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have been shown to traverse dif-

ferent cellular barriers including mam-
malian,' 3 bacterial,>* and plant®® cells.
While many studies focused on toxicity
issues,” biomolecular delivery,>®#~'° and in-
vestigating their uptake mechanism,>®'°
efforts to control their subcellular distribu-
tion are still needed. Controlling the subcel-
lular distribution of -CNTs is of a practical
and fundamental importance for intracellu-
lar labeling and imaging, genetic transfor-
mation, and for enhancing our knowledge
of cell biology. A significant advantage that
single-walled carbon nanotubes (SWCNTs)
have over multiwalled carbon nanotubes
(MWCNTSs) in cell biology studies is that their
diameters approach the size of biomole-
cules and therefore they could potentially
participate in subcellular processes if prop-
erly labeled with a suitable functional tag.
Although covalent attachment of these tags
could provide a stable conjugate, physical
adsorption is often superior in terms of get-
ting a high loading ratio."

As a technical prerequisite to subcellular
distribution studies, a suitable detection tech-
nology should be available to track -CNTs in
different cell compartments. Although, sev-
eral technologies such as confocal detec-
tion*~® and transmission electron micro-
scopy (TEM)'>"'® have been successfully
employed to track f~CNTs, their reliability is
limited under certain experimental condi-
tions. For example, by mere imaging it can-
not be excluded that the detected fluores-
cence comes from fluorophore labels that
are released from the -CNTs. TEM studies
also may result in a false-negative interpre-
tation because of considerable similarity in

F unctionalized carbon nanotubes (f-CNTs)
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ABSTRACT As nanoparticles can cross different cellular barriers and access different tissues,
control of their uptake and cellular fate presents a functional approach that will be broadly
applicable to nanoscale technologies in cell biology. Here we show that the trafficking of single-
walled carbon nanotubes (SWCNTs) through various subcellular membranes of the plant cell is
facilitated or inhibited by attaching a suitable functional tag and controlling medium components.
This enables a unique control over the uptake and the subcellular distribution of SWCNTs and
provides a key strategy to promote their cellular elimination to minimize toxicity. Our results also
demonstrate that SWCNTs are involved in a carrier-mediated transport (CMT) inside cells; this is a
phenomenon that scientists could use to obtain novel molecular insights into CMT, with the
potential translation to advances in subcellular nanobiology.

KEYWORDS: plantcell - single-walled carbon nanotubes - fluorescein isothiocyanate -
diffusional mobility - subcellular distribution

TEM images of CNTs and natural cell struc-
tures. Photobleach measurements have been
the method of choice for determining the
diffusional mobility and mobile fraction
for fluorophores in solution.'*'® Therefore,
fluorescence recovery after photobleaching
(FRAP)'* could provide more information
about subcellular localization of ~CNTs by
distinguishing free fluorophores from fluoro-
phore-labeled CNTs based on a difference
in mobility.

RESULTS AND DISCUSSION

Vacuolar Uptake of Single-Walled Carbon Nano-
tubes (SWCNTs). To investigate the behavior
of SWCNTs inside living cells we used sus-
pended cells of the genetically recalcitrant
plant model Catharanthus roseus.>'® Short
carboxylated SWCNTs (Figure 1a and SI,
Figure S1) were prepared by ultrasonic-
assisted chemical oxidative cutting and
then fluorescently labeled with fluorescein
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Figure 1. Characterization of SW-F accumulation in C. roseus vacuoles. (a) A TEM micrograph of SW-F (diameter ~ 1.4 nm).
Scale bar: 5 nm. (b) Confocal microscopy image of C. roseus cells incubated with 5 xg/mL SW-F. The white arrow indicates the
cell membrane stained with FM4—64 dye, while the yellow arrow indicates green fluorescence of SW-F accumulated in a large
vacuole (SI, Figures S2a,b show bright field image of C. roseus cells). Scale bar: 20 um. (c) Plant cell schematic figure showing
trafficking of SW-F into a cell vacuole. (d,e) Qualitative FRAP analysis of the vacuolar accumulation of SW-F. The small region
(circles) in the vacuole was photobleached. The subsequent recovery of fluorescence in this region was monitored by time-
lapse imaging for at least 15 s. Numbers at the bottom indicate the time after photobleaching in seconds. Scale bar: 50 um.
The FRAP analyses of cells incubated with FITC are presented in S, Figure S3. The plot of the FRAP curve (d) illustrates the first
5 s of the FRAP experimental (red line) and FRAP simulation (blue line) recoveries. The FRAP curve was extracted from the

postbleach images by defining the bleach ROI (white circle) and the reference ROI (yellow circle marked by a yellow arrow in
(e)). To compensate for photobleaching, the normalized difference of the fluorescence intensity (N4FI) between the bleach and the
reference ROIs was used (see Experimental Section). The final recovery curve after photobleaching correction was an exponentially

decaying function for N4Fl. The blue line shows the best fit of the FRAP Kapitza model to the experimental recovery curve.

isothiocyanate (FITC) via s-stacking'”'® (hereafter ab-

breviated as SW-F). Following incubation with FITC or
SW-F, fluorescence signals were exclusively localized in
the cell vacuoles (Figure 1b,c; S, Figure S2). To confirm
that the intracellular distribution of the fluorescence
signal reported the SW-F localization and was not due
to free FITC, we carried out FRAP analyses on both FITC
and SW-F treated cells (Figure 1d,e). The diffusion
coefficient (Deg) of SW-F in cell vacuoles ranged be-
tween 20 and 70 um?%/s and was considerably slower
than that of free unbound FITC molecules (Deg =
120—150 um?/s) (S, Figure S3). This indicated the
accumulation of SW-F inside cell vacuoles.

Cytoplasmic Accumulation of Single-Walled Carbon Nano-
tubes Tagged with FITC (SW-F). In view of several reports
of vacuolar accumulation of fluorescent anions,'® 2’
we decided to examine the effect of probenecid (an
inhibitor of carrier-mediated transport (CMT) in plant
and mammalian cells?") on the vacuolar accumulation
of SW-F. Notably, FITC enters cells predominantly via
passive diffusion and is rapidly transported across the
vacuolar membrane via CMT." Interestingly, probene-
cid inhibited the vacuolar uptake of SW-F demonstrat-
ing that FITC controlled the subcellular distribution of
SWCNTSs and resulted in their cytoplasmic accumula-
tion (Figure 2a,b). Fifty-second sampling of FRAP in the
cytoplasm of SW-F treated cells resulted in a diffusion
rate about 6—7 times slower than that of free FITC
(Table 1, Figure 2¢f, and SI, Figure S4a). This further
confirmed that the fluorescence signal in the cytoplasm
was attributable to SW-F. Moreover, the mobile fraction
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of SW-F in the cytoplasm was about 2-fold larger than
the mobile fraction of FITC (Table 1 and Figure 2g). This
indicated that stacking of FITC on the SWCNT surfaces
alleviated to some extent the interaction of the FITC
molecules with cytoplasmic components so that a re-
latively larger percentage of SW-F was able to diffuse
freely.

Intranuclear Release of FITC from Single-Walled Carbon
Nantoubes Surfaces. The accumulation of SW-F in cyto-
plasm increased the chances to enter a cell nucleus (S,
Figures S4b,S5). The dynamic behavior of macromole-
cules in cellular fluids is known to be basically con-
trolled by physical constraints imposed by their size.'*
Accordingly, SW-F encountered a significant size diffu-
sion barrier in cytoplasm compared to FITC. If FITC
detaches from the SWCNT surfaces, then the measured
overall diffusion coefficient would accordingly in-
crease. In the nucleoplasm, the measured diffusion of
SW-F was only two- to 3-fold slower than that of FITC
(cf. 6- to 7-fold in the cytoplasm; Table 1 and Figure 2d,
f). Considering the highly dense nature of the nucleo-
plasm, this suggested a possible intranuclear FITC
release (see Supplementary Text of Figure S4). Because
FITC stacking on SWCNTs elevated the mobile fraction
estimated from the cytoplasmic FRAP results, the simi-
larity of the mobile fractions in the nucleoplasm of FITC
and SW-F treated cells (Figure 2g) added further evidence
about the phenomenon of FITC release. The highly
basic nature of nuclear proteins such as fibrillarin>2
and nucleolin®* may account for a stronger binding of
the negatively charged SWCNTs to the nucleoplasm
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Figure 2. Characterization of SW-F accumulation in C. roseus cytoplasm and nucleus. (a) Confocal microscopy images of
C.roseus cells incubated with 5 g/mL SW-F and 5 mM probenecid. The white arrow indicates the cell membrane stained with
FM4—64 dye, while the yellow arrow indicates the cell vacuole. The blue arrow indicates the cytoplasm. Scale bar: 10 um.
(b) Plant cell schematic figure showing trafficking of SW-F into cell cytoplasm where CMT into a cell vacuole is inhibited via
probenecid. (c—e) Qualitative FRAP analysis of the accumulation of SW-F in cytoplasm, nucleoplasm and nucleolus
respectively. The small region (circles) was photobleached. The subsequent recovery of fluorescence in this region was
monitored by time-lapse imaging as indicated in Table 1. Scale bars: (c) 5 «m; (d,e) 2 um. Numbers at the bottom indicate the
time after photobleaching in seconds. The FRAP analyses of cells incubated with FITC are presented in SI, Figure S4. (f,g)
Diffusion coefficients (umzls) and mobile fractions (%) as estimated on the basis of diffusion data of FITC and SW-F
accumulated in cytoplasm, nucleoplasm, and nucleolus of C. roseus cells. Results are presented as mean + s.e.m.

TABLE 1. Diffusion Coefficients and Mobile Fractions of FITC and SW-F in Different Subcellular Locations of C. roseus
Cells Obtained Using FRAP“

Diffusion coefficient (um?/s)
Mobile fraction (%)
Slllbc eu ular Cytoplasm Nucleoplasm | Nucleolus
ocation
FRAP‘ 10's 50s 100 s 100 s
sampling time
FITC 0.79+0.16 0.35+0.05 | 0.08+0.01
] 5.5+0.2 9.6+0.7 7.1£0.9 )
SW.F 0.12+0.02 | 0.13£0.02 | 0.09+0.03
10.3+0.59 9.4+1.5 7.4+0.4 © Tine, (5°

“ A fast form of diffusion (primary diffusion) can be calculated by analyzing photobleach recoveries during 10 s in the cytoplasm, as indicated; the slower form of diffusion
(secondary diffusion) is basically represented by the overall fluorescence recovery within 50 s. Plots on the right illustrate FRAP experimental recoveries (red lines) and FRAP
simulation recoveries (blue lines) in cytoplasm, and show the first 3 and 30 s recoveries of primary and secondary diffusions, respectively. The blue lines show the best fit of the
FRAP Kapitza model to the experimental recovery curves (see Experimental Section). NgFl: Normalized difference of fluorescence intensity. FITC and SW-F shared the same FRAP
values in cytoplasm during the 10 s recovery period. This indicated that these values represented free FITCin both FITCand SW-F treated cells. A major part of the FITCinteracted
with cytoplasm and only a minor fraction (~5.5%) diffused freely. This mobile fraction increased to ~10.3% in SW-F treated cells. Results are presented as mean == s.e.m.

compared to cytoplasm and, hence, the release of the in the nucleolus based on the similarity of FRAP data
stacked molecular species would be facilitated. The re- from FITC and SW-F treated cells (Figure 2e—g). Con-
leased FITC was hypothesized to have then accumulated sidering their small size, SWCNTs had no effect on the
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Figure 3. Controlled subcellular distribution of SW-F in C. roseus cells. (a) Overview of the pathways for SW-F intracellular
transport. Sl, Figure S9 shows the protonic equilibria of FITC in an aqueous solution. At external pH of 5.0—6.5, the neutral
form of FITC entered the cell by diffusion. In the cytoplasm (pH 7.0—7.5), most of the neutral FITC dissociated into its anionic
form. The FITC was then transported into the vacuole by probenecid-sensitive CMT. Exo1 regulated FITC trafficking toward
plasma membrane through interference with the VMT. (b) Confocal microscopy image of C. roseus cell incubated in nutrient
medium supplemented with 5 mM probenecid and 5 «g/mL SW-F. Probenecid inhibited vacuolar accumulation of SW-F in the
vacuole (solid arrow) and consequently promoted their cytoplasmic accumulation (dotted arrow). (c) Redistribution of SW-F
into cell vacuole (solid arrow) upon washing probenecid-treated cells with probenecid-free medium (pH = 5.8). Scale bar:
20 um. The quantitative FRAP analysis of the redistributed SW-F is displayed in SI, Figure S10a. The mean fluorescence intensity
data are presented in SI, Figure S10b. (d) Progressive clearance of SW-F from cytoplasm (dotted arrow) upon washing with
phosphate buffered (PB) medium (pH = 7.2). Scale bar: 20 um. The mean fluorescence intensity data are presented in S, Figure
S10b. (e) Plant cell schematic figure illustrating SW-F controlled subcellular distribution. In probenecid-free cell medium
(—Pr), SW-F accumulated inside the cell vacuole. Meanwhile, the exocytosis of SW-F was stimulated via VMT (dashed red
arrows). In presence of probenecid (-Pr), cells accumulated SW-F inside the cytoplasm and the nucleus. Meanwhile, the
exocytosis was inhibited because SW-F failed to enter the cell vacuole. Washing the cells with probenecid-free medium
(—Pr/w) (blue arrows, pH = 5.8) caused SW-F to redistribute into the cell vacuole. Alternatively, upon washing with PB medium
(dashed red arrows, pH = 7.2), the reuptake of the exocytosed SW-F was inhibited resulting in a progressive cellular removal of
SW-F. (f) Confocal microscopy images of C. roseus cell incubated in nutrient medium supplemented with 5 mM probenecid
and 5 ug/mL SW-F. Cells were coincubated with the endosomal tracer FM4—64 to label endosomal organelles. The green
arrows indicate red fluorescence from small endosomal organelles. The endosomal organelles could not be resolved in the
bright field image because of their small size. A magnified image is reproduced in SI, Figure S11. The yellow arrows indicate
green-fluoresced large resolved vesicles that lacked the red fluorescence of FM4—64. Scale bar: 10 um. (g) Confocal microscopy
images of C. roseus cell incubated in PB medium (pH 7.2, see Supplementary Text of Figure S13) and supplemented with 5 ug/mL
SW-F and 5 uM Exo1. Exo1 interfered with VMT of SW-F resulting in their accumulation inside the large vesicles. The inset
shows a large vesicle (arrow) containing SW-F. Scale bar: 20 um.

subcellular distribution mechanisms of FITC, demon- MW(CNTs labeled with FITC failed to follow the probe-
strating that the subcellular distribution of SWCNTs can necid-dependent distribution mechanism and there-
be controlled by its surface functionality. Conversely, fore, their subcellular distribution became independent
owing to their bigger size and dense characteristics, of surface functionality (SI, Figure S6 and Supplementary
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Text). Taken together, our FRAP results were the first
reported quantitative estimation of SWCNT diffusion
inside living cells and they offered a unique example
of how small molecules such as FITC guided the
subcellular distribution of SWCNTs and were even-
tually released in the cell nucleus. TEM, however, could
not provide direct conclusive evidence on the accu-
mulation of SW-F in cytoplasm and nucleoplasm (S,
Figures S7 and S8).

Control of Uptake, Subcellular Distribution and Exocytosis of
Single-Walled Carbon Nanotubes (SWCNTs). Our findings en-
couraged us to employ the unique uptake and dis-
tribution mechanisms of FITC (Figure 3a and SI, Figure
S9) to get SWCNTs out of the cytoplasm and eventually
out of the cell. A washing of probenecid-treated cells
with probenecid-free cell medium (pH = 5.8) caused
SW-F to redistribute into cell vacuoles (Des = 49.6 ,umz/s,
Figure 3b,c,e and SI, Figure S10) demonstrating that
SWCNTs were cotransported with FITC via a CMT.
Alternatively, a slight increase in washing medium pH
(pH = 7.2) removed SW-F (Figure 3b,d,e and SI, Figure
S10b). The removal of SW-F is believed to occur via a
dual mechanism of a CMT followed by a vesicle-
mediated transport (VMT),?® where membrane vesicles
traffic between vacuoles and plasmalemma and then
release their contents to the extracytoplasmic space
(Figure 3f and SI, Figure S11). Once outside the cell
(pH = 7.2), the anionic form of FITC dominated the
neutral form and this hampered the reuptake of SW-F
through the plasmalemma resulting in a progressive
removal of SW-F (Figure 3a,d,e). Similarly, the uptake of
SW-F was hampered when cells were incubated with
SW-F in a slightly alkaline cell medium (pH = 7.2; SI,
Figure S12a). This demonstrated that the cellular up-
take of SW-F can be controlled based on a change in
medium pH. Alternatively, adding probenecid to the
cell medium (pH = 7.2) inhibited the vacuolar transport
of SW-F and resulted in their cytoplasmic accumulation
(S, Figure S12b). This indicated that entering cell
vacuoles was a prerequisite for SW-F removal. To prove
that VMT was the removal mechanism of SW-F, we
explored the effect of Exo12° (an inhibitor of the ADP-
ribosylation factors that play a major role in vesicle
trafficking®). Interestingly, adding Exo1 to a cell med-
ium interfered with vesicle trafficking and led to selec-
tive accumulation of SW-F in the large vesicles of the

EXPERIMENTAL SECTION

Carbon Nanotubes. Carboxylic acid functionalized single-
walled carbon nanotubes (SWCNTs) were purchased from
Sigma-Aldrich (St. Louis, MO, US.A). These SWCNTs were
>90% pure. The bundle dimensions were D x L: 4—5 nm x
0.5—1.5 um. Further shortening and oxidation of SWCNTs were
performed via sonication and acid treatment.'”'® Briefly, 20 mg
of carboxylated SWCNTs were suspended in 20 mL 3:1 concentrated

SERAG ET AL.

VMT pathway (Figure 3g and SI, Figure S13 and Sup-
plementary Text). This labeled the vesicles with SWCNTs
and highlighted the poorly understood VMT pathway.?>
Although our results provided a strategy to eliminate
SWCNTs to minimize toxicity, incubating the cells in
SW-F/probenecid did not show any toxicity up to 12 h
(SI, Figure S14).

CONCLUSION

In the last several decades, progress has been made
for some aspects of plant biology. However, many critical
areas still remain that are relatively poorly understood.
Firstand foremost is a lack of understanding the modes
of action, especially membrane trafficking and vesicle
transport because study tools are currently limited to
membrane-impermeable dyes.”® The second area is
the lack of organelle-targeted molecular delivery agents.
Development on one of these areas is obviously de-
pendent on advances in the other. Therefore, the major
premise of this paper was to link SWCNTSs as a techni-
cally important nanomaterial to cell biology basic
research. This could represent a new, exciting direction
that may open up new opportunities in biology and
biochemistry. We illustrated the possibility of having a
unique control over the subcellular distribution of the
SWCNTs in the plant cell model starting from the up-
take process, passing through accumulation in differ-
ent subcellular structures, and ending with their cel-
lular elimination (Figure 3e). Indeed, information about
this sequence is an important prerequisite to probe
and label many subcellular events. Moreover, if mem-
brane trafficking pathways are better probed, labeled,
and manipulated, then we will be in a position to un-
derstand more about cell biology and to tailor molec-
ular delivery agents for site-specific delivery of biomo-
lecules, especially in commercially important plant
genotypes that are currently recalcitrant to genetic
transformation. Furthermore, we demonstrated that
SWCNTs could be involved in a CMT, which is the
cornerstone of intracellular trafficking theories in both
plants?' and animals.?® This opens a direct avenue for
SWCNTs-based studies of a vast array of biological pro-
cesses that are either controlled or mediated by CMT,
including vacuolar transport in plants and probenecid-
inhibitable vacuolar transport in macrophages.?'>°

H,S04/HNOs5 solution. The mixture was ultrasonicated for 24 h
while the temperature was kept below 5 °C; this was followed by
vacuum filtration through polycarbonate filter (Advantec, Du-
blin, CA, US.A,; pore size 0.1 um). The residue was washed
thoroughly with Milli-Q water, and then refluxed in 20 mL of
HNO; at 120 °C overnight. After washing, FITC-labeled SWCNTs
(SW-F) were prepared by mixing under sonication 1 mL SWCNTs
(200 ug/mL) and 10 uL of 1 mg/mL FITC (Invitrogen, Carlsbad,
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CA, US.A) for 10 min at 0 °C, followed by centrifugation to
remove impurities. The solution was then transferred to a
dialysis film (FED, Rancho Dominguez, CA, U.S.A; MWCO
3.5-5 KD) to remove free FITC.

Incubation Conditions of Living Cells. Catharanthus roseus cell
suspension culture originating from callus culture was initiated
in Murashig and Skoog medium (pH = 5.8) with minimal
organics (MSMO, Sigma, St. Louis, MO, U.S.A.) supplemented
with 1 uM 2,4-dichlorophenoxyacetic acid and 1 uM kinetin.
Culture flasks were put in a shaker operated at 130 rpm and
incubated at 25 °C in the dark. A total of 35 mL of 4-day old
C. roseus suspension was filtered through a cell strainer (BD Falcon,
Franklin Lakes, NJ, U.S.A., 70 um Nylon) into 50 mL polypropy-
lene test tubes and then the filtrate containing homogeneous
cell suspension was centrifuged at 1000 rpm for 5 min followed
by aspiration of the cell medium; this left the cells suspended in
3—5 mL of cell medium. An aliquot of 0.5 mL of the cell
suspension was transferred aseptically to 2 mL plastic tubes
where it was further centrifuged and washed three times with
fresh MSMO and then the cells were concentrated in 50 uL
MSMO. An aliquot of 300 uL of MSMO containing 5 mM pro-
benecid'® (Sigma, St. Louis, MO, U.S.A.) was added to the cell
suspension followed by 100 uL of SW-F solution to achieve a
concentration of 5 ug/mL. Probenecid was added in such a high
concentration because of potential precipitation in MSMO. The
precipitate was filtered prior to cell incubation. The cell suspen-
sion was then transferred to a 4-well glass slide (Lab-Tek
chambers, NUNC, Rochester, NY, US.A.) and incubated at 25 °C
for 3 h under shaking conditions (120 stroke/min). Aggregation
and precipitation will occur at a high concentration of CNTs due
to the salting-out effect. However, after 3 h, the cell suspension
did not display visible aggregation of CNTs. A balance between
MSMO and CNT concentrations was achieved to decrease the
possibility of aggregation. Cells were then transferred to 2 mL
plastic tubes and they were washed 3 times with fresh MSMO/
probenecid medium prior to confocal microscopy and FRAP
experiments. To stain the plasmalemma (Figures 1, 2, and S,
Figure S5), FM4—64 dye (Invitrogen, Carlsbad, CA, U.S.A.) was
dissolved in cold phosphate buffer (pH = 7) at a concentration of
5ug/mL. An aliquot of 10 uL of FM4—64 was added to 300 uL of
washed cells and directly examined before endocytosis of the
dye took place. To label the organelles of the endocytosis path-
way (Figure 3 and SI, Figure 12), FM4—64 was simultaneously
added with SW-F to the cell medium and then incubated for 3 h.
To investigate the effect of Exo1, a stock solution was prepared
at 1 mg/mL in DMSO and then Exol was added to the cell
medium to achieve a final concentration of 5 uM.

Confocal Microscopy Imaging of Living Cells. A cell suspension of
300 uL was placed in glass bottom dishes (Matsunami, Kishi-
wada, Osaka, Japan). Live cell images were taken using 10x,
40x, and 100x objective lenses on both a laser scanning
confocal microscope (Olympus, FV1000) and a super-resolution
STED microscope (Leica, TCS-STED-CW). The Olympus micro-
scope was equipped with a multiline Ar laser (458,488,515 nm),
a HeNe(G) laser (543 nm, T mW), and an AOTF laser combiner
plus a set of ion deposition and barrier filters. Images were
acquired and analyzed using Fluoview software. The STED
system was additionally equipped with a tandem scanner and
a 592 nm depletion laser. To calculate the mean fluorescence
intensity, the fluorescence intensities of about 300 cells were
averaged.

FRAP Experiments. The FRAP fluorescence recovery in a
photobleached area measures the diffusion rate (expressed as
diffusion coefficient (D)) of the fluorescent molecules, which
in turn depends on the size of the macromolecular complex that
contains this fluorescent label. FRAP also determines the frac-
tion of molecules capable of recovering in the photobleached
area, referred to as the mobile fraction. FRAP experiments were
done with the Olympus FV1000 using the 488 nm line of a
400 mW Ar laser in conjunction with a 60 x objective lens for
optimum resolution (for cytoplasm and nucleus FRAP) or 10x
objective lens to achieve a sufficient depth for bleaching in z (for
vacuole FRAP). Results were also obtained on a different FRAP
system Leica TCS SP5 Il to confirm the original results. For
qualitative experiments (Figures 1, 2, and SI, Figures S3,54), cells
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were suspended in 2% low melting point agarose (Sigma, St.
Louis, MO, U.S.A.) to suppress cell movement during acquisition.
photobleached at full laser power (100% power, 100% trans-
mission) and recovery of fluorescence was monitored at low
laser power (30% power, 0.5% transmission). For the quantita-
tive D.g measurements listed in Table 1, the fluorescence within
the circles was measured at low laser power (20% power, 1—2%
transmission) before and after bleaching. Recovery was fol-
lowed at different sampling times and only 30—60 postbleach
images were acquired to minimize photobleaching and
production of artifacts. Photobleaching was corrected using the
formula:

Fo_) F
NgFl = foc) - Foio
Fref( —)  Frefl

NgFl is the normalized difference of fluorescence intensity.
Fui(—y is the prebleach fluorescence intensity in the bleached ROI
(region of interest). Fref_) is the prebleach fluorescence intensity
in a reference ROI (taken in a neighboring cell or in another
place within the cell at some distance from the bleach ROI). Fy, s
is the postbleach fluorescence intensity at time t in the bleach
ROL. Fief(s is the postbleach fluorescence intensity at time t in the
reference ROI. The final recovery curve after photobleaching
correction is an exponentially decaying function for N4FI. The
experimental data were fit to the following formula according to
Kapitza et al.' (see Supporting Information for a justification on
the use of the Kapitza model to analyze FRAP data):

NgFl = A(1 —e /%Pty 1

A and B are the fractions of mobile and immobile components,
respectively, that is, mobile fraction = A/(A + B). D is the
diffusion coefficient, w is the diameter of the photobleached
circle in um, and t is time in seconds.
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