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polyclonal (1:1000; BD Biosciences), and GFAP (1:1000; Chemicon).
Appropriate fluorescence-tagged (Invitrogen, Carlsbad, CA, USA} or
biotinylated (Vector Laboratories, Burlingame, CA, USA) secondary anti-
bodies were used for visualization. Immunoreactivity was assessed under
microscopy (Axioplan, Zeiss, Germany) or confocal laser scanning micro-
scopy (TCS NT; Leica Microsystems, Germany). To analyze quantitatively
the numbers of TH-positive neurons and AADC-positive neurons, every
10th 30-um section (total of 11 sections) covering a 3-mm thickness from
each animal (1 = 3 per group) was examined. Coexpression efficacy was
analyzed by dual immunofluorescence staining.

Statistical analysis. One-way analysis of variance (ANOVA) was
performed to determine differences in dopamine levels, as well as TH
activity, followed by Tukey's test (StatView 5.0 software; Abacus).
Behavioral changes were analyzed by a repeated measure ANOVA,
followed by Tukey’s test, with P < 0.05 considered statistically
significant. Results are presented as means + SEM.
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Interaction of a Small Heat Shock Protein of the Fission Yeast,
Schizosaccharomyces pombe, with a Denatured Protein at
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We have expressed, purified, and characterized one small heat
shock protein of the fission yeast Schizosaccharomyces pombe,
SpHsp16.0. SpHsp16.0 was able to protect citrate synthase from
thermal aggregation at 45 °C with high efficiency. It existed as a
hexadecameric globular oligomer near the physiological growth
temperature. At elevated temperatures, the oligomer dissociated
into small species, probably dimers. The dissociation was com-
pletely reversible, and the original oligomer reformed immediately
after the temperature dropped. Large complexes of SpHsp16.0 and
denatured citrate synthase were observed by size exclusion chroma-
tography and electron microscopy following incubation at 45 °C
and then cooling. However, such large complexes did not elute from
the size exclusion column incubated at 45 °C. The denatured citrate
synthase protected from aggregation was trapped by a GroEL trap
mutant at 45°C. These results suggest that the complex of
SpHsp16.0 and denatured citrate synthase at elevated temperatures
is in the transient state and has a hydrophobic nature. Analyses of
the interaction between SpHsp16.0 and denatured citrate synthase
by fluorescence cross-correlation spectrometry have also shown
that the characteristics of SpHsp16.0-denatured citrate synthase
complex at the elevated temperature are different from those of the
large complex obtained after the shift to lowered temperatures.

Small heat shock protein (sHsps)? is one of the ubiquitous chaper-
ones, existing in all types of organisms, including archaea, bacteria, and
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eukarya (1). sHsps endow thermotolerance to cells in vivo (2, 3) and also
protect proteins from thermal aggregation and, in some cases, promote
the renaturation of proteins in vitro (4 —6). Compared with other chap-.
erones, they are relatively heterogeneous in sequence and size. They are
grouped together based on a conserved domain, the a-crystallin
domain, which is named after the a-crystallin of the vertebrate eye lens
(7). The a-crystallin domain is preceded by a highly variable N-terminal
region and is followed by a short, partly conserved C-terminal extension
(8). Although all sHsps exist as large oligomeric complexes, their qua-
ternary structures are diverse and are composed of 9—40 subunits (9).
To date, the three-dimensional crystal structures of MjHspl6.5, a sHsp
from hyperthermophilic archaeon Methanococcus jannaschii, and
Hsp16.9, a sHsp from wheat, have been determined. MjHsp16.5 forms a
hollow spherical complex of 24 subunits (10), whereas Hsp16.9 exists as
a dodecameric double disk (11). The crystal structures show that the
a-crystallin domain is composed of B-strands, and the two proteins
utilize a similar dimer as a higher assembly building block but differ in
their quaternary structure. In contrast, some members of the sHsp fam-
ily like a-crystallin are remarkably polydisperse (12). '

It has been revealed that the molecular mechanism of the chaperone
function of sHsps resides in the oligomeric structure. The chaperone
potential of sHsps is latent when they exist as large oligomeric struc-
tures under physiological conditions. At elevated temperatures, the
equilibrium shifts to the dissociated sate, and the hidden hydrophobic
substrate-binding sites are exposed to express chaperone activity (13).
In the presence of denatured proteins, small oligomers form a large
stable complex to protect against aggregation. Recently, Fu et al. (14)
have shown that a mutant of Hsp16.3 of Mycobacterium tuberculosis
with nine residues missing from the C terminus that cannot forma large
oligomeric complex exhibits chaperone activity at low temperatures.
The large substrate-sHsp complexes are dissociated to renature by the
action -of the DnaK system or more efficiently by the cooperation of
DnaK and ClpB system (15-19). In the absence of denatured proteins,
dissociated small complexes reassemble into a large oligomer after a
shift to physiological temperatures.

{n the fission yeast Schizosaccharomyces pombe, two small heat shock
protein genes (SPCC338.06¢c and SPBC3E7.02¢) have been identified.
Expression of SpHsp16.0 (SPBC3E7.02¢) is induced by a number of
experimental stimuli including heat shock. In addition, its expression is
also responsive to depletion of deoxyribonucleotides or DNA damage,
and this response is dependent on the spcl MAPK pathway and the
transcription factor atfl (20). SPCC338.06¢ encodes sHsp with the
molecular mass of 15,806 Da, which shares 34.8% amino acid sequence
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identity with SpHsp16.0. It is also induced by heat shock.® However,
their biochemical characterizations have not been performed previ-
ously.

In this study, we have expressed and characterized SpHsp16.0. Simi-
lar to other sHsps, it existed as a large oligomeric complex and dissoci-
ated into small oligomers at elevated temperatures to function as a
molecular chaperone. It formed a large complex with a denatured pro-
tein after heat incubation like other sHsps. We found that the complex
of SpHsp16.0 and denatured protein was in a different state at elevated
temperatures, It seems to be in the transient state and have a hydropho-
bic nature. By fluorescence cross-correlation spectroscopy, the interac-
tions of SpHsp16.0 and a denatured protein at different conditions were
compared.

MATERIALS AND METHODS

Proteins, Reagents, and Strains—Ex Taq DNA polymerase, restriction
enzymes, and other reagents for gene manipulation were obtained from
TAKARA Bio Inc. (Shiga, Japan). Citrate synthase (CS) from porcine
heart was purchased from Sigma-Aldrich. GFP was purified as
described previously (21). A bacterial chaperonin GroEL trap mutant
(D398A-GroEL) (GroELy,,,) was used to trap an unfolded protein (22).
Fluorescent labeling of SpHsp16.0 and CS was performed using BODIPY-FL
(4,4-difluoro-5,7-dimethyl-4-bora-3ada-diaza-s-indacene-3-propionic  acid)
succinimidyl ester (Molecular Probes, Eugene, OR) and Cy5 Mono-reactive
Dye (Amersham Biosciences). Other reagents were the products of Wako Pure
Chemical Industries (Osaka, Japan). S, pormbe ARC032 (972h7) was used for
preparation of the genomic DNA. Escherichia coli strains DH5e and
BL21(DE3) were used for plasmid construction and protein expression,
respectively.

Expression and Purification of SpHsp16,0—Because the gene is not
split by introns, a full-length gene for SpHsp16.0 was amplified from the
total genomic DNA of S. pombe ARCO032 by PCR using as primers
5'-CCC-ATA-TGT-CTT-TGC-AAC-CTT-TTT-T-3' and 5'-GGG-
AAT-TCT-TAC-TTA-ATA-GCA-ATT-TGT-T-3' and then sub-
cloned into the pT7Blue T vector. After confirmation of the sequence,
the gene was excised with Ndel and EcoRI and then introduced into the
Ndel/EcoRI site of pET23b to construct pSpHsp16.0E.

E. coli BL21(DE3) transformed with pSpHsp16.0E was grown at 37 °C
in Luria-Bertani medium containing 100 ug/ml of ampicillin. The cells
were harvested by centrifugation at 4,600 X g for 20 min at 4 °C. The
harvested cells were resuspended inbuffer A (50 mm Tris-HCl, pH 8.0,
0.1 mm EDTA, and 1 mm dithiothreitol) and disrupted by sonication.
Then the suspension of disrupted cells wis centrifuged at 25,000 X g for
30 min at 4 °C. The supernatant was applied to a DEAE-Toyopearl
anion exchange column (Tosoh, Tokyo, Japan) equilibrated with buffer
A. The proteins were eluted with a linear gradient of 0 -500 mm NaClin
buffer A, Fractions containing SpHsp16.0 were pooled, concentrated by
ultrafiltration (Amicon Ultra, Millipore, Billerica, MA), and then
applied to a UnoQ6 column (Bio-Rad) equilibrated with buffer A. The
proteins were eluted with a linear gradient of 0-500 mm NaCl in buffer
A. Fractions containing SpHsp16.0 were pooled, concentrated by ultra-
filtration (Amicon Ultra), and then applied to a HiLoad 26/60 Superdex
200-pg size exclusion column (Amersham Biosciences) equilibrated
with buffer B (50 mm Tris-HCl, pH 8.0, 1 mM dithiothreitol, and 150 mm
NaCl). Fractions containing SpHsp16.0 were collected and then con-
centrated by ultrafiltration.

Thermal Aggregation Measurements—Thermal aggregation of CS
from porcine heart was monitored by measuring light scattering at

3 M. Hirose, H. Tohda, Y. Giga-Hama, R. lizuka, C. Sugino, N. Ishil, and M. Yohda, manu-
script in preparation.
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500 nm with a spectrofluorometer (FP-6500; Jasco, Tokyo, Japan) at
45 °C, Native CS (150 nm, monomer) was incubated in the assay buffer
(50 mu Tris-HCY, pH 8.0) with or without SpHsp16.0. The assay buffer
was preincubated at 45 °C and continuously stirred throughout the
measurement.

Effect of SpHsp 16.0 0n Spontaneous Refolding of GFP—GFP was dena-
tured by incubation in acidic buffer (100 mm HCl, 50 mm Tris, 100 mm
KCl, and 5 mm dithiothreitol) for 30 min at room temperature. Refold-
ing was started by diluting the denatured GFP to be 50 nM in the dilution
buffer (50 mm Tris-HCl, pH 8.0, 100 mm KCl, and 5 mu dithiothreitol)
without or with SpHsp16.0 (100 nat or 10 pum). The fluorescence of the
refolded GFP was monitored at 510 nm with excitation at 400 nm using
a spectrofluorophotometer (FP-6500) with continuous stirring at 45 °C.

Electron Microscopy—An aliquot of SpHspl6.0 or SpHspi6.0-CS
complex solution was applied onto specimen grids covered with a thin
carbon support film, which had been made hydrophilic by the ion spat-
tering device (HDT-400; JEOL, Tokyo, Japan) and then negatively
stained with 1% uranyl acetate for 30 s. The images were recorded by
making use of a slow scan CCD camera (Gatan Retractable Multiscan
camera) under low electron dose conditions at a magnification of
50,000X in an electron microscope (Tecnai F20; Philips Electron
Optics, Hillsboro, OR) operated at 120kV. The images were analyzed on
computers using digital micrography.

Size Exclusion Chromatography-Multi-angle Light Scattering (SEC-
MALS)—Thepurified SpHsp16.0 complex was analyzed by SEC-MALS
on a TSKgel G3000y, column (Tosoh) connected with a multi-angle
light scattering detector (MINI DAWN; Wyatt Technology, Santa
Barbara, CA) and a differential refractive index detector {Shodex
RI-101; Showa Denko, Tokyo, Japan) by a HPLC system, PU-980i
(JASCO). A 100-pul aliquot of sample was injected into the column and
eluted with butfer C (50 mu Tris-HCl, pH 7.0, 150 mm NaCl, and 1 mm
dithiothreitol) at 1.0 ml/min. The molecular mass and protein concen-
tration were determined according to the instructional manual (23).

Size Exclusion Chromatography at Elevated Températures—Size
exclusion chromatography was performed with a column, SB-804HQ
(Showa Denko), using a HPLC system, PU-1580i, connected with a
multi-wavelength detector MD1515 (JASCO). The purified SpHsp16.0
was diluted to 4 M in buffer B. A 100-ul aliquot of diluted SpHsp16.0
was heated at the specified temperature for 60 min and then loaded on
the column heated at the same temperature. Elution was performed
with buffer C at a flow rate of 0.5 ml/min. To examine the reversibility of
the dissociation, SpHspl6.0 heated at 45 °C was analyzed by size ex-
clusion chromatography at room temperature after cooling at 4 °C for
30 min.

Labeling SpHsp16.0 and CS with Fluorescent Dyes—Before labeling,
both SpHsp16.0and CS were gel-filtrated on a NAP5 column (Sephadex
G-25; Amersham Biosciences) equilibrated with 50 mm sodium phos-
phate, pH 7.5. Then 200 pl of SpHsp16.0 (3 mg/ml) was mixed with 5 pi
of 1 M K,CO; to pH 8.5, Subsequently, BODIPY-FL succinimidyl ester
was added to the mixture to 121 pM and incubated for 3 h at room
temperature. After the reaction, unreacted BODIPY-FL succinimidyl
ester was removed by gel filtration with a NAP5 column. After mixing
200 wpl of CS (22.4 pMm) with 20 wl of 1 M Na,HPO, to pH 9.0, Cy5
monoreactive dye (Amersham Biosciences) was added to 83 uM, and the
mixture was incubated for 3 hat room temperature. Then the unreacted
Cy5 monoreactive dye was removed by gel filtration with a NAP5 col-
umn. The fluorescent-labeled SpHsp16.0 and CS were designated
BODIPY-SpHspl6.0 and Cy5-CS, respectively. BODYPY-SpHspl6.0
exhibited almost same chaperone activity as SpHsp16.0 without modi-
fication.

JOURNAL OF BIOLOGICAL CHEMISTRY 32587



Interaction of SpHsp 16.0 with a Denatured Protein

Analysis of SpHsp16.0-CS Complex by Size Exclusion Chromatogra-
phy—The interaction in the native structure was examined by size
exclusion chromatography at room temperature. A mixture of 1 um
SpHsp16.0 and 0.2 um Cy5-CS in buffer B was analyzed with a size
exclusion column, SB-804HQ, using a HPLC system PU-1580i with
buffer B delivered at the flow rate of 0.5 ml/min. Proteins and Cy5-CS
were monitored at the absorbance at 220 and 650 nm, respectively.
SpHsp16.0-CS complex was analyzed as follows. SpHsp16.0 solution (1
M) was heated at 45 °C from 5 min, and the Cy5-CS was added to 0.2
pM. After further incubation at 45 °C, the mixture was analyzed on the
column at 45 °C or at room temperature after cooling on ice for 30 min.
To examine whether other chaperone can rob denatured CS from
SpHspl6.0, GroEL,,,, was added to the mixture of SpHsp16.0 and
Cy5-CS to 1 uM (as tetradecamer) after 30 min of incubation at 45 °C.
The mixture was analyzed on the column at 45 °C.

FCS and FCCS Measuremeni—FCS and FCCS measurements were
carried out with a ConfoCor2 (Carl Zeiss, Oberkochen, Germany),
which consisted of a CW Ar* laser and helium-neon laser, a water
immersion objective (C- Apochromat, 40X, 1.2 NA, Carl Zeiss), and two
channels of avalanche photodiodes (SPCM-200-PQ; EG&G).
BODIPY-FL was excited at 488 nm, and Cy5 was excited at 633 nm. The
confocal pinhole diameter was adjusted to 90 wm for 633 nm and 50 um
for 488 nm. The emission signals were split by a dichroic mitror
(635-nm beam splitter) and detected at 505-550 nm by the green chan-
nel for BODIPY-FL and through a 650-nm-long path filter by the red
channel for Cy5.

Measurement was performed using 0.2 um BODIPY-SpHsp16.0 and
0.05 um Cy5-CS solutions in 50 mM phosphate buffer, pH 7.5. To meas-
ure FCS, 100 pl of each labeled protein solution was used for the meas-
urements separately at room temperature or at 42 °C after 5 min of
incubatiorrat 45 °C, FCCS at room temperature was measured using 100
ul of the mixture of both labeled proteins. To examine the interaction at
42°C,0.2 um BODIPY-SpHsp16.0 was incubated at 45 °C for 5 min, and
then Cy5-CS was added to 0.05 um. After a further 5-min incubation at
45 °C, 100 pl of the mixture was subjected to FCCS at 42 °C. The large
complex of BODIPY-SpHsp16.0 and Cy5-CS was formed by cooling the
mixture at 4 °C for 4 min after 5 min of incubation at 45 °C, and then the
FCCS measurement was performed at room temperature.

Data Analysis of FCS and FCCS—The fluorescence autocorrelation
functions of the red and green channels, G,(7) and G(7), and the fluo-
rescence cross-correlation function, G.(1), are calculated using Equa-
tion 1,

(8l(t)-81,(t + 7))
(I()1(8))

where 7 denotes the time delay, /; is the fluorescence intensity of the red
channel (i = r) or green channel (i = g), and G,(1), G (7), and G(7)
denote the auto correlation function of red (i = j = x = r), green (i = j =
x = g), and cross-correlation (i = r,j = g and x = ¢), respectively.
Acquired G, (1) were fitted by a one-, two-, or three-component moclel
as shown in Equation 2,

1 o o\ 12
Gy(m) =1 +N2 Fi(1 +;) <1 +‘2—) (Ea.2)

Gul1) =

(Eq.T)

i S°T;

where F; and T; are the fraction and diffusion time of component i,
respectively. N is the average number of fluorescent particles in the
excitation-detection volume defined by radius w, and length 2z,, and s is

the structure parameter representing the ratio s = z,/w,. The pinhole
adjustment of the FCS setup, structural parameter, and detection vol-
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FIGURE 1. Effects of SpHsp16.0 on thermal aggregation of CS and spontaneous
refolding of acid-denatured GFP. A, thermal aggregation of CS from porcine heart was
monitored by measuring light scattering at 500 nm using a spectrofiusrometer at 45 °C
with continuous stirring. Monitoring started with the addition of CS {150 nm as mono-
mer) to 50 mm Tris-HCl buffer, pH 8.0, preincubated at 45 °C without {closed circle) or with
150 (open circle), 300 (closed triangle), 450 (open triangle), and 600 nm (closed square)
SpHsp16.0. 8, GFP folding was monitored by measuring the fluorescence at 510 nm with
excltation at 400 nm using a spectrofluorophotometer. The fluorescence measurement
was started by the addition of acid-denatured GFP (final concentration, 50 nwm) into the
dilution buffer (50 mm Tris-HCI, pH 8.0, 100 mm KC!, 5 mm dithiothreitol) without (closed
circle) or with 100 nm {open circle) or 10 um (closed square) SpHsp16.0 at 45 °C.

ume were calibrated for 488- and 633-nm excitation using FCS meas-
urements of rhodamin 6G and Cy5 solution, respectively, with a con-
centration of 1077 M. Molecular masses of labeled protein could be
evaluated with the Stokes-Einstein equation relation for a spherical
molecule and with the molecular masses of rhodamin 6G or Cy5 as
references (24). The average number of red fluorescent particles (N,)
and green fluorescent particles (N}, and particles that have both red and
green fluorescence (N,) can be calculated with N, =1/G,(0), N, = 1/G,
(0),and N, = GC(O)/GF(O)G&,(O), respectively. When N, and N, are con-
stant, G, (0) is directly proportional to N,. For a quantitative evaluation
of the cross-correlation among various samples, G,(0) is normalized by
G,{0) (cross-ratio; G,(0)/G,(0)) (25).

RESULTS

SpHsp16.0 Efficiently Protects Porcine Heart Citrate Synthase from
Thermal Aggregation but Cannot Arrest Spontaneous Refolding of Acid-
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FIGURE 2. Oligomeric structure of SpHsp16.0. A, electron microscopy of negatively
stained SpHsp16.0 is shown. The bar represents 50 nm. 8, the molecular mass of the
SpHsp16.0 oligomer was determined by SEC-MALS as described under “Materials and
Methods."

denatured GFP—In S. ponibe, two small heat shock protein genes have
been identified. Among them, expression of SPBC3E7.02¢ is highly
induced by a number of experimental stimuli including heat shock. It is
named SpHsp16.0 from its deduced molecular mass of 15,967 Da. To
examine whether SpHsp16.0 possesses molecular chaperone activity, its
effect on the thermal aggregation of CS from porcine heart were exam-
ined. As shown in Fig, 14, SpHsp16.0 efficiently prevented the thermal
aggregation of CS. An excess of SpHsp16.0 monomer of ~2 mol was
enough to suppress the increase in light scattering, which coincides well
with previous observations obtained with sHsps from Saccharomyces
cerevisiae (13, 17). These results support the notion that sHsps function
as dimers under heat-stressed conditions.

Then we examined the effects of SpHspl6.0 on the spontaneous
refolding of GFP. Chaperonin or prefoldin can capture the folding inter-
mediate of acid denatured GFP and arrest its spontaneous refolding (26,
27). SpHsp16.0 could not suppress the increase of fluorescence even in
the presence of a 200-fold excess (Fig, 1B). This result suggests that the
complex of SpHsp16.0 and denatured protein is not stable as observed
for other chaperones.

Oligomeric Structure of SpHsp16.0—Size exclusion chromatography
of the purified SpHsp16.0 revealed that it existed as an oligomer, Elec-
tron microscopic image of negatively stained SpHsp16:0 showed that it

2000
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FIGURE 3. influence of elevated temperature on SpHsp16.0 oligomeric structure,
Size exclusion chromatography was performed using a SB-804HQ column as described
under "Materials and Methods.” HPLC analysis of the dissociation of the oligomer at
elevated temperatures is shown. A, SpHsp16.0 {4 um) was incubated at the temperature
indicated for 60 min and applied to the column, which was kept at the same tempera-
ture, B, reversibllity of the dissociation is shown. To investigate the reversibility of the
dissociation, SpHsp16.0 was cooled at 4 °C for 30 min after incubation at 45 °C for 30 min
and then applied to the column at room temperature.

existed as a spherical particle (Fig. 24). The diameter was estimated to
be less than 15 nm. The size is almost the same as that of Hsp26 from S.
cerevisiae (13). Then we determined the molecular mass of the oligomer
by SEC-MALS. The molecular mass of the oligomer was calculated to be
250 kDa (Fig. 2B). Thus, the SpHsp16.0 oligomer is likely to be com-
posed of 16 subunits.

Temperature-dependent Oligomeric Structural Change of SpHsp 16.0—lt is
postulated that the oligomeric dissociation of sHsp is prerequisite for exposure
of the substrate-binding site and then molecular chaperone functions (11, 13,
28-30). We have examined the dissociation of the complex by size exclusion
chromatography on HPLC at elevated temperatures. Because we could not
observe any structural change when the samples were applied to a column kept
at room temperature, analyses were performed with the column heated to the
temperature of the sample. As shown in Fig. 34, we observed a temperature-
dependent dissociation of the oligomer. At 45 °C, all of the large oligomers
disappeared and small complexes appeared.

The dissociation is reversible as shown in Fig. 38. The SpHsp16 oli-
gomer was completely dissociated into small oligomers at 45 °C. The
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FIGURE 4. Interaction between SpHsp16.0 and denatured CS, Interaction of SpHsp16.0 and Cy5-CS was analyzed on a size exclusion column, SB-804HQ, by monltoring the
absorbance at 220 and 650 nm. 4, ge! filtration analysis of the mixture of SpHsp16.0 and Cy5-CS at room temperature, Band C, SpHsp16.0 solution was heated at 45 °C from § min, and
the Cy5-CS was added. After further incubation at 45 °C, the mixture was analyzed with the column at 45 °C (C) or at room temperature after cooling on ice for 30 min (8). D, GroELy,
was added to the mixture of SpHsp16.0 and Cy5-CS after 30 min incubation at 45 °C, and the mixture was analyzed at 45 °C. As a control, the chromatogram obtained without addition

of GroElLy,,, is also shown. The retention time for GroELtrap is marked.

small oligomers immediately disappeared, and the original oligomeric
complex reappeared when the sample was cooled. The dissociation
equilibrium is also affected by the concentration as observed for Hsp27
(31) (data not shown). Therefore, we were unable to determine the
molecular mass of the small dissociated oligomers by SEC-MALS
because of the limit of sensitivity.

Interaction between SpHsp16.0 and Heat-denatured CS—Then intet-
action between SpHsp16.0 and CSwas examined by size exclusion chro-
matography and electron microscopy. When the mixture of SpHsp16.0
and CS labeled with Cy5 (Cy5-CS) was applied to the size exclusion
column without heat treatment, two clearly sepatated peaks appeared
{Fig. 44). The high moleculat mass peak corresponds to the SpHsp16.0
oligomer, and the low molecular mass peak corresponds to Cy5-CS (Fig.
44, dotted line). Then SpHsp16.0 was incubated with Cy5-CS at 45 °C
for 30 min and cooled at 4 °C for 30 min. This mixture was analyzed by
size exclusion chromatography at room temperature. Broad and sharp

32590 JOURNAL OF BIOLOGICAL CHEMISTRY

peaks composed of both proteins appeared at shorter elution times (Fig.
4B). The large complexes were analyzed by electron microscopy. Vari-
ous sized elliptical particles of 25-37.5 nm in the major axis, larger than
the spherical particles of the SpHsp16.0 oligomer, were observed (Fig.
5). SpHsp16.0 likely binds to non-native CS to form complexes of vari-
able size and shape like other sHsps (13, 17, 29, 32).

Then we examined the complex of SpHsp16.0 and Cy5-CS by the
column heated at 45 °C. Unexpectedly, we could not observe any large
complexes of SpHspl6.0 and Cy5-CS (Fig. 4C). Moreover, most of
SpHsp16.0 and Cy5-CS were lost, and only small peaks were observed.
The proteins were eluted from the column afterward by washing with
ethylene glycol, which is thought to weaken hydrophobic interaction
(data not shown). The result suggests that the complex of SpHsp16.0
and Cy5-CS is in the transient state and has hydrophobic nature at
elevated temperatures. The observed stable large complex of SpHsp16.0
and CS is likely to be formed after the shift to the nonstress temperature.

Aanan
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FIGURE 5. Electron microscopy of the complex of SpHsp16.0 and denatured CS. The
size axclusion chromatography fraction corresponds to the large complex of SpHsp16.0
and CS obtained in the same procedure as for Fig. 6C was used for electron microscopy.
The bar represents 50 nm.

To examine the state of the complex at the elevated temperatures, we
examined whether GroEL trap mutant (GroEL. D398A-GroEL) can
rob the denatured Cy5-CS from SpHsp16.0. GroEL,,,, can capture an
unfolded protein but is unable to renature itin an ATP-dependent man-
ner (22). As shown in Fig. 4D, most of the fluorescence intensity of
Cy5-CS was observed at the position where GroEL,,, appeared, indi-
cating that the complex of SpHsp16.0 and denatured Cy5-CS is not
stable in the elevated temperature, and binding of denatured protein is
likely to be in the dynamic equilibrium state.

Detection of Interaction between SpHsp16.0 and CS at Elevated Tem-
perature by FCS and FCCS—We did not observe a complex of
SpHsp16.0 and CS at elevated temperatures by size exclusion chroma-
tography or other methods probably because the complex is in the tran-
sient state and also because of the highly hydrophobic nature of the
complex. FCS is used to analyze the interaction of proteins in solution
(33, 34). It provides information about the diffusion properties of fluo-
rescently tagged target molecules at a very low concentration (pm). FCS
measurements are based on single photon counting of fluorescence ina
defined detection volume (~0.25 fl) generated by a laser beam and fine
detection optics. The diffusion constant and the concentration of target
molecule can be determined from the autocorrelation function (G(7)),
allowing us to monitor the interaction in situ.

Fig. 6 (4 and B) shows the results of FCS analyses of BODIPY-
SpHsp16.0 and Cy5-CS at room temperature and 42 °C. Molecular
masses were estimated from the calculated diffusion time using the
Einstein-Stokes equation with rhodamin 6G or Cy5 as a standard. At
room temperature, the diffusion times of rhodamin 6G, Cy5, BODIPY-
SpHsp16.0, and Cy5-CS were 26, 42, 241, and 224 us, respectively. So
the molecular masses of BODIPY-SpHsp16.0 and Cy5-CS were calcu-
lated to be 384 and 119 kDa, respectively. Although these values do not
exactly match the molecular masses of the SpHspl6.0 hexadecamer
(250 kDa) and CS dimer (98 kDa) determined by SEC-MALS or calcu-
lated from the amino acid sequences, they reflect well the quaternary
structures. When the temperature was increased to 42 °C, both proteins
exhibited a dramatic change in diffusion time. The ditfusion time of
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BODIPY-SpHspl16.0 was 103 s (corrected for room temperature).
Cy5-CS was composed of three components whose diffusion times were
589, 137, and 80 us. Their distribution ratios were estimated to be 70, 20,
and 10%, respectively. The estimated molecular mass of BODIPY-
SpHsp16.0 decreased to 30.4 kDa, almost the same as the molecular
mass of the dimer, 32 kDa. In contrast, the quaternary structure of CS
was not uniform. The molecular mass of the main component is calcu-
lated to be ~2200 kDa, which is consistent with the formation of an
aggregate.

An extended technique of FCS, FCCS, can detect the coincidence of
two spectrally distinct fluorescent probes in a small detection area at
very low concentrations. FCCS has been used to detect the association-
dissociation reaction and interaction between two molecular species.
When 100 pl of a mixture containing BODIPY-SpHsp16 (0.2 uM as
monomer) and Cy5-CS (0.05 M as monomer) was observed at room
temperature, almost no cross-correlation between them was observed
at room temperature (G (0)/G,(0) = 0.002) (Fig. 6C). No specific cross-
correlation between BODIPY-SpHsp16.0 and only Cy5 dye was
observed at room temperature, at 45 °C with cooling to 4 °C, and at
42 °C, respectively (data not shown). By contrast, a significant cross-
correlation (G(0)/G,(0) = 0.15) was observed when they were incu-
bated at 45 °C and cooled to 4 °C (Fig, 4C). The result coincides with the
formation of a large complex. Then we performed FCCS at 42 °C, the
upper temperature limit of the thermostatted stage of the system.
Although the efficiency was relatively low, SpHsp16.0 could suppress
the thermal aggregation of CS at that temperature (data riot shown). As
shown in Fig. 6C, a cross-correlation between them was clearly detected
(G.(0)/G,(0) = 0.08). The interaction was not as tight as that observed
for the large oligomeric complexes obtained after the temperature shift.
Thus, we concluded that the complex of SpHsp16.0 and denatured CS
should be different from that observed after the temperature drop.

DISCUSSION

SpHsp16.0 shares almost the same characteristics as other sHsps
studied so far. It exists as a large oligomeric complex and dissociated
into small oligomers at elevated temperatures. The dissociation is com-
pletely reversible in the absence of denatured protein. At the medium
temperatures, SpHsp16.0 eluted as broad peaks between the original
complex and dissociated species, suggesting that SpHsp16.0 was in the
equilibrium between complex and dissociation states. The dissociation
equilibrium was also affected by the concentration. We could not deter-
mine the molecular mass of the dissociated species by SEC-MALS
because they were observed only the concentration is low. Molecular
mass estimated from the diffusion constant observed by FCS suggests
that the small species is dimer. However, further study would be
required to determine the structure of sHsp in the dissociated state.

SpHsp16.0 forms a large complex with CS after the heat incubation
and cooling. The complex was stable and did not dissociate spontane-
ously (data not shown). We could not observe such large complexes of
SpHspl6.0 and denatured CS by size exclusion chromatography at
45 °C in spite of the fact that the stable large complex was separated by
the column. The result seems to contradict with the previous result of
Hsp26 that large complexes with denatured proteins were observed by
native PAGE at the high temperature (13). The difference is likely to be
caused by the hydrophobic nature of the complex at the high tempera-
ture. In our experiment, large portions of SpHsp16.0 and CS were lost
during size exclusion chromatography, probably by the hydrophobic
interaction. Stable large complexes obtained after the temperature drop
did not exhibit such hydrophobic nature, and they eluted quantitatively
in size exclusion chromatography.

The difference in the characteristics of the complexes before and after
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cooling was also observed by FCCS. Compared with the stable complex,
the interaction between SpHsp16.0 and Cy5-CS of the complex at the
elevated temperature is relatively weak. The hydrophobic nature and
the relatively weak interaction suggest that the complex is in the tran-
sient state. Binding between SpHsp16.0 and denatured proteins should
be in the dynamic equilibrium, resulting in that the surface of the com-
plex is hydrophobic. It is also confirmed by the fact that denatured CS
that is protected from aggregation is captured by GroEL,,,,- Incompe-
tence of capturing folding intermediate of GFP is also likely to be due to
the same reason because acid denatured GFP folds relatively rapidly
compared with de novo folding.

We monitored the decrease of CS activity at 45 °C in the absence or
presence of 4-fold molar excess SpHsp16.0 (data not shown). CS activity
decreased with the incubation time and was almost completely lost after
5 min of incubation. Similar to the result obtained with Hsp25 (17), the
presence of SpHSp16.0 had almost no effect on thermal inactivation of
CS, even though it can prevent their thermal aggregation. Thus, we
think that SpHsp16.0 binds with CS in the irreversibly unfolded state.

Recently, Franzmann et al. (35) reported that dissociation of the oli-
gomer is not required for activation of Hsp26. They propose existence of
two alternative conformations for the Hsp26 oligomer with different
affinities for unfolded proteins. Even though we could not observe such
conformational changes of SpHsp16.0 oligomers at elevated tempera-
tures, the existence of SpHsp16.0-substrate complex in the transient
state with high affinity implies the presence of the conformation with
high affinity.

To reveal the molecular mechanism of chaperone activity of small
heat shock proteins, structural-and functional characterization of the
complex in the transient state would be necessary. Because it is difficult
to characterize the transient complex by conventional methods because
of high hydrophobicity, we believe that FCS and FCCS are important
tools for further study.
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Water-soluble CdSe/ZnS (core-shell) semiconductor quantum
dots surface-modified with tetrahexyl ether derivatives of
p-sulfonatocalix|4jarene were synthesized for the optical detec-
tion of the neurotransmitter acetylcholine.

Colloidal quantum dots (QDs) have recently attracted consider-
able attention as a new class of fluorophores for chemical and
biological applications.! QDs arc semiconductor nanoparticles that
have all three dimensions confined to the 2-15 nm length scale.?
The optical propertics of QDs have significant advantages
compared with traditional orgunic fuorescent dyes. QDs are
highly bright fluorophores, and they are highly resistant to
photobreaching, making them useful for continuous monitoring of*
fluorescence intensity.'* Besides, QDs have size-tunable narrow
emission spectra (typical full width at half maximum <30 nm) in
addition to broad excitation spectra.® This unique optical property
allows a single-light source excitation for multi-colour emission of
QDs. Since the first reports® of the use of QDs as Muorescent
bioprobes in 1998, many applications o’ QDs have been reported
in the field of cellular and biomedical imaging.™*

In contrast, less attention has been paid (o the use of QDs as
fluorescent probes for chemical and biochemical sensing. So far,
several reports of QD-based ion probes have appeared for the
fluorescence sensing of metal ions, such as Ag*, Cu™, Cd>*. Co™,
and Zn™*® A recent paper has shown the highly sensitive
determination of cyanide ions by using CdSe QDs in aqueous
solutions.” However, possible applications of the QD-based
{luorescent probes of biologically important ions or molecules
are virtually unexplored. It is well known that the fluorescence
efficiency of QDs is sensitive to the presenee and nature of
adsorbates at the surface of QDs.'” Therefore, it is expected that a
chemical sensing system based on QDs can be developed using
Muorescence chunges induced by molecular recognition at the
surface of QDs.

Here, we report an optical detection system for the neuro-
transmitter acetylcholine (ACh) using water-soluble CdSe/ZnS
quantum dots surface-modified with tetrahexyl ether derivatives of
p-sulfonatocalix{djarene 3 (Scheme 1).

“Section of Intelligent Materials and Devices, Rescarch Institute for
Elecironic Science, Hokkaido University, Sapporo, 0600812, Japan.
L-nil: jintimed.es.hokudai.ac,jp; Fax: +81-11-706-4964:

Tel: +81-11-706-2886

"lunovation Plaza Hokkaido, Japan Science and Technology Agency,
Sapporo, 060-0819, Japan. Fax: +81-11-708-1614; Tel: +81-11-708-1614
t Electronic supplementary information (ES1) availuble: experimental
details {or the preparation of QDs and tetrahexyl ether derivatives of
p-sulfonatocalix/dlarene 3, 'H NMR data for 3. and the surface-coating
method using 3. See htip//dx.doi.org/10.1039/b3506608e

CdSe/ZnS QDs were prepared in a two-step process (ESIF),
First, CdSe QDs were synthesized using a method reported by Qu
and Peng® with a high temperature reaction in a trioctylphosphine
oxide (TOPO)-hexadecylamine mixture. Then, the CdSe core wis
overcoated with a Zn$ shell using TOPO as a solvent according to
previously published methods.” The resulting CdSe/ZnS QDs were
capped with TOPO molecules, and they were highly hydrophobic
and insoluble in aqueous media.

To prepare water-soluble CdSe/ZnS QDs, we used amphiphilic
p-sulfonatocalix[4jarcnes 1-3 (Scheme 1) as surface-coating agents
for the TOPO capped QDs. p-Sulfonatofdjealixarene 1 is known to
have the ability to bind the quaternary ammonium cation moiety
of ACh by its hydrophobic cavily of the aromatic rings.'" On the
basis of this linding, we expected that if TOPO capped QDs could
be coated by amphiphilic p-sulfonatocalixfdJarenes to form water-
soluble QDs, the resulting QDs would have complexing abilitics
towards ACh at the surface of the QDs.

p-Sulfonatocalix[dlarenes 1 was purchased from Tokyo Kasel
Chemicals (Japan) and its derivatives, 2 and 3 were prepared
according to the literature method (ESIH)."" The surface-coating of
TOPO capped CdSe/ZnS QDs was performed by mixing the
hydrophobic QDs and 1-3 in tetrahydrofuran at room tempera-
ture (ESIT). When Iand 2 were used as the surface-coating agents,
the resulting QDs showed very week emission, and  they
precipitated after several hours in water. In the case of 3, highly
fluorescent and stable, water-soluble QDs were obtained.

Fig. 1 shows the fluorescence spectrum of 3-coated CdSe/ZnS
QDs in water. For comparison, the fluorescence spectrum of
water-soluble  CdSe/ZnS QDs coated by mercaptoacetic acid
(MAA} is also shown. MAA is one of the widely used surface-
coating agents used 1o prepare waler-soluble monodisperse QDs.!
The emission efficiency of the 3-coated QDs is higher than that of
the MAA-coated QDs by a factor of about 3. The quantum yicld
was estimated as 0.1 using Rhodamine 6G as standard. The
spectral width (28 nm) of the 3-coated QDs is almost the same as
that of MAA-coated QDs, indicating that the 3-coated QDs are
monodisperse particles similar to the case of MAA-coated QDs.

T:R=H
2: R =CHy

3: R = (CHy)sCH3

Scheme 1 p-Sullonatocalix{4farene (1) and its derivatives (2. 3).
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Fig. 1 Fluorescence emission spectra of 3- und MAA-conted CdSe/ZnS
QDs in water, Inset shows luorescence correlation curves for the QDs in
tetraborate buffer (pH = Y.2). The ubsorbance at 480 nm (exvitation
wavelength) was adjusted to be 0.05,

To estimate the hydrodynamic size of the QDs. fuorescence
correlation spectroscopy (FCS)D was used, FCS mueasures the
Muctuation of the fluorescence intensity of fluorophores at the
single  molecule Jevel in solution.
the Muorescence autocorrelation function G(r).” the diffusion
times of the fluorophores can be determined, The G(1) curves were
measured by using a compact FCS system (C9413, Hamamatsu
Photonics, Japan),

The inset in Fig. | shows the normalized G(v) curves for 3- and
MAA-coated QDs in aqueous solution, The G(r) curves were
analyzed using a simple one-component diffusion model.” The
diffusion time of the 3- and MAA-couted QDs was found to be
0.65 and 0.25 ms, respectively, By using the value of the diffusion
tme (0.74 ms) measured for 14 nm fluorescent latex beads
(Molecular Probes, Inc. USA). the hydrodynamic sizes were
caleulated to be 12 and 4.7 nm in diameter for 3- and MAA-coated
QDs. respectively, '

In the cases of the surface-coating with thiol compounds, it has
been shown that the TOPO molecules passivating the QD surfuce
are exchanged with the thiol cnmpounds”"" (Fig. 2). Assuming the
molecular length of MAA as 035 o' the size of ihe
semiconductor core. of the MAA-cowted CdSe/ZnS QDs s

TOPO capped QD

SCOoH

Fig. 2 A schematic representation of the surface-coating of TOPO
capped CdSe/ZnS QDs with 3 and MAA.

From the analysis of

estimated as al least 4.0 nm in a diameter. Thus, in the 3-coated
CdSe/ZnS QDs. the length of the surface-coating layer should be
3.6 4 nm, suggesting that the amphiphilic p-sulfonatocalix[4farene
molecules form a bilayer structure! ™" with the TOPO molecules
surrounding the QDs (Fig. 2). The higher emission efficiency
observed for 3-coated QDs in comparison with MAA-coated QDs
may be explained by a higher barrier towards the access of
water molecules 1o the QD surfuce. In fact, it has been shown that
a suiface coating of thiol compounds with longer alkyl chains
results i water-soluble CdSe/Zn8 QDs with higher cmission
efficiencies. ™

In the 3-conted CdSe/Zn$ QDs, the QD surface is covered with
the negative charges of the sulfonyl groups. Thus, we first
examined the effect of metal cations such as Na¥ and K¥ on the
fluorescence spectrum ol 3-coated QDs. The addition of these
cations to the colloidal solution (1 mg/20 mL) of 3-coated QDs did
not cause zmy changes in the fluorescence spectrum, even at a high
concentration of 100 mM. Anunonium cations (100 mM) also did
not affect the fluorescence spectrum of the QDs. The addition
of ACh caused significant changes in the fluorescence spectrum of
3-couted QDs. Fig. 3 shows the effect of increasing concentrations
of ACh on the fluorescence spectrum of the QDs, where its
absorbance at 480 nm (excitation wavelength) is adjusted to be
0.05. As can be seen. the fluorescence of the QDs is strongly
quenched by ACh. In the presence of 1 x 107" M of ACh,
fluorescence quenching of ca. SO was observed. It should be
noted that the addition of ACh does not change the spectral
widths and the emission maximum of the QDs. This linding
indicates that ACh does not cause surface deterioration or
aggregation in the 3-coated QDs, ‘

To get insight of the quenching mechanism by ACh, the
emperature  dependence of the fluorescence quenching  was
examined (inset in Fig. 3). The results show upward-curving
Stern Volmer plots at 25 and 50 'C. indicating the quenching
process contains both o static and dynamic mechanism.'? It is
observed that the quenching efficiency at 50 “C is much larger than
that of the lower temperature of 25 "C. This temperature
dependence suggests that the quenching is mainly caused by a
dynamic mechanism: ACh molecules bound in 3 at the water-QD
interface diffuse into the organic layer of the coating. and they may

300 1]
5 [ACh] /10°M
2 0
.‘_“7; 200 - 0.33
g 0.66
E 0.99
8 1.3
=1 1.6 )
¥ 100 ACh}/10°M
x
[
0- T T T

550 600 650 700 750
Wavelength (nm)

Fig. 3 Quenching of the fluorescence emission ol 3-coated CdSelZnS
QDs by addition of ACh. Inset shows the Stern--Volmer plots at 25 and
50 °C.
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Fig. 4 Fluorescence quenching (/1) of 3-couted CdSe/ZnS QDs (PBS
solution. pH = 7.4) in the presence ol neuratransmitter compounds and

choline (1.6 mM),

interact with the semiconductor surface 1o reduce the core
clectron--hole recombination.

Fluorescence  quenching of 3-coated CdSe/ZnS QDs  was
examined for several neurotransmitter compounds and choline
that is the hydrolyzed product of ACh (Fig. 4). The fluorescence
guenching of the 3-coated QDs is quite selective to ACh among
the neurotransmitter compounds tested. The anionic and neutral
neurotransmitters (L-glutamic acid and GABA) do not affect the
{luorescence spectra of 3-coated QDs. These neurotransmiticrs
may not have aceess 1o the QD surface due to the anionic churges
of the sulfonyl groups of 3. In contrast, the monoamine
neurotransmitter  histamine with a cationic charge. causes a
Huorescence  quenching of ca. [0%. and choline causes a
[Tuorescence quenching of ¢a. 40%. The fuct thal choline acts as
an effective quencher indicites that 3 recognizes the quaternary
ammonium cation moiety of choline as well as ACh. The higher
quenching eflficiency of ACh in comparison with cheline can be
attributed to its higher hydrophobicity which increases the alfinity
of ACh towards 3.'%

In summary. we have presented water-soluble CdSe/ZnS QDs
surfuce-modified with amphiphilic p-sullonatocalix[djarene 3 for

the optical detection of the newrotransmitter ACh, To the best of
our knowledge, this is the first use of QDs lor the detection of

neurotransmitter  compounds. In this work, the amphiphilic
p-sulfonatocalix{4larencs are used as not only sutface-coating
agents of QDs, but also as host melecules towards ACh which act
at the water-QD interface. We believe that the surlace architee-
tures of QDs on introducing the calixarenc-based  host-guest
recognition will afford a varicty of molecular sensing systems for
chemical and bioanalytical applications.™
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Analysis of Cellular Functions by Multipoint Fluorescence Correlation

Spectroscopy

Y. Takahashi'?, R. Sawada’, K. Ishibashi”, S. Mikuni' and M. Kinjo"*

Laborarory of Supramolecular Bioplnsics, Research Institute for Electronic Science, Hokkaido University, Sapporo
060-0812, Japan and ~Olympus Corporation, Tokyo 192-8512, Japan

Abstract: The biophysical investigation of living cells is currently possible by single molecular detection methods such as
fluorescence correlation spectroscopy (FCS). FCS is applied for measuring the dynamic mobility of target molecules in
living cells: however, the conventional FCS systems still lack quantitative analysis for many regions of interests (ROI) in
real time. To improve this situation. we have developed a novel multipoint FCS svstem (M-FCS) that can measure
multipoint correlation functions in the cell simultaneously. To evaluate its performance, we measured correlation
functions for thodamine 6G (Rh6G) in homogeneous conditions and for green fluorescence protein (GFP) in HeLa cells.
We conclude that M-FCS possesses reliable performance. As a pharmacological application. glucocorticoid receptor
protein fused GFP (GR-GFP) was transfected in HeLa cells and FCS measurements were carried out in the cytoplasm and
the nucleus simultaneously. The wanslocation of GR-GFP from the cytoplasm to the nucleus by ligand stimulation was
observed with laser scanning microscopy (LSM) and M-FCS. Particularly in the nucleus. the slower diffusion of GR-GFP
suggested molecular interactions after the translocation. These data imply that M-FCS can be applied for quantitative

analysis of kinetic processes in living cells.

Key Words: FCS, multipoint, glucocorticoid receptor, GFP, living cell.

INTRODUCTION

Recent advanced single-molecule-detection technologies
for studying molecular behavior in the living cell have been
developed with improved optical hardware and also with
green fluorescence protein (GFP) and its variants [1]. In
observing mobility of molecules, fluorescence recovery (or
redistribution) after photobleaching (FRAP) is one of the
important imaging techniques for understanding the biophys-
ical status of molecules in the living cell [2-4]. However,
FRAP i1s not a fully sufficient method for this purpose
because it can only measure rather slow mobile populations
of proteins. Current reports suggest the limitations of the
FRAP method and researchers are trving to combine it with
other detection methods for highly mobile individual mole-
cules with lower invasive conditions in the living cell [5-7].

For this purpose, tluorescence correlation spectroscopy
(FCS) has been developed to detect rapid diffusion of
molecules in aqueous solution {8, 9]. Recent studies have
demonstrated that FCS is a promising method to study signal
ransduction in the living cell. For example, the transport
mechanisms of protein kinase C (PKC) through the plasma
membrane {10]. and the signaling pathway of the signal
transducer and activator of transcription 3 (STAT3) can be
analyzed by FCS[11].

A commercial FCS system in conjunction with laser
scanning microscopy (LSM) has been developed by Carl

#Address correspondence to this author at the Laboratory of Supramolecular
Biophvsics. Research Institute for Electronic Science. Hokkaido University,
Sapporo 060-0812. Japan: E-mail: kinjo:@ imd.es. hokudai.ac jp

This work was presented as o lecture on "The “th Imernational Carl Zeiss sponsored
Torkshup on FCS and Reluted Meihody, October 3-6, 2004, Dresden, Germany

1389-2010/05 $50.00+.00

Zeiss (Jena, Germany) for measuring fluorescence-labeled
molecules in living cells [12]. This has made it possible to
detect the localization of target molecules in live cells by the
LSM unit and also their physiological states such as number,
size, and mobility of molecules can be analyzed by the FCS
Uit :

However, with this conventional system it is not possible
to observe spatial molecular dynamics occurring at the same
time in the cell, because of the limitations of optical
hardware. To measure FCS at other points, for example, the
sample on the microscope stage has to be moved sequentially
to adjust the measurement point to the center of the optical
axis. This time lag might be a critical limit for observing the
rapid movement of targets in live-cell conditions.

To solve this problem, we present a quantitative experi-
mental approach for multipoint FCS measurement simul-
taneously. We have developed a multipoint FCS setup (M-
FCS) with modified optical hardware and improved analysis
software. The maximum number of measurement points is at
present four positions, and these can be selected at any place
in the area of the acquired LSM image. M-FCS can be used
for detecting spatial information at one time; therefore it
ehucidates kinetic processes occurring in the cell. In this
study, we applied M-FCS to determine the diffusion times of
tluorescence dye meolecules in solution and green fluore-
scence protein (GEP) in cultured cells.

As a pharmacological application, we used GFP-conju-
gated GR (GR-GFP) for observing its trafficking from the
cytoplasm to the nucleus by ligand stimulation. GR is well
known as a transcription factors regulated by glucocorticoid
in physiological processes [13]. GR forms a dimer in cyto-
plasm and this is translocated to nuclei to regulate target

€ 2005 Bentham Science Publishers Ltd.
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genes. and 1t also binds with other transeription factors or
regulatory proteins to modily their funetions | L] There are
many experimental designs for observing these complicated
dynamies: however, only o few rescarchers have reported
quantitative amalysis of GR dyvnamies in the living cell. In a
previous experiment using I'CS, the dimerization of GR-GEP
in evtoplasm of Cos7 cells was suggested by the inerease of
counts per molecule (CPM) | 15]. Tere. using our M-FCS.
we demonstrate simultaneous FCS measurement both in the
eytoplasm and in the nucleus. and quantitative evaluation in
terms o' molecular mobility is discussed.

MATERIALS AND METHODS
Reagents, Cells, and Plasmid DNA Transfection

A low concentration (107 M) of rhodamine 6¢; (Rh6(GY
was prepared in water for the FCS measurement in homoge-
neous conditions. Hela cells that stably expressed GEFP
(GEP-HeLa) were grown in a 5% CO- humidificd atmos-
phere at 37 "C in Dulbeeco’s modilied Lagle’s medium
(DMEM) supplemented with 10% fotal call serum. Cells
were plated on LAB-TEK chambered coverslips (Nalge
Nune International, Napervile, 1L, USA). and DMEM was
changed 1o phenol-red-free: medium (OPTI-MEM: Gibeo.
Jupan) belore FCS measurement. For demonstration of the
pharmacological aspeet of transeription factors in living
celts. HeLa cells were generated by transfection of the
expression veetors for glucocorticoid receptor fused with
LEGEP (GR-GEFP) by FuGENEG (Roche Moleeular Biochem-
icals. Mannheim. Germany). To observe the trallicking ol

A
"}
&
e
¥ 2\1 ﬂ:
& b
H
A ¢
2 L
i
| S T N— Y :
fime
Is

Takahashi et al.

GR-GIP. 1 oM dexamethasone (Dex) was added o0 GR-
GEP-expressing FHeFa cells as a ligand-stimulus for GR.

M-FCS Sctup and Data Processing

The system consists of two modules meluding LSM and
FUS. The Taser unit has five wavelength lines (458, 488, 514,
543, and 633nm). The coneept of multipoint FCS measure-
ment is shown in Fig. 1. The faser beam is focused on cach
selected point (a. b, and ¢ in Fig, 1) sequentially every one
second by the movement of a seanner mirror, Fluoreseence is
collected through a confoeal aperture. and  direeted 1o
photomultiplier tubes (PMT) lor image seanning and 1o an
avalanche photodiode (APD) for £CS measurement, To
measure FCS. all emitted fight is directed o o dichroic
mirror, and te emitted light is sent cither 10 one APD for
single color autocorrelation function or ta two APDs for dual
color cross correlation Tunction. In this work, we only
measured the single color autocorrelation function with o
bandpass filter (310-610nm) for Rh6G or GEP, As shown in
Vig. 1B & C. sequentially obtained multipoint Nuoreseence
light is grouped and aligned at cach point, and the caleulation
of the correlation function performed by the soliware
correlators during the measurement. Afler measurement, the
awtocorrelation function is fitted 1o the model as follows,

Gy - _.l“ > i . withh 21, |
Bl :

o1y elation

Correlntion

/4 Corzelanon

Fig. (1), The basic coneept of multipoint FCS measurement. A: The excitation laser beam is focused on three points sequentially (a. b, c. a. b.
¢. ...} by controlling the seanning of a Galvano mirror. B: Fmitied photons are collected and Lined up sequentially (al. bl el a2, b2, ¢2. ).
C: The data of photon counts are grouped and aligned at each measurement point (a1, a2, a3 a4 ... b1 b2 b3 bt el ¢2. o3, o, ele.).

and therefore cach correlation function can he ohiained.
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where NV denotes the number of fluorescence molecules, T
denotes the diffusion time of the fraction f; (7=1, 2, 3), and
w1t denotes the axial ratio of the volume element.

This fitting analysis was performed by the Levenberg
Marrquard  algorithm of Origin Pro 7.5 (OriginLab
Corporation, Northampton, MA, USA).

RESULTS AND DISCUSSION

To evaluate the performance of M-FCS, we first
measured Rh6G molecules in  homogeneous aqueous
conditions. Fig. 2 shows the results of simultaneous FCS
measurement at four points in the solution. The four selected
points were located at the corners of a 40um square. In these
homogeneous conditions, the diffusion constant of Rh6G
was expected to be identical everywhere. As shown in Fig.
2B, all four fluorescence autocorrelation functions (FAFs)
were similar and all analyzed values such as diffusion time,
count rates, numbers of molecules, and counts per molecule
(Fig. 2C) showed low deviation (less than 5%) among the
four measurement points. This demonstrated the reliable
performance of M-FCS and this system was adequate for
obtaining accurate results without any problem of mechan-
ical movement of hardware and the calculation of autocorrel-
ation functions. This accuracy of M-FCS measurement
indicates that reliable performance can bé expected even in a
heterogeneous system such as a live cell.

To further assess the precision of M-FCS, we used Hel.a
cells stably expressing GFP as indicated in Fig. 3. The LSM
image shows four HeLa cells expressing GFP distributed in
all areas of the cell. Although all four cells showed similar
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levels of fluorescence intensity in the LSM image, the mean
number of GFP molecules detected in a measurement
volume was varied from 33 (cell 4) to 53 (cell 3). The
diffusion time of GFP in each cell was almost the same (0.21
— 0.28 mséc). This means that stably expressed GFP in Hela
cells moved freely in cell although the concentration of GFP
differed.

For more detailed observation, M-FCS measurement was
carried out in a single HeLa cell expressing GFP. The LSM
image of a single cell at large magnitication can indicate the
complicated structure of the cell as shown in Fig. 4A. Two
positions (1 and 4) were located in the cytoplasm and the
other two positions (2 and 3) were in the nucleus. The loca-
tion of position 3 was in the nucleolus, which was obviously
shown as a dark spot in the LSM image. Fig. 4B indicates
that only one autocorrelation function in the area of the
nucleolus (position 3) showed a significantly higher value of
G (0). This indicated lower number of GFP molecules in the
nucleolus (N=36 at position 3) than in the other three
positions and agreed with the lower intensity of the LSM
image of the nucleolus. Although the number of GFP
molecules in the nucleolus was significantly lower. the
diffusion time at the nucleolus was slightly slower (DT=0.29
msec) than those at the other three positions. This slower
diffusion of GFP may indicate the complex structure of the
nucleolus. As the nucleolus is a nuclear subcompartment and
its biological tunction is one of the key factors for dynamic
protein processing [16}, M-FCS might be a useful tool for
differencing the status of molecular dynamics in each local
area in the nucleus.
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Fig. (2). Simultaneous M-FCS measurement at four points in homogeneous Rh6G solution.

A: Four selected measurement points are shown in the LSM image. The points are at the corers of a 40 wm square. B: FAFs of Rh6G at the
four measurement points. C: Differences of the diffusion times (DT). count rates (CR). numbers of molecules (N). and counts per molecule

(CPM) among the four measurement points.
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Fig. (3). M-1CS measurement of Jour Hel.a cells stably expressing GEP,
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(CR), numbers of molecules (N). and counts per molecule (CPND among the four cells.
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Fig, (4). M-FCS measurement in a single Hela cell stably expressing GIP.
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measurement points correspond with the numbers marked in the LSM image (A). C: Differences of the diffusion times (IYF). count rates
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To cvaluate the performance off M-FCS. we emploved
this system for o pharmacological application. The dynamic
movement of GR molecules from the eytoplasm 1o the
nucleus was observed after stimulation with dexamethasone
(Dex). The time courses of LSM images are shown in Fig.
3A (a-D. The Huorescence intensity of GR-GEP in the

evtoplasm was much higher than that in the nucleus at the
pre-stimulation time (a). and this contrast gradually changed
after stimulation (b-1). Finally, at 13min after the stimulation,
the fluoreseence intensity of GEFP in the nucleus inereased
and therefore. the image of GR in the eytoplasm faded away.
The speed of GR transport from the eyvtoplasm to the nucleus



Analysis aof Cellular Fuuctions Current Pharmaceutical Biotechnology, 2005, Vol 6, No. 2 163

L
res
Dex i) t
U 1eed “w‘g‘%\s
169
G (&5 =4 B¢ 48 al 1 n
s ()
. h
Dex i+) 1o,
v o
. L
2 1nin o]
160034
B8 B3 B4 BEI 001
™
1
[
4 min 5
tess]
B I1E5 15 16 &1 81 1 W
e Gmac}
a5 . = 3iine
“V‘“?v? ‘:&_
] ey Y
1oy Y
~min &
nu ‘ 3 ree
[ 3
16 B B4 BT 08 @ 1 e
i )
160
) =
koo,
o] o,
10 min T to “'\
AT R Y
] A\
1m0 "
6 0 4 3 o 61 1 B
e fanc)
| 1™
e \
13 min -
& e N
v *
1
Wy, s
Lez
IE6 B4 4E 1E-X 861 &1 1 Na
Kozt G}

Fig. (). Translocation of GR-GFP from the cytoplasm to the nucleus induced by Dex stimulation.

A: LSM images were taken before Dex stimulation (a; Dex-) and at 2. 4, 7. 10. and 13 min (b - 1) after the stimulation (Dex+). Two
measurement positions are marked as + in the image of (a). One is located in the cytoplasm and the other in the nucleus. Scale bar represents
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right side of each corresponding LSM image. The lines and symbols (open. closed circle)

denote FAF in the cytoplasm and nucleus,
respectively.
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was dependent on the level of ligand stimulation. With a
lower concentration of Dex. slower trafticking of GR was
observed (data not shown). Interestingly. this transport was
reversible. as we could see the reverse transport from the
nucleus 1o the evtoplasm after removing Dex [rom the
medium. However, this transport speed was much slower
than that induced by Dex stimulation.

For more detatled investigation with  single-molecule
sensitivity in this process, we measured FCS simultancously
m the cytoplasm and the nucleus. Fig. 8B (g-1) shows the
changes of FAFx at two positions. Fach FCS measurement
was performed for 24 seconds right alter the acquisition of
cach TLSM image. The obtained FAFs (g-1) were aligned on
the right side of the corresponding 1L.SM image (a-). The
pre-stimulation value of G(O) in the evioplasm was smaller
than that m the nueleus. The value of G(0) indicates a
reverse number of molecules (see equation in Materials and
Methods). Therefore, @ small G0y value in the evtoplasm
indicates a high density of GR molecules. After the stimula-
tion. the refationship between this value in the evioplasm and
in the nucleus gradually changed. Finally, the value of Gy
in the eytoplasm overtook the value in the nucleus, so that
the number of GR molecules in the nueleus was larger than
that in the evtoplasm. These data from autocorrelation
changes agreed well with the results of LSM images.

To evaluate the obtained autocorrelation function. two
component fitting was performed. The time course changes
in count rates (CR) and number of molecules (N) are shown
in Fig. 6A and 6B, respectively. As we demonstrated from
the pattern ol correlation changes. values of both CR and N
in the nueleus were low before stimulation and these values
gradually inereased aller the Dex stimulation. These graphs
indicate that the number of GR-GEP moleeules might be
same at around Smin after the stinmdation. Counts per
molecule (CPM) were diveetly caleulated as the ratio of CR
and N. The CPM can give us important information about
the changes of molecular complexes sueh as polymerization.
In case ol dimer formation o GR-GEP, the theoretical value
of CPM doubles. However. our resubts as shown in Fig. 6C.
did not show any change of CPM during measurement. This
means that no dimer complex was formed afler the Dex
stimulation. A previous report had suggested a dimer com-
plex in the evtoplasm alter stimulation of the same ligand by
using FCS [15]. To determine the reason for this diserep-
aney, we need careful experiments under well controfled
levels of GR expression in living cells.

Finally, the diffusion time of GR-GEFP was also caleula-
ted by two-component [itting. The time course of DT for
slower components is plotied in Fig. 6D. In the nueleus. the
diffusion time - of GR-GI'P inereased  signilicantly  after
stimulation with Dex (4.4 msee 10 62 msee, closed circle
line). Contrastingly. the DT ol GR-GEP in the evioplasm
deercased (22,3 msee to 2.7msee. open cirele line). This
indicates a population with slow dillusion of GR-GIP in the
nueleus rather than in the evtoplasm. This might suggest that
GR in the nucleus interaets with other molecules sueh as
DNA or other transeription factors. Contrary to the change in
the nueleus. dissociation of moleeules lrom the GR complex
might be considered based on the deerease of the D1 in the
evtoplasm after the stimutation. However. it is unelear what
other target moleeules associate with GR in the nucleus, To

Takahashi et al.

confirm this, a more advanced FCS technique. Tuorescence
cross correlation spectroscopy (FCCS) is available by using
two different fluorescence probes conjugated  with cach
target molecule. This method can be applied to analysis of
molecular interactions in living cells with higher sensitivity
[17. 18].
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Fig. (6). Time courses in data analysis of FAPs measured in the
evtoplasm and nucleus. The changes of values at each point were
plotted for pre-stimulation (time 0) and for P3min after stimuation.
The lines and symbols (open. closed cirele) indicate data in the
evtoplasm and nucleus. respectively, A: Count rate (CR). B:
Number of molecules (N). C: Counts per molecule (CPM). 13 The
difTusion time (1D1) of the slower component was analyzed by two-
component [itting.
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The development of a research tool to examine the
dynamics in the living cell with high spatial and temporal
resolution is needed. In particular, a high-speed monitoring
and detection system: can be useful for observing biophysical
process with high mobility of molecules. Because these bio-
processes are usually very fast, the detector should observe
many events simultancously in a target. In this sense, the
simuftaneous FCS medsurement at four points by our M-FCS

is not sufficient to fully elucidate the events in a wide area of

the cell. Several unique FCS techmologies have been pro-
posed for nmultipoint detection systems. One approach is
scanning fluorescence correlation spectroscopy (SFCS) and
this can be applied for studying slow events in protein-
membrane interactions [19]. Another one is an FCS setup
using a chﬁmctn«e-optlcal design [20], and this simultaneous
multi-laser scanuing technique is a potential high throughput
detection system in conjunction with a CMOS single photon
avalanche detector [21]. Currently, our M-FCS can measure
FCS at only four points simultaneously, and more meastre-
ment points are essential for the future development of a
two-dimensional (2D) imaging FCS system.

In conclusion, we have developed a new FCS system that

can measure the dynamic¢ mobility of molecules sinjul-

taneously at 4 points in the living cell. "Fhis can be used in

-studies of kinetic processes of protein interactions for
pharmacological applications.
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ABBREVIATIONS

FCS = Fluorescence correlation spectroscopy

M-FCS = Multipoint FCS

LSM = Laser scanning microscopy

FRAP = Fluorescence recovery (or redistribution) after
photobleaching

GFP = Green fluorescence protein

Rh6G = Rhodamine 6G

Current Pharmacentical Biotechnology, 2005, Vol. 6, No. 2 1653

GR - = Glucocorticoid receptor N

Dex = Dexamethasone

FAF = Fluorescence autocorrelation functions

DT — Diflusion lime

CR = Count rates

N = Numbers of molecules

CPM = Counts per molecule
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A simple method for the preparation of highly fluorescent and
stable, water-soluble CdSe-ZnS quantum dots is reported using
calix[4]Jarene carboxylic acids as surface coating agents; the
coating of the surface with the calixarene and the conjugation
of antibodies to' the quantum dofs are confirmed by
fluorescence correlation spectroscopy.

Colloidal semiconductor quantum dots (QDs) have great potential
as a new class of fluorophores for biological and biomedical
imaging because of high brightness, long-term photostability and
single-lighi source excitation for multi-colored QDs! The
syntheses  of  monodispersed  fluorescent QDs  are  gencrally
performed in organic solvents with surface passivation by alkyl
phosphine oxides such as trioctylphosphine oxide (TOPO).? The
resulting QDs are soluble only in nonpolar solvents, making them
difficult to use for biological application. So far, many synthetic
methodologies lor the preparation of water-soluble QDs have been
developed by surface modifications with amphiphilic compounds
including thiofs,"* polymers,* and phospholipids.® For example.
thiol compounds such as mercaptopropionic “acids (MPA) or
mercaptoundecanoic acids (MUA) have been widely used as
surface coating agents for the preparation of water-soluble CdSe-
ZnS QDs."* However, thiol coating of the CdSe-ZnS QDs causes
a significant decrease in the quantum yield of QD fluorescence,
and the resulting QDs show poor stabilitics in water.™® Surface

coating with polymer and lipids can preserve the quantum yield of

QD fluorescence, but the size of the QDs tends to be much larger
than that of the initial QDs.** The large size of QDs is not
suitable for use in fluorescence resonance cnergy  transfer
(FRET)-based rescarch.” Here, we report a very simple method
for the preparation of watér-sotuble semiconductor CdSe-ZnS
QDs using calix[dJarene carboxylic acids as surface coating agents.
The calixarene coating secures the high emission efficiency (ce.
30%). the smaller size of QDs (<10 nm in diameter). and the
coupling of biomolecules to the surface of the QDs. »
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Calixarene-coated CdSe-ZnS QDs were prepared by mixing

. calix[4larene carboxylic acids” (1) and TOPO capped CdSe: ZnS

QDs™ in tetrahydrofuran at room temperature, After deprotona-
tion of the carboxylic groups of the calixurenc, water-soluble
CdSe-ZnS QDs could be obtained.” Fig. 1 shows the Quorescence
spectra of water-soluble CdSe-ZnS QDs coated by ¥, MPA, and
MUA. The l-coated QDs exhibit higher emission efficiency
compared to the MPA- and MUA-coated QDs by a factor of
3.5-20. The quantum yields are estimated to be 0.28 and 0.34 for
the f-couted QDs with emission peaks at 575 nm and 610 nm,
respectively.® Tt is well known that the calix[djarenc 1 can
selectively bind Na* cations.® We checked the effect of Na* and K*
cations on the fluorescence intensity of f-coated QDs (610 nm
emission) in water. The fluorescence intensity was almost constant
up to 10 mM NaCl (or KCY). and significant effects of the cations
on the fluorescence spectra of T-coated QDs were not observed.
However, in the presence of large amounts of Na* or K* (100 mM),
fluorescence quenching of ca. 10% was observed.

To estimate the Stokes- Einstein hydrodynamic size of the QDs,
fluorescence  correlation  spectroscopy (FCS) was used. FCS
measures the fluorescence autocorrclation function G(z)'! which
gives the diffusion rates of fluorescent molecules in solution. The
G{r) curves are measured by using a compact FCS system (C9413,
Hamamatsu Photonics K. K., Jupan). Fig. 2 shows the G{r) of
{- and thiol-coated QDs which have an emission peak at 610 nm in
tetraborate bulfer. For comparison, a G(r) curve for green
Muorescent protein (GFP) is also shown. All of the G(t) curves
are fitted using a simple one-component model.'? The diffusion
time'” of the 1-. MUA- and MPA-coated QDs, and GFP was
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Fig. 1 Fluorescence spectra of 'I- and thiol-coated CdSe ZnS QDs in
water. The QDs are prepared from TOPO capped QDs with emission
peaks at 535. 575, and 610 nm. The absorbance at excitation wavelengths
(440 nm for 535 nm emission. or 480 mm for 575 and 610 nm emission) is
adjusted to be 0.05 for all QDs.
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