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In cell nuclei or mitotic chromosomes, long strings of genomic DNA are organized
three-dimensionally to perform genome functions during cellular proliferation,
differentiation, and development. The DNA is wrapped around histones, forming a
nucleosome structure. The nucleosome had been assumed to be folded into a 30-nm
chromatin fiber and other helical folding structures. However, recent studies,
including our cryo-microscopy (cryo-EM) and synchrotron X-ray scattering analyses,
have shown almost no visible 30-nm chromatin fibers or other regular structures in
interphase nuclei and mitotic chromosomes. This suggests that chromosomes consist of
irregularly folded nucleosome fibers comprising a polymer melt-like structure. Thus,
nucleosome fibers may be constantly moving and rearranging at the local level. These
local nucleosome dynamics could be crucial for various genome functions.

I studied the dynamic aspects of nucleosomes in living cells. Because the dynamic
chromatin environment in living cells is difficult to study using traditional
fluorescence and electron microscopy, I used, with the help of my collaborators, a
combination of fluorescence correlation spectroscopy (FCS), single molecule imaging,
and Metropolis Monte Carlo computer simulations. _

First, to determine the chromatin environment in living cells, I employed FCS using
free enhanced green fluorescent proteins (EGFPs). FCS detects the Brownian motion of
free EGFPs in a small detection volume based on fluorescence intensity fluctuations
and provides the diffusion coefficient (D) of the EGFPs, which indicates how far the
molecules can move in a particular time. Thus, D gives useful information on their
environment, with a smaller D indicating that the molecule exists in a more crowded
environment, and vice versa. I measured Ds of EGFP-monomer, -trimer, or -pentamer
molecules in interphase chromatin and mitotic chromosomes. Unexpectedly, D in
mitotic chromosomes was quite comparable to that in interphase chromatin, thus
suggesting that protein mobility in interphase chromatin and that the mitotic
chromosome is comparable.

Next, based on the physical parameters obtained via FCS, the chromatin environment
in silico was reconstructed using the Metropolis Monte Carlo method to simulate EGEFP
behavior under various chromatin conditions.. To simulate the diffusion of EGFP
pentamers from the Stokes—Einstein relation, I represented EGFP-pentamer
molecules as 13-nm-diameter green balls. Nucleosomes were represented as
10-nm-diameter red balls and fixed in a space at a concentration of 0.1 or 0.5 mM. The
0.5-mM condition corresponded to mitotic chromosomes and likely interphase
heterochromatin. In the environment with 0.1-mM red balls under a fixed condition,
the green balls moved around quite fieely. However, Witl“). 0.5-mM fixed red balls, which
represented a dense heterochromatin or chromosome environment, green balls could

not move far from their starting position and were trapped in a confined space.
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Although this simulation suggested that EGFP pentamers in fixed chromatin
environments cannot move around freely, it was inconsistent with FCS measurements
in the living chromatin environment, in which the apparently free diffusion of EGFP
pentamers was observed.

To determine the conditions that could recapitulate the observations in vivo, next a
simulation with fluctuating red balls was performed. Each red ball acted like “a dog on
a leash,” being set in random motion within a certain distance range from the origin.
In this dynamic chromatin environment, the green balls appeared to diffuse ffeely,
even with 0.5-mM red balls. Strikingly, a 20-nm maximum displacement of red balls
was sufficient for green balls to diffuse freely in the chromatin environment. This
finding suggests that the dynamic fluctuation of nucleosomes facilitates the free
diffusion of proteins in a compact chromatin environment, such as that in mitotic
chromosomes, as well as dense heterochromatin. ‘

An obvious next question was whether the nucleosome fluctuations predicted by the
simulation occur in living cells. Therefore, I performed single-particle imaging of
nucleosomes in living cells. I fused photoactivatable (PA)-GFP with histone H4, which
is a stable core histone component, and then expressed the fusion protein in cells at a
very low level. For single nucleosome imaging, I used highly inclined and laminated
optical sheet (HILO) microscopy. Unexpectedly, I found that a very small number of
PA'GFP‘H4S in the stable cells spontaneously activated without laser activation and
could be observed as dots. With this imaging system, I recorded nucleosoin‘e signals in
interphase chromatin and mitotic chromosomes at a video rate of ~30 ms/frame as a
movie. The averaged displacements (movements) in 30 ms in interphase chromatin and
mitotic. chromosomes were 51 and 59 nm, respectively, and showed a similar
fluctuation in both interphase and mitotic chromatin. Since the displacements of
fluorescent beads on the glass surface or in cross-linked nucleosomes in
glutaraldehyde-fixed cells were much smaller than those observed in living cells, I
concluded that the majority of the displacement came from the movement of
nucleosomes in living cells, and not from the drift of the microscopy system..

Last, I examined whether local nucleosome dynamics drive chromatin accessibility or
targeting in dense chromatin regions. To do so, I used immunostaining of condensin in
mitotic chromosomes as a model system in dense chromatin regions. Immunostaining
signals demonstrated that the antibodies (150 kDa, >15 nm) targeted the condensin
complexes in the chromosome axes. Although I detected antibody signals in the
chromosome axes of non-fixed cells, far fewer were observed in g'lutaraldehyde‘-ﬁ)-(ed
cells. This finding is consistent with the previous results and indicates that tight
cross-linking of nucleosomes blocks antibody accessibility and targeting.

In this study, I.showed that interphase chrofnatin and dense mitotic chromosomes have
. compérable protein diffusibility. In both chromatins, I observed a novel local dynamics

of individual nucleosomes (~50 nm movement/30 ms) caused by Brownian motion. The

— 163 —



inhibition of this local dynamics by cross-linking impaired diffusibility and targeting
efficiency in dense chromatin regions. I propose that this local movement of

nucleosomes is the basis for scanning genome information.
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RAERIR/NERBATHIX I VE Y —ABRERLEARCHRBELLTVIEEL T,
ERFNmm O/ nvF UV RH#ETHEREINL TR EWVWIBEETAVNREEIh, BEKEL
RITANDNTVND, TOETFTNVZBWT, SR APLEEITZ O 30nm 7 v < F U BHEMN
BREAWRIZEINT 100nm DBEHEE 2 < 9. D& 200-250nm, & 51X 500-750nm
EHRHELWLRAROEEHE (BAHAAEE) 2R THILEEILRLTNS, LIL,
EEXBRBEASCEFRBEOBREC Lo TX 7 VA Y — 2 BRH#EOFEELFT [EE 1lom
OS] BEBEETEDN, FHO EE30nm D7 uvF Ui E) IBEETERNWT
Enb, BEEORAMKIZIE 30nm 7 o~ F URHEBEITEL . X7 VA Y — ABRHENE
DR ARHAZA SN RBTREBEIFEL TN EWVWIETILRERINTWV S,
IDHETNVICEINIE, 7a~vF UBRBEEREZONTELLY VBN CEHREICED
T Chs, ARLCTHREIZOIAIE., TOEFVEETFET B D0, £ X oY
AEERVCTREND /o~ F U BkOBN R T2 EBOICMATT S Z L2 BIEL
72,

EEMETORGERELBET 50, WHBHENNE FCDRH AL, &
DIFEGEEREBRE CHNEBROEADELZENE L, TOXKREOPLELZHEL
EBROBRELZ2EERLTLHILOTHD, KR TIIELDEICE AR S 7 (EGFP)
RV, FCS TRHE/NEIRTOBEITETHEN, ThThe hOREKIFINESTE
B, REERKENWIL L THONAL Y R a v OBEMBEEY 2L CoOMES
TR L7, &7 EGFP 2 BB T 2 M EZ/ER L., M s SR REENTO EGFP O %
FEHEZEBRE L, MK OEMORGEOEFENERZ L EDLLP, ZOFKET
/oo EGFP OLBMAREIT, ML a8 P oREETLZNIZEEDLRVEVI b
DTHoT (15-200m¥s), ZDFHERIT. AR ML EEFIFRECERL VB EEXLRS
B, FUNTHITHBROBBRIZIERTAZEERBR LE, RIZ, BEMLLELNZ TR
—F—%F AN, FEBVIa Vs VTREFRBEOBBREZR I 2o, ZORKE,
XTI VFY =R LSZEICL T, BlENG VWA RLEAO~AT s avF
BNWTh, A7 ENEBHRICIERTESZERXHBALE, Zhid, FCS THRIFOKEY
GHL, X7 Vv FY—AROLSIERNBEETHHILEFRRLTVNS, SbiIZ, 20X
IVE)—bDOOLEEX I VAV —ALGTFOERNBELNIJIOFETHRTI LN
TEIZ, TDXI7VvFY—LD® L TR EOBIOREAEFEIIBNTIZLALEDD
PV, EbIC, WRENOFI VNI BRI uRY TR0 LXEBAPLEDDL L
BTE, A EFANOF T HOEFE I b, MBZANTIZ. DNAFHRORELER
ERBATTLOL TS, ZOE DNARHABREOCEHE 2R > CRABICIM I T
WHIZ B4 DX 2 LAY — ARBIT BRI RNA K Y 2 T —EREERF O DNA
~OFERBESEEBERORBRICHERBEV L VI FHRELEBLTNS, Z0WLE
i, DEEALRAEIZBVWTHHRERENL TR LZABITRLTEBY., Zhid, 2hET
DHMEEBIRRATH D, '

PEDX S, ARBHRTONEIMEEYENRBEIC LV REEETD s aeF o
EEEZEEMICMHET L, MBRAHOESHICE U TLREEROEE L BEEN SO L D CHIE S
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