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ABSTRACT Single-particle tracking (SPT) was used to determine the mobility characteristics of MHC (major histocompat-
ibility complex) class I molecules at the surface of HeLa cells at 22°C and on different time scales. MHC class I was labeled
using the Fab fragment of a monoclonal antibody (W6/32), covalently bound to either R-phycoerythrin or fluorescent
microspheres, and the particles were tracked using high-sensitivity fluorescence imaging. Analysis of the data for a fixed time
interval suggests a reasonable fit to a random diffusion model. The best fit values of the diffusion coefficient D decreased
markedly, however, with increasing time interval, demonstrating the existence of anomalous diffusion. Further analysis of the
data shows that the diffusion is anomalous over the complete time range investigated, 4–300 s. Fitting the results obtained
with the R-phycoerythrin probe to D � D0t��1, where Do is a constant and t is the time, gave D0 � (6.7 � 4.5) � 10�11 cm2

s�1 and � � 0.49 � 0.16. Experiments with fluorescent microspheres were less reproducible and gave slower anomalous
diffusion. The R-phycoerythrin probe is considered more reliable for fluorescent SPT because it is small (11 � 8 nm) and
monovalent. The type of motion exhibited by the class I molecules will greatly affect their ability to migrate in the plane of the
membrane. Anomalous diffusion, in particular, greatly reduces the distance a class I molecule can travel on the time scale of
minutes. The present data are discussed in relation to the possible role of diffusion and clustering in T-cell activation.

INTRODUCTION

The major histocompatibility complex (MHC) class I mol-
ecules, which present antigenic peptides to T cells, are
noncovalently associated trimolecular complexes consisting
of the class I MHC heavy chain, �2-microglobulin (�2m),
and antigenic peptide (Bjorkman et al., 1987). Class I mol-
ecules bind peptides derived from viruses or bacteria living
in the cytosol and present them at the cell surface to CD8�

T cells. These transmembrane glycoproteins are expressed
on almost all nucleated cells, with varying levels of expres-
sion from �103 to 106 per cell (Fernández et al., 1992).
Membrane proteins are often able to diffuse within the plane
of a cell membrane, and so can potentially form dynamic
associations. The dimerization of membrane receptors in
response to a particular stimulus is an important mechanism
in, for example, transmembrane signaling (Bormann and
Engelman, 1992; Metzger, 1992; Heldin, 1995) and the
activation of immunological receptors (Weiss and Littman,
1994). Clustering of MHC molecules has been observed
with MHC class I and could be involved in T-cell activation
(Matkó et al., 1994; Capps et al., 1993; Chakrabarti et al.,
1992; Weng and DeLisi, 1998).

The lateral mobility of a wide variety of membrane
proteins has been investigated by the method of fluores-
cence recovery after photobleaching (FRAP) (Jovin and
Vaz, 1989; Peters and Scholz, 1991; Zhang et al., 1993). In
common with many cell surface receptors, FRAP measure-

ments of MHC class I and MHC class II molecules have
indicated the presence of both a mobile population and a
fraction that is immobile over the time scale of the experi-
ment (Damjanovich et al., 1983; Edidin and Stroynowski,
1991; Wade et al., 1989; Qiu et al., 1996). More recently,
the technique of single particle tracking (SPT) has been
employed to gain further insight into how proteins move on
cell surfaces (for reviews, see Cherry, 1992; Sheets et al.,
1995; Saxton and Jacobson, 1997). SPT involves attaching
a small particle, typically 12–40 nm in diameter, to the cell
surface receptor of interest. Two types of particle have been
utilized: fluorescent particles, which are imaged by low-
light-level fluorescence microscopy (Gross and Webb,
1988; Anderson et al., 1992; Wang et al., 1994; Ghosh and
Webb, 1994; Hicks and Angelides, 1995; Wilson et al.,
1996), and gold particles, which are imaged by differential
interference contrast microscopy (Sheetz et al., 1989; de
Brabander et al., 1991; Lee et al., 1991; Kusumi et al., 1993;
Sako and Kusumi, 1994; Simson et al., 1995). The move-
ment of individual proteins in the plasma membrane of
living cells can be monitored by tracking the particle posi-
tions through a sequence of images. Provided that particles
are well separated compared with the resolution of the
optical microscope, the positions of the particles can be
determined with high precision, so that the spatial resolution
of the technique is on the order of 10–20 nm (compared
with �1 �m in a FRAP experiment). SPT of single fluo-
rescent molecules has been achieved for lipids in a model
system (Schmidt et al., 1996; Schütz et al., 1997a).

SPT measurements have now been performed with a
number of receptors on different cell types. In all cases
investigated so far, departures from simple diffusion have
been detected. In addition to random motion, both directed
motion and constrained diffusion have been observed, and
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in some cases all three types of motion are apparently
present on the same cell (Kusumi et al., 1993; Wilson et al.,
1996; Simson et al., 1998). In the case of constrained
diffusion, two different interpretations of the phenomenon
have emerged. In one model, receptors move randomly
within submicrometer domains, their long-range diffusion
determined by the rate at which they can escape from these
domains (Sako and Kusumi, 1994, 1995; Kusumi and Sako,
1996). In a related model, receptors undergo random diffu-
sion interspersed with periods of temporary confinement
(Simson et al., 1995, 1998). Some FRAP experiments have
also been interpreted by a domain model (Edidin and
Stroynowski, 1991; Schram et al., 1994). Alternatively,
constrained diffusion may be interpreted by an anomalous
diffusion model. Anomalous diffusion in cell membranes
may result from obstacles and traps with a broad distribu-
tion of binding energies or escape times (Saxton, 1996).
SPT measurements with fluorescent low-density lipoprotein
(LDL) particles have provided evidence for this type of
motion (Ghosh and Webb, 1990; Ghosh, 1991; Slattery,
1995). Feder et al. (1996) have recently applied an anoma-
lous diffusion model to the interpretation of FRAP experi-
ments. They show that FRAP data may be fitted equally
well by this model as by the conventional method of sepa-
rating the recovery curve into mobile and immobile frac-
tions.

We have previously reported fluorescence SPT measure-
ments with MHC class I on HeLa cells (Cherry et al., 1997)
and MHC class II on transfected fibroblasts (Wilson et al.,
1996). Somewhat unexpectedly, we observed very low mo-
bilities for these molecules. Although evidence was ob-
tained for different modes of motion, molecules apparently
undergoing random diffusion had diffusion coefficients on
the order of 10�12 cm2 s�1. In the present study, we have
carried out experiments on MHC class I on HeLa cells to
determine whether this low mobility can be reconciled with
the higher mobilities more commonly observed with FRAP
and SPT experiments. We also compare the utility of a
phycobiliprotein, R-phycoerythrin (PhyE), with fluorescent
latex microspheres for SPT experiments. We have per-
formed these measurements with MHC class I on HeLa
cells because directed motion is rarely observed with this
system, which considerably simplifies the data analysis. We
show that diffusion is anomalous over a wide time range
and that the previously reported low diffusion coefficients
are a consequence of the long time scale of those measure-
ments. These findings are relevant to mechanisms of T-cell
activation that require clustering or other reorganization of
cell surface MHC class I molecules.

MATERIALS AND METHODS

Cells and antibodies

HeLa cells were cultured and maintained in Dulbecco’s modified Eagle’s
medium (DME) (Gibco, Paisley) supplemented with fetal calf serum (FCS)
(10% v/v), glutamine (2 mM), and streptomycin/ampicillin at 37°C in a
humidified atmosphere of 7% CO2. Trypsinized cells were seeded into

eight-well LabTek chambers (Gibco) (5 � 103 cells/well) and cultured for
72 h before imaging. HOM-2, a B-lymphoblastoid cell line, was obtained
from the Department of Immunology, The Royal London Hospital. The
cells were maintained in Roswell Park Memorial Institute 1640 medium
(Gibco, Paisley), supplemented with FCS (10% v/v), glutamine (2 mM),
and streptomycin/ampicillin, at 37°C in a humidified atmosphere of 7%
CO2. IgG was prepared from ascites fluid (2 ml) (obtained from the
London Hospital Medical College) containing W6/32, a panreactive class
I monoclonal antibody, using a Protein G HiTrap column, and Fab frag-
ments were prepared by papain digestion as described previously (Smith et
al., 1998).

Preparation and high-performance liquid
chromatography purification of an
R-phycoerythrin-Fab conjugate

Fab fragments were purified by size-exclusion high-performance liquid
chromatography (HPLC) and conjugated with the pyridyl disulfide deriv-
ative of PhyE (Molecular Probes, Eugene, OR) as described previously
(Smith et al., 1998). Briefly, Fab fragments were dialyzed against sodium
phosphate buffer (20 mM, pH 7.0) containing NaCl (0.1 M) and concen-
trated to 5 mg ml�1 with a centristart 1 device (10 kDa molecular mass
exclusion limit) (Sartorius). Ten molar equivalents of a stock solution of
succinimidyl trans-4-(N-maleimidyl-methyl)cyclohexane-1-carboxylate (5
mM) in dimethyl sulfoxide was added to the Fab (208 �g) and incubated
for 2 h at room temperature. Excess succinimidyl trans-4-(N-maleimidyl-
methyl)cyclohexane-1-carboxylate was removed by extensive dialysis
against phosphate buffer. In parallel, the pyridyl disulfide derivative of
PhyE (1 mg) (average 1.6 pyridyl disulphide derivatives per molecule) was
incubated with solid dithiothreitol (DTT) (4 mg) for 15 min at room
temperature, in the dark. Excess DTT was removed by extensive dialysis
against phosphate buffer. The PhyE was then incubated with the Fab for
20 h at 4°C in the dark. Further reaction was stopped by the addition of a
20 molar excess of N-ethylmaleimide. PhyE and its conjugates were always
handled in the dark.

The R-phycoerythrin-Fab conjugate (PhyE-Fab) was purified by size-
exclusion chromatography on a BioRad 5000T HRLC controlled by a 486
PC. PhyE-Fab (300 �l) was loaded onto a Bio-Select SEC 250–5 column
equilibrated with phosphate buffer (20 mM, pH 7.0) containing NaCl (0.1
M) at 0.1 ml min�1. Fractions (100 �l) were collected and analyzed for
activity by flow cytometry. Integration was performed using ValueChrom
integration analysis software (BioRad).

Preparation of carboxylate-modified latex
microspheres-Fab conjugates and a
BSA conjugate

The microspheres were always handled in the dark. A stock solution of
carboxylate-modified latex microspheres (CMLs), either 30 nm (8.49 �
1014 beads ml�1) or 100 nm (4.5 � 1013 beads ml�1) (Molecular Probes)
in diameter, was sonicated for 5 min in a sonication bath and centrifuged
to remove any agglomerates. An aliquot of the CMLs (0.5 ml, 10% solids)
was added to 2-N-[morpholino]-ethanesulfonic acid (MES) buffer (9.5 ml,
50 mM, pH 6.0) in a glass test tube and sonicated for 5 min. A probe
containing a 1:1 ratio of CML:Fab was required for the imaging experi-
ment. The relative amounts of protein and microspheres required to pro-
duce a conjugate with this ratio was calculated by assuming that the
proteins were spherical and packed on the bead surface in close hexagonal
form. To prevent agglomeration of the CML and to prevent the unbound
sites on the CMLs from sticking nonspecifically to cells or other proteins,
BSA was conjugated to the CML together with the Fab. W6/32 Fab
specific for class I MHC (39 �g for the 30-nm spheres, 2.06 �g for the
100-nm spheres) and BSA (6.42 mg for the 30-nm spheres, 1.86 mg for the
100-nm spheres) were added to the CMLs and incubated at room temper-
ature for 15 min. 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) (10
mg) was added to the CMLs, and the pH adjusted to 6.5 � 0.2 with dilute
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NaOH. The CMLs were incubated with the Fab and BSA for 2 h at room
temperature. Glycine (80 mg) was then added to the CML-Fab conjugates
(CML30-Fab, CML100-Fab) and incubated for 30 min at room tempera-
ture. The CML-Fab conjugates were dialyzed against phosphate buffer (20
mM, pH 7.0) for 24 h at 4°C, with five changes of buffer, using cellulose
ester dialysis tubing (500 kDa molecular mass exclusion limit) (Medicell
International). The solution was centrifuged to remove any agglomerates.
Sodium azide (0.05%) was added to the probe, which was stored in aliquots
(1 ml) at 4°C in the dark. A 100-nm CML-BSA probe was similarly
prepared that contained no Fab (CML100-BSA), for use as a control to
monitor the nonspecific binding of BSA to a possible cell surface BSA
receptor.

Flow cytometry

Analytical flow cytometry was employed to test whether the Fab retained
specific binding activity after conjugation. HOM-2 cells were centrifuged
at 300 � g for 5 min at room temperature and washed three times with PBS
containing BSA (1%) and sodium azide (0.02%). PhyE-Fab and CML-Fab
were incubated separately with the cells for 30 min at room temperature.
The cells were then washed three times with PBS/BSA/NaN3 and resus-
pended in PBS. The fluorescence was determined using an EPICS CS flow
cytometer (Coulter Corporation), counting 10,000 cells per sample. The
specific binding of the probes was examined by incubating the probes with
the cells in the presence of a 10-fold excess of Fab.

Fluorescence digital imaging microscopy

Polylysine-coated slides

Glass microscope slides were incubated with alcoholic HCl (6% HCl (v/v),
70% ethanol (v/v)) in a glass slide holder for 1 h and then washed nine
times with double-distilled H2O (ddH2O). The slides were then immersed
in poly-L-lysine (0.01%) for 10 min at room temperature. After a brief rinse
with ddH2O, the slides were dried at 70°C for 25 min or overnight. Three
dilutions of the fluorescent probe were prepared, and 15 �l was spread over
the center of the microscope slide. The slides were left for 10 min at room
temperature to allow the particles to settle and then gently washed twice
with ddH2O (30 �l); 15 �l ddH2O was added to the slides, which were
covered by a 0.17-mm-thick coverslip and sealed with silicone grease.

PhyE-Fab on cells

HeLa cells were seeded onto LabTek slides at a density of 5000 cells/well
and cultured for 72 h before imaging. The cells were gently washed twice
with PBS and then incubated with PhyE-Fab (10 �l) in PBS (90 �l) for 30
min at room temperature. The cells were gently washed three times with
PBS, sealed with a coverslip, and transferred to a microscope stage main-
tained at 22°C. The absence of nonspecific binding was determined by
incubating the cells with PhyE-Fab in the presence of a 10-fold excess of
Fab.

CML-Fab on cells

The CML-Fab conjugates, both the stock solutions and any dilutions, were
sonicated for 5 min and centrifuged at 5000 � g for 2 min before each
experiment. The cells were gently washed twice with PBS at room tem-
perature and incubated with the CML conjugate (100 �l, 1/500 dilution in
PBS of stock conjugate) for 30 min at room temperature. The cells were
washed three times gently with PBS, sealed with a coverslip, and trans-
ferred to a microscope stage maintained at 22°C. The absence of nonspe-
cific binding was determined by incubating the cells with CML-Fab in the
presence of a 10-fold excess of Fab.

Fluorescence microscopy

A Nikon Diaphot inverted fluorescence microscope was used for fluores-
cence digital imaging microscopy. The objective was either a 40� phase-
contrast lens with numerical aperture 0.55 or a 60� oil immersion lens
with a numerical aperture of 1.40. Illumination was provided by a 50-W
mercury lamp, with a Vivid XF101 filter block (Omega Optical, Brattle-
boro, VT) with excitation and emission filters centered at 525 nm and 565
nm, respectively, and a dichroic mirror at 557 nm. A Peltier cooled
charge-coupled device (CCD) camera (Wright Instruments, Enfield, En-
gland) was attached to the video port of the microscope, and the image was
focused on an EEV CCD 02-06-1-206 back-illuminated detector (578 �
385 pixels; maximum quantum efficiency �60%). Image acquisition,
storage, and display were performed with Wright Instruments AT1 image
control software.

The 40� phase-contrast lens was used to image the PhyE-Fab with
exposure times of 2–5 s, at time intervals (�t) of 20–60 s; exposure times
of 300 ms at intervals down to �t � 4 s were achieved with the 60� oil
immersion objective. The 40� phase-contrast lens was used to image the
CML-Fab conjugates and the CML-BSA conjugate. Typically, PhyE
probes allowed 15 images to be obtained before photobleaching effects
reduced the CCD signal-to-noise ratio to unacceptable levels. The latex
beads were more photostable and could be tracked for more images; in
practice, up to 30 images were usually recorded.

Data analysis

Tracking through fluorescent images

The methods used to quantify single particle imaging and tracking have
been described in detail elsewhere (Anderson et al., 1992; Wilson et al.,
1996). Briefly, diffraction-limited spots were fitted to a two-dimensional
Gaussian peak, and the height above local background was the fluorescent
intensity of that spot. Alternatively, the integrated signal (sum of all pixel
counts under the peak) could be used to quantify the fluorescence. Single
particle tracking was performed by matching the fitted central position
coordinates of a Gaussian to one in the next image of a time lapse series by
a “nearest spot with similar intensity” probability algorithm (Anderson et
al., 1992). Tracks were then inspected manually, and any unreasonably
wide spots (i.e., if the width of the fitted Gaussian differed from the
diffraction-limited width by a significant amount, or if the spot width error
was excessive) were excluded from the track; further analysis stages could
then treat such events as a “missing image” for that track. Possible
background motion of the slide with respect to the microscope was com-
pensated for by subtracting the averaged apparent motion of a group of
off-cell spots (if visible) or widely spaced on-cell spots.

Particle mobility analysis

Particle mobility was analyzed by constructing a histogram of the distance
moved in a time interval n�t over all tracks on a cell, where n is the number
of frames and �t is the time interval between frames. The histograms were
then fitted to the probability distribution for random diffusion:

Pn	r
dr � N
r

2Dn�t
exp� �r2

4Dn�t�dr (1)

Here D is the diffusion coefficient, r is the distance, and dr is the distance
band over which the probability Pn is calculated; the fitting procedure
treats D and the extensive parameter N (the number of jumps under the
distribution) as variables. A set of such distance distributions with n � 1,
2, . . . may be fitted individually or globally as previously described
(Wilson et al., 1996).

Individual tracks were analyzed by plotting the mean square displace-
ment (MSD) against time interval (Anderson et al., 1992). MSD data were
created by averaging all recorded jumps along the track for which the time
interval was n�t (n � 1, 2, . . . , up to half the total number of images).
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Diffusion coefficients for individual tracks, designated D1–4, were deter-
mined by fitting the first four points (n � 1–4) to the equation

�r2� � 4D1– 4n�t (2)

Quantification of cellular ATP levels

To remove any contaminating phosphates, all glass and plasticware were
incubated with 1 N HCl overnight, washed with ddH2O, and oven dried.
The experiments were performed in a sterile tissue culture environment
with an ATP assay kit (Sigma Chemicals, Poole, England). HeLa cells
were seeded onto four 24-well tissue culture plates (10,000 cells/well) and
left to adhere for 48 h. The cells were washed twice with PBS (250 �l) and
then incubated with a minimal volume of PBS (100 �l) or PBS containing
sodium azide (10 mM), covered, and left at room temperature to mimic the
conditions on the microscope stage during imaging. Each incubation was
performed in triplicate. The contents of one vial of ATP assay mix (AM)
was dissolved in ddH20 (5 ml) by gentle swirling and left for 1 h on ice, in
the dark, to dissolve completely. A 1:25 dilution of AM was prepared using
assay mix dilution buffer dissolved in ddH2O (50 ml) as the diluent. The
ATP-releasing agent was diluted 1:10 with ddH2O. AM (200 �l) was
added to a scintillation tube, swirled around, and left to stand for 3 min.
ATP-releasing agent (200 �l) and ddH2O (100 �l) were added to the cells
in each of the wells in one plate. The cells were agitated vigorously with
a pipette, 200 �l of this mixture was added to the AM in the scintillation
tube, and the emitted light was measured immediately with a scintillation
counter. The assay was repeated on the remaining 24-well plates at 30-min
intervals for 2 h.

Photostability assay

Photobleaching of the probes was assessed from the fluorescence intensi-
ties of eight tracked spots. Along each track j, the mean intensity above
local background �Z�j was calculated. At each time point t, the normalized
intensity Z(t)j/�Z�j was averaged for the eight spots, giving mean normal-
ized fluorescence as a function of time, �Z(t)�. These values were then fitted
to a single exponential decay to obtain the photobleaching time constant �.

RESULTS

PhyE-Fab, CML100-Fab, and CML30-Fab probes

Probes for investigating the mobility of MHC class I recep-
tors on the surface of HeLa cells were prepared by isolating
Fab fragments of the anti-MHC class I monoclonal antibody
W6/32 and conjugating them in a 1:1 molar ratio with either
PhyE or fluorescent latex microspheres. The univalent
PhyE-Fab probe was separated from free Fab, free PhyE,
and higher valency PhyE-Fab conjugates by size exclusion
HPLC, as previously described (Smith et al., 1998; Cherry
et al., 1998). The CML-Fab probes were separated from free
Fab by dialysis, but it was not possible to separate them
from the free microspheres or any higher valency conju-
gates. The Fab and microspheres were mixed in a 1:1 molar
ratio in an attempt to ensure that the major species present
contained a 1:1 ratio of Fab to microspheres.

The specificity of the PhyE-Fab, CML100-Fab, and
CML30-Fab probes for MHC class I receptors was tested by
flow cytometry, using a B-lymphoblastoid cell line,
HOM-2. Flow cytometric analysis of the PhyE-Fab probe
showed a high fluorescence intensity (Fig. 1 Aii), which was
greatly reduced upon the addition of a 10-fold excess of free

Fab (Fig. 1 Aiii). Flow cytometric analysis of the CML100-
Fab and CML30-Fab probes also showed a high fluores-
cence intensity (Fig. 1, Bii and Cii, respectively). However,
incubation with a 10-fold excess of free Fab did not reduce
the peak fluorescence of these probes (Fig. 1, Biii and Ciii),
that is, the number of probe molecules bound per cell, but
reduced the number of cells with that number of probe
molecules bound. Similar observations were made during
fluorescent digital imaging experiments where, in the pres-
ence of a 10-fold excess of Fab, most cells would exhibit no
bound CML-Fab, but a small minority of cells would have
very large quantities of CML-Fab bound. These cells could
be damaged, although it is not clear why a similar phenom-
enon was not observed with R-PE.

During the preparation of the CML30-Fab and CML100-
Fab probes, excess BSA was used to bind the unoccupied
sites on the microspheres. It is possible that BSA may cause
the probes to bind nonspecifically to cells. To test this
possibility, a CML100-BSA probe was prepared and incu-
bated with HeLa cells. As shown in Fig. 2, the CML100-
BSA probe did not bind to the cells, whereas the CML100-
Fab probe did bind to the cells.

Cellular ATP analysis

The ATP levels of HeLa cells were measured in the pres-
ence and absence of sodium azide, under conditions similar
to those experienced by cells during fluorescence digital
imaging experiments, i.e., in the presence of a minimal
volume of PBS, without the addition of CO2 and at 22°C.

FIGURE 1 Flow cytometric analysis of the fluorescent probes PhyE-Fab
(A), CML100-Fab (B), and CML30-Fab (C) binding to MHC class I
molecules on HOM-2 cells. Cells were unlabeled (i), labeled with probe
(ii), or labeled with probe in the presence of a 10-fold excess of free Fab
(iii). Ten thousand cells were analyzed for fluorescence with an EPICS CS
flow cytometer.

3334 Biophysical Journal Volume 76 June 1999



As shown in Fig. 3, in the presence of sodium azide, over a
period of 120 min, the cellular ATP levels fell by 90%. Over
the same time period, the ATP levels were not significantly
reduced under normal imaging conditions (i.e., in the ab-
sence of sodium azide).

Mobility analysis of MHC class I molecules on
HeLa cells

The PE-Fab, CML100-Fab, and CML30-Fab probes were
used to study the mobility of MHC class I molecules on the
surface of HeLa cells. Fig. 4 shows typical fluorescent
images of these probes bound to HeLa cells at different
exposure times.

In addition to individually dispersed particles, the major-
ity of images contained bright patches of fluorescence that
could not be resolved into single particles or small patches.
Those fluorescent spots with widths close to the diffraction
limit offered by the objective lens were analyzed as de-
scribed earlier and tracked through time lapse images at
intervals between 4 and 60 s, using exposure times between
300 ms and 5 s. Fig. 5 illustrates a representative sample of
the tracks obtained with PhyE-Fab (Fig. 5 A) and CML100-
Fab (Fig. 5 B) on cells and PhyE-Fab on poly-L-lysine-
coated microscope slides (Fig. 5 C).

Plots of MSD against time for individual tracks were
generally either linear or downward curving. The shapes of
such plots may be indicative of different types of motion:
downward curving plots occur for constrained diffusion and
upward curving plots for directed motion (Anderson et al.,

FIGURE 2 Digital fluorescence images of CML100-Fab (A) and CML100-BSA (C) bound to HeLa cells. The bright-field images of the same cells are
shown in B and D, respectively.

FIGURE 3 Analysis of the intracellular ATP concentration of HeLa cells
incubated at 22°C for up to 2 h in PBS only (F) and in PBS with 10 mM
sodium azide (E).
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1992; Saxton and Jacobson, 1997). Whereas linear plots are
predicted for random diffusion (Eq. 2), random movements
can also produce significant numbers of upward or down-
ward curving plots when there are limited numbers of time
points (Saxton, 1993). Nevertheless, the lack of upward
curving plots (
5%) indicates that there is little directed
motion of MHC class I in the present experiments.

D1–4 values were determined for individual tracks and are
plotted as histograms in Fig. 6. An upper limiting value for
the diffusion coefficient of immobile spots was obtained
from image sequences of PhyE-Fab adhering to polylysine-
coated slides. These sequences were obtained under the
same conditions as the on-cell data, and separate assess-
ments were made for the different time intervals employed.
Because of the improved photobleaching characteristics of
the latex beads, the tracks could be followed for longer
times, and hence the limit of mobility detection should be
lower. However, the PhyE-Fab results were used to ensure
that a pessimistic limit was chosen. Particles bound to
polylysine-coated slides were tracked and the MSD values
analyzed as described to obtain D1–4 parameters for each

track. These showed a single-sided, approximately normal
distribution, and a cutoff value was taken at the distribution
peak value plus one standard deviation: 0.8 � 10�12 cm2

s�1 for 4-s intervals and 0.33 � 10�12 cm2 s�1 for 60-s
intervals. When these cutoffs were applied to the cell data,
none of the tracks for the PhyE-Fab probe were immobile,
whereas 16% of CML100-Fab tracks were immobile at 4-s
image intervals, and 35% were immobile at 60-s image
intervals.

The decision to use this cutoff value could be justified by
examining the results of an on-cell case in which two
populations could be detected in the distance histograms
(BLB170 in Table 1). Analysis of two distributions sug-
gested that 37% of the jumps were of low mobility; in
comparison, 40% of tracks were placed in the immobile
category by applying the D1–4 cutoff value. If a higher
cutoff was used (peak value plus two standard deviations),
then 61% of the tracks were deemed immobile. The contrast
between the immobile fractions for the two probes was still

FIGURE 4 Digital fluorescent images of probes bound to MHC class I molecules on HeLa cells. (A) PhyE-Fab, 1-s exposure, 40� objective lens. (B)
PhyE-Fab, 0.3-s exposure, 60� objective lens. (C) CML100-Fab, 5-s exposure, 40� objective lens. (D) CML100-Fab, 0.3-s exposure, 40� objective lens.

FIGURE 5 Examples of single particle tracks obtained with (A) PhyE-
Fab bound to MHC class I molecules on HeLa cells. (B) CML100-Fab
bound to MHC class I molecules on HeLa cells. (C) PhyE-Fab bound to a
polylysine-coated microscope slide. Spots were linked through images
obtained at �4-s intervals.

FIGURE 6 Histograms of D1–4 values for PhyE-Fab bound to MHC
class I molecules on HeLa cells at 22°C. The gray bands represent data
collected for three cells at intervals of 4.3 s between frames, using a 60�
objective lens. The white bands (narrowed to show overlapping bands)
contain data collected from three cells at 60-s intervals, using a 40�
objective. Note the logarithmic axis and thus unequal bin widths.
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evident for this higher cutoff: 1% for PhyE-Fab and 30% for
CML100-Fab, using data obtained at 4-s intervals.

Typical distance histograms obtained with two different
HeLa cells probed with PhyE-Fab are shown in Fig. 7 for
three different values of n�t (�t � 4.3 s for Fig. 7 A–C and
60 s for Fig. 7 D–E). Individual histograms are reasonably
well fitted by Eq. 1. In particular, a second peak does not
develop at longer times, as is the case when directed motion
is present (Wilson et al., 1996). The absence of directed
motion is consistent with the analysis of individual tracks.
The values of D obtained by fitting the histograms with Eq.
1 decrease with increasing time increment. To further ana-

lyze the data, we assume a time-dependent diffusion coef-
ficient (Feder et al., 1996):

D � D0t
��1 (3)

or, by substitution into Eq. 2,

�r2� � 4D0t
� (4)

where t corresponds to n�t in Eq. 2, D0 is a constant (the
value of D at t � 1 s), and � is the anomalous diffusion
exponent. Fig. 8 shows log-log plots of D against time
interval, from which values of D0 and � were obtained by

TABLE 1 Analysis of SPT data for three fluorescent probes of MHC class I on HeLa cells

�t (s) and
magnification

No. tracks
analyzed

mean D1–4

(cm2s�1) � 1012
D0

(cm2s�1) � 1012
Anomalous
exponent �

CML30-Fab on CELL no.
PS11A 60s 40� 40 1.6 � 1.5 3.2 � 1.0 0.73 � 0.07
PS111 60s 40� 15 1.1 � 1.1 2.2 � 0.6 0.74 � 0.07
PS40 30s 40� 106 0.2 � 0.3 4.0 � 2.1 0.08 � 0.16
PS64 60s 40� 106 0.06 � 0.3 2.2 � 1.1 0.04 � 0.13

(Two mobility classes: 1.4 and 6.9 0.05 and 0.14)
PS85 60s 40� 165 0.4 � 0.4 4.7 � 3.1 0.54 � 0.20

Mean value 3.3 � 1.1 0.43 � 0.34

CML100-Fab on CELL no.

BLB07 11.4s 40� 33 2.5 � 2.8 23.0 � 10.0 0.10 � 0.17
BLB34 4.7s 40� 23 16.0 � 49.0 19.0 � 12.0 0.39 � 0.39
BLB58 4.8s 40� 42 5.0 � 8.0 43.0 � 9.0 0.05 � 0.09
BLB81 4.6s 40� 16 8.0 � 10.0 44.0 � 23.0 0.23 � 0.36
BLB126 60s 40� 33 0.50 � 0.85 1.3 � 0.5 0.30 � 0.10
BLB149 60s 40� 23 2.3 � 2.0 18.0 � 5.0 0.46 � 0.07
BLB170 60s 40� 67 0.9 � 1.3 25.0 � 25.0 �0.11 � 0.87

(Two mobility classes: 0.07 and 0.72 0.90 and 1.06)
BLB191 60s 40� 29 2.7 � 2.1 9.3 � 4.7 0.78 � 0.15

Mean value 23. � 15.0 0.28 � 0.28

PhyE-Fab on CELL no.

PE24 60s 40� 16 2.8 � 1.9 40.0 � 11.0 0.53 � 0.07
PE46 60s 40� 21 3.0 � 1.9 53.0 � 27.0 0.46 � 0.14
PE180 4.0s 40� 12 30.0 � 18.0 40.0 � 9.0 0.83 � 0.11
PE192 4.0s 40� 11 35.0 � 29.0 200.0 � 70.0 0.19 � 0.19
PE214 4.0s 40� 11 34.0 � 20.0 91.0 � 22.0 0.56 � 0.12
PE225 5.0s 40� 19 16.0 � 13.0 40.0 � 12.0 0.43 � 0.16
PE375 60s 40� 13 3.3 � 2.2 42.0 � 6.0 0.53 � 0.03
PE461 4.3s 60� 37 13.0 � 12.0 48.0 � 16.0 0.40 � 0.18
PE481 4.3s 60� 39 17.0 � 10.0 44.0 � 7.0 0.57 � 0.07
PE502 4.3s 60� 41 18.0 � 13.0 52.0 � 15.0 0.64 � 0.14
PE524 4.4s 60� 26 18.0 � 13.0 66.0 � 16.0 0.39 � 0.12
PE545 4.3s 60� 38 21.0 � 18.0 82.0 � 26.0 0.31 � 0.16

Mean value 67.0 � 45.0 0.49 � 0.16

Spots observed in time lapse image sequences were tracked, and plots of mean square displacement �r2� versus time increment n�t were created. The slope
of the first four points gave the short-range diffusion coefficient D1–4 for each track. The table shows the mean value and standard deviation for each data
set. Separately, all jumps in all tracks were collected into distance histograms across 1, 2, . . . , 5 image intervals, which were fitted by a theoretical diffusion
distribution P(r)dr to obtain a quasi-diffusion coefficient D for the corresponding time interval (see Fig. 7). Linear regression on log-log plots of these
quasi-diffusion values against time provided the anomalous diffusion exponent � and its standard deviation, with the value of D at time 1 s, D0 (see Fig.
8 and Eq. 3). In two cases the distance histogram obviously showed a two-component shape (see Fig. 10) and was additionally analyzed as such to give
high- and low-mobility classes and their exponents.
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linear regression. Plots for individual cells are shown to
indicate cell-to-cell variability; the best fit parameters are given
in Table 1. Averaging the values for individual cells gives
D0 � (6.7 � 4.5) � 10�11 cm2 s�1 and � � 0.49 � 0.16.

The tracking data for CML-labeled MHC class I were
analyzed in a similar manner. Fig. 9 shows log-log plots of
D against time interval for cells labeled with CML100-Fab.
These results differ from those obtained with PhyE-Fab in a
number of respects. The values of D are generally about
two- to threefold smaller than the corresponding values for
PhyE-Fab. There is also considerably greater cell-to-cell vari-
ation. Last, unlike measurements with PhyE-Fab, distance his-
tograms for individual cells occasionally were poorly fitted by

Eq. 1. An example is shown in Fig. 10, where the data can be
fitted to two components, one essentially immobile and one
exhibiting slow but apparently random diffusion.

Experiments performed with either CML30-Fab or CML-
100 Fab gave similar results. The mean values of � were
0.28 � 0.28 for CML-100 and 0.43 � 0.34 for CML-30.
The large uncertainties in these values reflects the large
cell-to-cell variation observed with these probes.

Photobleaching of the probes

The photostability of the CML100-Fab and PhyE-Fab
probes is compared in Fig. 11. Both probes photobleach

FIGURE 7 Distance histograms for the motion of PhyE-Fab bound to MHC class I molecules on HeLa cells at 22°C. (A–C) SPT was performed with
a 60� objective lens, with an interval of 4.3 s between frames. Individual jumps across one (A), three (B), and five (C) time increments were combined,
and the histograms were fitted by Eq. 1, giving, respectively, values of D � (12.3 � 1.4), (6.5 � 1.0), and (4.1 � 0.7) � 10�11 cm2 s�1. (D–F) SPT was
performed with a 40� objective lens, with an interval of 60 s between frames. Individual jumps across one (D), three (E), and five (F) time increments
were combined, and the histograms were fitted by Eq. 1, giving, respectively, values of D � (6.7 � 0.5), (3.1 � 0.4), and (2.7 � 0.5) � 10�12 cm2 s�1.
Nonoverlapping jumps were used to construct the histograms; using overlapping jumps gave smoother histograms but essentially the same values of D.
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when subjected to a series of 300-ms exposures using the
60� oil-immersion objective lens. The fluorescent micro-
spheres are more photostable; the intensity decays with � �
8 s compared with 3.2 s for PhyE. These are worst-case
data; with the 40� (air) objective lens, the microspheres did
not bleach appreciably over a total exposure time of 100 s,
whereas PhyE faded to half its initial intensity over �50 s
(data not shown).

DISCUSSION

Probes

In the present study, we have investigated two types of
fluorescent particle for use in SPT experiments. Latex mi-
crospheres have the advantage of good photostability and
are available in different sizes with a variety of fluoro-
phores. Phycobiliproteins photobleach more readily but ex-
hibit strong fluorescence relative to their small size. We find
that the mobility of MHC class I on HeLa cells measured
with CML-Fab probes is consistently lower than when
measured with PhyE-Fab, and there are more immobile

particles. This could be a size effect because PhyE is con-
siderably smaller than the CMLs used for these experi-
ments. Mobilities measured with CML30-Fab are, however,
at least as low as those measured with CML100-Fab. More-
over, the 30-nm microspheres are comparable in size to the
gold particles commonly employed for SPT, where higher
mobilities have typically been observed, albeit with differ-
ent receptors.

Another possible reason for the lower mobilities observed
with CML-Fab is cross-linking of receptors. Although
probes are designed to have an average stoichiometry of one
Fab per bead, it is likely that there are significant numbers
of beads with more than one Fab whose influence might be
enhanced if they bind more strongly to the cell. In the case
of PhyE-Fab, this problem is obviated because the relatively
small size of PhyE makes it possible to separate a 1:1 mole
fraction of PhyE:Fab by HPLC. Lee et al. (1991) have also
raised concerns about the possible effects of probe multi-
valency in gold particle SPT.

In addition to Fab, the beads are coated with BSA, as is
also the practice with gold particles. Although BSA can
bind to cells, the binding sites are of relatively low affinity

FIGURE 8 Plots of log D against log n�t for PhyE-Fab bound to MHC
class I on HeLa cells at 22°C. D was determined for different time
intervals, n�t, as illustrated in Fig. 6. Each straight line corresponds to an
individual cell with data points fitted by Eq. 3 to obtain D0 and �. Values
are given in Table 1.

FIGURE 9 Plots of log D against log n�t for CML100-Fab bound to
MHC class I on HeLa cells at 22°C. D was determined for different time
intervals, n�t, as illustrated in Fig. 6. Each straight line corresponds to an
individual cell with data points fitted by Eq. 3 to obtain D0 and �. Values
are given in Table 1.
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(Brunskill et al., 1997; Zucker et al., 1995). BSA-coated
beads in the absence of Fab do not bind appreciably to cells
under the conditions of the present experiments (Fig. 2). It
is thus unlikely that additional binding by BSA is respon-
sible for the low mobilities observed with CML-Fab.

Whatever the cause of the lower mobilities observed with
fluorescent beads, R-phycoerythrin (or possibly other phy-

cobiliproteins) is clearly the more appropriate particle for
fluorescent SPT on cells. Its small size minimizes extracel-
lular restrictions from steric effects; the ability to prepare a
well-characterized univalent probe is a further advantage.
Susceptibility to photobleaching limits the number of im-
ages that can be obtained in an SPT experiment, which in
turn makes it more difficult to establish nonrandom move-
ment for individual receptors. On the other hand, analysis of
the movements of a population of receptors on a given cell,
as discussed below, can give considerable insight into how
receptors move on cell surfaces. For single molecule detec-
tion in model systems, a more photostable probe such as
tetramethylrhodamine may be preferable (Schütz et al.,
1997b).

Other experimental factors

SPT experiments previously reported by us for MHC class
II on fibroblast cells were obtained with 5-s exposure times
for individual images (Wilson et al., 1996). Conceivably,
rapidly moving receptors could have remained undetected
because of motional blurring of the particle images. A
simulation of an SPT experiment reveals that a 1-s exposure
time is sufficient to capture particles moving randomly with
a diffusion coefficient of 10�9 cm2 s�1 (Morrison, 1997). In
the present study, we have employed exposure times down
to 0.3 s and found no evidence for rapidly moving receptors
that would not have been detected with the longer exposure
times.

FIGURE 10 Distance histograms for the motion of CML100-Fab bound
to MHC class I molecules on HeLa cells at 22°C, using a 40� objective
lens, with an interval of 60 s between frames. Individual jumps across one
(A), three (B), and five (C) time increments were combined, and the
histograms were fitted by Eq. 1 for a single diffusion coefficient (– – –) or
a modification of Eq. 1 to include two diffusion coefficients (——). Values
of D for the two-component fit were (A) (4.9 � 0.4) � 10�14 cm2 s�1 and
(8.8 � 0.7) � 10�13 cm2 s�1; (B) (4.8 � 0.4) � 10�14 cm2 s�1 and
(11.7 � 1.9) � 10�13 cm2 s�1; and (C) (3.2 � 0.4) � 10�14 cm2 s�1 and
(8.4 � 1.1) � 10�13 cm2 s�1.

FIGURE 11 Photobleaching of PhyE-Fab (circles) and CML30-Fab (tri-
angles) under the SPT experimental conditions, using a 60� oil-immersion
objective lens, a 50-W mercury lamp, and a Vivid filter set. Data points and
error bars are normalized mean and standard deviation for the intensities of
eight fluorescent spots in time lapse images. The time axis is the sum of the
exposure times without allowance for the shutter dead time before and after
the camera exposure. Solid lines are best-fit exponential decays, � � 8 s
(CML30) and 3.2 s (PE).
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Thatte et al. (1996) have reported that ATP depletion can
result in receptor immobilization. We have assayed ATP
levels under the conditions of the SPT experiments and
found that they are maintained for at least 120 min. It is thus
unlikely that ATP depletion is a factor in the present study.

The photobleaching that occurs with PhyE could conceiv-
ably be accompanied by photooxidative cross-linking. This
seems very unlikely, however, as the light intensities used in
SPT are much less than in FRAP experiments, for which
several studies have been performed to rule out this type of
artefact (Peters and Scholz, 1991). Moreover, photooxida-
tive effects would be expected to be more pronounced with
PhyE than with CMLs, where photobleaching is much re-
duced, yet measured MHC class I mobilities are higher
when the PhyE probe is used. Last, photooxidative cross-
linking might be expected to have a progressive effect over
the course of an SPT experiment. We have compared mo-
bilities determined from images obtained during the first
and second halves of an experiment and found no difference
between the two halves.

Anomalous diffusion

Normal diffusion (Brownian motion) is characterized by an
MSD that is proportional to time (Eq. 2). Studies of trans-
port in disordered systems have revealed many instances of
anomalous diffusion, where the MSD varies sublinearly
with time as in Eq. 4 (Bouchaud and Georges, 1988). In this
case, Eq. 1 is strictly no longer a valid description of the
distance histograms. The form of P(r, t) depends on the
physical basis of anomalous diffusion (Bouchaud and
Georges, 1990; Klafter et al., 1992). In addition to the
analysis shown in Figs. 8 and 9, we have also analyzed the
PhyE-Fab data by plotting log (�r2�/t) against log t, as
recommended by Saxton (1994). These plots are very sim-
ilar to Fig. 8 and yield a mean value of � � 0.49. The mean
value of �r2� at t � 1 s is 0.026 �m2, which for normal
diffusion would correspond to D � 6.6 � 10�11 cm2 s�1.
Although the two methods give similar results, the advan-
tage of using distance histograms is that they can reveal the
presence of multiple components (Fig. 10 and Wilson et al.,
1996) and provide a quasi-diffusion coefficient for a given
time interval that can be compared with other measurement
techniques. Plots of log (�r2�/t) against log t could give
misleading results if there are subpopulations or outliers
present with large values of r.

Experiments with both PhyE-Fab and CML-Fab probes
indicate that anomalous diffusion of MHC class I on HeLa
cells occurs over the time range 4–300 s. There are, how-
ever, quantitative differences in the results obtained with the
two types of probe and in the reproducibility of data. For the
reasons already discussed, we regard the PhyE-Fab data as
the more reliable.

Webb and collaborators have previously interpreted SPT
measurements with fluorescent LDL bound to LDL recep-
tors or via Fab to IgE receptors by an anomalous diffusion
model (Ghosh, 1991; Slattery, 1995; Feder et al., 1996).
Data for LDL receptors from our laboratory are also con-
sistent with anomalous diffusion (Anderson et al., 1992). A

possible problem with LDL is that in our hands, it is
difficult to eliminate nonspecific binding (see also Gold-
stein and Brown, 1977). This suggests that specifically
bound LDL could bind weakly to other cellular components
such as the extracellular matrix, which would complicate
the interpretation of SPT data. PhyE, however, does not
bind to cells in the absence of the attached Fab. This probe
is also smaller (11 � 8 nm) than LDL (�22 nm diameter),
thus reducing the possibility of steric hindrance. The present
data thus provide stronger evidence for the existence of
anomalous diffusion in cell membranes.

We observe essentially no immobile particles in the
present PhyE-Fab tracking experiments with MHC class I.
In contrast, FRAP experiments with cell surface receptors
almost invariably indicate a significant immobile fraction.
Edidin and Stroynowski (1991), for example, found immo-
bile fractions between 0.47 and 0.68, depending on the size
of the bleached spot, for MHC class I (H-2D) on mouse
hepatoma cells. These experiments were interpreted by a
domain model but could also be consistent with anomalous
diffusion. Nagle (1992) proposed that anomalous diffusion
might occur in cell membranes as a consequence of long-
time tails in the jump rate of diffusing molecules. He
analyzed the effect of long-tail kinetics on FRAP measure-
ments and showed that the diffusion coefficient and immo-
bile fraction determined by conventional means would de-
pend on the length and time scale of the experiment.
Subsequently, Feder et al. (1996) analyzed FRAP data for IgE
receptors on rat basophilic leukemia cells both by the conven-
tional model of random diffusion with an immobile fraction
and by a model in which all receptors undergo anomalous
diffusion. They found that the two models fitted the experi-
mental data equally well. They also carried out simulations that
suggest that FRAP experiments in general are unlikely to
distinguish between normal and anomalous diffusion.

A distinguishing feature of the present studies is that
anomalous diffusion is observed over a long time range.
MHC class I molecules do not move far from their point of
origin over times up to 20 min. Saxton (1994, 1995, 1996)
employed Monte Carlo methods to investigate a variety of
models of constrained diffusion. These models include dif-
fusion within a domain, diffusion in the presence of random
obstacles, and diffusion in the presence of binding sites with
various properties. Binding models do not result in anom-
alous diffusion if the system is in thermal equilibrium, a
condition that almost certainly applies to SPT experiments.
A moderate concentration of immobile obstacles produces
anomalous diffusion at short times with a cross-over to
normal diffusion at long times (Saxton, 1994). The cross-
over time increases with obstacle concentration up to the
percolation threshold where diffusion becomes anomalous
at all times. At the percolation threshold, the value of � is
0.7, higher than that measured for most of the cells inves-
tigated in the present experiments (Table 1). Above the
percolation threshold, theoretical plots of log D (or log
(�r2�/t)) against log t are downward curving as � approaches
zero at long times. Fitting such curves over a limited time
range to a linear function could give values of � less than
0.7. Because of scatter of the experimental points and cell-
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to-cell variability, however, it is difficult to establish whether
downward curvature is in fact present in Figs. 8 and 9. Alter-
natively, low � values could arise from a dynamic arrangement
of obstacles above the percolation threshold in which there is
a wide range of escape times from local entrapment.

Evidence for the existence of obstacles to protein move-
ment has been obtained for several cell types by laser
tweezer experiments (Edidin et al., 1991, 1994; Sako and
Kusumi, 1995; Sako et al., 1998; Kusumi et al., 1998). In
these experiments, particles attached to receptors are
dragged across the cell surface by the optical trap. Obstacles
are detected when the particle falls off the tweezers. The
histograms of distances dragged before encountering an obsta-
cle are quite broad, suggesting an irregular arrangement of
obstacles. It is proposed that the obstacles are cytoskeletal
structures, because the average distance dragged is increased
when the cytoplasmic domains of H-2Ld (Edidin et al., 1994)
and E-cadherin (Sako et al., 1998) are shortened. Obstacles are
also detected, however, although at somewhat larger separa-
tion, for H-2Ld with no cytoplasmic domain and for Qa2, a
lipid-anchored MHC class I molecule. This suggests that clus-
ters of immobile proteins or lipid domains could also cause
intramembranous obstruction.

Different models of membrane protein mobility have
been proposed on the basis of SPT experiments using gold
particles. These studies are performed at video rates, thus
permitting observation of particle movements in the subsec-
ond time range. Sako and Kusumi (1994) propose a model
in which receptors are confined to domains for short times
but undergo long-range normal diffusion by domain hop-
ping. They present strong evidence for such a mechanism
for transferrin receptors on normal rat kidney fibroblastic
cells, where they deduce domain diameters of a few hundred
nanometers and average residence times of 30 s. Kusumi
and Sako (1996) argue that domains are most probably
formed by cytoskeletal structures. Simson et al. (1998)
investigated the mobility of neural cell adhesion molecules
on fibroblasts and muscle cells. They observed a subpopu-
lation of particles that exhibited transient confinement in
which normal diffusion was interspersed with short periods
(�8 s) of confinement within regions of �300 nm diameter.
Diffusion within the confinement zones was anomalous, as
was the movement of a slowly diffusing subpopulation of
particles. Sheets et al. (1997) propose that the confinement
zones could be glycolipid-rich regions corresponding to
detergent-insoluble membrane fractions observed in bio-
chemical experiments (Simons and Ikonen, 1997). The ev-
idence for lipid microdomains in cell membranes has re-
cently been reviewed (Edidin, 1997).

It is, of course, likely that there are differences in mobil-
ity characteristics of different receptors in different cell
types. Transformed cells in particular have a randomly
interwoven meshwork of microfilaments rather than the
microfilament bundles found in normal cells (Lin et al.,
1984). This indicates a substantially altered cytoskeletal
structure that could well influence constraints on receptor
mobility. It is nevertheless of interest to consider the extent
to which the present measurements and the gold particle
SPT referred to above can be harmonized by taking into

account the different time scales of the measurements. Ku-
sumi and co-workers determined microscopic diffusion co-
efficients (D2–4) from the MSDs at 2�t, 3�� and 4�t, where
�t is the time interval between frames (Kusumi et al., 1993;
Sako and Kusumi, 1994). For video rates, the time scale is
thus �100 ms. Simson et al. (1998) determined short-range
diffusion coefficients from the initial slope of MSD versus
time plots. Values for microscopic diffusion coefficients
from these various gold particle-SPT experiments are found
in the range (0.3–9) � 10�10 cm2 s�1. In comparison, the
anomalous diffusion parameters we obtain for MHC class I
on HeLa cells with PhyE-Fab indicate that D � 2 � 10�10

cm2 s�1 for a time interval of 100 ms, a value well within
the range of the above measurements.

A modified domain-hopping model could account for the
present results. We would not be able to detect rapid motion
within a domain at the present time resolution, but long-time
diffusion would be anomalous if there were a sufficiently
broad distribution of escape times from individual domains.
Simson et al. (1998) subdivided tracks of individual neural
cell adhesion molecules, measured over 6.6 s, into mobile,
slow, corralled, and immobile. They suggest that the results
can be accounted for by a heterogeneous arrangement of
obstacles in which obstacle-rich regions give rise to slow-
diffusion or transient confinement while diffusion in other
regions is unhindered. Only the mobile population exhibited
normal diffusion; possibly all molecules would display
anomalous diffusion over the longer times explored in the
present study.

Functional implications

The present studies provide evidence for the existence of
anomalous diffusion in cell membranes over long times. It
will be important to extend SPT studies to more receptors
and cell types to determine whether anomalous diffusion or
other models are more appropriate for these time scales.
Although various models can explain the immobile fraction
seen in FRAP experiments, they differ markedly in their
description of the movements of receptors over long times.
Determining which model is applicable is thus critical for
evaluating the kinetics of any functional process that re-
quires lateral movements of receptors on the time scale of
minutes or longer.

In the case of the MHC class I molecules studied here,
there is considerable evidence from fluorescence resonance
energy transfer experiments for clustering of these mole-
cules on the cell surface (Chakrabarti et al., 1992; Catipovic
et al., 1994; Matkó et al., 1994; Damjanovich et al., 1995;
Vereb et al., 1995; Bacsó et al., 1996; Bodnár et al., 1996;
Bene et al., 1997). It has been proposed that such clustering
might enhance T-cell binding through multiple interactions
involving CD8 (Bacsó et al., 1996). Anomalous diffusion
could assist such a mechanism by maintaining a high local
concentration of MHC class I over long times, particularly
if class I molecules are preclustered when delivered to the
plasma membrane.

A further interesting question is whether on antigen-
presenting cells, MHC class I molecules bearing the appro-
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priate peptide might be recruited to the vicinity of a bound
T-cell to enhance the cell-cell interaction. Another possible
role for diffusion in mediating the dimerization of T-cell
receptor-MHC-peptide ternary complexes has been dis-
cussed by Weng and DeLisi (1998). Such mechanisms
depend critically on the mean separation of receptors and
precisely how they move in the plane of the membrane. An
increase in surface density of MHC class I by up-regulation
in infected cells could favor processes requiring dynamic
molecular associations by reducing collision times. Weng
and DeLisi (1998) additionally propose that infected cells
could increase the diffusion coefficient of MHC molecules
by modulating lipid fluidity. SPT experiments in general
indicate, however, that lipid fluidity does not limit diffusion
rates, except over very short distances (Kusumi and Sako,
1996; Saxton and Jacobson, 1997). A more likely mecha-
nism, suggested by the present experiments, is that collision
rates might be enhanced by increasing the value of � in
infected cells. This could be achieved by structural changes
involving, for example, the cytoskeleton. On the other hand,
the cytoskeleton could play an active role by directing
molecules into the appropriate region and thus enhancing
rates of association. In view of these speculations, it would
be of considerable interest to compare mobility and cluster-
ing of MHC class I molecules in healthy and infected cells.

This work was funded by the Biotechnology and Biological Sciences
Research Council.
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