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Abstract

Photoactivatable fluorescent proteins (PA-FPs) are widely used in live single-molecule super-
resolution imaging but emit substantially fewer photons than organic dyes do. Here, we show that
in heavy water (D,0) instead of H,O, common PA-FPs emit 26 %-54 % more photons, effectively
improving the localization precision in super-resolution imaging.
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D,0 improves the photon yield of photoactivatable fluorescent proteins and thus the localization
precision for super-resolution microscopy.

Single molecule super-resolution microscopy methods, commonly referred to as
photoactivated localization microscopy (PALM)?! or stochastic optical reconstruction
microscopy (STORM)?Z3, take advantage of photoconversion of fluorescent probes and
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imaging single molecules to allow images of cellular ultrastructures to be taken with
resolution beyond the diffraction limit of light microscopy.

There are several common strategies in tagging biomolecules with fluorescent probes for
super-resolution imaging, namely 1) genetically fusion with photoactivatible fluorescent
proteins (PA-FPs); 2) immunolabeling with photoswitchable organic dyes and 3)
bioorthogonal covalent labeling with photoswitchable organic dye via self-labeling protein
tags such as SNAP, CLIP, TMP or Halo tag. Despite these various options, PA-FP remains
the most common method for live cell labeling due to its high specificity and ease of use.*
However, PA-FP has the drawback of being generally dimmer than organic dyes (i.e.
emitting fewer number of photons per activation event). Because the localization precision
of an individual fluorophore is approximately proportional to the inverse of the square root
of the number of photons detected, increasing the amount of photons collected during the
imaging process leads to higher localization precision, and hence a higher spatial resolution.

Recently, it had been demonstrated that several photoswitching dyes, including the popular
cyanine dyes Cy5 and Alexa Fluor 647,3 shows an increase in photon number in heavy water
(D,0), with the maximum increase (2.6 fold) obtained from the near infrared dye Cy7.°
Considering previous studies showing that D,O can differentially affect protein structures
and activities,® we question whether it can also increase the photon yield of PA-FPs.

In this study, we demonstrated that the photon yield of PA-FPs can also be increased by
varying extents by adding D,O into the imaging buffer, providing a simple solution to
obtaining higher resolution images in super-resolution imaging. In particular, this method is
still compatible with live imaging because the imaging experiments only require the cells to
be in D,0 for no more than 30 min, whereas the adverse effects of D,0, such as to slow
growth, cause apoptosis of cells and whole organism and suppressing tumor genesis, tend to
occur at a much longer time scale.” For example, one study on the effect of D,O reported
that 60 % of cells survived after being incubated in growth media containing 50 % DO for
24 hrs’a, Therefore, we believed that this method would also be applicable for live cell
super-resolution imaging, which typically lasts for just a few minutes.

First, we measured the photon yields of several commonly used PA-FPs, including
PSCFP2,8 PAGFP,® Dendra2,19 mEos2,1! mEos3.2,12 PAmCherry,13 PAtagRFP14 and the
new mMaple3®®, in imaging buffers containing different amount of D,0. Each PA-FP was
genetically fused to the C-terminal of membrane protein CD86, transiently transfected into
CHO cells and imaged live using STORM. All PA-FPs were photoactivated using a 405 nm
laser. A 488 nm laser was used to excite PSCFP2 and PAGFP, while a 561 nm laser was used
to excite Dendra2, mEos2, mEos3.2, mMaple3, PAmCherry and PAtagRFP. Images were
recorded at a frame rate of 60 Hz and the typical power for the lasers at the back port of the
microscope was 20 mW for the 488 nm imaging laser, 40 mW for the 561 nm imaging laser
and 1-500 pW for the 405 nm activation laser, resulting in a power density at the sample of
approximately 0.2 kW/cm?, 0.4 kW/cm? and 0.1-50 W/cm?, respectively. Phosphate-
buffered saline (PBS), made from varying H,O to D50 ratio, was used as the imaging buffer.
In order to make the method simple and cost-efficient, 100% D,O-based PBS was prepared
by dissolving NayHPO,4 and KH,PO, in D50 instead of using deutrated Na,DPO,4 and
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KD,POy,. Buffers containing different ratio of H,O:D,0 were then prepared by mixing
different volume of normal PBS and D,0-based PBS.

Our results showed that the mean photon numbers per photoactivation event obtained for
each of the PA-FPs increased with increasing percentage of D,0O in the imaging buffer (Fig.
laand S.I. Fig. S1). Comparing the photons obtained in imaging buffer containing normal
PBS and 100% D,0O-based PBS, this increase ranges from 26 % to 54 % (Fig. 1b). PSCFP2
and PAGFP, which emit green fluorescence, showed the greatest increase with 54 %, while
PAtagRFP, emitting red fluorescence, displayed only 26 % increase. As summarized in Fig.
1b, where the PA-FPs were arranged according to their post-activation emission wavelength,
we observed a general trend where more blue-shifted PA-FP's emission have a larger
increase in photon numbers. In another words, the D,O had a more pronounced effect on
PA-FPs emitting in the blue-green region such as PSCFP2 and PAGFP than those emitting in
the red region nearer to the infrared such as PAmCherry and PAtagRFP. The green-to-red
photoconvertable FPs, namely mEos2, mEos3.2 and mMaple3, all showed a reasonably
large increase of photons emitted, about 45 %, in 100% D,0O-based PBS.

We next demonstrated the improvement in single-molecule localization precision in real
cellular structure imaging using D,O-PBS. Specifically, we compared the STORM images
of microtubules in fixed S2 cells by imaging mEos2-a-tubulin in either PBS or 100% D,0-
based PBS (Fig. 2a). For an approximately 24 x 24 um area in each image, we characterized
the localization precision (FWHM) in either using two metrics: the precision for individual
molecules calculated from the photon number and background level 16 or the mean precision
in the entire area measured by correlation analysis (Fig. 2b-c). Consistent with a 31 %
increase in detected photon number per mEos2 in the D,O case, the localization precision
improved significantly (P < 0.01), proving the practical advantage of this method.

The higher photon number in D,O could be attributed to either an increased brightness
(extinction coefficient and quantum yield combined) or a reduction in photobleaching rate.
To distinguish these two cases, we measured the fluorescence intensity of conventional GFP
and mCherryl7 as well as the pre-activation green state of mEos2 under low excitation
intensity on a conventional wide-field fluorescence microscope. In each case, 100 S2 cells
transiently expressing FP-a-tubulin were imaged live in PBS and 100% D,0O-based PBS
(~0.8 W/cm? of light around 485 nm was used for GFP and pre-activated mEos2, while ~0.7
W/cm? of light around 560 nm was used for mCherry). The mean fluorescence intensity
were only up to about 10 % brighter in D,O (S.1I. Fig. S2), indicating that the deuterium had
negligible effect on the brightness of FPs. On the other hand, although we did not observe a
significant change in photobleaching rate for GFP, we did record a 56 % slower
photobleaching rate for post-activated mEos2 (S.I. Fig. S3), consistent with the photon
number increase which we have measured in STORM experiments. These results suggest
that D,O can participate in the photobleaching reaction of post-activated mEos2, slowing it
down, potentially due to the isotope effect.

In summary, we have introduced a simple method for increasing the photon numbers of
photoactivatable fluorescent protein in super-resolution microscopy. The method is simple,
cheap and is compatible with both live and fixed imaging, allowing for images with higher
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resolution to be taken. Additionally, this study may provide insights for the better
understanding of FP photobleaching mechanisms and for the engineering of better PA-FPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Properties of FA-FPs in varying fraction of DO, measured in live CHO cells. (a) An
example showing the detected photon numbers per photoactivation event for PSCFP2 in
PBS containing different fractions of D,O (n = 10). The percent photon number increase
over H,O-based PBS is marked in blue color. (b) Summary of detected photon numbers for
the 8 PAFPs tested in this study in either pure H,O- or D,O-based PBS. The blue percentage
numbers indicate the photon number increase in D,O-based PBS as compared to H,O-based
PBS. The PA-FPs are arranged according to their post-activation emission wavelength. Error

bars denote standard deviation.
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Figure2.
(a) STORM images of mEos2-a-tubulin in fixed S2 cell in (i) PBS and (ii) D,O-based PBS.

The image on the right is the expanded view of the region drawn with a red box on the left
image. Scale bars: 2 um. (b) The histogram of calculated localization precisionl® (FWHM)
for each localized mEos2. (c) The measured mean localization precision (FWHM) in an
approximately 24 x 24 um image area. Student's £test P < 0.01. Error bars in (b) denote
s.e.m. whereas those in (c) denotes standard deviation. n = 4.
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