacronuclear development require extension of substrates that
as ciliated protozoa (G4 or ToGy), vertebrates (JAG3) and  have anchor site binding regions, but non-teloménanas {,8).
plants [Tx(T/A)G3 or T3AG3], although exceptions have been The anchor site of thEuplotestelomerase resides on a protein
found @). These repetitive sequences are maintained during DNgubunit of 1130 kDa 25) (believed to be the same 123 kDa protein
replication by the enzyme telomerase, which can also synthestiat has been isolated and sequerit&ds), and can also include
new telomeres after chromosome breakag8) (or during a region of the telomerase RN25).
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5% thymidine and does not disrupt normal base-pairing. All of the
telomeric primers are composed of full and parti@ repeats.
The sequence of the 21 nt reference primer WasBUTGGGG-
TTTTGGGGTTTTG. Shorter and longer primers were all altered

G

T~T‘§C‘t:\ at the 3-end such that the’'-8nd remained constant. Purified
TT_\AAA primers were Send-labeled using T4 polynucleotide kinase and
[ [y-32P]ATP (6000 Ci/mmol; NEN), then purified using Beckman
qm-g TR TN TR THTT R T G-25TE Spin columns.

¢, .40 I s [

AA 30 ¥
Aean ACUBU Primer extension assay of telomerase activity

Partially purified telomerase was pre-incubated with the non-telom-
Figure 1. Schematic of the telomerase RNA fréraediculatus The RNA eric primer (6.5uM), then 5-end-labeled telomeric primer was
secondary structure (23) is shown in line form. Nucleotides of the template andadded (0.015uM) and allowed to bind for 10 min at 26.
alignment region (bold face type) and conserved upstream UCUGA motif areAquuotS of the reaction (]ﬂ) were mixed with an equa| volume

shown explicitly; nucleotides are numbered from thersl. A B-labeled (*) . .
telomeric DNA primer is shown bound in the register described by Limgner of telomerase reaction buffer containing dGTP and dTTP (Or

al. (23). A minimum of 4 bp (thick lines) is required to give a unique register, ddT TP) and specific competitor primer(®), then inC_Ubated at
and additional pairing (dashed lines) is possible. 25°C. The concentrations of the added nucleotides and the

incubation times were varied in individual experiments (see below).
Control reactions with no dNTP’s were included where indicated.
We previously measured the processivity of Heplotes The specific competitor primer for each reaction had the same

telomerase using a bind-and-chase assay for primer exterision ( sequence as the labeled primer used in that reaction. Extension
However, little is known about what factors influence translocatioreactions were stopped by addition of 100f proteinase K
efficiency and the resulting enzyme processivity. The studguffer (20 mM Tris—HCI pH 7.9, 10 mM EDTA, 1% sodium
reported herein was initiated to examine the effects of dNTBodecyl sulfate) and incubated for 3 min &t®@5The nucleic acid
concentration. Unexpectedly, it was found that enzyme processivigmponent was isolated by digestion with proteinase Kigaal)
decreases at high dGTP concentration, and also that the segnfent45 min at 48C, followed by ethanol precipitation. In
of the RNA used as the template may change in response to thactions where the dGTP and dTTP concentrations were varied

dGTP concentration. independently, the proteinase K was pre-mixed with the proteinase
K buffer and no 85C denaturation was performed. Primer

MATERIALS AND METHODS extension products were separated by denaturing polyacrylamide
gel electrophoresis. Reaction products were visualized and

Growth of Euplotesand preparation of nuclear extract quantitated using a Molecular Dynamics phosphorimager.

Euplotes aediculatusas grown as describeilj under non-sterile To yern‘y the effectiveness .of the_ specific competitor, pre-chased
diti . ted 15 gall ; VGt ; reactions were performed in which the chase ¥mdlabeled
fr?; f(;(;?jnssowr;ergslls wergeacgﬁleﬁ:g 8:]5"1 mgggzﬂg{gﬁz primers were mixed before. incubation with telom_erase. To ensure
: hat all endogenous nucleotides were removed during the telomerase

lysed in the presence of Nonidet P-40 non-ionic detergent. Nuc l'Jrification, a control with no addition of nucleotides was

\évz:gclts e\lgtsedrgy asr’ggrgseD%ltsnhégnhgﬁg”gﬂ?gggnagg arer\‘/liJngj ifbluded. In neither of these reactions did significant extension of

described 4)p P y 9 P SI’<Ja}6eled primer occur. The correct alignment of primers on the
: telomerase template was verified by substituting ddTTP fordTTP

Partial purification of telomerase in the reaction. For each of the primers tested, extension was

] _ ) _ terminated at the first adenosine in the template, except where
Nuclear extracts were partially purified as previously describefloted in the Results.

(25). Extracts were fractionated by centrifugation in a 15-40%

glycerol gradient. Fractions containing telomerase were identified

by a gel-shift assay for the presence of telomerase RNA, usin@ESU'—TS

radiolabeled telomeric primer. Peak fractions were pooled arﬁ . :

dialyzed against telomerase reaction buffer (50 mM Tris—HCl p rl(J)(c‘:‘I:g:i?/ie concentration dependence of telomerase
7.5, 10 mM MgGJ, 50 mM sodium glutamate, 1 mM dithiothreitol, P ty

10% glycerol) using a Spectra/Por CE membrane with a 100 kR&yrin vitro telomerase assays, a characteristic pattern of product
molecular weight cutoff. bands is seen on polyacrylamide gels corresponding to additions
of complete repeats to a substrate primer. These bands are
believed to arise from primer pausing and/or dissociating upon
Primers were prepared by standard phosphoramidite synthesis amtension to the end of the templat&)( Processive extension of
purified by polyacrylamide gel electrophoresis as previousNiDNA primers by telomerase is observed as the addition of
described Z5). The non-telomeric competitor primer had themultiple repeats without intervening dissociation of the bound
sequence 'BATTGAATGACTACGAGATGAA. Telomeric  primer. We have previously developed a bind-and-chase assay to
primers all contained 5-iododeoxyuridirl&)) substitutions for measure processivity by a quantitative analysis of the telomerase
thymidine at positions 1 and 3, as they were previously used fbanding pattern2G). This assay is used herein to test the effects
cross-linking studies; théU substitution is isosteric with of nucleotide concentration on processivity.

Primer synthesis, purification and 3-end labeling
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Figure 3. Telomerase processivity at various dNTP concentratidviy (The

intensity of each major band from the processivity assay (Fig. 2) was

quantitated by phosphorimager analysis, and the first band in each lane was
Figure 2. The effect of dNTP concentration on telomerase activity. Phosphor- Used to normalize the intensities of subsequent bands. Normalized intensities
imager printout of a polyacrylamide gel showing primer extension reactions at Were then plotted versus the repeat numigrRrocessivity of the banding
various dNTP concentrations. The 22 nt primigB2P]UTIUTGGGGTTTT- pattern observed at low dNTP concentrations (bands at +1, +9, +17, etc.).
GGGGTTTTGG was used in a bind-and-chase assay at concentrations of dGTKB) Processivity of the banding pattern observed at high dNTP concentrations
ranging from 1 nM to 4 mM; the concentration of dTTP always equaled that of (+7, +15, +23, etc.).
dGTP. A sample without nucleotide addition was included in the first lane. In
the pre-chased contrdPP-labeled primer and chase primer were mixed before

incubation with telomerase and 28 dNTPs. To verify correct alignment of ; ; ; ;
the primer on the template, a reaction was included that containgdv250 At each dNTP concentration, the intensity of each major repeat

dGTP and 25QM ddTTP. band was measured, normalized to the intensity of the first band
and then plotted versus the repeat number 8righe data were
fit to a single exponential; the processivity is inversely related to
the steepness of the slope. For the low dNTP patterr8fsighe
A 22 nt primer (UT'UTGGGGTTTTGGGGTTTTGG) was processivity increased with increasing dNTP concentration until
5'-end-labeled and incubated with telomerase, followed by additidfreached a maximum@&L6uM. The high dNTP banding pattern
of the nucleotides dGTP and dTTP (from 1 nM to 4 mM) to allowFig. 3B) had its maximal processivity 862 uM, which then
primer extension and unlabeled specific competitor primedecreased as the dNTP concentration was increased.
(>300-fold excess over labeled primer) to prevent re-binding of One concern in interpretation of such measurements is that the
any labeled primer that dissociated. Primer extension produagncentration of available Mgcan be influenced by complexation
were then separated on a denaturing polyacrylamide geBfFig. with nucleotides. In order to keep the availabléMgpnstant, the
At low concentrations of nucleotides (from 1 to 250 nM), thenighest concentration of ANTP (4 mM each of dGTP and dTTP)
extension reaction was inefficient and only the addition of 1 nas prepared with 8 mM Mgghnd the lower concentrations
was observed (+1 product). At higher nucleotide concentratiorsbtained by serial dilution of this stock solution witsH In this
(from 1 to 16uM), telomerase became processive and yieldegiay, it was ensured that the observed effects were due to the
longer poducts corresponding to multiple repeat additions (+%NTP concentration and not the available2¥goncentration.
+17, etc.). The +1 product observed at low nucleotide concentraihis was also directly tested by observing the low and high dANTP
tions corresponds to the first step in this 8 nt periodicity and mayanding patterns while varying the Mg@bncentration from 6
accumulate due to low processivity at low nucleotide concentrationg 14 mM. No changes in either banding pattern occurred over this

At the highest concentrations tested (from §&bto 4 mM), a  range of MgCJ} concentrations (data not shown).
new pattern emerged that also showed an 8 nt periodicity

(extension products of +7, +15, +23, etc.). As the new patteR, ,se of the alternative banding pattern

appeared at high nucleotide concentration, the pattern observe%

at low nucleotide concentration simultaneously disappeared. Thitie banding pattern observed for telomerase primer extension
indicated that a shift was occurring from one pattern to the othehanged as the dNTP concentration was varied. To determine if
rather than simply the emergence of a new pattern. the change was due specifically to either dGTP or dTTP, one of
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Figure 4. The effect of individual nucleotides (dTTP and dGTP) on Figure 5. The same enzyme—primer complex can produce either banding
processivity and banding pattern. Polyacrylamide gel of telomerase primer pattern. The '532P-labeled 22 nt primer was bound to telomerase, then chased
extension assays under bind-and-chase conditions. For each set of lanes, theith unlabeled primer, BM dGTP and 125M dTTP. After the indicated time

concentration of the indicated nucleotide was varied from 10 nM tpM56 at 5uM dGTP, these reactions were chased for an additional 10 min wigiVb00
4-fold increments while the other nucleotide was held constant guM56 dGTP. Single-chase controls were included with eitheM5(lane 30, 0) or
Controls were included with ddTTP substituted for dTTP and with no dNTP 500uM dGTP (lane 0, 30) in the initial chase (along with unlabeled primer and
addition. 125uM dTTP) and also with no nucleotides in either chase (lane 0, 0).

) i dTTP, the processivity did not increase further, nor did it decrease.
the nucleotides was held constant at g&Bwhile the other was  The dGTP concentration had a different impact on the processivity;
varied from 10 nM to 65@M (Fig. 4). Comparison of the a5 the concentration increased, so did the processivity, but at the
banding pattern in the dTTP lanes to that in the dGTP lan@gq highest concentrations it began to decrease again. Decreasec
showed that the banding pattern was shifting in response to thgycessivity is apparent by visual inspection of Figyrehere
dGTP concentration. The same concentration dependence sg&ihn be seen that the intensity of the banding pattern at higher
when the nucleotides were varied together was observed in figyecular weights falls off more rapidly at the two highest dGTP
dGTP reactions. Witk10uM dGTP, the major pauses occurredconcentrations, 164 and 656M. This was confirmed by
at +1, +9, +17, etc., whereas with >1@ dGTP the pattern  quantitation as in Figu® An identical effect was observed when

shifted to +7, +15, etc; intermediate concentrations gave a mix ffe concentrations of dGTP and dTTP were varied together.
the two patterns.

The specificity of this shift was tested by primer extension-. ;
using 5puM dGTP (where the low dGTP banding pattern wa%;}gzrbgﬁ]gmgrgggig}ﬁ an be generated by the same
; : . — plex
expected) supplemented with concentrations of its ribo-analog
(GTP) up to 1 mM (data not shown). All of these reactions gavEhe presence of two different banding patterns could conceivably
the low dGTP banding pattern, indicating a high level of specificitpe due to the presence of two species of telomerase that were
for dGTP. active at low and high dGTP concentrations, respectively. To test
The effect of each dNTP on processivity was also differenthis possibility we used a double chase assay in which primer was
Low dTTP concentrations limited the processivity primarily becausbound to telomerase, then first chased with unlabeled primer,
partial extension products accumulated, as one would expedf TP (125puM) and low concentration dGTP (@M); after
these products are labeled G4, T1, T2, T3, T4 and G1 on the leftubation for various times at low dGTP, high dGTP (gB0)
of Figure4. Assuming correct g3 4 repeats were added (seewas added for a second chase period (bigControls were
below), G4 corresponds to the fourth G in the GGGGTTTTincluded in which the first chase had high dGTP, the second chase
repeat, T1 to the first T, etc. Once the build-up of theshad no dGTP or no nucleotides were present in either chase. All
intermediate products was minimized at concentratiod$uM  of the reactions were incubated for the same length of time (10 min)
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A 5 M dGTP

Lengh 21 22 23 24 25 28 27 28

500 uM
dTTP

Length 21 22 23 24 25 26 27 28

250 uM

o e

B S®uMdaTP

21 22 23 24 25 2% 2V 28

—-—
21 22 23 24 25 26 27 28

Both banding patterns represent addition of the correct
repeat sequence

One possibility for the origin of the alternative banding pattern
was the misalignment of the primer on the RNA template. This
was tested by comparing the extension products for primers that
differed at their 3ends (Fig6).

These primers were first used in a processive extension assay
with 500uM dTTP and either M dGTP (Fig.6A) or 500uM
dGTP (Fig. 6B). The expected low-dGTP and high-dGTP
banding patterns were produced for each of the primers (arrows
in Fig. 6A and B, respectively). This result indicated that each of
the different primer '3ends was properly aligned so that the end
of the template occurred at the same location for each. This is the
expected result if the banding pattern arises from either pausing
or dissociation after primers are extended to the end of the template.

A second test for addition of correct repeats was to substitute
ddTTP for dTTP, again under low-dGTP (FB@.) and high-dGTP
(Fig. 6D) reaction conditions. Incorporation of ddTTP causes
chain termination, and will occur the first time that adenosine is
encountered in the RNA template. The same pattern of dideoxy-
nucleotide termination was observed at low dGTP as at high
dGTP, revealing that the sequence being added to the primer was
the same for each. The only significant deviation occurred with
the 27mer in the high-dGTP reaction. The 27mer ends with the

— sequence -GTTT and apparently some misalignment (pairing of
the T's with the template positions 45, 46 and 47) allowed the
el addition of -GGGGdT as well as the expected single nucleotide
‘ ) addition of ddT. This may be due in part to a relatively low
]

efficiency of incorporation of ddTTP as was reported for the
Tetrahymenanzyme 28).

These results can be explained if telomerase fropiotesuses
different regions of its RNA subunit as the template at low and
high dGTP concentrations (FiGE and F). The region of the

Figure 6. Mapping the template at low and high dGTP concentrations. PrimersRNA used as the template under each condition can be
r?irr‘g‘ia”rgef;fer:sizolntgszsi ”St i%en'gh'tﬁ;ﬁfermglggz Eg;?fﬁgﬁq‘g’f'ﬁaisggtg segdetermined from the site of the first major pause when primers of
EOOMM dTTP and eithgr/"() 5uM gGTP or g) 500’pM ng'P. To verify the (ﬁtﬁerent _lengths are eXtendeq (F@A and B) and from tht'i'
addition of correct @GT4 repeats, reactions were also performed Withlﬂﬂo Obsel'vatlon that an8nt I’epeat IS added at EIther concentration. At
ddTTP and either@) 5puM dGTP or P) 500puM dGTP. Models of proposed  low dGTP concentrations (Fi§E), translocation occurs after
primer—template alignments under conditionsE)flow dGTP andK) high addition of the third G in the 3 4 repeat, indicating that the 8 nt
dGTP. template extends from C49 to C42. At high dGTP concentrations
(Fig. 6F), translocation occurs after addition of the first G in the
G4T4 repeat, indicating that the region from C43 to C36 serves as
after the addition of high dGTP, so that if the high dGTP bandintpe template.
pattern was due to a separate species of enzyme, the intensity &n alternative explanation for the low dGTP pattern would
the high dGTP pattern would be constant. The opposite wasquire pausing or dissociation prior to reaching the end of the
actually observed: the intensity of the high dGTP pattern was43—C36 template. For this model to explain the data, two
inversely proportional to the amount of time spent at low dGTRonditions would have to be met. First, the addition of the fourth
Reactions that were incubated for 0.5-2 min at low dGTP gavg, templated by C41, must be much less efficient than that of the
mostly the high dGTP banding pattern while those incubatdftst three Gs and second, translocation at C36 would have to be
12—20 min at low dGTP gave virtually no high dGTP pattern. Iivery efficient such that it did not result in the accumulation of
addition, the total amount of extended product was similar for adlignificant product (Fig6A, 2 nt below the upper arrow).
of the reactions, consistent with a single species of enzyme—prin@orrespondingly, as the dGTP concentration is increased, the
complex giving rise to either banding pattern depending on thesulting increase in efficiency of G addition at position 41 would
reaction conditions. have to be accompanied by an almost exactly compensating

This experiment also demonstrates that the banding patterndgicrease in the efficiency of translocation. (The relative efficiency
high dGTP was not due to a nuclease activity in the extracf each translocation is evidenced by the total amount of primer
trimming back the extended product in response to stimulation lextended beyond the corresponding pause.) The first condition is
high dGTP. If such a nuclease were involved, the pattern in all titenceivable; theK,, for dGTP could for some reason be
samples that had been incubated for 10 min at high dGTP show@lsbecially high at the C41 template position, or the rate constant
have been equivalent since the exposure to high dGTP was the sdimeaddition of the fourth G could be lower than that for the first
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Low [dGTP] 4 was assayed with unlabeled primers and low concentrations of
1w — [a-32P]dGTP @9). Thus, we propose that dGTP-dependent
3/ ---ACAUUCCAAAACCCCAAARACGAACUGU---5" template switching occurs for the telomeras@xftrichaas well
5|D Illll._ 3|0 asEupIotes
High [dGTP]

Telomerase can count

Figure 7. Two different templates used Buplotestelomerase. Nucleotides iliat the tel " late i ded b d
29-55 of the telomerase RNA are shown. The templates proposed for use at IOW ciiates, the telomerase template Is preceded by a conserve

and high dGTP concentrations are indicated by the solid lines and thdJCUGA sequence motif (Fidl) (23). Based on site-directed
corresponding alignment regions by dashed lines. The primer alignment regiomnutagenesis of thTéetrahymenaanzyme, it has been pl’OpOSEd
for the low-dGTP template includes nucleotides that are not phylogeneticallyyhat this motif serves to define thednd of the templaté3()).
conserved among hypotrichs. Perhaps the protein component of telomera : : : - : e
ameliorates the need for base-pairing in this region. Lorrespondingly, insertion or deletion of nucIepndes within the
Tetrahymenaelomerase RNA template results in repeats that are
longer or shorter, respectivel$(;33). However, inEuplotesa
three. The second condition seems unlikely, however, because digerent mechanism may contribute to definition of the template
processivity oEuplotestelomerase is modest (oril repeats; boundaries. Since the two templates are shifted by several
25), and a vast excess of unlabeled primer in the reaction preventicleotides within the RNA sequence, it does not appear that
rebinding after dissociation; thus, some accumulation of produggqguences outside the template region can define both templates
corresponding to polymerization to the end of the template igsteadEuplotestelomerase appears to have the ability to count
expected. Therefore, while we cannot rule out this ‘internal pauggicleotides, as the use of either template results in the addition of
site’ model for the alternative banding pattern, the templatécomplete 8 ntrepeat prior to translocation. We therefore propose

switching model seems simpler because it involves fadioc ~ that telomerase proteins help to define and maintain a fixed
assumptions. template size of 8 nt.

DISCUSSION Why have two different template regions?

Telomerase has two distinct roles in the life cycle of the
hypotrichous ciliates. One role is the maintenance of the
chromosomal ‘3overhang during DNA replication by synthesis
Telomerase adds repeats to DNA primers using its RNA subumif telomeric sequences3,32), and the second ide novo

as the template. After extension to the end of the template, ttedomere synthesis during the development of the macronucleus
primer can translocate without dissociation so that additiongB3; reviewed inl0). It has been suggested that telomerase may
repeats can be added. A characteristic banding pattern withuse different template regions for each of these procexyeH (
periodicity equal to the telomeric repeat length is observed by gatimers are aligned exclusively by base-pairing interactions, for
electrophoresis of DNA primers extended by telomerase. Suchzaiplotestelomerase there must be at least four primer-template
pattern may in principle arise from either pausing or dissociatidmase-pairs formed during primer alignment in order to confer a
at the end of the template prior to or during translocation, or at angle unique alignment for eacleéhd. Comparison of the
internal site due to a slow polymerization step or the absence sgments of telomerase RNA used for primer alignments under
the next cognate nucleotide. the high-dGTP and low-dGTP conditions reveals that they consist

In primer extension assays witBuplotes telomerase at of the telomeric sequence;GAAAACC-3', and the distinctly
different dGTP concentrations, two different banding patternson-telomeric sequencé&-6UUACA-3', respectively. Only the
were observed (Fig8 and4). For both patterns, correct 8 nt former is phylogenetically conserved among hypotrichous ciliates.
repeats are synthesized as judged by the position of stops in th&his raises the possibility that the high-G and low-G templates
presence of ddTTP (Fi§C and D). The two patterns arise from are used for telomere maintenance and macronuclear development,
the same initial population of telomerase-bound primer @yjg. respectively, due to the different base-pairing regions for primer
indicating that both patterns can be generated by the samlggnment. During DNA replication, the substrate for telomerase
enzyme. The change in banding pattern occurs at dGT#Pesumably has a normal telomeric repeat sequence and may be
concentrations between 40 and 180. This is well above the easily aligned on the high-G template. In contrast, a comparison
concentration required to minimize stalling within the repeabf the sequences of the micronuclear and macronuclear genomes
which is observed at lower nucleotide concentrations gFégsl  revealed that there is no substantial telomere homology at the sites
4, and data not shown). We therefore propose that these twbtelomere addition34,35). More flexibility in the sequences
banding patterns are the result of dGTP-dependent templdtet can be aligned on the low-G template may be allowed by the
switching, such that nucleotides C49-C42 or nucleotidesbility of U to form stable base-pairs with either G or A.
C43-C36 of the RNA subunit provide the template at low andlternatively, telomerase protein—DNA interactions may supplant
high dGTP concentrations, respectively (Fg. base-pairing for primer alignment on the low-G template.

In another hypotrichous ciliat€xytricha novatwo groups Studies in the related organidfaplotes crassusave shown
have reported different regions of the RNA being used as tlkrat extension of non-telomeric primensvitro always begins
template 23,29). These different results can now be reconciledvith four dG residues, leading to the postulation of a default
by comparing the assay conditions used for the two studies. Thinding register36). Extension from the default register may in
high-dGTP pausing pattern was observed in the study performé&ttt be occurring not within the canonical template, but rather on
with 32P-labeled primer and high dNTP concentrati@®,@nd  the alternative template that is proposed herein to be used at low
the low-dGTP pausing pattern was observed when telomerad@TP conditionsTransacting factor(s) that were specifically

Telomerase can use two different regions of the RNA as
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