sites along run-of-river impoundments (n =
13), the mean sample scores for the first DCA
axis did not differ from those of free-tflowing
sites (115.8 versus 102.7, P = 0.095), suggest-
ing that floristic recovery may occur.

To conclude, the storage reservoirs de-
veloped a river-margin vegetation that is
permanently different from that in free-
flowing rivers. In run-of-river impound-
ments, some floristic variables deteriorated,
whereas others recovered in the long term,
supporting the contention that fragile and
resilient qualitics may be combined in a
single community (17). Our results have
implications for river management. First,
impounding boreal rivers for hydroelectric
purposes, thus changing naturally sloping
rivers to stairs of dams and level water
bodies and offsetting seasonal fluctuations
in flow, will obstruct the maintenance of
species diversity. Second, accurate assess-
ments of community responses to hydrolog-
ical disruption of rivers require multivariate
approaches. Given that the majority of the
world’s rivers are regulated (3), the results
may raisc the requirements on future dam
licensing and relicensing to modify dam
operation in such ways that ecological ef-
fects might be alleviated (18).
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Defective Excitation-Contraction Coupling
in Experimental Cardiac Hypertrophy
and Heart Failure
A. M. Gémez, H. H. Valdivia, H. Cheng, Miriam R. Lederer,

L. F. Santana, M. B. Cannell, S. A. McCune, R. A. Altschuld,
W. J. Lederer*

Cardiac hypertrophy and heart failure caused by high blood pressure were studied in
single myocytes taken from hypertensive rats (Dahl SS/Jr) and SH-HF rats in heart failure.
Confocal microscopy and patch-clamp methods were used to examine excitation-
contraction (EC) coupling, and the relation between the plasma membrane calcium
current (/;,) and evoked calcium release from the sarcoplasmic reticulum (SR), which was
visualized as “calcium sparks.” The ability of /., to trigger calcium release from the SR
in both hypertrophied and failing hearts was reduced. Because /., density and SR
calcium-release channels were normal, the defect appears to reside in a change in the
relation between SR calcium-release channels and sarcolemmal calcium channels.
B-Adrenergic stimulation largely overcame the defect in hypertrophic but not failing heart
cells. Thus, the same defect in EC coupling that develops during hypertrophy may
contribute to heart failure when compensatory mechanisms fail.

Hypertensivc discasc can lead to cardiac
hypertrophy and heart failure and is a major
causc of death in developed countrics. The
heart failure that follows prolonged hyper-
tension is characterized by decrcased cardi-
ac contractility and ejection fraction with
sequelae that include pleural cffusions, as-
cites, hepatic congestion, and atrial throm-
bi (1). Animal models of hypertension, car-
diac hypertrophy, and heart failure show
that pressurc overload leads first to hyper-
trophy and then to a loss of contractile

function (I, 2). In hcalthy heart-muscle
cells, clectrical excitation leads to contrac-
tion because depolarization of the cardiac
sarcolemmal membrane opens L-type Ca?™
channels (or dihydropyridine receptors,
DHPRSs), and the resulting local intracellu-
lar Ca®" concentration ([Ca?*]) increase
activates SR Ca?"-release channels (ryano-
dine receptors or RyRs). This Ca?*-induced
Ca?*-release mechanism (3) depends on
the high local [Ca?”], in the immediate
vicinity of the DHPR to rapidly activate the
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Fig. 1. Contractile failure in cardiac myocytes from hypertensive rats 35
with hypertrophied hearts (717). (A) Sample records from a control cell 36
[capacitance (C,,) = 153.8 pF] showing voltage (top), current density e ;
(second), line-scan fluorescence image (third), and [Ca®*]; (as F/F,) & 23
(bottom). (B) Sample record from a hypertrophied cell displayed as in 2.0

(A) (C,,, = 273.44 pF). (C) Properties of control (Dahl salt-resistant,
SR/Jr) and hypertensive (Dahl salt-sensitive, SS/Jr) rats. Systolic
blood pressure (SBP) before the high-salt diet (left bar) and after 6 to
8 weeks high-salt diet (right bar) is displayed for SR/Jr and SS/Jr rats.
A comparison of heart weight (HW ), body weight (BW ), HW/BW ratio,
and membrane capacitance is presented for SR/Jr and SS/Jr rats (after
high-salt diets). Values are the mean = SE with significance indicated as
follows: *P < 0.05 compared with SR/Jr rats; **P < 0.001 compared with
SR/Jr rats; P < 0.001 compared with SS/Jr before high-salt diet. (D)
Voltage dependence of [Ca®*], transients measured as peak F/F, for con-
trol cells (O) and hypertrophied cells (@). The fluorescent signal (F) was
normalized to the signal before depolarization (F,). (E) /-, current density-
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(n = 9). I, was measured as the difference of the peak inward current and
the steady-state current at the end of the 200-ms depolarization and
plotted as current density (pA/pF). To control the SR Ca?* load, we
depolarized the cells for 50 ms at 0.1 Hz from —80 to 0 mV. (F) Relation
between change in cell length and [Ca?*]; (as peak F/F,) in control (O) and
hypertrophic (@) cells. Lines are linear regressions, y = a + bx, where
values are for hypertrophic cells (@ = 107.5 £ 0.8; b = —5.6 = 0.3) and

voltage relations for control cells (O) (n = 11) and hypertrophied cells (@)

local RyRs (4, 5), and this process is facil-
itated by the close proximity of the DHPRs
and RyRs in the dyad (6-8). Once activated
by the Ca’* influx through the DHPR, the
RyR allows a larger amount of Ca?* to
move from the SR into the cytosol to acti-
vate contraction. The loss of contractility
in heart failure can therefore be ascribed to
changes in the Ca’* transient or altered
expression of myosin isoenzymes (9), or

both.
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The Ca’* release from functional ele-
ments of the SR can be directly observed as
Ca’™ sparks (6), the measurement of which
gives the probability of release of Ca’* from
the SR (7, 8). In principle, a reduction in
the amplitude of the [Ca?”]; transient in
failing heart cells could arise from any of
the following steps involved in EC cou-
pling: (i) a reduction of I, (which supplies
the trigger for RyR activation); (ii) a reduc-
tion in the sensitivity of the RyR to the
trigger Ca®*; (iii) a change in the number
of RyRs; (iv) a change in properties of the
elementary SR Ca?* -release events or Ca?™
sparks {because summation of these events
leads to the cell-wide [Ca?"], transient (6)};
and (v) a reduction in the amount of re-
leasable SR Ca?* (3, 10). Because hyper-
tensive hypertrophy precedes overt heart
failure, we first examined EC coupling
changes in hypertrophy.

Single myocytes obtained from the hy-
pertensive rat (Dahl SS/Jr) (11) with cardi-
ac hypertrophy displayed smaller [Ca?*],
transients and weaker contractions than
myocytes from age-matched control ani-
mals (SR/Jr), whereas I, density was simi-
lar (Fig. 1, A and B). There was a signifi-
cant increase in systolic blood pressure
(>100 mm Hg), an increase in heart
weight, and cellular hypertrophy (shown by
the expansion of cell surface area) in hyper-
tensive animals (SS/Jr) as compared with

=107.2 £ 3.7;b = —6.5 = 1.2).

control animals (SR/Jr) (Fig. 1C). In aver-
aged data obtained in 11 control and 9
hypertrophic cells, the amplitude of the
[Ca?*]; transient (shown as F/F,) was re-
duced (Fig. 1D), whereas the I, current
density (Fig. 1E) and the relation between
peak [Ca?*], and cell contraction was unal-
tered (Fig. 1F).

The above results show that the reduced
contractility of the cardiac cells from SS/Jr
animals is largely explainable by the chang-
es in the [Ca?*], transient, and the change
in the [Ca?*]; transient is not simply due to
a change in I,. A lack of effect of hyper-
trophy on I, density has also been found in
other animal models and in human cells,
but these results may be model dependent
(2, 12). Therefore, the reduced contractility
of the cardiac myocytes from hypertensive
animals must result from a change in prop-
erties of the coupling of the DHPR to the
RyR, a change in the properties of the Ca?*
sparks, or a change in the Ca’* content of
the SR. Images of Ca?* sparks from control
and hypertrophic myocytes were similar in
appearance, having the same amplitude, the
same kinetics of decay, and the same width.
In both cases, the Ca?™ sparks were colo-
calized with transverse-tubules (Fig. 2B),
the expected location of Ca?™* sparks (6, 7).
The reduction in the amplitude of the
[Ca?*], transient in hypertensive animals is
not simply explained by a change in the

801



ability of the SR to store Ca’*, because the
amount of Ca’* that can be released by
caffeine application was not altered under
the conditions of these experiments (Fig.
2C). Thus, the reduction in the contractile
response of the hypertrophied cardiac myo-
cyte appears to be the result of a reduced
ability of I, to trigger SR Ca?™ release
rather than a change in I, or the SR Ca?*
store per se.

Analysis of the relation between I, and
the probability of evoking Ca?* sparks (Pg)
can characterize several fundamental proper-
ties of the relation between DHPR activa-
tion and SR Ca?* release (5, 7, 8). To
analyze the relation between I, and Pg, we
extended our previous method of analysis by
integrating I, and Pg over a fixed time
period (t) (13). The ratio of these time in-
tegrals gives [Pg dt/[I, dt = f'(i), where the
function f''(i) is a measure of the ability of
I, to trigger SR Ca** release. To evaluate
f'"(i) we had only to measure the number of
Ca?* sparks observed and integrate I, dur-
ing the voltage-clamp pulse. We could there-
fore quantitatively examine the effectiveness
of the DHPR single-channel current to ac-
tivate SR Ca’" release (Fig. 3, A and B).
Nifedipine was used to reduce the number of
DHPRs opened by the voltage step to enable
resolution of individual Ca®* sparks (7, 8).
Integrating the current record reduced un-
certainty due to noise in the raw records.
The probability of evoking a Ca** spark for
SR/Jr and SS/Jr myocytes was integrated
over the 200-ms depolarization interval (Fig.
3C). In SS/Jr myocytes, there was a marked
reduction in Pg at all potentials, although
there was no significant change in either the
density or voltage dependence of I, (14).
The voltage dependence of f''(i) was re-
duced at all potentials and was statistically
significant at 0 mV and at more negative
potentials (Fig. 3D). These data show that,
in myocytes from hypertensive animals, the
local Ca?* influx produced by DHPR open-
ings is less able to activate SR Ca?™*-release
units and (thereby) generate Ca?* sparks.
We examined the possibility that this result
might arise from a change in the Ca?* de-
pendence of the open probability (Pg) of the
RyR itself by incorporating purified SR ves-
icles into planar lipid bilayers. There was no
detectable change in the single-channel cur-
rent or the Ca’?* dependence of RyR open
probability (Fig. 3F) in preparations from
control and hypertrophic hearts. Further-
more, there was no change in the ryanodine
binding to the purified SR vesicles (Fig. 3E),
suggesting that the intrinsic properties of the
RyRs were unaltered with regard to density
or biochemical properties in the hyperten-
sive animal. The shape of f'’(i) as a function
of voltage can be used to examine the local
Ca’* dependence of RyR activation (8).
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Although f''(i) was reduced at all potentials,
there was no change in its shape (Fig. 3D).
This result supports the conclusion that
there was no significant change in the sen-
sitivity of the RyR to Ca?* in hypertrophic
cells per se as suggested by the results of the
planar lipid bilayer experiments (Fig. 3F).

Although we were unable to detect any
difference in the response of the hypertro-
phic and control cells to nifedipine, we ex-
amined whether the changes shown in Fig. 3
could have arisen from a different effect of
nifedipine in hypertrophic cells. At the foot
of the I, activation curve, changes in Pg
can be directly measured because P is low
(5). We recorded I, and Ca** sparks from
control myocytes (Fig. 4A) and from myo-
cytes from hypertensive animals (Fig. 4B). In
cells from hypertensive animals, f'' (i) at —44
mV (in the absence of nifedipine) was re-
duced in cells taken from hypertensive ani-
mals with hypertrophied hearts. Thus, the
ability of the local DHPR Ca?* influx to
activate SR Ca?* release is decreased in
hypertrophic cells, without any detectable
change in the properties of the RyRs.

If the properties of RyRs and DHPRs are
unaltered in hypertensive animals, how can
we explain the reduction in the ability of
the DHPR to activate Ca®* release! Math-

ematical analysis shows that the probability
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of RyR activation is very sensitive to the
geometric arrangement of RyRs and DHPRs
in the dyad (15, 16). Because the local
increase in [Ca’*], detected by the RyR
must depend on the average distance of the
DHPR to the RyR (as required by the laws
of diffusion), our data could be simply ex-
plained by a change of the microarchitec-
ture of the dyad. Therefore, if the mean
distance of the RyR to the DHPR is in-
creased, the RyR will be less effectively
activated by the local Ca?™ influx produced
by a DHPR opening. Additional evidence
supporting the idea that the DHPR may be
further from the RyR is provided by the
observation that the time course of I, in-
activation was slowed in hypertrophied
heart cells [the initial inactivation time-
constant of I, in hypertensive cells was
20.4 = 2.5 ms (n = 18) in hypertrophied
cells and 14.59 = 09 ms (n = 44) in
controls]. SR release of Ca?* from the SR
inactivates I, (17), an effect that has been
explained by the local increase in [Ca?™],
(from RyR opening) promoting a rapid,
Ca?*-dependent inactivation of its neigh-
boring DHPR and thereby accelerating the
inactivation kinetics of I,. Therefore, the
slowing of I, inactivation in hypertrophic
cells would be consistent with the idea that
the physical location of DHPRs with re-
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Fig. 2. Unitary properties of SR Ca2* release in hypertrophied heart cells. (A) Signal-averaged
Ca?* sparks are shown as line-scan image (top) and a surface plot (bottom) from control cells and
hypertrophic cells. No statistical differences are seen with respect to Ca2*-spark magnitude (F/F,), rate
of decay (r), and width (in micrometers at half-peak F/F ) (control cells, n = 1486; hypertrophic cells, n =
76). (B) The SR Ca?™ release takes place at the t-tubules (TT) in heart cells (7) from Sprague-Dawley
control animals (SD, top), salt-resistant animals (SR/Jr, middle), and salt-sensitive hypertensive animals
(SS/Jr, bottom). Sulpho-rhodamine B was used to identify the extracellular space in the TT (red),
whereas Ca2* sparks were imaged simultaneously (green) (7). Virtually all Ca2* sparks appeared to
originate at the TT/SR junction. (C) Ca?* load was assessed in quiescent cells loaded with fluo-3 by the
acetoxymethyl ester method {4, 5) and by rapidly applying 10 mM caffeine extracellularly, which causes
the Ca?* in the SR to be released (70). To maintain conditions constant, we first regularly depolarized
cells in normal Tyrode (2 mM CaCl,) at 1 Hz for 2 min. Then, the caffeine-containing solution (with 0 mM
Na* and O mM CaZ?* to block Na*/Ca2* exchange) was superfused over the cells. The peak F/F, upon
the application of 10 mM caffeine was not statistically different (P > 0.05) for control cells (n = 9) and for

hypertrophied cells (n = 26).
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spect to their neighboring RyRs may be
altered in hypertrophic cells (18). Further-
more, there are ultrastructural changes in
the t-tubular system (and other structures)
of hypertrophied hearts (19). Our results
provide biophysical evidence that links
such ultrastructural changes to a compro-
mise in the ability of the local increase in
[Ca%*]. (due to DHPR openings) to activate
SR Ca?’* release, which can be manifest as
a loss of contractile function.

If EC coupling and contractility are com-
promised in hypertrophy, how is the heart
able to eject blood at the (raised) arterial
pressure? First, the increased cross section of
the myocyte, due to the hypertrophy, will
support the generation of more force. Sec-
ond, there is an increase in sympathetic ac-

tivity [see (20) and below]. The B-adrenergic

agonist isoproterenol (1 wM) enhanced the
reduced f''(i) in myocytes from hypertensive
animals to the level observed in control
myocytes (Fig. 4, C and E). This enhance-
ment also occurred in the absence of nifed-
ipine at —44 mV (Fig. 4D). The increase of
f''(i) at all potentials by isoproterenol means
that there is an enhanced efficacy of the
Ca’* influx (due to the opening of DHPRs)
to activate SR Ca’™-release units. Mecha-
nistically, isoproterenol could enhance EC
coupling by at least three means: (i) by in-
creasing the mean open time of the DHPR
(21), which may affect the local [Ca?*]
sensed by RyRs (15); (ii) by increasing the
sensitivity of the RyR to the local [Ca?*] as
a result of A-kinase-dependent phosphoryl-
ation (15, 22); and (iii) by increasing SR
Ca?™ content, as a result of the increase of

cyclic AMP produced by isoproterenol, via
the phosphorylation of phospholambam and
the consequent activation of the SR Ca’*
adenosine triphosphatase (23); and there is
increasing evidence that SR Ca?* levels also
regulate RyR Ca?* sensitivity (4, 10, 24).
Because sympathetic drive is thought to be
increased in pressure-overload hypertension
(1, 20, 25), the ability of the hypertrophied
cells to function effectively may be explained
by a combination of the above mechanisms
despite their defective EC coupling.

The changes in EC coupling associated
with hypertension-induced hypertrophy that
we have observed may not be related to the
problem of heart failure. We therefore stud-
ied cells from 17- to 18-month-old SH-HF
rats in overt heart failure (26) (Fig. 5). Each
animal studied exhibited the typical signs of
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Fig. 3. The sarcolemmal Ca?* current activates Ca?* sparks less efficient-
ly in hypertrophied cells than in control cells. (A) Control cells. Depolarizing
steps to —20 and +20 mV (top) activate /., (second panel), reflected as a
running integral f/, (third panel), triggering Ca2* sparks (line-scan image
shown in fourth panel) with a running integral of Ca?*-spark occurrence
(bottom). (B) Hypertrophic cells. Displayed as in (A). (C) Voltage depen-
dence of [Pg over the 200-ms depolarization in control (O) and hypertro-
phic (@) cells (29). (D) Voltage dependence of f''(i) = [P¢/[l., = (sparks/
pm)/(pC/pF) over 200 ms is shown for control cells {O) (n = 6) and for
hypertrophic cells (@) (n = 7). *P < 0.05; **P < 0.01. The external solution
contained 1 pM nifedipine to incompletely block /., (8). The lines were
visually fit and scaled to fit both data sets. (E) [*H]Ryanodine saturation
binding curves for control (O) and failing (@) SR vesicles. K, the affinity
constant of the [3H]ryanodine-RyR complex, was 15.2 = 5.1 nM (control)
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[*H]Ryanodine (nM) log [Ca™] (M)
and 18.3 * 7.9 (hypertensive) (30); B,,,,, the maximal density of receptor
sites, was 0.29 = 0.09 (control) and 0.32 + 0.08 (hypertensive) pmol/mg
protein (n = 6 determinations from three rats each). Smooth lines are fits to
data points with the formula B = B, - [Ryl/([Ry] + K). (F) Single-channel
records from RyRs incorporated into planar lipid bilayers (22, 30). Holding
potential, —30 mV in all traces. Openings are represented by downward
deflections of the baseline current. Experiments were carried out at 100 nM
[Ca2+], alevel near resting [Ca2*], and at 10 uM [Ca2*], a level estimated
to be close to that reached during local Ca2*-induced Ca?* release (76).
Open probability (P,) of the RyR from control (O) and from hypertrophied
hearts (@) is shown to be indistinguishable. At pCa 7, P, was 0.046 £
0.021 (control) and 0.040 * 0.019 (hypertensive). At pCa 5, P, was
0.308 *+ 0.06 (control) and 0.32 * 0.08 (hypertensive). Vertical scale, 20
pA; horizontal scale, 300 ms.
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A D 0.10 o heart failure including cardiac hypertrophy,
pulmonary congestion and pleural effusions,
ascites, and hepatic congestion (26). Com-
pared to cells from age-matched control
animals, cells from animals in heart failure
showed reduced cell shortening as a func-
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50mv — L l- |- -80 mV

i 0.0 =
33‘ | e \__ \
=0
o

o - tion of potential (Fig. 5C). Although the
17 um SRAr i i I, density was unchanged, there was a
reduction in the amplitude of the [Ca?*],
E transient at all potentials (Fig. 5, D and E).
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Fig. 5. Defective EC coupling in a rat model of heart failure. (A) Cell from age-matched control rat. Sample depolar- F

ization to 0 mV (top), /., density (second panel), line-scan image of [Ca®*], transient (third panel), and [Ca?*] transient 0,03 -
as F/F, (bottom). (B) Cell from heart in failure (26). Plot as in (A). (C) Percent cell length as a function of voltage for heart -

cells from control rats (O) (n = 5) and from rats in heart failure (®) (n = 9). (D) /-, density as a function of voltage for heart .
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Error bars are SEMs. There is no significant difference between curves for failing cells and failing cells with isoproter-
enol. The indicated significance at different voltages between control cells and failing cells is *P < 0.05 and **P < 0.01. 0.014
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Qur data suggest that hypertension-in-

duced cardiac hypertrophy leads to a pro-
gressive decrease in the ability of the DHPR

to activate SR Ca’

" release. The same de-

fect is present in heart failure, but the fail-
ing cells respond poorly to B-adrenergic
stimulation. Because of the apparent bene-
fit of isoproterenol in hypertrophy, it may
be possible to develop drug or molecular
therapies that improve cardiac contractility
in heart failure. An agent that produces an
increase in RyR [Ca**], sensitivity should
partly restore lost contractility, although
any such effort must be constrained by a
need to avoid “Ca’™ overload” and the
associated arrhythmias (28).
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Cell Cycle-Dependent Establishment of a
Late Replication Program

M. K. Raghuraman,” Bonita J. Brewer, Walion L. Fangman

DNA replication origins in chromosomes of eukaryotes are activated according to a
temporal program. in the yeast Saccharomyces cerevisiae, activation of origins in early
S phase appears to be a default state. However, cis-acting elements such as telomeres
can delay origin activation until late S phase. Site-specific recombination was used to
separate origin from telomere in vivo, thereby demonstrating that the signal for late
activation is established between mitosis and START in the subsequent G, phase. Once
set, the signal can persist through the next S phase in the absence of the telomere.
Establishment of the temporal program and of initiation competence of origins may be

coincident events.

]Eukaryotic chromosomes arc organized
into blocks of DNA sequence that replicate
early in S phase interspersed with blocks
that replicate late. Each temporal block is
presumably replicated by the coordinate ac-
tivation of clusters of replication origins
(1). The functional significance of this tem-
poral regulation remains open to specula-
tion. A demonstrated correlation between
actively transcribed genes and early replica-
tion in higher eukaryotes has led to the
suggestion that early replication may be a
prerequisite for the activation of gene tran-
scription (2). Straying from the normal
temporal program of replication may have
deleterious  consequences  for  develop-
ment—tfor example, the fragile X syndrome
is associated with delayed replication of the
FMRI locus (3).

Saccharomyces cevevisiae  chromosomes
also contain early- and late-replicating do-
mains, and yeast replication origins that are
activated late in S phase have been identi-
tied recently (4-6). Although there has
been much progress in understanding the
molecular steps leading to the activation of
replication origins (7), the molecular basis
for the temporal program is less clear. The
picture that is emerging is that yeast repli-
cation origins are activated early in S phase
by default. Late activation, in thosc in-
stances in which it has been found, is not an
intrinsic property of the origins involved,
but is imposed by cis-acting elements that
are separable from the origin (6, 8, 9).

One example of a chromosomal element
that affects origin activation time is the
telomere—proximity to a telomere can
cause late activation of origins (8, 10). How
the telomere effects a delayed schedule of
origin activation is unknown, but the par-
allel phenomenon of telomeric position ef-
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fect on transcription (I1) suggests the in-
volvement of a special chromatin structure
propagated from the telomere. A notable
feature of transcriptional silencing is its her-
itability: Silenced chromatin can be main-
tained and clonally inherited through scv-
eral cell division cycles and, at least in the
silent mating—type cassettes, maintenance
of the repressed state can be independent of
its initial establishment (12).

We now asked, first, if maintenance of
the signal for late origin activation is also
separable from its establishment by the telo-
mere, and second, when in the cell cycle
the telomeric late replication program is
established. To address these questions, we
used inducible, site-specific recombination
to remove a subtelomeric late origin from
its chromosomal location in vivo (Fig. 1).
The excised circle, lacking determinants of
late origin activation, is expected to repli-
cate early in S phase unless the late repli-
cation signal originally established by the
telomere persists after excision. Excising the
origin at different times in the cell cycle
would reveal if the telomeric late replica-
tion program is stably maintained for more
than one round of the cell cycle or if it is
reestablished in every cell cycle. For exam-
ple, the origin can be removed at START,
when the cell commits entry into another
round of the cell cycle, and the cells then
allowed to proceed through S phase. If the
previously late origin now becomes active
early in S phase, then the telomere must be
needed after START and possibly through
S phase to maintain the late replication
program. If the origin remains late, then the
program must be established before START
and maintained through S phasc in the
absence of the telomere.

The origin cxcision cassctte was con-
structed (13) in a strain that contains three
copies of the “R” recombinase from Zygosac-
charomyces vouxii under control of the
GALI1 promoter (14) integrated in tandem
at the LEUZ locus on chromosome 111. Tar-
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