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Fig. S1. PAmCherry1 produced larger and faster intensity changes than other PA-RFPs in 
yeast cells. (A) Photoactivation contrast ratio of three different PA-RFPs constitutively 
expressed from a multi-copy 2-micron plasmid or from the genome. RFP0 is the red fluorescence 
at t = 0 s. For each PA-RFP, a field-of-view containing 6,000 to 8,000 cells were simultaneously 
photoactivated by continuously shining 410/20-nm light at 11.4 mW/mm2 for 5 min. RFP intensity 
was monitored every 10 s during photoactivation. Data points correspond to the mean and the 
error bars represent the SEM. p ≤ 0.0001, Welch’s ANOVA test comparing the areas under the 
curves of individual cells expressing different PA-RFPs. ****, p ≤ 0.0001 for post-hoc tests 
(Games-Howell’s multiple comparison test). (B) Comparison of photoactivation kinetics. Using 
the same data as in (A), the time to reach half of the maximum photoactivation contrast ratio 
(photoactivation 𝑡!/#) was calculated for each cell. Mean values from 6,000 to 8,000 cells are 
shown. The error bars represent SEM. p ≤ 0.0001, Welch's ANOVA test. ****, p ≤ 0.0001; ‘ns’, 
not significant for the post-hoc test (Games-Howell’s multiple comparison test).   



 

 

 
 
Fig. S2. Schematic of the optical train of our instantiation of the SPOTlight platform. The 
collimated beam (purple arrows) of an 410/20-nm light source (UHP-F5-405, Prizmatix) is 
spatially patterned by a digital mirror device (TI-LA-DMD, Nikon Instruments) to selectively 
illuminate and optically tag target cells. Imaging light with wavelengths > 425 nm (SpectraX, 
Lumencor) is combined with the violet optical tagging light using a 2-mm-thick 425-nm long-
pass dichroic mirror (T425lpxr-UF2, Chroma). Excitation light (blue arrows) is reflected by a 
multiplass dichroic mirror and focused onto the sample by an objective. Light emitted from the 
sample (green arrows) is collected by the objective, transmitted through the multipass dichroic 
mirror, filtered by a multipass emission filter, and imaged using a camera. See Methods for 
further details on components and procedures.  
 
 



 

 

 
Fig. S3. Two-photon laser scanning microscopy can be used to optically tag single cells. 
(A-B) Human cells (HEK239A) were co-transfected with EGFP and PAmCherry1 expression 
plasmids. Target cells were selectively photoactivated by scanning a two-photon laser beam at 
800 nm. (A) Photoactivation of a representative target cell (yellow arrow). Images show the 
overlay of green and red fluorescence images. Scale bar, 20 μm. (B) Optical tagging was specific 
to the target cells, with negligible activation of neighboring cells. Data points represent the mean 
photoactivation contrast ratio of 8 cells/group. The shaded regions represent SEM.  
 
 
 
 
  



 

 

 

 
Fig. S4. Quantifying the sensitivity and precision of SPOTlight on human or yeast cells. (A-
D) Imaging and gating controls of single-cell optical tagging and retrieval (Fig. 2). (A) Single-cell 
photoactivation of a representative GFP+ human cell (left) and yeast cell (right). Arrows point to 
the target cells. Cells were selectively photoactivated using a 230 µm2 (human) or 4 µm2 (yeast) 
spot of light. Overlays of RFP, GFP, and BFP channels are shown. Scale bars, 20 μm. (B) Mean 
RFP intensities of the 56 photoactivated human cells and 96 photoactivated yeast cells before 
and after photoactivation. The black lines indicate the median values. Photoactivation increased 
RFP intensity by ~50-60-fold for both human and yeast cells. Note that photoactivation contrast 
ratio was smaller than that in Fig. 2B because a smaller photoactivation spot size was used in 
this experiment. The error bars indicate the SEM. (C) The boundaries of the photoactivated gate 
were determined using a negative control with no photoactivated cells. (D) GFP+ and BFP+ gates 
were determined using cells with an empty plasmid (left), a BFP-expressing plasmid (middle) or 
a GFP-expressing plasmid. Top row, human cells. Bottom row, yeast cells. (E) The gating 
strategy for photoactivated cells (i.e. RFP+ cells) changes the sensitivity and precision of 
SPOTlight. Flow cytometry data of the experiment described in Fig. 2 and two additional repeats 
were used to determine the sensitivity and precision when the photoactivated cell gate was 
located closer to or further away from the non-photoactivated population of cells (i.e. decrease 
or increase the RFP intensity threshold to define photoactivated cells). The circle (yeast trials) 
and square (human cell trials) markers represent the sensitivity and precision at various RFP 
intensity thresholds. The solid lines represent best-fit lines computed by simulating the recovery 
of photoactivated cells. (F) A representative field-of-view of photoactivated HEK239A cells 
imaged after FACS. Scale bar, 20 μm. Optical tagging and recovery was conducted as described 
in Fig. 3A-C.  
 



 

 

 
Fig. S5. Fluorescent protein brightness and photostability in yeast and human cells are 
correlated when yeast cells are grown at 37°C and pH 7.0. (A-B) Yeast or human cells 
(HEK293A) harboring plasmids expressing one of six commonly used GFPs and their brightness 
(A) and photostability (B) were quantified. (A) Relative brightness of GFPs in yeast and human 
cells is highly correlated. Brightness under 470/24-nm light was quantified in individual cells. The 
red fluorescent protein mCherry, expressed from the same plasmid as the GFPs, was used to 
normalize for differences in copy number or expression capacity. Data points are the mean 
values, normalized to the brightness of EGFP for three independent yeast cultures (> 5,000 cells 
analyzed per culture) or three independent transfections (> 50-200 cells analyzed per 
transfection) The error bars correspond to the SEM. The black dotted line corresponds to the 
linear regression. r, Pearson correlation coefficient. (B) Relative photostability of GFPs in yeast 
and human cells is highly correlated. Photostability was quantified by taking images of the cells 
prepared in (A) with 10 s intervals during 7 min of continuous widefield illumination with 470/24-
nm light at 40.7 mW/mm2. Datapoints are the mean of three independent yeast cultures (> 5,000 
analyzed cells per culture) or human cell transfections (> 50 cells/transfection). The error bars 
correspond to the SEM. The black dotted line corresponds to the linear regression. r, Pearson 
correlation coefficient. 



 

 

  



 

 

 
 
Fig. S6. Summary of fluorescent protein mutagenesis and screening. (A,B) Selecting 
mVenus residues for mutagenesis. (A) Residues that show large variations between engineered 
YFPs were selected for mutagenesis. First, protein sequences of 9 YFPs (mVenus, Venus, 
SYFP2, moxVenus, SHardonnay, EYFP, mCitrine, and Citrine2) were aligned using global 
alignment with free end gaps and the Blosum62 scoring matrix (66). The pairwise identity 
percentage was then computed by dividing the number of identical pairs by the total number of 
pairs. The numbers below the peaks correspond to the position of residues with low pairwise 
identity and red font was used to denote the residues mutated in this study. Several chosen 
residues were prioritized due to ease of cloning (e.g. mutations located close by can be easily 
combined on the same primer). (B) Chromophore-interacting residues were selected for 
mutagenesis. LigPlot+ was used to identify residues making hydrophobic or hydrogen bond 
interactions with the chromophore using the crystal structure of Venus (PDB: 1MYW). The amino 
acids labeled in red were mutagenized in this study. Several chosen residues were prioritized 
due to ease of cloning (e.g. mutations located close by can be easily combined on the same 
primer). Note that residue Y203 constitutes the chromophore. However, Y203 was not defined 
as the chromophore in this analysis because the LigPlot+ software only allows covalently linked 
structures as a chromophore and Y203 is not covalently linked to the rest of the chromophore. 
(C-D) Summary of screening results conducted in this study. (C) Location of mutagenesis sites 
(in pink) on the 3-dimensional crystal structure of Venus (PDB:1MYW). Libraries 1 to 8 are color-
coded and the amino acid types and positions are indicated. (D) Graphical depiction of the 
relationship between the libraries. The nodes are the best variants selected from the libraries, 
and the edges are the libraries denoted in panel (a).  The fast-maturing Q69M mutation (28) was 
directly introduced to mVenus(L46F), and the outcome mVenus(L46F;Q69M) was used as a 
template to construct Library 7. Empty symbols (∅) mean that no improved variant was found. 
Our most photostable variant mVenus(L46F;T63S) was renamed as mGold, and is shown in red. 
(E) The size of the screened libraries is defined as the total number of colonies on mutagenesis 
library transformation plates. (F) The number of individual cells analyzed during screening. (G) 
Left, crystal structure of Venus (PDB:1MYW) highlighting the residues mutated in mGold: L46 
(green) and T63 (cyan). Right, expanded view of the peri-chromosomal region. 
 
 
 

 



 

 

 
 
Fig. S7. Comparison of the brightness and photostability of mGold to screening 
intermediates, mVenus, and other commonly used YFPs.  (A) Commonly used YFPs (blue 
bars) and mutagenesis variants (green and yellow bars) were expressed in yeast and 
photobleached as described in Fig. 4. For each variant, the photobleaching half-lives (left) and 
brightness (right) of 2,000-7,000 cells were quantified. A BFP (TagBFP) was co-expressed from 
the yeast expression vector to normalize for cell-to-cell variation in plasmid copy number and 
expression capacity; brightness was calculated as the ratio of yellow and blue fluorescence, and 
normalized to the brightness of mVenus. The data plotted correspond to mean values (n = 3 
independent cultures). Error bars indicate the SEM of the triplicates. p ≤ 0.0001 for one-way 
ANOVAs for both brightness and photostability. The p values of post hoc comparisons with 
mVenus used the Bonferroni correction for multiple comparisons and are shown on the plot: ‘ns’, 
not significant; *, p ≤ 0.05; ****, p ≤ 0.0001. (B) Photostability fold improvement of mGold 
compared with mVenus, calculated by dividing the photobleaching half-lives of mGold with those 
for mVenus in yeast (green markers) and human cells (blue markers) at various irradiances. 
Photobleaching half-lives are from Fig. 5B. The data points correspond to mean values (n = 3 
independent cultures). Error bars indicate the SEM. (C-E) Photobleaching dynamics of mGold 
and mVenus under different conditions. (C) Yeast cells were transformed with plasmids 
constitutively expressing mGold or mVenus and attached to a glass-bottom plate. Several 
thousand cells were photobleached using continuous widefield 508/25-nm illumination at 20 
mW/mm2 for 420 s. Yellow fluorescence images were taken every 10 s during photobleaching. 



 

 

The fluorescence intensity was normalized to the initial fluorescence (F/F0). Data points 
correspond to mean values (n = 3 independent cultures). For each culture, photobleaching 
curves were obtained for > 500 cells and averaged.  The shaded areas represent the SEM but 
are too small to be visible on the graph. The area under the curve for each sample was computed 
and the unpaired two-tailed t test was conducted. p ≤ 0.0001. (D) Human cells (HEK239A) were 
transiently transfected with plasmids constitutively expressing mGold or mVenus and attached 
to a glass bottom plate. Several hundred cells were photobleached using continuous widefield 
508/25-nm illumination at 20 mW/mm2 for 420 s. Yellow fluorescence images were taken every 
10 s during photobleaching. The fluorescence intensity was normalized to the initial fluorescence 
(F/F0). Data points correspond to mean values (n = 3 independent transfections). The mean 
values of 3 independent transfections are shown. The shaded areas represent the SEM but are 
too small to be visible on the graph. The area under the curve for each sample was computed 
and an unpaired two-tailed test was conducted. p ≤ 0.0001. (E) Human cells (HEK239A) cells 
were prepared as described in (D). Cells expressing mGold or mVenus were continuously 
photobleached and imaged using a laser scanning confocal microscope. A 514-nm laser at 32 
μW was used. The data points correspond to the mean of 17 (mVenus) or 15 (mGold) cells. The 
shaded areas represent the SEM but may be too small to be visible on the graph. The area under 
the curve for each sample was computed and an unpaired two-tailed t-test was conducted. p ≤ 
0.0001.  
 



 

 

 



 

 

Fig. S8. Characterization of mGold photophysical properties. (A-D) The one-photon and two-
photon spectra of mGold are similar to those of mVenus. (A) Excitation (green) and emission 
(yellow) spectra of a solution of purified mGold proteins. The spectra for 9 technical replicates 
were obtained, normalized to their respective maxima, and averaged. (B) The mGold spectra in 
(A) overlaid with the excitation (dashed line) and emission (dotted line) spectra of a solution of 
purified mVenus proteins. 7 technical replicates were measured for mVenus and averaged as for 
mGold. (C,D) Two-photon excitation spectra of (C) mGold and (D) mGold overlaid with that of 
mVenus (dashed line). Both YFPs were expressed in HEK239A cells. Each spectrum was 
normalized to its peak fluorescence. Traces show the mean of n > 20 cells. The two-photon laser 
was not compensated for dispersion. (E) pH titration of mGold and mVenus. Fluorescence of 
purified mGold or mVenus suspended in solutions with various pH levels was measured. 
Fluorescence values were normalized to that at pH 10.0 and the mean of 4 technical replicates 
are shown. The lines represent the best fit of sigmoidal curves. The error bars indicate SEM. (F) 
mGold and mVenus are similarly insensitive to chloride. The fluorescence of purified mGold or 
mVenus suspended in buffers with different chloride concentrations was measured. 
Fluorescence values were normalized to those obtained in a solution without chloride and the 
mean of 4 technical replicates are shown. The error bars indicate SEM. (G) mGold and mVenus 
have similar profiles of low cytotoxicity. Cytotoxicity values were calculated as described in the 
Methods and normalized to those of EGFP. The mean values of n = 3 independent transfections 
are shown. The error bars indicate SEM. The Mann-Whitney U test was used for statistical 
analysis. ‘ns’ = not significant. (H) Size exclusion chromatography demonstrates that mGold is a 
monomer at 10 μM in vitro. tdTomato (tandem dimer), mCherry (monomer), and mVenus 
(monomer) were used as size standards. Each fluorescent protein was at 10 μM (6.5 μM for 
tdTomato) and was run separately. mVenus and mGold were detected by measuring the 
absorbance at 515 nm. tdTomato and mCherry were detected by measuring the absorbance at 
555 nm and 587 nm, respectively. Absorbance values were normalized to the maximum 
absorbance. (I, J) Bacterial cells were transformed with mVenus or mGold expression plasmids. 
FP expression was induced using 1 mM IPTG and the cells were imaged at mid-log phase (OD600 
~ 0.3) using a 40X objective and 508/25-nm illumination. (I) mGold has a similar brightness as 
mVenus in bacteria. For each FP, the brightness of 100-200 cells was determined and the mean 
yellow fluorescence was determined and normalized to that of mVenus. The data plotted 
correspond to mean values (n = 3 independent cultures). The error bars represent the SEM. An 
unpaired two-tailed t test was conducted. ‘ns’ = not significant. (J) Representative images of 
mVenus and mGold expressed in bacteria. Scale bars, 5 μm. Inset, magnified region of the white 
rectangle.  
 
  



 

 

 
 

 

 
Fig. S9. Confocal images of HeLa cells expressing mGold fused to subcellular localization 
tags. (A-E) For each construct, we indicate the name of mGold’s fusion partner, the position of 
the tag (N- or C-terminal with respect to the fluorescent protein), and the number of residues in 
the linker between the two proteins. Scale bars, 10 μm. (A) mGold-Chaf1a-C-10 (Nucleus) (B) 
mGold-Lamp1-N-20 (Lysosome) (C) mGold-RAB4A-C-7 (Endosome)  (D) mGold-Man2a1-N-10 
(Golgi apparatus) (E) mGold-ACTB-C-18 (Cytoskeleton, actin). (F-J) Zoomed out images of cells 
expressing the constructs mentioned in A to E. Scale bars, 10 μm. (K-N) Zoomed out images of 
cells expressing the constructs mentioned in Fig. 5D. Scale bars, 10 μm. 
 
 
 
 
 
 
 
 
 
 



 

 

 
 

Protein λex
 λem

 𝜀  Ψ  Molecular 
Brightness  

 

pKa  Kd for 
Cl-  (M) 

Photobleaching 
Half-Life (s) 

mGold 515 531 107 ± 6 0.64 68 5.9 > 1  29.8 ± 0.1 

mVenus 515 532 110 ± 6 0.65 72 5.9 > 1 10.1 ± 0.2 

 
Table S1. Characterization of mGold’s photophysical properties using purified proteins.  
λex = Excitation maximum (in nm). λem

 = Emission maximum (in nm). 𝜀 = Extinction coefficient, in 
mM-1cm-1; SEM is shown (n = 3 technical replicates). Ψ = Quantum yield of fluorescence. 
Molecular brightness was calculated as a product of 𝜀 and Ψ. pKa was calculated as the pH at 
which the in vitro fluorescence intensity is half of its maximal value (SEM for n = 3 technical 
replicates was < 0.1). Kd for Cl- was calculated as the concentration of Cl- which fluorescence 
intensity to reach half its initial value. Both mGold and mVenus retained more than half their initial 
fluorescences at 1 M of Cl-. Photobleaching half-life was determined as the time taken for 
fluorescence intensity to reach half of its initial value with continuous widefield illumination with 
510/25-nm light at 62.5 mW/mm2. Mean ± SEM is shown. n = 7 technical replicates. Note that 
the improvement in photostability of mGold compared with mVenus differs from the majority of 
observations in cells (Fig. 5B), possibly due to differences in preparation or irradiance (35).  
 
 
 
 
 

  



 

 

Supplementary video 1 
Visualization of cell division using mGold. HeLa cells co-transfected with mGold-keratin and 
EBFP2-H2B were imaged every 3 min for 24 hrs. Cells were grown in culture media at 37 oC in 
air with 5% CO2 and humidity control. Images were acquired with a 50 ms exposure time using 
520-nm excitation light at 24.4 mW/mm2 for YFP and 405-nm light at 1.1 mW/mm2 for BFP. The 
video was compiled at 25 frames per second. Scale bar, 20 μm. 

 

Supplementary video 2 
Visualization of cell attachment using mGold. HeLa cells co-transfected with mGold-keratin and 
EBFP2-H2B were imaged every 30 s for 6 hrs. Cells were grown in culture media at 37 oC in air 
with 5% CO2 and humidity control. Images were acquired with a 50 ms exposure time using 520-
nm excitation light at 54.5 mW/mm2 for YFP and 405-nm light at 1.1 mW/mm2 for BFP. The white 
arrow in the first frame points to the cell that will attach to the glass substrate. The video was 
compiled at 25 frames per second. Scale bar, 20 μm. 
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