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ABSTRACT: The rapid development in fluorescence
microscopy and imaging techniques has greatly benefited
our understanding of the mechanisms governing cellular
processes at the molecular level. In particular, super-
resolution microscopy methods overcome the diffraction
limit to observe nanoscale cellular structures with
unprecedented detail, and single-molecule tracking pro-
vides precise dynamic information about the motions of
labeled proteins and oligonucleotides. Enhanced photo-
stability of fluorescent labels (i.e., maximum emitted
photons before photobleaching) is a critical requirement
for achieving the ultimate spatio-temporal resolution with
either method. While super-resolution imaging has greatly
benefited from highly photostable fluorophores, a shortage
of photostable fluorescent labels for bacteria has limited its
use in these small but relevant organisms. In this study, we
report the use of a highly photostable fluoromodule, dLS,
to genetically label proteins in the Gram-negative
bacterium Caulobacter crescentus, enabling long-time-scale
protein tracking and super-resolution microscopy. dLS
imaging relies on the activation of the fluorogen Malachite
Green (MG) and can be used to label proteins sparsely,
enabling single-protein detection in live bacteria without
initial bleaching steps. dLS-MG complexes emit 2-fold
more photons before photobleaching compared to organic
dyes such as Cy5 and Alexa 647 in vitro, and S-fold more
photons compared to eYFP in vivo. We imaged fusions of
dLS to three different proteins in live Caulobacter cells
using stimulated emission depletion microscopy, yielding a
4-fold resolution enhancement compared to diffraction-
limited imaging. Importantly, dLS fusions to an
intermediate filament protein CreS are significantly less
perturbative compared to traditional fluorescent protein
fusions. To the best of our knowledge, this is the first
demonstration of the use of fluorogen activating proteins
for super-resolution imaging in live bacterial cells.

Genetically expressed fusions to the Green fluorescent
protein and its relatives have provided a powerful way to
label specific biomolecules in a wide array of cell types." The
advancement of super-resolution microscopy and single-
molecule tracking tools have enabled us to visualize single
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proteins and protein structures in bacterial cells and have
furthered our understanding of the various processes that occur
in these cells with remarkable detail.”~® Both of these methods
require the largest possible numbers of available photons before
photobleaching, because the precision of single-molecule
tracking and the resolution of protein structure improve with
increasing number of photons detected in an image. In most
cases, small organic molecules can emit more photons before
photobleaching (typically ~10°) than fluorescent proteins
(FPs) (often ~10°), thus strategies for genetically targeting
small organic molecules can be beneficial.” This has led to a
push in the development of fluoromodules based on a
genetically encoded protein that can specifically bind to an
organic dye with the correct reactive handle. Fluoromodules
such as SNAP, CLIP, and HaloTag have successfully targeted
photostable dyes in super-resolution microscopy.”” While these
fluoromodules have found wide use in imaging eukaryotic cells,
their applications to bacterial cells have been limited due to
challenges posed during labeling. For example, enzymatic tags
require incubation of 107°~1073 M dyes for over 1 h, followed
by multiple washing steps during which bacterial cells may
undergo multiple division cycles.” Further, long-time-scale
single-protein tracking using photostable fluorophores remains
an important yet unmet need in live bacterial cells. Hence, there
is a need to deliver a low dose of fluorescent markers relatively
quickly (before cell division) in order to obtain relevant
structural and functional information from live bacteria—
something that has relied predominantly on FPs and enzymatic
labeling schemes in the past.'”"’

Fluorogen-activating peptides (FAPs) are a class of
fluoromodules that bind a non-fluorescent small molecule in
a non-covalent fashion and exhibit fluorescence.'”” Malachite
Green (MG) is one such fluorogen whose fluorescence is
strongly quenched by conformational flexibility in solution.
However, upon binding to a cognate FAP, MG is conforma-
tionally constrained and exhibits an 18000-fold fluorescence
increase.'” MG binding FAPs have been used in live cell super-
resolution microscopy (using stimulated emission depletion
(STED) and super-localization approaches) and single-protein
tracking."*~"* One particular FAP, dL5, has been optimized for
better spectral properties and a high binding affinity for MG."®
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The dLS-MG (Figures 1A and S1A) complex has several
advantages for live cell imaging such as a far-red emission, high
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Figure 1. (A) Schematic of the binding reaction between dLS and
MG-ester (structure shown).'” Note that the unequal length arrows
shown in the reaction represent a fast on rate and a slow off rate. (B)
Comparison of dL5-MG with Alexa 647 and CyS in vitro. The
numbers above the bars denote the mean of the distribution of
photons detected before photobleaching (error bars denote + S.E.M)
whereas the numbers inside the bars (bold) denote the number of
molecules analyzed. (C) Diffraction-limited wide-field images of the
Caulobacter strains expressing CreS-dLS, Div]-dLS, and SpmX-dLS.
The top row shows the fluorescence images acquired using excitation
from a 638 nm laser while collecting emission from 650 to 710 nm.
The bottom row shows the overlay of phase contrast and fluorescence
images for the same cells. Scale bar is 1 pm.

photostability, low-picomolar binding affinity and an extremely
slow off rate.'” Despite these improved properties, this
fluoromodule has not been applied to bacterial imaging and
super-resolution microscopy.

In this study, we demonstrate long-time-scale protein
tracking and super-resolution microscopy of the dLS-MG
fluoromodule in live Caulobacter cells. We targeted proteins
from three different families: an intermediate filament-like
protein, a histidine kinase, and a lysozyme-like polar localization
factor. dLS-MG enabled the tracking of single proteins for
several seconds in live cells, providing a better alternative to
FPs for single protein tracking. Additionally, we report the first
use of dLS-MG for STED imaging in live bacteria, yielding up
to 4-fold resolution enhancement compared to conventional
confocal microscopy. Importantly, the dLS fusions to the
intermediate filament-like protein perturb its cellular structure
significantly less than eYFP fusions. The advances reported
here pave the way for imaging structures in bacteria with high
spatial resolution (fwhm down to 60 nm) and tracking of single
molecules for extended time scales up to ten seconds.

Measurements of photostability in live cells are obscured by
diffusion of molecules and oxidative or reductive intra-cellular
environments. In order to determine the mean detected

photons available before photobleaching from dLS-MG, we
imaged single dLS-MG molecules doped in poly(vinyl alcohol)
(PVA) and compared the performance to conventional organic
fluorophores such as CyS and Alexa 647. The results show that
dL5-MG is about 2-fold more photostable than these dyes
(Figure 1B). For some fluorophores, saturation of absorption
can occur at high intensities, thereby decreasing the amount of
energy absorbed and the signal-to-background." This leads to a
non-linear emission response from the fluorophore. The dLS-
MG complex showed a linear emission response across the
typical excitation intensities used for single-molecule measure-
ments, ranging from 389 to 1500 W/cm?* (Figure S1B). This
implies that absorption saturation and non-radiative processes
do not take precedence over fluorescence at typical single-
molecule imaging conditions for the dL5-MG complex.

In order to utilize dL5-MG for photostable imaging, we
engineered C-terminal fusions of three Caulobacter proteins
(Figure S2A). The first protein, crescentin (CreS), is an
intermediate filament homologue that is responsible for the
crescent shape of Caulobacter.'” Additionally, we engineered
dLS fusions to a polar-localized histidine kinase, Div], and a
polar-localized lysozyme homolog, SpmX.”*" Together, these
proteins are important components of networks that control
cell morphology and signaling. Cells from these strains of
Caulobacter were incubated with the membrane-permeable
MG-ester ﬂuorogen,12 washed, and imaged using a diffraction-
limited epi-fluorescence microscope (Figure 1C). The local-
ization patterns of the imaged proteins are consistent with
previous work.'”~*" The labeling could be performed in under
10 min, which is well under the typical division time of
Caulobacter. Upon MG-ester labeling, the cells expressing dLS
fusions grew and divided normally in growth media and on
agarose pads used for imaging (Figure S2B,C). Therefore, we
concluded that the dL5-MG fluoromodule is suitable for live
cell imaging of Caulobacter cells.

Due to its enhanced photostability, dL5-MG can provide an
excellent alternative to FPs for single-protein tracking in
bacteria. To test this, we compared the performance of SpmX-
dLS fusions to corresponding SpmX-eYFP fusions. We chose
eYFP as a benchmark as it is a widely used FP in bacterial
imaging. One advantage of using dLS-MG compared to FPs
lacking photoactivation, is that the number of fluorescent
molecules in the cell can be controlled by tuning the fluorogen
concentration, thus removing the need for pre-bleaching steps
to reach single-molecule concentrations. As a result, cells avoid
a high dose of light before useful imaging. Furthermore, the
long-wavelength emission from dL5-MG allows one to benefit
from a lower background fluorescence from cells as well as from
the agarose used as the mounting medium for imaging (Figure
S3). Finally, significant photoblinking was not observed from
single dL5-MG molecules even under high excitation intensities
in live bacterial cells (Figure S4). This lack of blinking makes
dL5-MG suitable for tracking experiments.

We used a wide-field epifluorescence microscope to track
over 200 molecules of SpmX-dL5S and SpmX-eYFP under
similar imaging conditions and measured the photons detected
per track. Typical tracks from SpmX-eYFP only lasted up to 1s,
whereas the SpmX-dLS tracks lasted up to 10 s (Figure 2A—D).
Time traces showing single-step photobleaching confirmed that
the tracks obtained were indeed single molecules, rather than
multiple emitters (Figure 2E,F, insets). From the measured
distribution of the photons detected per track, we conclude that
dL5-MG is about 5-fold more photostable compared to eYFP
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Figure 2. (A,B) Reverse contrast display of a white light image of a
Caulobacter cell with a single (A) SpmX-eYFP and (B) SpmX-dLS
molecule track shown in yellow in the dotted box. Scale bars are 500
nm. (C) Magnified view of the single track of SpmX-eYFP molecule
from A that lasted for ~1s, time colored. (D) Magnified view of the
single track of SpmX-dLS molecule from B that lasted for over 10 s.
(E,F) Distribution of the photons detected per track for (E) SpmX-
€YFP molecules and (F) SpmX-dLS5 molecules in live Caulobacter cells.
The red line shows an exponential fit with mean and standard
deviations noted at the top. Also shown are the time traces of the
tracked molecule from (C) and (D), confirming single-step photo-
bleaching.

under the same excitation intensities in vivo (Figure 2E,F).
Therefore, the combination of the lack of pre-bleaching, no
requirement for short wavelength activation, a far-red emission
spectrum, and a S-fold higher number of photons make dLS-
MG an excellent genetically directed choice for single-protein
tracking experiments in Caulobacter compared to conventional
FPs.

Owing to the remarkable photostability and fluorogenic
nature of dL5-MG, we attempted to perform single-molecule
super-resolution microscopy on cells expressing CreS-dLS. We
first employed a PAINT-like technique where we supplemented
the mounting medium (agarose) with excess MG-ester.”” We
hypothesized that the normally dark MG-ester molecules would
slowly diffuse through the cell, fluoresce upon binding dLS, and
be localized. However, we observed that MG-ester activated
upon binding to the bacterial cell surface (Figure SS). This was
expected since similar floppy dyes such as Crystal violet have
been shown to bind to peptidoglycan in bacteria.”> However,
we also found that we could robustly and easily wash out MG-
ester loosely bound to the Caulobacter surface (Figure SS).

The nonspecific binding of MG-ester and washing thus
required an alternative method to obtain super-resolution
images. For this, we utilized STED microscopy that relies on
shrinking the effective excitation PSF to achieve super-
resolution. We tested the utility of dL5-MG in STED imaging
using a home-built fast-scanning pulsed STED microscope
(Figure S6). Sample preparation for STED imaging was the
same as that used for diffraction-limited imaging. STED images
overlaid with reverse contrast white light images showed the

same localization patterns for Cres-dLS, SpmX-dLS, and Div]-
dLS as observed with diffraction-limited images, but with an
enhanced resolution (Figure 3A). We observed that most CreS-
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Figure 3. (A) dLS-MG labeling of CreS, Div], and SpmX imaged using
a fast scanning pulsed STED microscope. Top panel shows the STED
images whereas the bottom panel shows an overlay of the reverse
contrast white light image with the STED image. For each STED
image, the inset shows zoomed in views of features marked with white
arrows. All scale bars (cyan) are 500 nm. (B) Comparison of confocal
and STED images of CreS-dL5 showing CreS fibers from two adjacent
cells with line scans. Scale bars are 500 nm. (C) Bar graphs showing
the percentage of detached fibers observed as a function of increasing
xylose concentration for induction of labeled CreS. Data are presented
as mean + SEM (107 < N < 123 for all samples). **p < 0.01.

dLS fibers localized to the ventral side of the cells. We also
obtained STED images of Div] and SpmX in live cells, which
appeared tightly localized to the pole (Figure 3A).

Using the CreS-dLS fibers as a static structural reference, we
obtained an up to 4-fold resolution enhancement in STED
images compared to confocal imaging (Figure 3B). We also
observed similar resolution enhancement for dLS fusions of
CreS, Div], and SpmX (Figure S7C—E). Images of CreS-eYFP
obtained using a commercial cw (continuous wave) STED
microscope showed a 3-fold resolution enhancement over
confocal images (Figure SSA—C). Additionally, we obtained a
distribution of the CreS fiber widths (fwhm) from STED
images, with means of 81.0 & 1.5 nm for CreS-dLS and 91.0 +
2.0 nm for CreS-eYFP (Figure S9). The broader width of the
CreS-eYFP fibers may be attributed to the lower resolution
from the cw STED measurement at the intensities needed to
prevent excessive photobleaching of eYFP.

With the enhanced resolution provided by STED micros-
copy, we observed that some CreS-dLS fibers showed
detachment phenotypes similar to those previously reported
for FP fusions to CreS.'”** We investigated this effect further
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by titrating CreS-dLS and CreS-eYFP in vivo against the
inducer, xylose. We observed detached fibers for CreS-eYFP
even at the lowest induction condition (0.06% Xylose for 90
min, Figure S8D,E). A careful visual scoring of these fibers
indicates that dLS fusions of CreS perturb fiber formation to a
significantly lesser extent than eYFP fusions (Supporting
Information, Figure S8E, and Figure 3C). We also noticed an
increase in the number of detached fibers from 9% to 24%
upon increasing the xylose dose for CreS-dLS expressing cells.
This implies that insertion of CreS-dLS molecules leads to fiber
detachment although its effect is less drastic compared to CreS-
eYFP. Given that dLS and eYFP are of similar size, this
fortuitous effect may be attributed to altered interactions
between the labels and the CreS fiber and needs to be explored
further. However, dLS-MG complexes emit more photons
before photobleaching than eYFP and can be imaged using
STED microscopy without over-expression of CreS-dL5 fusion.
This opens the possibility for a detailed, non-perturbative study
of this intermediate filament-like protein in Caulobacter.

This study is the first use of the dL5-MG fluoromodule to
label proteins on a short time scale compared to the cell cycle
in live bacteria, thus enabling extended protein tracking and
super-resolution microscopy. dL5-MG complexes emit S-fold
more photons compared to the commonly used eYFP, enabling
high-quality tracking of single proteins for tens of seconds.
Further, STED microscopy of dLS fusions facilitates a 4-fold
resolution enhancement compared to conventional diffraction-
limited images. STED images also revealed that the dLS fusion
of CreS is significantly less perturbative to the fiber formation
compared to the corresponding eYFP fusion. The labeling
methods developed in this study are applicable to other
bacterial species with some optimization. In conclusion, the use
of dL5S expands the current bacterial labeling toolbox and
promises to achieve enhanced spatio-temporal resolution that is
essential for deciphering in vivo protein structures and dynamics
in Caulobacter and other bacterial species.
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