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Abstract

Single-molecule fluorescence super-resolution imaging and tracking provide nanometer-scale
information about subcellular protein positions and dynamics. These single-molecule imaging
experiments can be very powerful, but they are best suited to high-copy number proteins where
many measurements can be made sequentially in each cell. We describe artifacts associated with
the challenge of imaging a protein expressed in only a few copies per cell. We image live Bacillus
subtilis in a fluorescence microscope, and demonstrate that under standard single-molecule
imaging conditions, unlabeled B. subtilis cells display punctate red fluorescent spots
indistinguishable from the few PAmCherry fluorescent protein single molecules under
investigation. All Bacillus species investigated were strongly affected by this artifact, whereas we
did not find a significant number of these background sources in two other species we
investigated, Enterococcus faecalis and Escherichia coli. With single-molecule resolution, we
characterize the number, spatial distribution, and intensities of these impurity spots.

Graphical abstract

Single-molecule-like fluorescent background signal is reported in Bacillus subtilis cells, and the
density and fluorescence intensity of these spots are quantified in several Bacillus species and
other Gram-negative and Gram-positive organisms.
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Fluorescence microscopy has provided invaluable aid to cell biology. In recent years, the
development of single-molecule fluorescence (SMF) microscopy has allowed scientists to
visualize the localization, motion, and interactions of individual proteins with unprecedented
resolution.["] This technique is particularly beneficial for studies of bacterial cell biology, as
bacteria commonly have sizes similar to the diffraction limit of light.’]: I*] Imaging single
molecules requires that fluorescently labeled molecules are separated either in space (by at
least the Abbe diffraction limit, several hundred nanometers) or in time. Because the
localization precision scales with the number of photons collected, brighter probes are
preferable and the signal to noise ratio is very important. Thus, in bacteria, the best single-
molecule probes are ones that emit in the red, as there is less cellular autofluorescence and
therefore better signal to noise in this region of the spectrum.[4] Campobell et al. evolved
mMRFP1, the first red monomeric protein, a dozen years ago,[5] and other red fluorescent
proteins have since been evolved to address the needs of microscopy. These include the
photoactivatable protein PAmCherry,[G] which can be photoactivated with a violet laser for
use in single-molecule tracking experiments.

Bacillus subtilis, a Gram-positive soil bacterium, has been a particularly popular model
organism for a wide range of fluorescence-based microscopy studies characterizing the
subcellular localization of proteins. In addition, B. subtilis has become an important model
organism in the DNA repair field, where significant differences have been found between
Gram-positive species and the more well-studied Gram-negative bacteria like Escherichia
colil"H°1 Numerous studies of B. subtilis DNA repair using conventional fluorescence
microscopy have revealed exciting homologies with the “repair centers” that fix DNA breaks
in eukaryotic cells.l*%H?1 More recently, several groups have used super-resolution and
single-molecule fluorescence microscopy to examine intracellular dynamics and localization
within this organism.I**F*1 The traditional methods of single-molecule tracking and super-
resolution imaging in living bacterial™*I-(*®] can be extended to B. subtilis, and
complementing these well-developed methods with biochemical, genetic, and genomic
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investigations has already led to important discoveries about DNA mismatch detection and
mismatch repair (MMR) in B, subtilis.®l [°1 Overall, we have been finding that the proteins
that engage in complex DNA repair behaviors are much more dynamic than conventional
models would suggest; this motivates further single-molecule investigations of other DNA
replication and repair mechanisms.

To extend our single-molecule investigations of DNA repair in B. subtilis, we intended to
study the DNA repair protein RecO, which recruits RecA to single-stranded DNA regions
for recombinational repair.'}: [Z'T*! RecO is known to interact with the C-terminal tail of
the single-stranded DNA binding protein, SSB,[32] and to recruit RecA to SSB-coated
DNA.®l we planned to measure the co-localization of RecO with both SSB and RecA in
the presence and absence of DNA damage, and expected that RecO diffusion would slow in
the presence of damage.[34] We had not previously attempted to image a protein with such a
low copy number, and found that the low number of proteins of interest per cell presented
challenges that had not affected previous studies of higher copy proteins. In particular, we
detected single molecules in living B. subtilis cells, but we determined that these fluorescent
signals were impurities, not fluorescently labeled RecO. Here, we characterize the intensity
and frequency of these background sources with single-molecule sensitivity. Overall, we
found that the fluorescent impurities were membrane-localized, occurred in other Bacillus
species but not in all Gram-positive organisms, and had similar fluorescence intensities to
single PAmCherry molecules. In this Communication, we identify the challenges that must
be considered when attempting to perform high sensitivity single-molecule fluorescence
imaging of low copy number proteins in living Bacillus sp. cells.

We constructed a B. subtilis strain expressing a PAmCherry-RecO fusion at the native locus
as the sole source of RecO. We assayed PAmCherry-RecO functionality by performing
growth curves of wild type, 4recO, and PAmCherry-RecO strains. While growth was
significantly slowed by the deletion of RecO, we observed no growth defect in the strain
carrying the PAmCherry-RecO construct. The RecO protein has been reported to be present
in extremely low concentrations—on the order of one protein per cell—in £. 00/11[35] S0 we
were concerned that even moderate levels of overexpression from a plasmid could produce
localization artifacts. In contrast, our previous single-molecule imaging experiments in B.
subtilis had focused on much more highly expressed proteins like the mismatch repair
protein Muts.[**] After photoactivation with a 405-nm laser, fluorescence from PAmCherry
molecules can be imaged with 561-nm laser excitation, and the PAmCherry fluorescence
emission peak of 595 nm[e] falls in a range of reasonably low B. subtilis autofluorescence.
And indeed, we were able to easily image, localize, and track MutS-PAmCherry fusions

expresgsed3grom the MutS native locus with a copy number greater than ~100 proteins per
1
ce||.[ 1. [°°]

While performing imaging controls using wild type B. subtilis strain PY79, which does not
include any introduced extrinsic fluorescent markers, we observed that fluorescence
excitation with a 561-nm laser produced mobile spots that registered in our image analysis
routines as single fluorescent molecules (Figure 1, Movie S1). The motion of these spots
(often moving around the cell perimeter) suggested that whatever was producing the signal
might be membrane-associated.[37] We thus imaged the cells through a cylindrical lens to
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obtain 3D position information with subcellular resolution based on astigmatism, 2. [*°]
and found that many of the spots did indeed co-localize with the cell membrane (Figure 2,
Movie S2). In principle, this localization of the spots to the cell perimeter could allow
location-based filtering. For instance, if one wants to study a cytoplasmic protein near the
cell center, any membrane-associated spots could be removed from the analysis. However, in
practice, the precision of the 3D measurement is not here sufficient to fully filter out the
background spots while still keeping much of the desired signal. Furthermore, using such a
location-based filter to remove membrane-localized signals would be incompatible with
studies of proteins that associate permanently or transiently with the cell envelope.

To investigate whether filtering on intensity rather than position would better differentiate
between PAmCherry and the background spots, we quantified the brightness of the
fluorescent impurities and compared this signal strength to the intensities of purified
PAmMCherry and PAmCherry-labeled proteins in cells under the same imaging conditions.
For each sample, our single-molecule imaging algorithm identified isolated punctate
fluorescent spots, and the intensity of each spot is defined as the Gaussian fit amplitude of
that fluorescent image (see Experimental Section). We found that the intensities of purified
single molecules of PAmCherry were statistically indistinguishable from the intensities of
the single-molecule-like spots in unlabeled B. subtilis PY79 (compare the Bs PY79 and
PAMC data sets in Figure 3). We compared the intensities of the spurious fluorescent points
detected in the wild type PY79 cells to the intensities of intracellular PAmCherry in strain
JWS121, a PY79-derived B. subtilis strain that expresses a fusion of PAmCherry to the DNA
mismatch repair protein Muts.[] Initially, the photoactivatable PAmCherry tag is in a non-
emissive state and these PAmCherry-MutS cells look the same as wild type PY79 in the
fluorescence microscope. However, PAmCherry in JWS121 cells can then be activated with
a 406 nm laser pulse. MutS has a copy humber of more than ~100 proteins per cell; therefore
when we image after photoactivation, most of the fluorescent signal in this strain comes
from PAmCherry. We found that the fluorescent impurities in the wild type PY79 had the
same fluorescence intensity as individual photoactivated molecules of PAmCherry fusions in
the cell (compare Bs PY79 and Bs MutS data sets in Figure 3), although many more
fluorescent spots were localized after activation with a 406 nm laser in Bs MutS than in Bs
PY79. Furthermore, as we developed our protocol, we investigated several different growth
media and found that the fluorescent impurities were still present whether the cells were
grown in rich medium (LB), minimal medium (S7sq), or an intermediate medium (CH [401).
The background was also observed in PY79 cells grown up from stocks from other sources.

Though this source of background has been casually discussed over the years by researchers
culturing and imaging Bacillus cells in different labs with different stocks and different
water supplies, we wondered whether the lack of prior formal reports of this phenomenon
was due in part to the relative dearth of single-molecule studies of Gram-positive bacteria in
the literature. We obtained a number of other wild type Bacillus species (B. cereus, B.
licheniformis, B. megaterium, and B. thuringiensis) from the Bacillus Genetic Stock Center
and observed similar single-molecule-like spots in those unlabeled cells (Figure 3, Movies
S3-S8). The fluorescent impurities were still present in the unlabeled Gram-positive
organism Enterococcus faecalis and even in unlabeled cells of the Gram negative E. coli
(Figure 3). However, the abundance of the fluorescent impurities was significantly reduced
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in unlabeled E. faecalisand E. coli cells relative to cells from the Bacillus species (Figure 4).
This difference in numbers of spurious single-molecule localization persisted even after
correcting for differences in cell area (Figure 4). We conclude, then, that under 561-nm laser
excitation in Bacillus cells, low copy number red fluorescent protein-labeled molecules are
indistinguishable from spurious fluorescent spots.

We initially chose to study RecO due to its critical role in loading RecA during
recombinational repair.[7] We also found it interesting that such a vital function would be
performed by a protein that has been shown in £. colito have an extremely low copy
number, on the order of one protein per ceII.[35] However, the single-molecule-like
background signal in B. subtilis makes it extremely difficult to study low-copy proteins like
RecO when using red fluorescent protein labels and 561-nm laser illumination. On the other
hand, the fluorescence image of an unlabeled B. subtilis PY79 cell excited at 488 nm is
shown in Figure 5b; this image demonstrates the diffuse autofluorescent cell background,
which is usually much more problematic for blue/green fluorescent imaging than for
imaging at redder wavelengths. Still, we hypothesized that here, single RecO molecules
would best be observed with a greener label because the spurious background signals
precluded our investigation of single PAmCherry-RecO molecules in B. subtilis. \Ne
therefore set out to image in living B. subtilis cells fusions of the yellow fluorescent proteins
mCitrine and YFP (both of which have a fluorescence emission maximum of ~527 nm) to
RecO.

We constructed B. subtilis strain ERB81, which contains a RecO-mCitrine fusion under the
xylose promoter at the AmyE locus in addition to the native copy of RecO. These cells were
prepared as described above and then incubated in S75q with varying concentrations of
xylose for ~6 hours at 30°C to induce RecO-mCitrine expression. Unfortunately, while
xylose concentrations of 0.11% or above led to the formation of foci of many RecO-
mCitrine molecules, we were unable to identify a xylose concentration for which single
molecules were visible above the autofluorescent background. This observation indicates
that either there are only a few copies of RecO-mCitrine which do not form foci and which
are not individually brighter than the cell background, or else that the RecO-mCitrine
molecules are diffusing so rapidly that their emission is also diffuse. To investigate the latter
possibility, we compared the average fluorescence intensity per cell of unlabeled PY79 cells
to B. subtilis strain PG603, which expresses a RecO-YFP fusion under native control at the
native locus (a kind gift from Peter Graumann[m]). Unfortunately, the RecO-YFP also did
not significantly increase cellular fluorescence beyond the background autofluorescence
level (Figure 5c).

What does this mean for single-molecule fluorescence microscopy in B. subtilis and other
bacteria? Proteins that form foci can be characterized by conventional

microscopy, X321 311, 1281, [*] pecause the spurious, short-lived background signals
discussed here are washed out at longer exposure times. Additionally, we have previously
been successful at imaging higher-copy number proteins with high resolution,[lgl as the
amount of “real” signal in such experiments is sufficient to drown out the less frequent
signals from the fluorescent impurities. The spurious background signals only become an
issue in this new regime of low copy number proteins for which merely one to a few “real”
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molecules are expected per cell; in this previously unexplored regime, the signal from the
impurities drowns out the real signal. Therefore, if single-molecule dynamics are required,
overexpressing the protein can circumvent the background issue. Functionality assays can
provide some assurance that the behavior of the overexpressed protein is representative of its
true behavior.

The identity of these fluorescent impurities is still unclear. Similar fluorescent impurities
were observed when exciting with 515 nm light, though not with 488 nm light. Bacterial cell
walls can bind metal ions, and both B. subtilis and B. licheniformis accumulate significantly
more metals than £, cofil*?1 [**] We did observe that the fluorescent impurities were
reduced—though not eliminated—upon increasing the amount of time that the glass slide
and coverslips were plasma etched before use (see Experimental Section). This cleaning
suggests that some environmental contaminant is being taken up and concentrated inside the
bacteria. Interestingly, increasing the cleaning time of the coverslips used in the actual
imaging had only a minimal effect, whereas thoroughly cleaning the slides and coverslips
used to make the agarose pads proved essential for reducing the background signal
occurrences. Still, Figures 3 and 4 show that imaging PAmCherry-RecO in B. subtilis was
ultimately unsuccessful since it was not possible to distinguish between the extremely low
number of PAmCherry-RecO molecules and the small number of detected background
signals. In these cells, where we expect only 0-2 molecules of RecO per cell,[35] even a
single false background signal per cell will unacceptably alter the data. Overall, low-copy
number proteins in B. subtilis and related Bacillus species are ill-suited for fluorescence
imaging based on current fluorescent protein fusions. However, small-molecule dyes that are
brighter than the fluorescent impurities may allow single-molecule imaging even of low-
copy proteins. A number of relatively new techniques, such as the HaloTag technology[44] or
the incorporation of unnatural amino acids,[**"] allow proteins to be tagged with brighter
organic fluorescent dyes with the labeling specificity of genetic encoding, and these
techniques may prove to be the best solution to the background problem in B. subtilis.
Additionally, Lee et al. have reported a small molecule that can be enzymatically converted
inside B. subtilisto a bright, red-emitting dye.[48] Our experience is an example of the
difficulties that can arise when applying exciting new techniques such as single-molecule
imaging to novel systems. Collaboration between chemists, biologists, and microscopists
will be necessary to overcome these barriers and realize the full promise of single-molecule
tracking in bacteria, particularly with regards to investigations of low-copy number proteins.

Experimental Section

Bacterial strains and growth conditions

Bacillus subtilisPYT79, Bacillus thuringiensis HD735, Bacillus licheniformis ATCC #14580,
Bacillus cereus ATCC #10987, and Bacillus megaterium QM B1551 were obtained from the
Bacillus Genetic Stock Center (Columbus, Ohio). B. subtilis PG603 was a kind gift from
Peter Graumann (Universitat Marburg). Enterococcus faecalis V583 was a kind gift from
Kevin Wood (University of Michigan). Escherichia coli MG1655 CGSC #7740 was obtained
from the Coli Genetic Stock Center (Yale University, New Haven, Connecticut). B. subtilis
JWS121 contains a fusion of MutS to PAmCherry at the native MutS locus. Cells were
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struck out on 1.5% agar/LB plates and incubated for ~16 h at 37°C. Single colonies were
transferred into liquid LB and incubated for ~16 h at 37°C with shaking. Cultures were
diluted 1:100 into fresh LB and incubated at 37°C with shaking to an ODggg of 0.5 - 0.8.
250 uL of culture was centrifuged for 5 minutes at 5000 x g. The supernatant was removed
and the cell pellet was resuspended in 250 pL of filter-sterilized S75¢ minimal medium.[49]
The centrifugation was repeated, the supernatant removed, and the pellet again resuspended
in 250 pL of fresh S75q. B. subtilis ERB81 cells containing the RecO-mCitrine fusion under
the xylose promoter at the amyE locus in B. subtilis P'Y79 were incubated in 0.11% xylose
for ~6 h at 30°C. 1.5 pL of sample was spotted onto a pad of 2% agarose in S75q, and the
pad was inverted onto a plasma-cleaned coverslip for imaging. The bacterial strains used in
this study are summarized in Table S1.

Sample preparation and substrate cleaning for microscopy

Agarose pads were prepared by pouring molten 2% agarose in S755 minimal medium onto a
glass slide and laying a glass coverslip on top of the agarose to create a flat surface after the
agarose hardened. The slides and coverslips used for making the agarose pads were cleaned
in an oxygen plasma etcher (PE-50, Plasma Etch Inc.) at 200 mTorr for 10 minutes.
Increasing this cleaning time to 20 minutes slightly improved, but did not fully remove, the
fluorescent spots; further increases in cleaning time had no significant effect on the
fluorescent spots. Once the agarose solidified, the top coverslips were removed. A small
volume (typically 1.5 pL) of cell suspension was pipetted onto the surface of the agarose and
the liquid was allowed to dry into the pad. The pad was then inverted on to a new glass
coverslip (Fisher Scientific Fisherfinest® Premium Cover Glass #12-548-B); this coverslip
was also plasma cleaned for 10 minutes.

PAmCherry purification

PAmCherry was purified from £. colias previously described.[so] Briefly, cells of £. coli
DH5a containing the plasmid pBAD/HisB-PAmCherry1 (a gift from Vladislav Verkhusha
[Addgene plasmid #31931][6]) were grown to mid-log phase, and protein expression was
induced with 0.2% arabinose. Twenty hours after induction, cells were harvested by
centrifugation and lysed using B-PER (ThermoScientific). His-tagged PAmCherry was
purified using a spin column (HisPur™ Ni-NTA, ThermoScientific).

Fluorescence microscopy

Cells were imaged in an Olympus IX71 inverted microscope with a 1.40-NA 100x phase
contrast oil immersion objective as previously described.[*°1. [%°] Images were captured on a
Photometrics Evolve EMCCD with a 40 ms integration time. Samples were excited with a
561-nm laser (Coherent Sapphire 561-50) with a power of 1.9 yW-pum™2. For Bs PY79
MutS-PAmCherry, PAmCherry was activated by cycles of exposure to a 406 nm laser
(Coherent Cube 406) with a power of 0.15 pW-pm~=2 for 200 ms. YFP-RecO and mCitrine-
RecO fusions were imaged with a 488-nm laser (Coherent Sapphire 488-50) at 0.25
HW-um~2, For 3D imaging, a cylindrical lens with 1000 mm focal distance (ThorLabs
LJ1516RM-A) was placed in the optical path between the microscope and the camera. For
each 3D experiment, a z-calibration curve was generated using a sample of immobilized 0.1-
pum TetraSpeck™ microspheres (ThermoFisher Scientific) and collecting data at a series of

Chemphyschem. Author manuscript; available in PMC 2017 May 18.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Tuson et al. Page 8

known z-positions with a piezo stage (Physik Instrumente) controlled by PIMicroMove
software as previously described.*"]

Single-molecule data analysis

A bandpass filter was applied to the fluorescent images to produce initial guesses of single-
molecule locations. A 2D Gaussian fit was then applied to determine the center of each
signal. For 3D imaging, the cylindrical lens in the microscope emission pathway creates an
astigmatism that identifies the 3D position, as previously described.l*"l: [**] The astigmatic
point spread function was fit with an asymmetric Gaussian function:

(z—z0)2 | (y—yg)?
0)” | W JS) }

f:Ibg+A . ei|: 2175_ 2(ry

where Iy is the background intensity, A is the amplitude of the emission, and (xo, Yo) is the
center position of the molecule. The z-localization was then determined from the calibration
curve for that specific experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Unlabeled B. subtilis PY79 cells display both diffuse autofluorescence and punctate single-

molecule-like spots under 561-nm laser excitation. PY79 is a wild type strain with no
introduced fluorescent labels. (a) Phase contrast image of several PY79 cells. (b) Sum of
multiple fluorescence imaging frames (a total of 8 seconds of Movie S1). The cells are
excited with a 561-nm laser (power density: 1.9 zW-zm™=2). (c) Individual frames from the
movie in (b), each with an integration time of 40 ms. Scale bars: 2 ym.
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Figure2.
Fluorescent impurities accumulate at the B. subtilis PY79 cell membrane. PY79 is a wild

type strain with no introduced fluorescent labels. (a) Cells were imaged using a cylindrical
lens to determine of the zposition (depth) of the localized fluorescent impurities in addition
to the in-plane (x—)) position (Movie S2). Each localization in a single cell is plotted in x; y,
and zas a dot and the center line of the cell is indicated. (b) The density of localizations in
the cell in (a) as a function of the radial distance from the center line of the cell. Particle
density is maximum at 0.3 zm; the radius of a typical B. subtilis cell is 0.3 — 0.4 ym.
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Figure 3.
Fluorescent impurities have a similar brightness in multiple organisms. In cells excited with

561-nm light at 1.9 zW-zm™~2, single-molecule intensities are determined from the amplitude
of the Gaussian fit to the fluorescent image of each molecule. Horizontal lines indicate the
median values, filled squares indicated the mean values, box edges indicate the standard
deviation on the mean, and whiskers indicate the 15t and 99t percentiles. Bs PY79 is B.
subtilisPYT79, a wild type strain lacking any introduced fluorescent labels. Bs MutS is B.
subtilis PY 79 expressing MutS-PAmCherry fusions. Bm, Bt, Bc, BI, Ef, and Ec are B.
megaterium, B. thuringiensis, B. cereus, B. licheniformis, E. faecalis, and E. coli,
respectively. Aga. is a bare agarose pad made with filtered S755 medium. PAmC is purified
PAmMCherry on an agarose pad. All bacterial samples were imaged on at least two separate
days with the same laser intensity. All single-molecule detection and characterization was
performed using the same fitting parameters. Numbers above each box indicated the number
of measurements obtained from that sample.
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Figure 4.
Fluorescent impurities are far more abundant in Bacillus species than in other bacteria

investigated. In cells excited with 561-nm light at 1.9 zW-zm~2, the number of detected
spots in each movie was divided by the number of cells analyzed in that movie to determine
the number of localizations per cell () or by the total area of all cells analyzed in that
movie to obtain the number of localizations per cell area ( ). The agarose sample was a
bare agarose pad made with filtered S759 medium. Bm, Bt, Bc, Bl, Ef, and Ec are B.
megaterium, B. thuringiensis, B. cereus, B. licheniformis, E. faecalis, and E. coli,
respectively. Aga. is a bare agarose pad made with filtered S759 medium.
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Figure5.
Yellow fluorescent protein fusions to RecO under native control do not give rise to a

detectable signal above background autofluorescence. 20 — 50 cells of each type were
excited with 488-nm light at 0.25 zW-zm~2, and imaged for 2 minutes (3000 imaging
frames). Representative phase contrast (a) and fluorescence (b) images of unlabeled PY79
cells are shown. (c) The average fluorescence intensity of each cell is plotted. Bs PY79 is B.
subtilis PY 79, a wild type strain lacking any introduced fluorescent labels. Bs PG603 is B.
subtilis PY 79 with a RecO-YFP fusion at the native locus. Average cell intensity was
determined from movies taken on the same day at the same laser power.

Chemphyschem. Author manuscript; available in PMC 2017 May 18.



	Abstract
	Graphical abstract
	Experimental Section
	Bacterial strains and growth conditions
	Sample preparation and substrate cleaning for microscopy
	PAmCherry purification
	Fluorescence microscopy
	Single-molecule data analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

