
5ites along run-of-r~\-er ~mpoiundments (n = 

13) .  the mean sarn~3le scores tor tlie tlrst DCX 
axls LliJ not d~ffer from thixe ot free-tlo~iiny 
sites (115.8 versus 1Q2.7, P = Q.c79i), <ugye.;t- 
~ n g  that tlorlst~c recover\- may occur. 

T o  conclude. the storage reservoirs 3e- 
\-elopeL! a ri\-er-marg~n 1-egetat~on that is 
permanently d~t'ferent fro111 tliat In tree- 
flowing rivers. In run-of-river ~rnpounri- 
merits, some florlst~c var~ahles deter~orated. 
n~hereas others recor-ereil in the  long term. 
supporting the  contention that trag~le and 
resilient qualities may l ~ e  c o m l ~ ~ n e i l  in a 
single community (17) .  Our  results have 
~mpl ica t~ons  for river management. Flrst. 
~mpouncling l7oreal rivers for hydroelectric 
purpoxs, thus c l ~ a i i q ~ n ~  naturall\. sloping 
rlr-ers to qtairs of ilam, and level \va tu  
hodles and ottsetting seasonal tluctuations 
111 t lo~v,  1~111 obstruct the  maintenance ot  
species ill\~ersity. Second, accurate assess- 
lllents of c i~mmiun~ty responses to hydrolog- 
lcal disruption of r~r-ers reiliure multivar~ate 
approaches. Given tliat the majority of the 
world's rivers are regulated ( j ) ,  the results 
ma\- ralse the requirements o n  hlture dam 
licensing anil relicensille to  modify dam 
 pera at ion 111 such ways that ecolog~cal et- 
tects lnlyht be alleriated ( I d ) .  
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Defective Exei tation-Con traction Coupling 
in Experimental Cardiac Hypertrophy 

and Heart Failure 
A. M. G6mem, 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 (DahI 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 (I,,) and evoked calcium release from thesarcoplasmic reticulum (SR), which was 
visualized as "calcium sparks." The ability of I,, to trigger calcium release from the SR 
in both hypertrophied and failing hearts was reduced. Because I,, 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. 
P-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. 

Hypertensi i -e  disease can lead to cardiac 
hypertrophy and heart failure and is a nlajor 
cause of death in developed countries. T h e  
heart failure that t;)lloi\-s prolonged hyper- 
tension IS characteri~ed hy decreased cardi- 
ac contractility and ejection traction nit11 
sequelae that include pleural effi~sions. as- 
cites, hepatic congestion, and atrial throrn- 
hi ( 1  ). Anillla1 1llodels of hypertension. car- 
d ~ a c  hypertrophy, and heart failure sholv 
that pressure overload leads first to hyper- 
trophy and then to  a loss of contractile 

f ~ ~ n c t i o n  ( 1 .  2) .  In healthy heart-muscle 
cells. electrical excitation leads to  contrac- 
t ion because depolarizatlon of the  cardiac 
sarcolemmal n~embrane opens L-type Ca2- 
channels (or i l ~ h y d r o p ~ ~ r i d ~ i ~ e  receptors. 
DHPRs),  and the  resulting local intracellu- 
lar Ca2-  concentration ([Ca'"],) increase 
actil-ates SR Ca2--release channels (ryano- 
dine receptors or RyRs). This Ca"-induced 
Ca2+-release mechanism (3) depends on 
the  high local [Ca2+], in the  ilnlnediate 
vicinity of the  DHPR to  rapidly activate the  



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 Ca2+ influx through the DHPR, the 
RvR allows a lareer amount of Ca2+ to " 
move from the SR into the cytosol to acti- 
vate contraction. The loss of contractilitv 
in heart failure can therefore be ascribed to 
changes in the Ca2+ transient or altered - 
expression of myosin isoenzymes (9), or 
both. 
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The Ca2+ release from functional ele- 
ments of the SR can be directly observed as 
Ca2+ sparks (6), the measurement of which 
gives the probability of release of Ca2+ from 
the SR (7, 8). In principle, a reduction in 
the amplitude of the [Ca2+], transient in 
failine heart cells could arise from anv 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 Ca2+; (iii) a change in the number 
of RyRs; (iv) a change in properties of the 
elementary SR Ca2+-release events or Ca2+ 
sparks {because summation of these events 
leads to the cell-wide [Ca2+Ii transient (6)); 
and (v) a reduction in the amount of re- 
leasable SR Ca2+ (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) ( I  1 ) with cardi- 
ac hypertrophy displayed smaller [Ca2+], 
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 
(>lo0 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 

control animals (SR/Jr) (Fig. 1C). In aver- 
aged data obtained in 11 control and 9 
hypertrophic cells, the amplitude of the 
[Ca2+], transient (shown as FIFO) was re- 
duced (Fig. ID), whereas the I,, current 
density (Fig. 1E) and the relation between 
peak [Ca2+], and cell contraction was unal- 
tered (Fig. IF). 

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 [Ca2+], transient, and the change 
in the [Ca2+], 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 contractilitv . ,  , 

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 Ca2+ 
sparks, or a change in the Ca2+ content of 
the SR. Images of Ca2+ 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 Ca2+ sparks were colo- 
calized with transverse-tubules (Fig. 2B), 
the expected location of Ca2+ sparks (6,7). 
The reduction in the am~litude of the 
[Ca2+], transient in hypertensive animals is 
not simply explained by a change in the 
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ability of the SR to store Ca2+, because the 
amount of Ca2+ 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 IG to trigger SR Ca2+ release 
rather than a change in I,, or the SR Ca2+ 
store per se. 

Analysis of the relation between I,, and 
the probability of evoking Ca2+ sparks (P,) 
can characterize several fundamental proper- 
ties of the relation between DHPR activa- 
tion and SR Ca2+ release (5, 7, 8). To 
analyze the relation between I,, and P,, we 
extended our previous method of analysis by 
integrating I,, and P, over a fixed time 
period (t) (13). The ratio of these time in- 
tegrals gives JP, dt/JIca dt = f '(i), where the 
function f '(i) is a measure of the ability of 
I,, to trigger SR Ca2+ release. To  evaluate 
f '(i) we had only to measure the number of 
Ca2+ sparks observed and integrate IG dur- 
ing the voltage-clamp pulse. We could there- 
fore quantitatively examine the effectiveness 
of the DHPR single-channel current to ac- 
tivate SR Ca2+ 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 Ca2+ sparks (7, 8). 
Integrating the current record reduced un- 
certainty due to noise in the raw records. 
The probability of evoking a Ca2+ spark for 
SR/Jr and SS/Jr myocytes was integrated 
over the 200-ms depolarization interval (Fig. 
3C). In SSOr myocytes, there was a marked 
reduction in P, at all potentials, although 
there was no significant change in either the 
density or voltage dependence of IG (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 Ca2+ influx produced by DHPR open- 
ings is less able to activate SR Ca2+-release 
units and (thereby) generate Ca2+ sparks. 
We examined the possibility that this result 
might arise from a change in the Ca2+ de- 
pendence of the open probability (P,) of the . . 

R ~ R  itself by incorporating pur i f ied-~~ ves- 
icles into planar lipid bilayers. There was no 
detectable change in the single-channel cur- 
rent or the Ca2+ 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 off '(i) as a function 
of voltage can be used to examine the local 
Ca2+ dependence of RyR activation (8). 

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 Ca2+ 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 Ps 
can be directly measured because Po is low 
(5). We recorded I,, and Ca2+ 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 Ca2+ influx to 
activate SR Ca2+ 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 hv~ertensive animals. how can , . 
we explain the reduction in the ability of 
the DHPR to activate Ca2+ release? Math- 
ematical analysis shows that the probability 

SWJr 

of RyR activation is very sensitive to the 
geometric arrangement of RyRs and DHPRs 
in the dyad (15, 16). Because the local 
increase in [Ca2+], 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 Ca2+ 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 2.5 ms (n = 18) in hypertrophied 
cells and 14.59 + 0.9 ms (n = 44) in 
controls]. SR release of Ca2+ from the SR 
inactivates IG (1 7), an effect that has been 
explained by the local increase in [Ca2+], 
(from RyR opening) promoting a rapid, 
Ca2+-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- 

Fig. 2. Unitary properties of SR Ca2+ release in hypertrophied heart cells. (A) Signal-averaged 
Ca2+ 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/FJ, rate 
of decay (T), and width (in micrometers at half-peak F/FJ (control cells, n = 146; hypertrophic cells, n = 
76). (B) The SR Ca2+ release takes place at the t-tubules (TT) in heart cells (7) from Sprague-Dawley 
control animals (SD, top), salt-resistant animals (SWJr, 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) Ca2+ 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 Ca2+ in the SR to be released (70). To maintain conditions constant, we first regularly depolarized 
cells in normal Tyrode (2 mM CaCI,) at 1 Hz for 2 min. Then, the caffeine-containing solution (with 0 mM 
Na+ and 0 mM Ca2+ 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 
[Ca2+]. (due to DHPR openings) to activate 

i 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 
~ressure? 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 P-adrenergic 

agonist isoproterenol (1 yM) 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 
Ca2+ influx (due to the opening of DHPRs) 
to activate SR Ca2+-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 [Ca2+] 
sensed by RyRs (15); (ii) by increasing the 
sensitivity of the RyR to the local [Ca2+] as 
a result of A-kinase-dependent phosphoryl- 
ation (15, 22); and (iii) by increasing SR 
Ca2+ 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 Ca2+ 
adenosine triphosphatase (23); and there is 
increasing evidence that SR Ca2+ levels also 
regulate RyR Ca2+ 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 

If- 

Fig. 3. The sarcolemmal Ca2+ current activates Ca2+ sparks less efficient- 
ly in hypertrophied cells than in control cells. (A) Control cells. Depolarizing 
steps to -20 and +20 mV (top) activate I,, (second panel), reflected as a 
running integral $Ic, (third panel), triggering Ca2+ sparks (line-scan image 
shown in fourth panel) with a running integral of Ca2+-spark occurrence 
(bottom). (B) Hypertrophic cells. Displayed as in (A). (C) Voltage depen- 
dence of IPS over the 200-ms depolarization in control (0) and hypertro- 
phic (0) cells (29). (D) Voltage dependence of f l ' ( i )  = JPJJI,, = (sparks/ 
pm)/(pC/pF) over 200 ms is shown for control cells (0) (n = 6) and for 
hypertrophic cells (0) (n = 7). *P < 0.05; **P < 0.01. The external solution 
contained 1 pM nifedipine to incompletely block I,, (8). The lines were 
visually fit and scaled to fit both data sets. (E) [3H]Ryanodine saturation 
binding curves for control (0) and failing (0) SR vesicles. K,, the affinity 
constant of the [3H]ryanodine-RyR complex, was 15.2 + 5.1 nM (control) 

-60 -40 -20 -0 -20 -40 6 0  -40 -20 0 20 0 5 10 I5 20 25 30 
Voltage (mV) Voltage (mV) [3H]Ryanodine (nM) 

and 18.3 +. 7.9 (hypertensive) (30); B,,, the maximal density of receptor 
sites, was 0.29 + 0.09 (control) and 0.32 2 0.08 (hypertensive) pmol/mg 
protein (n = 6 determinationsfrom three rats each). Smooth lines are fits to 
data points with the formula B = B,, . [Ry]/([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+],, a level near resting [Ca2+],, and at 10 pM [Ca2+Ii, a level estimated 
to be close to that reached during local Ca2+-induced Ca2+ release (16). 
Open probability (Po) of the RyR from control (0) and from hypertrophied 
hearts (0) is shown to be indistinguishable. At pCa 7, Po was 0.046 + 
0.021 (control) and 0.040 + 0.019 (hypertensive). At pCa 5, Po was 
0.308 +. 0.06 (control) and 0.32 + 0.08 (hypertensive). Vertical scale, 20 
PA; horizontal scale, 300 ms. 
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"failure" observed in cells from hypertro- 

I- phii cardiac myocytes. (A) Control cells. 
17 Cvn SWr + Is0 bpolaming steps to -46, -44, and -42 

mV (top); $1, density (middle); line-scan 
image of Ca2+ sparks (bottom). (B) Hyper- 
trophied cells. Plot as in (A). (C) Hypertro- 

phied cells after exposure to isoproterenol (1 FM ). Plot as in (A). (D) f ' ( i )  = JPs/$ICa = (sparks/pm)/ 
(pC/pF) over 200 ms plotted at -44 mV for cells taken from SWJr and SS/Jr animals and for W J r  
animals after treatment with isoproterenol(1 pM ). (E) f ' ( i )  = $Ps/$ICa plotted against voltage for control 
cells (O), for hypertrophic cells (@) (solid line), and for hyperhophii cells after treatment with isoproterenol 
(1 &l ) (A) (dashed line) (n = 7). The solution contained nifedipine (1 pM). There is no significant 
dierence between control cells and SS/Jr cells after treatment with isoproterend. Between SWJr and 
SS/Jr cells, significance is'P < 0.05 and "P < 0.01. Tetrodotoxin (1 0 pM) and no nifedipine was present 
in experiments shown in (A] through (D). 

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- 
tion of potential (Fig. 5C). Although the 
I,, density was unchanged, there was a 
reduction in the amplitude of the [Ca2+], 
transient at all potentials (Fig. 5, D and E). 
Furthermore, the ability of a given DHPR 
Ca2+ influx to activate SR Ca2+ release (as 
measured by Ca2+ sparks) was reduced in 
cells obtained from the hearts of animals in 
heart failure. Thus, myocytes from failing 
hearts amear to have a defect in EC cou- 

L L 

pling that is similar to that observed in 
cardiac myocytes taken from hypertensive 
animals. 

Exposure of cardiac myocytes from failing 
hearts to isoproterenol produced almost no 
change in f '(i) (Fig. 5F), in contrast to the 
effects of isoproterenol on myocytes from 
hypertrophic hearts that were not failing 
(Fig. 4E). This result suggests that the defect 
in EC coupling that develops in hypertrophy 
is not compensatable by P-adrenergic stim- 
ulation in failing hearts and may explain in 
Dart whv these hearts fail. The marked in- 
crease in circulating catecholamines ob- 
served in heart failure is accom~anied bv a 
down-regulation of the P-adrenergic recep- 
tors (27). It is not clear, however, whether 
down-regulation of the cardiac p-adrenergic 
receptors is the cause or effect of the in- 
creased levels of catecholamines. 

Flg. 5. Defective EC coupling in a rat model of heart failure. (A3 CeY from age-matched control rat. Sarnpie depolar- F 
katbn to 0 rnV (top), I ,  density (second pard), line-scan image of [W+l, transient &tkd pmell, and [Ca2+], trensient 0.03 
asF/F,@ottom). (B)CeOfromheattinfak*e(zs)o P b t a s i n ~ . ( C J P e r c e n t d ) e n g t h a s a ~ o f v ~ f o r M  
cellsfmmcontrdrats(Q)(n =S)andfrornrr$sinheartfaWe(.)~ =s).@)/,density~afunctimofvoltageforM 
ceRs from control rats (0) and from rats in heert faikrre (0). 0 [W+], tmdenb (as F/Q plotted as ahnction of voltage 
for heart cells from control rats (0) (n = 8) and fnxn rats in heart fsikrre (0) (n = 14). (F) P1(i )  = J'Pdl- = 0.o~ 

( ~ ~ Y ( p c / p F ) ~ 2 0 0 m s ~ e d a s a ~ o f ~ f o r c e W s f r o m G o n t r o l a n k n a l s ( O ) k ,  = 5)mdforcells 
from animals in heart f a l b  in the absence (.) (did line) @ = 7) and presence of i s o p m ~ ( 1  (rM) (4 (daehed tine). 
ERorbarsareSEMs.Thereisnosigniflcantdmer~~anvesforfaill-goelisandfair~~withisoproter- ' 
end. The indited signifkameat ddifferent voltages between control &sand Wing cab is 'P  c 0.05 and*P c 0.01. 0.01 
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Our data suggest that hypertension-in
duced cardiac hypertrophy leads to a pro
gressive decrease in the ability of the DHPR 
to activate SR Ca2 + release. The same de
fect is present in heart failure, but the fail
ing cells respond poorly to [^-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"+]i sensitivity should 
partly restore lost contractility, although 
any such effort must be constrained by a 
need to avoid "Ca2+ overload" and the 
associated arrhythmias (28). 
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Cd Cyck-Dependent EstabOisi~ment of a 
Late RepIicatisn Program 

M. K. Raghuraman," Bonita J. Brewer, \Naltsn 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. tiowever, 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. 

Eulcarj otic cl~rcimosome~ ,ire organi:e~ 
into 1~locl;s i ~ t  DNA sc~il~cllci. th,ir rcvlicatc. 
early m 5 p1lC1qe inrer,sperseil n-1r11 blacks 
that replicate late. Each temporal hloclc is 
p r e ~ ~ t m a l ~ 1 ~ -  reylicatcci 1.1- the  c o o r ~ l ~ n a t e  ac- 
tivatii>n ot cl~~stci-s i>t replicat~on <>r ic~n>  
(1 ) .  T h e  t ~ ~ l ~ c t i i > n , ~ l  sicnificance ( 4  this tcm- 

yrerci~uis~tc  tor the  act~\-atic>n of pelie tran- 
scr ipt~on (3) .  Stra1-111g trom the  ni)rmal 
t e ~ i ~ p o r a l  p)gra111 of r e p l ~ c a t ~ ~ n  may have 
deleterious c i > ~ ~ ~ e ~ ~ u e i l c e s  for cie~-eli>l~- 
ment-i;>r e x a m ~ l e ,  the  f i ~ c i l e  X ivnilromc 
is ~ ~ s ~ ~ c i ~ ~ t e i l  ~r'it11 ,Icl~~j-cci ~ - e ~ l i c a t i i > ~ l  o t  tllc 
FhfK1 locus ( 3 ) .  

Sacihn>.o,~nyii.s c:).~I,I'I;I~ chromii iome~ 
~ i l s i )  contail1 early- and late-rep11cat11 ili>- 
m,~ins,  ,111~i ~ - e , ~ i t  replicatio~l ~ ) r y i n ,  that are 
activated late 111 5 1?11we l ~ a v e  1~cc.n i~lcnti-  
tieci recentlj- (4-6). A l t l ~ o u ~ h  there has 
lwen ~ l l r~c l l  pri)gres, 111 un,ierst,~niimg the 
molecular stem leaLlinu to the act i r~at iui~ o t  
reylicat~k~n oricins (;), the  malecular baais 
fL>r the  teinpcxal prosrain is leis cle,~r.  T h e  
I x t u r e  that 1, emerqing la t h , ~ t  Te,st repli- 
c,ltion clrlcins ,ire ,~ctiv,itc,i early 111 S phaie 
1'v ~ i c h u l t .  Late act~vat ion,  in tllo.;c 111- 

st;rnies in \vl~ich it l ~ i s  l ~ e n  f o u ~ ~ , l ,  is i ~ ~ > t  an  
in t r ins~c property ot the ori~111s invo l~-e~ l .  
but is impnse,i by u s - . ~ c t ~ i ~ g  e l a n a ~ t s t l ~ ? . i t  
arc >cyarablc ti.om the o r~g in  (6, 8. 9). 

O n e  cxamr~le of a c l ~ r ~ > r n o o m a l  e l emci~ t  
that afftcts c > r ~ j i i ~ ~  cictir . , l t~i)~~ tulle 1s the  
relomere-pr~>sii111tv ti) a telomere c,111 
cause late , ~ c t i \ ~ , ~ t i o n  a t  i>riyins (8. 117). How 
t l ~ c  telonlere et;;ects a dclaveLl scheciule of 
o r lgn  act~vat ion is unk i~~ .~wn.  but the par- 
allel p11e11<>111e11i111 i)f tclomei-~c p ) . ; ~ t ~ o n  et- 

k i t  011 t r ; i ~ l \ c ~ - i ~ t ~ o ~ l  ( I  I )  q ~ ~ g ~ t ' \ t q  the in- 
\~olvemeilt ot a sr~ccial ch r ,~mar~ l l  strl1crLu.i. 
~ropaj ia ted fro111 the relomere. A nutahlc 
feature of t r , i i ~ i c r i p t ~ ~ n a l  i l e n c ~ n y  is ~ t s  her- 
it,il~ility: Silcnce~l c h r c ~ m a t ~ n  can be m,iin- 
taii1i.J anil clon,illy inl~criteii througll scv- 
era1 cell itir~isic>i~ cycles and, at least In t l ~ c  
a ~ l e l ~ t  mating-t\-pe cassettes, m a m t e ~ ~ , i n c e  
c)t tl-ie represseil state can be ~n~ lcpen i l en t  of 
~ t s  i ~ l i t ~ a l  e s t a l ~ l ~ ~ h m c n t  (1 2 ) .  

\X!c nun, ,iskeLi, firit, if m,iinten,~nce 
the sia11,il h r  l ,~ te  orioin a c t i v , ~ t ~ o n  is also 
qe'arahle from its establii l~ment 13y the telo- 
mere, a i ~ d  second, when ill the cell cycle 
the  telomeric late replication 171-ogram 1, 

es ta l~l ia l~e~l .  To ailclrej these ~ l u e s t ~ ~ ? n s ,  n7e 
uieLl i n J ~ ~ c ~ l - l e .  si te-s~~ecific recciml~inat~on 
to remove a sul~teli~meric late o r g i n  from 
it, cl~ri>mosomal location in vivn (F~ir.  1). 
Tllc cxc~sed c~rcle ,  1acl;inp ileteriniil,int.; i>t 
late o r iqn  act~r ,a t i i~n.  1s cupccteii t c ~  rcpll- 
cate earl\- ill S pha\e u n l e s  the late rep11- 
catloll \iSncil orig~n,illy cst,~hliihed by the  
teli)~llerc 1lei-s~sts atter exc1~1011. Excisi~la the  
c ~ r ~ p i n  at i i iffere~~t tililts in the  cell c\-cle 
\~oul;I reveal if the  t e ln~ i l e r~c  late r e r l ~ c ~ i -  
t ~ i i i ~  program is \t,ll>l\, m a i i ~ t a ~ ~ ~ e d  for more 
th;111 one rauncl c>t t!le cell cycle or ~f it is 
r ee i t ab l~s l~e~ l  111 every cell cycle. For exam- 
ple, the  orlpin can 12e remove~~l  at S T A R T ,  
\ ~ l l e n  the cell colnmits ellti-v into ,111other 
rou11,l of tile cell cycle, a11,i ' the cells then 
alle>n.ecl to proceeil through S phase. If the 
previousl\- late oriu,m no\v becomes active 
early 111 5 pha\c,  tlleil the  teli~mere must 1-e 
needed attcr S T A R T  possibly through 
S phase ti. mamtain the late 1-eyl~c,ition 
prugram. If the  oriqin rerna~n: late, the11 the 
yrogr,im must he et ,~blishz,i  before S T A R T  
ai1J m,iint,ilne;l t l~r<>ugh S p11,ise in the 
, ihs~~nce o t  the teli>mere. 

T h e  or~giil  exciaio~l cassette was co11- 
itruite,i (1.3) in ,I str,iln that c o l ~ t a ~ n s  three 
copieh of the  "R" rccoml-111aae from 2ygosilc- 
~halO??l?it?5 1 ~ 1 ! ~ i l  ll11iIe~ ~011fl.CIl Of the  
GAL1 prc>motcr (14) ~n tegra tc~ l  in tanLiem 
, ~ t  the  LEL'2 locus on chromosome 111. Tar- 


