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INTRODUCTION

The combined use of single-particle track
(SPT) (1) and laser optical tweezers (LOT)
techniques represents a powerful and novel
proach to elucidation of boththe dynamic molec
ular interactionsand the magnitudes of the m
lecular forcesthat regulate cell surface prote
dynamics. These techniques can be applie
study membrane structure (e.g., interactions
tween transmembrane proteins and memb
skeletal proteins) and membrane function (e
cell–cell adhesion, cell activation, endocyto
and cell signaling). In the SPT technique, indiv
ual molecules are observed by labeling wit
gold, latex, or fluorescent marker. Computer-
hanced video microscopy is used to track
motion of the labeled molecules. The typical s
tial resolution is 5–10 nm, well below the reso
tion limit of the light microscope, and the typic
temporal resolution is 0.1–33 ms. SPT has sev
advantages over the fluorescence recovery
photobleaching (FRAP) technique (3) for mea
ing lateral diffusion rates of membrane prote
(i) the spatial resolution of SPT is two orders
magnitude higher than that of FRAP but the te
poral resolution is similar, so the minimum d
tectable diffusion coefficient is two orders
magnitude lower; (ii) there is no averaging o
the diffusive behavior of thousands of molecu
in SPT, so different subpopulations that are in
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tinguishable by FRAP can be resolved; and
obstructions and confinements by lipid doma
the membrane skeleton, or the extracellular
trix can be observed and measured in SPT,
different modes of motion can be recognized
this work, we describe the design and const
tion of a new system for SPT and LOT measu
ments of the dynamics of individual protein m
ecules in membranes of intact human and m
red blood cells (RBCs).

METHODS

Bead–Protein Conjugation

Colloidal gold (RDI) is mixed with 3–5mg
gG per milliliter gold at pH 9.0. After 3 min
EG20 (Sigma) is added to a final concentra
f 0.05% and mixed for 4 min. The gold is th
entrifuged at 10,000g for 30 min, and th

supernatant is discarded. The beads are re
pended in PBS with 0.02% PEG20, pH 7.4,
centrifuged for 30 min. The final suspension
gold beads is prepared such that the op
density is 4 – 8 at the appropriate (bead
dependent) wavelength (4). IgG is fragmen
using a Fab9 preparation kit (Pierce). Fab9 frag-
ments are conjugated to gold using the ab
procedure, except that the conjugation ste
performed at pH 7.0. Concanavalin A (Con
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is coupled to gold at pH 9.0. Latex micr
spheres (Polysciences) are covalently co
gated to proteins, essentially as suggeste
the manufacturer.

RBC Labeling

Fresh human blood (Hematology Laborato
Brigham and Women’s Hospital) is centrifuged
1500g for 10 min. The plasma and buffy coat a

iscarded, and the RBCs are washed three
imes in PBS, pH 7.4, at 500g for 2 min. RBCs ar
hen resuspended to 10% hematocrit in PBS
0 mM glucose, pH 7.4, and used in experime
ithin 24 h. RBCs are labeled with the conjuga
eads for 40 min at room temperature with c

inuous mixing, then washed twice and res
ended in PBS with 1% BSA, pH 7.4. The labe
ells are placed between a microscope slide a
overslip, and allowed to settle before viewi
o verify the specificity of labeling, control sam
les are prepared using beads conjugate
EG20 only or to nonspecific IgG molecules
ab9 fragments (see below), or RBCs are in

FIG. 1. Apparatus for single-particl
ated with beads in the presence of agents thatp
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pecifically block the binding sites of labels on
embrane protein of interest.

PT/LOT Apparatus

The experimental apparatus is shown s
atically in Fig. 1. An inverted microsco

Eclipse TE300, Nikon) is equipped with diffe
ntial interference contrast (DIC) optics. Lig

rom a 100-W mercury arc lamp is delivered
n optical fiber (Technical Video) and pas

hrough a scrambler (Technical Video) and a fi
Omega Optical) that rejects the UV and IR wa
ength regions. An oil-immersion condenser
il-immersion 1003/1.4 NA and 603/1.4 NA
bjectives are used. Images are recorded us
CD video camera (Motion Corder Analyzer S
ltra, Kodak) at rates of 30 to 10,000 frames
econd and transferred to a computer for sto
nd analysis. Tracking of bead motion is p

ormed using the MetaMorph 3.5 software pa
ge (Universal Imaging), and the bead trajecto
re analyzed using custom software. A 1064
d:YVO4 laser (Millenia IR, Spectra Physic

king and laser optical tweezers experiments.
rovides the beam for laser tweezers experiments.
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The beam is expanded, passed through ste
optics, introduced into the microscope light p
using a dichroic filter (Chroma), and then focu
on the sample by the objective. A motorized g
bal mirror steers the trap in thex- andy-directions
n the sample plane, and a lens on a motor
inear stage moves the trap in thez-direction per
endicular to this plane.

ingle-Particle Tracking Analysis

Single-particle trajectories are analyzed ba
n calculations of the mean square dista
MSD) statistic:

SD(Dtn) 5
1

N 2 n (
i 5 1

N 2 n

[(xi 1 n 2 xi)2

1 (yi 1 n 2 yi)2],
[1]

where xi and yi are the coordinates of theith
osition in the track,Dtn 5 n 3 d, d is the time

nterval between successive images, andN is the
otal number of images (5). MSD(Dtn 5 1–4)
an be used to estimate the diffusion coefficien
he labeled molecule over short times and
ances. MSD(Dtn 5 1–4) are fitted by least
quares analysis to the general function for la
otion:

MSD(t) 5 Gta, [2]

whereGanda are fitted parameters that describe
ate and type of motion (i.e., confined diffusi
rownian diffusion, or directed motion) (6). T
iffusion coefficient derived from analysis
SD(Dtn 5 1–4), called the microdiffusion coe-

ficient (Dm), can be interpreted in terms of a p
iffusion process unaffected by any barriers or
tacles to lateral motion (7). In the case of p
rownian motion,a 5 1 and Dm 5 G/4. Over

onger time and distance scales, the motion o
abeled molecule may be confined by barriers, s
s the membrane skeleton, and/or obstacles, su
ther membrane proteins or lipid rafts. MSD(Dtn)

or n . 4 are fitted by least squares analysis to y

he macrodiffusion coefficient,DM. The dimensions
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s

f the confinement region in thex- andy-directions

x and Ly, can be estimated from nonlinear lea
squares fits to the equations (8):

MSDx(Dtn)

5
Lx

2

6
2

16Lx
2

p4 (
n 5 1(odd)

` 1

n4
exp[2(np

Lx
)2

Dmt],
[3]

MSDy(Dtn)

5
Ly

2

6
2

16Ly
2

p4 (
n 5 1(odd)

` 1

n4
exp[2(np

Ly
)2

Dmt].
ote that the standard deviation of the MSD(Dtn)

statistic increases withn (Eq. [1]). Hence, onl
one-third of the time intervals in any given pa
cle trajectory are used for the fit.

RESULTS AND DISCUSSION

Labeling

Beads are prepared by conjugating collo
gold (20 or 40 nm in diameter) or carboxyla
latex microspheres (40, 100, or 1000 nm in di
eter) to monoclonal antibodies, antibody fr
ments, or lectins that specifically bind the me
brane protein of interest. Intact IgG molecules
Fab9 fragments of monoclonal antibodies can
used. In our hands, Fab9 fragments have proven
be easier to conjugate, more efficient in bind
antigens, and more convenient in preventing
cross-linking of beads to several membrane
tein molecules than have intact antibodies. T
steps are taken in order to control the valenc
labeling (i.e., the number of cell surface mo
cules labeled by a single bead). First, nonspe
IgG molecules or Fab9 fragments are mixed wi
he specific antibodies or antibody fragments
ore the antibodies or antibody fragments are c
ugated to gold. Second, nonconjugated IgG m
cules or Fab9 fragments are present in the so

ion of conjugated beads that is used to label c
he lectin Con A is conjugated to beads with

he use of nonspecific proteins.

Successful application of the SPT technique
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relies on the ability to achieve an optimal num
of beads bound per cell. Beads that are sepa
by ,400 nm are optically indistinguishable, b
cause this separation distance is below the r
lution limit of the microscope. The control (i.
nonspecifically labeled) samples show ba
ground labeling of 0–5 beads per 100 cells. T
highly specific labeling can be achieved us
conditions that result in 1–10 beads bound
cell. It is also important to optimize the surfa
density of specific antibody or lectin on the be
so as to allow specific labeling of a single c
surface molecule by a single bead, without cr
linking of multiple cell surface molecules. Exp
imentally, cross-linking of cell surface molecu
is manifested by lateral immobilization of t
bead. The fraction of immobile beads is there
used to optimize the valency of labeling, beca
this fraction should equal the reported fractio
mobility of the corresponding membrane prot
(e.g., determined by using the FRAP technique
the absence of cross-linking. For example, FR
measurements show that about 40% of ban
molecules are laterally immobile in intact norm
human RBCs (9). Experimental conditions
antibody or lectin conjugation to beads are
justed until the SPT measurements of anti-b
3–gold or Con A–gold trajectories show ab
40% immobile band 3 molecules. In all cases,
use the minimum surface density of specific a
body or lectin required to achieve adequate labe
without membrane protein cross-linking. Un
these conditions, the absolute values of the S
measured macrodiffusion coefficients are foun
agree with those measured by using the FRAP
nique, providing additional evidence that the be
are not cross-linking cell surface band 3 molecu

The protocol for covalent attachment of a
bodies or lectins to 1000-nm latex microsphe
produces multivalent beads. Such beads ca
used as a handle for pulling and holding RB
with the laser tweezers. Monovalent 40-nm la
microspheres are used for SPT applications.

Experimental Uncertainty

Although beads less than 0.5mm in diamete

are smaller than the resolution limit of the light
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microscope, the image produced by such be
can be measured and followed over time.
fining the trajectory of a bead involves: fir
identifying the characteristic pattern produc
by the bead in the digitized image; seco
determining the centroid of this characteris
pattern; third, recording the coordinates of
centroid; and fourth, proceeding to the n
image in the sequence (10). This bead iden
cation and tracking procedure introduces
error into the measurements that adds to
error due to noise in the experimental syst
To estimate the experimental uncertainty inh
ent in SPT measurements on intact RB
RBCs are first labeled with beads and then fi
using glutaraldehyde. Fixation is used to p
duce immobile beads on the RBC surface.
der these conditions, any detectable bead m
ment is a result of fluctuations in the expe
mental SPT/LOT apparatus (including b
hardware and software). Table 1 shows a se
of measurements of apparent band 3 motion
glutaraldehyde-fixed human RBCs labeled w
20-nm Con A– gold beads. Two beads on e
cell are tracked over time. Thex and y box
dimensions define the region in which ea
bead is localized over a period of 8 s. Using

TABLE 1

Motion of Beads Attached to Band 3 on Fixed Human RBC

Cell
No.

Box dimension SD of relative positio

x
(nm)

y
(nm)

Dxrel

(nm)
Dyrel

(nm)

Plain glass 1 4.1 3.4 4.9 4.9
4.2 3.8

2 4.3 3.9 5.2 6.0
4.3 4.9

3 3.1 1.8 6.8 7.1
6.5 7.0

Average 3.8 3.5

Poly-L-lysine- 4 2.4 2.8 5.3 3.1
covered glass 5.5 1.2

5 2.3 5.8 3.2 3.5
2.8 7.3

6 11.0 9.0 10.5 7.7
4.0 8.0

Average 4.2 4.5
of the beads as a reference, the relative posi-
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tions of the two beadsxrel and yrel can also b
calculated. The standard deviationsDxrel and

yrel are shown in Table 1. Images are recor
every 1/125 s. The results obtained using R
that are allowed to settle on a plain glass co
slip are identical to those obtained using RB
attached to poly-L-lysine coated cover slips.
both cases, the bead position is determined
,5-nm uncertainty.

Band 3 Diffusion in Human and Mouse RBCs

Preliminary results obtained using Con
gold beads to label intact human and mouse R
show that band 3 macrodiffusion coefficients
normal RBCs are within experimental error of
FRAP-derived diffusion coefficients for band 3
these cells. The microdiffusion coefficients
approximately 10 times greater than the ma
diffusion coefficients. The motion of the labe
proteins does not appear to be affected by
presence of the marker particles.
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