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Summary

In the eukaryotic cell, a large macromolecular channel, known as the Nuclear Pore
Complex (NPC), mediates all molecular transport between the nucleus and cytoplasm.
In recent years, single-molecule fluorescence (SMF) imaging has emerged as a
powerful tool to study the molecular mechanism of transport through the NPC. More
recently, techniques such as Single-Molecule Localisation Microscopy (SMLM) have
enabled the spatial and temporal distribution of cargos, transport receptors and even
structural components of the NPC to be determined with nanometre accuracy. In this
protocol, we describe a method to study the position and/or motion of individual

molecules transiting through the NPC with high spatial and temporal precision.
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1. Introduction

The Nuclear Pore Complex

The eukaryotic cell contains an envelope bound nucleus, a structure facilitating the spatial
and temporal partitioning of the genetic material and molecules critical to normal function. The
movement of molecules, termed cargos, across the envelope is called nucleocytoplasmic
transport. This process is key for regulating nuclear composition and gene expression. The
Nuclear Pore Complex (NPC) is the major channel of passage between the nucleus and
cytoplasm, facilitating passive transport of small cargo and the regulated transport of larger
molecules. NPCs are formed from many copies of ~30 nucleoporin proteins (Nups), with a
total of 500-1000 Nups forming a single NPC. “Barrier Nups”, are found throughout the NPC
channel structure and are comprised of phenylalanine-glycine rich repeat (FG) motifs [1].
These FG-Nups control the selective transport of large cargoes through the central channel of

the NPC [2]. The FG motifs protrude into the central channel, generating a permeability



barrier which permits the unhindered passage of small, non-polar molecules (ions,

metabolites) whilst occluding larger cargoes (macromolecules, proteins > 40KDa) [3].

Large cargoes destined for transport possess specific amino acid sequences or patches
called nuclear localisation (NLS) signals [4]. These bind (via adaptor proteins) to Nuclear
Transport Receptors (NTRs), such as Importin-beta (Impf) [5]: proteins that facilitate
transport by forming multiple interactions with the barrier Nups. Transport of Nup-interacting
proteins is very efficient and greatly exceeds that of non-interacting proteins, with a
translocation rate of ~10° s NPC™ [6]. The directionality of ImpfB-dependant transport is
controlled by a sharp spatial gradient of the GTPase Ran in either its GDP- or GTP-bound
state [7,8]. RanGTP dominates the nuclear side whereas RanGDP is the prevalent
cytoplasmic form. A typical import complex comprises Imp3, Impa and cargo. Upon reaching
the nuclear face of the NPC, the Impf binds RanGTP, promoting the release of cargo into the

nucleus [9].

Many models of transport, with varying functional arrangements of the FG-nups, have been
proposed. The permeability of the NPC could result from a physical barrier as proposed in the
“selective phase” model, with barrier Nups interacting to form a size-selective mesh
preventing the movement of larger cargoes [6]. Alternatively it could be energetic as in the
“virtual-gate” model, occluding molecules that do not interact with the FG-repeats as they
cannot overcome the entropic barrier formed by the dense FG-lining of the central channel
[10]. Other studies suggest the FG-nups form a hydrogel through crosslinking interactions,
and that this acts as a sieve permitting passage of NTR complexes [11,12]. Recent studies
also suggest that a FG-nup meshwork is only partially stable, and that NTRs may influence
inter-Nup interactions to permit the active movement of cargo [13,14]. However, despite the
many theories, and a wealth of experimental data, the mechanism of translocation is still

largely unresolved.

Single-Molecule Imaging of the NPC

In recent years, single-molecule fluorescence (SMF) imaging has emerged as a
complimentary technique for studying the mechanism of the NPC. SMF microscopy is a highly
specific and non-invasive imaging method, capable of visualising individual fluorophores
conjugated to biological molecules of interest. As such it has been utilised, to great effect, to
study individual transport reactions in cells in real-time. Several different experimental
geometries have been established to enable quantitative measurements of either the
transport reaction, or of the structural arrangement of components of the NPC. Typically,
these experiments use Digitonin permeabilised mammalian cells [15] and a reconstituted
recombinant import system, including a fluorescently labelled molecule of interest (e.g. NTR,

cargo or component of the NPC itself).



Total Internal Reflection Fluorescence (TIRF) microscopy is often used to perform SMF
imaging experiments due to the enhanced signal-to-noise ratio (S/N), but this limits the
illumination volume to only ~100 nm above the coverglass surface. In most cases, the
nucleus, and hence the NPCs are located above this illumination volume, therefore many
alternative strategies have been developed to directly visualise the basal and equatorial

planes of the nucleus.

For example, widefield and narrowfield (enhancing the S/N) epifluorescence have been used
to measure NTR transport times and the localisation of NTR-NPC interaction sites within
single NPCs [16], as well as the effect of NTR concentration on transport kinetics [17]. These
NTR dwell time and binding site distribution measurements have aided determination of likely
transport models and lead to the suggestion that multiple transport pathways are present in a
single NPC [18,19]. Highly inclined and laminated optical sheet (HILO) microscopy further
increases S/N, enabling measurement of cargo-NTR dissociation constants and quantification
of the number of NTRs present at single NPCs [20]. Single-Point Edge-Excitation
subDiffraction (SPEED) microscopy can also improve S/N, by limiting the illumination volume
to a single NPC. This has been used to observe transient NTR-cargo-Nup interactions [21]

suggesting that spatially distinct routes exist for facilitated and passive transport [22].

In addition, alternative fluorescent probes have been utilised to measure different aspects of
the transport reaction. For example cargo tracking experiments utilising semiconductor
nanoparticles have visualised transport of large cargos through the NPC channel, exploiting
the photostability and size of the probes [23]. Dye pairs have been used to perform single-
molecule Forster Resonance Energy Transfer (smFRET) experiments, revealing the

mechanism of impa-cargo dissociation [24].

Most recently, “super-resolution” SMLM imaging (in particular, techniques such as PALM [25],
STORM [26] and dSTORM, [27]) has been used to precisely localise many molecules within
NPCs. For example HILO-dSTORM has enabled precise visualisation of the spatial
distribution of NTRs, and inter-NPC variability under different conditions [13]. dSTORM has
also been utilised independently [28] and combined with correlative electron microscopy [29]

to assess the organisation of structural domains within the NPC [30].

In this protocol, we will describe, in detail, our most current workflow for imaging the location
and/or motion of cargos and NTRs using SMLM imaging and single-particle tracking (SPT).
The same basic protocol can be used to perform either type of experiment, with the major
experimental difference being whether the sample is fixed (SMLM, dSTORM) or live (SPT),

and how the data are processed.



Our workflow comprises several steps:

1.
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Expression and purification of recombinant transport receptors and cargos
Chemical labelling of the NTRs or cargo with fluorescent moieties

Digitonin permeabilisation of cells and addition of recombinant transport system
Single-molecule imaging using highly inclined illumination (HILO)

Single Particle Tracking or Localisation Microscopy (e.g. dSTORM)

Data analysis to generate composite maps of the NPC

2. Materials

2.1 - Protein Expression and Purification
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Escherichia coli cells (OneShot BL21 (DE3), Life Technologies)

Expression plasmid for Hisg-tagged cargo, NTRs or Ran

2L LB medium with appropriate antibiotics

1M IPTG

5 ml HisTrap column (GE Healthcare)

Elution buffer containing Imidazole: 3 mM Imidazole, 2 mM DTT in PBS, pH 7.4

2.2 - Labelling of the NTRs or cargo with fluorescent moieties

Gene encoding photoactivatable fluorescent protein (such as mEOS3)

Chemical dye such as the N-hydroxysuccinimidyl ester of AlexaFluor 647 (Life
Technologies A-20006)

Nanoparticles such as Amino (PEG) Quantum Dots (Life Technologies Q21501MP)

2.3 — Preparation of cells for imaging

1.

w
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Hela cells

75 cm? tissue culture flasks

10 ml of growth media: 1:1 solution of Dulbecco’s Modified Eagle Medium and F12
(Gibco), 10% foetal calf serum (FCS) (Gibco) and 1% penicillin/streptomycin (Gibco)
Incubator (37°C, 5% (v/v) COy).

HBSS (Gibco)

0.05% EDTA/trypsin (Gibco)

Glass bottom dishes (Ibidi, p-Dish > ™™ "M

2.4 Recombinant transport assay

1.
2.
3.

Phosphate Buffered Saline (PBS): 50 mM, pH 7.4

Permeabilisation buffer (PB): 50 mM HEPES pH 7.3, 50 mM KOAc, 8 mM MgCl,
Digitonin-Permeabilisation buffer (DPB): PB plus 0.1 mM Digitonin in DMSO, 80 yM
ATP, 80 uM GTP, 3.2 mM Creatine phosphate and 40 Units Creatine Kinase in PBS



Transport buffer (TB): 20 mM HEPES pH 7.3, 110 mM KOAc, 5 mM NaOAc, 2 mM
Mg(OAC),;, 4 mM DTT, pH 7.3

Import Mix (IMx): 1.5 yM Impf3, 8 uM ATP, 8 uM GTP, 320 uyM Creatine phosphate, 4
Units Creatine Kinase in PBS, 2 uM DTT, 1X TB, in dH,O

Ran Mix (RMx): 0.03 yM RanGAP, 4 nM RanBP, 10.3 yM GDP, 0.06 yM NTF2
Energy Mix (EMx): 0.75 mM ATP, 0.75 mM GTP, 15 mM creatine phosphate, 0.075
mg.ml'1 creatine kinase in HEPES, 0.075 mM DTT, 0.075 mM Mg(OAC),, pH 7.5
Fluorescent beads (0.1 ym TetraSpeck Fluospheres, Life Technologies) as fiducial
markers for drift correction.

Imaging buffer 100 mM mercaptoethylamine, 0.5 mg/ml glucose oxidase, 0.2% vol/vol
catalase and 10% wt/vol D-Glucose in PBS pH 7.4.

10. Nail varnish and coverglass, to seal the chamber for SMLM.

2.5 — Single-Molecule Imaging instrumentation

We perform single-molecule using a custom built microscope, based on an Olympus 1X81

base (Figure 2). The system is set-up to allow epifluorescence, TIRF or inclined illumination

of the sample. Inclined illumination schemes (including HILO) can be used to improve the S/N

ratio of the imaging, by reducing the illumination of molecules above and below the focal

plane of interest. TIRF illumination cannot be employed since the NPCs are typically located

above the shallow (~100 nm) evanescent field of illumination. The system comprises the

following features:

1.

Four lasers (100 mW 405 nm Coherent Obis, 100 mW 488 nm Coherent Sapphire,
150 mW 561 nm Coherent Sapphire and a 150 mW Toptica iBeam Smart, See Note
1), each with their own shutter control, are expanded to the same diameter and
combined using a series of dichroic mirrors (Semrock LaserMUX) into a single free-
space beam. Half-wave plates were used to adjust the polarisation before passing the
beams through an Acousto-Optical Tunable Filter (AOTF, AA Optoelectronics,
France) to quickly modulate laser power. The combined beams are again expanded
and launched into a single-mode optical fibre (Thorlabs PM-S405-XP) using an
inexpensive Olympus 10X (0.1 N.A. air) objective lens.

The output of the optical fibre is collimated using an achromatic parabolic mirror
collimator and passed through a quarter-wave plate to circularly polarise the beam to
prevent orientation specific excitation of fluorophores. The free beam is then passed
through a “TIRF lens” (Thorlabs AC254-200-A-ML), focussing the expanded beam,
via a multi-edge dichroic filter (Semrock Di01-R405/488/561/635-25x36), directly onto
the back focal plane of an apochromatic Olympus 100x 1.49 N.A. objective lens. This
entire subsystem can be mounted on a translation stage to adjust the translation of
the beam across the back focal plane of the objective, and therefore adjust the

inclination of the beam at the sample plane (See Note 2).



3. Actively cooled EMCCD cameras (Andor iXon Ultra DU-897U-CS0-#BV) are coupled
to the camera port of the microscope via an additional 1.5X magnifying relay. The
magnifiying relay ensures that optimal Shannon-Nyquist sampling is achieved in the
final image. An additional dichroic mirror in the Fourier plane of the relay can be used
to simultaneously image a second colour on the second camera. Full frame camera
acquisition is performed at 33 Hz (corresponding to an exposure time of 30 ms).

4. Appropriate bandpass filters (e.g. Semrock FF01-520/35-25 for GFP) are mounted in
the Fourier space before of each camera, in order to select the emission of the
fluorescent molecule used.

5. The laser shutters, AOTF and camera firing are synchronised using the external clock
of a Data Translation DT9834 data acquisition module.

6. Sample positioning is controlled via a manual micrometre stage coupled with a 200
pum range three-axis nanopositioning stage (Physik Instrumente P-545.3R7).

Focal drift can be minimised using a focus-locking system (See Note 3). Here we present a
design for a simple, low-cost, home-built focus-locking system based on total internal
reflection of a near-IR laser off of the coverglass, with the return beam monitored by a linear
two-axis position sensitive detector (Fig 3). A simple low-noise bipolar power supply (modified

from: http://tangentsoft.net/elec/vgrounds.html) can be created for powering the lateral effect

sensor, which can then be read out using an Arduino or high-resolution A/D converter. A PID
(Proportional, Integral, Differential) control loop drives the nanopositioner to correct and
maintain the sample position and account for focus drift. Translational drift is corrected post
acquisition. The components required for the focus lock system are:
1. Data Translation DT9834 Analogue to Digital converter
Thorlabs PDP90A Lateral Effect Sensor
Thorlabs 785nm laser (CPS780S)
10V Power supply (we used an Isotech IPS303DD DC Power supply)
Texas Instruments TLE2426IP Rail Virtual Ground with Noise Reduction
Hirose HR10A-7R-6S(73) 6-pin Circular Connector
Panasonic EEU-FC1V221L 220uF Aluminium Electrolytic Capacitor
Panasonic ECQ-V1H105JL 1uF Film Capacitor
IR Dichroic mirror and IR notch filter (Semrock FF750-SDi02-25x36)
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Pins 4,5 and 6 of the PDP90A are connected to the +5v, Ground and -5v of the bipolar supply
respectively. Pins 1,2 and 3 (X-position, Ax, Y-position, Ax and Sum voltage, S) are
connected to the analogue inputs of either the DAQ or an Arduino (via an additional circuit).

The return beam position is calculated using the sensor size (L, =L, = 10 mm) as:




This return beam directly reports on the distance (separation) between the objective lens and
the glass/water interface of the sample and can be used to correct/maintain the focus in real

time.

2.6 Software

Software is required to localise, (track, if live) and align the single-molecule trajectories from
the camera acquisition data. In practice many software packages are available to localise
molecules and perform drift correction (e.g. QuickPALM [31], ThunderSTORM [32], MLE [33])
using a Gaussian approximation of the Point Spread Function (PSF). Tracking can be
performed using open source software such as the Crocker and Grier particle tracking code
(http://physics.nyu.edu/grierlab/software.html) [34] or TrackMate (http://fiji.sc/TrackMate) [35].

In practice, we use a mixed C++/Python software library, ImPy, developed in-house, to
localise, drift-correct and track molecules, and a simple MATLAB interface to perform
subsequent single-particle data analysis. The latest version of the source code for the image
analysis tools can be downloaded from github:

git clone https://github.com/quantumjot/impy-tools
git clone https://github.com/quantumjot/NPC-localisation-tools

3. Methods

3.1 - Protein Expression and Purification

Escherichia coli cells can be transformed with the appropriate plasmid for a Hisg-tagged
cargo, NTRs or Ran, grown up in 1-2L cultures induced with of 1M IPTG overnight at 37°C.
Lyse cells with a cell homogeniser, and purify the protein using a 5 ml HisTrap column, eluting
with a gradient of elution buffer containing Imidazole (300 mM Imidazole, 2 mM DTT in PBS,
pH 7.4).

3.2 Labelling of proteins

Proteins can either be expressed as fusion proteins containing a photo-convertible fluorescent
protein (e.g. mEOS3) or chemically labelled using fluorescent dyes such as an N-
hydroxysuccinimidy| ester of AlexaFluor 647 as per the manufacturers instructions (See Note
4).

3.3 — Preparation of cells for imaging

1. Grow Hela cells in 75 cm® tissue culture flasks containing 10 ml of growth media in
an incubator (37°C, 5% (v/v) CO,).




Once grown to approximately 80% confluence, aspirate the media from the flasks and
wash cells with 5ml HBSS prior to incubation with 2 ml 0.05% EDTA/trypsin (5 min,
37°C, 5% (v/v) COy).

After detachment, add 7 ml HBSS/10% FCS and transfer to a 15 ml falcon tube for
centrifugation (1200 g, 4°C, 5 min).

Aspirate the resulting supernatant before resuspending the cell precipitate in 5 ml
HBSS/10% FCS. Seed the cells in 10 ml growth media at 2x10° cells per flask.

Wash glass bottom dishes (Ibidi, 1 -Dish *>™™ "9") with 2 mI HBSS.

Seed dishes with HelLa cells (incubate in 2ml growth media at 37°C (5% (v/v) CO,,

for 24 h) to allow attachment.

3.4 Cell permeabilisation and transport assay

At ~50% confluence, remove dishes containing cells from the incubator and aspirate the

growth media. Permeabilisation of the cell membrane is performed by the following washes,

adding the appropriate buffer, waiting for the specified time and then aspirating:

1.

o~ DN

Three x 2 ml PBS, 5 min each.

One x 2 ml Permeabilisation buffer (PB), 2 min.

One x 2.5 ml Digitonin-Permeabilisation buffer (DPB), 10 min.

Three x 3 ml Transport buffer (TB), 5 min each.

Following permeabilisation the excess buffer can be wicked away using a folded lint-
free tissue, before adding the transport reaction mix.

Initiate the transport reaction by gently adding 200 pL of import mix onto the cells in
the glass bottom dish. If using a labelled cargo, add it here (typical concentrations are
10-50 pM). Wrap the dish in aluminium foil to prevent any photo-conversion or photo-
bleaching.

If imaging active transport add 1.0 uM RanGDP, alongside Ran Mix and Energy Mix
(See Note 5)

A 1:1000 dilution of 0.1 ym fluorescent beads can be added to the import mix.

If fixing the sample, allow the reaction to proceed for 10-20 mins, then apply 2 ml of a
4% paraformaldehyde (PFA in PBS pH 7.4) solution for 15 mins, before washing off
and replacing with imaging buffer (See Note 6).

10. Image acquisition should start immediately.

3.5 Image acquisition and processing

3.5.1 General imaging scheme

Since the equatorial plane of the nucleus of HelLa cells can be 3-7 ym above the coverglass

(and hence the fiducial markers used for image registration are out of focus), image

acquisition is performed as a sequence (as shown schematically in Fig 4), alternating the

focus between the imaging plane at equator of the nucleus and the fiducial markers at the



surface of the coverslip. This acquisition scheme utilizes the laser focus-lock to maintain the
focus at each plane to within £5 nm, and uses the fiducial marker trajectories to perform drift
correction post acquisition. EMCCD cameras are used in kinetic frame transfer mode, with
cooling (-80°C), EM “real” gain (typically 500-750) and short exposure times (10-30 ms).
Imaging is performed as follows:

1. Wear protective eyewear while operating the microscope.

2. Put a drop of oil on the objective and mount the sample on the stage (See Note 7).
Verify that the imaging laser is collimated out of the objective by looking at the
projection on the ceiling. Adjust the translation of the imaging laser to achieve highly
inclined illumination.

Focus on the fluorescent beads adsorbed onto the coverglass surface.

Determine the relative z-displacement (AZ) of the equatorial imaging plane of the
nucleus to the surface beads by measuring the laser return beam offset on the PSD,
and nanopositioner z-offset at the two focal planes. Note that the focus lock system
uses the stored PSD offset values to lock the focus.

6. Bleach down the sample if necessary by setting the imaging laser to full power (See
Note 8)

Return the focus to the fiducial marker plane

8. Start the image acquisition Python script:

a. Engage the focus lock, image for 10-30 seconds using a low laser power (5
mW 488 nm), Disengage the focus lock.

b. Move up to the equatorial plane (+AZ), engage the focus lock, and turn on
the imaging laser (e.g. ~150 mW 640 nm for SMLM, <20 mW for tracking)
and image for 30-120 s. The length of this acquisition, and the laser power
can be optimized to account for the duration of events to be imaged. Note
that lateral drift correction is worse for longer imaging periods (See Note 9).
Disengage the focus-lock.

c. Move back down to the fiducial plane (-AZ).

d. Return to (a) unless >20 mins of imaging data has been acquired.

9. Stop the acquisition

3.5.2 Localisation of molecules

Under the conditions described, individual fluorophores should be visible (Fig 4). Each spot
represents the true position of the molecule convolved with the Point Spread Function (PSF)
of the microscope, and additive noise. The PSF is equivalent to a probability distribution that
defines the co-ordinates of the molecule, where fitting a two-dimensional Gaussian function
can approximate the centroid. In practice, the localisation precision of each molecule refers
to how precisely we can define the centre of the PSF, given the magnification and S/N of the



image. Since we use a symmetrical Gaussian function to model the PSF, the mean-squared

positional error is given by:
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where s is the standard deviation of the PSF, a is the pixel size in the image, Ny, is the total
number of photons measured from the molecule m, and b,, is the number of background
photons measured in the localisation window [36]. We calculate the photon conversion factor
for our camera by measuring the mean and variance of the camera response counts as a
function of illumination intensity. In general, the greater the number of photons, the more
precise the fit is, so good localisation can depend on using fluorescent molecules that emit
many photons (See Note 2).

3.5.3 Drift Correction

Thermal and mechanical drift is a major problem in long timescale (>mins), single-molecule
imaging experiments. During acquisition, drift arising from movement of the stage (lateral) or
objective turret or sample (axial/focus drift) can lead to blurry or incorrectly aligned images.
Focus drift is corrected using the focus-locking mechanism described earlier, typically to
within 5 nm. Translational drift of the sample is corrected post acquisition using the image

data taken from the coverglass immobilised fiducial markers. The protocol for drift correction

is as follows:
1. Use the software to identify at least three fiducial markers close to the cell of interest
2. Track these particles over time, and interpolate the trajectory where necessary
3. Overlay all of the trajectories and create a mean trajectory (drift vector)
4. Assess the width of the distribution of the each fiducial trajectory minus the drift

vector

5. Discard those with few time points or where there is significant deviation from the drift
vector
Iteratively refine by repeating steps 1-5

Correct the localisation data by subtracting the time dependent drift vector

3.5.4 Image creation

A final diffraction-limited image can be reconstructed by summing the images from the
acquisition. Generating a two-dimensional histogram of the localisation data can create a
final, super-resolved, image. Typically a bin size approximating the localisation precision is
used.



Run localisation_image.m from NPC-localisation-tools to bin-sort the data,
using a bin size h, corresponding to the localization precision of the instrument.

The bin-sorting algorithm also maintains a hash map that maps the bin to the set of
localisations found in this bin. This can be used for fast look-up in single-particle

analysis.

3.6 Single-particle analysis

In order to create a composite map of NTR or cargo localizations in a canonical NPC

structure, we first extract the positions of putative NPC complexes found at the nuclear

envelope (Fig 5, See Note 10). All parameters for the single-particle analysis can be set

using the options.m file.

1.

First, define the nuclear envelope (NE) as a series of vectors, in the 2-dimensional
plane of our image, describing a closed curve, arranged in a clockwise direction. The
directionality of the curve is important as this allows one to calculate the orientation of
the surface normal vector according to the right hand rule. This orientation directly
relates to the nucleocytoplasmic axis vector of the NPC.

The software passes a scanning window, corresponding to a rotated rectangle whose
long axis is aligned with the surface normal vector, along the envelope curve in order
to calculate the number of localisations as a function of position on the envelope
curve. Let X be the set of n single-molecule localisations xy,...,x,. Let P be a
rectangle with four vertices, width w and length /, centred at point p,, rotated by some
angle relative to the origin, 8 and found on the envelope curve. Polygon P is defined
in terms of the unit tangent, t and normal, n vectors (Fig 5d). The width and length
parameters are chosen such that the width is approximately that of the feature we are
interested in, and the length to be several times that of the feature, to allow
refinement of the axial centroid later. We can define a subset Y of all localisations,
falling within this window. In practice, we can dramatically increase the speed of this
calculation by not testing every member of X and restricting the set of localisations
used to calculate window occupancy to those within a reasonable distance from point
Po, using a hash map.

Utilising the hash-map and the scanning window, calculate a linearised histogram of
localisations along the NE vector by calculating the cardinality of the subset |Y] (i.e.
the number of localisations within the scanning window). The software will identify
peaks within this distribution (utilising peak height, width and separation as control

parameters), which correspond to candidate complexes.

Once we have identified the centroids of candidate NPCs along the envelope vector, we can

extract and rotationally align the point clouds. This rotational alignment assures that each

candidate NPC structure maintains its cytoplasm-to-nucleus orientation vector, but assumes

that the NPC is orientated normally to the envelope vector.



Using a common axis ¢ = [0, 11" to determine the angle of the rotated box as 6 =
arccos(n-c), the software will rotate the point cloud of localisations found within the
box into the new common axis using a Euclidean transform in homogeneous

coordinates:
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Once we have rotationally allgned data sets to a common axis, we create small
images of each pore, again by bin-sorting the data with an appropriate coarseness, h.
At all points in the following procedure, the mapping between the original point cloud
and the discretized (image) version is maintained.

Next, each small image is convolved with a radially symmetric two-dimensional
Gaussian function in order to smooth the image and facilitate alignment. These
smoothed images can then be aligned using a normalised cross-correlation method,
or the original point clouds can be aligned using an lterative Closest Point algorithm
(ICP).

Specify a suitable template image, and calculate the translational offset of each
image in the set relative to the template. Use this offset to align the original point
cloud of each structure.

Once all of the structures have been aligned, remove those with very large
displacements or poor correlation with the remaining data set.

Assemble a mean image from the aligned structures.

The performance of the alignment procedure can be assessed utilizing synthetic

images. Run demo .m from NPC-localisation-tools.

4. Notes

1.

Different lasers can be utilised for different experimental geometries. For example the
640 nm laser is often used for dASTORM type experiments using Alexa647 as a
reporter, while the 561 nm laser for PALM experiments, using mEOS as a reporter. In
both cases, the 405 nm laser can be used to photo-convert/activate depending on the
fluorophore used. By tuning the 405 nm laser power, the amount of
photoactivation/conversion can be tightly controlled. The 488 nm laser is often used
for semiconductor nanocrystal tracking experiments (SPT) or for visualising GFP
constructs.

Additionally, by inserting an aperture in a conjugate plane to the specimen plane (with
the appropriate relay lenses), the system can be also used for true HILO illumination.

Several commercial focus-lock systems are available from major microscope
manufacturers. There are also several open source solutions such as PGFocus

(http://big.umassmed.edu/wiki/index.php/PgFocus). Here we utilise our own, since it

is cheap and highly customisable for the acquisition protocol.



10.

For SMLM, dyes such as Alexa647 show ideal photo-physical properties (blinking,
quantum yield etc.). Semiconductor nanocrystals such as Quantum Dots can be
utilised to create synthetic cargos capable of being tracked for minutes. However,
these particles are larger in size than synthetic moieties or fluorescent proteins. In
some cases this precludes them from use for particular types of SPT experiments.
Once the cells have been permeabilised and the cytoplasm washed out, the RanGTP
gradient has been abolished. The Ran and Energy Mixes therefore contain all of the
components required to re-initialise and maintain the RanGTP gradient within the
permeabilised cells, and therefore permit active transport. This should be tested using
model cargos.

The imaging buffer is an oxygen scavenging system to remove oxygen and thus
preventing photobleaching. The buffer also contains an appropriate amount of
reducing agent (typically B-Mercaptoethanol or 3-Mercaptoethylamine) that promotes
the blinking required for SMLM or indeed can reduce blinking in nanocrystal tracking
experiments. Care needs to be taken over the pH of the buffer, as it will decay over
time. Also, some commercially available buffers have a high refractive index that may
interfere with the use of the focus-lock system.

Sample drift is often most pronounced at the beginning of the experiment, and
generally immediately after the sample is mounted on the microscope. To minimize
the amount of drift observed in the experiment, let the sample settle for a period of
minutes before beginning the acquisition.

For SMLM it can be advisable to “bleach down” the sample, using a high-laser power,
prior to acquisition to ensure that single fluorophores are visible and sparse. Many
localisation algorithms can generate artefacts if the data are not sparse.

There exists a trade-off between observing longer interactions and the accuracy of
registration using the drift correction. Longer interactions require a longer period of
imaging, during which the fiducial markers cannot easily be tracked.

Labelling a second component of the NPC, such as POM-121 or Nup358, with a

second dye, can be used to verify the identity and orientation of putative NPCs.
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Figure 1 | Schematic describing simplified NPC transport mechanism and imaging
assay to probe cargo/NTR interactions. (a) A simplified schematic describing active import
of cargos into the nucleus. A cargo bearing a Nuclear Localisation Signal (NLS), must bind to
cognate Nuclear Transport Receptors (NTRs) enabling the cargo to enter into the NPC. A
sharp spatial gradient of the GTP form of Ran GTPase provides the directionality to active
transport. The scale bar refers to the NPC structure rather than the soluble components
(Cargo, NTRs and Ran). (b) lllumination setup to increase imaging signal-to-noise. Rather
than standard epifluorescence illumination the laser can be inclined through the sample, by
introducing an offset, d, in the position of the imaging laser at the BFP of the objective.
Additionally, adding a slit in the conjugate plane to the specimen plane (HILO) can improve
S/N further. (c¢) Schematic showing the two focal planes which must be imaged, the
specimen plane containing the NPCs, and the fiducial plane where fluorescent beads can be
utilised to correct lateral drift. (d) Example of a HILO image of labelled NTRs interacting with
the NPC. Individual NPCs can be identified as discrete puncta. (e) Example widefield image

of fluorescent beads localised to the surface of the glass coverslip.
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Figure 2 | Schematic of single-molecule localisation microscope optical layout. An
Olympus IX81 base with high NA objective is used as the body of the microscope. Laser

illumination is coupled into the system using a single-mode fibre. Two EMCCD cameras are

attached to the camera port via a relay, enabling simultaneous two-colour imaging. Cameras

and lasers are synchronised using an external signal generator. An infrared laser autofocus

system is coupled via the camera port to maintain a focus lock during image acquisition.
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Figure 3 | Real-time focus locking system employed to maintain the imaging plane in

focus. (a) Optical layout of total internal reflection of a near IR laser onto a position sensitive

detector via the camera port of the microscope. (b) Low cost bipolar power supply design for

the PSD. (c) Readout of PSD with 1Hz, 50 nm square-wave applied to the nanopositioner.

(d) PSD signal of sample with the focus-locking device either on or off. With the focus-lock off,

the PSD signal rapidly decreases, corresponding to the mechanical drift of the objective

turret. With the focus-lock engaged, the PSD signal stays constant. (e) Output of the PID

control loop to the nanopositioner with the focus lock engaged, shows the corrections applied

to the system to maintain focus. (f) Images of 100 nm fluorescent fiducal markers as a

function of time with the focus lock off and on, demonstrating maintenance of the focus.
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Figure 4 | Data acquisition and processing workflow. (a) Scheme for sequentially imaging
two planes within the sample, the specimen plane and the fiducial plane. The nanopositioner
(using feedback from the focus lock) maintains the position at either of the two planes. (b)
Generalised method workflow describing the data acquisition and processing steps. (¢) An
example HILO image of a nucleus labelled with NTRs. Individual puncta are evident at the
nuclear envelope. (d) Widefield image of fiducial markers at the coverglass surface. Software
is used to identify the particles. () Raw frames from a live single-molecule tracking
experiment showing individual molecules. Each molecule is localised in each frame. (f)
Example fiducial marker trajectory from a long imaging acquisition showing an example of

translational drift during acquisition.
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Figure 5 | Single-particle analysis of SMLM microscopy data. This figure uses simulated
data where NPCs are represented as directional arrows arranged along an envelope
structure. (a) Simulated diffraction limited image of arrow structures arranged at an envelope.
(b) Example of the underlying localisations representing the arrow structure highlighted in (a).
(c) After having drawn (or fit) the envelope vector (blue line), the software generates an
envelope histogram with putative NPC structures marked with green dots. (d) Geometry of
the alignment transformation. Three vectors are shown, ¢ the unit alignment vector, {, the
envelope tangent vector and n, the orientation vector of the putative NPC centred at point p,.
The structure is extracted and rotated by the angle 6 to bring all structures into register. (e)
Examples of individual structures to be aligned. (f) Mean image of aligned structures,

following cross-correlation or ICP based alignment from (e).
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