Induction of chromatin condensation by nuclear expression of

a novel arginine-rich cationic protein genetically engineered from

the enhanced green fluorescent protein

(TAX=VICECANLY UV BOBERERB L 7 u~TF U BEEHHEIZEE 3 5 H5E)

2011 &5

TERFZRFR EFRPN omtfattFHK

R =E5k



Contents

Thesis defense SUMMATY  ...o.iiiiie ittt eeeee e e e eie e e e e eeeens 3
N 0] ¢ 11 A 6
INtrOdUCTION L. et 7

Materials and methods

Plasmid cONSITUCHION ..o e e 10
ANBTDOAIES oo 11
Cell culture and transfeCtion — ..........oiueii it et e re e eaae s 11
Western DIOTHING ... . e 12
IMMURNOSIUOTESCENCE ..o et 12
Cell cycle analysis — ..........ooiiiiii e e e e 14
Results
Frameshift mutation of EGFP yielding an arginine-rich cationic protein ~ ............. 15
Nuclear expression of Arg-CAPFE o e 17



Induction of chromatin condensation by Arg-CAPF ... .. oot 18

DISCUSSION ottt et e e 20
R O ONCES oo s 22
Figure Legends ..o e 27
FagUIES o 29
ACKNOWIEAZEMENTS .oeiii e 32
List of publication ..o e 33
EXaMINeT oo e 33
Reprint of main thesis publication  .........ooiiiiiiiii 34



%2 ¥ MO K & #H F

TAX= B NTE VXV EORERBLL 7 n~F AEEEHGHEIC B A 150
SeimEmBIERI 7 MERETEEIEE (O TR AT E) Wil =54

(&= - BAY]

AT « 01k « AEA7 « SE - 7R £ OERAMBLGITHIE I L v il S Dd, B DNA (3, t
A N AREEINDENY TG LG UERERIZIT D B E N5 2 & T, 7 r~F o TN 5 mikes
EEER L CND, 7 a~T AEEIIS A v 7 I b S TR Y, DT EENMEL IEEE 2R~ T
‘a—y T U L REENE BT A LA TTH D NT n s u~ T i & ICEI
MG AT % 2 LT, T DOEISFHEEED on-off 2SEEIZHE STV D,

7 a~F RGNS X O EER & DNA O (- >EEMIZE > TR L TR Y, fdEHEic i
ENOBMOBBENERETHDH, KWL TIE, AV 7 7 7dkekEait s vy BERIK EGFP
(Enhanced Green Fluorescent Protein) % =— R§ 28527 L —LAT 7 NEHED EBENY VRV E
ERIBRICIEEMIICE ALY X B a— R HBIc 205 Z R TRESNIZ L N TR
PIZEATEE N Baffild 52 b & Ule, (ERIU TR 2 o X B A HIRAZ NI I8 B S, Al
KO v~ F  AEESDOEBLTT 52 8T, 7 u~TF USRS E O L2 B LT,

(51 - wER]
1) TAX=UCBAREALEY V287 ofEfl

EGFP Bz T OBithi= K L0 30 FHKU 31 HFEDRXZ LATF FEHIFRL, 7 L—AT 7 hERYA
AR U7, AERKREWET 27 I VB0 31% P ERMET I JBETHY | FRIT AT =UIZEATH
% Z L5, Arginine-rich cationic protein (UL, Arg-CAP) &4 ffi}7-, Arg-CAP (Z7 V¥ =>D7
TAR—EHNEZHE L TEY, ZNOIEEB T 7 e U THEREL TV D 2 LT —Z R —ZiffT I
LI,

EGFP DNA O] Nuc <Cyto

2) Arg-CAP DERTEL V u~F v flunraanca 1{:’{;]' [ Nuc > Cyto
EEEOHE o S N
SR COS1 Iz T, D 5
FLAG =t h—7% 7 L7- Arg-CAP 8%
(Arg-CAPF) 73T RET % . g
= L AR A TV o o Lot LB
St L — SO R p4 & &
SHLMNERoT- (Fig.), < w
T2, BERTOEMEBEIC Fig.1. EGFP XU Arg-CAPF ODJ#E
LV . Arg-CAPF SI{IIADE: Tl DNA Yt SN ihiz 7. EGFP XIS E I RTE

VER R 2 S }Z)
Ja~F L ERENBE ST D 7




ZEenginotz (Fig2), 7a—tA FA MU —Z HWToMIaESIFRITIC L0 | AEEE 3@ ORIl
THRONDHESZH, FHOT R b= Rk S 7 a~F VB ClIeWnW 2 L3y oo Tz, BRNICEIT S
Arg-CAPF O ZFE L < D &, DNARAEB E - LN &nn, 7 a~TF UMk (o
—r7n<F) IRELTWS Z R En- (Fig2),

anti-FLAG DNA

Fig.2. Arg-CAPF ODENBTERMLE 7 v~ F R
Arg-CAPF |2 X > T Sz 7 u~TF U EEff.
anti-FLAG $ifAYta c£ S5 Arg-CAPF OJR){E
FROLIE DNA Yetbaffr & 135870 5.

3) TNX=U I FRAEZ—BINZ LD T a~TF ke GFP DNA
Arg-CAPF IZ X %7 u~TF U EHEC, 7 A¥=0 '
75 AE—FHINEE L TWAHETFEL, 7T AZ—
Bddllo—> (RRRKRES], R: 7¥= K:
U ¥) 2 GFP %A &7- RRRKR-GFP ZE ik %
TERLL | BBVl OEIEZ8IZE LT,
RRRKR-GFP #HifliaCi%, Arg-CAP &[FRIERIC
JavF UERENHE SN TERY, £72, BJFEIR
HHEMET 2 VB TH D KICANE 2 7~ KKKRK-GFP
ERIKTII 7 n~F U EsEndE s o7z (Figd),
ZDZEMNS, ZuavF U EECIET X =00
U5 2B —EFIREE LTS 2 LRSI, Fig3. TAX=7 7 A5 —RBNC LD
- _ . R 7 a<F B
HIZIEEMT X VRO 7 7 AF—Rbiuts n~ Arrow-head: 7 v~ F A58 L 7= I,
FUEREDSHEE S ILORTIT R, TA¥=E
WO T X BEINT TAE— %O HENT v T UEREICEE TH D Z EVHBI LT,

RRRKR

KKKRK

4) BBEHIZEBIT 2 RNA & Arg-CAPF Ofts

TOAX =13 RNA L ORATEEAT 5 Z ENMBN TS, I, RNA (38 s T-ERE 75721 T
72K 7~ F USRS D% TN IR B SO IE IR ORI Sy D—2 & 72 1) | BENREE Ol
RMEFFIC B A H LTV D Z &R ST 5, £ 2T, Al A4 miEREAIRIC X 23, &1 DNase
JUER L C DNA 23k U CREB AR /0 2 845 &L RNA & Arg-CAPF L ORENBIER ST, F72,
RNase ZLFEIZ &V RNA %18t % & Arg-CAPF % L 37 BOFEL K LT (Figd) . > T, RNA
I X 0 RNA L#EA LTz Arg-CAPF b RIFHCHIBI O YR SN b o LB 2 b, BB
SYENZEIT D RNA & Arg-CAPF & OFEAAVRE SHL. N TO RNA-Arg-CAPF ARDEN 7 n~
FURE B E 525 b0 EHEH S -,




[#edE]

AFFTROFERL Y, EGFP Bia 42 7L —ALv 7 b
SHAHZETHERILY-, TAX=ATEATANTZ
RIBIIND 7 v~ F CRERICRTEL, 7 r~vTFr
A HETH Z ENHLNE o Tz, 7 ua~T EEE
WZIITNFX =07 T AL —RBD G L TEY, 7u~
F U] A — ZFEIEU AT DN RNA SRS & LIER
THZEILEHST, 7 a~vTF U EEEREFHE L QD
Z LRI N,

7T DEATF Iy I IRREIEE IR E RSO
TV RT 4 v 7 RBEFHEECEE LTS, £ L

PI(RNA)  anti-FLAG

- RNase A

High salt extraction / DNase

+ RNase A

T, 7 v~T U EEE SIS I T O, Ml b, Fig4. BEHSEICHIT 5 Arg-CAPF &
MpEfL, 7THRP—v AR ETEERIND, BIfE, 71 RNA DO#ES
< F L DERE & BEREIL. B R R AT BEDOT T R EEAIRIC X 58 & DNase 1H{ki%

Mb, AT, 2eRTF Al U IR E Wb b

(2 anti-FLAG HufA% T Arg-CAPF %
th s gu s, RNase ARWLEE T, PI

B A }‘ Vﬂ%ﬁﬂﬁﬁ}fﬂli D ﬁélﬁﬁ] éﬂ(b\é Z Eﬁ’%i)*of (propidium iodide) a: Y i 5 *}2 @Z{J &
7o, IBIT, BAICIFERERA DO RNA NEEITHTEL Arg-CAPF 733EJRfE L Tuz, Lo L7aas
TWD I ERHMBITET, 5, DNA R EMICK LT D

Mo T, AWFE T LI NTLE Xy B AT

DAPI(4',6-diamidino-2-phenyl-indole) Cl%
Yett S ho7-2 L5 DNase “(F‘!’ﬂﬁt:t

V—L & LTHWAD Z & C, RNA 2L D EEPRREZ 45 Cdhotm = . O RNase WUz
K7 v~ F G A 77 = X ORI ERR 5 D PL Yetap SR LI=Z &ni, PL CX é
:&75‘%@?}‘3%50 SNTWADIZIRNA THHEEZ BHNA.
(&5
1. Higashivama, Y. ; Takahashi, A. ; Fukumoto, Y. ; Nakayama, Y. ; Yamaguchi, N. : Induction of chromatin

condensation by nuclear expression of a novel arginine-rich cationic protein genetically engineered from the enhanced
green fluorescent protein. Cytotechnology 60, 153-159 (2009)

Takahashi, A. ; Obata, Y. ; Fukumoto, Y. ; Nakayama, Y. ; Kasahara, K. ; Kuga, T. ; Higashiyvama, Y. ; Saito, T. ;
Yokoyama, KK. ; Yamaguchi, N. : Nuclear localization of Src-family tyrosine kinases is required for growth
factor-induced euchromatinization. Exp. Cell Res. 315, 1117-1141 (2009)

Kuga, T. ; Hoshino, M. ; Nakayama, Y. ; Kasahara, K. ; Ikeda, K. ; Obata, Y. ; Takahashi, A. ; Higashiyama, Y. ;
Fukumoto, Y. ; Yamaguchi, N. : Role of Src-family kinases in formation of the cortical actin cap at the dorsal cell
surface. Exp. Cell Res. 314, 2040-2054 (2008)

. Aoyama, J. ; Akazawa, Y. ; Kasahara, K. ; Higashivama, Y. ; Kikuchi, I. ; Fukumoto, Y. ; Saburi, S.;Nakayama,Y.;

Fukuda, MN. ; Yamaguchi, N. : Nuclear localization of magphinins, alternative splicing products of the human
trophinin gene. J. Cell Biochem. 103, 765-777 (2008)

Kuga, T. ;Nakayama, Y. ; Hoshino, M. ; Higashivama, Y. ; Obata, Y. ; Matsuda, D. ; Kasahara, K. ; Fukumoto, Y. ;
Yamaguchi, N. : Differential mitotic activation of endogenous c-Src, c-Yes, and Lyn in HeLa cells. Arch. Biochem.
Biophys. 466, 116-124 (2007)




Abstract

In the interphase nuclei of cultured cells, chromatin is compacted and organized higher-order

structures through the condensation and decondensation processes. Chromosomes in the

interphase nucleus are known to occupy distinct territories. The chromosome

territory-interchromatin compartment model premises that the interchromatin compartment is

separated from compact higher-order chromatin domains and expands in between these

chromatin-organized territories. Chromatin in cultured cells is compacted under some

conditions, such as the stress of heat shock and high osmolarity, and Src-mediated nuclear

tyrosine phosphorylation. We report here that a novel arginine-rich cationic protein is created

by frameshift mutation of enhanced green fluorescent protein (EGFP). The arginine-rich

cationic protein is highly hydrophilic and contains potential arginine-based nuclear localization

signals. Expression of the arginine-rich cationic protein shows its predominant localization to

the nucleus and induces striking chromatin condensation in the interphase, which might be

involved in interchromatin spacing or euchromatinization. Thus, the arginine-rich cationic

protein as a new tool would be useful for dissecting chromatin architecture dynamics.
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Introduction

A striking feature of nuclear architecture is the existence of distinct structural and functional

compartments. In the interphase nuclei of cultured cells, chromatin is compacted and organized

higher-order structures through the condensation and decondensation processes (Horn and

Peterson 2002). Chromosomes are dynamically organized as distinct territories in the

interphase nucleus and gene activation or silencing is often associated with repositioning of the

genomic regions in nuclear space (Spector 2003; Lanct6t et al. 2007). Although nuclear

compartmentalization, chromatin accessibility, and spatial sequestration of genes and their

regulatory factors serve to modulate the output and functional status of genomes, the principles

of the cellular organization of genomes and reorganization of nuclear architecture are still

elusive (Misteli 2007).

Proteins destined for transport into the nucleus contain amino acid targeting sequences

called nuclear localization signals (NLSs). The classical NLS consist of either one

(monopartite) or two (bipartite) stretches of basic amino acids. Monopartite and bipartite NLSs



are exemplified by the SV40 large T antigen NLS (PKKKRKYV) and the nucleoplasmin NLS

(KRPAATKKAGQAKKKK), respectively (Dingwall and Laskey 1991). Even though

lysine-rich sequences generally serve as effective NLSs, the HIV Tat-NLS (RKKRRQRRR) is

a semiconsensus arginine-rich motif and is found in several proteins, including the HIV-1 Rev

protein (Truant and Cullen 1999; Cardarelli et al 2008).

The green fluorescent protein (GFP) was originally identified from the jellyfish Aequorea

victoria and cloned GFP has subsequently been modified to an enhanced, humanized version of

GFP (enhanced green fluorescent protein EGFP, Clontech Laboratories) (Tsien 1998), which is

often used to tag a target protein of interest in living cells owing to its high brightness and

stability (Cubitt et al 1995; Lippincott-Schwartz et al 2001). We noticed that frameshift

mutation of EGFP with deletion of two nucleotides (positions 30 and 31 downstream from the

ATG start codon) is expected to generate a novel arginine-rich cationic protein. It would

therefore be worthwhile examining the characteristics of this novel protein.



In this study, we examined the expression and localization of this novel arginine-rich

cationic protein and showed the induction of chromatin condensation by this novel protein.



Materials and methods

Plasmid construction

To construct an arginine-rich cationic protein (Arg-CAP), the pBluescript II SK (+) vector

(Stratagene) encoding EGFP (pBluescript/EGFP) was prepared from the pcDNA4/TO vector

(Invitrogen) encoding ChkASH3ASH2-EGFP  (pcDNA4/TO/ChkASH3ASH2-GFP)

(Nakayama and Yamaguchi 2005) and the pBluescript II SK (+) vector. Then, to alter the

reading frame, pBluescript/EGFP was digested with BseRI, blunted and ligated, thereby

resulting in generation of the pBluescript II SK (+) vector encoding Arg-CAP

(pBluescript/Arg-CAP). pBluescript/Arg-CAP was subsequently digested with Agel and Smal

to obtain the Arg-CAP fragment. After removing the NLS-Chk(PTK) fragment from the

pcDNA4/TO vector encoding NLS-Chk(PTK)-FLAG (pcDNA4/TO/NLS-Chk(PTK)-FLAG)

(Nakayama and Yamaguchi 2005) by digestion with EcoRI and Smal and blunting, the

Arg-CAP fragment was ligated into the resulting pcDNA4/TO vector containing the FLAG

epitope to create Arg-CAP tagged with the FLAG epitope at the C-terminus (Arg-CAPF).



Antibodies

The following antibodies were used: the FLAG epitope (M2; Sigma), lamin B1 (L-5;

Zymed), GFP (Medical and Biological Laboratories, Co., Nagoya) and a-tubulin (MCA78G;

Serotec). Horseradish peroxidase (HRP)-F(ab’), secondary antibodies were purchased from

Amersham Bioscience. FITC-F(ab’), of IgG or TRITC-IgG secondary antibodies were from

BioSource International and Sigma-Aldrich.

Cell culture and transfection

COS-1 cells were cultured in Iscove’s modified Dulbecco’s medium supplemented with 5%

fetal bovine serum. Transient transfection was performed using TransIT transfection reagent

(Mirus), according to the manufacturer’s instructions, as recently described (Sato et al 2009).

Cells were analyzed at 24 h or 36 h after transfection.



Western blotting

Cells were seeded into 35-mm culture dishes (1 x 10° cells per dish) and cultured for 1 day,

and ~1 pg of plasmid DNA with TransIT was added to each culture dish. Cells were cultured for

36 h, and then directly lysed in 100 pL of SDS-PAGE sample buffer and cell lysates were

analyzed by SDS-PAGE (~1 x 10* cells per lane) and Western blotting using the enhanced

chemiluminescence (ECL) detection system (GE Healthcare), as described (Kasahara et al

2007; Kuga et al 2008). Images of chemiluminescence were obtained using an Image Analyzer

LAS-1000plus (Fujifilm, Tokyo). Composite figures were prepared using Photoshop 5.0 and

Illustrator 9.0 software (Adobe).

Immunofluorescence

Immunofluorescence staining was detected using a Fluoview FV500 confocal laser scanning

microscope with a 40x 1.00 NA oil or a 60x 1.00 NA water-immersion objective (Olympus,

Tokyo) as described (Kasahara et al 2004; Sato et al 2009). COS-1 cells were fixed in PBS



containing 4% paraformaldehyde for 20 min, and permeabilized in phosphate-buffered saline

(PBS) containing 0.1% saponin and 3% bovine serum albumin at room temperature.

FLAG-tagged Arg-CAP (Arg-CAPF) was reacted with anti-FLAG antibody for 1 h and

subsequently stained with FITC-conjugated F(ab’), secondary antibody for 1 h. DNA was

stained with 20 pg/mL propidium iodide (PI) for 30 min after treatment with 200 ng/mL RNase

A for 1 h, and cells were mounted with Prolong Antifade™ reagent (Molecular Probes). For

detection of lamin B1, cells were fixed with 100% methanol at -30°C for 1 min and stained with

anti-lamin B1 antibody, as described previously (Nakayama and Yamaguchi 2005). Emission

signals were detected at between 505 and 530 nm for fluorescein, and at more than 650 nm for

PI. Care was taken to ensure that there was no bleed-through from the fluorescein signal into the

red channel (Tada et al 1999). One planar (xy) section slice (0.6-pum thickness) is shown in all

experiments. Composite figures were prepared using Photoshop 5.0 and Illustrator 9.0 software

(Adobe).



Cell cycle analysis

Cells transfected with nothing, Arg-CAPF or EGFP were detached by trypsinization, fixed

in 1.5% paraformaldehyde at 4°C for 1 h, and then fixed/permeabilized with 70% ethanol at

-30°C for more than 1 h. Fixed cells were washed twice with PBS containing 3% FBS, and

stained with anti-FLAG antibody for 1 h, washed with PBS and stained with FITC-conjugated

secondary antibody for 1 h. After treatment with 200 ug/mL RNase A and 50 ug/mL PI at 37°C

for 30 min to stain DNA, cell cycle phase was analyzed in cells expressing Arg-CAPF or EGFP

by flow cytometry using a MoFlo cell sorter equipped with a 488-nm argon laser (Beckman

Coulter), as described (Nakayama and Yamaguchi 2005; Takahashi et al 2009).



Results

Frameshift mutation of EGFP yielding an arginine-rich cationic protein

There are different types of DNA mutations, such as insertion and deletion mutations, and

point mutations. Regardless of deletion or insertion, a frameshift mutation usually translates

into a protein that does not function properly. However, we noticed that frameshift mutation of

EGFP with deletion of two nucleotides (positions 30 and 31 downstream from the ATG start

codon) is expected to generate a novel arginine-rich cationic protein. We therefore generated a

novel polypeptide containing a large number of basic amino acid residues (Arg, His, and Lys),

as described under Materials and methods, and we named it an arginine-rich catioinic protein

(Arg-CAP). To detect protein expression of Arg-CAP, we tagged Arg-CAP with the FLAG

epitope at the C-terminus (Arg-CAPF) (Fig. 1a).

Arg-CAPF (1-280; with 1 designating the initiator methionine) is composed of an

N-terminal EGFP region (1-10), a newly created region by frameshift (11-241), a spacer

(242-272), and the FLAG epitope (273-280) (Fig. 1a). Arg-CAPF (280 amino acid residues) is



a highly cationic protein with a calculated isoelectric point of 12.37 and contains 31% basic

amino acid residues. Arg-CAPF has amino acid composition of 59 Arg, 24 His, 4 Lys, 14 Asp,

16 Glu, 26 Gly, 31 Ala, 9 Ser, 2 Thr, 0 Asn, 27 Gln, 29 Pro, 13 Val, 20 Leu, 1 Ile, 1 Phe, 2 Tyr, 0

Trp, 1 Cys, and 1 Met, whereas EGFP (239 amino acid residues) has that of 6 Arg, 9 His, 20 Lys,

18 Asp, 16 Glu, 22 Gly, 8 Ala, 10 Ser, 16 Thr, 13 Asn, 8 Gln, 10 Pro, 18 Val, 21 Leu, 12 Ile, 12

Phe, 11 Tyr, 1 Trp, 2 Cys, and 6 Met. A search of the amino acid sequence of Arg-CAPF using

the PSORT II program (http://psort.ims.u-tokyo.ac.jp/) indicates that Arg-CAPF has two

clusters of eight Arg-rich stretches (Fig. 1a, underlines). To exhibit the regions of Arg-CAPF

that are charged and hydrophilic, a hexapeptide hydrophilicity analysis (Hopp and Woods

1981) was performed. More than 25 stretches of amino acid sequence are highly hydrophilic

(Fig. 1b), suggesting that most of the regions of Arg-CAPF may be exposed to the molecular

surface.



Nuclear expression of Arg-CAPF

COS-1 cells transiently transfected with Arg-CAPF or EGFP were lysed in SDS-PAGE

sample buffer, and cell lysates were analyzed by Western blotting. Fig. 2a shows that

Arg-CAPF was detected as a single band at approximately 35 kDa using anti-FLAG antibody

but EGFP was at approximately 32 kDa with anti-GFP antibody. Although anti-GFP antibody is

able to react with wild-type GFP and its variants, such as EGFP, EBFP, ECFP and EYFP, it is

underscored that anti-GFP antibody did not recognize Arg-CAPF. Therefore, these results

indicate that the EGFP ¢cDNA can be read in an alternative reading frame for Arg-CAPF, which

is unrelated to EGFP.

Clusters of basic amino acid residues are considered to play an important role for protein

localization to the nucleus. Since Arg-CAPF contains two clusters of eight Arg-rich stretches of

predicted NLSs, we examined whether Arg-CAPF was capable of localizing to the nucleus.

COS-1 cells were transiently transfected with EGFP or Arg-CAPF and visualized with EGFP

fluorescence or anti-FLAG antibody and PI for DNA. Arg-CAPF per se was nonfluorescent,



but it was clearly visualized using anti-FLAG antibody. Unlike EGFP, Arg-CAPF was found to

localize predominantly in the nucleus (Fig. 2b). We recently created NLS-EGFP, which

includes the classical lysine-rich NLS of the SV40 large T antigen, and showed that more than

90% of NLS-EGFP restrictedly localized to the nucleus (Takahashi et al 2009). These results

suggest that the Arg-rich stretches in Arg-CAPF function as NLSs despite being less efficient

compared with the classical SV40 NLS.

Induction of chromatin condensation by Arg-CAPF

High magnification images show that expression of Arg-CAPF but not EGFP induced

striking chromatin condensation in COS-1 cells and a large fraction of Arg-CAPF present in the

nucleus was accumulated in the areas of interchromatin compartments or hypocondensed

chromatin/euchromatin (Fig. 3a). However, we recently showed that nuclear expression of

NLS-EGFP only induces subtle changes in chromatin condensation (Takahashi et al 2009),

suggesting the importance of arginine residues for chromatin condensation. Arg-CAPF-induced



chromatin condensation was also seen in other types of cultured cells, such as HeLa, HEK293,

and fibroblastic cells (data not shown). Since chromatin condensation normally occurs in

mitosis, apoptosis, gene regulation, and cell cycle progression, we examined whether

Arg-CAPF expression was linked to mitosis or apoptosis. However, Arg-CAPF did not induce

breakdown of the nuclear envelope, which associates with the nuclear intermediate filament

protein lamin B1, indicating that the chromatin condensation is not due to mitotic progression

(Fig. 3b). FACS analysis showed that Arg-CAPF did not affect the cell cycle nor did it induce

subGj-cell population (Fig. 3c), suggesting no apoptotic induction. Upon fixation with

methanol but not paraformaldehyde, most Arg-CAPF was not retained in the nucleoplasm

except the nuclear envelope (Fig. 3b, right panels), suggesting a weak or indirect interaction of

Arg-CAPF with chromatin. Taken together, these results suggest that induction of chromatin

condensation by Arg-CAPF takes place in interphase without leading to mitosis or apoptosis,

suggesting that Arg-rich stretches may be involved in chromatin structural dynamics.



Discussion

In the present study, we demonstrate that frameshift mutation of EGFP generates nuclear

localized Arg-CAPF, which contains clusters of arginine-rich stretches and induces striking

chromatin condensation. Foci of condensed chromatin are poorly colocalized with Arg-CAPF

(Fig. 3a), suggesting that Arg-CAPF is largely present in the areas of interchromatin

compartments or hypocondensed chromatin/euchromatin. These results lead to an intriguing

hypothesis that nuclear expression of arginine-rich stretches perturbs proper regulation of

chromatin dynamics.

Chromatin dynamics in the interphase nucleus is often reflected by gene expression and

epigenetic gene regulation (Misteli 2007). Moreover, the increase in the osmolarity of the

culture medium and the stress of heat shock can induce the change of chromatin condensation

in living cells from normally condensed chromatin to hypercondensed chromatin, leading to

inhibition of RNA synthesis and DNA replication (Flannery and Hill 1988; Albiez et al 2006).

Growth factor stimulation increases levels of euchromatic hypocondensation and concomitant



heterochromatic hypercondensation through nuclear tyrosine phosphorylation mediated by Src

(Takahashi et al 2009). Taken together, endogenous and exogenous factors may influence

chromatin structural dynamics through the repositioning of the genetic material in the nucleus.

Along with functioning as NLSs, the arginine-rich clusters in Arg-CAPF affect the

higher-order chromatin structures. It is of interest to note that Arg-CAPF contains a large

number of arginine residues, because the cationically charged guanidinium group in arginine

has the potential to form pentadentate hydrogen bonds (Patel 1999) and to associate with the

RNA (Burd and Dreyfuss 1994). Chromatin condensation by Arg-CAPF is induced by a weak

or indirect interaction of Arg-CAPF with chromatin. Assumingly, Arg-CAPF might directly

interact with nucleoplasmic RNAs present in interchromatin compartments for chromatin

architecture changes. Given a potential role of noncoding RNAs in chromatin organization

(Prasanth and Spector 2007), the creation of Arg-CAPF will provide us with a new tool to seek

RNA species that can interact with chromatin and to dissect chromatin structure dynamics in

terms of RNA-chromatin interactions.
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Figure Legends

Fig. 1. Frameshift mutation of EGFP cDNA.

(a) Nucleotide and deduced amino acid sequences of the EGFP-frameshifted mutant

Arg-CAPF. Deletion of two nucleotides (positions 30 and 31 downstream from the ATG start

codon) is shown. Cationic amino acid residues are marked: arginine (circle), histidine (square)

and lysine (oval). Thin and a thick underlines indicate predicted monopartite and bipartite NLSs,

respectively.  (b) A hydrophilicity plot of Arg-CAPF using Hopp-Woods hexapeptide

hydrophilicity values.

Fig. 2. Expression of Arg-CAPF.

(a) Whole cell lysates from COS-1 cells transfected with nothing, EGFP, or Arg-CAPF after 36

h were subjected to Western blotting, probed with anti-FLAG antibody, and reprobed with

anti-GFP and anti-a-tubulin antibodies. (b) COS-1 cells transfected with EGFP or Arg-CAPF

were cultured for 24 h, fixed with paraformaldehyde and doubly visualized with propidium

iodide (PI) for DNA and GFP fluorescence or anti-FLAG antibody. Scale bars, 10 pm.



Localizations of EGFP and Arg-CAPF were quantitated from three independent experiments.

Nuc, nuclear expression; Cyto, cytoplasmic expression.

Fig. 3. Induction of chromatin condensation by Arg-CAPF.

(a) COS-1 cells transfected with EGFP or Arg-CAPF were cultured for 24 h, fixed with

paraformaldehyde and doubly visualized with PI and GFP fluorescence or anti-FLAG antibody.

Two types of Arg-CAPF expression were shown as (i) Nuc > Cyto (Nuc) and (ii) Nuc = Cyto

(Nuc + Cyto). Scale bars, 10 pm. (b) COS-1 cells transfected with nothing or Arg-CAPF were

cultured for 24 h, fixed with methanol and doubly stained with anti-lamin B1 antibody and PI or

with anti-lamin B1 and anti-FLAG antibodies. Scale bars, 10 um. (c¢) COS-1 cells transfected

with nothing, EGFP, or Arg-CAPF were cultured for 24 h. DNA contents were analyzed by

flow cytometry.
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