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Fig. 4. resPAINT with a Fab against CD45. a) Cartoon highlighting a resPAINT experiment where a protein is directly imaged using a Fab. Inset, a schematic of a
full-antibody and a Fab, where cleavage of the Fab region from the Fc region creates a fragment of the antibody with suitable kinetics for resPAINT. b) Representative
SMLM time-series taken on the apical surface of fixed Jurkat T cells using conventional PAINT with Fab-SiR at 10 pM and resPAINT with Fab-HMSIR at 600 nM (pH 9.6),
demonstrating how the localisation rate is improved for similar backgrounds. ¢) Quantification of the localisation rate as a function for PAINT, resPAINT and a mouse cell
control to which the anti-human Fab-HMSIR does not bind mouse-CD45. n = 5 cells for each condition. Error bars indicate s.d.

the exposure time (Supplementary Movie 7).

Next, we investigated the performance of resPAINT with
alternative extended DOF techniques. We imaged fixed Ju-
rkat T cells using the tetrapod PSF (10 um DOF,”’ Fig. 3d)
and the recently developed SMLFM (5 um DOF,’ Fig. 3e).
Under conditions similar to the DHPSF, we observed im-
provements in the localisation rate of 13-fold for the tetra-
pod PSF (Supplementary Movie 8) and 14-fold for SMLFM
(Supplementary Movie 9), which was lower than for the DH-
PSF due to overlapping PSFs (Fig. 3f). Appropriate labelling
densities for both tetrapod and SMLFM (Fig. 3d-e) are given
in the supplementary information (Supplementary Movies 10
and 11).

resPAINT imaging using a Fab. Having optimised and ap-
plied resPAINT to cell surface imaging, we then evaluated
the technique in a more challenging scenario, i.e., using a
Fab to image a membrane protein using PAINT. Convention-
ally, imaging of low-density targets has necessitated the use
of DNA-PAINT with antibodies (Fig. 1d) or chemical alter-
ation of Fab off-rates to enable efficient probe refreshment.*
DNA-PAINT typically requires separate imaging and dock-
ing strands to form a PAINT pair, which precludes imaging of
direct binder-target interactions. Conversely, resPAINT can
observe the binder-probe complex and protein target inter-
action directly in an experimentally straightforward manner
(Fig. 4a). We labelled an anti-hCD45Fab (hereafter referred
to as ‘Fab’) with either HMSiR or SiR. We then investigated
the binding of Fab to protein tyrosine phosphatase CD45 in
human Jurkat T cells due to the pivotal role it plays in T-cell
activation.”®

We have previously imaged CD45 on T cells in 3D using
dSTORM and the DHPSF.® Therefore, we compared PAINT
imaging using 10 pM Fab-SiR with resPAINT using 600 nM
Fab-HMSiR (Fig. 4b), which exhibited comparable back-
ground levels (Supplementary Movie 12). We first measured
the k;, of the Fab bound to fixed Jurkat T cells, which we de-
termined as 1.31x1073 s™! at pH 7.4 and 1.65x10 s°! at pH
9.6 (Supplementary Fig. 6). These values agree with sur-
face plasmon resonance measurements (1.59x107 s, Sup-
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plementary Fig. 7) and lie within the previously defined
operational regime (Fig. 1d). As in membrane imaging,
resPAINT improved the localisation rate 40-fold (0.61 loc.
frame™!, Fig. 4c) with localisation precision of 22 nm lat-
erally and 56 nm axially (Supplementary Fig. 2c). To con-
firm the specificity of the Fab binding to human CD45, we
used a murine CD45 control cell line, to which the Fab lacks
cross-reactivity, and observed a minimal number of locali-
sation events (0.05 loc. frame™', <9 % unspecific binding,
Supplementary Movie 12). These results demonstrate that
resPAINT increases the accessible range of binder kinetics
beyond conventional PAINT.

Discussion

resPAINT is a method for dramatically improving localisa-
tion rates in PAINT without comprising contrast. This is
particularly useful for large DOF volumetric imaging, as the
technique facilitates acquisition of high localisation densities
to achieve Nyquist sampling. The enhancements observed
in this work should apply universally, provided the following
conditions are met: 1) The target density ranges between 103-
103 um™ to support the concentrations required for reservoir
accumulation and 2) the binder has a k, where the binding
duration permits reservoir build up without inhibiting probe
refreshment by saturation of targets. PAINT is also limited
by these factors, but resPAINT extends the range of viable
binders and target densities. This makes it possible to image
targets with relatively low abundance and also alleviates the
necessity for high association rates, k,, such that commonly
used binders including Fabs, Hoechst and phalloidin now be-
come more accessible for PAINT (Fig. 1d). This allows the
use of highly specific antibody-antigen interactions with low
affinities in a resPAINT imaging mode, which is typically
selected against in the functional characterisation step in tra-
ditional monoclonal antibody production.>

resPAINT limitations include the requirement to tune the
localisation rate via two independent control mechanisms
(concentration and switching) which imposes technical com-
plexity. While some aspects of optimisation would be spe-
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cific to the probe and switching mechanism being used, we
demonstrate that activation rates can be controlled via laser
power (PAJFs49) or pH (HMSiR). Importantly, the optimisa-
tions performed for these probes would apply to any system
in which they are used. Therefore, resPAINT can be applied
immediately in other PAINT systems as well as with other
probe-target complexes (e.g. photoactivatable,**®0 sponta-
neously blinking,*% or fluorescent proteins®!).

Aspects of the resPAINT principle have been partially ex-
plored in previous studies. The combination of photoactivat-
able probes and collisional flux has been shown to improve
super-resolution imaging in materials science with interface
PAINT (iPAINT).®? However, this study had no bioimaging
application, nor did it provide any kinetic framework. Within
bioimaging, there is evidence for using switching and colli-
sional flux, although these studies also lack a formal mech-
anistic description, or indeed may have applied the concept
unknowingly. These implementations have typically been
referred to as no-wash labelling protocols.’>34 We pro-
vide the first detailed description of the kinetic requirements
of resPAINT and explore the space over which the tech-
nique is useful for bioimaging. We generalise this concept
by using a selection of probes (photoactivation and sponta-
neously blinking), various imaging modalities (DHPSF, tetra-
pod PSF, SMLFM) and apply the technique to multiple sys-
tems (whole-cell, membrane topography and membrane pro-
teins). The flexibility and extended operational regime of re-
SPAINT demonstrated here makes the technique applicable
to numerous biological applications.

The most closely related set of techniques would be the
suite of DNA-PAINT tools, where the rapid and tunable bind-
ing kinetics of DNA strands make DNA-PAINT highly ubig-
uitous within SMLM, due to the high localisation precision
and compatibility with low target densities. Recent modifi-
cations to DNA-PAINT enhance contrast and improve local-
isation rates in a similar fashion to resPAINT by adopting
various ‘light-up’ strategies.?*?628-39 Furthermore, the use
of left-handed DNA has improved specificity in DNA con-
taining samples.>! When compared directly, resPAINT offers
some advantages over DNA-PAINT in that: 1) it is fully com-
patible with DNA containing samples; 2) conjugation with
DNA can be experimentally complex and 3) DNA-PAINT
can suffer from binding-site depletion, although appropriate
buffers can somewhat mitigate this.>? Indeed, a potential ap-
plication of resPAINT would be imaging DNA in whole cell
nuclei with Hoechst. This was recently achieved in 3D us-
ing Hoechst-JFg44 in a stimulated emission depletion (STED)
PAINT mode.® Hoechst-HMSiR has previously been used in
2D super-resolution imaging,3® although the authors argued
that they were not operating in PAINT mode. We suggest that
they may have inadvertently been using the resPAINT prin-
ciple based on established Hoechst binding kinetics, the high
concentration employed and no-wash labelling. Exchanging
JFe46 with HMSiR and altering pH, or using a photoactivat-
able Hoechsts,%* may yield further improvements.

We show use of a Fab to localise membrane proteins. The
use of Fabs with PAINT (Fab-PAINT) has been achieved by
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using specialised buffers to tune the binding kinetics but re-
quires TIRF sectioning.>* These techniques are not mutually
exclusive and a combination of Fab-PAINT with resPAINT
may be used to achieve even greater improvements in con-
trast to enable compatibility with HILO illumination and may
not require addition of thiocyanate to the imaging buffer.

Conclusions

We have demonstrated how resPAINT achieves an up to 50-
fold improvement in contrast or localisation rate by concen-
trating probes on target. This in turn extends the operational
regime of conventional PAINT and facilitates volumetric 3D
super-resolution imaging using large DOF techniques. By
simply switching to a probe with active control, it becomes
possible to improve existing implementations of PAINT, as
long as there is an excess of targets that benefit from an
increase in the effective concentration. We hope that re-
SPAINT will simplify and enable future volumetric SMLM
applications in previously inaccessible areas that could in-
clude: actin PAINT imaging using phalloidin,®? intracellu-
lar LIVE-PAINT with fluorescent proteins,?>>* pPAINT with
signalling proteins'® and IRIS with peptide fragments.?
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Methods

Cell culture: Jurkat T cells (ATCC TIB-152) were
grown in RPMI (Sigma Aldrich, Madison, WI) while mouse
thymoma BW5147 cells were cultured in Joklik-modified
Minimum Essential Medium (JMEM (Sigma Aldrich). Both
culture media were supplemented with 10% fetal calf
serum (FCS) (PAA), 10 mM HEPES (Sigma Aldrich), 1
mM sodium pyruvate (Sigma Aldrich), 2 mM L-glutamine
and antibiotics [50 units penicillin, 50 pg streptomycin and
100 pg neomycin per mL] (Sigma Aldrich)). Cells were
maintained at 37 °C and 5 % CO. during culturing and,
typically, kept at a density between 5-9 x 10° cells mL™.

Protein Labelling: The corresponding protein WGA
(L9640, Sigma-Aldrich, UK) or aCD45 Fab (prepared as
in previous work)® was added in a 1:10 molar ratio to
the desired dye - PAJF549 (Tocris Bioscience, UK) or HM-
SiR (Sarafluor-650B, Kishida Chemical Company, Japan)
- in 0.02 um filtered (6808-2002, Cytiva, MA) phosphate
buffered saline (PBS, 10010-023, Gibco, MA). 1 M sodium
bicarbonate (Sigma-Aldrich) in ultrapure water was added
to achieve a 0.1 M concentration in the reaction volume
and the reaction was left in the dark for 1.5 hours at room
temperature. The protein-dye conjugate was purified by 3
rounds of size exclusion chromatography (Bio-Spin 6 col-
umn, BioRad, CA) and then aliquoted in 5 pL portions and
stored at -80C until required.

Cell preparation: ~10° of cells were centrifuged
(6009, 2 minutes) and the supernatant was removed be-
fore washing once with filtered PBS. The cells were fixed
in 0.8 % paraformaldehyde (28906, Thermo Scientific, MA)
and 0.2 % glutaraldehyde (G5882, Sigma-Aldrich) for 15
minutes at room temperature. The cells were then washed
three times in filtered PBS and then resuspended in ~100
uL of filtered PBS.

Cell-coated coverslip preparation for apical sur-
face imaging: Glass slides (24 x 50 mm borosilicate,
thickness No. 1, VWR international, PA) were cleaned for
30 minutes with argon plasma (PDC-002, Harrick Plasma,
Ithaca, NY) and then coated with poly-L-lysine (PLL, 150-
300 kDa; P4832; Sigma-Aldrich) for 15 minutes. The
slides were then washed three times with filtered PBS be-
fore ~ 30 uL of PBS was placed with 5-20 pL of cells in
PBS and the cells were allowed to settle on the surface for
45 minutes.

T-cell coated coverslip preparation for whole cell
imaging: T cells were adhered to a coverslip using PLL
as before. Fiducial markers were prepared as follows. A
100 pL solution containing 50 pm agarose beads (20349,
ThermoFisher) was incubated with PLL solutionina 1:1 ra-
tio for 10 minutes followed by centrifugation at 1500 x g for
1 minute. The beads were washed three times with filtered
PBS and incubated with nitrogen vacancy fluorescent nan-
odiamonds (798134, Sigma) in a 1:1 ratio for 10 minutes at
room temperature. The labelled beads were then washed
three times with filtered PBS and resuspended in 100 pL
of filtered PBS. Onto a pre-prepared T-cell coated coverslip
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was added 3 pL of fluorescent nanodiamond-coated 50 um
diameter agarose beads, which were allowed to settle on
the surface. The sample was heated to 37°C and 50 pL
of 1 % agarose solution in filtered PBS was added and
allowed to settle for 10 minutes. The sample was then al-
lowed to cool to room temperature before 50 pL of filtered
PBS was added to the set agarose.

DHPSF Microscopy: The microscope used for Fab
and WGA imaging with the DHPSF was as in our previ-
ous work,*? incorporating a 1.27 NA 60x water immersion
objective lens (1.27 na Plan Apo VC 60x, Nikon) and a
quad-band dichroic (Di01-R405/488/561/635-25x36, Sem-
rock) with minor alterations to the optics in the emission
path. Namely, for SiR and HMSIR dyes a phase mask
(PM) optimised to a different wavelength (650 nm, Double-
Helix, Boulder, CO) was used and the fluorescence signal
isolated by placement of band-pass and long-pass filter
(FF02-675/67-25 and BLP01-647R-25, Semrock) placed
immediately before the camera. Excitation light on the
sample was filtered using a bandpass filter (FF01-640/14-
25, Semrock) In the case of the dyes AFs55 and PAJFs49
the PM was replaced with a 580 nm optimised PM (Dou-
bleHelix, Boulder, CO). The fluorescence signal was iso-
lated by use of band-pass and long-pass filters FFO1-
580/14-25 and BLP02-561R-25 (Semrock, Rochester, NY)
and collected by an EMCCD (Evolve Delta 512, Photo-
metrics, Tucson, AZ) operating in frame transfer mode.
The excitation light was filtered by use of a bandpass filter
(LLO2-561-25, Semrock). The DHPSF was calibrated by
use of Tetraspeck beads (Thermofisher, T7279) for both
PMs and filter combinations, where the fluorescent bead
slides were prepared on PLL coated coverslips as in pre-
vious work.4°

resPAINT imaging of apical T-cell surface: The lig-
uid was carefully removed from a T cell coated coverslip
and the surface then gently washed with a prediluted so-
lution of probe at the required concentration in either fil-
tered PBS or in the case of HMSIR in filtered pH 9.6
sodium carbonate-bicarbonate buffer and then imaged on
the custom-built DHPSF microscope. For experiments that
involved HMSIR and SiR, a 20 ms exposure time was used
in both the WGA and Fab imaging cases and a continu-
ous 641 nm excitation beam at (~5 kW cm™) used in a
HILO illumination configuration. The photoactivation mode
experiments were conducted with 30 ms exposure times
while a continuous 561 nm excitation beam (~10 kW cm™,
measured after objective) was used in combination with a
continuous 405 nm beam used for activation at a range of
power-densities during optimisation experiments (~ 0-6 W
cm, measured after objective). An image was collected
that centred on the apical surface and contained most of
the DHPSFs 4 pm depth of field. In order to quantify the
resPAINT improvement, the background was matched in
conventional PAINT and resPAINT cases by titrating probe
into the imaging volume before an average z-project of an
area off cell was taken and the counts measured for a
small ROl in the centre of the centre of the frame. The
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localisation rates at similar background were compared.
The quoted improvements are indicative of the difference
in localisation rates under these matched conditions.

Whole cell resPAINT imaging: A coverslip prepared
for whole cell experiments was imaged using the same ex-
citation and emission path configuration as for the optimi-
sation PAJFs49 experiments. Continuous 561 nm illumina-
tion (~ 5kW cm™2, measured before objective) and 405 nm
excitation (~ 5 W cm, measured before objective) was in-
cident on the sample. Four ~4 pm planes were imaged,
where each position contained at least one fiducial marker
shared with adjacent planes to allow alignment of localisa-
tions post-drift correction. 200,000 frames were recorded
at 30 ms exposure for each plane and then the focus was
shifted in 3.5 um steps using a piezo motor. An auto-focus
script written in Beanshell was used to maintain the axial
position of the sample while acquiring in individual planes.

The resolution of resulting images was evaluated using
Fourier shell correlation with a custom MATLAB script. The
3D point cloud dataset was randomly split into two equal
parts. This was then used to create a 3D image using 10
nm?® voxels, where each point contributed to a Gaussian
intensity distribution with 65y, = 40 nm and ¢, = 60 nm.
Finally, an existing script 8 for Fourier shell correlation in
MATLAB was applied to the two images to determine the
resolution at the 1/7 intercept.

anti-hCD45-Fab off rate imaging and calculation: T
cells were prepared and adhered to a coverslip using PLL
as for apical surface imaging before incubation with 200
nM of anti-hCD45-Fab-SiR (Gap8.3-Fab-SiR) for 15 min-
utes. Imaging was performed on a bespoke microscope as
in previous work®® using a 641 nm excitation laser (Obis,
Coherent). The beam was filtered with an appropriate ex-
citation bandpass filter (FF01-640/14-25, Semrock) and
circularly polarised using a wavelength specific quarter-
wave plate. The beam was then expanded, collimated and
aligned for epifluorescence with an air immersion objec-
tive (20x Plan Fluor, NA 0.5, air immersion, Nikon Corpo-
ration) mounted on an inverted microscope body (Eclipse
Ti2, Nikon Corporation). Emitted light was collected by
the same objective lens and separated from excitation light
by way of a dichroic mirror (Di01-R405/488/561/635, Sem-
rock) and an appropriate emission bandpass filter (FFO1-
692/40-25, Semrock). The emitted light was then ex-
panded and focused onto an electron-multiplying charge-
coupled device (Evolve 512, Photometrics) for imaging,
where the pixel size was 535 nm. A stack of single im-
ages was taken in 20 s intervals, with an EM gain of 250,
where the exposure time was 100 ms and the power den-
sity incident on the sample was ~0.3 Wem™. The off rate
was measured by fitting the decay in fluorescence signal
overtime to an exponential function in Fiji.

anti-hCD45-Fab surface plasmon resonance mea-
surements: Gap8.3-CD45 interactions were analysed on
a Biacore 8k instrument (Cytiva Life Sciences) at a flow
rate of 10 pl min™'. Running buffer was HBS-P. A Protein
A Chip (Cytiva Life Sciences) was used to capture Gap8.3
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(~2000RU) onto Flow cell 2 (FC2) at 10 ul min™'. Before
injection of CD45 the chip surface was conditioned using
3 injections of HBS-P for 60 s each. Serial dilutions of
CD45D1-D4 or CD45RABC were injected for 60 s at 30 pl
min™' over both FC1 (reference) and FC2 using single cy-
cle kinetics with a final dissociation time of 300 s. A blank
run was also performed using PBS in HBS-P to match the
serial dilutions of CD45 for blank subtraction and together
with FC1 used for double reference subtraction. All mea-
surements were performed at 20 °C. Results were anal-
ysed using the Biacore Evaluation Insight Software (Cytiva
Life Sciences) using 1:1 kinetic model binding.

DHPSEF fitting: The whole cell dataset was fitted using
easyDHPSF®’ as previously described. ° Briefly, a cali-
bration dataset was acquired by scanning the stage in 40
nm steps. Using the calibration file, camera parameters
and manually selected thresholds, easyDHPSF produced
a point cloud of localisations. Drift was corrected based
on individual fiducial markers present in each plane. The
five planes were aligned by identifying overlapping fiducial
markers between planes and correcting localisation posi-
tions. Repeated localisations were removed via temporal
filters where a localisation was removed if within 500 nm
and 0.5 s of a previous localisation. For the images pre-
sented and analysed in Fig. 2, a density filter with 200
nm radius was used to remove spurious noisy localisations
with less than 5 neighbours.

For all other datasets, DHPSF fitting was done
using a custom MATLAB script (currently available
at https:github.com/TheLaueLab/DHPSFU). Image se-
quences were first analysed with the GDSC plugin
PeakFit,%8 to extract localisations. These were paired us-
ing the DHPSFU MATLAB script, which uses a PSF cali-
bration file to accurately assign x,y,z positions to the point
pairs. Repeat localisations within 20 frames and a 200 nm
radius were combined into singles using a temporal filter
(~0.5 s depending on exposure time).

Tetrapod microscopy: A piezoelectric deformable
mirror (DMP40-F01, Thorlabs) was used to generate a
tetrapod PSF based on a previous implementation.5” The
deformable mirror was placed in the conjugate back fo-
cal plane of the objective (Plan Apo, 60 xA/1.40 Oil,
DIC H, inf/0.17 WD 0.21, Nikon) using a relay of achro-
matic doublet lenses (AC254-200-A, Thorlabs). The de-
formable mirror was controlled using the manufacturers
software (version 3.2, Deformable Mirror Software Pack-
age, Thorlabs). The tetrapod pattern was generated us-
ing a 0.25:-0.75 ratio of secondary and primary astigma-
tism. The microscope setup was based on a Nikon Eclipse
Ti2-E. Two 638 nm diode lasers (each 180 mW, 06-MLD
638 nm, Cobolt) were focused to the back focal plane of
the objective using a lens (AC254-250-A, Thorlabs) on
a linear translation stage to allow HILO illumination. A
dichroic (Di01-R405/488/532/635, Semrock), and emis-
sion filters (FF02-675/67-25 and BLP01-647R-25, Sem-
rock) were used. The power density at the sample was
~2.5 kWem2. A sCMOS camera was used (Prime 95B,
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Teledyne Photometrics) and controlled with uManager 2.0
gamma.®® Data analysis was performed using the ImageJ
plugin ZOLA-3D.%” The experimental PSF was modelled
using 66 Zernike coefficients. Localisations were filtered
based on goodness of fit and photon number (>2000 pho-
tons).

Light field Microscopy: A bespoke lightfield micro-
scope was used as in previous work.® Jurkat T cell mem-
branes were imaged using WGA-SiR or HMSIR with con-
tinuous excitation at 638 nm (~1 kW c¢cm2). HILO illumi-
nation configuration was used to minimise fluorescence
background to image a plane near the apical surface of Ju-
rkat T cells. Quantification of resPAINT improvement was
conducted in the same way as for DHPSF images.

Light field fitting: The microlens array in the SMLFM
system encodes the 3D position of the point emitters in the
displacement of the focused image from the optical axis of
each lenslet. Sub-diffraction localisation of the point emit-
ter images were performed by fitting a 2D gaussian profile
using the ThunderSTORM package.”® The 3D localisation
was estimated using the previously described method.®
This uses knowledge of the optical model and the set of
2D localisations to estimate a 3D localisation for each point
emitter. The 3D fitting parameters were: Perspective views
(3-5), 2D Gaussian fitting widths (0.4 - 1.2), paraxial angle
for grouping (0.5 ), 3D fit threshold (0.5 um) and intensity
threshold of (200 photons).
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