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Super-resolution imaging of nuclear import of adeno-associated

virus in live cells

Joseph M Kelich', Jiong Ma', Biao Dong?, Qizhao Wang? Mario Chin? Connor M Magura', Weidong Xiao? and Weidong Yang'

Adeno-associated virus (AAV) has been developed as a promising human gene therapy vector. Particularly, recombinant AAV
vector (rAAV) achieves its transduction of host cells by crossing at least three physiological barriers including plasma membrane,
endosomal membrane, and nuclear envelope (NE). So far, the AAV transduction mechanism has not been explored thoroughly at
the single viral particle level. In this study, we employed high-speed super-resolution single-point edge-excitation sub-diffraction
(SPEED) microscopy to map the events of single rAAV2 particles infecting live human cells with an unprecedented spatiotem-
poral resolution of 9-12nm and 2-20 ms. Data reveal that rAAV2 particles are imported through nuclear pore complexes (NPCs)
rather than nuclear membrane budding into the nucleus. Moreover, approximately 17% of the rAAV2 molecules starting from the
cytoplasm successfully transverse the NPCs to reach the nucleoplasm, revealing that the NPCs act as a strict selective step for AAV
delivery. This study lastly suggests a new pathway to improve AAV vectors for human gene therapy.
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INTRODUCTION
The adeno-associated virus (AAV) is a parvovirus that lacks patho-
genic capabilities. It contains no viral envelope and the capsid forms
an icosahedral geometry with diameters around 23 nm."? Packed
inside the capsid is a linear single-stranded genome between
4-6kb in size3* As a helper-dependent virus, AAV requires the pres-
ence of a helper virus in order to efficiently generate viral progeny.
Alternatively, in the absence of coinfection with a helper virus, AAV
integrates its DNA into the host cell, more specifically into 19q13.3-
gter on chromosome 19 of humans.>'° Thus, AAV has both a lytic
and lysogenic phase. Specifically, taking advantage of the lysogenic
activity in the absence of coinfection, researchers have begun to
utilize wild-type AAV or recombinant AAV (rAAV) in attempts to
treat disease phenotypes including cytstic fibrosis,"" hemophilia,
collagen-induced arthritis,’® and more. For gene therapy, one great
advantage of AAV is the capacity to infect numerous cell types
including those of the nervous system,’®*'” lung, retina,' liver,"”
muscle'” as well as endothelial cells, and more. Expression of pro-
teins coded by rAAV vectors has also been shown to last for months
following introduction of AAV to mammalian cells.” Despite puri-
fication methods being significantly improved in recent years,
AAV-based gene therapy still faces several challenges including
identifying the optimal serotype for each target cell or tissue type.'
AAV infection begins with endocytosis along the plasma mem-
brane via clathrin-coated pits or by caveolae-mediated endocyto-
sis,'® in which AAV receptors such as sialic acids or heparin sulfate
proteoglycan are utilized.”® Subsequently, the viral particles are fur-
ther sequestered into endosomes where they remain only a short

time before escaping into the cytoplasm. Once freely in the cyto-
plasm, AAV particle can begin to translocate into the nucleus and
release its genome.’ Currently, several viral entry pathways have
been reported. The viral entry pathways vary depending on the viral
particle sizes, structure, and the type of host cell. Large viruses such
as HIV-1 usually dissemble into pieces before their genomes and
viral proteins could be delivered into the nucleus through nuclear
pore complexes (NPCs) embedded on the nuclear envelope (NE).”
In contrast, many small viruses can transport directly through the
NPCs in an intact form since they are small enough to move through
the NPC. Upon reaching the nucleus, the viral particles can be disas-
sembled and the viral genomeis released for transduction. Uniquely,
some other viruses such as Herpesvirus can completely avoid going
through the NPC by uncoating their genome at the NPC or prior to
reaching the NPC. Alternatively, viruses may directly cross the NE by
utilizing the temporally disassembled NE during mitosis (often used
by retroviruses) or potentially through nuclear membrane budding
mechanisms (by parvoviruses).?

In eukaryotic cells, two distinct mechanisms of nucleocytoplasmic
transport through the NPC have been identified: passive diffusion
and facilitated translocation. The former is reserved for signal-inde-
pendent diffusing molecules that are smaller than 40kDa (~10nmin
diameter), and the latter ensures efficient and timely translation of
signal-dependent cargo molecules assisted by transport receptors
(TRs) through the NPC.>-> Moreover, passively diffusing molecules
take a transport route consistent with a size-confinement mecha-
nism through a central axial channel.® On the other hand, facilitated
translocation involves interactions between TRs and intrinsically
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disordered nucleoporins (Nups) rich in phenylalanine-glycine (FG)
repeats. These FG-Nups comprise one third of all Nups of the NPC
and together create a selectively permeable entropic barrier in
arguably a form of “polymer brush” or a form of “hydrogel mesh-
work” for transiting macromolecules.?2° An AAV capsid is ~23nm
in diameter and over 5 MDa in molecular weight,* unlikely moving
through the NPCs if not carrying nuclear localization sequences
(NLSs) recognized by native TRs. In support of the notion that AAV
particles cross the NE through the NPC, a recent study using rAAV
serotype 2 (rAAV2) and a lectin blockade of the NPC resulted in
inhibition of nuclear import.3' Potential NLS signals also have been
identified on capsid proteins of AAV2.323* Moreover, rAAV2 has been
shown to colocalize with the nuclear transport receptor Importin
(Imp B) and siRNA knockdown of Imp 3 led to partial inhibition of
nuclear import and transduction of rAAV2 (ref. 31). Additionally, it
is believed that different species of importins may also play roles
in AAV import and different serotypes may bind different nuclear
TRs. Interestingly, AAV particles have been shown accumulating in
the perinuclear space of infected cells many hours after incubation.
In addition, nuclear penetration of fluorescently labeled AAV2 par-
ticles has been shown to continue in the presence of several nucleo-
cytoplasmic transport inhibitors including thapsigargin.® Thus con-
tradicting data exists as to how AAV particles reach the nucleus.
Confocal fluorescence microscopy studies have shown that rAAV
foci appear within the nucleus in 3 hours and progressively accu-
mulate to reach peak concentration between 8-16 hours.?* Single-
molecule techniques, however, can provide additional information
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as to when AAV particles first start to reach the nucleus after intro-
duction to cells without relying on accumulation or extraction of
cells at distinct time intervals.> It was found that in as little as 15
minutes following cellular incubation with AAV, AAV particles could
first be seen in the nucleus. Moreover, a translocation efficiency
of ~13% through the plasma membrane was reported as well.
Quantitative determination of the transport kinetics of AAV through
the NE, however, remains largely unknown. Here, we utilize single-
point edge-excitation sub-diffraction (SPEED) microscopy to track
single rAAV2 particles as they cross the NE, revealing their transport
kinetics and spatial pathways with an unprecedented spatiotempo-
ral resolution of 9-12nm and 2-20ms.

RESULTS
Nuclear import kinetics of single rAAV2 particles across the NE in
live cells

To label rAAV2 particles efficiently by fluorophores for live cell imag-
ing, we introduced a biotin-streptavidin system into the labeling
process. In detail, approximately 18 biotins were linked to each
rAAV2 and each biotin provided three binding sites for three strep-
tavidins prelabeled with three Alexa Fluor 647 dyes. Our measure-
ments revealed that the final labeling ratio is about 36 dyes per
rAAV2 molecule (Figure 1a and Supplementary Figure S1). Although
a negative effect of adding multiple streptavidin labels on the AAV
particle in the interactions between rAAV2 and cells could not be
avoided, the majority of labeled rAAV2 particles can still effectively
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Labeling adeno-associated virus (AAV)2 and imaging AAV2 infection in live HeLa cells. (@) Up: Diagram of labeling the rAAV2-biotin with Alexa

fluor 647-streptavidin; down: fluorescent image of the unlabeled streptavidin (left), labeled streptavidin (middle), and labeled rAAV2 (circled on right)
at their single-molecule level. (b) Typical fluorescent images of labeled rAAV2 (red) infecting HeLa cells expressing Pom121-GFP (green). Some rAAV2
particles are shown in distinct isolated spots in the nucleoplasm, however most of the rAAV2 remain in the cytoplasm after incubation for 1-3 hours.

Scale baris 5 um.
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interact with host cells (Supplementary Figure S2). Beneficially, the
high dye:rAAV2 labeling ratio provides high signal to noise ratio for
our fluorescence microscopy imaging in bulk and at single-mole-
cule level as shown below.

We then incubated ~10,000 labeled rAAV2 particles per live HelLa
cell. In each Hela cell, a single green fluorescence protein (GFP) was
tagged to a scaffold protein POM121 in the NPC and used as an indi-
cator showing the locations of NPCs embedded on the NE. Excited
by a 488-nm excitation light of epi-fluorescence microscopy, the
heavily overlapped fluorescence of GFP-NPCs indicated the loca-
tion of the NE by forming a bright green ring in live cells (Figure 1b
and Figure 2a,c). Subsequently, by employing a second excitation
laser of 632-nm in epi-fluorescence microscopy with 500-ms expo-
sure time, we found that rAAV2 began to accumulate around the NE
after approximately 1-hour incubation with Hela cells. At the same
time, clearly some rAAV2 particles have already crossed the NE and
entered the nucleus (Figure 1b). Comparably, following the same
procedure, rAAV1 was found to have very minimal infection with
Hela cells (data not shown).

Next, by reducing the detection time down to 20ms per frame
in video imaging, we captured single-molecule transport events of
individual Alexa-Fluor-647-labeled rAAV2 molecules as they trans-
port across the NE in live cells (Figure 2). With a spatial localization
precision of ~9nm (Supplementary Materials and Methods), we
found that once a freely diffusing cytoplasmic single rAAV2 particle
was seen interacting with the NE, one of two mutually exclusive
outcomes occurred. Either the labeled rAAV2 particle successfully
imported into the nucleoplasm or the particle failed to import and
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aborted back to the cytoplasm. Examples of these successful and
abortive import events are shown in Figure 2. From a total of 84
rAAV2-NE interacting events, 14 were successfully imported into the
nucleus yielding an import efficiency of ~17%. We also found that
these imported rAAV2 never came back to the cytoplasm after they
arrived in the nucleus, suggesting a nuclear export efficiency of
0% for rAAV2 particles. Here, our observation is consistent with the
data obtained from Lux et al*” in which ~90% of GFP-labeled AAV
particles remained in the cytoplasm, never reaching the nucleus
during their whole observation and additionally coincides with
the fluorescent images seen in Figure 1 with the majority of fluo-
rescence appearing in the cytoplasm and only small isolated spots
appearing within nuclei. Besides the transport efficiency, we found
that rAAV2’s interacting times with the NE differ between the suc-
cessful and the abortive import events as well. From the successful
events, an average import time of 54+20ms was obtained, which
is about half of that is obtained for the abortive events (98 +20 ms).
Noteworthy, we found that these rAAV2 particles unlikely disassem-
bled into pieces during the entire nuclear import process because
the average intensities of the successful and the abortive import
events are almost the same and none of these in-transit single-mol-
ecule fluorescent spots split into two or more spots.

Additionally, after introducing Alexa-Fluor-647-labeled rAAV2 to
digitonin-permeabilized Hela cells, no import event was observed
(data not shown). This could be consistent with the notion that
endogenous cellular TRs or cofactors are required to assist rAAV2s
to import into the nucleus, which have been largely lost in the per-
meabilized cell system. To test the possibility, we further added
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Figure2 Single recombinant adeno-associated virus (rAAV)2 particles import into the nucleus across the nuclear envelope (NE). Single molecules are
tracked as they interact with the NE region of the cell. (a) Typical single virus import event from the cytoplasm to the nucleoplasm after crossing the
NE. A time series of images showing a successful Alexa Fluor 647-labeled rAAV2 (red) transport through the GFP-labeled NE (green). Scale bar is 5 um
for the whole cell pictures and 1 um for the zoomed view of the import event. (b) The trajectory (red dots) representing the successful import event of
the rAAV2 particle seen in a. Green line represents the middle plane of the NE, while the black dotted lines extending 100 nm on either side represent
the extent of the nuclear pore complex dimension along the nucleocytoplasmic transport axis. (c) Images of the typical abortive rAAV2 import event.

(d) The trajectory of the AAV2in c.
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0.5-1 pmol/I Imp B1 into the permeabilized cells and expected that
Imp B1 could help rAA2 to import into the nucleus, but still no suc-
cessful import event was observed in our measurements (data not
shown). The above tests indicated that Imp 1 may not be solely
responsible for or could not bind the NLSs on the transiting com-
plexes in ferrying rAAV2 particles into the nucleus. In fact, the latter
is supported by a previous report that the chemical environment
of the endosome is required to expose potential NLS contained in
capsid proteins of AAV particles, such as Vp1 (ref. 38).

NPCs provide a pathway for rAAV2 to import into the nucleus
To further answer the question whether rAAV2 particles enter
the nucleus through the NPC or across the NE via budding, we
employed SPEED microscopy to specifically examine any import
events of rAAV2 through single NPCs. Technical advances in SPEED
microscopy have previously enabled us to successfully track
nucleocytoplasmic transport of small molecules, proteins and
mRNA through single NPCs.* Briefly, in this work, we have utilized
the following features of SPEED microscopy to track rAAV2 transit-
ing molecules through individual NPCs: (i) An inclined illumination
point spread function (~320nm in x, y, and z dimensions), smaller
than the average nearest neighboring distance between the NPCs
on the NE, enabled the excitation of a single GFP-labeled NPC in
each dimension (Supplementary Figure S3). Additionally, because
NPCs are not homogenously distributed in the HelLa cells (approxi-
mately 3-6 pores/um?),*® we choose the least densely populated
region of the NE for study to enhance imaging a single NPC in the
illumination volume of SPEED microscopy; (ii) The high optical
density (100-500 kW/cm?) in the small illumination volume also
squeezed out a high number of photons in a short time period
from a single rAAV2 particle tagged with about 36 Alexa Fluor
647 dyes. Typically, more than 3,000 photons were obtained from
a single-labeled rAAV2 particle within a 2-ms detection time. To
reduce any photobleaching and phototoxic effects, an optical
chopper was used to create an on/off operational mode with off-
time 10-fold longer than on-time; (iii) The inclined illumination vol-
ume further greatly avoided out-of-focus background fluorescence
and auto-fluorescence of the objective, which enhanced a higher
SNR (>11). (iv) The small illumination volume of SPEED microscopy
allowed the imaging of single molecules within a small pixel area of
the charge-coupled device (CCD) camera, resulting in a fast detec-
tion speed (up to 5,000 frames per second). (v) The fast detection
speed greatly reduced the spatial localization error in determining
the spatial trajectories of moving rAAV2 particles in live cells, which
enabled us to obtain a spatial localization resolution of 9-12 nm for
moving rAAV2 particles (Supplementary Materials and Methods).
By illuminating single NPCs at the equator of the cell by SPEED
microscopy, we tracked single-labeled rAAV2 particles as they came
to interact with the NPCs (Figure 3b). Although a very low concen-
tration of rAAV2 molecules were seen interacting with the NE, we
successfully captured some import events of rAAV2 through the
NPCs after scanning hundreds of NPCs (Figure 3c). In detail, these
particles originated in the cytoplasm, interacted with the NPC and
successfully exited the NPC to arrive in the nucleoplasm. The aver-
age import time for these events is ~12ms. This is about fourfold
faster than that recorded from the epi-fluorescence microscopy
imaging of rAAV2 crossing the NE described earlier in this article. The
difference may be caused by the different detection speeds used for
single-NPC experiments and wide-field NE microscopy experiments
at 2 and 20 ms respectively, as suggested previously.* Nevertheless,
we for the first time tracked single rAAV2 particles being imported
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into the nucleus via NPCs. Again, we found these rAAV2 particles
remained intact as single fluorescent spots with almost consistent
intensities inside and outside the NPCs.

DISCUSSION AND CONCLUSION

Our single-molecule imaging of the interactions between rAAV2
and human cells revealed that rAAV2 particles enter the nucleus
intact through the NPC and unlikely via nuclear membrane budding
or disassembly of NE or disassembled pieces of viral particles. First,
we have obtained single-molecule trajectories of rAAV2 moving
through the NPCs or crossing the NE, but we never witnessed mem-
brane invaginations on the NE that could have been monitored
from the GFP illuminated NE. Moreover, the moving trajectories of
rAAV2 molecules as they cross the NE or move through the NPC are
limited within ~200nm, which is much smaller than the microme-
ter-sized membrane budding or disassembly areas. Additionally,
we also determined that the translocation time of rAAV2 either
across the NE or through the NPC is at millisecond levels and never
reached the typical membrane budding or disassembly time range
(estimated at seconds to minutes). Additionally, we never observed
single-molecule fluorescent spots of rAAV particles splitting into
several pieces or undergoing a significant reduction in fluorescent
intensity during the entire nuclear import process. This suggests
that it is unlikely these particles become disassembled prior to
reaching the nucleus. Therefore, our work supports the model that
the intact capsid of the AAV travels through the NPC to reach the
nucleus whereupon uncoating occurs.

Next, our data suggest that the NPC poses a third rate-limiting
step in the infection pathway of AAV particles besides the plasma
and the endosomal membranes. Previously single-molecule studies
have shown that ~13% of AAV particles interacting with the plasma
membrane could successfully undergo endocytosis and enter
the cell,* which could be considered the first rate-limiting step.
Although not yet quantitatively determined, the low efficiency for
endosomal escape was posed as the second selective step for AAV
delivery. Here we show that ~17% of single cytoplasmic AAV par-
ticles that interact with the NPC successfully reach the nucleus indi-
cating that NPCs are a third restrictive barrier for AAV transduction.

Challenged by the above rate-limiting steps, one desirable
development for AAV derived vectors would be to improve its
translocation rate into the nucleus. This will help transduction
occur with less virus and can aid in expression of proteins for thera-
peutic purposes. Compared to the transport efficiencies of endog-
enous and exogenous transiting molecules through the NPCs, the
nuclear import efficiency of rAAV2 (~17%) is significantly lower
than those obtained for native protein TRs (~50%) and mRNA
(~36%) (P value < 0.05), but is close to that of artificial quantum
dots (~20%) (Table 1). Several reports suggested that additions
of different numbers and/or different types of NLSs on the large
cargo particles could improve the nuclear import efficiency. For
example, one study utilizing a dimer of maltose binding pro-
tein genetically modified to contain NLSs to recruit two distinct
TRs (Imp B1 and Imp B2) demonstrated that the nuclear import
rate was much higher than only one TR involved.*' Additionally,
recently, large B-gal complexes have been shown to be effectively
imported into the nucleus through the NPC when a high number
of Imp B1 were recruited to their nuclear import process.** We sug-
gest that AAV vector performance may be enhanced by improv-
ing the nuclear import efficiency of the AAV particle. This can be
approached through engineering the AAV particle to recruit either
multiple TRs or more efficient TRs to the import complex.
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Figure3  Single recombinant adeno-associated virus (rAAV)2 particles import into the nucleus through the nuclear pore complexes (NPCs). Single AAV2
particles are imaged and tracked importing into the nucleus through the NPC. (a) A single Alexa Flour 647-labeled AAV2 particle is seen interacting
with the GFP-labeled nuclear envelope (NE). Scale bar: 5 um. (b) A typical successful nuclear import event through the NPC for rAAV2. A single GFP-NPC
is illuminated by SPEED microscopy (green). A single cytoplasmic Alexa Fluor 647-labeled rAAV2 particle is seen approaching the green NPC at 2ms.
At 4ms, the AAV2 particle is clearly interacting with the NPC and by 12 ms it exits out the nuclear side reaching the nucleoplasm. Scale bar: 1 um. (c)
Plotted trajectory representing the successful nuclear import steps recorded in b. Even though the final plotted data point appears to cross through
the NPC scaffold, we do not suggest this occurring. Instead we suggest the AAV particle crossed the NPC through the channel and moved closer to
the NE after reaching the nucleoplasm. (d) Compiled several trajectories representing rAAV2 particles successfully importing to the nucleus from the
cytoplasm through single NPCs.

MATERIALS AND METHODS
Production of AAV-biotin vector and fluorescent labeling

The DNA sequence encoding AVI peptide was inserted between 139-140
amino acid positions of VP1 in AAV2 helper plasmid, named as AVI-AAV2.
A quatral plasmid cotransfection method was used to produce the rAAV2
vectors used in this study. Briefly, one vector plasmid pssAAV-CMV-LacZ,
one AAV helper plasmid AVI-AAV2, one BirA-EGFP plasmid, and one mini
adenovirus function helper plasmid pFA6, were cotransfected into HEK293
cells cultured in roller bottles at a ratio of 1:1:1:2. The transfected cells were
harvested 3 days later. rAAV2 was then purified by two rounds of cesium
chloride-gradient ultracentrifuge. After extensive buffer exchange against
phosphate-buffered saline with 5% D-sorbitol, the peak fractions of purified
virus were pooled and stored at —80 °C before administration. Alexa fluor
647-labeled streptavidin was agitated with AAV-biotin for 1 hour in 4 degree
before experiment. A mixture of full/empty capsid ratio of approximately
10:1 was used for bulk and single-molecule experiments.

Cell culture and transport conditions

A Hela cell line stably expressing the GFP-conjugate of POM121 was used,
and freshly split cells were grown overnight on coverslips in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine serum. For
living cell detection, Alexa Fluor 647-labeled rAAV2 were added to the GFP-
POM121 Hela cell line with virus:cell ratio as 10,000:1. The virus and cell were
incubated at 4 °C for 15 minutes. Then incubated at 37 °C for 1-3 hours.

Instrumentation

The SPEED microscope includes an Olympus 1X81 equipped with a 1.4 NA
100x oil-immersion apochromatic objective (UPLSAPO 100X, Olympus,
CenterValley, PA),a 35 mW 633 nm He-Ne laser (Melles Griot, Carlsbad, CA), a
120 mW ArKr tunable ion laser (Melles Griot), an on-chip multiplication gain
charge-coupled device camera (Cascade 128+, Roper Scientific, Tucson,
AZ) and the Slidebook software package (Intelligent Imaging Innovations,
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Table1 Transport kinetics
Export Import Import/ Detection
efficiency efficiency exporttime  time per
Molecular name (%) (%) (ms) frame (ms)
rAAV2 (this paper) ~0 17+4 54+20 20
N/A N/A 12+2 2
Imp B1 (ref. 47) 49+5 50+5 5+2 2
mMRNA3® 36+5 ~0 11+2 2
Quantum dots* N/A ~20 > 2 (seconds) 25
N/A, not available; rAAV, recombinant adeno-associated virus.

Denver, CO) for data acquisition and processing. A 17-nm focal length lens
was added to set an epi-fluorescent setup where the diameter of the effi-
cient excitation region was about 12 um. GFP and Alexa Fluor 647 fluores-
cence were excited by 488 and 633 nm lasers, respectively. The two lasers
were combined by an optical filter (FFF555/646 Di01, Semrock, Rochester,
NY), collimated and focused into an overlapped illumination volume in the
focal plane. The green and red fluorescence emissions were collected by the
same objective, filtered by a dichroic filter (Di01- R405/488/561/635-25x36,
Semrock) and an emission filter (NFO1- 405/488/561/635-25X5.0, Semrock)
and imaged by an identical CCD camera.

Localization of the NE and NPC orientation

The position of the NE was determined at super-accuracy by fitting the
fluorescence of GFP-POM121 as follows. The pixel intensities within a row
or a column approximately perpendicular to the NE were fit with a Gaussian.
The peak position of the Gaussian for a particular set of pixel intensities was
considered the NE position for that row and column. The peak positions of
a series of such Gaussians were then fit with a second-degree polynomial,
yielding the orientation of the NE within the entire image.

The following rules were then used to select a single NPC and deter-
mine its orientation, which needs to be perpendicular to the NE on the
equator of the nucleus and to the y direction of the Cartesian coordinates
(x, y) in the CCD camera: (i) To focus on a GFP-NPC with eight copies of
GFP-POM121, individual GFP-NPCs on the NE were selected when their
fluorescence intensity was ~8-fold that of a single GFP; (ii) we chose a
fluorescent NPC on the equator of the nucleus such that the tangent of
the NE at the location of this NPC was parallel to the y-direction of the
Cartesian coordinates (x, y) in the CCD camera; and (iii) we examined the
ratio of Gaussian widths in the long and short axes of the chosen GFP-NPC
fluorescence spot, which needed to fall between 1.74 and 1.82. Within this
range, an illuminated NPC only has a free angle of 1.4° to the perpendicu-
lar direction to the NE.

Localization precisions of isolated fluorescent spots

The localization precision for fluorescent NPCs, immobile fluorescence mol-
ecules, and moving fluorescence molecules was defined as how precisely
the central point of each detected fluorescent diffraction-limited spot was
determined. For immobile molecules or fluorescent NPCs, the fluorescent
spot was fitted to a 2D symmetrical or an elliptical Gaussian function, respec-
tively, and the localization precision was determined by the standard devia-
tion of multiple measurements of the central point. However, for moving
molecules, the influence of particle motion during image acquisition should
be considered in the determination of localization precision. In detail, the
localization precision for moving substrates (G) was determined by an algo-
tithm of o=+JF(16(s? +a® /12)/ 9N +87b*(s? + a® /122 / a®N?), where F is
equal to 2, N is the number of collected photons, a is the effective pixel size
of the detector, b is the standard deviation of the background in photons per
pixel, and s=+/s3 +1/3DAt, s, is the standard deviation of the point spread
function in the focal plane, D is the diffusion coefficient of substrate in the
NPC and At is the image acquisition time.*+

In our measurements, the localization precision was 6-9nm for mov-
ing rAAV2s according to the above equations. Due to the inevitable vibra-
tion of NPCs in the NE of living cells, the localization precision of the NPC
centroid was ~6nm. Additionally, based on the detection of 230 immobile
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Alexa Fluor 647-labeled GFP molecules adsorbed on a coverslip, the sys-
tem error of aligned red and green fluorescence channels was determined
to 3.0+0.1 nm. Therefore, the overall tracking precision for rAAV2s import
through the GFP-labeled NPC in living cells was estimated to ~9-12 nm.

Statistics

Experimental measurements are reported as mean + standard error of the
mean, unless otherwise noted. Binomial Z-test for proportions was utilized
for efficiency assays.
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