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were treated with HRG, the total cell number Little is known about the dynamics of chromosomes in  interphase nuclei. By 
decreased (Table 1). In contrast, treatment of the tagging four chromosomal regions with a green fluorescent protein fusion t o  
cells with EGF increased the cell number. Ad- lac repressor, we monitored the movement and subnuclear position of specific 
dition of the y-secretase inhibitor compound E sites in  the yeast genome, sampling at short t ime intervals. We found that early 
completely abrogated the HRG-induced cell and late origins of replication are highly mobile in  G,phase, frequently moving 
loss but had no effect on the growth-stimulatory at or faster than 0.5 micrometers/lO seconds, in an energy-dependent fashion. 
effect of EGF. This result indicates that y-secre- The rapid diffusive movement of chromatin detected in G,becomes constrained 
tase activity is necessary for this biological re- in  S phase through a mechanism dependent on active DNA replication. In 
sponse to HRG. HRG responses in T47D cells contrast, telomeres and centromeres provide replication-independent con-
could involve ErbB-3 or ErbB-2 in addition to straint on chromatin movement in both G, and S phases. 
ErbB-4, but we have not detected proteolytic 
cleavage of ErbB-3 or ErbB-2 in these cells (5). Most information available on the nuclear chromosomes, which occupy distinct "terri- 

ErbB-4 is a receptor tyrosine lunase that is organization of chromosomes is based on the tories" in mammalian nuclei (I), are relative- 
proteolytically processed by consecutive analysis of fluorescent probes in formalde- ly static when compared to metaphase chro- 
ectodomain and intrarnembrane cleavages, re- hyde-fixed cells. It is generally assumed that mosomes. This notion of nuclear order is 
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supported by  hybridization with specific 
D N A  sequences: Centromeric heterochroma-
tin is often found at the nuclear periphery or 
surrounding nucleoli, as are transcriptionally 
silent chromosomes, like the inactive X (2). 
In budding yeast, roughly 70% o f  telomeres 
(3) and late-firing origins (4) are positioned 
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near the nuclear envelope in GI phase, with 
telomeres clustering in three to eight foci. 
Furthermore, using a green fluorescent pro-
tein (GFPFtagged (5) centromere, relative 
movement between two homologous yeast 
chromosomes was measured, showing that 
centromere I11 is confined to a subnuclear 
zone o f  restricted radius (50.25 km) (6). 

Nonetheless, nuclear organization may 
not be as static as these studies suggest. In 
Drosophila larval nuclei, large chromosomal 
movements have been observed in early GI 
phase (7),and both large and small move-
ments have been confirmed by  real-time mi-
croscopy for a single locus in the premeiotic 
nuclei o f  f l y  spermatocytes (8). To examine 

the dynamics o f  interphase chromatin in 
yeast, we exploited the lac operator-repressor 
interaction to detect four distinct chromosom-
al domains. The expression o f  a GFP-lac 
repressor fusion incells that carry an integrat-
ed array o f  multimerized lac repressor bind-
ing sites (lacop) (5) allows the tracking o f  
specific chromosomal sites by  real-time flu-
orescence microscopy. B y  combining this 
with a GFP-tagged copy o f  a nuclear pore 
protein (Nup49p) to label the nuclear enve-
lope (9),we can measure movements o f  the 
chromosomal D N A  in relation to the nuclear 
periphery or the calculated center o f  the nu-
clear plane. 

Here, we have integrated a single cluster 

Fig. 1. Visualization of interphase chromatin 
movement in budding yeast. (A) Four chromo- A 
soma1 sites were tagged independently in a CEN N ~ ~ ~ 4 - 9 0 8  Chr IV 
haploid 5. cerevisiae strain that expresses a 
GFP-nuclear pore protein fusion (4) (Nup49-
GFPS65T).AS shown, roughly 10 kb of tandemly zw 400 800 OW IWO 1200 1400 w 
repeated lac0P consenses (5) were integrated 
within 15 kb of centromere CEN IV, early rep- Tel VI-R
licating origin ARS4-908 (4). telomere TEL VI R, ,.hrvl
and between two internal late firing ori ins 
ARSl412 and ARS1413 [labeled ARS1413 f4)]. 
Two methods are used to  quantify the move- center 

ments of the tagged chromosomal loci. After 
alignment of the nuclear pore signals through 
the time series, absolute movement of the spot 
is followed frame-by-frame (Fig. 3, Tracking). 
Alternatively, displacement of the spot is mea- c 
sured relative to  either the nuclear periphery 
(red bars) or the nuclear center (blue bars). The 
center is calculated using a Metamorph pro-
gram that defines an optimized circle based on 
the nuclear pore fluorescence [see details in 
supplementary methods (7 I)]. Spot-to-pore 
distance was measured manually using the 
Zeiss confocal LSM version 2.5 software. (B) 
Shown are six frames taken on a Zeiss LSM 510 
confocal microscope ( 6 3 ~obiective, zoom 3) 

+ time (300 seconds) b 

ARS4-908 and G F F - N U ~ ~ ~ ,labels the' nuclear 
periphery. Bar, 2 [f4]p[lf4]m [see time-lapse 
movie at (77)l. Sequential images can be or-
thogonally displayed using the Zeiss 510 LSM !'.' 
software, and rotated such that the time axis 0.6 
(I)is displayedhorizontally. (C) A 3D projection 7 
of 200 images (5 min) of the tagged locus ;0.4 

ARS1413, ARS4-908, or CEN IV (yellowlred, as 
indicated) and nuclear pore (cyan) is shown for 

50'2 

G, phase cells. Different intensities in fluores- 0 
0 100 200 300 control NaN, CCCP Ncc 0.5~1072.2~107 cence are shown in false color (highest is red, seconds TBZ CBIISmtl 

lowest blue). Where indicated, 40 mM CCCP 
was added 15 min before and during time-lapse microscopy. Standard of large movement frequencies for ARS1413 under control conditions 
imaging uses cells from a culture of a GFP-lac0Ptagged strain at -5 X [ I %  dimethyl sulfoxide (DMSO)], 40 mM CCCP, 10 pglml  nocodazole 
lo6  cellslml, on slides coated with SD agar -histidine + 4% glucose. and 300 pglml  thiabendazole (nocITBZ), or 0.15 mM NaN, for 15 
Time-lapse image capture during 5 min on a Zeiss LSM 510 (200 scans min prior t o  and during time-lapse microscopy. Each value is derived 
using total 0.5 s scanning time with 1 s pause; 100x Planapo from multiple time-lapse movies of different G, phase cells. Total 
objective and zoom 2 are used unless otherwise indicated). Time- minutes analyzed (40 imageslmin) are: control, 13.3 min; CCCP, 12.4 
lapse series are available at (77) for each locus studied. (D) Typical min, Noc+TBZ, 23.8 min; NaN,, 19.4 min. The error bar indicates the 
measurements of the distance from the center of the ARS1413 focus range of values obtained with a 10% uncertainty of distance mea-
t o  the center of the closest GFP-Nup49 signal are plotted in nm from surement (large movements monitored as either 0.45 p m  or 0.55 
the pore. The plotted distances were scored for movements 20.5 p m  pm). ARS1413 cells were also monitored as a function of culture 
that occur in under 10 s (examples boxed in  red). The total  number of saturation (cells ml-I), and were scanned either in the presence 
large movements scored for each condition is then divided by the (hatched bars) or absence (gray bars) of 4% glucose. Only mother 
total time and expressed as movements per 10 min. (E) Summary cells are measured in all experiments (further details in Web fig. 2). 
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of 256 lac0P sites into a haploid strain of 
Saccharomyces cerevisiae (GA- 1320) either 

908 or ARS1413 are extremely dynamic in 
G I  phase nuclei, showing two characteristic 
types of movement (Fig. 1B) [Web movies 
(ll)].  In sequential frames, we observe both 
short fluctuations in position (distances 10 .2  
ym) and, less frequently, larger movements 
(20.5 ym; Fig. 1D and Web fig. 1). We also 
observe deformations of the entire yeast en- 
velope and oscillatory movements of pores 
within the nuclear membrane. If we project a 
series of 200 sequential 2D images horizon- 
tally, aligning the nuclear pore signals, we 
see that the dynamics of the tagged ARS 1413 
or ARS4-908 loci are distinct from overall 
nuclear movement or minor fluctuations in 
nuclear shape (compare bright yellow/red 
signal of the GFP lac repressor to cyan sig- 
nals; Fig. 1, B and C). The movement of the 
tagged origins is not due to inanimate forces, 
because the addition of NaN, arrests this 
movement completely (Web fig. 2 and Fig. 
1E). Importantly, an identical lacOP tag insert- 
ed near CEN IV does not show equivalent 
motion (Fig. 1C). 

By quantifying movements of the tagged 
chromosomal site relative to either the near- 
est point on the nuclear envelope or the center 
of the nuclear sphere calculated from the GFP 
pore signal, we eliminate any component of 
the movement that results from nuclear drift 
(Fig. 1, A and D). As a measure of large 
movements, we score for chromatin displace- 

ments 20.5 ym that occur in less than 10 s 
(Fig. ID, red boxes). Their frequency is av- 

at a late-replicating region between two ori- 
gins of replication (ARS 1412 and ARS1413), 
located 240 kb from the left telomere of 
chromosome XIV, or near an early-activated 
origin on chromosome IV, 908 kb from the 
left telomere [ARS4-908 (4) (Fig. lA)]. Both 
sites are within 10 kb of transcribed genes 
and the nearest origin of replication, and 
serve as examples of general chromatin struc- 

eraged over multiple time-lapse series and is 
expressed as large movements per 10 min. 

The dynamic chromatin behavior appears 
not to reflect simple Brownian motion, i.e., 
movement resulting from random indirect 
forces upon the chromosomal fiber, because 
exposure of yeast to carbonyl cyanide chlo- 
rophenyl hydrazone (CCCP), an uncoupler of 
the mitochondria1 FIFo adenosine triphos- 
phatase, largely suppresses the movement 
(Fig. 1, C and E, and Web movie). This 

ture. As markers for specialized chromosom- 
al domains, we tagged one site 15 kb from the 
right end of chromosome VI, preserving the 
subtelomeric repeat structure (TEL VI R), 

protonophore also collapses plasma mem- 
brane potential, reduces intracellular ATP 
levels, and arrests cell growth (12). On the 
other hand, the frequency of large move- 

and a second site 12 kb from the centromere 
of chromosome IV (CEN IV). The binding of 
GFP-lac repressor produces a bright spot of 
-0.3 y m  in diameter (Fig. lB), which can 

ments is not altered by the presence of the 
microtubule-destabilizing drugs, nocodazole 
and thiabendazole (+ noc/TBZ, Fig. 1E) and 
is therefore unlikely to be mediated by mi- 

be readily distinguished from the more 
weakly fluorescent ring of the nuclear en- 
velope (@ = 1.7 to 2 ym). Cell cycle stages 
are assigned by correlating the presence and 
the relative size of the bud, and nuclear size 
and shape, with DNA content, as detected by 
fluorescence-activated cell sorting analysis. 
Rapid capture of images by laser scanning 
microscopy (the nucleus is scanned within 
- 150 ms at 1.5 s repeat intervals) allows us 
to monitor the movement of these loci over a 

crotubule-dependent motors. 
To fiuther correlate large chromatin move- 

ments in GI  with the cell's metabolic status, 
ARS1413-lac0P dynamics are followed as cell 
density increases in a growing culture. The 
frequency of 2 0.5 ym movements drops four- 
fold in GI  phase as cell density increases, an 
effect enhanced when microscopy is monitored 
on glucose-depleted media (Fig. 1 E, dark bars; 
Web fig. 2). The drop in mobility occurs at 
-2 x lo7 cellslml, or roughly one generation 

5-min period at high resolution (10). 
The bright foci representing either ARS4- 

before the first changes in gene expression and 
chromatin structure that accompany the diauxic Fig. 2. Origins are less con- 

strained than telomeres and cen- 
tromeres in C, phase, but all 
sites show spatial constraint in S 
phase. Mean squared displace- 
ment analysis was performed as 
described (6, 8), by computing 
the square of the displacement 
of the indicated focus (measured 

shift, a transition from fermentative and oxida- 
tive metabolism (13), suggesting that large-am- 
plitude movements may correlate with intracel- 
lular ATP levels. The smaller, oscillatory 
movements are not abolished for ARS1413 and 
ARS4-908, even in stationary-phase cells. 

It has been proposed that both centro- 
meres and telomeres are clustered near the 
yeast nuclear periphery (3, 4). Consistently, 
our time-lapse analyses on cells bearing a 
GFP-tagged natural telomere (TEL VI R) or 
CEN IV (Fig. 1D) reveal an absence of large 
movements for both centromeric and telo- 

from the center of the chromo- 
somal tag to either the nuclear 
center or the nuclear periphery) 
in ym (Ad Z, as a function of the 
time interval At (s): Ad = 
{d(t ) - d(t + At ))' for At rang- 
ing from 1.5 to 150 s. The aver- 
age of all Ad values for each At 
value are plotted against At. The 
slope is the derivative of dis- 
placement or diffusion coeffi- 
cient. The graphs represent aver- 
ages from all movies available 
for each condition with standard 
deviation indicated. The number 
of nuclei and images analyzed 
for each phase areas follows : (A) 
G,: 10 nuclei / 2000 frames; 5: 5 
1 1000, (B) C,: 81 1600; S: 31 
600, (C) C,: 41 800; 5: 31 600, 
(D) G,: 31 600; S: 41 800. 

meric tags, although smaller movements are 
readily detected at CEN IV (Web fig. 3 and 
Web movies). The telomere oscillates adja- 
cent to the nuclear envelope, such that the 
distance from the tag to the nuclear pore 
rarely exceeds 0.3 ym. Nonetheless, TEL 
VIR moves significantly more than an inte- 
gral nuclear envelope component (see below, 
Fig. 3C). The constraint on telomere mobility 
persists through S phase until late G, phase, 
when the nucleus deforms to enter thedaugh- 
ter cell (14). 

By scoring early S phase cells (shortly 
after bud emergence), we note that the large- 
amplitude movements of both tagged origins 
are significantly less frequent once cells enter 
S phase, although the smaller oscillatory 
movements continue (Web fig. 3). In con- 

0 50 100 150 0 50 100 150 
A1 (sec) At (sec) 
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trast, the amplitude of centromere movement 
remains unchanged between G, and S phase 
cells. To determine whether this suppression 
reflects a reduced confinement radius, we 
have calculated the mean squared displace-
ment over time (MSQD), which was previ-
ously used to monitor spatial constraints on 
the relative movements of two homologous 
sites in diploid yeast or fly cells (6, 8).When 
the square of the displacementwithin discrete 
time intervals (ranging from 1.5 to 150 s) is 
plotted as a function of increasing time inter-
vals (At), a monotonic increase would indi-
cate unconstrained movement or free diffi-
sion. A rapid increase followed by a plateau 
indicates that the movement is constrained 
within a limited area (or sphere), the radius of 
which can be estimated. By plotting the 
MSQD curves for each locus averaged over 
all available time intervals in either GI or S 
phase cells, we obtain a reliable estimate of 
each locus' degree of freedom. 

Figure 2 presents the MSQD graphs aver-
aged over multiple movies of each of the four 
chromosomal loci we have tagged [examples 
of each are at (ll)]. The initial slope (i.e., 
diffusion coefficient) and plateau values for 
CEN IV (Fig. 2C) are remarkably similar to 
those previously reported for CEN I11 (6) 
(0.05 pm2,indicating a radius of confinement 
50.3 pm). The curves and plateau values do 
not change significantly between GI and S 
phase for CEN IV and TEL VIR, whereas the 
radii of constraint calculated for ARS1413 
and ARS4-908 are significantly lower in S 
than in G, phase. In GI, the biphasic curve 
increases until time intervals of 75 and 100 s, 
with a plateau at 0.1 to 0.15 pm2. A plateau 
at this value was previously shown (6) to 
correspond to a radius of confinement of 
roughly 0.7 pm, or an occupied volume 10-
fold larger than that of the yeast centromere 
or of origins in S phase (Fig. 2, A through C, 
panels S). The S-phase MSQD curves of 
ARS1413, ARS4-908, and CENIV are all 
similar, starting with a steep slope that arrives 
at a plateau of -0.05 pm2 (radii of confine-
ment 50.3 pm). 

The displacement measurements shown 
above indicate changes in spatial constraints 
dependent on the cell cycle, but do not iden-
tify position within the nucleus. To visualize 
the localization and path length of a given 
tagged domain over 5 min, we align the 
nuclear pore signals of a given time-lapse 
series, and follow the path of the tagged locus 
from frame to frame with a tracking tool. The 
cumulative path (Fig. 3, in red) is then pro-
jected onto a single nuclear section. The sum 
of the vectors' lengths indicates a minimal 
linear distance (in pm) traveled within 300 s 
(15). By projecting the entire time-lapse se-
ries into one plane and calculatingthe surface 
area that encompassesthe path, a value relat-
ed to the radius of confinement is obtained 

(Fig. 3, "Projection," and Web fig. 5). 
Consistent with MSQD measurements, 

tracking confirms that the tagged origins 
move less in S phase than in GI (Fig. 3A). It 
also underscores the close association of TEL 
VIR with the nuclear envelope (3, 4). In 
addition, we see that the movements have no 
cumulative directionality (16) and that 
ARS4-908 and ARS1413 can "sample" large 

areas of the nucleus within 5 min. These loci 
in GI phase cells have the least spatial con-
straint, whereas TEL VIR remains primarily 
juxtaposed to nuclear periphery. Our obser-
vations do not refute the notion of nuclear 
territories (I), yet they suggest that such ter-
ritories are loosely defined in yeast, perhaps 
entailing only a few anchorage sites. 

A mean linear trajectory for each locus 

A GI phase Sphase 

ARS 
4-908 

I 

ARS 
1413 

VI-R ~ 
' .. 

Tracking Projection Tracking Projection 

B CEN IV GI CEN IV Sphase 

Tracking Tracking Projection 0 . 5 ~phase image 

Fig. 3. TEL VIR and CENIV are constrained to perinuclear zones, while other loci have less restricted 
subnuclear positions. (A) lsogenic yeast strains carrying the indicated GFP-tagged locus and 
GFP-Nup49 were analyzed under standard conditions as described above, in G and S phase. 
Nuclear pore signals were aligned for each time-lapse series and the position and total distance 
traveled by the indicated tag was measured using the AIM tool of the Zeiss LSM 510 software 
(release 2.8). The trajectory over 300 s (in red), is superimposed on a single nuclear focal section 
(Tracking).The mean length of the path in ym averaged over four or five movies is indicated, and 
standard deviations range from less than 1 pm (for TEL VIR) to 8 ym (ARS4-908).An intensity 
projection of the same stack of images is shown (Projection), and the area occupied by the 
accumulated signal covers on average 30 + 4% (n = 10) of the nuclear surface for ARS1413 and 
ARS4-908 in G, and 20 + 5% (n = 8) in S phase. TEL VIR occupies 10% [+ 3% (n = 4)]. (B) 
Tracking and trajectory measurement are shown for CEN IV in G, and S phase cells, either in the 
presence of DMSO alone, or with nocodazole and thiabendazole(+ nodTBZ Fig. 1).The amplitude 
and average path length changes little from G, to 5, although destabilization of microtubules shifts 
CEN IV internally in some S-phase nuclei. Trajectory distances are given in ym (n = 4 for S phase, 
n = 1 for G,). (C) Time-lapse microscopy and tracking was performed for a CFP-tagged spindle pole 
body component, Spc42p (77). Because Spc42p is in the nuclear envelope, we trace its movement 
with respect to the transmitted light image of the cell. The upper image is on the same scale as all 
other tracking images, while the lower transmitted light image of the entire cell is half this 
magnification.A white dotted line encircles the nucleus (nuc)and vac, the vacuole. Bars, 2 ym. The 
average of Spc42p trajectory length is 5.8 + 1.2 ym (n = 3). 
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was calculated on the basis of multiple 5-min 
movies and is indicated in each panel (Fig. 3). 
Although TEL VIR remains close to the nu- 
clear envelope, it moves three times the dis- 
tance of an integral component of the nuclear 
envelope, a 42 kD spindle pole body protein 
(1 7) (Fig. 3, A and C), indicating that at least 
one aspect of telomere movement is indepen- 
dent of the nuclear envelope. Exposing S 
phase cells to microtubule depolymerizing 
agents provokes a more frequent migration of 
CEN IV to the interior of the nucleus, but 
does not significantly increase the amplitude 
of its movement (Fig. 3B, + nocITBZ), al- 
though nocodazole does not alter the position 
or amplitude of movement for the other 
tagged loci in GI or S phase (Fig. 1E) (18). 

To see if the S phmspecific restriction on 
the dynamics of ARS 1413 and ARS4-908 is a 
direct effect of DNA replication, we inhibited 
DNA synthesis by the addition of hydroxyurea 
0, which depletes dNTP pools, or by 
aphidicolin, a specific inhibitor of DNA poly- 
merase elongation. As expected, in control 
cells, the frequency of large-scale movements 
drops between GI and S phase. Importantly, 
when S-phase cells are treated with the inhibi- 

tors, large movements of both ARS1413 and 
ARS4-908 are again as frequent as in G, (Fig. 
4A). Neither the loading of the MCM complex 
by the origin recognition complex (ORC) and 
Cdc6p, nor its release by initiation, is likely to 
be the stabilizing factor in S phase, because this 
assembly occurs in G,, and MCM release does 
not occur for late-firing origins like ARS1413 
in HU (19). Besides arrest fork movement, 
treatment with either HU or aphidicolin acti- 
vates the DNA checkpoint pathway (20). How- 
ever, because the increase in S-phase dynamics 
in HU occurs in a rad53 mutant (Fig. 4A), it is 
unlikely to be related to a checkpoiit response. 

In yeast, as in higher eukaryotes, each 
replication fork is predicted to assemble a 
complex of -2000 kD, and multiple such 
complexes appear to aggregate at sites of 
replication (21). If such assemblies are suffi- 
cient to impede chromatin mobility, then con- 
straint should reflect the number of active 
replication forks. This was tested by monitor- 
ing relative G, and S phase mobility in a 
strain carrying the yeast orc2-1 deficiency. 
This mutation confers a significant drop in 
the eficiency of origin firing (22) and a 
reduction in replication foci formation (23), 

(ARS1413Iwild type, S + aphidi- 
colin: 3, 19.9), CA-1323 
(ARS1413Iwild type, S + 2% 
DMSO: 2, 14), CA-1588 
(ARS1413lmecZ-1 (20) (= 
rad53), 5: 6,36.9). (B) Cultures of 
isogenic ORC2+ (CA-1323) or 
orc2-1 mutant cells (CA-1591) 
carrving the ARS1413 tag, were 

Fig. 4. Constraint of origin A 
movement in S phase requires 
active DNA replication. (A) The .E 
number of large movements (2 
0.5 km) for ARS1413 or ARS4- 12 
908 has been quantified as in Fig. 2 
lE, in C,- and S-phase nuclei, g 
with addition of 2% DMSO 2 5 s 
0.2 M hydroxyurea (HU) or 500 9 
p.g/ml aphidicolin. Here, we indi- 
cate for each condition the site 5 4 
of the lac0P tag, host cell geno- 
type, cell cycle phase, the num- 2 
ber of movies analyzed and total 0 - (.I 

time in minutes: CA-1325 O F g 1 g 3  1 2  z o  z 3  
3 ;; $ s: s 5  z g  : n  ,$ (ARS4-908lwild type, C,: 10, 2 ~ : u = z Z ? ~  4 4 %  .X 

74.2; 5: 5, 32.5), CA-1323 
(ARS14131wild type, C,: 8, 59.9; G1 phase S phase 
S: 3, 14.4), CA-1325 (ARS4-9081 
wild type, S + HU: 5, 49.4), CA- 14- 

g r o k  i t  23"C, to 0.5 X 1z6 cells Gl S G, S GI S GI S 
ml-'. Time-lapse microscopy - - - -  
was done on half of the culture 0rc%123~c orc%13o0c ORC223eC ORC2 30°C 
at 23°C while half was shifted to 
30°C for 30 min and analyzed at 
30°C. Center of focus to nuclear center measurements were performed using Metamorph (Uni- 
versal Imaging Corporation) (1 1). Large movements were calculated as above, but in this experi- 
ment, C, daughter cells were not excluded from analysis. The 210% confidence levels are 
indicated as in Fig. lE, except for orc2-1 at 23"C, in which 25% variation is shown (25). Indicated 
here for each strain is the number of cells, and total imaging time in min: CA-1591/orc2-1 
(Cl/230C: 3, 11; S123"C: 3, 22.1), CA-1591lorcZ-1 (C1/3OoC: 5, 36.5; S/3O0C: 3, 21.7), CA-13231 
ORC2+ (Cl/23"C: 4, 38.3; S123"C: 3, 14.4), CA-1323/ORC2+ (C,/30°C: 3, 21.8; 5130°C: 4, 29.8). 

1323 (ARS1413lwild type, S + .c 
HU: 9, 55.9), CA-1323 2 12- 

even at 23"C, by destabilizing the conserved 
six-subunit ORC (22, 24). Indeed, when 
monitored for large chromatin movements of 
ARS1413, the orc2-1 mutant cells lose the 
suppression normally detected in S phase at 
either 23" or 30°C (Fig. 4B). Tracking data 
confirm that the distances moved by the 
tagged ARS1413 in the orc2-1 mutant in G, 
and S phases at 30°C are identical, whereas in 
isogenic ORC2 cells, the linear trajectory de- 
creases by -25% in S phase (25). 

We have documented a highly dynamic be- 
havior of interphase chromatin in yeast, which 
moves distances 20.5 pm within seconds. We 
establish that movements detected for different 
chromosomal domains have different degrees 
of constraints. Telomeres move significantly 
less than other regions, consistent with previous 
data suggesting that they are tethered to the 
nuclear periphery (3, 4). The amplitude of 
movement of nontelomeric chromatin appears 
to be modulated by both the metabolic status of 
the cell and DNA replication. This could either 
indicate that the viscosity of the nucleoplasm 
changes with the cell cycle or that the move- 
ment is propelled by an active mechanism, 
whose activity fluctuates. Alternatively, large 
replication complexes may impose additional 
sites of anchorage in S phase. The limited 
movement reported for interphase chromatin in 
the mammalian cells may reflect the scale on 
which such events have been previously mon- 
itored (1, 26). Whereas a movement of 0.6 pm 
covers nearly a third the diameter of the haploid 
yeast nucleus, it is only 1/30 of the diameter of 
a typical human cell nucleus (average 0 = 15 
to 20 pm). Given the speed of these move- 
ments, extremely rapid detection is required to 
accurately score the position of the tag. 

Nonetheless, the dynamics scored here in 
G hase nuclei may be a universal charac- 

1. 
tenstic of open chromatin (27), which con- 
stitutes 80 to 90% of the yeast genome. The 
constant sampling of local environment 
achieved by this movement may help regulate 
macromolecular interactions, as well as long- 
range sequence searching, like that associated 

ARS1413 
1 

I 
with homologous recombination, which is 
particularly efficient in yeast. The apparent 
energy-dependence of the movement may 
implicate ATP-dependent enzymes, such as 
RNA polymerases or chromatin remodeling 
complexes in chromatin dynamics. 
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Negative Regulation of Neural 

StemIProgenitor Cell 


Proliferation by the Pten Tumor 

Suppressor Gene in Vivo 


Matthias ~roszer , ' ,~ ,~  Rebecca a ricks on? 
Deirdre D. Scripture-Adams,' Ralf Lesche,'s2* Andreas Tr~rnpp,~ 

Jerome A. zack,'q6 Harley I. K~rnblum?~Xin Liu,'q4t 
Hong W U ' . ~ ~  

The mechanisms controlling neural stem cell proliferation are poorly under- 
stood. Here we demonstrate that the PTEN tumor suppressor plays an impor- 
tant role in regulating neural stemlprogenitor cells in vivo and in vitro. Mice 
Lacking PTEN exhibited enlarged, histoarchitecturally abnormal brains, which 
resulted from increased cell proliferation, decreased cell death, and enlarged cell 
size. Neurosphere cultures revealed a greater proliferation capacity for tripotent 
Pten-'- central nervous system stemlprogenitor cells, which can be attributed, 
at least in part, to a shortened cell cycle. However, cell fate commitments of 
the progenitors were largely undisturbed. Our results suggest that PTEN neg- 
atively regulates neural stem cell proliferation. 

The Pten tumor suppressor gene encodes the 
first phosphatase frequently mutated somati- 
cally in various human cancers, including 
glioblastoma (1). Besides carcinogenesis, 
Pten may play important roles in brain devel- 
opment, as suggested by its ubiquitous cen- 
tral nervous system (CNS) expression pattern 
in embryos (2, 3) as well as by neurological 
disorders associated with PTEN germ-line 
mutations in humans (4). However, the early 
embryonic lethality of conventional Pten-I- 
mice (5, 6) has precluded further studies of 
PTEN function during brain development. 

To explore PTEN's role in early brain de- 
velopment, we generated a conditional Pten 
knockout mouse by flanking exon 5, encoding 
the phosphatase domain of PTEN, with loxp 

of Pten, we generated Pten'""~l~~;Cre+l-
mice carrying a conventional exon 5 deleted 
allele (PtenA5) and a Pten1""p allele. No 
PTEN protein could be detected in the mutant 
brain (Fig. lC), indicating nearly complete 
Pten deletion. Pten deletion leads to hyper- 
phosphorylation of Akt and S6 kinase, 
known downstream effectors of phosphati- 
dylinositol 3-kinase (Fig. 1C) that have 
been implicated in neuron survival and cell 
cycle control (9). 

Examination of the P t e n ' " " ~ ~ ~ ~ ; C r e + ~ -
brain revealed a marked increase in brain size 
(Fig. ID). Measurements taken at E14, E18, 
and PO (birth) demonstrated continuous in- 
creases in brain weight and in the ratio of 
brain weight to body weight (Fig. lE, upper 

sequences (Pten'""~) (Fig. 1A). Pten'O~~l'o"~ panels). PO mutant brain weight and cell 
females were crossed with males carrying a 
nestin promoter-dnven Cre transgene (ere+'-) 
that is activated in CNS stedprogenitor cells at 
embryonic day (E) 9 or 10, resulting in almost 
complete gene deletion in the CNS by rnid- 
gestation (7, 8).In Pten'"'P1+;Cretl- mice, Cre- 
mediated deletion of the loxp allele (A5) was 
detectable in all neural tissues examined (Fig. 
lB, lanes 1 to 5). To ensure complete deletion 
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number were double those of wild-type con- 
trols (Fig. lE, upper and lower left), a differ- 
ence much greater than that seen in mice 
overexpressing BCL-2 (10) or in mice lack- 
ing p27 (1 1).Because deletion of Drosophila 
PTEN led to increased S6 kinase activity and 
enlarged cell size, we measured the cell size 
distribution in mutant brains by flow cytom- 
etry. Cells from Pten-I- brains were larger 
than those of controls (Fig. lE, lower right), 
providing evidence that PTEN regulates cell 
size in mammals. 

Mutant mice were born with open eyes 
(Fig. 1D) and died soon after birth. Histolog- 
ical analyses of newborn mutant brains 
Showed a proportional increase in overall 
brain structures, with no signs of hydroceph- 
alus (Fig. 2A). In the brainstem, nuclei in 
mutant animals were not easily identifiable 
(Fig. 2B). It is unclear whether specific nu- 
clei, such as CN7n (arrow), were missing or 
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