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Fig. 2. LSM images and normalized FAFs in HeLa cells expressing
EGFP-hGRo. (A) HeLa cells expressing EGFP-hGRo were imaged
using confocal LSM, before (left) and 60 min after (right) addition of
Dex to 100 nM. The scale bar represents 10 pum. FCS measurement
performed (B) in the nuclei and (C) cytoplasm of HeLa cells expressing
EGFP-hGRa, before (open squares) and 60 min after (closed squares)
addition of Dex. The normalized FAFs were shifted to the right by
addition of Dex at the nucleus.

3.3. The difference between mutants and the wild-type hGR«
To identify what part of hGRo. changed the slow-moving
diffusion in the presence of Dex, we constructed three mutants,
as shown in Fig. 3.
As shown in Fig. 4A, B, C421G and A458T were translo-
cated from the cytoplasm to the nucleus by exposure to Dex

Fig. 3. Schematic structures of wild-type EGFP-hGRa and mutants.
hGRa protein contains three major domains. The N-terminal trans-
activation domain consists of the activation function domain, which is
required for transcriptional enhancement. The central DNA binding
domain contains two zinc finger regions critical for receptor dimer-
ization and target DNA binding. The C-terminal ligand binding
domain serves as a binding site for coactivators, and contains nuclear
localization signals. AF-1, activation function 1; DBD, DNA binding
domain; AF-2, activation function 2; LBD, ligand binding domain;
NLS, nuclear localization signal.

like the wild-type hGRa. Interestingly, there was no difference
in the 1.SM images between the wild type and mutants; how-
ever, normalized FAFs of C421G and A458T (Fig. 5A, B) were
different compared with the wild type of hGRo in the presence
of Dex. Moreover, the effect of Dex on the shift of FAFs was
in order of the wild type, A458T and C421G. On the other
hand, the 1566 mutant was localized in the nucleus indepen-
dently of Dex stimulation, and normalized FAFs did not
change (Fig. 6B). FAFs of mutants in the nuclei were analyzed
by two-component fitting, and the average diffusion constants
and fractions are summarized in Table 1. The first (fast mov-
ing) component of each mutant was not significantly affected
by Dex. On the other hand, the diffusion constant of the sec-
ond (slow moving) component decreased after addition of
Dex (Fig. 7). Dex addition slowed the second components of
A458T and C421G to 34.8% and 61.7% of those in the absence
of Dex, respectively. A different diffusional property was
observed in our experiment between A458T and C421G,
although both mutants did not have transcriptional activity
{11,12]. This result may indicate that slow-moving hGRa was
affected by DNA binding rather than dimerization and could
be an indicator of its transcriptional activity because A458T
was more affected by Dex addition than C421G was. More-
over, although I566 localized in the nucleus, the diffusion con-

"Table 1
Diffusion constants and fractions of wild-type hGRa and mutants in the nucleus
Ligand n First Second
DC1 (um?%s) F1 (%) DC2 (um?%s) (Pdc (%)) F2 (%)
Wild type Dex (-) 23 1430 £ 4.87 60.7 1.60 £ 0.44 39.3
Dex (+) 23 8.70 + 2.59 63.9 0.25 £ 0.09" (15.6) 36.1
C421G Dex (-) 25 15.08 +5.25 67.5 1.49 £ 0.48 32.5
Dex (+) 23 13.71£ 4,93 60.0 0.92+0.36" 61.7) 40.0
A458T Dex (-) 23 16.54 * 6.39 62.9 1.61 % 0.64 37.1
Dex (+) 24 12.96 + 3.43 55.2 0.56 +0.11° (34.8) 44.8
D566 Dex (~) 22 13.76 £ 2.46 59.4 1.07 £ 0.17 40.6
Dex (+) 27 13.31+2.56 62.9 0.96 +0.33 (60.0)* 37.1
Wild type RU486 (+) 24 8.89£3.93 64.8 0.86 £ 0.37" (53.4)* 35.2

Diffusion constants (DC), fraction (F), number (n) of cell
(Dex (~)), to the presence of Dex (+) or RUA486 (+).

*

Significantly different (P < 0.0001).

This value was compared with the wild type in the absence of Dex.

s for FCS measurements in nucleus and percentage (Pdc) of diffusion constant in the absence
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Fig. 4. Subcellular localization of EGFP-hGRa mutants. Hela cells
expressing (A) EGFP-hGRw/C421G, (B) EGFP-hGRo/A438T, (C)
EGFP-hGRo/I566 were imaged before (left) and 60 min after (right)
addition of Dex to 100 nM. The scale bar represents 10 pm. C421G
and A458T were translocated to the nucleus by stimulation with Dex.
1566 was localized in the nucleus before addition of Dex.

stant was only 60.0% of that of the wild type in the absence of
Dex. This result also indicated that LBD had an important ef-
fect on slow-moving hGRa. in the nucleus.

3.4. The difference between the effects of agonists and
antagonists on hGRa

We also examined the effect of RU486, a transactivational
antagonist of hGRo [16], in the nucleus. As shown in
Fig. 6A, EGFP-hGRo was translocated to the nucleus by sti-
mulation with RU486 as well as Dex. FAFs obtained in the
nucleus before and after addition of RU486 (Fig. 6B) were
analyzed by two-component fitting and the average diffusion
constants and fractions are summarized in Table 1. It was con-
firmed that RU486 reduced the diffusion constant of wild type
to 53.4% of that in the absence of Dex, although hGRo was
translocated to the nucleus as well as with Dex (Fig. 2). This
result demonstrated that agonist and antagonist were distin-
guished by diffusion analysis using FCS. The fast component
of wild type in the presence of RU486 was also reduced. This
result might relate to the result of wild type in the presence of
Dex and may indicate that initial complex and/or unstable
complex of GRo and cofactor in the presence of RU486 could
be detected. However further study is needed to clarify this
phenomena.

4, Conclusion

The activity of mutant hGRa in the nucleus can be deter-
mined according to differences of dynamic properties such as
diffusion and translocation, which are obtained by FCS and
LSM, respectively. However, our results suggested that the
transactivation of hGRa was related more to the mobility of
the protein than to its translocation from the cytoplasm to
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Fig. 5. Typical FAFs of EGFP-hGRa mutants in the nuclei before
and after addition of Dex. FCS measurement performed in nuclei of
HeLa cells expressing (A) EGFP-hGRo/C421G, (B) EGFP-hGR«/
A458T, (C) EGFP-hGRo/I566 before (open squares) and 60 min after
(closed squares) addition of Dex. All normalized FAFs differed from
the wild type in the presence of Dex in the nucleus (see Fig. 2B).

the nucleus. We found that tethering of the diffusion was re-
lated to the transactivational process, such as DNA binding,
dimerization and formation of complex of hGRa. Moreover,
our results also suggested that dimerization of hGRa« in the nu-
cleus could act as a supportive factor to form the hGRo~GRE
complex. Consequently, it is concluded that the biomolecule
activity of hGRa with chemicals such as inhibitors, agonists
and antagonists in cell compartments such as the nucleus can
be determined through mobility analysis by FCS. However,
the target binding site of GRa is mainly GRE in chromosomes;
many associated proteins whose molecular size is not so large
have also been identified in the cytoplasm. The interaction be-
tween such associated proteins and hGRe will be analyzed by
advanced fluorescent techniques such as fluorescence cross-
correlation spectroscopy (FCCS) since FCS can only detect
large changes in molecular mass interactions such as chromo-
somes and hGRe. On the other hand, FCCS can detect pro-
tein-protein interactions in living cells when spectrally
distinguishable fluorophores are available for each associated
protein and GRa [17]. In this study, we confirmed that the
combination of FCS and LSM is a feasible technique to clarify
the highly dynamic mechanisms of biomolecules in living cells.



S. Mikuni et al. | FEBS Letters 581 (2007) 389-393

RU 486 () RUYBO (+)

RO O RU 486 (-)
104 “al, M RU4SE(+) |

0.8

Normalized Gy
o o
fh o

o
B

e
©

001 01 1 10100 1000
Time (ms)

o
8

Fig. 6. The effect of RU486 on the localization and the mobility of
EGFP-hGRo. (A) HeLa cells expressing EGFP-hGRg were imaged
before (left) and 60 min after (right) addition of RU486 to 100 nM.
The scale bar represents 10 um. (B) FCS measurement performed in
the nuclei of HeLa cells expressing EGFP-hGRe, before (open
squares) and 60 min after (closed squares) addition of RU486. The
normalized FAFs were smaller than with Dex (see Fig. 2B).
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Fig. 7. Summary of the diffusion constants of second components. The
white, black and gray bars indicate diffusion constants before addition
of ligands, and after addition of Dex and RU486, respectively. After
addition of Dex, the diffusion constants of the wild type, C421G and
AA458T decreased to 15.6%, 61.7%, and 34.8% of those in the absence
of Dex, respectively. The diffusion constant of 1566 decreased to 60.0%
of that of the wild type in the absence of Dex. RU486 reduced the
diffusion to 53.4% of that of the wild type in the absence.
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ABSTRACT

Here, we describe novel puromycin derivatives
conjugated with iminobiotin and a fluorescent dye
that can be linked covalently to the C-terminus of
full-length proteins during cell-free translation. The
iminobiotin-labeled proteins can be highly purified

by affinity purification with streptavidin beads. We.

confirmed that the purified fluorescence-labeled
proteins are useful for quantitative protein—protein
interaction analysis based on fluorescence cross-
correlation spectroscopy (FCCS). The apparent
dissociation constants of model protein pairs such
as proto-oncogenes c-Fos/c-Jun and archetypes of
the family of Ca®?'-modulated calmodulin/related
binding proteins were in accordance with the
reported values. Further, detailed analysis of the
interactions of the components of polycomb group
complex, Bmi1, M33, Ring1A and RYBP, was suc-
cessfully conducted by means of interaction assay
for all combinatorial pairs. The results indicate that
FCCS analysis with puromycin-based labeling and
purification of proteins is effective and convenient
for in vitro protein—protein interaction assay, and
the method should contribute to a better under-
standing of protein functions by using the resource
of available nucleotide sequences.

INTRODUCTION

An understanding of the rate and specificity of assembly of
biomolecular complexes is essential for a full appreciation
of the mechanisms of biological events, Further, currently
available information on genome sequences of various

organisms can be exploited as a resource for characterizing
novel functions of proteins or hypothetical proteins. For this
purpose, a high-throughput method is required for functional
protein analysis. Fluorescence correlation spectroscopy (FCS)
and fluorescence cross-correlation spectroscopy (FCCS) have
recently been applied to such important biological problems
(I-11). FCS allows monitoring of the individual movements
of fluorescence-labeled molecules through a very tiny area

-.01,2). The time-dependent fluorescence. autocorrelation func-

tion allows us to analyze the relative proportions of species
involved in the diffusion. Changes of the proportions can
be used to calculate the binding kinetics (3,4,8). FCCS util-
izes separate channels to detect two distinct fluorophores,
as well as the cross-correlated signals, in real time (5).
With FCCS, bound molecules can be detected even if the
differences of diffusion are not great. So far, FCCS has
been applied to the studies of DNA hybridization (5), PCR
(9), enzymatic cleavage of a DNA substrate by EcoRI endo-
nuclease (6,10) and protein-DNA interactions (11).
Fluorescence labeling of proteins is a key step for the FCS
and FCCS analysis of protein interactions. So far, chemical
modifications (12,13) and recombinant fusion tagging with
fluorescent proteins (14-17) have been used for fluorescence
labeling of proteins. These methods are often useful, but the
modifications of internal amino acid residues or the addition
of relatively large fluorescent proteins may affect the func-
tions of labeled proteins. As an alternative approach, we
have previously developed a puromycin-based method for
fluorescence labeling of proteins (18,19). By using this
method, various fluorophores can be incorporated into full-
length proteins in the presence of a low concentration of
fluorophore-conjugated puromycin in a cell-free translation
system (11). Small fluorescent probes are expected to be
less likely to interfere with the structure or biological func-
tion of proteins and cell-free protein synthesis is suitable
for a high-throughput format owing to its simplicity. We
have previously reported the FCCS analysis of protein~DNA
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interactions between RhG (rhodamine green)-labeled pro-
teins and Cy5-labeled DNA (11). Although high-throughput
analysis of protein-protein interactions in solution using
FCCS is of great interest, detection of cross-correlations
between differently labeled proteins has been difficult,
because the labeling efficiency of our method ranges from
only 10 to 30% (11), and the remaining unlabeled proteins
in solution inhibit the formation of the protein—protein com-
plex carrying both RhG and Cy5. In this study, we have
improved the purification process of fluorescence-labeled
proteins by using novel iminobiotin-conjugated fluorescent
puromycin derivatives to aid the removal of unlabeled pro-
teins, thereby making protein-protein interaction assay using
FCCS practically feasible. We used three model systems,
proto-oncogenes ¢-Fos and c-Jun, archetypes of the family
of Ca®-modulated calmodulin (CaM) and CaM-related
binding proteins, and the polycomb group (PcG) complex
proteins to confirm the usefulness of our method.

MATERIALS AND METHODS
Synthesis of fluorescent puromycin derivatives

NHS-iminobiotin trifluoroacetamide was purchased from
Pierce. Iminobiotin-T(Cy5)-dC-puromycin (Figure 1A) and
iminobiotin-T(RhG)-dC-puromycin (data not shown) were
synthesized and purified as described previously (11), with
some modifications (see Supplementary Data). The structural
identity of the synthesized fluorescent puromycin analogs was
confirmed by MALDI-TOF mass spectrometry (Voyager;
Perceptive Biosystems).

Preparation of templates for translation

In a template DNA, two tags were added to the 5'- and 3'-
termini of the open reading frame (11,19) (Figure 1B) by
PCR and the fragment was subcloned into a pCR2.1Topo
vector (Invitrogen). The DNA template was amplified from
the clone by PCR and cleaved with Xhol. The purified
DNA was transcribed in an SP6-large-scale RNA production
system (Promega).

Fluorescence labeling and purification

Fluorescence labeling was carried out using the wheat germ
extract translation system ‘Proteios’ (Toyobo, Japan) as
described in the manufacturer’s protocol, except that a
fluorophore-conjugated puromycin was added. The translation
was terminated by the addition of RNase A (1 pg/0.3 ml;
Ambion). The purification of fluorescently labeled proteins
was performed at 4°C. The mixture was dialyzed against
nickel binding buffer (50 mM phosphate, 150 mM NaCl,
I mM DTT and 0.05% NP-40, pH 8.0), followed by centri-
fugation at 16000 g for 20 min. The supernatant was mixed
with 10 ul of Ni-NTA agarose (20) (SuperFlow: Qiagen) for
I h. The supernatant was removed, and the beads were
washed three times, with agitation, in nickel binding buffer
(1.0 ml) containing 2.5 mM imidazole and 300 mM NaCl.
Proteins were eluted with 50 pl of buffer containing
0.5 M imidazole, pH 8.0. The fraction was mixed with
-9 vol of 50 mM phosphate buffer (pH 8.0) containing
300 mM NaCl, 5 mM DTT and 0.05% NP-40, then 10 i
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Figure 1. Materials for fluorescence labeling. (A) The structure of a
fluorescent puromycin derivative. A fluorophore (Cy5 or RhG) and
iminobiotin were chemically conjugated to puromycin through a linker, (B)
DNA construction for fluorescence labeling of proteins. Template DNA
consists of SP6 promoter, Omega sequence and an open reading frame (ORF)
with a T7+ag at the N-terminus and a polyhistidine tag at the C-terminus,
followed by a Xhol restriction enzyme site.

of streptavidin—-Sepharose (21) (Amersham Pharmacia) was
added and the mixture was rocked for 1 h. The beads
were washed with the buffer three times. Protein was eluted
with 50 pl of buffer (240 mM Tris-HCI, 150 mM NaCl,
0.1 M biotin, 5 mM DTT and 0.1% NP-40, pH 8.0). The

protein fraction was mixed with 10 mM DTT and kept at
4°C before use.

Immunodetection and fluorescence determination

The proteins were detected by enhanced immunoblotting (22)
with mouse anti-T7-tag antibody (Novagen) and horseradish
peroxidase (HRP)-labeled goat anti-mouse IgG (Transduction
Laboratories). The blot was determined semiquantitatively
with the T7-tag positive control recombinant protein (Nova-
gen), an ECL detection kit (Amersham Pharmacia) and a .
CCD camera (ChemiDoc; Bio-Rad). Proteins separated by
SDS-PAGE were stained with SyproOrange (Molecular
Probes) and detected using a fluorescence image analyzer
(excitation at 488 nm and emission at 515-545 nm,
Molecular Imager FX; Bio-Rad). The flucrescence yield
was spectrophotometrically determined using the fuores-
cence image analyzer (Cy5 was detected with excitation
at 635 nm and emission at 670-720 nm; RhG with excita-
tion at 488 nm and emission at 515-545 nm) and a standard
dye with molecular extinction coefficients of €s5ps (RhG) =
68000 cm™' M~} (measured at pH 8.0) and gg47 (Cy5) =
250000 em™' M™!

FCCS measurement

FCCS measurement was performed on a ConfoCor2 system
(Carl Zeiss) as described previously (11). The two pinholes
and the cross-correlated volume element were adjusted by
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measurement (5). All solutions were prepared in water (fluor-
escence analysis grade; Dojindo, Japan) and filtered through
an Ultrafree-MC filter unit (Millipore). Fluorescently labeled
proteins were dialyzed against 50 mM phosphate, 150 mM
NaCl, 0.1% NP-40 and 1 mM DTT, pH 7.4. After centrifuga-
tion at 16000 g for 20 min, differently labeled proteins were
mixed in a Lab-Tek 8-well chamber (Nalge Nunc) and kept
for 10 min. Interaction of c-Fos with c-Jun was also analyzed
in the presence of DNA, poly(dI-dC)-poly(dI-dC) (2 pg/mi;
Amersham Pharmacia) and the AP-1 synthetic oligonuc-
leotides of 30 bp (Dateconcept, Sapporo, Japan) (23). CaM
interactions were analyzed in the presence of 0.5 mM
CaCl,. Two autocorrelation curves and the cross-correlation
curve of FCCS data were analyzed by using fitting algorithm

described below in the software package for ConfoCor2
(Carl Zeiss).

Theory and data calibration

The theoretical background of FCCS analysis has been des-
cribed by Eigen et al. and Rigler et al. (5,6,9). The fluores-
cence autocorrelation function and the cross-correlation
function were acquired from an online system-controlling
computer software package. The normalized cross-correlation
function G(t) is given by

(814(1) - 31(t + 1)) .
(18> ) <1r> '

where the indices refer to one or two measured fluorescence
signals, /, and/or /.. In the case of one fluorescent species,
Equation 1 (r = g) defines normalized autocorrelation
function in a single detection channel. ®, is the radius and
®; is half of the long axis of the confocal volume element.
The structural parameter S is the ratio of o/®,. Two-
component model of the autocorrelation function for transla-
tional diffusion in a 3D Gaussian volume element is
described as follows:

G =1+ [(1 1) (H%)** . (1+_7L>—1/2

D, S'TDI
~1 -12
T T
+ Y ‘ 1 +_ N 1 + ]
( TD:) < SZTD) }

where Tp, and 1p, are the diffusion times of the faster com-
ponent and slower component in the assay. Y represents the
fraction of fluorescent protein with the diffusion time Tp, in
the total number of fluorescent particles N. The values of
®,; ({ = g or r) were determined from the diffusion times
of rhodamine 6G (Sigma Aldrich; diffusion coefficient D =

28 x107"%m? s~'y and Cy5 (mono-reactive dye, Amersham
Pharmacia; D = 3.16 x 10719 m? 571,

(Dl,i:\/q’D‘TD; 3

The volume elements V are calculated according to

Gu(t) =1+

V,‘=7C3/2 'mi,"col.i | 4
T 32
2 2 2 2 12
Vgr= (5) (wl,g+ml,r)(w2.g+w‘l,r) 5
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The measured total number of autocorrelated particles Nac;
and complex cross-correlated particles N, is given by
1

N=——oe— 6
Gi(0)— 1

where in the case of N ., G{0) indicates Gg(0). The red emis-
sion excited by the green laser Q. (cross-talk fraction) was
calculated from the mean count rates of the red channel
when excited by both lasers (Cg) and only the red laser
(Cy), using a modification of the method in the application
manual of ConfoCor2.

Cor —Cy
Q=8 7
g Cgr

Calculated free molecules N; and calculated complex
molecules Ny, are as follows:

NAC.gZNg+Ngr 8
NAC,,‘=N;+QE'Ng+(l+Qg)'Ngr 9

__NAC,g : (NAC,r+Qg ‘NAC.g)
Ncc“Qg’NAC,g .
The concentrations of each fluorescent protein were calcu-
lated with the use of A (Avogadro’s number) as follows:
¢ —_—u 1
Vi A

N

10

The dissociation constants (Kgs) are given by

K= (cr—cgr) - (= Cer)
d o

. 12

RESULTS

Tandem affinity purification of fluorescently labeled
proteins

¢-Fos(118-211) and c-Jun(216-318) were translated in the
presence of iminobiotin—fluorophore-conjugated puromycin,
whose structure is presented in Figure 1A. The optimal
concentrations of the puromycin derivatives were 12.5 pM
as RhG and 25 UM as Cy5, respectively (data not shown).
The reaction mixtures were purified by two steps of affinity
purification with nickel-chelate beads (Figure 2A) and
streptavidin-conjugated beads (Figure 2B). Excess unincor-
porated dyes and lower molecular weight proteins were not
retained on nickel-chelate beads (Figure 2A, lane 2). The
fractions eluted with 0.5 M imidazole (Figure 2A, lane 3)
were further purified using streptavidin beads. The flow-
through fraction contained <5% of the total fluorescence
intensity, but ~30% of the immunoblotting  signal
(Figure 2B, lane 2). The biotin-eluted fraction (Figure 2B,
lane 3) showed a weaker signal than that of the applied
fraction (Figure 2B, lane 1) in immunodetection. These res-
ults indicate that unlabeled proteins were successfully
removed by the second step of affinity purification. The
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purified CyS5-protein fraction was identical to one band detec-
ted in SDS-PAGE by protein staining with SyproOrange
(Figure 2C, lane 2). Similarly, CaM, CaM-binding proteins
and PcG proteins were labeled and highly purified (data not
shown).

Conditions of FCCS analysis with ConfoCor2

The pinhole diameters were adjusted to 70 um in the green
channel and 48 um in the red channel to provide a sufficient
observation volume for our system. The overlap of the excita-
tion volumes between red and green laser lines was achieved
by exciting the CyS dye with both wavelengths (5). The auto-
correlation ‘curve of the red channel with only the 633 nm
laser (red line in Supplementary Figure 1) was coincident
with the curve of the channel with only the 488 nm laser
(blue line in Supplementary Figure 1). The particle numbers

A B C
Fos_qé dUNgys FOSpng JUNpna Fo§5 Junge Foh Jungys
123123123123 kDa1212

AT7IAG e o W0

SyproOrange

Cys RhG

Figure 2. Purification of fluorescence-labeled proteins. Subscript Cy5 or
RhG indicates a fluorophore linked to puromycin derivative. Proteins were
separated on 15-25% continuous gradient SDS-PAGE and detected using a
fluorescence imager (Cy5 or RhG) or oT7-tag antibody. (A) Affinity
purification with nickel-chelate resin. Lane 1, in vitro translation products;
lane 2. flow-through fractions; and lane 3, eluates with 0.5 M imidazole. (B)
Affinity purification with streptavidin resin, Lane 1, nickel-chelate affinity-
purified fractions; lane 2, flow-through; and lane 3, eluates with 0.1 M biotin.
(C) Protein staining with SyproOrange. Lane 1, i vitro translation products;
and lane 2. purified fractions.
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detected in the red channel and in the green channel were

24.1 and 23.7, respectively. The structural parameter S was

calculated as 5 for the green channel and as 7 for the red

channel. The diffusion time of ~10 nM rhodamine 6G in

the green channel was 30 ps and that of ~10 nM Cy5 dye

in the red channel was 44 us in the laser power range

used. The effective volume elements were Vo= n~0.19 fl in

the green channel, V, = ~0.41 fl in the red channel and

Vg = ~026 fl in the cross-correlated channel (see

Equations 4 and 5 in Materials and Methods for definitions). -
The differences between these detection volumes were

accounted for in the data analysis according to Equation 11.

The calculated diffusion coefficients of iminobiotin-T(RhG)-
dC-puromycin and iminobiotin-T(CyS)-dC-puromycin were

2.1and 2.3 x 10710 m2 51, respectively, using FCS analysis.

The cross-talk from red to green was zero whereas the

cross-talk from green to red was ~10%: this was accounted

for in the calculation of complex concentration according to

Equation 10.

FCCS analysis of ¢-Fos and ¢-Jun

The fractions of fluorescently labeled proteins to fluorescent
particles were ¢-Foseys 71%, c-Juneys 68%, c-Fospng 69%
and c-Junpng 67% when the functions were ftted to two-
component models with diffusion times corresponding to
those of the fluorescent derivatives using FCS analysis
(Figure 3). Diffusion coefficients of c-Fosgng, ¢-Foscys,
c-Jungpg and c-Juncys were calculated to be 7.6-8.1 x
107" m? 57!, As shown in Supplementary Figure 2, the dif-
fusion coefficients of fluorescent-puromycin-labeled proteins
were consistent with the predictions of the Stokes—Einstein
theory (24). Concentrations of fluorescently labeled proteins
were calculated from the autocorrelation functions in the
FCCS analysis (Figure 3A~C, upper panels). The apparent
Kq values calculated with the equilibrium data are summar-
ized in Table 1. The translational diffusion time of c-Fos

A B
1.54

E 4

(G
1.0 L — 0

0.0101 1 10 1001000

1.03-

= 1.024

=

S p ]

O
1.014 1.01 4
1.00 M 1.00 AR ol

1 10 1001000

1.014

00101 1 10 1001000

T {msec)

Figure 3. FCCS analysis of AP-1-binding proteins. The autocorrelation function (u
c-Fosgng (A). c-Jungys and c-Junpyg (B). and c-Jungys and c-Fosgug (C). In the
curves (blue in cross-correlation function) represent data obtained after the addit

00101 1 10 1001000
7 {msec)

1.00 i-——rv—-ﬂm_r \ ARt
1

0.010.1 10 1001000
7 {msec)
pper panels) and cross-correlation function (lower panels) of ¢-Foscys and

autocorrelation plot. red and green lines represent Cy5 and RhG. The dashed
ion of 50 nM AP-1 oligonucleotides.
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homodimer was determined after the addition of AP-1 DNA
by using the cross-correlation function (Figure 3A, lower
panel). In the presence of the AP-1 DNA sequence, the Ky
of the heterodimer was ~80-fold lower than that of c-Fos
homodimer (Table 1). In the case of the heterodimer and
¢-Jun homodimer, the K, decreased to ~70% after the addi-
tion of the AP-1 sequence. The cross-correlation function of
c-Fosppgf/c-Juncys gave the diffusion coefficient of the cross-
correlated complex as 7.0 X 107" m? s~ in the absence of
the AP-1 sequence and 4.4 x 107" m? 57! in its presence
(Figure 3C, lower panel). The Ky of ¢-Foscys/c-Jungyg was
determined to be 7 x 10™% M in the absence of the AP-1
sequence and 5 X 10™% M in its presence {data not shown).

FCCS analysis of CaM and CaM-binding proteins

The diffusion coefficients of CaM(1-149)g;q, calcineurin
A(328-521)¢ys, Rab3A(1-219)cys and  caldesmon(302—
564)95 were calculated to be 7.6, 7.3, 6.8 and 7.0 x
10™""m* s™", respectively. Variations of the cross-correlation
function between CaM and CaM-binding proteing were
observed in the presence of Ca®* (see Figure 4A-C, solid

Table 1. Concentrations of fluorescent proteins and apparent K, values
determined using FCCS in this study

Nucleic Acids Research, 2006, Vol. 34. No. 14 102

curves). The diffusion times of the cross-correlated Functions
were determined, except for that of Rab3A, by using
analyzing software. The amplitudes of the cross-correlation
functions were reduced by the addition of EGTA
(Figure 4B and C, dashed blue curves), indicating the
involvement of Ca®*-mediated interactions. The calculated
Kgs after the addition of EGTA indicated a non-specific-
binding interaction or the background of the detection pro-
cedure. The significant K4 values were determined to be
2-5 % 107" M in the assay (Table 1).

FCCS analysis of PcG complex proteins

The diffusion coefficients of fluorescently labeled proteins
M33(1-519)¢ys, Bmil(1-326)cys, Bmil(1-326)guc,
RinglA(201-377)cys,  RinglA(201-377)rpg, RYBP(92-
228)cys and RYBP(92-228)ppg were 4.1, 6.1, 6.6, 7.2, 7.4,
73 and 7.5 x 107" m? 57, respectively. Variations of
cross-correlation function were observed for Bmilgpg/
M33Cy5, M33Cy5/Ring1ARhGa M33Cy5/RYBPRhG and
RYBPRhG/RinglACy_s (solid curves shown in Figure 5A-D
and Table 1). The significant interactions are shown schemat-
ically in Figure 6. M33 appeared to mediate the association.
To confirm the role of M33, we examined the association
with the mediator using FCCS. Interestingly, the amplitude
of the cross-correlation function of Bmilcys/Ringl Agpg
was increased by the addition of non-labeled M33 (dashed
blue curves shown in Figure 5F). The diffusion coefficient

Cyst‘l.abel,e\f}) Rho(:’e‘.l"‘bell\e/l‘; Addition Ka (M) of the cross-correlated complex was 2.7 x 107! m? s~ cor-
protein (nd protein (n responding to ~120 kDa. The molecular brightness (C/M)
Fos (18.4) Fos (18.0) — ND was not altered by the addition of a non-labeled protein
Fos (19.2) Fos (17.9) AP-1 DNA 3720 (19.5-20.0 kHz in the red channel and 12.7-11.3 kHz in
;:: gg ig: 822 ‘A‘P | DNA ?;g the green channel). In contrast, the effect of the addition of
Jun (4.8) Fos (12.3) _ 60 M33 on the interactions of Ringl A/RYBP and Bmil/RYBP
Jun (4.5) Fos (11.5) AP-1 DNA 45 was not significant (dashed blue curves in Figure 5D and E).
Rab3A (4.8) CaM (8.1) — ND
Rab3A (4.5) CaM (7.8) EGTA ND
Caldesmon (6.1) CaM (8.3) — 500
Caldesmon (5.7) _ CaM (7.5) EGTA 2300 DISCUSSION
Calcineurin (11.2) CaM (7.8) - 160 Purification of fluorescently labeled proteins by using a sec-
Calcineurin (11.5) CaM (7.9) EGTA 2200 . . . s e X
M33 (5.6) Bmil (7.8) - 92 ondary affinity tag, iminobiotin, introduced on to Auorescent
M33 (4.6) RYBP (5.3) — 70 puromycin as described here, improved the sensitivity for
M33 (5.2) RinglA (7.7) — 51 FCCS analysis of interactions between two distinct
RinglA (4.6) RYBP (16.3) — 74 fluorescence-labeled proteins. Indeed, the c-Jungpafc-Juncys
Bmil (4.4) RYBP (14.7) —_ 2300 : . : : Y
A Lo o Interactions both with and without non-labeled AP-1 olico-
Bmil (4.1) RinglA (5.5) — 2000 R . . .S
nucleotide could be detected in this study, whereas the inter-
ND; not determined. action among c-Jungyc/CyS-labeled AP-1/non-labeled Jun
B C
1.0 1.01 l
1.004 N s 1,005 5 X e
001 0.1 1 10 100 1000 001 0.1 1 10 100 1000 001 0.1 1 10 100 1000
7 {msec) 7 {msec) 7 (msec)

Figure 4. Cross-correlation function between CaMpyg and CaM-binding
curves represent data obtained after the addition of 5 mM EGTA.

proteins: Rab3Acys (A). caldesmonc,s (B) and calcineurin Adcys (C). The dashed blue
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Figure 5. Cross-correlation function of M33
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Ring1A(2m-377)< > RYBP (92-228)

Figure 6. Schematic diagram of association of polycomb gene complex
proteins. Arrows indicate interactions between the proteins as judged from the
apparent Ky values in this study. Gray areas indicate triplet interaction
detected using FCCS.

was not detected in the previous study (11). The apparent K4
of c-Fos/c-Jun/AP-1 found in this study was in good agree-
ment with reported values (25,26). The Kg4 of c-Jun homodi-
mer and AP-1 sequence also coincided with the value of
140 nM determined previously (25). Further, the Ky of
CaM and caldesmon was in agreement with the reported
value of 550 nM (27). The apparent K, was independent of
the concentrations of fluorescence-labeled proteins (data not
shown). These results indicate that FCCS analysis with
puromycin-based labeling of proteins is effective and con-
venient for protein-protein interaction assay, and that the
puromycin derivatives and affinity tags did not interfere sub-
stantially with the protein interactions. It should be noted that
the Ky values obtained from FCCS are minimum estimates
because small amounts of unlabeled proteins may remain.
The interaction of c-Fos homodimer and CaM/Rab3A
mediated by Ca® could not be identified in this study. The
Kq of c-Fos homodimer and AP-1 sequence was previously
reported to be ~6 UM (28). The Ky of CaM/Rab3A was
also reported to be 20~50 pM (29,30). The interaction of
c-Fos homodimer (and c-Jun homodimer) in this study
might include interactions between single-colored proteins,
but the molecular brightness was not greater than that of

0.01 04 1

cys and Bmilgug (A), M33¢ys and RinglAppg (B), M33¢ys and RYBPyg
Bmilgys and RYBPgyg (E), and Bmilp,g and RinglAcys (F). Dashed blue curves represent data

Pttty ] 0y oS N
10 100 1000 0.01 0.1 1 10 100 1000
7 (msec) T (msec)

(C). RinglA¢ys and RYBPyyg (D).
obtained after the addition of non-labeled M33 (2 nM).

other probed proteins (data not shown). Such weak interac-
tions might be detected if the concentrations of fluorescently
labeled proteins were increased.

A surface plasmon resonance (SPR) biosensor allows real-
time analysis of specific interactions on a solid phase,
whereas FCS and FCCS detect interactions in solution. Schu-
bert et al. (31) compared the entropic contribution to the free
energy between SPR and FCS and concluded that the reaction
entropy determined from an SPR experiment was lower than
that from an FCS experiment. Indeed, the K4 between CaM
and calcineurin was determined as 1.7 x 1078 M by means
of an SPR biosensor (32), and this is 10 times lower
than our value using FCCS. Similarly, interaction assay of
c-Fos/c-Jun heterodimer immobilized on a polystyrene tray
gave a K4 of 1 nM (33), whereas our FCCS analysis gave
70 nM. Although the immobilizing method may be advant-
ageous for the detection of protein interactions with low
affinity, we believe that K4 values in living cells are likely
to be more similar to those determined using FCCS in solu-
tion than to those determined on a solid phase.

The PcG proteins form multimeric complexes that bind to
specific genomic sites of polycomb repressive elements (34).
We applied FCCS to analyze in detail the individual associ-
ations of some PcG proteins by interaction assay of the
pairs under homogeneous conditions. As shown in Table I,
significant interactions were found among M33/Bmil,
M33/Ringl A, M33/RYBP and Ringl A/RYBP, respectively,
as previously confirmed by the yeast two-hybrid method
and protein pulldown assay (35,36). It appears that M33 is
a mediator in the association of these proteins (Figure 6),
but only the association of Bmil/M33/Ringl A was confirmed
(Figure 5F). The association of Bmil/M33/Ringl A was also
supported by applying a three-component model to fit the
autocorrelation function of Bmil after the addition of non-
labeled M33 (data not shown). Bmil, M33 and RinglA
are components of a stable core PcG repressive complex,
according to a biochemical study (37). Interestingly, our

'
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results suggest that RYBP may interact with M33 or RinglA
in the free form without the formation of a core complex.
This is consistent with the idea that RYBP plays a role in
recruiting PcG components (38). The FCCS analysis of the
components of PcG complex proteins presented here should
be a good model for detailed analysis of other protein com-
plexes. For example, use of puromycin-based fluorescently
labeled proteins would allow FCCS analysis, as well as
FCS analysis, of the dynamics of complex formation of ret-
inoblastoma tumor suppressor complex (39). The range of
detectable interactions should be improved by using FCCS.
The tandem affinity purification method using a polyhistid-
ine tag and an iminobiotin tag was further applied to over 30
proteins and all but three were sufficiently purified for FCCS
analysis. We also observed the interactions between IgG and
its binding domain 7ZZ region (40), and between Smac (sec-
ond mitochondria-derived activator of caspase or DIABLO)
and XIAP (X-linked inhibitor of apoptosis protein, data not
shown) (41). Combinations of two affinity tags are expected
to help high-throughput purification of the fluorescently
labeled proteins, because nickel-chelate beads and strep-
tavidin beads for high-throughput robotic systems are already
available from several vendors. Thus, the method presented
in this paper should be applicable to a large-scale analysis
of protein-protein interactions and should also contribute to
the elucidation of protein functions in the post-genomic era.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Microenvironment and Effect of Energy Depletion in the Nucleus
Analyzed by Mobility of Multiple Oligomeric EGFPs

Changi Pack, Kenta Saito, Mamoru Tamura, and Masataka Kinjo
Laboratory of Supramolecular Biophysics, Research Institute for Electronic Science, Hokkaido University, Sapporo 060-0812, Japan

ABSTRACT Four different tandem EGFPs were constructed to elucidate the nuclear microenvironment by quantifying its diffu-
sional properties in both agqueous solution and the nuclei of living cells. Diffusion of tandem EGFP was dependent on the length
of the protein as a rod-like molecule or molecular ruler in solution. On the other hand, we found two kinds of mobility, fast diffusional
mobility and much slower diffusional mobility depending on cellular compartments in living cells. Diffusion in the cytoplasm and
the nucleoplasm was mainly measured as fast diffusional mobility. In contrast, diffusion in the nucleolus was complex and
mainly much slower diffusional mobility, although both the fast and the slow diffusional mobilities were dependent on the protein
length. Interestingly, we found that diffusion in the nucleolus was clearly changed by energy depletion, even though the diffusion
in the cytoplasm and the nucleoplasm was not changed. Our results suggest that the nucleolar microenvironment is sensitive to

energy depletion and very different from the nucleoplasm.

INTRODUCTION ¢

The cell nucleus contains many proteins that form a multi-
molecular complex or a material such as chromatin and a
nucleolus. Most of the proteins in the nucleus are concerned
with molecular processing such as ribosome biogenesis, nRNA
synthesis, transcription and molecular transportation to and
from the nucleus. For these processes to be accomplished
properly, proteins related to each process are expected to act
dynamically and precisely in the nucleus. Consequently, the
dynamics of various molecules such as RNAs and nuclear
proteins in living cells have become a subject of major in-
terest because mobilities of such molecules in the nucleus
could provide important information about the molecular
functions of the nucleus (1-3). On the other hand, such mobi-
lity of functional protein molecules in the nucleus might be
mainly affected by the nuclear architecture and microenvi-
ronment (1,4) as well as their function because the chromo-
somes and the nucleoli occupy a large portion of the nuclear
space and changes depending on many factors such as gene
expression, cell cycle progression, and other metabolic state
of the cell. Therefore, for understanding the relation between
functional proteins and nuclear microenvironment, it is help-
ful to analyze mobility of standard protein molecules with
well-defined hydrodynamic properties as well as functional
nuclear proteins (1,5,6) or labeled macromolecules (7).
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In the last few years, many studies based on fluorescence
microscopic techniques such as FRAP, single particle track-
ing (SPT), and fluorescence correlation spectroscopy (FCS)
have been carried out for cell biology (8-15). The studies
showed that a variety of small fluorescent probes such as
BCECF (9), fluorescein-labeled macromolecules (dextran
and Ficoll) from 3 to 1000 kD (13), and monomeric EGFP
(14), move rapidly in the cytoplasm, whereas labeled linear
dsDNA diffuses very slowly and has a size dependence of
the diffusion constant (16). The key point of these studies is
that the diffusion of small dextrans and Ficolls in the cyto-
plasm is only restricted mildly whereas that for large macro-
molecules can be greatly slowed.

On the other hand, a few studies of protein mobility in the
cell nucleus have been carried out (10,13,14) with biologi-
cally inert protein, even though many studies have been
carried out with nuclear proteins (1,3,6). A study based on
FRAP and microinjection with diverse sizes of fluorescein-
labeled dextrans (13) showed that diffusion in the nucleus was
slowed approximately fourfold compared with their diffusion
in water. However, more variability in the measured data for
the nucleus was found than for cytoplasm. Monomer GFP
molecule showed much more complex diffusion in nucleus
than in cytoplasm (14). Recent studies of FRAP (1,17) and
FCS combined with FRAP experiment (18) using living cells
have shown that various EGFP-fused nuclear proteins diffuse
at different rates depending on their localization and function.
Nuclear proteins could interact with target molecules or
immobile structures such as chromatin, which slowed down
the mobility of the proteins (5,6,19). An FCS experiment with
monomeric EGFP showed that diffusion of EGFP, which is
presumably inert to other proteins, was restricted depending
on the position in the nucleus compared to diffusion in the
cytoplasm (14). Furthermore, whether intranuclear mobility
of many molecules results from passive diffusion or active
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transport is still controversial (3,20). The nuclear microenvi-
ronment, which may be one of the reasons, has not yet been
clearly quantified under various physiological conditions.

FCS has been applied as a powerful technique for asses-
sing biomolecular diffusion and interactions both in aqueous
conditions and in living cells with single-molecule sensitiv-
ity (21-26). FCS detects fluorescence intensity fluctuations
caused by Brownian motion of fluorescent probe molecules
in a tiny detection volume (~0.3 fL.) generated by confocal
illumination. Through time correlation analysis of the fluore-
scence fluctuations, the diffusion coefficient, the molecular
conceniration, and the molecular interaction of probe mole-
cules are accessible. Because FCS need only a very small
detection volume and has high sensitivity, it will also be
useful to measure diffusional mobility of proteins in very
small regions of subnuclear microenvironments in living
cells. Although FRAP is adequate for measuring the diffu-
sion of fluorescent molecules and possible exchange in target
organelles in the living cell (3,7), the measurable minimal
fluorescent intensity and diffusional speed range are limited
to brighter and slower ranges than those for FCS. Therefore,
we can anticipate that FCS will provide complementary
information for faster movement at lower expression levels
of various functional proteins in the nucleus.

EGFP is a powerful fluorescent bioprobe molecule with a
well-known cylindrical structure (27-29). It has recently
been used for various cell measurements in fluorescent imag-
ing of cells as well as for analysis of molecular diffusion
using FRAP and FCS. To develop a standard and reproduc-
ible method for diffusion analysis of proteins, we designed
multiple oligomeric EGFPs with different molecular weights,
which can be used as molecular rulers (MRs) for quantifi-
cation of protein mobility in the nucleus. For this purpose,
we constructed plasmids with different levels of oligomeric
EGFP, (EGFP,—-EGFPs, n = 2-5) with molecular weights of
60, 90, 120, and 150 kD, respectively, tandemly linked by a
random amino acid linker. Using multiple oligomeric EGFPs
and FCS, we determined the diffusion of the proteins in the
cytoplasm, nucleoplasm, and nucleoli of living HEK293,
HeLa, and COS7 cells. For strict recognition of the two
compariments in the nucleus, mRFP-fibrillarin and H2B-
mRFP were used as red fluorescent markers for the nucleolus
and the nucleoplasm, respectively.

In this study, FCS analysis by a one-component model
showed that the diffusional mobility of EGFP, in aqueous
solution was dependent on the length of EGFP,, and was well
consistent with the diffusion model of a rod-like structure. On
the other hand, the diffusion of EGFP,, in living cells analyzed
by a two-component model showed that fast diffusional
mobility in the cytoplasm and the nucleoplasm was consistent
with the model of a rod-like molecule as shown in aqueous
solution. The fast diffusion rates in the cytoplasm and the
nucleoplasm were almost the same, and ~3.5-fold slower
than in solution, regardless of the size of tandem EGFP, and
cell type. Mobilities of tandem EGFP,, found in the nucleoli of

Biophysical Journal 91(10) 3921-3936

Pack et al.

HeLa and COS7 cells were fivefold and sevenfold slower than
the fast diffusional mobility in the cytoplasm and the nu-
cleoplasm, respectively. Moreover, the much slower diffu-
sional mobility in the nucleolus was also dependent on the
length of EGFP,, demonstrating tandem EGFP molecules
were well-defined both in solution and in living cells. Inter-
estingly, the slow diffusion in the nucleolus was related to the
energy level of the living cell, because the slow diffusion of
EGFPs in the nucleolus, but not in the cytoplasm and the
nucleoplasm, was further siowed by ATP depletion.

MATERIALS AND METHODS
Plasmid construction of tandem EGFP

Plagmids expressing each tandem EGFP, were synthesized with the plasmid
expressing EGFP-C1 (Clontech, Palo Alto, CA). The EGFP-C1 was excised
at the Ndel and the Smal restriction sites and ligated between the Ndel and
Eco47 111 restriction sites of another EGFP-C1. The linker between EGFP,
containing 25 random amino acid residues (SGLRSRAQASNSAVDG-
TAGPLPVAT) originated from the remaining bases of the multiple-cloning
site. Plasmid constructs of H2B-mRFP and mRFP-fibriilarin were obtained
as gifts from Drs. H. Kimura (Kyoto University, Kyoto, Japan) (30,31) and
T. Saiwaki (Osaka University, Osaka, Japan) (32), respectively. All plasmid
constructs for transfection were purified using a plasmid DNA midiprep kit
(QIAGEN, Hilden, Germany).

Cell culture and expression of tandem
EGFP,, proteins

For transient expression of tandem EGFP,, human embryonic kidney 293
(HEK293), HeLa, and COS7 cells were plated at confluence levels of 10-20%
on LAB-TEK chambered coverslips with eight wells (Nalge Nunc Interna-
tional, Rochester, NY) for 12 or 24 h before transfection. Cells were
transfected with a EGFP,, vector or cotransfected with a vector of EGFP, and
H2B-mRFP or mRFP-fibrillarin, and grown in a 5% CO, humidified atmo-
sphere at 37°C in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, and 10 mg/ml streptomycin. Transfection was carried out with
FuGENE 6 (Roche Molecular Biochemicals, Mannheim, Germany) or
Effectene (QIAGEN) as indicated by the manufacturer. The transfected cells
were incubated for 24 or 48 h and washed with Opti-MEM to remove phenol
red dye in DMEM, and then the medium was replaced by Opti-MEM before
LSM and FCS measurements. Energy depletion was performed by addition of
6 mM 2-deoxyglucose (2-DG, Sigma-Aldrich) and 10 mM sodium azide
(NaN3, Sigma) to the culture medium (3,20). LSM images were collected for
the same cells before and after 2-DG and NaNj; treatment.
3

Western immunoblotting

The immunoblot analysis was performed according to the standard method.
Cells expressing tandem EGFP,, were grown on 10-cm culture plates for 48 h
after transfection, the BD Living Colors A.v. peptide antibody (BD Biosciences
Clontech, Mountain View, CA) was used as the primary antibody. Primary
antibody-bound protein bands were detected with an alkaline phosphatase-
conjugated secondary antibody (mouse anti-rabbit IgG, Chemicon Interna-
tional, Temecula, CA) by BCIP/NBT dye solution (Sigma-Aldrich).

Cell homogenization

After FCS measurements, the cultured cells on a Lab-Tek (Nalge Nunc .
International) chambered coverslip were collected by centrifugation at
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1500 rpm for 5 min and then the pellets of cells were homogenized in 50 pl
of buffer (10 mM Hepes pH 7.9 containing 10 mM NaCl, 3 mM MgCl2,
1 mM DTT, 0.4 mM PMSF, and 0.1 mM sodium orthovanadate). Each
EGFP,, protein solution was collected from the supernatant after centrifu-
gation at 100,000 rpm for 20 min and measured by FCS again.

Live cell imaging

Fluorescence microscopy was performed using an LSM510 inverted con-
focal laser scanning microscopy (LSM; Carl Zeiss, Jena, Germany). LSM
observations were all performed at 25°C. EGFP, was excited at 488 nm of a
CW Ar" laser through a water immersion objective lens (C-Apochromat,
40X, 1.2 NA,; Carl Zeiss) with emission detected above 505 nm for single
scanning experiments using cells expressing EGFP,. Monomeric RFP-
fibrillarin or H2B-mRFP was imaged using a 543-nm laser light and detec-
tion was above 560 nm. The pinhole diameters for confocal imaging were
adjusted to 70 wm and 80 wm for EGFP and mRFP, respectively. To avoid
bleed-through effects in double-scanning experiments, EGFP and mRFP
were scanned independently in a multitracking mode.

FCS measurements and quantitative ar;alysis

FCS measurements were all performed at 25°C on a ConfoCor 2 (Carl Zeiss)
as described previously (24,33). Excitation of EGFP was carried out at
488 nm and 6.3 mW by adjusting an acousto-optical tunable filter (AOTF) to
0.1%. Fluorescence autocorrelation functions (FAF) G (7)), from which the
average residence time (7;) and the absolute number of fluorescent proteins
in the detection volume were obtained as follows:

dBIt+ 1))

G(r) = LI+ 7))
@

where [ (¢ + 7) is the fluorescence intensity in single photon counting method

obtained from the detection volume at delay time 7. Brackets denote ensemble
averages. The curve fitting for the multicomponent model is given by:
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where y; and 7; are the fraction and diffusion time of component i, respec-
tively. N is the number of fluorescent molecules in the detection volume
defined by the beam waist wy and the axial radius zq, s is the structure
parameter representing the ratio of wg and zg. The detection volume made by
wg and zg was approximated as a cylinder. .
All FAFs in aqueous solutions were measured for 30 s five times at 5-s
intervals. In the case of intracellular measurement, FAFs were measured for
15 s one or three times, and very low fluorescent cells under concentration of
20 molecules (<0.1 M) per detection volume (0.3 fL) were chosen for FCS
measurement. Under these conditions, the effect of photobleaching on FCS
analysis was minimized. The measurement position was chosen in the LSM

' image. Because the optical passes of LSM and FCS are not the same, the real

position of FCS measurement was tuned to the position on LSM images with
a coverglass coated by dried rhodamine 6G (Rh6G), following the protocol
provided by the manufacturer (34). The real position of FCS measurement
was also checked with bleaching of H2B-mRFP in living cells. Although
there was no significant difference between the position of FCS measure-
ments checked by a coverglass and living cells, misalignment under 1 um
was found. This range of misalignment may not affect analysis of diffusion
in the region of nucleoplasm and nucleolus, diameters of which were of the
order of 10 and 2 um, respectively. The detection pinhole for FCS was fixed
to a diameter of 70 wm and emission was recorded through a 505-550-nm
bandpass filter for measurement of cells expressing EGFP, or through a
505-530-nm bandpass filter for measurement of cells coexpressing EGFP,
and mRFP tagged proteins for excluding any cross-talk signal from mRFP.
In practice, there was almost no cross-talk signal from mRFP using the three
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cell types expressing mRFP only. The fluorescence of cells expressing
mRFP shows almost the same background fluorescence signal under 15 cps
when a 505-550-nm bandpass filter was used. All measured FAFs were
fitted by the fit program installed on the ConfoCor 2 system using the model
Eq. 2. FAFs in aqueous solutions were fitted by a one-component model
(i = 1), and FAFs in cells by a one- or two-component model (i = 1 or 2) to
consider free diffusion and restricted diffusion, respectively (see also the
text). The pinhole adjustment of the FCS setup, structure parameter, and
detection volume were calibrated everyday by FCS measurements of Rh6G
solution with a concentration of 1077 M. Although the structure parameters
determined by Rh6G after the pinhole adjustment were changed and ranged
from 4 to § each day, FCS analysis was carried out with data sets with
structure parameters ranging from 5 to 6, which are known to be a stable
condition for FCS measurement. An average value of structure parameter
was fixed for FCS analysis of all data carried out in a day under the same
conditions. Diffusion time of component i, 7, is related to the translational
diffusion constant D of component i by

_ w
4Dy

Diffusion of a spheroidal molecule is related to various physical parameters
by the Stokes-Einstein equation as follows

KBT
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where T is the absolute temperature, #; is the hydrodynamic radius of the
spheroidal molecule, 7 is the fluid-phase viscosity of the solvent, and kg is
the Boltzman constant. Because ; is proportional to viscosity, the relative
VisCOsity (Tcen/Tsomuion) CaN be easily estimated. When the diffusion time of
Rh6G is measured and the molecular weight of the sample molecule is
known, the diffusion time of the sample molecule as a spherical shape can be
simply calculated by the following equation (23).

1/3
_ mvsphere
Tspherc = TRh6G MWRhGG .

The diffusion time 7 is also related to the frictional coefficient of the dif-
fusing molecules, which depends on the shapes of molecules undergoing
diffusion in a solution of defined viscosity. The ratio of the frictional coef-
ficient between spheroidal (fp) and ellipsoidal (f) molecules and the relation-
ship between the diffusion time and frictional coefficient are given by
Perrin’s equation (35,36)

f_ _ (pz _ 1)1/2
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where f and f; are frictional coefficients of ellipsoidal and spherical mole-
cules, respectively, p is the axial ratio of the ellipsoidal molecule, Toy;ps and
Tsphere are the diffusion times of ellipsoidal and spherical molecules, re-
spectively. Based on the known size of the EGFP molecule, 4 nm in length
and 3 nm in diameter, and the average length of 25 amino acids, the
predicted diffusion time of tandem EGFP, was calculated for spherical and
ellipsoidal models using Eqs. 5, 6, and 7. The lengths of amino acid linkers
used for the calculation were 3.7 nm for an a-helix structure and 9.1 nm for a
simple linear structure of 25 amino acids. The diffusion constants of EGFP,s
(Dgton) in the solution and cells were calculated from the published diffusion
constant of Rh6G, Dy (280 m?/s) (37), and measured diffusion times of
Rh6G (7rnss) and EGFP,s (Tygn) as follows:

Dgfpn — TRI6G )

Drres Tsfpn
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RESULTS
LSM observation
Expressed oligomeric EGFP,, localized in the nucleus

To observe the distribution and localization of monomer
EGFP and oligomeric EGFP, in HEK293, COS7, and HelLa
cells, the cells were transiently transfected with DNA plas-
mids encoding EGFP, or cotransfected with plasmids en-
coding each EGFP, and H2B-mRFP. Cells expressing each
oligomeric EGFP were observed at 24-48 h after transfec-
tion. Typical LSM images of HelLa cells expressing each
EGFP, taken at 24 h after transfection are shown in Fig. 1.
Monomer EGFP and EGFP, were uniformly distributed
through the cytoplasm and nucleus in each cell except in the
nucleolus (Fig. 1 A (F) and B (G)). In contrast, EGFPs,
EGFP,, and EGFPs showed different distribution patterns in
the cytoplasm and the nucleus. In the case of EGFPs, the
fluorescent intensity of proteins in the cytoplasm was higher
than that in the nucleus, although the difference was not
significant (Fig. 1, C and H). For EGFP, and EGFPs, the
fluorescent intensity in the nucleus was much weaker than
that in the cytoplasm (Fig. 1 D (/) and E (J)). However, the
fluorescence intensity of EGFP,4 and EGFPs in the nucleus
was sufficient to be detected by LSM measurement (Fig. 1,/
and J). The fluorescent intensities in the nucleus for EGFP,,
EGFP;, EGFP,, and EGFP; at 48 h were increased compared
with these at 24 h. For all oligomeric EGFP,, there was no
speckled or aggregated distribution in the cytoplasm and the
nucleoplasm and the fluorescence in the nucleoplasm except
in the nucleolus had a uniform pattern (Fig. 1, F=J). This
uniform pattern of fluorescence in the nucleoplasm was
confirmed by comparing the fluorescence of tandem EGFP

Pack et al.

with that of H2B-mRFP on Hel.a or COS7 cells coexpressing
EGFP; and H2B-mRFP or EGFPs and H2B-mRFP, respec-
tively (Fig. S1 in Supplementary Material), because it is known
that H2B-GFP show heterogeneous fluorescent pattern in the
nucleus depending on the density of chromatin (4,31,38). In the
case of HEK293 and COS7 cells transfected with the tandem
EGFP,, the difference of fluorescence intensity between the
cytoplasm and nucleus was clearly discriminated from EGFP;
regardless of the expression level, and the fluorescent intensity
in the nucleus was decreased with the increase in size of
tandem GFP (C. Pack and M. Kinjo, unpublished data).

LSM observations of HeLa cell indicated that tandem
EGFP bigger than EGFP3 (>>90 kD) had difficulty localizing
in the nucleus. The localization of EGFP,, in the nucleus was
dependent on the size of the EGFP, molecule. Although all
types of tandem GFP, could be localized in the nucleus,
there was less tandem EGFP, and EGFPs in the nucleus than
monomeric EGFP, EGFP,, and EGFP. The small number of
EGFP molecules in the nucleus (from 50 to 5 molecules in
the detection volume of 0.3 fL) might be sufficient to be
detected by FCS measurement even in very weak fluorescent
cells. For the weak fluorescent intensity in the nucleus
for EGFP,, EGFP,, and EGFPs, we did not need to select
weakly expressing cells as explained in Materials and
Methods, and could easily perform FCS measurement in
the nucleus.

FCS measurement in aqueous solution

Tandem EGFP,, diffuse in solution like a rod-like molecule

For analysis of the diffusion properties of monomer EGFP
and oligomeric EGFP,, in aqueous solution, cells transfected

FIGURE 1

Biophysical Journal 91(10) 3921-3936

Tandem EGFP located in the nucleus. LSM images of HeLa cells expressing (4) monomer EGEP, (B) EGFP,, (C) EGFP3, (D) EGFPy, and (E)
EGFPs, are shown. The images were taken at 24 h and 48 h after transfection with EGFP and tandem EGFP,,, respectively. Bars, 20 um. Panels F and J show
enlarged images of cells expressing EGFP,, from EGFP; to EGFPs, respectively, showing their location on the nucleus. Bars, 10 zzm. The fluorescent intensity
in the nucleus decreased with the increase in size of the oligomers. Tandem EGFPs, regardless of their size, were equally distributed in the nucleoplasm except
the nucleolus (see also supplementary Fig. S1). ’
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with the EGFP,, were homogenized and the proteins from the
cell lysate were extracted and measured in aqueous solution.
There was no drastic change or burst of average fluorescent
intensity during FCS measurement resulting from aggre-
gated EGFP molecules or contaminants from the homo-
genized cell extracts during the measurement time of 60 s.
The FAF of each tandem EGFP, was analyzed by a one-
component model (Eq. 2, i = 1) and was well fitted. Fig. 2 A
shows typical FAFs of EGFP, obtained from aqueous
solution. For comparison of the extents of diffusion speeds,
the amplitude of G (7) (G (0) — 1) was normalized to unity.
The autocorrelation functions of EGFP,, shifted gradually to
the right depending on the molecular weight of tandem
EGFP, (Fig. 2 B). Diffusion times corresponding to the
FAFs of EGFP;..s were 86.8 = 3.9 us, 125.8 * 2.7 us,
1474 £ 4.8 us, 1854 = 54 us, and 200 = 8.5 us,
- respectively (Fig. 2 C). These results indicated that the diffu-
sional mobility of EGFP, decreased with increasing molec-
ular weight. That there was no degradation of monomeric
and tandem EGFP, was also confirmed by the Western
blotting results (Fig. 2 B), which were well consistent with
the expected molecular weight of each oligomeric EGFP,,.
Diffusion constants of monomeric and oligomeric EGFP,, in
solution are summarized in Fig. 2 D. The diffusion constant
(76 wm?s™") of monomeric EGFP (263 amino acids, 30 kD)
was similar to those (87 ,u,mzs’l) of previous studies
(24,39,40) with recombinant GFP (238 amino acids, 27 kD)
synthesized by bacterial expression.
Oligomeric EGFP,, contains a linker of 25 random amino
acids connecting monomer EGFP molecules. Consequently,
oligomeric EGFP, can have different molecular shapes from

==}
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spherical to linear. Because the linker can change p, the axial
ratio of the protein molecule (Eq. 6), the diffusional mobi-
lities of tandem types of EGFP, from EGFP, to EGFPs may
reflect the diffusional mobility of an ellipsoidal or rod-like
molecule. For this case, diffusion times of oligomeric EGFP,
from EGFP, to EGFP5 could be much slower than those of
the proteins in spherical shape. Fig. 2 C shows a plot of the
measured diffusion time (solid circles) of each EGFP and
three plots of predicted diffusion times calculated by diffu-
sion models for the spherical shape and two rod-like shapes
with different p-values (Egs. 5-7). Enhanced EGFP has a
well-known cylindrical structure with a diameter of ~3 nm
and height of ~4 nm (27). For simplification, monomer
EGFP was assumed to be a spherical molecule and then
the diffusion time of oligomeric EGFP, was calculated as
a spherical molecule or rod-like molecule by Eq. 5. The
measured diffusion time of monomer EGFP (30 kD) agreed
well with the calculated value obtained from Eq. 5 using the
empirical diffusion time (21 = 2 us) and the known mole-
cular weight (0.479 kD) of Rh6G. The dashed line in Fig. 2 C
plots the calculated diffusion time of oligomeric EGFP, with
a spherical shape. The other two lines plot the predicted
diffusion times of rod-like oligomeric EGFP, assuming that
the amino acid linkers have an a-helix (solid line) or a linear
structure (dotted line) with lengths of ~3.7 nm and ~9.1 nm,
respectively. With this simple assumption, EGFP;..5 have
longitudinal lengths of 4, 12, 20, 28, and 36 nm, respec-
tively, for an «-helix linker and 4, 17, 30, 43, and 56 nm,
respectively, for a linear linker. As shown in Fig. 2 C, the
measured diffusion times of oligomeric EGFP, (solid cir-
cles) are much longer than the calculated diffusion times of
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FIGURE 2 FCS measurement of tandem
EGFP, in aqueous solution. (A) Immunoblots
of EGFP and tandem EGFP, and (B) normalized
FAFs of the proteins in aqueous solution are
shown. Lysates from HEK293 cells expressing
monomer EGFP and oligomer EGFP, were
blotted. The amplitude of FAF, G (0) — 1, was
normalized to unity for comparison of the extent
of diffusional speed. Diffusion times obtained by
fitting the functions (B) with a one-component
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the EGFP,, as a spherical molecule and well agreed with the
rod-like model for the a-helix linker, even though the dif-
fusion time of EGFPs was slightly shorter than the calculated
value. This indicated that diffusion of monomer and oligo-
meric EGFP, from EGFP, to EGFPs in solution reflected
free diffusion of rod-like molecules and depended on the
putative length of the oligomeric EGFP. Consequently, we
concluded that monomeric and oligomeric EGFP,, could be
used as molecular rulers that change the diffusion time
according to their own longitudinal length. This property of
tandem EGFP,, will be useful to analyze mobility of proteins
in organelles, particularly in the subnuclear microenvironment.

LSM and FCS measurement in cells

FCS measurements of oligomeric EGFP, in vivo were per-
formed using three cell lines, HEK293, COS7, and HeLa.
Cells expressing a comparatively low concentration of
EGFP, under ~20 molecules (<0.1 uM) per detection
volume (0.3 fL) were chosen because a dilute concentration
of fluorescent molecules is adequate for FCS measurement.
Even with this condition, there might be photobleaching
effect on FCS measurements. Recently, a method combining
FCS with photobleaching analysis was reported for studying
intracellular binding and diffusion of functional proteins
(41). This study suggested that the method is applicable to
analyze mobility of monomer EGFP even in highly fluores-
cent cells. Nevertheless, it is noted that our study focused on
* the mobility of freely moving tandem EGFP, in the micro-
environment containing the detection volume, but not that of
immobile tandem EGFP,, which gives rise to a photo-
bleaching and make FCS analysis more complex. For exclud-
ing a possible photobleaching effect, we carefully selected
cells with weak fluorescence or without photobleaching
during FCS measurement.

All FCS measurements were performed after taking 1.SM
images and multiple positions for FCS measurements in the
cytoplasm excepting endoplasmic reticulum and plasma
membrane, and multiple positions in the nucleus were chosen
in the LSM image of a cell. After FCS measurements, an
LSM image was taken again to check whether measured
positions of FCS were deviated from the LSM images. In
weakly fluorescent cells, it was not easy to discriminate the
nucleolus from the nucleoplasm, particularly, in cells expres-

sing EGFP;, EGFP,, and EGFPs, in which most of the

proteins were located in the cytoplasm and only a few EGFP
molecules were located in the nucleus. Fig. 3 shows typical
examples of LSM and FCS measurements for the three cell
lines. LSM images for FCS measurement of a HEK cell
expressed by EGFP,, a COS7 cell by EGFP,, and a HeLa
cell by EGFPs are shown in Fig. 3, A, C, and E, respectively.
On the weakly fluorescent HEK cell expressing EGFP
(Fig. 3 A), the boundary between the cytoplasm and nucleus
was not clear. On the other hand, the cells expressing EGFP,,
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and EGFPs (Fig. 3, C and E) show a clear contrast of the
boundary resulting from the difference of fluorescence inten-
sity between the cytoplasm and nucleus. The boundary be-
tween the cytoplasm and nucleus was not clear for weakly
fluorescent cells expressing EGFP, and EGFP,, regardless of
the cell type. However, the boundary was clearly visible with
cells expressing EGFP3;, EGFP,, and EGFPs, depending on
the size of tandem EGFP,, even though the fluorescence
signals of the cells were weak. The clear boundary between
the cytoplasm and nucleus for EGFP;, EGFP,, and EGFPs
made it easy to discriminate the two.

FCS analysis in living cells

For all cells expressing EGFP; or tandem EGFP,, diffusive
fluorescent regions in the cytoplasm and multiple positions
in the nucleus were measured by FCS. Examples of FAFs of
EGFP in HEK, EGFP, in COS7, and EGFPs in HeLa cells
are shown in Fig. 3, B, D, and F, respectively. Cross-hairs in
the LSM images correspond to the FCS measurement points.
InFig. 3 B, position 1 of FCS measurement point was chosen
for measuring cytoplasm, and positions 2 and 3 were pre-
sumed to be in the nucleus. In Fig. 3, D and F, position 1 of
the cross-hair corresponds to a point in the cytoplasm and
positions 2 and 3 to random points in the nucleus. The
amplitudes of all FAF (G (0) — 1) were normalized to unity
for comparison of the shift of the curve. One of two FAFs
obtained from the nucleus showed no or a small difference
from that in the cytoplasm (curve 2 in Fig. 3, B, D, and F).
Interestingly, other FAFs obtained from the nucleus largely
shifted to the right, indicating much slower diffusional
mobility (curve 3 in Fig. 3, B, D, and F). This slower dif-
fusion was occasionally found in nuclei of all cells expres-
sing monomeric and oligomeric EGFP,, regardless of the cell
type. This indicated that there were two types of diffusional
mobility in the three compartments: the fast-diffusion-
mobility (FAF curves / and 2 in Fig. 3) in the cytoplasm
and the nucleus, and the slow-diffusion-mobility (FAF curve
3 in Fig. 3) in the nucleus (summarized in Table 1). Fluo-
rescent intensity at the point of slower diffusion was weak
compared to that at other places in the nucleus. However, we
could not specify the precise position of the slow-diffusion-
mobility in the cell nucleus because of the very weak fluo-
rescence in the nucleus. Fig. 3 G shows a plot superimposing
normalized FAFs of EGFP, measured in the nucleus of Hel.a
cell excluding the slow-diffusion-mobility. The FAF of each
oligomeric EGFP in the cell nucleus shifted to the right with
the size of tandem EGFP,. This shift was well consistent
with the result in aqueous solution (Fig. 2 A). This con-
sistency suggests that the fast-diffusion-mobility of oligo-
meric EGFP;, in the cell nucleus might follow the diffusion
model of a rod-like molecule.

Analysis of FAF in cells was performed with a two-
component model ((Eq. 2), i = 1 and 2), a fast diffusing
component (first component) and a slower diffusing
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component (second component), because FAF of each
tandem EGFP,, cannot be fitted by a one-component model,
but best fitted by the two-component model. However, some
FAFs were best fitted by a one-component model. In this
case, we adopted the result of one-component analysis
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FIGURE 3 Two kinds of diffusional mobil-
ity in the nucleus. For FCS analysis, very weakly
fluorescent and nonphotobleaching cells less
than the molecular number of N = 20 in the
detection volume of FCS, which corresponds to
a concentration under 10~ M, were selected at
24 h after transfection. After recording LSM
images of selected (A) HEK, (C) COS7, and (E)
Hela cells, FCS measurements were per-
formed on multiple places in the cytoplasm
and in the nucleus. Bars, 5 um. For clarifica-
tion, only three typical and normalized FAFs of
EGFP,, EGFP,, and EGFP; in the cytoplasm
(curve 1) and the nucleus (curves 2 and 3) in
HEK, COS7, and Hela cells are shown in
panels B, D, and F, respectively. The rightward
shift of the FAF curve indicates the slow-
diffusion-mobility. The nucleus has both fast
diffusion (curve 2) and much slower diffusion
(curve 3). The normalized FAFs of EGFP and
tandem EGFP, in the nucleus of a Hela cell
with the fast-diffusion-mobility (curve 2) are
summarized in panel G. The normalized FAFs
of the fast-diffusion-mobility were gradually
shifted to the right according their molecular
size. (Cyt, cytoplasm).

(supplementary Fig. S2). The first component was consid-
ered to be a freely diffusing component and the second
component was assumed to be a slowly diffusing component
(14,24,42). High density of the cellular solutes and some
restricted mobility in a cellular microstructure may slow
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TABLE 1 Diffusion constants of monomeric EGFP and tandem EGFP,, in the cytoplasm, the nucleoplasm, and the nucleolus in three
different living cells (23)

Fast (fraction) Slow (fraction) Very slow (fraction)

(<10%)
(20%~100%) -

NP (fast/first components)

*Fast-diffusion-mobility (Cyt and NP)
Slow-diffusion-mobility (NL)

(>90%) -
(<80%)
Cyt (fast/first components)

TCell line Type of GFP D (;,Lmzs“l) Fraction (%) D (,u,mzs'l) Fraction (%)
Hela GFP, 234 + 25 95 227 £ 23 96
GFP, 164 = 0.8 92 149 = 0.8 93
GFP5 13.1 = 14 91 116 = 1.7 91
GFP, 9.0 =038 93 8.6 = 0.6 90
GFPs 8.3 x 1.1 90 7.8 £ 1.2 90
COSs7 GFP, 27.1 = 3.0 90 223 * 1.3 95
GFP, 158 = 1.0 93 149 = 0.3 92
GFP; 147 = 0.6 91 11.1 £ 0.8 94
GFP, 10.8 £ 1.0 92 9.2 + 0.8 91
GFPs 95+ 1.0 90 79 £ 04 90
HEK GFP, 21.0 = 1.6 95 249 £ 21 93
GFP, 174 £ 3.5 92 164 £ 2.2 95
GFP3 141 * 1.4 91 13.2 £ 09 91
GFP, 103 = 1.1 90 105 = 1.8 90
GFPs 10.4 = 0.5 92 9.6 = 04 92
NL (fast/first components) NL (slow/second components)
Cell line Type of GFP D¥ (um?~h) Fraction (%) D¥ (um?~h Fraction (%)
Hela GFP, 242 £ 13 - 58+ 1.6 —
GFP, 176 = 1.2 - 3805 -
GFP; 13.0 = 1.0 - 2.1 03 -
GFP, 11.0 £ 0.7 - 1.9 £ 0.1 -
GFPs 89 = 04 - 1.6 =+ 04 -
COS7 GFP, 228 = 1.7 - 57+ 16 -
GFP, 16.1 = 2.9 - 37 =08 -
GFP; 133+ 1.3 - 1.7 =02 -
GFP, 9.0+ 0.3 - 13 =02 -
GFPs 9.1 £ 0.8 - 1.1 =02 -

*Two kinds of mobility, fast-diffusion-mobility and slow-diffusion-mobility, were differentiated by two-component analysis of G (r). The fast-diffusion-
mobility has ‘‘fast’” and ‘‘very slow’’ components. In contrast, the slow-diffusion-mobility has *‘fast’’ and *‘slow’’ components. These three components
have different ranges for the diffusion time and fraction.

TThe diffusion constants and fractions in cytoplasm (Cyt) and nucleoplasm (NP) correspond to the average diffusion constants and fractions for the first
component of the fast-diffusion-mobility (‘‘fast’” in top part of table). The diffusion constant and fractions of the second component (*‘very slow’” in top part
of table) is not shown. The diffusion constant in the nucleolus (NL) corresponds to those for the first component (*‘fast’” in top part of table) and the second
component (*‘slow’’ in top part of table) of the slow-diffusion-mobility. The fraction in the NL was not shown because the values were very variable (see also
the text). The values of D in NL indicated those having a fraction >50%. Data were averaged over 15~20 cells for HeLa, COS7, and HEK293 (Mean * SE of
three independent experiments).

*The average values of D in the nucleolus were obtained from cells only expressing monomer EGFP and tandem EGFPn without mRFP-fibrillarin. These
values were consistent with the result of Fig.5 E obtained by coexpressed cells. ’

down free diffusion. With conditions of cells having a con-
centration under 20 EGFP, molecules (<0.1 uM) and a
comparatively short measurement time under 30 s, the

is strong and not a controlled one. In practice, photo-
bleaching effect was very small for weakly fluorescent cells
at an early stage after expression of tandem GFP (supple-

influence of photobleaching on diffusion time, which gives
rise to a very long diffusion time and an increase of the
fraction (y; value in Eq. 2), could be minimized. Photo-
bleaching effects were checked from the time trace of fluo-
rescent intensity for all FCS data (supplementary Fig. S3).
Increasing the incubation time after transfection for a few
days made the effect of photobleach on FCS measurement
much stronger, because the promoter for protein expression
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mentary Fig. S4). Background fluorescent signals under 2 X
10% cps and 10 X 10° cps were detected in medium and non-
transfected Hel.a, HEK, and COS7 cells (14). No signifi-
cant correlation amplitudes were detected in the culture
medium. In contrast, very weak correlations with very long
diffusion times above 10° us were sometimes detected in
each cell type when FCS measurement was carried out over
longer duration over 60 s. This was derived from very slow
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and large fluctuation of fluorescence but not from photo-
bleaching. To solve the background with very slow fluctu-
ation, we adapted a shorter measurement time as described
above. Considering each tandem EGFP has much larger
brightness per molecule than that of monomer EGFP (C.
Pack and M. Kinjo, unpublished data) and the diffusion time
of the proteins was an order of millisecond ranges, the short
measurement time of FCS might be enough to obtain a
reliable autocorrelation function.

Two diffusional mobility in the nucleus
The fast-diffusion-mobility in the cytoplasm and the nucleus

Fig. 4 A shows a plot of the diffusion time of first component

. obtained from FAFs representing the fast-diffusion-mobility

in the cytoplasm and in the nucleus of HeLa cells (curves
I and 2 in Fig. 3, B, D, and F). For these FAFs of the fast-
diffusion-mobility, >90% of the fraction (y; in Eq. 2) was
defined as the first component, which represents free diffu-
sion. These results were highly reproducible. As shown in
Fig. 4 A (solid circles), the diffusion times of the fast-
diffusion-mobility in the nucleus were gradually increased
with the increase in the molecular size of tandem EGFP,. In
the cytoplasm (Fig. 4 A, open circles), the diffusion time of
the first component for EGFP,, also increased with size. No
significant difference between the first components in the
cytoplasm and nucleus was found. Average diffusion times
of monomeric and oligomeric EGFP in HEK and COS7 cells
also increased with increasing the size both in the cytoplasm
and in the nucleus (Fig. 4, B and C). The ratio of the diffusion
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time of the first component in the cytoplasm and the nucleus
of each cell type to that in aqueous solution (DT ce/DTsor),
which indicates the ratio of viscosity (Egs. 3 and 4), is shown
in inserts in Fig. 4, 4, B and C, respectively. Regardless of
the cell type, the average ratios of viscosities in the cyto-
plasm and the nucleus were not significantly different and
3.5-fold higher than that in solution. Moreover, there was no
dependency of the viscosity ratio on the size of oligomeric
EGFP,.. These results agreed with previous results obtained
from microinjected fluorescent macromoleucules and mon-
omeric EGFP (7,13,42).

Using the result that the average viscosity in the cytoplasm
and nucleus was 3.5-fold higher than that in solution, the
expected diffusion times of tandem EGFP,, in the cell were
calculated. As shown in Fig. 2, the measured diffusion times
of first components in living cells were also compared with
three calculated diffusion times (Fig. 4, A, B, and C) as-
suming the shape of oligomeric EGFP to be spherical (dashed
lines) or rod-like with the expected linker lengths of 4 nm
(solid lines) and 9 nm (dotred lines). Dependency of the dif-
fusion times on the size of oligomeric EGFP both in the
cytoplasm and in the nucleus was consistent with that of a
rod-like molecule rather than a spherical one (dashed lines).
Based on the result that the diffusion properties of rod-like
molecules of oligomeric EGFP in the cytoplasm and the
nucleus are equivalent and consistent with the result in aque-
ous solution, the oligomeric EGFP, located in the nucleus
was not truncated or degraded. Consequently, our results
suggested that the diffusion of oligomeric EGFP,, as a rod-
like molecule was well conserved in the cellular circum-
stance in all of three cell lines.

A B FIGURE 4 Fast diffusional mobility of tandem
— 1200 — 1200 EGFP, is dependent on the molecular length. FAFs
23 1000 “”% 1000 were fitted with a two-compo.nem.mode.al using Eq. 2,
:; @ i = 2 for analyzing the diffusion times and the
£ 800 £ 800 fractions of components 1 and 2. For the FAFs of the
= s fast-diffusion-mobility in Fig. 3 G, the fraction of the
8 sor S soor - first component was >90% for EGFP and tandem
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GEP panels A, B, and C show the average values of five
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cells for each protein. The error bars represent mean
* SD. The diffusion times of the first components
were increased according to the molecular weight. As
shown in Fig. 2, the calculated diffusion times for a
spherical and a rod-like molecule were plotted for
comparison. Dashed line shows diffusion times
calculated by Eq. 5 using the molecular weight and
the measured diffusion time of Rh6G assuming the
oligomeric EGFP, are spherical. Solid and dotted
lines show the calculated diffusion times assuming
that the linker between EGFP forms a rigid a-helix
and a linear shape, respectively. Inserts show the ratio
of diffusion times of the first component in the
cytoplasm and the nucleus to that in aqueous solution.
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