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Dynamics of inner kinetochore assembly
and maintenance in living cells

Peter Hemmerich, Stefanie Weidtkamp-Peters, Christian Hoischen, Lars Schmiedeberg, Indri Erliandri,

and Stephan Diekmann

Leibniz Institute for Age Research, Fritz Lipmann Institute, 07745 Jena, Germany

o investigate the dynamics of centromere organiza-

tion, we have assessed the exchange rates of inner

centromere proteins (CENPs) by quantitative micros-
copy throughout the cell cycle in human cells. CENP-A and
CENP-| are stable centromere components that are incor-
porated into centromeres via a “loading-only” mechanism
in G1 and S phase, respectively. A subfraction of CENP-H
also stays stably bound to centromeres. In contrast, CENP-B,
CENP-C, and some CENP-H and hMis12 exhibit distinct
and cell cycle-specific centromere binding stabilities, with
residence times ranging from seconds to hours. CENP-C and

Introduction

Cell division is a highly dynamic process in which the chromo-
somes are segregated in a coordinated way. The centromere is
the genetic locus required for precise and accurate chromo-
some segregation and provides a platform on which the kineto-
chore multiprotein complex assembles (Cleveland et al., 2003;
Amor et al., 2004; Chan et al., 2005). Accurate chromosome
segregation is essential for cell survival and aberrant mitotic
segregation can result in aneuploidy, cell death, or cancer
(Cimini and Degrassi, 2005; Kops et al., 2005). The six
“foundation” centromere/kinetochore proteins centromere pro-
tein A (CENP-A), CENP-B, CENP-C, CENP-H, CENP-I, and
hMis12 are known as components of the interphase centro-
meric chromatin. In addition, another set of 11 proteins asso-
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CENP-H are immobilized at centromeres specifically during
replication. In mitosis, all inner CENPs become completely
immobilized. CENPs are highly mobile throughout bulk
chromatin, which is consistent with a binding-diffusion
behavior as the mechanism to scan for vacant high-affinity
binding sites at centromeres. Our data reveal a wide range
of cell cycle—specific assembly plasticity of the centromere
that provides both stability through sustained binding of
some components and flexibility through dynamic ex-
change of other components.

ciated with this complex have been isolated recently (Foltz
et al., 2006; Izuta et al., 2006; Okada et al., 2006). Despite the
knowledge of the fundamental functions and the essential
components of the centromere, its assembly dynamics and
mechanisms are still poorly understood (Fukagawa, 2004;
Carroll and Straight, 2006; Vos et al., 2006; Schueler and
Sullivan, 2006).

With the exception of CENP-B, foundation kinetochore
proteins are found at all active but not inactive centromeres,
including neocentromeres (Saffery et al., 2000). Central to
centromere assembly is CENP-A, which replaces histone H3
at the centromeric nucleosome (Palmer et al., 1991; Sullivan
etal., 1994). CENP-A proteins, also referred to as cenH3s, are
present in all eukaryotes and their depletion leads to the mis-
localization of most other centromere proteins. These funda-
mental and conserved features of CENP-A for centromere
organization suggest that it is a key determinant not only for
kinetochore assembly but also for epigentic propagation of
centromere identity (Dunleavy et al., 2005; Bloom, 2007; for
review see Dalal et al., 2007; Morris and Moazed, 2007).
Unlike the four core histones, which are assembled just behind
the replication fork, CENP-A assembly in human cells occurs
uncoupled from DNA replication in early G1 (Shelby et al.,
2000; Verreault, 2003; Jansen et al., 2007). CENP-B binds
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sequence-specifically to the 17-bp CENP-B box within a subset
of a-satellite repeats in humans (Masumoto et al., 1989).
Although CENP-B is not essential for kinetochore function in
mouse cells (Hudson et al., 1998), results obtained with mam-
malian artificial chromosomes indicate that the CENP-B box
interaction plays a crucial role in the assembly of other kineto-
chore components on the alphoid DNA (Ohzeki et al., 2002).
CENP-C is an evolutionarily conserved centromere protein
(Tomkiel et al., 1994) that binds to centromeric DNA adjacent
to CENP-B in a sequence-independent manner (Sugimoto et al.,
1994; Politi et al., 2002). The requirement of CENP-A for
CENP-C (Howman et al., 2000) and the direct interaction be-
tween CENP-C and CENP-B (Suzuki et al., 2004) support a
model in which CENP-A, -B, and -C are tightly associated to
form centromeric chromatin (Ando et al., 2002). CENP-H was
identified as another essential component at vertebrate centro-
meres (Sugata et al., 2000; Fukagawa et al., 2001). CENP-I is
the human orthologue of the Schizosaccharomyces pombe Mis 6
protein, which is required for proper CENP-A localization and
mitotic progression (Takahashi et al., 2000; Liu et al., 2003).
In vertebrates, reciprocally, CENP-I recruitment to centromeric
chromatin is strictly dependent on the presence of CENP-A
(and CENP-H; Nishihashi et al., 2002). The human Mis12 pro-
tein (hMis12) is also a conserved centromere protein (Goshima
et al., 2003). As part of a four-subunit complex, hMis12 seems
to play an important role in the assembly of mitotic kineto-
chores because depletion of each of the components results in
misaligned chromosomes and defects in chromosome biorienta-
tion (Kline et al., 2006).

In recent years, it has been demonstrated that virtually
all aspects of nuclear function and organization are dynamic
(Houtsmuller et al., 1999; Misteli, 2001a; Hager et al., 2002;
Belmont, 2003; Sprague and McNally, 2005). FRAP experi-
ments of GFP-tagged proteins have revealed that nuclear pro-
teins only transiently interact with chromatin, typically with
residence times in the order of seconds. This dynamic behavior
is thought to play a major role in chromatin organization and
plasticity (Phair et al. 2004; Beaudouin et al., 2006). Fluo-
rescence correlation spectroscopy (FCS) is a single-molecule
technique that provides more local information and yields a
higher temporal resolution. FCS measures fluorescence fluctu-
ations induced by low numbers of diffusing fluorescent mole-
cules within a small confocal volume from which biophysical
parameters such as diffusion coefficients and concentrations
can be extracted (Weidtkamp-Peters et al., 2008). Because
the measuring time scales of FCS are orders of magnitude
shorter than with FRAP, combined application allows determi-
nation of the full spectrum of the dynamics of a nuclear protein
(Schmiedeberg et al., 2004).

Using quantitative FRAP and FCS, we have analyzed the
mobility of six human inner kinetochore proteins in living cells
to obtain insight into the dynamics of centromere assembly and
maintenance throughout the cell cycle. Our analyses indicate
that centromere integrity is built upon both a rigid core structure
comprised of CENP-A, -1, and -H and flexible components such
as CENP-B, CENP-C, and hMis12 that exhibit dynamic ex-
change at the centromere—kinetochore complex.

JCB « VOLUME 180 « NUMBER 6 « 2008

Results

Expression of GFP-tagged centromere
proteins in living cells

For live-cell experiments, GFP-tagged centromere proteins
were transiently (CENP-B, -C, -1, and hMis12) or stably (CENP-A
and CENP-H) transfected into HEp-2 or HeLa cells. Low-level
expressing cells in transient transfections exhibited no obvi-
ous abnormalities in chromosome movements and mitotic
progression as analyzed by time-lapse microscopy of dividing
cells, and stably transfected cells showed growth rates indenti-
cal to their parent cell lines (unpublished data). All fusion con-
structs localized at centromeres during interphase and mitosis
and were expressed as full-length proteins (Fig. S1, available
at http://www.jcb.org/cgi/content/full/jcb.200710052/DC1).
Collectively, these results demonstrated that the GFP-tagged inner
kinetochore fusion proteins behaved similarly compared with their
endogenous counterparts with regard to full-length expression
and constitutive localization at centromeres during the cell cycle.
To best represent the native proteins, cells with minimal expression
levels of the fusion proteins were generally chosen for live-cell
experiments throughout this study (Chen et al., 2005). Cell lines
stably expressing GFP-tagged CENP-A and CENP-H yielded pro-
tein dynamics identical to those measured in transiently transfected
cells (unpublished data).

CENP-A is assembled into centromeres
exclusively in G1

Using a newly developed live-cell labeling approach, Jansen
et al. (2007) have recently demonstrated that CENP-A is as-
sembled into centromeric chromatin of human cells in G1 phase
of the cell cycle. To investigate this assembly process in more
detail, we used long-term FRAP experiments. GFP—-CENP-A—
expressing HEp-2 cells were monitored during mitosis and
fluorescent centromeres were bleached at late mitosis/early G1
(Fig. 1). Fluorescence recovery at bleached centromeres was
observed after 30 min with a slow but steady increase over the
next 2 h (Fig. 1 A). The total number of fluorescent centromeres
was monitored during FRAP (Fig. 1 B). This analysis revealed
that our HEp-2 cell line contained an average of 65 centromeres.
This number decreased to 55 after bleaching a region contain-
ing ~10 centromeres and increased again to ~65 after 1 h,
thus indicating that all bleached centromeres had acquired
new GFP-CENP-A molecules. To determine if CENP-A load-
ing does also occur at other cell cycle phases, we cotransfected
GFP-CENP-A-expressing HEp-2 cells with a vector encoding
proliferating cell nuclear antigen (PCNA) in fusion with mono-
meric red fluorescent protein (mRFP). PCNA dynamically re-
distributes throughout S phase with the same dynamic pattern
of endogenous replication foci, allowing one to discriminate be-
tween early, mid, and late replication (Somanathan et al., 2001;
Sporbert et al., 2005). We did not observe any FRAP of GFP-
CENP-A—containing kinetochores during mid to late S phase,
when the replication foci were spatially associated with centro-
meres (Fig. 1 C). Similarly, there was no FRAP of GFP-CENP-A
in cells at the S/G2 boundary, when the last remaining repli-
cation foci were in the process of disassembly (Fig. 1 D), or
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Figure 1. CENP-A is loaded into centromeric chromatin
exclusively in G1 phase of the cell cycle. (A) Detection of CENP-A
incorporation during G1 by FRAP. GFP-CENP-A-expressing
HEp-2 cells were followed through mitosis and a FRAP experi-
ment was initiated at telophase by bleaching an area con-
taining approximately 10 centromeres (second from the top,
box 1). Images of GFP-CENP-A fluorescence (second from
the top) were captured as image stacks of confocal 3D
z-sectioning throughout the whole nucleus along with a differential
interference contrast (DIC) image before (pre), immediately
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prebleach postbleach 30 min 90 min 150 min

in cells that were followed through S phase into G2, when RFP-
PCNA distribution was only diffuse after disassembly of all rep-
lication foci (Fig. 1 E). FRAP of GFP-CENP-A was also not
observed in early S phase cells or at the G2/M boundary when
chromosomes showed the first signs of condensation before
mitosis (unpublished data). These data unequivocally confirmed
that incorporation of new CENP-A molecules into centromeric
chromatin is restricted to the G1 phase of the cell cycle in hu-
man cells (Jansen et al., 2007).

Using the same approach as for CENP-A (Fig. 1), we then
analyzed the dynamics of CENP-B, -C, -H, and -I at centro-
meres during all stages of interphase HEp-2 cells (Fig. S1).
The quantitation of these FRAP experiments is shown in Fig. 2.
For CENP-A, the FRAP bleach pulse was applied during cyto-
kinesis to allow monitoring of recovery into G1. GFP-CENP-A

pre post 30 60 90 120
time (min)

210 min

after (post), and at different later time points as indicated into
G1 phase. Rows 1 and 2 display enlarged views of bleached
and unbleached areas depicted in the second row, respec-
tively, followed over time. (B) All centromeres load CENP-A
during early G1. FRAP experiments as described in A were
quantitated for 10 HEp2 cells (+SD) with respect to the num-
ber of fluorescent centromeres during FRAP. (C-E) No CENP-A
loading into centromeres during S or G2 phase. GFP-CENP-A-
expressing HEp-2 cells were cotransfected with a plasmid
containing PCNA fused to the mRFP. FRAP of GFP-CENP-A
signals (green) was started in mid S phase when the centro-
meres were still associated with replication foci (red); in late
S phase, when replication foci started to disassemble from
centromeric chromatin (D); or after S phase into G2, when all
replication foci had just disassembled (E). Rows 1 and 2 each
show enlargements of bleached and unbleached regions over
time, respectively, marked with boxes in the respective row
above. Bars, 10 pm.

fluorescence recovery at centromeres was observed for a period
of 180 min, after which only little further recovery was observed
(Fig. 2 A). Fluorescence recovery reached a maximum of 47 +
12% (mean = SD, n = 20) after 4 h into G1 and did not increase
further (unpublished data). By fitting a monoexponential func-
tion to the FRAP curve, we determined a recovery half-time of
54 + 26 min for GFP—CENP-A. Quantitation of GFP—CENP-B
fluorescence recovery revealed that the complete CENP-B pool ex-
changed at centromeres within ~1 h during G1 and G2 (Fig. 2 B).
Because short-term FRAP experiments of GFP-CENP-B re-
vealed two differently mobile fractions (Fig. 3 A), the long-term
FRAP curves of G1 and G2 cells were fitted by biexponential
functions applying the residence time (1.68 + 0.07 min; Fig. 3 A)
and fraction (~80%; Fig. 3 A) of the fast component as con-
stant values. This revealed a residence time of 17 + 7 and 14 +
5 min for ~20% of the slow-exchanging CENP-B population in
G1 and S phase, respectively. In G2, 85 + 36% of the GFP-
CENP-B pool does not exchange at centromeres and for the
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exchanging population, we determined a residence time of
55 + 21 min (Fig. 2 B). This suggests that the majority of CENP-B
molecules become stably associated with centromeres before
progression into mitosis. GFP—-CENP-C exchanged completely
at kinetochores within 1 h in G1 and G2 cells (Fig. 2 C). Again,
short-term FRAP experiments revealed two differently mobile
populations (Fig. 3 B). Accordingly, the long-term FRAP data
were fitted with biexponential functions with fixed parameters
for the fast-exchanging CENP-C population (70%; residence
time, 3.75 + 0.17 min; Fig. 3 B). This revealed that ~30% of the
dynamically exchanging CENP-C pool at centromeres has a
residence time of 17 +7 min in G1 (17 £ 9 min in G2; Fig. 2 C).
During S phase, we observed only 5% fluorescence recovery of
CENP-C at centromeres and that this population had a residence
time of 55 = 11 min. CENP-H also displayed cell cycle—specific
exchange rates at centromeres. In G1 and G2, a large pool of
CENP-H (80 = 5% and 79 * 5%, respectively) was associated
with centromeres with a residence time of 71 += 9 and 74 +
10 min, respectively. Approximately 20% of CENP-H molecules
are stably incorporated into centromeres during G1 and G2 be-
cause these molecules did not show any exchange over 4 h of
FRAP observation (Fig. 2 D). This stable pool increased during
S phase to 75 = 6% and the remaining mobile pool has a resi-
dence time (77 + 34 min) comparable to the exchange rates de-
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termined in G1 and G2 cells (Fig. 2 D). Thus, similarly to
CENP-C, a substantial fraction of CENP-H is stably bound to
centromeres during DNA replication. In contrast to CENP-B
and CENP-C, however, a significant pool (~20%) of CENP-H
did not exchange at all at centromeres throughout the entire
interphase (Fig. 2 D). GFP-CENP-I showed no detectable fluo-
rescence recovery in G1 and G2 cells and only a maximum
recovery of 41 + 6% during S phase with a recovery half-time
of 67 £ 18 min (Fig. 2 E). Based on these FRAP results, we pro-
pose that CENP-I as well as CENP-A is at no time of the cell
cycle subject to any dynamic exchange at centromeres.

Fast exchange of hMis12 and a fraction of
CENP-B and CENP-C at centromeres

The fast recovery kinetics of CENP-B (in G1 and S) and CENP-C
(in G1 and G2) within the first 10 min of long-term FRAP
analysis indicated the existence of protein pools with higher
exchange rates (Fig. 2, B and C). This issue was addressed by
short-term FRAP experiments. Bleached GFP—CENP-B signals
recovered to ~80% of their initial fluorescence within 4 min
with only very little further increase (Fig. 3 A). This indicates
atleast two differently mobile CENP-B populations at centro-
meres. Monoexponential curve fitting revealed a residence
time of 101 + 4 s for the fast-exchanging CENP-B population.
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The slower component (~20%) was fixed as “immobile” but
represents the population quantitated in our long-term FRAP
(residence time, 17 = 7 min; Fig. 2 B). The same results were
obtained for GFP-CENP-B in S phase cells (unpublished data).
Thus, the complete pool of CENP-B turns over at centromeres
within 1 h during G1 and S phase, and this pool subdivides into
two populations, with centromere residence times differing by
one order of magnitude. Similarly, a fast-exchanging population
of CENP-C (~70%) had a residence time of 225 + 10 s at kineto-
chores in G1 and G2 cells (Fig. 2 and not depicted). We also
analyzed the centromere exchange dynamics of hMis12 in HeLa
cells. At all stages of interphase, the complete pool of centro-
mere-bound GFP-hMis12 exhibited a fast turnover with a resi-
dence time of 7.3 £ 1.9 s (Fig. 3 C, and not depicted). This high
exchange rate is not suggestive of a structural role but likely re-
flects an adaptor function for hMis12 at centromeres in human
interphase cells.

To further dissect the immobilization timing of CENP-C at cen-
tromeres during replication, FRAP was performed in HEp-2
cells coexpressing mRFP-PCNA. Early S phase cells are char-
acterized by the presence of hundreds of replication foci scat-
tered throughout euchromatin (Weidtkamp-Peters et al., 2006).
FRAP of kinetochore-bound GFP-CENP-C in such cells re-
vealed fast and complete recovery (Fig. 4 A). In mid S phase
cells, when the majority of centromere DNA is being replicated,
replication foci accumulate at the nuclear periphery and the cen-
tromeric heterochromatin surrounding nucleoli. In these cells,
FRAP was not detectable for GFP—CENP-C. In late S phase cells,

5 10 15 20 25 30 35 40
time (s)

replication foci disassemble after completion of DNA replication.
Similar to mid S phase cells, we did not observe fluorescence
recovery in these late S phase cells (Fig. 5 C). These experiments
demonstrated that in human cells, a CENP-C immobilization
mechanism exists that is initiated only in mid S phase and main-
tained until centromere DNA replication is finished.

Maximum FRAP recovery of CENP-A and CENP-I was <50%
even after 6 h of observation time (Fig. 2, A and I), which sug-
gests centromere incorporation of these proteins without ex-
change of already loaded molecules. We further investigated
this issue by performing two successive FRAP measurements
on the same centromeres. The complete set of GFP-CENP-A—
containing kinetochores within one telophase daughter cell was
bleached. After 2 h, the kinetochores of the bleached daughter
cell had recovered to 38 + 14% of prebleach fluorescence (Fig. 5,
A-C and L). An area containing 5-10 centromeres was than
photobleached for the second time (Fig. 5, C2 and D2). During
the second FRAP, exchange of already incorporated molecules
should become visible when fluorescence would recover to
prebleach levels of the second FRAP. However, 2 h after the second
bleach pulse, no or very little recovery was observed at double-
bleached centromeres (Fig. 5, E2 and L). During the same 2 h,
FRAP still occurred in the second daughter cell, thus demon-
strating that CENP-A incorporation was still active at that time
(Fig. 5, C1, DI, and El). A similar approach was applied on
EGFP-CENP-I-expressing cells during S phase (Fig. 5, F-K
and M). Similar to CENP-A, we could not detect CENP-I fluo-
rescence recovery at double-bleached centromeres after 4 h
(Fig. 5, K1 and M). These experiments confirmed the observations

CENTROMERE ASSEMBLY IN LIVING CELLS

1105

620z JequiedeQ 0 uo 3senb Aq 4pd-z5001 2002 A2l/0£0L LS L/L0L L/9/08 1 /4pd-8jo1e/qol/Bi0"sseidnu//:dny woly papeojumog



1106

Figure 4. Immobilization of CENP-C at centromeres during mid A
and late S phase. FRAP experiments were performed on HEp-2
cells coexpressing GFP-CENP-C and mRFP-PCNA at early (A),
mid (B), and late (C) S phase. Top rows, midnuclear confocal
sections. Bottom rows, enlarged views of areas containing the
bleached centromeres. Bars, 10 pm.

of the long-term FRAP studies shown in Fig. 2 and provide strong
evidence that both CENP-A and CENP-I are incorporated into
kinetochores without exchange of already loaded molecules.

We next determined the exchange dynamics of centromere pro-
teins at kinetochores during mitosis. Metaphase cells were
bleached in spots containing several kinetochores and fluo-
rescence recovery in the bleached area was monitored over time
by sequential imaging scans for 100 s (Fig. 6). Under these con-
ditions, GFP-CENP-A and GFP-CENP-C showed no FRAP at
all over a period of several minutes (Fig. 6, A and C), which is
similar to core histones (Chen et al., 2005). During the same
observation period, GFP-tagged CENP-B, -H, -I, and hMis12
displayed ~20% recovery within the bleached area. However,
the lack of fluorescence recovery at the bleached kinetochore
spots indicated that none of these centromere proteins do ex-
change with mobile nucleocytoplasmic pools during metaphase.
The reappearing diffuse fluorescence therefore represents freely
diffusing molecules. We did also not observe FRAP of these
centromere proteins at later stages of mitosis (unpublished
data). These analyses revealed that CENP-A, -B, -C, -H, and -I
stay or become stably incorporated into kinetochores during the
cell division period in which chromosomes become attached to
microtubules. Stable kinetochore binding during metaphase
was also reported for CENP-C, CENP-H, Nuf2, Hecl, Madl,
and Bubl (Howell et al., 2004; Shah et al., 2004) but not for
Mad2, BubR1, Bub3, Mpsl1, and CDC20 (Kallio et al., 2002;

2 min 4 min

6 min

Hori et al., 2003; Howell et al., 2004). Although hMis12 showed
rapid and complete turnover at centromeres within 1 min during
interphase (Fig. 3 C), this protein did not significantly exchange
with the soluble pool in metaphase cells (Fig. 6 F), which is
similar to observations of its orthologue Mtw 1p in Saccharomy-
ces cerevisiae (Joglekar et al., 2006). We conclude that hMis12
only loosely binds to centromeres during interphase but gets
stably incorporated during mitosis.

To address the molecular basis for stable CENP-B and CENP-C
binding to kinetochores, we performed FRAP on GFP-tagged trun-
cation variants. These analyses demonstrated that the centromere
localization domains of CENP-B and CENP-C are each necessary
but not sufficient for stable centromere binding (Fig. S2, available
at http://www.jcb.org/cgi/content/full/jcb.200710052/DC1).
We conclude that CENP-B and CENP-C exhibit multiple pro-
tein—DNA and protein—protein contacts to establish a stable
binding to centromeres, and proper binding requires the full-
length proteins.

FRAP methods failed to assess the kinetics of the low abundant
centromere protein pools in the nucleoplasm. We therefore ap-
plied FCS. In FCS, a low-intensity laser beam is directed though
a confocal setup into a defined measuring volume (Fig. 7 A, left).
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Figure 5. Double FRAP reveals a loading-

4
GFP-CENP-|

©

2

[&]

o

L

T _

2

[&]

o

O

c

5
80 80
< 60 < 60
[T T
X 40 X 40

20 20
0 — /e 0

]

only mechanism for CENP-A and CENP-I. GFP-
CENP-A fluorescence of a telophase daughter
cell (HEp-2) was entirely bleached (A and B).
After a recovery time of 2 h, a region con-
taining five centromeres was bleached for the
second time in the same daughter cell (C2 and
D2) and for the first time in the other daughter
cell (C1 and D1). FRAP within these regions
was then analyzed again after 4 h (E1 and
E2) along with an unbleached region within
the second daughter cell (E3). A similar ap-
proach was also applied to S-phase HEp-2
cells coexpressing GFP-CENP-l and RFP-PCNA
(F-K). (L) Quantitation of FRAP data obtained
for GFP-CENP-A from two successive FRAP
measurements as shown in A-E from at least
20 cells each. (M) Quantitation of FRAP data
obtained for GFP-CENP- from two successive
FRAP measurements as shown in F-K from at
least 30 cells each. Bars, 10 pm.
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During the measurement, no detectable fluorescence loss by
the FCS laser was observed (Fig. 7 A, right). Photons emitted
from fluorophores diffusing through the confocal volume were
counted over time (Fig. 7 B) and the photon count rate was then
subjected to autocorrelation and fitting to appropriate diffu-
sion models (Fig. 7 C), from which the diffusion coefficients
and anomalous diffusion parameter were determined (Fig. 7,
D and E). For fitting, we used the anomalous diffusion model
because (a) it gave more consistent results than other models
based on free or one-dimensional diffusion, (b) it was always

1'FRAP

2" FRAP

adequate to fit the data, and (c) it gave a diffusion coefficient
and an anomalous diffusion parameter («) for our control protein
GFP that were in perfect accordance to previously published
data (Wachsmuth et al., 2000). Furthermore, we determined that
a = 0.73 for GFP in the nucleus, which is close to a limit value
of 0.75 for proteins in solutions similarly crowed as the nucleo-
plasm (Hancock, 2004; Banks and Fradin, 2005). a describes
the degree of obstruction by the medium (Saxton, 2001). Under
conditions of free diffusion, i.e., in buffer solutions, o = 1 but
decreases continuously with increasingly crowding conditions
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Figure 6. Dynamics of centromere proteins
during mitosis. GFP-tagged centromere pro-
teins were expressed in HEp-2 cells and ana-
lyzed by FRAP during mitosis. Circles indicate
areas of bleaching and fluorescence recovery
measurement. Quantitation of fluorescence
recovery over time for each protein during
mitosis and interphase is shown on the right.
Recovery curves represent mean values from at
least 10 measurements. The SD in these short-
term FRAP experiments was <10% in the case
of GFP-CENP-A, GFP-CENP-C, GFP-CENPH,
and GFP-CENP- and <15% for GFP-CENP-B
and GFP-hMis12. Bars, 10 pm.

and increased obstacle concentration. Both the diffusion co-
efficients and the anomalous diffusion parameters of GFP-
tagged centromere proteins were significantly smaller than
those of GFP alone (Fig. 7, D and E). Our data indicate an
obstructed, diffusional behavior of centromere proteins out-
side centromeres

Understanding centromere assembly and function requires de-
tailed knowledge of its components, interactions, and dynamic
coordination to form a functional unit. In this study, the intra-
nuclear dynamics and chromatin binding stabilities of six centro-
mere proteins were assessed in living human cells. These analyses
revealed unexpectedly complex and dynamic changes within the
centromere throughout cell cycle progression (Fig. 8).

CENP-A replaces histone H3 at centromeric nucleosomes,
where it has unique properties essential for centromere func-
tion (for review see Dalal et al., 2007). Unlike the replicative
variants H3.1 and H3.2, which are incorporated into chroma-
tin exclusively during S phase of the cell cycle (for review see
Loyola and Almouzni, 2007), CENP-A loading into centro-
meric chromatin occurs exclusively during the early hours of
G1 in human cells (Fig. 1; Jansen et al., 2007). The data given

)
"0 20 40 60 80 100
time (s)

- e e

20 40 60 80 100

time (s)

20 40 60 80 100
time (s)

P
20 40 60 80 100
time (s)

i et iarnaPalty
|t

20 40 60 80 100
time (s)

s ST
e
o
o I8 = hMis12 mitosis
o hMis12 interphase

20 40 60 80 100
time (s)

here fully support these findings. The complete lack of any
GFP-CENP-A FRAP in S or G2 phase or at metaphase also
confirms that no second CENP-A loading pathway exists in
human cells. Our FRAP experiments yielded a higher tempo-
ral resolution than the previously used SNAP tag approach
(Jansen et al., 2007) and indicated that CENP-A incorpora-
tion at kinetochores lasts for ~3—4 h in HEp-2 or HeLa cells
(Fig. 3 A). Our double FRAP analysis also revealed that CENP-A
incorporation occurs without dynamic exchange of already
loaded molecules, a phenomenon that we referred to as a load-
ing-only mechanism (Fig. 5). Strikingly, CENP-A loading in
living Drosophila melanogaster embryos also initiates at ana-
phase but is completed within 2 min (Schuh et al., 2007).
We would like to point out that CENP-A loading immediately
after chromosome segregation may be a common feature but it
is certainly not universal because an alternative loading path-
way was suggested for fission yeast (Takahashi et al., 2005),
and it was demonstrated for Arabidopsis thaliana that CENP-A
incorporation occurs mainly during G2 (Lermontova et al., 2006,
for review see Dalal et al., 2007).

CENP-B specifically binds to a 17-bp DNA motif known as
the CENP-B box, which is present in human a-satellite DNA
(Masumoto et al., 1989). The presence of two CENP-B popula-
tions with different residence times indicates two modes of
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retention of CENP-B in G1 and S phase cells: one probably di-
rectly at the high-affinity CENP-B box and the other probably
at adjacent centromeric DNA after saturation of the CENP-B
boxes. In G2 and M phase, the majority of CENP-B is stably in-
corporated into the centromere complex (Fig. 8). This switch
may reflect a change in the core architecture of the centromere—
kinetochore complex in preparation for the mitotic require-
ments of this complex that is attributable to CENP-B’s ability to
organize arrays of centromere satellite DNA into a higher or-
der structure by nucleosome positioning (Yoda et al., 1998).
Centromere immobilization in G2 was not observed with the
isolated DNA-binding motif of CENP-B, which lacks the
C-terminal homodimerization domain (Fig. S3, available at http://
www.jcb.org/cgi/content/full/jcb.200710052/DC1). Thus, homo-
typic interactions are essential for the increased centromere
binding stability of CENP-B in G2.

CENP-C is downstream of CENP-A but is required for the as-
sembly of most other centromere components (Kwon et al.,
2007). This function may be performed by the fast-exchanging
CENP-C population during G1 and G2, which could act as a
mediator to attract freely diffusing downstream components to
the centromere. A remarkable finding was the observed immo-
bilization of CENP-C specifically through mid to late S phase
(Fig. 8). During this period of genome duplication, the vast ma-
jority of centromeric DNA is replicated (Ten Hagen et al., 1990;
Weidtkamp-Peters et al., 2006). It is therefore tempting to spec-
ulate that CENP-C mediates a functional interaction between
centromere DNA and the replication machinery by providing a
stable platform for interaction partners of this complex. Reduced
CENP-C levels cause destabilization of hMis12 but not CENP-H
on interphase kinetochores (Liu et al., 2006; Kwon et al., 2007),
which probably reflects their very fast and very slow centro-
mere exchange rates, respectively.

Although cell cycle—dependent amounts of CENP-H slowly
exchanged at centromeres with a residence time of ~75 min, at
least 20% of the CENP-H population was stably bound through-
out the complete cell cycle (Fig. 8). Presumably, this stably
bound CENP-H pool exchanges with the more loosely bound
fraction, although such a turnover could not be directly de-
tected in our 4-h FRAP analyses. Considering this incorpora-
tion mode and its self-interaction capacity (Sugata et al., 2000),
the stable CENP-H population may act as a glue that stabilizes
the inner kinetochore scaffold. The mobile fraction may func-
tion as an adaptor for the recruitment of further centromere
components downstream, and, as in the case of CENP-C and
CENP-I, even upstream of the kinetochore assembly pathway
(Nishihashi et al., 2002). The increase in kinetochore-binding
stability of CENP-H during S phase resembles CENP-C
immobilization during replication and suggests that CENP-H
may also function to connect centromere chromatin with the
replication machinery.
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Figure 7. Individual diffusional behavior of kinetochore proteins outside
centromeres. (A) Midnuclear confocal section of an HEp-2 cell stably ex-
pressing GFP-CENP-A before and after the FCS measurement. The cross
indicates the position of the FCS laser beam. Dotted lines indicate the
periphery of the nucleus. (B) Count rate trace of the FCS measurement
shown in A. (C) Diagram showing the autocorrelation data obtained from
FCS count rafe traces of GFP-CENP-A (blue). Data were fitted using an
anomalous diffusion model (red). (D and E) Diagrams showing the diffusion
coefficients (D = SD, obtained from FCS measurements of at least 30 cells)
and the anomalous diffusion parameter (o + SD) of centromere proteins.
Data obtained with a control construct consisting of GFP fused to a nuclear
localization signal (NLS) are also shown. Bar, 5 pm.
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Figure 8. A kinetic framework for centromere assembly. Relative amounts
of different nuclear pools of centromere proteins are plotted against cell
cycle progression. “Dilution” refers to depletion of centromere-bound
CENP-A and CENP-l during DNA replication because these proteins do
not dynamically exchange. Hence, FRAP of CENP-A and CENP- in G1
and S phase, respectively, can be regarded as “loading.” “Stably bound”
and “dynamic exchange” indicate those relative populations of centromere
proteins exhibiting no exchange over hours or complete turnover within
seconds or minutes at kinetochores, respectively. M, G1, S, and G2: re-
spective phases of the cell cycle.

CENP-I carries features of an epigenetic
centromere mark

It came as a surprise that GFP—CENP-I did not show any FRAP
during G1 and G2 phase (Fig. 8). The only fluorescence recov-
ery was observed during S phase and was <50% of prebleach
levels. This suggests that CENP-I is permanently bound to cen-
tromeres and that new CENP-I molecules are loaded onto the
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complex only during replication. Similar to CENP-A loading,
CENP-I incorporation occurred via a loading-only mechanism
(Fig.5). Thus, CENP-Iloading is similar to histone H3 incorpora-
tion (Kimura and Cook, 2001) in that it occurs coreplicationally,
presumably by immediate fill-in of vacant CENP-I sites during
DNA synthesis. CENP-I's sustained centromere binding very
likely contributes to a stable inner centromere architecture
throughout the complete cell cycle. CENP-I stability at chroma-
tin is even more permanent than the cohesion—chromatin inter-
action that is stabilized only after replication is finished (Gerlich
et al., 2006). The sustained presence of CENP-I and a subfrac-
tion of CENP-H at the kinetochores may help to explain why,
even after complete depletion of CENP-A, a few chromosomes
still retain some kinetochore staining for CENP-I and CENP-H.
(Régnier et al., 2005). Epigenetics, in a broad sense, is defined as a
phenomenon that changes the final outcome of a locus or chromo-
some without changing the underlying DNA sequence (Goldberg
et al., 2007). The epigenetic marking of the centromere is be-
lieved to be conveyed by CENP-A because it is required for the
association of all other kinetochore proteins (Dunleavy et al.,
2005; for review see Dalal et al., 2007) and because of its
sustained presence at centromeres without dynamic exchange
(Fig. 8). CENP-I fully shares this latter feature with CENP-A,
which leads us to propose that CENP-I may support CENP-A
in propagating centromere identity. Dawe and Henikoff (2006)
recently argued that DNA sequence-specific centromere proteins
are evolutionary unstable because they could enable unwanted
changes in kinetochore size. They conclude that centromere pro-
teins have evolved that disrupt sequence specificity to restore
epigenetic inheritance (Dawe and Henikoff, 2006). We suggest
CENP-I as a prime candidate for such an adaption.

Immobilization of hMis12 during mitosis

FRAP of hMis12 revealed high turnover at centromeres during
interphase (residence time, 7.3 = 1.9 s) with no immobile frac-
tion supporting the recent notion that this protein is probably
not constitutively associated with centromeres (Liu et al., 2006).
During metaphase, hMis12 showed no FRAP at centromeres,
which suggests stable interactions with other kinetochore- or
microtubule-interacting proteins, or both. A previous study pro-
posed that Mis12 regulates the rate and extent of outer kineto-
chore assembly because it was not strictly required to form stable
kinetochore-microtubule attachments (Cheeseman et al., 2004).
In hMis12-depleted human cells, however, the chromosomes do
not align anymore at the metaphase plate, a mitotic phenotype
consistent with impairment of the kinetochore—microtubule
connection (Goshima et al., 2003). Combined with our observa-
tion of stable association of hMis12 at metaphase kinetochores,
we suggest a more structural role for Mis12 in human cells that
may physically contribute to the mechanical stability between
kinetochores and microtubules.

Distinct diffusional behaviors of inner
kinetochore proteins outside centromeres
The nucleoplasmic pools of the GFP-tagged CENPs and hMis12
showed protein-specific anomalous diffusion characteristics.
In agreement with previous analyses (Banks and Fradin, 2005),
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we find an anomaly parameter of a = 0.73 for GFP alone in the
nucleus, although the anomalous diffusion parameters deter-
mined for GFP-tagged centromere proteins were well below this
value. Although our data were fitted perfectly using one diffusion
and one triplet term, and hence not of a quality to allow an addi-
tional binding term, these observations strongly indicated tran-
sient binding events throughout the chromatin area. We would
like to point out that (a) consistent results were obtained at differ-
ent x, y, and z positions and hence throughout different parts of
chromatin and (b) that examination of the centromere itself led to
a strong bleaching indicative of immobile proteins (unpublished
data). Because this was not observed throughout the chromatin
space devoid of centromeres, the respective CENP proteins still
have a high enough mobility to escape bleaching. In addition, the
diffusion coefficients of centromere proteins ranging between
0.08 + 0.04 um?/s for CENP-C and 3.19 = 0.18 um?/s for CENP-H
were too slow to account only for diffusion barriers based on the
size of the fusion proteins in comparison to GFP. Our data there-
fore clearly indicate an obstructed, diffusional behavior of centro-
mere proteins outside centromeres that allows these proteins to
“scan” the nucleus in search of their appropriate binding sites at
the centromere without the need for directional transport.

A dynamic centromere throughout

the cell cycle

A “prekinetochore” complex consisting of CENP-A, -B, -C,
and the CENP-H-CENP-I complex is believed to provide the
platform for recruiting other kinetochore proteins (Ando et al.,
2002; Schueler and Sullivan, 2006; Alonso et al., 2007). This
view is supported by these proteins’ ability to directly associate
with centromeric DNA and by our FRET analyses, which reveal
distinct interactions between specific CENPs in living cells
(Orthaus et al., 2007). This model predicts tight mutual and co-
operative interactions of the component parts involving multiple
binding contacts to form a stable unit. This assumption is sup-
ported by our observation that full-length CENP-B and CENP-C
proteins are necessary to convey centromere binding stability
(Fig. S2). At the same time, this stability is achieved although
CENP-B, CENP-C, and subpopulations of CENP-H dynami-
cally exchange at centromeres in a cell cycle-dependent man-
ner (Fig. 8). The transient nature of these interactions may
provide a mechanism to integrate signals into the complex
whenever appropriate during interphase, e.g., during the virus-
induced interphase centromere damage response (Morency et al.,
2007), the apoptosis-induced functional interplay between the
chromosomal passenger complex and CENP-C (Faragher et al.,
2007), or the as yet ill-defined connection between centromeres
and nucleoli (Ochs and Press, 1992; Pluta and Earnshaw, 1996;
Okada et al., 2006). However, the marking of the centromere for
CENP-A incorporation in early G1 may require, in addition to
the transiently binding loading factors hMis18a, hMis18f3,
and M18BP1/KNL2 (Fujita et al., 2007; Maddox et al., 2007),
stably associated “platform” proteins such as CENP-I and
CENP-H. In fact, it was these two proteins that have recently
been demonstrated to be essential for loading of newly synthe-
sized CENP-A into centromeric chromatin (Okada et al., 2006).
During mitosis many (but not all) centromere proteins investigated

so far are stable elements at kinetochores (Fig. 8; Kallio et al.,
2002; Hori et al., 2003; Howell et al., 2004), likely reflecting the
demand for a rigid centromere—kinetochore structure to trans-
duce the pulling forces onto the chromosome during mitotic
segregation. It will be important to assess the binding character-
istics of all centromere components at the mitotic kinetochore,
a task we are currently pursuing.

Implications for the concept of

nuclear dynamics

Chromatin-binding proteins are highly dynamic, they roam the
nucleus in an energy-independent manner in search for high-
affinity binding sites (Misteli, 2001a), and their residence times
on chromatin are typically on the order of several seconds (Phair
et al., 2004; Beaudouin et al., 2006). This dynamic behavior is
thought to play a major role in generating combinatorial protein
complexes on chromatin, providing a mechanism to finely regu-
late transcription, chromatin organization, and genomic plastic-
ity. Our FCS data demonstrate that centromere components share
these high mobility properties with chromatin-binding proteins
within the nuclear compartment outside centromeres but not at
the centromere. Some component parts of the centromere do not
rapidly exchange with soluble pools but are extremely stable.
Other rare examples of stable chromatin binding include core his-
tones and cohesins (Kimura and Cook, 2001; Gerlich et al., 2006).
Binding of CENP-A, CENP-I, and a subpopulation of CENP-H
to centromeres is so tight that it likely persists into the next cell
cycle, a phenomenon that has so far only been reported for com-
ponents of the nuclear pore complex and the nucleosome (Kimura
and Cook, 2001; Rabut et al., 2004). Thus, although dynamic
interaction appears to be a general property of chromatin-binding
proteins, it is certainly not universal. Conceptually, centromeres
could acquire overall stability from dynamic parts based on self-
organization (Misteli, 2001b). Obviously, however, the functional
and epigenetic demands of chromosome maintenance and segre-
gation required the establishment of a structurally rigid entity at
the centromeres on human chromosomes.

Materials and methods

Plasmids

The plasmid pGFP-AF8-CENP-A vector encoding a GFP-CENP-A fu-
sion protein (Wieland et al., 2004) was a gift of K. Sugimoto (Osaka
University, Osaka, Japan). Full-length hMis12 ¢cDNA was amplified
by PCR (Expand High Fidelity™ S PCR System; Roche) from plasmid
IRAUp969C0611D6-pOTB7 (imaGenes). The PCR fragment was sub-
cloned into the EcoRI-PspOM I sites of a pGFP-C3 vector (Clontech Labora-
tories, Inc.). Fulllength CENP-B was amplified by PCR from pT7.7/CENP-B
(a gift from W. Earnshaw, University of Edinburgh, Edinburgh, UK) and
cloned into the EcoRI-Sall sites of the pGFP-C2 vector. Plasmid pCBS56T
encoding GFP tagged to the DNA-binding domain of CENP-B was a gift of
K.F. Sullivan (National University of Ireland, Galway, Ireland). Full-length
CENP-C (aa 1-943) and three subfragments (aa 1-315, aa 315-635,
and aa 635-943) were amplified by PCR from pTCATG recombinant plas-
mid (provided by W. Earnshaw) containing the entire human CENP-C—~coding
region. The PCR fragments were subcloned into the Xhol-PspOM! sites of
pGFP-C2 vector. FulHength CENP-l was obtained from T. Yen and S. Tao
(Fox Chase Cancer Center, Philadelphia, PA), amplified by PCR, and sub-
cloned as a Xho-PspOMI fragment into pGFP-C2. All plasmids were verified
by sequencing (MWG Biotech). The vector pEN-mRFP-PCNA-2 encoding a
functional PCNARFP fusion (Sporbert et al., 2005) was a gift of C. Cardoso
(Max Delbriick Center for Molecular Medicine, Berlin, Germany).
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Western blots

Whole cell extracts were produced from transiently or stably transfected cell
lines, electrophoresed on SDS-PAGE, and transferred to a Profran nitrocellu-
lose membrane (Whatman). Membrane was incubated strip-wise with pri-
mary antibodies (in PBST) and developed with a peroxidase-conjugated
secondary species-specific antibody (Jackson ImmunoResearch Laboratories).
Signal was defected using the ECL reagent (GE Healthcare) on imaging film
(Biomax; Kodak). Anti-GFP antibody was from obtained from Santa Cruz Bio-
technology, Inc.

Cell culture and transfection

HEp-2 cells obtained from the American Type Culture Collection were cultured
in DME supplemented with 10% fetal calf serum in a 10% CO, atmosphere
at 37°C. For live<ell imaging experiments, cells were seeded on 42-mm glass
dishes (Helmut Saur Laborbedarf) and transfected with plasmid DNA 1-2 d
before observation using FUGENE 6 transfection reagent (Roche) according
to the manufacturer’s instructions. Stable cell lines were seeded similarly with-
out transfection. A Hela cell line stably expressing YFP-CENP-H was a gift of
I. Cheeseman (University of California, San Diego, La Jolla, CA).

Immunocytochemistry and microscopy

Hela or HEp-2 cells grown on 15-mm-diameter coverslips were fixed with
4% formaldehyde for 10 min and permeabilized with 0.25% Triton X-100
for 3 min. A monoclonal antibody against CENP-A (MBL International) or
a guinea pig serum against the CENP-C (a gift of K. Yoda, Nagoya Univer-
sity, Nagoya, Japan) was incubated with the cells for 45 min. After wash-
ing steps with PBS, the secondary antibody against mouse IgG coupled to
rhodamine (Jackson InmunoResearch Laboratories) was incubated with the
cells for 45 min followed by a DNA=staining step using ToPro3 (Invitrogen)
for 10 min and mounting with Prolong Gold antifade mounting medium (In-
vitrogen). For microscopy, a laser scanning confocal microscope (LSM 510
Meta; Carl Zeiss, Inc.) was used as described previously (Weidtkamp-
Peters et al., 2006).

FCS measurements

FCS measurements were performed at 37°C on an LSM 510 Meta/Confo-
cor2 combi system (Carl Zeiss, Inc.) using a C-Apochromat infinity-corrected
1.2 NA 40x water objective (Carl Zeiss, Inc.). With this setup, a spot on
a previously scanned image of a cell can be selected for the FCS mea-
surement. GFP-tagged proteins were illuminated with the 488-nm line of a
20-mW argon laser (Carl Zeiss, Inc.) with 4.3-A tube current attenuated by
an acousto-optcal tunable filter to 0.1%. The detection pinhole had a diam-
eter of 70 pm and emission was recorded through a 505-nm-long path fil-
ter. For the measurements, 10 x 30 time series of 10 s each were recorded
with a time resolution of 1 ps and then superimposed for fitting to an anom-
alous diffusion model in three dimensions with triplet function (Schwille
et al., 1999; Saxton, 2001) using Origin software (OriginLab). The diffu-
sions coefficients and anomaly parameters were extracted from fit curves
as described previously (Schmiedeberg et al., 2004).

FRAP

FRAP experiments were performed on a confocal microscope (LSM 510
Meta; Carl Zeiss, Inc.) using a C-Apochromat infinity-corrected 1.2 NA 40x
water objective and the 488-nm laser line for GFP. 5 or 10 images were taken
before the bleach pulse and 50-200 images after bleaching of two to four
centromeres of a nucleus with an image acquisition frequency of 0.5-1
frame/s at 0.05% laser transmission to avoid additional bleaching. During
shortterm FRAP experiments, the pinhole was completely opened to increase
low fluorescence intensities and ensure total bleaching of centromeric spots in
the nucleus. In long-term FRAP experiments, the pinhole was adjusted to 1 airy
unit and image stacks were taken at time infervals as indicated. Quantitation
of relative fluorescence intensities was done according to Schmiedeberg et al.
(2004) using Excel (Microsoft) and Origin software. Recovery halftimes and
residence times were determined from FRAP data as described previously
(Bulinski et al., 2001; Schmiedeberg et al., 2004).

Online supplemental material

Fig. S1 shows the characterization of GFPtagged centromere proteins in
HEp-2 cells. Fig. S2 shows that the centromere-targeting domains of CENP-B
and CENP-C are necessary but not sufficient for stable binding to centro-
meres in living cells. Fig. S3 shows the dynamics of CENP-B, -C, -H, and I
at the centromere during interphase. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /jcb.200710052/DC1.
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