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Fluorescence correlation spectroscopy investigation of a
GFP mutant-enhanced cyan fluorescent protein and

its tubulin fusion in living cells with two-

photon excitation

Zifu Wang Abstract. This study investigates the feasibility of using the enhanced
Beckman Laser Institute , cyan mutant of green fluorescent protein (ECFP) as a probe for two-
University of California at Irvine photon fluorescence correlation spectroscopy (FCS). Molecular dy-
Irvine, California 92612 . . . .
namics and other properties of ECFP and an ECFP-tubulin fusion pro-
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tein were investigated in living Potorous tridactylis (PTK2) cells. ECFP
has high molecular brightness in the nucleus (= 3.3 kcpsm) and in
the cytoplasm (3.2 kcpsm) under our experimental conditions. The
diffusion constants of ECFP were determined to be 20+7 um?/s in
the nucleus and 21=8 um?/s in the cytoplasm. ECFP has stable mo-
lecular characteristics with negligible photobleaching and photody-
namic effects in our measurements. At the highest concentration of
monomer ECFP (425 nM) the amount of dimer ECFP was estimated to
be negligible (~1.8 nM), consistent with our data analysis using a
single species model. ECFP-tubulin has a diffusion constant of 6 um?/s
in the living cells. In addition, we demonstrate that analysis of the
molecular brightness can provide a new avenue for studying the po-
lymerization state of tubulin. We suggest that the tubulin in the vicin-
ity of the nucleus exists primarily as a heterodimer subunit while those
in the area away from the nucleus (d>5 um) are mostly oligomers.
We conclude that ECFP is a useful genetic fluorescent probe for FCS
studies of various cellular processes when in fusion to other biomol-

ecules of interest. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1646416]
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FCS studies of GFP and its fusion proteins have been reported
under in vitro and intracellular in vivo

1 Introduction

Fluorescence correlation spectroscofyCS is a powerful T )
tool for studying the dynalronic properties of difFf)usion and conditions.®12321946227n most of these studies, one class

chemical reaction ratés® Subsequent integration of confocal of GFP mutant;[il.e.,henhanfced green dfluorefs_cent ||orot(-|:‘in
and two-photon techniques significantly increased the signal- (EGFF),] was mainly chosen for FCS §tu 1€S 0 'FS molecular
dynamics as well as other photophysical properties. Few FCS

studies have been reported on other classes of mutants of

FCS technology have opened the possibility to observe theGFP' The photophysics and photochemistry of other GFP mu-

: . . . tants might be surprisingly different and complex as indicated
dynamics and concentrations of macromolecules directly in 2
living cells®-16 by a study of yellow fluorescent prote{iY FP) mutants:* To
L . . expand the availability of intracellular fluorophores, espe-
The availability of green fluorescent protgi@FP and its ; . . N
. S cially those with genetic tags, it is important to study and
various mutants has greatly expanded the possibilities of h 76 the d . h d . d ph h
tudying cellular processés vivo.!” There has been a grow- ¢ aracterize the dynamics, t ermodynamics, and p otophys-
S ) ics of other GFP mutants in the context of FCS

ing int.erest in the expression Of.GFP ar.Id GFP-tagggd proteinsmeasuremenl?§f.In the present study we characterize the mo-
as unique fluorophores to monitor a wide range of intracellu- lecular dynamics, molecular brightness, and other molecular

lar processes, including gene expressfonmicrotubule properties of one of the GFP mutants, enhanced cyan fluores-

B 19 . .
formatlor_1, Fhe assembly c_)f funcuongl_ lon crgﬁné‘fsand cent protein(ECFB, specifically in the context of the intrac-
the localization and dynamics of specific proteingo date, ellular environments. The fluorescender concentration

fluctuations of a molecular system are the key observable in

to-noise ratio of FCS and reduced the measured volume ele-
ment to less than one femtoliter’ These developments in
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FCS rather than the total amOL_mt of measured fluorescence. 12 Materials and Methods
has been_ shoyvn Fhat the crucial parameter for the CoerI Of2.1 Expression and Purification of Recombinant ECFP
systematic noise is the number of photons per sampling pe- Protein

riod that can be collected per single observed molecple

(molecular brightness, cpgnwhich depends directly on in-  1he ECFP gene from the ECFP—N1 plasrfizlontech, CA
strumental configuratiofi.e., excitation intensity, optics con-  Was cut out and ligated into the pET30b bacterial expression
figuration, detector efficiency, eicas well as the intrinsic ~ Vector(Stratagenkthat has an N-terminal six Histidine tag. E.
emission properties of the fluorescent moleciln cellular coli bacteria of strain BL2DE3) were transformed with the

ot o ECFP expression vector, grown to an optical density of 0.6
applications of FCS, the excitation powers have to be kept . . R
low enough not to endanger the cell or interfere with its func- and then induced with 1 mM IPTG for 18 h at 37°. ECFP

. . tein was purified by lysing bacteria in buffer @.1 M
tions and to prevent the dyes from photobleaching. Therefore, pro . . S

it is crucial that the ECFP molecule has high molecular HepespH 7.7) with 1% Tr_|ton X-100 a_nd protease_|nh|b|tors.
brightness to facilitate intracellular FCS studies. It is also of The lysate was then subjected to sonication and insoluble ma-

interest to know if ECFP is sensitive to photobleaching even terial removed by centrifugation. The soluble portion of the

at low laser powef<2 mW) for live cell measurements be- Iysat_e was mcubgted el NTA agarose resin to a”OV.V
. . : . binding of the 6-His-ECFP protein. The beads were washed in
cause it usually requires data collection of minutes per corre- o ) . e
. . buffer A with increasing salt concentrations of NaCl and imi-
lation curve in two-photon FCS measurements.

o o diazole. Protein was eluted by the addition of buffer A with

In the present study, the diffusional mobility, molecular o - .
brightness and other molecular properties of ECFP were in- 150 mM _NaCI and 0.5 M imidazole. ECFP protein was dialy-
vestigated in cells of the rat kangarpBotorous tridactylis sed against phosphate buffered sali1® mM Phosphate
(PTK2)] using FCS with two-photon excitation. These cells buffer pH 72, 150 mM NaGl .ECFP protein was stored a-t

> . ) —80 C in a solution of 1% bovine serum albumin as a carrier
characteristically remain flat through all phases of the cell protein.
cycle, thus affording a clear visualization of the chromo-
somes, nucleoli, and nuclear enveldpé’ We measured the
diffusion constants of free ECFP molecules in the nucleus and
the cytoplasmic domains as well as its molecular brightness. o o —onstructs and Cell Lines
Our results demonstrate that ECFP is a photochemically and
photophysically stable fluorophore with a high molecular
brightness. At the highest cellular concentration of ECFP mol-
ecules, the amount of ECFP dimer is estimated to be ex-
tremely low and its effects on FCS measurements were neg-
ligible.

To further test the capability of ECFP as a fluorophore for
broad biological applications studied by FCS with two-photon
excitation, we have investigated the diffusional mobility of
ECFP-tubulin fusion protein at various locations in the cyto-
plasm of PTK2 cells. Tubulin is the protein component of
microtubules and composed of a heterodimer of two closely

related proteins called and B tubulin. This heterodimer is tubulin cDNA fused at its N-terminus to the ECFP was ex-
considered the basic subunit to form microtubule. Generally, .ised from a commercially available plasniidiontech, Palo
microtubules exist as single filaments within a cell which ra- Ao CA) via an Afel/Mfel digest. This ECFP-tubulin frag-
diate from the centrosome close to the nucleus outward ment was ligated into the SnaBI/EcoRl sites of pBABEpuro.
throughout the cell. Many microtubule functions are based on  The retroviral plasmids containing the fluorescent protein
tubulin’s ability to polymerize and depolymerize readily. Ex-  fsjons were cotransfected, using the Fugene transfection re-
tensive studies on the microtubule dynamics have been con-agent(Roche Pharmaceuticals, Indianapolis),IMto 293-GP
ducted under bothn vitro andin vivo conditions, in particular,  cells (a human embryonic kidney cell line harboring a portion
the  mechanism of dynamic instability of single of the Murine Moloney Leukemia Virus genoi@ong with a
microtubules’~**However, significant questions still remain  vs\.G pseudotyping plasmid to generate amphotropic virus.
with respect to our understanding of microtubule dynamic Forty-eight hours after transfection, the tissue culture super-
instability>? In the present study, we measured the diffusional patant was collected, filtered, mixed with Bg/mL hexa-
mobility of the ECFP tubulin fusion in live cells because this dimethrine bromide(Polybrene, Sigma, St. Louis, MGand
dynamic property provides unique information for the studies 10% of the total filtrate placed onto a subconfluent culture
on microtubule dynamics. In addition, we demonstrate that (309%-40% of PTK2 cells in 35 mm dishes. Forty-eight
analysis of the molecular brightness based on the FCS datahours after infection, cells were split and replated in 10 cm
can provide a new avenue for studying the polymerization dishes and subjected to selection inug/mL puromycin for
state of the tubulin. 14 days. High expressorétop 10% were selected by

We conclude that the ECFP protein molecule in conjunc- fluorescence-activated cell sortinfFACSVantage, Becton
tion with FCS can serve as a useful probe for studying various Dickinson, San Jose, QACells were maintained as poly-
intracellular processes and intracellular environmental proper- clonal lines exhibiting various levels of fluorescent protein
ties. expression.

Cells and methods of cell culture used in of these studies were
from established sublines of the rat kangaRmgorous tridac-
tylis, PTK23% PTK2 cells and derived lines were cultured in
MEM-Earle’s supplemented with 10% fetal bovine serum, so-
dium pyruvate and penicillin and streptomycin. Generation of
cell lines stably expressing the fluorescent protein ECFP and
fusions to human histone 2B and alpha-tubulin were gener-
ated by amphotropic retroviral infection.

The cDNA for enhanced cyan fluorescent was excised
from the commercially available ECFP—NClontech, Palo
Alto, CA) via an Afel/Mfel digest. This fragment was ligated
into the SnaBI/EcoRl sites of pBABEpuro. The human alpha-
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Fig. 1 Experimental setup for two-photon FCS measurements.

2.3 Instrumentation and Measurements

Live cell images were taken on a Nikon Eclipse 300 inverted
microscopeNikon, Melville, NY) using a 6X high numeri-
cal aperturgNA 1.4) Plan Apochromat objective. Cells were

Fluorescence correlation spectroscopy investigations . . .

(€

In the case of a prolate ellipsoidal Gaussian observation
volume in the absence of chemical kinetics, the autocorrela-
tion function has the following analytical form for a single
diffusion species

G(7)=1+(SF(t) SF(t+ 7))/(F(t))2.

Gp(n)=1+1[N(1+7/mp)(1+ T/szD)O'5]= 1+Gy(7),
(2

where 7y is the characteristic diffusion time during which a
molecule resides in the excitation volume with an aXigj)
to lateral(r o) dimension ratiaw (=2,/r), andrp,=r2/8D is
defined as the average lateral diffusion time under two-photon
excitation for a molecule with diffusion coefficieBt through
the excitation volume. In the limit— 0, the mean number of
fluorescent moleculed, at concentratioi, can be calculated
from the normalized initial correlation amplitud&(7— 0)
=1/N=1/CV, in a defined excitation volum¥.

It has been pointed out by previous investigators applying
two-photon FCS that the Gaussian evaluation may not simul-
taneously reveal consistent absolute values for the indepen-

kept at 35°C by a stage heater that accommodated glassdent experimental parametér As a result, a parameter of

bottom 35 mm dishegsWarner Instruments Inc., Hamden,
CT). Images were collected by a Photometrics COOLSNAP
HQ camera (Roper Scientific, Tuscon, AZ (gain
=2,10 MH2 and captured to a computer through the use of
the Metamorph software systefniversal Imaging Corp.,
Downingtown, PA.

FCS with two-photon excitation was performed on a modi-
fied Zeiss Axiovert inverted microscope using one of the cam-
era ports for FCS detectiqirig. 1). The collimated beam of a
mode-locked tunable CoherefiPalo Alto, CA Mira 900
titanium—sapphire laser with 76 MHz, 120 fs pulse width was
coupled through a Zeiss &3Plan Apochromat oil immersion
objective (NA=1.4). The objective back aperture was
slightly overfilled, creating a diffraction-limited focal spot. An

excitation wavelength of 800 nm was used for all measure-

v, the inherent volume contrast, is introduced into the calcu-
lation of effective focal volumé&/ which in turn modifies the
relation betweei@(0) and the average number of molecules
in theV asN= = y/Gy(0), with y equal to 0.075 99 for the
Gaussian—Lorentzian point spread functi®sH and 0.3535

for the three-dimensional Gaussian P$Fhus, the number

of photons per molecule per secondi.e., molecular bright-
nesg can be calculated from the average detected fluores-
cence intensity with the average number of molecules in the
excitation volume. The determination of is important be-
cause it yields absolute values of the detected fluorescence per
molecule that are not affected by the local changes in the
fluorophore concentration as well as providing a criterion for
signal quality. The value of; depends directly on instrumen-
tal configuration(i.e., excitation intensity, optics configura-

ments. The fluorescence from ECFP has an emission peak ation, detector efficiency, etcas well as the intrinsic emission
477 nm and was collected with a backscattering geometry andproperties of the fluorescent molecules. FCS measurements

passed through a blue interference filtdedQ480/100M,
Chroma Tech., Brattleboro, JTPhoton counts were detected
with a GaAsP photomultiplier tube detectgH7421-40,

are also susceptible to the background fluorescéacg, im-
pure solvent, cellular autofluorescehcand the statistical
limitations of intrinsic photon shot noise from the detector.

Hamamatsu, JaparThe detector signal was correlated online The systematic errors due to the detector after-pulsing usually
by a Flex5000/FAST correlatdcorrelator.com affect mainly the signal-to-noise at short correlation times
PTK2 cells were seeded into 35 mm coverslip-bottom mi- (<2-3 us), where data quality is critical for resolving fast
crowells (MatTek Corp., Ashwell, MA in Phenol Red-free kinetics but does not affect the analysis of slow dynamics
culture medium. The cells were allowed to adhere overnight such as diffusion. A constant background signal does not cor-
at 37°C in a 7.5%CO, incubator. From FCS measurements, relate; rather, it affects the correlation function amplitude so
we determined the concentration of ECFP molecules varying that the concentration is overestimated. In the presence of
from 66 to 425 nM due to the variation of the expression such background, the measured correlation function ampli-
levels. The laser intensity at the sample was 1.80 mW so as totude must be scaled b{f (t))2/[(F(t))—(Fga)]?, where

avoid bleaching the dye and photodamaging the cells. Auto- (Fgg) is the time-averaged background sigfial.
correlation curves measured from cells were averages of three
successive measurements, each 60 s long.

2.5 Calibration of the Two-Photon FCS System

2.4 Data Analysis To calibrate the system, fluorescence correlation measure-
Any dynamic process that affects the emission of fluorescent ments were performed on fluorescein dye molecules in poly-
molecules in a solution causes fluctuations in the fluorescencebutene sulfonéPBS solution withpH=9.0 (Fig. 2) at a con-
signal F(t) that can be characterized by a normalized auto- centration of 2.44 nM. Fluorescein ispdl-sensitive dye, and
correlation functiop its spectroscopic properties vary drastically frpi 7.5 to 2.
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Fig. 2 Autocorrelation curve G(7) of fluorescein dyes in PBS solution
at concentration of 2.4 nM used for the calibration of our FCS system.

At pH>7.5, fluorescein has a constant quantum yield. The
diffusion coefficient of fluorescein is known to be 300
um?s3 We used both the prolate ellipsoidal Gaussian model
described by Eq(2) and a Gaussian—Lorentzian model with
LFD Globals Unlimited softwaré¢Champaign, Il to fit our
experimental autocorrelation curfeBoth models gave a
value of 0.30um for the lateral dimension, of the excitation

volume. The excitation volume can be recovered based on the

known parameters of concentrati¢t44 nM and the number

of the moleculedN in the volume. With they of 0.07559 and
Gn(0)=0.40,the average numbe of fluorescein molecules

in the volume is 0.19, thus we obtained an excitation volume
of 0.129 femtoliter.

3 Results
3.1 Intracellular FCS Measurements of Free ECFP

PTK2 cells characteristically remain flat throughout all phases
of their cell cycle. Figure 3 shows a cell in interphase that

Fig. 3 A PTK2 cell in interphase with a clear visualization of the
nucleoli and nuclear envelope. Arrows indicate the locations where
the two-photon FCS measurements were performed inside the nucleus
and the cytoplasm, respectively.

398 Journal of Biomedical Optics ¢ March/April 2004 + Vol. 9 No. 2

Table 1 FCS analysis of ECFP in vivo and in vitro.

Nucleus Cytoplasm Solution
ECFP (20 cells) (10 cells) (4 positions)
(D) (um?/s) 20+7 21+8 82+2
() (cpsm) 3400100 3200+200 3300100

offers a clear visualization of the nucleoli and nuclear enve-
lope. Autofluorescence contributions may arise from mobile
native fluorophores. It is known that NADH and flavopro-
teins, mostly localized in the cellular mitochondria, are two
main sources of autofluorescence. Because NADH and fla-
voproteins have typically low fluorescence quantum yields
and are easily photobleached, their signal will not correlate
during its diffusion through the excitation volume. In this
case, the presence of autofluorescence may affect the ampli-
tude of the correlation curve but not its decay paraméfers,
and can be corrected for as a constant backgréti the
present study, nontransfected cells were measured as a control
to account for the cellular autofluorescence background. The
intrinsic autofluorescence intensity inside the cells is usually
stable as a function of time. The average intensity of the au-
tofluorescence from the measurements on ten cells was 2500
cps and there were no clear correlation curves obtained from
these control measurements, indicating that the molecular
brightness of the native mobile molecules are low.

During the experiments the sample stage of the microscope
was translated to different positions for intracellular measure-
ments. ECFP cells were measured at several randomly se-
lected locations within the nucleus and the cytoplasm in each
individual cell. Cells with fluorescence intensity above 10 000
cps were selected for the experiments. In fact, most of the
ECFP expressing cells presented fluorescence intensity
~25000 cps which made the background counts a fairly
small fraction of the total intensity. In the experiments, the
microscope objective was carefully adjusted in trdirection
with a resolution of 1um to ensure that the focal volume of
the laser beam was within the body of the cells in order to
prevent the measurements of anomalous subdiffusion of pro-
teins restricted to cell membran¥s! It has been demon-
strated that in the absence of photobleaching, the apparent
diffusion rate is independent of the illumination intensfty>®
To evaluate the effect of photobleaching of ECFP to our re-
covered diffusion constants, we conducted several FCS mea-
surements in solution with a laser power varying from 1.5 to
5 mW and obtained virtually identical autocorrelation curves.
FCS measurements were then performed within a small vol-
ume inside the nucleus and the cytoplasm of a cell with a laser
power varying from 1.5 to 2.4 mW. Again we obtained iden-
tical autocorrelation curves in each domain. This indicates
that there is no detectable photobleaching of ECFP within the
range of incident laser intensity in our experiments.

Table 1 summarizes the average dynamic and photophysi-
cal properties of ECFP recovered from the FCS measurements
under bothin vitro andin vivo conditions. The average diffu-
sion constant of ECFP molecules in the nucleus was deter-
mined to be20+ 7 (std. errof um?/s. Although comparable
studies of ECFP in PBS buffdiD =82 um?/s) have shown
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Fig. 4 FCS measurements of ECFP inside the nucleus at two different
concentrations (66 and 425 nM). Note the difference in the amplitude

of the autqcorrelation curves at 7=0 [ G(0)] due to the difference in Fig. 5 A fluorescence image of a living PTK2 cell shows the intracel-

concentrations. lular distribution of microtubules with ECFP tagged tubulin. The bright
centrosome region is clearly seen in this picture which is within the
distance ~5 um from the nucleus. Scale bar=20 um.

significant differences with ECFP diffusion in the nucleus,

diffusion of ECFP in the nucleus can be described by assum-

ing a single diffusing specig§:'® For comparison, measure-

ments in the cytoplasm were also conducted on ten cells. Thegrganizing center, was located near the nucleus within a dis-

recovered average diffusion constant of ECFP 24 tance of about 5um. To evaluate the effects of the compact

*+8(std. erroj um?/s (Table 1. The average diffusion con-  centrosome structures with respect to tubulin, we conducted

stant is similar in the nucleus and the cytoplasm. This result Fcs measurements at several randomly selected locations in

was similar to that reported on EGFP previouSly?The con- e vicinity of the nucleugd<5 wm) and obtained dramati-
centration of ECFP in the cells varied from 66 to 425 nM  ¢q)ly different result¢Fig. 6). At certain locations there were
(Fig. 4. simply no clear autocorrelation curves despite the strong fluo-

To recover the molecular brightness of ECFP in cells, we rescence signal, indicating that it was the place where most of
scaled the measured correlation function amplitude by a factorine tupulin molecules were insoluble and integrated into the
of (F(1))?/[(F (1))~ (Fag)]? where the(Fgs) was equal o microtubule-based structures. At other locations away from
2500 cps. The obtained molecular brightngssf ECFPinthe  he centrosome, the quality of the measured autocorrelation
nucleus was400+ 100 cpsmand3200*+ 200 cpsmin the cy-  fynction curves varied as shown in Fig. 6 with distance from
toplasm, very close to the results from FCS measurements ofihe centrosome. The autocorrelation curves with good quality
ECFP in solution(3300+ 100 cpsny. This also indicates that,  ¢guld be fit using a single species model.
after the autofluorescence was corrected for as a constant Taple 2 summarizes the average diffusion constants of tu-
background, the contributions of the mobile native fluoro- pyjin. Due to the variation in the quality of the FCS measure-
phores from the cells to the measured autocorrelation curveSments in the vicinity of the nucleus, we chose the measure-
are negligible because these native fluorophores typically ments with clear autocorrelation curves for determining the
have low fluorescence quantum yields, which is consistent gjffusion constant. The average diffusion constant of tubulin
with the previous observaticti. in the vicinity of the nucleus was determined to Be2

Because the value of thereflects the detection efficiency  + 1.5 um?/s. FCS measurements were also conducted in the
of a FCS system, it would be interesting to compare our re- gpagq away from the nucle¢d>5 xm) where there is a lower
sults with published data. For this purpose, we conducted angensity of microtubule scaffolding. The diffusion constant
in vitro FCS measurement of EGFP in buffer solution with \yas determined to b6.0+ 1.5 um?/s.
two-photon excitation at 850 nm because ihealue of EGFP We also calculated the molecular brightness of tubulin at
has been determined in previous studfe. The # value of various locations(Table 2. We obtained a value 08400
EGFP determined with our FCS system21iS00+ 200 cpsm +500 cpsmin the vicinity of the nucleugd<5 wm). Away
which is very close to that determined in a previous study of from the nucleus we obtained larger brightness values. From
EGFP-° This indicates that our FCS system has a high detec- yhe measurements in ten cells on the randomly selected loca-

tion efficiency similar to that of the system used in the previ- ions within the area between 5 and 2 from the nucleus

ous study. the average value of the brightness is about twice that in the
o ) ] vicinity of the nucleug 6400+ 300 cpsn). The measurements
3.2 Intracellular Investigation of ECFP Tubulin Fusion at the locations greater than 2n from the nucleus were not

The distribution of microtubules in the ECFP tubulin cells chosen for the calculation of the molecular brightness because
was observed with a conventional epifluorescence microscopethe thickness of the cells became thinner than the axial dimen-
(Fig. 5. We observed that the centrosome, or the microtubule sion of the excitation volume of the laser beam, which may
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N —— . Fig. 7 A FCS measurement obtained inside the nucleus of a living
e Tubulin-ECFP (near the centrosome) (b) i PTK2 cell expressing ECFP-tubulin.
1.020 -
4 Discussion
1016 T In this study FCS measurements with two-photon excitation
were performed to investigate the intracellular molecular dy-
0:— o1z T namics, molecular brightness as well as other photophysical
properties of ECFP. We also investigated the diffusional mo-
1.008 1 bility and the molecular brightness of an ECFP tubulin fusion
protein in living cells.
1.004 -
4.1 ECFP Does Not Exhibit Proton-Driven Flickering
1000 St e ” oo il Optical excitation-driven intramolecular dynamics of some
. GFP mutantge.g., EGFP, S65T, and YkRave been studied,
Time 1 (ms) X . .
where submillisecond flicker was observed due to proton dis-
Fig. 6 Two FCS measurements conducted in the vicinity of the placement between the protonatéthrk and unprotonated
nucleus in a living PTK2 cell expressing ECFP-tubulin. (a) Far from the (bright) states of the chromophore through the hydroxyl
centrosome. (b) Near the centrosome. The quality of the autocorrela- groups which providéd™ binding sites???*To the best of our
tion curves changes with its distance from the centrosome region. knowledge, such phenomena have not been reported for

ECFP, presumably because of the difference in the structure
of its chromophore, where substitution of Trp for Tyr66 pro-
produce errors in estimating the number of the fluorophores in duces a new chromophore with an indole instead of a phenol
the volume. or phenolate existing in the mutants investigated
Tubulin protein is expected to be almost exclusively in the Previously:”*® The indole does not possess a protonatable
cytoplasm. However, our FCS measurements conducted in-hydroxyl group. A previous measurement on a mutant Y66W
side the nucleus indicate that a considerable amount of tubulinof CFP has demonstrated that a chromophore with an indole
resides inside the nucle(Big. 7). The average concentration structure did not present fluorescence “flickering”
of the protein in the nucleus is about 50 nM. This was com- dynamics” In our measurements, we did not observe changes
parable to the concentration in the cytoplasm away from the in the shape of autocorrelation curves of the ECFP molecules
nucleus. The average diffusion constan®.ig&+ O_7Mm2/5 re- both in buffer solution and in ||V|ng cells at various laser

covered from our measurements on ten cells. intensities(1.5-5.0 mW and acquisition times under our ex-
perimental conditions. We conclude that ECFP molecules are

photochemically stable under the experimental conditions and
our measured FCS results reflect the fluctuation of fluores-

Table 2 i E i i i - . .
able 2 FCS analysis of ECFP fusion tubulin molecule in the cyto cence signals due to the mobile movements of ECFP mol-

plasm of PTK2.

ecules.
Neo(r] gi;r;):leus For Fr?%'i:”r;)m:leus 4.2 Effects of Dimerization of ECFP
Tubulin-ECFP (d<5 um) (5 um<d<20 um) It has been pointed out that the crystal structures of GFP as
well as GFP mutants in solution at high concentration have
(D) (um?s) 6.2+1.5 6.0+1.5 the tendency to form twofold symmetric diméi€'? This
dimerization of the protein has been a concern in other studies
() {cpsm] it 6400300 where it is crucial to ensure the monomer status of GFP
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molecules’? In the present study, the concentration of ECFP 4.4 Intracellular Molecular Dynamics of Tubulin
is up to 425 nM in the cells. Even though at such high con- Molecule

centration the measured autocorrelation curves can still be fit yna of the important factors affecting microtubule dynamics
with a single species model, the effects of dimerization of the g ),y easily a microtubule fiber can capture a tubulin subunit
protein on our measurements need to be addressed. from the free tubulin pool during the process of polymeriza-
The dissociation constan{¥p) of both GFP and YFP  ion \which is closely related to the translational mobility of
have been determined to be approximately Z0indicating those free tubulin in the cytoplasmic af®&nowledge of the
that the proteins have a very weak chemical affifify. Be- diffusion of tubulinin vivo will provide unique and important
cause ECFP and these two proteins have a very similar mo-ijytormation to enhance our understanding of microtubule dy-
lecular structure, we expect that they have very similar chemi- namics. To further test the capability of ECFP as a fluorophore
cal properties in terms of the chemical affinity and We eXpect for broad biological applications studied by two-photon FCS,
the dissociation constant of ECFP to be around A80™ At we measured the diffusion constant of ECFP tubulin at vari-
the highest concentration of ECFP in the present st4@p ous locations in living PTK2 cell§Table 2. Our results are
nM) (Fig. 4),.the concentration of the dimer is estimated to be jentical to the results from a previous in vivo stufjiffu-
1.8 nM leading to a ratio of 236:1 between the monomer and gjq, constant Gum?s) of tubulin in the cytoplasm of eggs and
the dimer. This indicates that with an average of 33 monomer g o5 of the sea urchin using fluorescence recovery after
molecules in our excitation volum_e there is only 0.14 dlmer photobleachingFRAP) technique, where fluorescein-labeled
molecules of ECFP at the same time, therefore, the Co”t“b‘,J'tubulin was injected into the eggs and embr{bshein vitro
tion of the dimer molecules of ECFP to our measurements is gt sion constant of tubulin in buffer solution is about 43

negligible. Furthermore, if all ECFP is in single molecular .2/ 48 suggesting that the cytoplasmic viscosity of PTK2
form, the fluore_scence intensities should be proportional t0 |15 sensed by tubulin is about seven times the viscosity of
the corresponding concentrations. We chose two measure+ne puffer solution.

ments of ECFP with concentrations of 66 and 425 nM as  The variation in the FCS measurements performed in the
shown in Fig. 4. The ratio between the two concentrations is yicinity of the nucleus reveals the local effects of the micro-

6.4. The corresponding background adjusted signal intensitiesy e cytoskeleton on the diffusional mobility of tubulin. At
are 114 900 and 17920 cps and the ratio between the intensiye centrosome, most of the tubulin is polymerized so there

ties is also 6.4, indicating that the ECFP molecules are essen-yre feyy free tubulin molecules, which results in no correlation

tially a single form of the monomer. Therefore, we are able t0 ,rves for the FCS measurements. Away from the cen-
rule out the possibility of the dimer contribution to the mea- ,5ome, the density of the microtubule fibers decreases and
surements. Our results indicate that the ECFP molecule iSE-g measurements can be performed on the free tubulin pool,

remarkably inert and our FCS measurements reflect the free\\naore FCS data with good quality can be obtaifféid. 6a)].
diffusion of the monomer ECFP molecules in the intracellular The observation of free tubulin inside the nucleus is inter-

environment, which is consistent with previousvivo obser-  ogting. The concentration of free tubulin in the nucleus is

. 16,39 . .
vations on EGFP moleculés: comparable to that at locations distant from the nucledis
>5 um). The diffusion constant is basically the same as in
the cytoplasm. It is not known how this tubulin enters the

4.3 ; .
nucleus and what its nuclear functions may be.

ECFP

The molecular brightness recovered from the measurements ) o )

of ECFP in cells is very similar to that from in vitro solutions 4-3  Oligomerization State of Tubulin Molecule

(Table 1. This is consistent with our understanding of the Knowledge of the oligomerization state of tubulin is crucial
structure of ECFP where the chromophore is protected from for understanding the mechanism of the dynamic instability
the influences of the external environment. Under our experi- because it provides information on the basic molecular build-
mental conditions, ECFP molecule exhibits high molecular ing blocks of microtubules. Previous reports suggest that tu-

In vivo Molecular Brightness and Dynamics of

brightnesg>3000 cpsmthat greatly facilitates the FCS mea-
surements with two-photon excitation.

bulin exists primarily as dimers and small oligomers based on
the analysis of measured diffusion constants of tubulin in

Diffusion constants of ECFP molecules were measured in squid giant axons or eggs and embryos of the sea uréhifts.
the intracellular environment and compared to those measuredHowever, because the diffusion constant varies with the cube

in solutions (Table 1. The mobility of the molecules was

root of the molecular weight to a first approximatitit is

slowed about by a factor of 4 in cells. Because the ECFP difficult to resolve the oligomerization state of the small oli-

molecule is chemically stable, molecular crowding and colli-
sional interactions with other cellular components are likely
responsible for the slowed diffusion in cells. We note the
slight difference in diffusion rates of ECFP relative to that of
EGFP as observed in previous observatit§ This may be
due to different intracellular environments in different cell
lines. The similar diffusion constants of ECFP in the nucleus

gomers based on the measured diffusion constant.

In the present study, eacktubulin is genetically tagged
with an ECFP molecule so each tubulin heterodimer, the basic
subunit for microtubules, carries one ECFP. The molecular
brightness of free ECFP has been recovered bottitro and
in vivo and was discussed in the previous sections. We believe
that the analysis of the molecular brightness can provide a

and the cytoplasm indicate that the intracellular environment more accurate picture of the oligomerization state of tubulin.
is homogeneous in terms of the diffusion of small molecules The molecular brightness of ECFP tagged tubulin in the area
like ECFP, although the actual architectures of the nucleus near the nucleus 8400+ 500 cpsmthat is very close to the

and the cytoplasm are different.

brightness of a single free ECFP. Considering the special po-
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sition of the chromophore in the center of tBebarrel struc-
ture of ECFP, the environmental effects on the optical prop-
erties of the chromophore should be weak. In this context, we
suggest that the tubulin near the nucleus exists primarily in
the form of a heterodimer, the basic subunit. On the other
hand, the brightness of the tubulin in the area away from the
nucleus is about twice that near the nucle(6400
#+ 300 cpsn), indicating that most of the tubulin in this area is
in the form of small oligomers with two subunits. We note
that the immobile tubulin-ECFP could also influence the FCS
determination of the molecular brightness of ECFP in living
cells in addition to the influence of the autofluorescence back-
ground. To account for these background effects, recently de-
veloped photon counting histografi® and fluorescence in-
tensity distribution analysi$®® will be used in the future
studies to further resolve the oligomerization state of tubulin.
In summary, this study clearly demonstrates that two-

photon FCS can be used to measure ECFP and its fusion!!-

molecules in living cells. Under our experimental conditions,

ECFP presents stable photochemical characteristics so thato.

photobleaching and photodynamic effects in FCS measure-
ments are negligible. We demonstrate that ECFP has a high

molecular brightness and its intracellular mobility is similarto ;5

other GFP mutants mainly due to the overall similar structures
that determine their photophysics and molecular dynamics.
Our calculations indicate that the amount of the ECFP dimer
is extremely low even at the highest concentration of the pro-
tein in this study, therefore, the effects of dimerization on our
measurements are negligible. Garvivo FCS studies of the

molecular dynamics of the ECFP tubulin fusion present an 15

identical diffusion constant to a previous result obtained with
the FRAP techniqu#’ In addition, we demonstrate that analy-

sis of the molecular brightness based on the FCS can provide1s.

a new avenue for studying the oligomerization state of tubu-
lin, which is vital to understanding the mechanism of dynamic
instability of microtubulesn vivo. We conclude that ECFP is

a very useful fluorescent probe for FCS studies of various 18.

cellular processes when fused to other biomolecules of inter-
est.

19.
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