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Photoactivatable mCherry for high-resolution
two-color fluorescence microscopy

Fedor V Subach!—3, George H Patterson??, Suliana Manleyz, Jennifer M Gillette2, Jennifer Lippincott—Schwartz2

& Vladislav V Verkhusha!

The reliance of modern microscopy techniques on
photoactivatable fluorescent proteins prompted development

of mCherry variants that are initially dark but become red
fluorescent after violet-light irradiation. Using ensemble

and single-molecule characteristics as selection criteria, we
developed PAmCherry1 with excitation/emission maxima at
564/595 nm. Compared to other monomeric red photoactivatable
proteins, it has faster maturation, better pH stability, faster
photoactivation, higher photoactivation contrast and better
photostability. Lack of green fluorescence and single-molecule
behavior make monomeric PAmCherry1 a preferred tag for
two-color diffraction-limited photoactivation imaging and for
super-resolution techniques such as one- and two-color
photoactivated localization microscopy (PALM). We performed
PALM imaging using PAmCherry1-tagged transferrin receptor
expressed alone or with photoactivatable GFP-tagged clathrin
light chain. Pair correlation and cluster analyses of the resulting
PALM images identified <200 nm clusters of transferrin receptor
and clathrin light chain at <25 nm resolution and confirmed the
utility of PAmCherry1 as an intracellular probe.

Genetically encoded ‘photoactivatable’ fluorescent proteins
(PAFPs) make up a small category of fluorescent proteins!,
but are beginning to find uses far and above those of ‘normal’
fluorescent proteins?. With initially little or no fluorescence
within their associated spectral detection window, photoacti-
vatable proteins can be switched on by irradiation with violet
light. Thus they are useful for spatially pulse-labeling subpop-
ulations of molecules in cells in complement to photobleaching
applications and can provide other useful features such as a high
contrast over background in the photoactivated region and
circumvention of fluorescence contributions from newly
synthesized, nonactivated PAFPs. PAFPs and photoswitchable
dyes also provide probes necessary for high-resolution optical
techniques, such as photoactivated localization microscopy
(PALM)?, fluorescence photoactivated localization microscopy
(FPALM)#, stochastic reconstruction microscopy (STORM)3,

PALM with independent running acquisition (PALMIRA)® and
stroboscopic PALM (SPALM)’.

Of particular interest for PALM is the development of monomeric
red PAFPs®. Several current variants can be activated into a red-
emitting protein, but these have limitations for both live-cell
confocal imaging and for high-resolution localization techniques.
The obligate tetrameric state of red Kaede®, KFP1 (ref. 10) and
EosFP!! frequently causes abnormal localization and function of the
tagged proteins. Available monomeric red PAFPs such as Dendra'?,
monomeric EosFP (mEosFP) or tandem dimeric EosFP (tdEosFP)!!
undergo the photoconversion from a green form to a red form,
which complicates two-color photoactivation experiments with
green PAGFP!3, PSCFP!* or Dronpa!®. It is also often difficult to
achieve in cells a complete green-to-red photoconversion, which
results in a detectable residual amount of the green species of these
PAFPs. The available PAMRFP1 (ref. 8) switches from a nonfluo-
rescent to a red fluorescent protein, but lacks the photon yields
required for PALM applications. Reversibly photoswitchable fluo-
rescent proteins rsCherry and rsCherryRev could be used in two-
color experiments with green PAFPs, but have low brightness in
their ‘on’ state, high background fluorescence in their ‘off” state and
tend to rapidly relax to the dark state after being photoswitched®.

Here we report several irreversibly photoactivatable derivatives
of mCherry!’, named PAmCherry proteins, with excellent photo-
activation contrast over background, advanced photostability and
high single-molecule brightness compatible with PALM imaging.

RESULTS

Development of photoactivatable mCherry variants

We analyzed data on color transitions of red fluorescent proteins to
the respective nonfluorescent chromoproteins that had been gen-
erated by mutagenesis' and identified the corresponding crucial
amino acid positions on the basis of the mCherry structure'®,
Positions spatially close to the chromophore, such as 148, 165,
167 and 203 (numbering is in accordance with GFP alignment;
Supplementary Fig. 1 online), appear to be major molecular
determinants of color!®!®. We hypothesized that mutagenesis of
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mCherry at these positions might convert it to a photoactivatable
red probe and performed saturating mutagenesis at these positions
using the overlap extension approach.

We screened the resulting bacterial library of the site-
specific mCherry mutants by fluorescence-activated cell sort-
ing (FACS) and then selected the brightest clones on Petri
dishes using a fluorescence stereomicroscope. We identified
two weakly photoactivatable mutants with S148L/1165V/Q167P/
I203R and S148L/1165L/Q167A/I203R substitutions compared to
mCherry. To enhance their characteristics we subjected these
mutants to several rounds of random mutagenesis (Supplementary
Methods online).

After each round of mutagenesis and sequencing, we purified
and analyzed 10-15 candidate mutants in ensemble mode (Sup-
plementary Methods). Then we immobilized 5-10 mutant variants
that had the highest product of brightness and photobleaching
half-time in ensemble measurements and immobilized them on
coverslips for single-molecule imaging using 561 nm excitation and
intermittent low-energy pulses of 405 nm light. We imaged
the molecules until they became photobleached and then ana-
lyzed the data as previously described?. During the single-molecule
screening, we used photon statistics on the localized mCherry
mutant proteins as the selection criteria. We recorded the number
of molecules localized within the 1 s integration time for each
frame, and the mean and median number of photons for candidate
molecules (Supplementary Table 1 online). Finally, we used the
mixture of several enhanced variants as a template for the next
round of molecular evolution.

After four rounds of random mutagenesis, we selected the three
photoactivatable variants exhibiting the best performance in
both ensemble and single-molecule modes. As compared to par-
ental mCherry, the mutants named PAmCherryl, PAmCherry2
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and PAmCherry3 contained E26V/A58T/K69N/L84F/N99K/S148L/
1165V/Q167P/L169V/I203R, M18L/K69N/L84F/A147T/S148L/
1165L/Q167A/L169T/A179T/1203R/R226L and M18L/A58T/K69N/
L84F/M1371/E146D/S148L/1165L/Q167A/D178E/1203R  substitu-
tions, respectively (Supplementary Fig. 1).

Ensemble characterization of the PAmCherry variants

Before photoactivation, the purified PAmCherryl, PAmCherry2
and PAmCherry3 had absorbance maxima at 404—406 nm but did
not fluoresce when excited at these wavelengths. After photoactiva-
tion using a 399 nm laser line, new absorbance peaks had maxima
at 564-570 nm (Fig. 1a; PAmCherry2 and PAmCherry 3 exhibited
similar spectra). In the photoactivated state, PAmCherryl, PAm-
Cherry2 and PAmCherry3 exhibited red fluorescence with excita-
tion/emission peaks at 564/595 (Fig. 1a), 570/596 and 570/596 nm,
respectively. Molar extinction coefficients and quantum yields of
the photoactivated PAmCherry proteins were 18,000-24,000 M
cm™! and 0.24-0.53, respectively (Table 1). After photoactivation,
the red forms of the PAmCherry variants were stable with time and
did not relax back to the dark state at least for 24 h at 37 °C or two
weeks at 4 °C. The protein maturation half-times for the PAm-
Cherry variants were 1.2-1.7-fold of that for mCherry, 18-25 min
at 37 °C (Fig. 1b). In addition, the PAmCherry variants exhibited
monomeric behavior similar to that of mCherry when separated on
a native polyacrylamide gel (data not shown).

We also compared biochemical and photochemical ensemble
characteristics of PAmCherry variants with those of tdEosFP!!. For
ensemble experiments we selected tdEosFP over mEosFP, which we
used for the initial single-molecule screening, because the very low
amounts of the latter produced even at low temperatures were
insufficient for ensemble measurements. The red fluorescence of
the PAmCherry variants exhibited higher pH stability than tdEosFP



Table 1 | Ensemble characteristics of the purified PAmCherry variants and of other fluorescent proteins

PAmCherry1 PamCherry2 PAmCherry3 tdEosFP Dendra2 rsCherry rsCherryRev

Ground After  Ground After
Before After Before After Before After Before  After  Before After  state switching state switching mCherry

Absorbance maximum (nm) 404 564 406 570 404 570 506 569 (571) 490 553 572 572 572 572 587
Extinction coefficient (M~lcm™1) 6,500 18,000 1,900 24,000 6,500 21,000 84,000 33,000 45,000 35,000 (81,000) (80,000)* (85,000) (84,000) 78,000
(30,000)
Emission maximum (nm) ND 595 ND 596 ND 596 516 582(580) 507 573 610 610 608 608 610
Quantum yield ND 046 ND 053 ND 024 066  0.60 0.5 0.55 (0.009) (0.02)> (0.0003) (0.005)® 0.22
Relative brightness (%) ND 42 ND 64 ND 25 280 100 (91) 144 81 ~2.8 ~8.7 ~0.7 ~8.7 87
(3.7) (8.1)  (0.13)  (2.1)
pK; ND 63 ND 62 ND 62 ND (6.7) 6.6 6.9 (6.0) (5.5) 4.6
Maturation ty 5 at 37 °C (min) 23 18 25 NDP 90 (179) (42) (15)
Photoactivation ¢y 5 (s) 2.5¢ 5.3 5.4 (4.0) ND ND ND ND
Photobleaching ty 5 (s) 18 11 21 ND (6) ND ND ND ND (19)
Photoactivation contrast (fold) 4,000 5,000 3,000 (200) 300 ~6.7 (3)¢ ~20 (3)4 ND

The tdEosFP!!, Dendra2 (ref. 1), rsCherry®®, rsCherryRev'® and mCherry!” characteristics are presented from the respective original papers and/or measured by us using the same conditions as for PAmCherry variants
(shown in parentheses). ND, not determined. ¢, 5, half-time.

aThe post-switching characteristics were determined'® in the maximally achievable level of fluorescence signal of the on state, using the conditions described in Figure 1h. PThe tdEosFP expression in bacteria at
37 °C was too slow to allow for the time-limited production of enough protein for maturation experiments similar to those with PAmCherry variants described in Supplementary Methods. ‘Photoactivation t, 5 for
PAGFP is 2.6 s using the same conditions. 9The maximal contrast observed during the first 17 photocycles using the conditions described in Figure 1h. For photoactivatable proteins, values are given before and
after activation, where relevant.

with apparent pK, values of 6.2-6.3 (Fig. 1c). Both the efficiency = PAmCherryl was normalized to its maximal fluorescence achiev-
and rate of photoactivation of PAmCherry1 (Fig. 1d for PAmCher-  able when activated using a 390/40 filter in the absence of the
ryl; PAmCherry2 and PAmCherry3 exhibited similar depen-  photobleaching yellow light.

dences), and the other two PAmCherry variants (data not

shown) decreased at acidic pH, suggesting that the PAmCherry  Evaluation of PAmCherry variants in cells

photoactivation involves a pH-dependent Glu222 decarboxylation. =~ We performed confocal microscopy photoactivation experiments
We also concluded that photoactivation of PAmCherry variants was ~ in COS-7 cells using untagged PAmCherry variants co-expressed
still possible at pH 5.5, albeit at ~10% of the photoactivation  with enhanced GFP (EGFP) as a transfected cell marker (Supple-
contrast at pH 7.2, which makes them useful for monitoring mentary Fig. 2a—c online). Initially the cells displayed little
lysosomes, the most acidic cellular compartments. Measurements  fluorescence in the red channel and after photoactivation showed
of the photoactivation kinetics by epifluorescence microscopy  increases of ~ 100-fold for all PAmCherry variants in the cytoplasm
indicated that the purified PAmCherryl became photoactivated  (Supplementary Fig. 3a online). Normalization to the initial signal
more than twofold faster than the other two PAmCherry variants  indicated a lower photoactivation contrast than that obtained for
and 1.6-fold faster than tdEosFP (Fig. le). Under the same the purified proteins because cellular autofluorescence increased
conditions, the photoactivated PAmCherry variants photobleached  the initial signal used for normalization.

1.8-3.5-fold slower than tdEosFP (Fig. 1f). The photoactivation To further study PAmCherryl in cells, we fused it to five different

contrast achieved with the purified PAmCherry variants was 3,000—  proteins, expressed the fusions in cells and imaged them by confocal
5,000-fold, whereas the increase in the red fluorescence of the  microscopy before and after photoactivation. All five, including
purified tdEosFP was 200-fold (Table 1). histone H2B, B-actin and o-tubulin fusion proteins, properly

As the recently reported mCherry mutants, rsCherry and localized when visualized after photoactivation in live cells (Supple-
rsCherryRev, exhibit reversible photoswitching, we checked this  mentary Fig. 4 online). For PALM assessments, we fused PAm-
property in PAmCherryl using the irradiation conditions used in ~ Cherry variants to two plasma membrane proteins, transferrin
the original paper'® but expanded the tests to four different  receptor (TfR)?® and a temperature-sensitive version of vesicular
irradiation wavelengths in the range of 370-585 nm (Fig. 1).  stomatitis virus G protein (VSVG)2!, which can be readily imaged
When cyclically irradiated using 390/40 and 570/30 filter combina-  using total internal reflection (TIRF) microscopy. The TfR has an
tions, subpopulations of the PAmCherryl sample were sequentially  intracellular pool in early and recycling endosomes that exchange
photoactivated with violet light and then photobleached with  with the plasma membrane population??. TfR binds iron-loaded
yellow light (Fig. 1g). As expected for irreversibly photoactivatable  transferrin for iron uptake, and its cellular distribution, endocytic
proteins, the majority of PAmCherryl was photobleached after  behavior and diffusion characteristics are well-studied. VSVG is
about 15 light cycles. We did not observe any reversible photo-  often used in secretory pathway studies, and it is a highly expressed
switching. We observed similar behavior when the 436/20 filter was ~ plasma membrane protein when cells are maintained at 32 °C.
used instead of the 390/40 filter (Fig. 1h). PAmCherryl did not When expressed in COS-7 cells, TfR-PAmCherry variants (Sup-
exhibit photoactivation when irradiated with blue light through a  plementary Fig. 2d—f) had intracellular pools and plasma mem-
480/40 filter (Fig. 1i). The rsCherry and rsCherryRev variants were ~ brane populations similar to those of TfR-EGFP, TfR-mCherry
cyclically photoswitched using the same conditions (Fig. 1g-i). (Supplementary Fig. 2g) and endogenous TfR as previously
Note that for data shown in Figure 1g-i, the fluorescence signal of ~ reported?’, Measurement of transferrin uptake indicated that the
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chimeras are functional and capable of binding and internalizing
transferrin (data not shown). We performed photoactivation
kinetics measurements using the more highly expressed VSVG-
PAmCherryl fusion and observed an ~100-fold increase in
fluorescence at the plasma membrane (Supplementary Fig. 3b).
Similar to the results with purified proteins (Fig. 1e), PAmCherryl
in cells activated with less irradiation when compared to the other
variants (Supplementary Fig. 3a), which is an important property
for live-cell photoactivation experiments.

Evaluation of PAmCherry1 as a PALM marker in cells
Initial PALM experiments with TfR-PAmCherry variants in COS-7
cells allowed single-molecule characterization of the PAmCherry
variants. The number of photons collected from single molecules
revealed that these new variants should work well in cellular
imaging experiments (Supplementary Table 1). The slight differ-
ence in detected photon yields between cells and purified protein is
not surprising, as the proteins are subject to different environments
by being attached to TfR and fixed before imaging. In subsequent
studies we used PAmCherry1 because of its brightness compared to
PAmCherry3, its photostability compared with PAmCherry2 and
its easier photoactivation compared to both other proteins (Table 1
and Supplementary Fig. 3).

We directly compared PAmCherryl (Fig. 2) with rsCherry
and rsCherryRev, as well as with tdEosFP, which has been used
and characterized in previous PALM studies***2°. The fluorescence

Figure 3 | Comparison of PAmCherry1 and tdEosFP fusions in fixed cells.

(a) Distribution of the number of photons collected from molecules in cells
expressing TfR-PAmCherryl (mean, 724; median, 413) and TfR-tdEosFP (mean,
940; median, 349). (b) Distribution of o in cells expressing TfR-PAmCherry1
(mean, 15.18; median, 14.99) and TfR-tdEosFP (mean, 16.75; median, 16.69).
(c) Distribution of the duration of the molecular fluorescence (0.1-s frames) in
cells expressing TfR-PAmCherryl (mean, 2.34; median, 1) and TfR-tdEosFP
(mean, 3.26; median, 1). Two-tailed Wilcoxon-Mann-Whitney tests indicated
differences between the TfR-PAmCherryl and TfR-tdEosFP data medians for all
three distributions (P < 0.0001, n = 757,180 from five TfR-PAmCherry1-
expressing cells and n = 656,290 from five TfR-tdEosFP-expressing cells).

(d) Distribution of the number of photons collected from molecules in cells
expressing VSVG-PAmCherryl (mean, 657; median, 348) and VSVG-tdEosFP
(mean, 1,057; median, 444). (e) Distribution of ¢ in cells expressing VSVG-
PAmCherryl (mean, 20.96; median, 19.68) and VSVG-tdEosFP (mean, 19.91;
median, 19.04). (f) Distribution of the duration of the molecular fluorescence
(0.1-s frames) in cells expressing VSVG-PAmCherryl (mean, 1.82; median, 1)

Figure 2 | Plasma membrane distribution of TfR observed using PALM.

(a) Cells expressing TfR-PAmCherryl were subjected to low-level 405-nm laser
photoactivation, and we simultaneously collected 561-nm-laser-light-excited
PAmCherry1 single-molecule fluorescence. Data were collected at 10 frames
per second for 15,000 frames. The fluorescence collected during the 15,000
frames is shown in a and represents a diffraction-limited TIRF microscopy
image. (b) The position and uncertainty of the molecules plotted as Gaussian-
normalized spots to form a PALM image. (c) Cluster analysis was performed on
the molecules localized over the entire PALM image. The threshold used for
clusters required the local molecular density to be fivefold that of the average
molecular density. Individual clusters are plotted in different colors with
nonclustered molecules represented in black. (d-f) Magnified views of the
boxed region in a are shown as TIRF microscopy (d), PALM (e) and cluster
analysis images (f). PALM data in these images were limited to molecules that
localized to <25 nm uncertainty. Scale bars, 5 pm (a,b) and 1 pm (d,e).

from all frames collected in a PALM experiment with
TfR-PAmCherryl produced the equivalent of a diffraction-
limited TIRF microscopy image (Fig. 2a). Comparison of the
TIRF microscopy image with the PALM image showed the
greater detail in the more highly resolved (<25 nm molecular
organization uncertainty (o)) PALM image (Fig. 2b). A high-
magnification TIRF microscopy image showed many bright and
dim spots, which corresponded in the PALM image to high or low
densities of molecules (Fig. 2d). We performed cluster analysis>
to highlight the dense structures, which revealed that many of
these heterogeneities correspond to ~100-200 nm clusters of
TfR-PAmCherryl (Fig. 2¢.f).

We performed PALM experiments with TfR-rsCherry- and TfR-
rsCherryRev-expressing cells using a modified protocol. The
high background from both fluorescent proteins required pre-
irradiations with 488 nm for rsCherry and 561 nm for rsCherryRev
to switch them off from the ground states. The residual off-state
fluorescence for both proteins still presented a problem for single-
molecule localization and required an increase in the preactiva-
tion irradiation. In addition, experiments with rsCherry were
complicated by the reversal of its light sensitivity (Fig. 1g—i).
Comparison of the TfR-PAmCherryl with TfR-rsCherry and
TfR-rsCherryRev molecules showed that PAmCherryl had sub-
stantially better key PALM properties, such as mean number of
photons, mean ¢ values and duration of the molecular fluores-
cence, than rsCherryRev and rsCherry (Supplementary Fig. 5
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and VSVG-tdEosFP (mean, 2.37; median, 1). Two-tailed Wilcoxon-Mann-Whitney tests indicated differences between the VSVG-PAmCherry1 and VSVG-tdEosFP data
medians for all three distributions (P < 0.0001, n = 377,010 from three VSVG-PAmCherry1 cells and n = 768,040 from three VSVG-tdEosFP cells).
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online). Notably, the density of molecules in the TfR-rsCherry and
TfR-rsCherryRev PALM images was substantially lower than that
for TfR-PAmCherryl. This observation may explain why the
rsCherry and rsCherryRev produce moderate numbers of photons
from single molecules (Supplementary Fig. 5) but have very
low brightness in the ensemble (Table 1). The simplest expla-
nation is that there is a large subpopulation of the rsCherry and
rsCherryRev molecules, which can form the chromophore, but
remain nonfluorescent, that is, in a chromo state!, and cannot
be photoactivated.

We also compared PAmCherryl with a more thoroughly
characterized PALM probe, tdEosFP>?*42>, TfR-tdEosFP did not
show the normal punctate intracellular and plasma membrane
TR distributions but was located in the cytosol with several large
punctate signals throughout the cytoplasm (Supplementary
Fig. 6 online). Nevertheless, sufficient TfR-tdEosFP molecules
were within the TIRF microscopy excitation range for comparing
properties important for PALM with those of TfR-PAmCherryl
(Fig. 3). In cells imaged and analyzed under the same conditions
the number of photons per molecule had slightly different
distributions (Fig. 3a) with ~940 and ~724 mean number of
photons collected for tdEosFP and PAm-

Cherryl, respectively. Despite the slight

shift toward more photons per molecule TIRF

in the distribution of PAmCherryl,
tdEosFP has the higher mean due to a
population of molecules that produce up
to 30,000 photons. ¢ distributions were
centered around ~ 15-16 nm uncertainty
(Fig. 3b) indicating that PAmCherryl and
tdEosFP were comparable in fixed cell
PALM experiments. Analysis of the dura-
tion of fluorescence from each molecule
revealed that the tdEosFP molecules tend

Red fluorescence

Figure 4 | Distributions of TfR and CLC by two-
color PALM. (a-i) COS-7 cells expressing TfR-
PAmCherryl and PAGFP-CLC were subjected to
low-level 405-nm laser photoactivation while we
alternately collected 561-nm-light-excited
PAmCherry1 (a-c) and 488-nm-light-excited
PAGFP (d-f) single-molecule fluorescence. TIRF
microscopy images of PAmCherry1 fluorescence
(a), PAGFP fluorescence (d) and the merge (g)
are shown. Position and uncertainty for TfR-
PAmCherry1 (b,c) and PAGFP-CLC (e,f) are plotted
as Gaussian-normalized spots. Magnified views of
the boxed area in b are shown in ¢, f and i. Merge
images (g-i) show the relative distributions of
TfR-PAmCherry1 (red) and PAGFP-CLC (green).

(§) Pair correlation analysis (top) and normalized

Green fluorescence

Merge

to fluoresce ~1 frame (0.1 s) longer than PAmCherry1 (Fig. 3c).
Lastly, contrast comparisons made by observation and background
quantification of frame 1,000 from 10,000-frame experiments’*
indicated no substantial difference between PAmCherryl and
tdEosFP in this property. We also compared PAmCherryl and
tdEosFP tagged to VSVG in PALM experiments. These data were
similar to the TfR data and showed that VSVG-PAmCherryl
produced fewer photons but had a distribution of molecular
localization uncertainties similar to that of VSVG-tdEosFP
(Fig. 3d—f).

Evaluation of PAmCherry1 as a marker in two-color PALM

TR internalizes via clathrin-coated pits*®, which are reported?” to
have a similar size to the clusters of TfR we observed in images
shown in Figure 2. To test the colocalization of TfR and clathrin-
coated pits, we made a PAGFP chimera with clathrin light chain
(CLC), which localizes to clathrin-coated pits at the cytoplasmic
face of the Golgi apparatus and the plasma membrane’®, We
observed TfR-PAmCherryl and PAGFP-CLC clusters in the TIRF
microscopy image similar to those observed in the one-color
experiments, with molecules located in clustered areas throughout

PALM

PALM

results (bottom) for the presence and size of TfR- j 10", ¢ PAGFP-CLC
PAmCherryl and PAGFP-CLC clusters. (k) Cluster = \ ® TfR-PAmCherry1
analysis of the molecules localized for the PALM " S5 v

images in h (k) and i (1). The threshold used for 2 9

clusters required the local molecular density to be g 0.0 °r2( ) 0.4
fivefold that of the average molecular density. TfR- %:; 10 .
PAmCherry1 clusters are plotted in red, PAGFP-CLC a s N,

clusters in green and nonclustered molecules in 05

black. PALM data in these images are limited to % 00 T
molecules that localized to <25 nm ¢. Scale bars, 00 0.2 04
2 um (a,b,d,e,g,h) and 0.5 um (c,f,i). r (um)
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the plasma membrane (Figs. 3 and 4a—f). In addition, TfR-
PAmCherryl was enriched in larger structures extending several
micrometers (Fig. 4ab), which may represent folds in the
plasma membrane.

We observed colocalization of TfR-PAmCherryl with PAGFP-
CLC in the TfR-PAmCherryl TIRF microscopy image clusters as
well as in PALM images (Fig. 4g—i), but clusters of TfR and CLC also
appeared either completely separate or in close proximity to each
other with little overlap. Despite the lack of complete colocalization,
pair correlation analysis confirmed similar molecular distributions
and a characteristic cluster size of ~200 nm, with more clustering of
CLC, as evidenced by a higher y-axis intercept (Fig. 4j). Cluster
analysis® identified many structures enriched in TfR-PAmCherryl
and PAGFP-CLC present in at least three different relative distribu-
tions (Fig. 4k,]). The shape and size of clusters observed here were
often similar to those of clathrin-coated pits observed by electron
microscopy?” and the different TfR and CLC clusters may represent
stages of previously observed and described clathrin-coated pit
dynamics?®. PAGFP-CLC clusters lacking TfR-PAmCherryl cargo
may correspond to more mature clathrin-coated pits, whereas the
TfR-PAmCherryl clusters without PAGFP-CLC may represent
mature uncoated vesicles close to the plasma membrane; clusters
in which the two proteins colocalize may represent young pits that
have captured the TfR-PAmCherryl cargo.

DISCUSSION

Imaging multiple fluorophores in the same specimen is an impor-
tant improvement of high-resolution molecular localization tech-
niques. Two-color high-resolution localization experiments have
been previously reported in which the green-to-red photoconver-
tible protein tdEosFP was paired with the photoswitchable fluor-
escent protein Dronpa’»?°, or in which the photoswitchable
fluorescent protein rsFastlime was paired with Cy5 in PALMIRA®,
These studies produced images at ~25-75 nm resolution on
organelles, cytoskeletal elements and extracellular adhesion pro-
teins. However, with exception of PSCFP2 paired with tdEosFP%4,
photoswitching of one or both fluorophores between light and dark
states is a necessary component for these two-color experiments,
which may complicate the final results. If a photoactivated mole-
cule switches off, it can be repeatedly switched on and can then be
localized again, skewing the molecular distributions in the final
high-resolution image. The use of rsCherry proteins!® can also
result in skewed distributions. As it is not reliant on photoswitching
behavior to maintain a low density of molecular signals in two-
color PALM studies, PAmCherryl is a PAFP that can be used to
avoid any potential complication associated with repeated localiza-
tion of the same molecule.

We developed PAmCherryl in one of the first mutagenesis
screens using single-molecule PALM characteristics in addition to
ensemble photoactivation experiments as the selection criteria.
PAmCherryl lacks the capability for ratiometric imaging pro-
vided by the green-to-red photoconvertible fluorescent proteins.
It performed substantially better than rsCherry and rsCherryRev
in PALM, was similar to tdEosFP in most PALM comparisons,
and did not hamper the trafficking and function of the TiR.
The absence of a green emission state allows greater flexibility in
one-color PALM experiments using a diffraction-limited green
fluorescent molecule, in two-color PALM experiments using a
dark-to-green PAFP and notably, will enable two-color live-cell
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and single-particle PALM. Compared to tdEosFP, the smaller
monomeric PAmCherryl is potentially less disruptive to tagged
fusion partners. PAmCherry1 also has higher pH stability, displays
better photostability, produces higher photoactivation contrast and
exhibits faster chromophore formation at 37 °C. Thus, PAmCher-
ryl simultaneously addresses many disadvantages exhibited by
other red PAFPs and, as shown here, meets the demands for use
in both diffraction-limited microscopy and super-resolution
PALM.

METHODS

Confocal and PALM imaging. Cell imaging was performed on
either a Zeiss LSM510 or on a Leica SP2 laser scanning confocal
microscope as described previously>!3. Single-molecule imaging
was performed as previously described??> on an Olympus IX81
microscope using an x60 1.45 numerical aperture (NA) PlanA-
poN TIRF objective (Olympus) with the exception that a Dual-
View imaging system (Photometrics) was used in the two-color
PALM imaging.

Additional methods. Descriptions of cloning, characterization of
proteins in vitro, construction of plasmids, cell cultures and addi-
tional details on imaging are available in Supplementary Methods.

Note: Supplementary information is available on the Nature Methods website.
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