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Visualization and Tracking of Single Protein Molecules in the
Cell Nucleus
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ABSTRACT A recently developed laser fluorescence videomicroscopy method was used to determine for the first time the
intranuclear trajectories of single protein molecules. Using the recombinant Escherichia coli 3-galactosidase protein P4K,
labeled with an average of 4.6 ALEXA 488 chromophores per tetramer, single P4K molecules could be localized and tracked
in the nuclei of permeabilized 3T3 cells at a spatial accuracy of ~30 nm and a time resolution of 18 ms. Our previous
photobleaching measurements indicated that P4K had two fractions inside the nucleus, a larger mobile and a smaller
immobile fraction. The present study supported this observation but revealed a much larger variety of mobility classes. Thus,
a fraction of P4K molecules appeared to be truly immobile while another fraction was mobile but confined to very small areas.
In addition, a large fraction of the P4K molecules appeared to be mobile and to move over extended distances by diffusion.
However, a quantitative analysis showed that at least two subpopulations were present differing widely in diffusion
coefficients. Importantly, both the diffusion coefficients and the fractions of these subpopulations were time-dependent. Our
results suggest that proteins can move inside the nucleus over extended distances by diffusion. However, intranuclear protein
diffusion is severely restricted, most likely by multiple association-dissociation events and/or impermeable obstacles.

INTRODUCTION

In the last few years the cell nucleus has been disclosed dShelby et al., 1996; Buchenau et al., 1997; Marshall et al.,
a highly organized and compartmentalized structure. Chro1997; Abney et al., 1997; Zink et al., 1998). The emerging
mosomes occupy distinct nuclear territories, which arepicture is that chromosomal motions are generally of
probably further partitioned into distinct subcompartmentsBrownian type, but restricted to small nuclear subvolumes,
(Manuelidis, 1990; Zhao et al., 1995; Dietzel et al., 1998).and large-scale movements are relatively slow, selective,
DNA transcription, replication and repair, and pre-mRNA and infrequent (Zink and Cremer, 1998).
splicing are performed by supramolecular structures that A complementary view of the intranuclear mobility arises
can be visualized as punctuate patterns, speckles, or foci if not only the dynamics of chromatin itself, but also the
nuclear antigens by immunofluorescence studies (reviewedynamics of molecules moving within these structures are
by Lamond and Earnshaw, 1998). Comprehending the prinexamined (reviewed by Pederson, 2000). In this way the
ciples that govern the architecture of chromosome territoeffects of existing structural domains and their constraints
ries, and their impact on the synthesis, processing, assernto the transport properties inside the nuclear volume
bly, and transport of nuclear molecules and machines, is Become visible. Such information was obtained by fluores-
major focus of current cell biological research. cence microphotolysis methods (abbreviated as FM, FRAP,
One view to nuclear dynamics is obtained by studying theor FPR; Peters et al., 1974; Jacobson et al., 1976; Edidin et
mobility of chromosomal structures. In general, two typesal., 1976; Axelrod et al., 1976; for review, see Peters and
of techniques were used for fluorescence labeling of singl&cholz, 1991) and fluorescence correlation spectroscopy
chromosomes or chromosomal loci in nuclei of living cells. (FCS; Elson and Magde, 1974; Meseth et al., 1999).
One uses proteins that bind specifically to chromosomal Both FM and FCS have repeatedly been applied to the
subregions, and requires microinjection of the respectivenalysis of intranuclear mobility of a variety of probes. Inert
labeled proteins or antibodies, or the use of fusion proteingracer probes such as fluorescently labeled dextrans dis-
composing the green fluorescent protein. The other techplayed apparent intranuclear diffusion coefficients that were
nique involves direct labeling of DNA by incorporating approximately inversely proportional to the molecular ra-
fluorophore-labeled nucleotide analogs during replicationdius, and appeared largely to be determined by viscosity
Studies using these or related approaches detected variogfd, to a smaller extent, by steric restriction effects (Peters,
types of chromosomal, respectively centromeric movementsoge; Lang et al., 1986; Seksek et al., 1997). The viscosity
was found to be 4- to 10-fold higher than in dilute buffer
solutions. For molecules with Stokes radii ranging from 2.2
Received for publication 22 November 1999 and in final form 28 Februaryty 30 nm no dependence of the ratio of intranuclear and
2001 aqueous diffusion coefficients on solute size was found.
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Fluorescein-labeled nucleoplasmin, although of smaller sizen the signal-to-noise ratio (SNR; Bobroff, 1986) and, ac-
than R-PE, shows a smaller apparent intranuclear diffusiogording to previous studies (Kubitscheck et al., 1996, 1999)
coefficient O,, = 2 = 0.8 um?s). This observation was may amount up to 10 nm ir-, y-, and z-directions under
interpreted as formation of larger homo or heteropolymerspptimal conditions.

or weak interaction with intranuclear structures. In contrast Obviously, background reduction is the prerequisite of
to the latter probe molecules, fluorescently labeled BSA waghe optical detection of single fluorophores. Background
largely immobile in the nucleus (Lang et al., 1986). A fluorescence mainly arises from autofluorescence, out-of-
recombinant protein comprising the nuclear localization sefocus fluorescence, and impurity fluorescence (Nie and
quence (NLS) of the Simian virus (SV) 40 T-antigen and theZare, 1997; Xie and Trautman, 1998). Therefore, in the past
almost completeB-galactosidase moiety (designated asthe reduction of the probed volume was a major means for
P4K) was largely mobilef(,., = 68 = 10%), and displayed reducing background fluorescence and improving the SNR.
an apparent intranuclear diffusion coefficientpf = 0.7+  Reduction of the probed volume has been achieved by using
0.2 um?¥s in nuclei of polykaryons of rat hepatoma tissue Particular optical techniques such as total internal reflection,
culture cells (Rihs and Peters; 1989). This diffusion coeffi-near-field illumination, and multiphoton and confocal im-
cient is >30-fold smaller than the theoretically expected @9ing. In cell biology SPT studies focused on membrane-
diffusion coefficient in aqueous solutioDf, = 33 + 3 bound fluorophores and thelrdyngmlcs (rewewgd py ngtpn
wm?s). Diffusion nearly as rapid as in aqueous solution wa"d Jacobson, 1997). Such studies allowed distinguishing
observed for small oligodeoxynucleotides (Politz et al.,V&rious modes of receptor mobility, i.e., directed motion,
1998). Mobility of these probes was shown to be dependerﬁ”omalous or free diffusion, and to relate the mobility to
on the hybridization state of the oligodeoxynucleotides. In atUctural features of the membrane.

recent study Phair and Misteli used FRAP and fluorescence Rece”“Y we showed that smg_le protein moleculeg can
loss in photobleaching (FLIP) to observe the intranucleala_ISO be visualized an_d tr_acked n _extende_d three-dimen-
movement of three proteins—the nucleosome-binding pro_5|onal (3D) samples with high precision (Kubitscheck et al.,

tein HMG-17, fibrillarin, and the pre-mRNA splicing factor 2009)' By using a W|de_-f|eld fluorescence microscope
SF2/ASF—in Hela and BHK cells (Phair and Mistel equipped with a powerful light source and a low-light level

2000). Each of these proteins was fused to the green quoc—:CD camera, single molecules of the GFP were detected in

rescent protein (GFP), and Phair and Misteli observed dif—gels. and viscous §o|ut|ons at dep_ths Of up-b0 um fr(_)m
. g 2 . the interface. A high-speed framing mode accomplished a
fusion coefficients of 0.25-0.um</s for the three fusion . : . ) .
. time resolution of 5 ms, allowing a two-dimensional (2D)

proteins. These values werel00-fold lower than those o ) :

btained for the tive molecules in buffer solution localization of single molecules with an accuracy-680
ootained for the respective molecuies utter SotonS, -, " From the trajectories, diffusion coefficients of single
The significant reductions in free mobility were interpreted

oY . o . o GFP molecules were derived that were consistent with FM
as indicating extensive association and dissociation of thgnd other measurements

exarnlr}ed prtlntelnls with |nt'rangclear str'uctl.Jres. ith singl In the present study we extended the technique to visu-
Single molecule detection in combination with sing ealizing and tracking of single molecules in cell nuclei. A

particle tracking is a novel approach to molecular ransporfyqe tracer protein molecule was selected for a variety of

investigations (SPT, for review see Saxton and JacobsoReasons. The tracer should be large enough to carry several
1997; Nie and Zare, 1997; Weiss, 1999; Mehta et al., 1999,r0phores, homogeneous in size, hydrophil, and inert in
Ishii and Yanagida, 2000). SPT has the major advantage Qfe nycleus. According to these conditions the above-men-
allowing the detection of distinct mobility modes in heter- tjoned hybrid protein P4K comprising the NLS of the SV40
ogeneous systems, where ensemble measurements quglqige T-antigen and the complefzgalactosidase moiety
only yield an inhomogeneous broadening (Cherry, 1993)yas chosen (Rihs and Peters, 1989; Rihs et al., 1991), and
The detection of single molecules can be carried out bygpeled with ALEXA-488. We introduced the probe mole-
normal, far-field optical microscopy in combination with cyles into nuclei of digitonin-permeabilized cells by trans-
high-sensitivity video systems with a spatial accuracy belowyort via the nuclear pore complex (NPC). The cytosol was
50 nm and a time resolution in the millisecond rangesybpstituted by an oocyte |ysate 5upp|emented by ATP, and
(Schmidt et al., 1995, 1996). If submicroscopic particles arexn ATP regenerating system. The cytoplasmic extract con-
imaged they appear as diffraction-limited spots, so-calledributed the various factors required for a transport of large
Airy disks, of ~200 nm radius at a wavelength of 488 nm proteins into the nucleus (Mattaj and Engimeier, 1998). This
and a numerical aperture of 1.4. Although the shape of gystem (Adam et al., 1990) has been widely used in nucleo-
submicroscopic particle cannot be resolved, the position ofytoplasmic transport studies. After import of the ALEXA-
the particle center can be determined with very high precilabeled P4K single protein trajectories could be observed in
sion by application of image processing and special fittingthe cell nuclei with a time resolution of 10 ms and with a
procedures. The accuracy of particle localization dependkteral localization accuracy of35 nm.
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MATERIALS AND METHODS slow-scan mode with a frame repetition rate~ef Hz or in the high-speed
framing (HSF) mode. For this, the major part of the CCD chip was masked
Proteins immediately in front of the CCD coverglass such that only a small portion

. ) ) ) ) of the total chip area was exposed to light. After image acquisition the
The protein P4K in which the T antigen residues 111-135 are fused to thgyminated lines on the chip were shifted into the masked region that
amino-terminus ofscherichia coli-galactosidase was expressedn  sgryeq as fast intermediate image storage. This process could be performed
coli and purified by affinity chromatography as described (Rihs and Peters,apimy with a minimal shift time of 8 ms and was repeated eight times,

1989). P4K was transferred to 50 mM bicine/KOH (pH 7.8), 150 MM regyiting in a sequence of nine images acquired at a maximal repetition rate
NaCl, and adjusted to 10 mg/ml (V). The stock solution was stored in ¢ _gg Hz.

50-ul aliquots at—80°C. According to x-ray analysis th&galactosidase

tetramer has a size of 1726 13.5 X 9 nn?¥ (Jacobson et al., 1994). This

should result in an approximate diffusion coefficientof= 33 = 3 um?s

in aqueous solution (Berg, 1983). Texas-Red-labeled 70-kDa dextran (TRCharacterization of protein labeling

dextran) and ALEXA Fluor-488-labeled 1gG were purchased from Molec-

ular Probes, Inc. (Leiden, The Netherlands) and human serum albumifhe average number of fluorophores per HSA and P4K molecule, respec-

(HSA) was purchased from Sigma (Deisenhofen, Germany). tively, was determined by absorption spectroscopy. Molar absorption
coefficients used amounted te,g, .{(HSA) = 33,100 cm?* M1,

€aosnALEXA-488) = 72,000 cm® M, €5 n{ALEXA-488) =
11,300 cm* M™%, andeygg 1o{P4K) = 258,700 cmi* M~ The number
Labeling of P4K with ALEXA-488 of fluorophores per protein was also determined on a single molecule basis.
To this end solutions of the various proteins with nanomolar concentrations
An aliquot of the P4K stock solution (5@l) was complemented with  were prepared in transport buffer, and aliquots of these solutions were
dithiothreitol (DTT, final concentration of 5 mM) and incubated foh at placed on clean coverglasses. A small fraction of the proteins rapidly
37°C. The reduced P4K was washed twice by dilution with #50f 50 attached irreversibly to the glass surfaces, and the coverglasses were
mM bicine/KOH (pH 7.8) and reconcentrated to p0) using a centricon  washed immediately. A small amount of transport buffer was added, and
100 cell (15 min, 4°C, 1000< g). A 20-fold molar excess of 1 mM  the coverglass was mounted on the microscope. Due to the low protein
ALEXA Fluor-488 maleimide, sodium salt (ALEXA-488) in DMSO was concentration applied, punctuate patterns of ALEXA-488 fluorescence
added. The mixture was incubated h atroom temperature in the dark.  were observed on the coverglass surfaces.
Finally, the reaction mixture was passed over a Sephadex-G25 column.
The column was eluted with “transport buffer” (50 mM Hepes/KOH, pH
7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium
acetate, 1 mM EGTA, 2 mM DTT). Fractions 6700 ul were collected ~ Nuclear import

and checked for protein. Fractions containing protein were pooled and . o . )
concentrated by centrifugation in a centricon 100 cell at 4°C and 3000 3T3 cells were cultured in Dulbecco’s minimum essential medium (Boehr-

g. Finally, the protein concentration was adjusted to 1 mg/ml. The protein"9€r) at 37°C, 5% COand passaged every three days. For transport
was stored in small aliquots at80°C. Similarly to P4K, HSA was labeled ~Méasurements, cells were used 24-48 h after seeding on coverglasses.
with ALEXA-488. In this preparation, however, an equimolar amount of Qel!s were permeablllzed with digitonin according to A‘_’am et. al. (1990).
HSA and ALEXA-488 was used in the labeling reaction. Digitonin _(Calblqchem, Bad S(_)den, Germany) was diluted in tra_nsport
buffer to yield a final concentration of 5@g/ml. For cell permeabilization,
a coverslip with adhering cells was washed three times with ice cold
transport buffer. Then the coverslip was incubated with 1 ml of the
Experimental setup digitonin solution for 5 min on ice. After washing, coverslips were
mounted upside down on glass slides, using spacers to create a little
The experimental setup and the sample preparation procedure were dehamber containing pl transport solution.
scribed in detail by Kubitscheck et al. (2000). In short, specimens were The transport solution, i.e., the medium in which cells were immersed
observed using an inverted wide-field epi-fluorescence microscopédor transport measurements, contained the transport substrate (P4K-AL-
(AXIOVERT 100 TV; Zeiss, Jena, Germany). The 488-nm line from an EXA), oocyte lysate, an ATP-regenerating system and, in control experi-
Ar*-laser (model 2025, Spectra Physics, Darmstadt, Germany) was guidedients, 70 kDa TR-dextran (2Q0y/ml). Xenopus laevisocyte lysate was
through an acousto-optical modulator (AOM, Model 304, Coherent, Santarepared as described by Newmeyer and Wilson (1991). The ATP-regen-
Clara, CA) and aV/4-plate, and over-illuminated the field iris diaphragm. erating system comprised creatine phosphokinase (80 U/ml), creatine phos-
For imaging, a planapochromatic objective lensX63IA 1.4, Zeiss) was  phate (10 mM), and ATP (2 mM). Solutions of creatine phosphate and ATP
used. The image of the iris diaphragm in the focal plane had a diameter ofvere freshly prepared in transport buffer before each experiment. A solu-
~15 pum, over which the illumination intensity varied by10%, falling off tion of creatine phosphokinase in transport buffer was stored in small
rapidly at the border. The irradiance in the sample plane was adjusted taliquots at—20°C. The nucleus integrity was verified by exclusion of
~4-5 kWi/cnt. Fluorescence light was separated from the excitation light TR-dextran.
by a dichromatic beam splitter, and was detected after passing through an Nucleo-cytoplasmic transport was measured by confocal laser scanning
emission filter (505DRLP and 535RDF45, respectively; Omega Optical,microscopy (Leica TCS E; Leica Lasertechnik, Heidelberg, Germany)
Brattleboro, VT) by a cooled slow-scan CCD camera (QUANTIX, Photo- using dual channel detection, and a final concentration of P4AK-ALEXA
metrics, Minchen, Germany, with a Kodak KAF 1400 grade 1 CCD chip, 488 of 100ug/ml. A sample was prepared as described above, and was
Rochester, NY). The light detection efficiency amounted-&%6 (Kubits- placed on the stage of the inverted microscope. By using & 16i0-
check et al., 2000). The CCD wells translated 2.5 photoelectrons into onénmersion objective lens (NA 1.3) the thickness of the confocal optical
count. section was determined to k&l wm. The 488-nm line of an argon-krypton
Image acquisition was performed using an Apple Macintosh G3 com-aser was used for excitation of the ALEXA-488, emission was measured
puter using the IPLab software (Scanalytics Inc., Fairfax, VA). Imagein the wavelength range of 510 to 530 nm. The 568-nm line of the
integration time was 5-20 ms. The illumination light beam was switchedargon-krypton laser excited red-fluorescence of TR-dextran, which was
on only during image acquisition by means of the computer-controlledmonitored above 590 nm. Images were recorded in the green channel at
AOM (rise time 100 ns). Images were acquired either in the normaldifferent time points after sample preparation.
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For observation and tracking of single PAK molecules inside cell nucleiMobility measurements by scanning
the sample was prepared as described above; however, P4K-ALEXA-48Fhicrophotolysis
was diluted in the oocyte lysate to a final concentration-af10 nM, and
TR-dextran was omitted to reduce the overall fluorescence background. The immobile fraction of imported P4K molecules was measured by
scanning microphotolysis (SCAMP) with a confocal laser scanning micro-
scope as described by Wedekind et al. (1994). SCAMP is a combination of
confocal laser scanning microscopy and fluorescence microphotolysis. A
Localization procedures CLSM was equipped with an optical switch represented by an acousto-
) ) ) ) ) optical tunable filter, which was able to modulate the power of the laser
The image of a point object like a single molecule has a complex 2Dpeam in less than a microsecond, while the laser beam modulation and the
intensity profile in the image plane referred to as point spread functionscanning process were coordinated by a dedicated computer program.
(PSF). The PSF limits the spatial resolution achievable by a microscopq—hereby it was possible to vary the power of the laser beam by a factor
and can be determined experimentally by imaging a fluorescent subresos 5o during scanning at the precision of one resolution element. Here,
lution object. The SNR of an image is determined by the brightness of thgyge rectangular regions were slowly bleached into 3T3 cell nuclei, which
utilized probes, and specific instrument parameters for the integration time, 54 previously accumulated P4K-ALEXA. The time scale of bleaching
detector pixel size, read-out rate, and photoelectron conversion factor angas chosen so that the pool of mobile molecules in the bleached and
laser 'irradiance. We define the SNR of single molecule signals in the,pieached nuclear region was completely depleted. The fraction of im-
following way: mobile P4K molecules was calculated by the ratio of the remaining
fluorescence in unbleached nuclear regions and the prebleach intensity.

lo
SNR= ——%—+—, 1
N’U§g+0|20 ( )

RESULTS

wherel, designates the signal intensity of the maximum of the PSF abovdPrerequisites for single-molecule studies of
backgroundgp, the variance of the background intensity values, afid  jntranuclear transport

the variance of the maximum signal intensity above backgrouﬁ_gr,nust

be determined experimentally as described in detail by Kubitscheck et aldentification of single protein molecules by laser
(1999). fluorescence microscopy

If an area detector is positioned in the image plane the observed PSF can . . . . .
well be approximated by a 2D Gaussian function. By fitting a 2D GaussianBY using the ﬂuorescen(?e microscopic setup described in
function to an observed 2D intensity profile of a subresolution object theMaterials and Methods single molecules of HSA, IgG, and

object center can be determined with a very high accuracy, often 10-2¢he recombinant karyophilic protein P4K were identified by

times smaller than the FWHM of the PSF. In our study a user-writtenﬂuorescence measurements. All proteins were labeled with
analysis program was used to determine the central position of eac '

subresolution object by fitting a 2D Gaussian function to the observeofhe, same .fluorophpre, AL_EXA'488' However'_the labeling
fluorescence intensity profile using a nonlinegminimization routine  ratios varied in wide limits. Thus, HSA carried a mean

(Press et al., 1992). However, because image acquisition is a stochastitumber of 0.3 fluorophores per molecule, while the labeling
process due to the inherent Poisson noise of light emission, the objegigtio was 6.8 for IgG and 4.6 for P4K. Assuming that
position k., Y, that is found by the fitting algorithm is only an estimator Iabeling is a random, non-cooperative process, a low label-

for the true object position. . : .
We define as particle localization accuracy that distance from the foundng ratio such as 0.3 guarantees that Vlrtua”y all of the

object center, in which the true object center is located with a probabilityl@b€led protein molecules carry only a single fluorophore,
of 0.68. The localization accuracy depends strongly on the actual SNR. Iwhile the fractions of protein molecules carrying two or
case the fitting procedure is realized l§-minimization algorithm, an  more fluorophores can be neglected.

analytical approximation for the localization accuracy of subresolution ALEXA-labeled proteins were attached to COVEI’SHpS and
objects can be derived (Bobroff, 1986). Thereby an expectation value for

the localization accuracy can be calculated as a function of the SNR. As W!amageci by HSF at, a,n integration time of 10 mS per frame'
have shown recently, this expectation value presents an upper limit for thé\.n example Pertammg to HSA'ALEXA'488 is shown in
experimentally found localization accuracy (Kubitscheck et al., 2000). WeFig. 1. In the image stack three different fluorescence spots

have performed a respective analysis for our experimental setup and fourgre seen which are presumably single HSA molecules at-
that an SNR between 10 and 2 corresponds to a localization accuragh ched to the glass surface (FigA)]. In Fig. 1Bthe integral
between 10 and 60 nm. :
fluorescence of the three observed spots is plotted versus the
frame number. This reveals that the fluorescence of the
spots bleached in a “digital” manner, as expected for indi-
Monte Carlo simulation vidual fluorophore molecules, and thus provides strong ev-

A Monte Carlo simulation program for diffusion was based on the randomIdence for the assumption that the spots represent smgle

number generator of L'Ecuyer with Bays-Durham shuffle that returns aHSA molecules.

uniform random deviate between 0 and 1, and the Box-Muller method was Analogous experiments were also performed with P4K

used for generating random deviates with a Gaussian distribution accordingnd 1gG. For each protein the fluorescence of individual

to F_’ress etal. (1992)._ The? |mpe|_'meab|e borders of the diffusion space Wer'aepots was quantified in terms of counts above background.
defined by an ellipsoid with main axes of 15, 20, ang.® length along

X-, y-, and z-directions, respectively, corresponding to the size of a cell Furthermore' the tOta_I numbe.r of counts before PhOto'
nucleus. Particle trajectories comprising*€eps each were simulated Dl€aching was determined. Using the overall detection ef-

assuming a diffusion constant of 2.8n?%/s at time steps of 18 ms. ficiency and the photoelectron-to-digital unit conversion
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assumption strengthened by spectrophotometric measure-
ments yielding a mean labeling ratio of 319 1.

Autofluorescence of intact and permeabilized cells

The detection and tracking of single fluorescently labeled
molecules is essentially limited by the SNR (Kubitscheck et
al., 2000). Because the number of photons emitted by an
individual fluorophore before photobleaching is limited, the
background fluorescence and its noise assume a decisive
role and can easily prevent single-molecule detection. It was
therefore important to determine the background fluores-
cence in the cells used in this study.

B Three types of images were acquired at standard condi-
tions (i.e., an object field of 5< 5 um, an irradiance of 5

[ ' ' ' ; ' ' ' l ] kW/cn?, and an integration time of 10 ms): “dark current
: —m— 3 1 images” (camera shutter closed), images of the specimen
" —a— b d chamber containing only buffer, and images of intact and
¥ | ==¢ ] digitonin-permeabilized cells. From these the mean fluores-
A A 1 cence and its standard deviation (SD) were derived. We
g ¢ " 8 found that cytoplasm and nucleus differed widely in their
@ ] autofluorescence, even in digitonin-permeabilized cells.
o [ sy ] This can be directly recognized in images as displayed in
St — ] Fig. 3A. The values for the mean fluorescence and the SD
= [ ¢ ’”/0<'73 ] are given in Fig. 3,B and C. The SD of dark images
A 1 amounted to 6.1 counts, which is almost identical to the
B L L L L L TR read-out noise of the camera. In intact and permeabilized
c 1 2 3 4 5 6 7 8 9 cells the mean nuclear fluorescence was- or 10-fold
Image Number larger than that of the buffer. However, the respective SDs

increased only by-25%. In case of the cytoplasm both the

age series showing HSA-ALEXA molecules attached to a coverglassthose of the nuclei. We conclude that the autofluorescence
surface. Integration time for each frame was 10 ms. Three different )

fluorescence spots are markedB) (Integral fluorescence signal above of nuclei was small enoth not to compromise smgle mol-

background for the three observed spots as a function of the frame numbe@Cule detection and tracking. In contrast, the autofluores-

The signals bleach in a single step. cence of the cytoplasm was substantial and might interfere
with single molecule measurements.

factor qf the CCD camera, the number of counts was CONdentification and tracking of single protein
verted into t.he absolute. number_of photons. The resglts %olecules in the cell nucleus

these experiments are displayed in Fig. 2 and summarizedin . . .

Table 1. The number of photons emitted in 10 ms by the |gd/lsuallzatlon of single protein molecules in the nucleus

molecules was found to be 57 1.4 (meant SEM) times  The recombinant protein P4K contains a nuclear localiza-
higher than the number of photons emitted by the HSA (Figtion sequence and therefore is imported into nuclei of dig-
2, A andC). The time-integrated fluorescence signal of thejtonin-permeabilized cells via the NPCs when the soluble
IgG was 7.4+ 0.3 times as high as the HSA signal (Fig. 2, transport factors are supplied in a cytosolic extract and
D andF). The average of these two values is 6:3.7, very  metabolic energy is provided by addition of an ATP regen-
similar to the labeling ratio of IgG (6.8 fluorophores per IgG erating system (ARS). We incubated digitonin-permeabi-
molecule). The fluorescent spots pertaining to P4K-ALEXAized 3T3 cells with exceedingly small concentrations of
molecules emitted, during an integration time of 10 ms,P4K (1-10 nM) in the presence of cytosolic extract and
4.3 £ 1.1 (h = 350) times more photons than those of ARS to achieve very small intranuclear P4K concentrations.
HSA-ALEXA. The total number of photons emitted before Furthermore, imaging was started very briefly after addition
photobleaching (Fig. 2B andE) was 4.8+ 0.3 times that of P4K to follow the appearance of P4K molecules in the
of HSA-ALEXA. This indicated that P4K-ALEXA was nucleus from the very beginning. A representative example
labeled on the average with 46 1.4 fluorophores, an for the imaging of intranuclear P4K molecules is shown in

Biophysical Journal 80(6) 2954-2967
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FIGURE 2 Frequency distributions of the single molecule signals for the examined proteins. Grdplisplay the number of detected fluorescence

counts, and of emitted photons, for the integration time interval of 10 ms for HSA-ALEXA 643), PAK-ALEXA (h = 350), and IgG-ALEXA 6 =

685), respectively. The data were obtained from image series such as shown in Fig. 1. The number of emitted photons was determined assuming a detectit
efficiency of 2.8%. Graph®—F show the total number of emitted photons and the time-integrated number of detected fluorescence counts, before final
photobleaching for HSA-ALEXA, P4K-ALEXA, and IgG-ALEXA, respectively. Mean values are indicated by arrows, and compiled in Table 1.

Fig. 4. The nucleus and its boundary can be recognized ia surface plot of that area is given in FigB4A close look

the bright field image at the top of Fig. 4 The series of at the image series reveals a whole range of mobility types.
fluorescence images displayed below the bright field image&Some molecules are apparently mobile, entering the focal
was obtained at an integration time of 10 ms per image anglane at some instance and moving around from frame to
a delay time of 8 ms between two subsequent imageframe. Other molecules appear to be perfectly immobile
covering a total time of~-150 ms. The images show many during the observation time; they could be observed in more
clearly discernible spots that we identify on the basis ofthan 15 frames. Still other molecules appeared confined,
their intensity (see below) as diffraction-limited images of although moving, to a small object region.

single P4K-ALEXA molecules. Three of the presumed P4K  The fluorescence of individual immobile spots was quan-
molecules were marked by arrows. An area is outlined andified and found to amount on average teb0% of that
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TABLE 1 Results of single protein fluorescence A
measurements
Number of Total Number
Probe Molecule Photons/10 ms of Photons
HSA-ALEXA 488 1.3x 10* 1.1x 10°
P4K-ALEXA 488 5.5%x 10* 53X 10°
IgG-ALEXA 488 8.0x 10* 8.1x 10°

Molecules were attached to a cover glass surface and illuminated with an
average laser power of 5 kW crA Given is the number of photons

assuming an overall detection efficiency of 2.8% (Kubitscheck et al., B 140
2000).

— 120}

7

§ 100}
found for single P4K molecules immobilized at the water- % 80t
glass interface (Fig. B). A reduction of the fluorescence 5 6ol
signal inside the nucleus was to be expected because of the "-g
refractive index mismatch (Hell et al., 1993), and also g 40
because the nucleus is a heterogeneous structure in whict 2 5,

the fluorescence light of P4K molecules may be strongly
scattered. 0 bz
A substantial fraction of the P4K molecules appeared to

be immobile. This is consistent with our previous photo- C 25
bleaching measurements (Rihs and Peters; 1989) yielding
an immobile fraction of 32+ 10% for P4K in HTC cells.

We repeated such photobleaching measurements with the
3T3 cells used in this study and found a somewhat large yet
still comparable immobile fraction of 4% 10% (data not
shown).

20¢

15}

10¢

Tracking of single protein molecules in the cell nucleus

Standard Deviation [Counts]

Image stacks such as the one displayed in Fig. 4 were used 1 1 L &
to determine the trajectories of single P4K molecules. Each 2 Dark Buffer Nucleus Nucleus Cytosol Cytosol
spot, which did not derive from a larger aggregate but, Current (intact) (perm.) (intact) (perm.)
judged by its brightness, was due to a single P4K molecule

and which could be followed over several images of the”/GURE 3 Cellular -autofluorescence.A)( Bright field (lef) and
stack, was localized at nanometer precision by the procealutoﬂuorescencen.ght) image of a permeablll'zed cell (N, nucleus; NE,

. . . uclear envelope; C, cytoplasm)B)(Mean signals andQ) averaged
dure described in Materials and Methods. The average SN%andard deviations from 20 single measurements. Images were acquired
of P4K molecule signals, SNRy, from a depth 0F~5-10  using a typical irradiance of 5 kW ci¥ and an image integration time of
wm inside the nucleus was determined according to Eq. 1 t60 ms. The main contribution to image noise for dark images, buffer
be between 2 and 10, yielding a localization accuracy ofmages, ?”g_;ff“agesffm’; C_E'Lnuc'ei is the CC% E{"T‘e’a fe?dou_t ”OiieﬁThiS
10—-60 nm Wlth a mear‘] value Ot\cc: 35 nm (KUbltSChECk flt::etlr(]):ells ifferent for the inhomogeneous an igh cytoplasmic autofluo
et al., 2000). Each trajectory was characterized by a set of
coordinates %;, i}, where 1= i = N, with N denoting the
number of observations of an individual molecule. For each
trajectory, a set of square displacememfﬂlag), between In the case of free Brownian motion in two dimensions
two positions separated by the time lag, was obtained. the diffusion coefficienD is related to the MSD by
The time lag was given by, = n(ty, + tyeay, Wherety, _
denotes the integration at@,:ythe delay timeQbetween two MSD(tiag) = 4Dtig (2)
successive subframe acquisitions. To reduce the noise the linear relationship between MSD and time therefore
square displacements within a single trajectory were averindicates free Brownian motion, and can be used to derive
aged for identical lag times resulting in the mean-squaréhe diffusion coefficients from single molecule trajectories.
displacements, MSI{) for that trajectory. This procedure However, if molecular transport is not based on free diffu-
implies that the short-range MSE)() is more accurately sion but, for instance, on confined diffusion or directed
determined than the long-range M3Q)). flow, the analytical form of MSDH, o) versus time is differ-
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FIGURE 5 Representative examples of molecular motions in cell nuclei
obtained by HSF imagingA) Apparently freely diffusing P4K molecules.
Image integration time was 10 ms, and lag time between two successive
images was 8 ms. The shown object field size is 2.7 um?. (B)
Examples for molecules, whose movement was presumably restri€jed. (
Images of molecules that appeared immobile on the time scale of obser-
vation. The right-hand image shows the molecular trajectory.

ent (Saxton and Jacobson, 1997). Indeed, an inspection of
various trajectories of P4K in the nucleus suggested that
different mobility classes exist. This is illustrated in Fig. 5,
giving examples of relatively fast-moving, possibly freely
diffusing molecules (Fig. 3\); of molecules swaying in a
confined region (Fig. 5B); and of molecules that were
immobile on the time scale of the observation (Fig2)s It

may be noted, however, that the classification of molecular
mobility classes is somewhat arbitrary. Even freely diffus-
ing molecules show all kinds of random trajectories resem-

FIGURE 4 Single P4K molecules inside a cell nucleus detected by HSFb”ng by chance those of free, restricted, or immobile mol-
imaging series by epifluorescencd\) (The topmost image was taken in | Saxt dJ b ' 1997 '
bright field mode to identify the nuclear envelope. Below, a typical HSF ecules ( axton and Jacobson, )

image series acquired 5 min after starting the import process is shown. The

image series was taken with an integration time of 10 ms per image and . B . .

delay time of 8 ms between two subsequent images. Therefore, the flucgnalys's of molecular trajectories in terms of
rescence image series covers a time window-@20 ms; the total object ~ diffusion coefficients

field size is 17.3x 8.1 um? The image shows many clearly discernible
diffraction-limited spots that we interpret as images of single P4AK-ALEXA
molecules. The arrows mark three different moving moleculsS(rface
plot representation of the outlined (and>3 3 Gauss kernel smoothed)
image region in A).

Validation of the experimental and theoretical methods by
computer simulation and measurements on model systems

In the experimental setup used in this study only those P4K
molecules that happened to move into or across the focal

Biophysical Journal 80(6) 2954-2967



2962 Kues et al.

plane could be observed and tracked. More precisely, thavere determined on the basis of five trajectories with 10
present setup imaged a slice having its center in the focalingle steps at lag times of 18, 54, 90, and 126 ms corre-
plane and extending 0.8 um in the direction of the optical sponding to those the experimental image stacks. The solid
axis. The P4K molecules, however, could distribute over dine is the result of a fit according to Eqg. 3 assuming a single
much larger space, namely the complete nuclear volumenobile fraction of molecules. The thus-determined diffu-
This raised the possibility that our method might be biasedsion constants of 2.4& 0.03, 2.46= 0.08, 2.41* 0.07,

for detecting slowly moving particles, which remained in and 2.29+ 0.09 um?/s are based on 4162, 2100, 1057, and
the imaged slice during the observation time. In order to tesb47 evaluated jump distances, respectively. The number of
for this possibility the experimental situation was simulatedpositions that is found in the detection slice is decreasing
by numerical methods. The simulation considered poinwith increasing lag time, due to the fact that the probability
objects undergoing free diffusion in a volume correspond-of finding a mobile particle in the detection slice is decreas-
ing to that of a nucleus, while observation was restricted tang with time. Thus, the more sophisticated analysis sug-
a slice corresponding in its dimensions to the experimengested that the experimental method used in this study is

tally realized optical section. valid, and only very slightly biased for selecting molecules
In the computer simulations the nucleus was approxiwith small diffusion coefficients.
mated by an ellipsoid having main axes of 7.5, 10, apahB Experimentally, the methods used were tested by mea-

(%, v, 2) length. Particle trajectories within this volume were surements of model systems. These consisted of well-de-
simulated by standard Monte Carlo methods (Saxton, 1997ined particles or molecules dissolved in media of known
cf. Materials and Methods) assuming a diffusion constant ofsiscosity. In particular, fluorescent microbeads (14-nm di-
D = 2.5 um?/s. The “observation slice” was assumed to ameter) were dispersed in 50% glycerol/buffer mixtures and
have a thickness of 0.&um, as indicated in Fig. A.  GFP molecules were dissolved in 80% glycerol/buffer mix-
Whenever a particle happened to be within the observatiotures. The viscous solutions were placed as a thick layer
slice its trajectory was recorded. Fig.Boshows the aver- between a glass slide and a coverslip, and trajectories of
aged mean-square displacements of the first five time stepsingle particles or molecules were recorded by HSF. Single
of five trajectories with 10steps each; the solid line is a fit fluorescent spots were localized and analyzed as described
to the data according to Eq. 2. The fit yielded a diffusionabove. Some of the experimental data have been published
constant oD = 2.49+ 0.02um?s, very closely approach- previously (Kubitscheck et al., 2000). Here, the data were
ing the “true” one, and thus supporting the validity of our reevaluated by deriving the jump distance frequency distri-
experimental approach. butions of microbeads and molecules within lag times 11,

We extended the analysis of molecular trajectories by33, 44, and 66 ms and fitting them by Eq. 3 (data not
using a more sophisticated approach. Although there arshown). We could fit the frequency distributions assuming
various procedures for evaluating MSD or jump distancea single diffusion constant. The total number of measured
data in terms of diffusion coefficients (for review, see jump distances decreased with increasing lag time, because
Saxton and Jacobson, 1997), we chose the method of Chertlye mobile particles escape with time from the detected
and co-workers (Anderson et al., 1992; Wilson et al., 1996pptical slice. The diffusion coefficients determined both for
Smith et al., 1999). It is based on analyzing the probabilitythe microbeadsfifled circlesin Fig. 8) and GFP molecules
distribution of the absolute molecular displacements as &crossesn Fig. 8) were independent of the lag time.
function of t,, The probability distribution indicates
whether fractions of molecules with different modes of
motion are present. This approach allows conclusions from . . . . )
relatively short trajectories, because the data from all op2nalysis of intranuclear protein trajectories
served trajectories are gathergdr, t)dr is defined as the Having validated the experimental and theoretical methods
probability, that a particle starting at the origin will be found we applied them to the intranuclear transport of P4K. For
at time t within a shell of radiusr and a width d. For  the acquisition of molecular trajectories in the nucleus the
random diffusion in two dimensions described HSF method was used yielding short lag times of
=18 ms. In addition, the normal imaging mode of the CCD
camera was used to extetyg, up to 1500 ms.

On the basis of HSF stacks, the jump distance frequency
distribution analysis was applied to 230 trajectories of in-
The frequency distributiop(r, t)dr is constructed by count- dividual P4K molecules. Four of the seven resulting histo-
ing the number of displacements within the intervalr[+ grams are presented in Fig. A-D, covering lag times
dr] for each value of,, from all observed trajectories. This between 18 and 126 ms. In contrast to the simulated data
was performed for the sections of the point object trajecto{Fig. 6) and the experimental data of microbeads and GFP,
ries that were detected in the observation slice. Figc-&;  the data for the intranuclear motion of P4K molecules could
shows the frequency distributions of jump distances thahot adequately be fitted by Eq. 3, when only a single mobile

1
p(r, t)dr = 4Dt e Py dr (3)
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FIGURE 6 Computer simulation of diffusion within the cell nucleus. A cell nucleus was represented by an ellipsoid with main axes of 7.5, 10, and 3
um alongx-, y-, andz-directions, respectivelyAj Projection of a single trajectory with 1@teps onto thezplane. Particles were assumed to move with

a diffusion constant oD = 2.5 um?s within the nucleus. For analysis only particle positions within an “observation slice” ofu®.8hickness (see
shadowed region) were considere) Averaged mean-square displacements of the first five time steps of five trajectories; the solid line shows the result
of a fit according to Eq. 2} = 2.49+ 0.02um?/s). xy-positions from steps within the observation slice were used for analysis in jump distance frequency
histograms. €-F) Frequency distributions of jump distanqgs, t,,j)dr that were determined on the basis of five trajectories with 10,000 single steps with

lag times of 18, 54, 90, and 126 ms, respectively. Solid lines indicate the result of a fit according to Eqg. 3 assuming a single mobile fractioasof particl

fraction was assumed. Rather, it was necessary to assumeay,, i.e., D; =~ 0. More precisely, due to the finite local-
least three populations (1-3) with widely differing diffusion ization accuracy otr,.. = 35 nm, even completely immo-
coefficients D,, D,, and D;. One fraction of molecules bile particles virtually move within a small region. The
appeared to be immobile within the localization accuracyjump distance probability distribution of immobile mole-
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FIGURE 7 Jump distance frequency distributions for the P4K molecules in permeabilized cell nuclei as function of lagtifieree modes of
molecular motions were required for a satisfactory fit of the displacements after 18)n&(ms (not shown), and 54 mB)( One fraction of molecules
appeared to be immobile within our localization accuradgshed ling Additional consideration of a second fraction of molecules with a diffusion
coefficientD, according to Eq. 3 was not sufficient to describe the ddtdtéd ling. For a satisfactory fit we had to presuppose a third fraction with a
higher mobilityD; (dot-dashed ling Hence, the observed frequency distributions were finally fitted by the sum of the immobile and two mobile fractions
(solid ling). Furthermore, 5% of the jump distances wergé um at short lag times, and were due to even faster molecules. The frequency distributions

Biophysical Journal 80(6) 2954-2967



Single Molecule Tracking in Cell Nuclei 2965

cules is described by the time-independent probability disTABLE 2 Mobility of single P4K molecules inside cell nuclei
tribution:

Population 1 Population 2 Population 3

Nim b2 Time Lag D, fi D, f, D, fs

Pim(r)dr = -~ e @7drdr 4) ms)  (um?s) (%) (um%s) (%)  (umPls) (%)

acc

_ _ _ 18 0 48 0.220 29 2.460 23
A fraction of ~5% of the jump distances werel um 36 0 40 0.107 39 2.052 21
within 18 ms. Such rapid molecules were detected in two 54 0 36 0.069 48 1.167 17
subsequent images maximally, and are characterized by /2 0 4L 0.069 59 - -
diffusion coefficients of>10 um?s. Due to the relatively % 0 80047 62 B B
_ MITETS. 108 0 33 0033 67 — —
infrequent occurrence, these could not be analyzed further. 124 0 32 0.034 68 _ _
Using the normal readout mode of the CCD camera, 144 0 22 0.029 78 — —
molecular trajectories were obtained for lag times between 250 0 26 0.012 48 0.093 26
250 ms and 1500 ms. In order to satisfactorily fit the datato _7>° 0 20 0.004 45 0030 35
Eq. 3 it was again necessary to assume one immobile 1250 0 8 0.0023 2 0.024 3
a. g y 1500 0 11 00019 50 0016 40

population and two mobile populations (Fig. EZ,and F).

The complete results of the analysis, i.e., the difoSionReSUItS. of the analysis of t_he tlmg-dependen_t fre_quency distributions of the
. . . .. _jump distances as a function of time shown in Fig. 8. Fits were performed
coefficients and fractions of populations 1-3, are Comp'IGdaccording to Egs. 3 and 4 considering, respectively, one and two mobile

in Table 2. fractions. Errors range from 10 to 30%.
A further major result of the analysis, already obvious

from Table 2, is illustrated in Fig. 8: for intranuclear trans-
port the diffusion coefficients depended on the lag time, in =, 5 i
contrast to free diffusion. This indicates that diffusion in the#M S andDy(t = 10 ms) = 7 pms, respectively. In
nucleus is not “free,” but restricted. Such restriction can befontrastto thege results, fits according to Eq. 5 to the control
brought about by physical parameters such as barrie/dat@ resulted inv values ofapeqags= 0.9 = 0.04, agep =
and/or chemical parameters such as association-dissociatigrn 0-1, @ndasim = 0.97 = 0.01 for microbeads, GFP (data
reactions (for review, see Saxton and Jacobson, 1997). Aot shown for clarity of the graph), and simulation data,
such conditions the dependence of the diffusion coefficienf€SPectively.
on the lag time can be described by (Bouchaud and Georges,
1990; Feder et al., 1996):

DISCUSSION

D=4 et (5)  Our work establishes a novel approach for obtaining insight
into dynamic processes within the cell nucleus: single fluo-

Herel designates the transport coefficient, anthe factor  rescently labeled protein molecules were visualized and
quantifying the time dependence of the diffusion coeffi-tracked after their signal-mediated import into nuclei of
cient. In the underlying model diffusion is free at short timesdigitonin-permeabilized 3T3 cells. Frequently, autofluores-
but slowed down at longer times, when the effect of barriercence may prevent the detection of single molecules in
or binding becomes more dominant. The physical assumpeellular systems. Fortunately, however, the autofluores-
tion behind Eq. 5 is that the diffusion space comprises aence of nuclei was found to be very small, not interfering
random array of continuously changing binding sites withwith single molecule detection. The optimization of the
such a broad distribution of association energies that nexperimental setup comprising an efficient fluorescence ex-
average residence time per trap can be definegljantifies  citation, highly sensitive fluorescence detection, short im-
the degree of the mobility restriction. Far= 1 the motion  age acquisition times, and high frame rates further promoted
reflects unrestricted Brownian diffusion with a constantsingle molecule detection. The upper limit of diffusion
diffusion coefficient,D = 1/4I". A fit according to Eq. 5to  coefficients that may presently be detected by our setup is
the time-dependent diffusion coefficient®,(t,) and determined by the frame repetition time and the mean-
Ds(tiag): resulted in values ok close to zero for the two square distance that the molecules move during the image
mobile fractions. The transport coefficients correspond tdntegration time. On this basis it is estimated to ber?/s.
values of a diffusion coefficient dD,(t = 10 ms)= 0.45  Similarly, the lower limit is estimated to be 16 um?s.

for lag times 90 and 126 ms were fitted by assuming only the immobile and one mobile fractib). (Long lag time experimentEEH): from normal
image sequences the trajectories of single P4K molecules were determined, and the corresponding jump distance frequency distributidistsfarwn in
the lag times of 250, 750, 1250, and 1500 ms, respectively. Again, a satisfactory fit to the jump distance data required three fractions. Rgsnifs of the
distance analysis were compiled in Table 2.
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10 distances>1 um within 18 ms. Such fast molecules were
detected in two subsequent images maximally, and are
characterized by diffusion coefficients bf1l0 um?/s. Frac-
tions f. op - andf, o, 3 Presumably correspond to those mo-
bile fractions, which were detected by previous measure-
ments on intranuclear protein or tracer mobility (Schulz and
Peters, 1987; Rihs and Peters, 1989; Seksek et al., 1997;
Phair and Misteli, 2000). These measurements yielded dif-
fusion coefficients 10- to 100-fold smaller than those mea-
sured in dilute buffer. Table 2 shows that the immobile
fraction decreases with time from 48% to 10%, while the
mobile fractions increase. This indicates that the probe
molecules change their mode of motion, consistent with the
assumption of successive association/dissociation events
during the observation time.
The presented work demonstrates for the first time that it
0,001 T T is feasible to observe the motion of single protein molecules
0.01 T'OJ ! within complex biological systems, such as cell nuclei. In
ime Lag [s] .
contrast to methods such as photobleaching or fluorescence
FIGURE 8 Double logarithmic plot of the determined diffusion con- COITelation spectroscopy, in our approach molecular dis-
stants versus lag timé,, Diffusion coefficients were determined by the placements are detected well below the optical resolution
jump distance frequency distribution analysis as a function of lag times“mit, different types of motions can be differentiated, and
The diffusion constants from the computer simulatiomssesdata from very low tracer molecule concentrations may be used. We
Fig. 6), and from microbead experimentiti€d circles) were constant with - . . .
lag time. Data from GFP experiments coincided with the symbols, and aréihthlpate that furt_her studies will provide a bette_r under-
not shown for clarity of the graph. The diffusion constants from the P4k Standing of both intranuclear transport mechanisms and

molecules in cell nucleili,(t,,) and D4(t,,o) indicated byfilled squares  submicroscopic topography.
andopen circles respectively) were decreasing with time (see Fig. 7 and
Table 2). Solid lines represent fits to the data according to Eq. 5.
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