
Enzymatic Labeling of Bacterial Proteins for Super-resolution
Imaging in Live Cells
Samuel H. Ho and David A. Tirrell*

Division of Chemistry and Chemical Engineering, California Institute of Technology, 1200 East California Boulevard, Pasadena,
California 91125, United States

*S Supporting Information

ABSTRACT: Methods that enable the super-resolution imaging of intracellular proteins in live bacterial cells provide powerful
tools for the study of prokaryotic cell biology. Photoswitchable organic dyes exhibit many of the photophysical properties
needed for super-resolution imaging, including high brightness, photostability, and photon output, but most such dyes require
organisms to be fixed and permeabilized if intracellular targets are to be labeled. We recently reported a general strategy for the
chemoenzymatic labeling of bacterial proteins with azide-bearing fatty acids in live cells using the eukaryotic enzyme N-
myristoyltransferase. Here we demonstrate the labeling of proteins in live Escherichia coli using cell-permeant bicyclononyne-
functionalized photoswitchable rhodamine spirolactams. Single-molecule fluorescence measurements on model rhodamine
spirolactam salts show that these dyes emit hundreds of photons per switching event. Super-resolution imaging was performed
on bacterial chemotaxis proteins Tar and CheA and cell division proteins FtsZ and FtsA. High-resolution imaging of Tar
revealed a helical pattern; imaging of FtsZ yielded banded patterns dispersed throughout the cell. The precision of radial and
axial localization in reconstructed images approaches 15 and 30 nm, respectively. The simplicity of the method, which does not
require redox imaging buffers, should make this approach broadly useful for imaging intracellular bacterial proteins in live cells
with nanometer resolution.

■ INTRODUCTION

Imaging modalities that provide resolution beyond the
diffraction limit have enabled new approaches to the
exploration of complex biological phenomena.1,2 Super-
resolution and single-molecule imaging methods have revealed
key elements of the structures of macromolecular assemblies
with nanometer resolution.3 Examples include the three-
dimensional architectures of microtubules and clathrin-coated
pits in BS-C-1 cells,4,5 the periodicity of actin organization in
neuronal cells,6 and the localization of mitochondrial proteins
enriched at cristae junctions in human skin fibroblast cells.7

Methods such as photoactivated localization microscopy
(PALM),8 stochastic optical reconstruction microscopy
(STORM),9 and direct stochastic optical reconstruction
microscopy (dSTORM)10 overcome the Abbe diffraction
limit11 by exploiting fluorophores that switch between dark
(“off”) and fluorescent (“on”) states.12 Conventional small-
molecule dyes, which may undergo reversible photoswitching
upon excitation, include those bearing carbo-rhodamine,13

cyanine,14 and oxazine15 cores. Photoswitchable fluorescent
proteins, such as EYFP16 and Dronpa,17 undergo structural
rearrangements that enable transitioning between off and on
states. Fluorophores may also undergo irreversible conversion
through means of photoactivation with weak UV illumina-
tion.18 This behavior is characteristic of azido push−pull
chromophores,19 rhodamine spiroamides,20 spirocyclic diazo-
ketones,21 photoactivatable fluorescent proteins such as PA-
CFP222 and PA-mCherry,23 and photoconvertible fluorescent
proteins such as mEos24 and Dendra2.25 The development of
fluorescence methods that resolve molecules in space and time
with high precision remains an active area of research.26

The resolution of adjacent emitters based on their individual
point spread functions (PSF) is dependent on the individual
fluorophore’s photon output, duty cycle, survival fraction, and
number of switching cycles.27 Organic fluorophores offer
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important advantages that make them attractive for use in
super-resolution microscopy, including photostability, bright-
ness,28 and high photon outputs.27 Many of the conventional
STORM dyes (e.g., Cy5 and Alexa 647) require the use of
oxygen-scavenging buffers and the addition of exogenous
reducing agents to facilitate photoswitching.29 Targets are
typically labeled by means of immunofluorescence staining in
fixed cells with antibodies conjugated to dyes.30 The size of
antibodies used in such labeling experiments is on the scale of
10−15 nm, which may negate the localization precision of the
single-molecule imaging experiment.31 The reagents needed
for fixation and permeabilization of cells require careful
optimization to ensure that image quality is not affected.32

For live-cell imaging, the fusion of target proteins to the
HaloTag33 has found use in achieving covalent modification
with photoactivatable fluorophores in live bacterial34 and
eukaryotic cells,35 although the size of the tag is of the same
order of magnitude as that of fluorescent proteins. Improved
methods for the selective introduction of photoswitchable
organic fluorophores into target proteins in live cells are
needed to advance the field of super-resolution microscopy.
We recently reported a strategy for introducing azido fatty

acids into the N-termini of intracellular proteins in E. coli for
imaging with cell-permeant fluorophores (Figure 1A).36 The
method uses the eukaryotic enzyme N-myristoyltransferase
(NMT) to ligate the myristic acid surrogate 12-azidododeca-
noic acid (12-ADA, 1) to the proteins of interest.37 Target
proteins are outfitted with nonapeptide sequence MGNEA-
SYPL, an N-terminal NMT recognition sequence derived from
mammalian protein calcineurin B.38 In this work, we

demonstrate the labeling of chemotaxis and cell division
proteins in live E. coli cells with cell-permeant photoswitchable
rhodamine spirolactam dyes 2 and 3 (Figure 1B). Rhodamine
spirolactams have been used as probes for the super-resolution
imaging of cell-surface targets in live Caulobacter crescentus.39

Upon activation at 405 nm, the fluorophore converts from a
nonfluorescent state to a fluorescent state.40 The open
rhodamine isomers thermally recyclize on the order of
milliseconds in polar solvents,41 allowing the molecule to
undergo photoswitching. Oxygen-scavenging buffer systems
and exogenous reducing agents, commonly used to facilitate
the activation of STORM dyes, are not required for the
photoswitching of these molecules. Other STORM dyes with
similar emission characteristics include Cy3 and Atto 565,27

although such dyes require imaging buffers to facilitate
photoswitching. To the best of our knowledge, these
rhodamine spirolactam scaffolds have not been used for
labeling and imaging specific intracellular proteins in live
bacterial cells.
Inspired by the potential application of these fluorophores in

live-cell imaging experiments, we examined rhodamine
spirolactam salts 4 and 5 as model compounds. Bulk
spectroscopic characterization was performed on these dyes
in aqueous and organic solvents, and we determined each
fluorophore’s photon output, duty cycle, survival fraction, and
number of switching events at the single-molecule level.
Finally, we used reactive dyes 2 and 3 to accomplish live-cell
super-resolution imaging of chemotaxis proteins Tar and
CheA42,43 and cell division proteins FtsZ and FtsA44,45 in live
E. coli cells.

Figure 1. Strategy for super-resolution imaging in live cells. (A) A bacterial protein of interest is outfitted with a short N-terminal nonapeptide
NMT recognition sequence (MGNEASYPL). The treatment of cells with 1 during the expression of the target protein results in the azide-labeled
protein. Subsequent strain-promoted azide−alkyne cycloaddition with cell-permeant photoswitchable dyes such as 2 and 3 tags the protein of
interest for super-resolution imaging. (B) Structures of fatty acid 1 and rhodamines 2 and 3.
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■ RESULTS AND DISCUSSION

Rhodamines 4 and 5 were prepared as iodide salts from
commercially available rhodamine B (Schemes S1 and S2).
The activation of rhodamine B with phosphorus oxychloride in
refluxing acetonitrile afforded the acid chloride, which was
directly condensed with an aminopyridine at room temper-
ature. Formation of the secondary amide induces spontaneous
cyclization to form the lactam. Methylation was accomplished

by treatment of the lactam with methyl iodide in refluxing
acetonitrile and afforded 4 and 5 in 48 and 43% overall yields,
respectively.
We characterized the spectral properties of 4 and 5 in a

variety of aqueous solutions (Figure 2 and Figures S1−S6).
Rhodamine 4 showed no evidence of absorption beyond 500
nm, which is typically observed in yellow-absorbing xanthene
dyes in a 1:1 v/v mixture of water and acetonitrile (Figure 2B,

Figure 2. Spectroscopic characterization of rhodamines 4 and 5. (A) Structures of rhodamines 4 and 5. (B) Absorption and fluorescence emission
spectra of 4. (C) Fluorescence emission from 4 at λem = 577 nm as a function of pH. (D) Absorption by 4 at λabs = 561 nm as a function of pH. (E)
Absorption and fluorescence emission spectra of 5. (F) Fluorescence emission from 5 at λem = 578 nm as a function of pH. (G) Absorption by 5 at
λabs = 563 nm as a function of pH. Error bars denote the standard deviation from three independent experiments. cps = counts per second.
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blue solid line). The addition of acid resulted in a characteristic
peak beyond 500 nm (Figure 2B, blue dashed line, λmax = 561
nm), suggesting a shift in the position of the equilibrium
between the closed and open isomers. In contrast, rhodamine
5 showed a small peak at λmax = 553 nm in a 1:1 v/v mixture of
water and acetonitrile (Figure 2E, blue solid line). Acidification
of the solvent resulted in a strong absorption peak (λmax = 563
nm) with an intensity roughly 40-fold higher than that of the
553 nm peak in the nonacidic solvent (Figure 2E, blue dashed
line). To determine the spectral properties of the open isomers
of 4 and 5, we determined the molar absorptivity, quantum
yield, and fluorescence emission of each compound in acidic-
buffered solvents. Interestingly, rhodamine 5 had a higher
molar absorptivity (ε563 nm = 55 200 M−1 cm−1) and quantum
yield (φ = 0.69) when compared to 4 (ε561 nm = 10 200 M−1

cm−1 and φ = 0.54). Both 4 and 5 showed emission profiles
commonly found for orange-emitting dyes (Figure 2B,E,
orange solid lines). No significant shifts in emission maxima
were observed for 5 when compared to 4 (λem = 578 and 577
nm, respectively). The absorption spectra of rhodamine
spirolactams have been shown to respond to changes in
pH.46 To test the pH sensitivity of 4 and 5, we prepared
solutions in bis-tris propane at different pH values and
measured both the fluorescence emission and absorption. An
analysis of fluorescence emission from 4 showed a 50-fold
reduction in intensity as the pH increased from 3 to 9.5
(Figure 2C,D). In contrast, emission from 5 decreased only
1.6-fold over the same range of pH (Figure 2F,G). Xanthene-
based fluorophores have also been shown to respond to
changes in solvent polarity.47 To examine the sensitivity of
each fluorophore to the polarity of the solvent, we measured

absorption and emission for 4 and 5 in mixtures of water and
dioxane (Figure S7). We found 30- and 400-fold increases in
fluorescence intensity for 4 and 5, respectively, as the dielectric
constant increased from 2.2 to 78.5.
For dyes to be useful in super-resolution imaging experi-

ments, they must exhibit photoswitching behavior on the
millisecond time scale.27 To investigate the blinking behavior
of 4 and 5, we analyzed their spectral properties at the single-
molecule level. We determined the photon output, duty cycle,
survival fraction, and number of switching cycles for each
fluorophore. Dyes were prepared as 200 nM solutions in 1%
w/v poly(vinyl alcohol) (PVA) and cast as films on precleaned
glass slides. Immobilizing fluorescent molecules in polymeric
films has been used to characterize blinking properties of single
molecules.48 We imaged the cast PVA films by total internal
reflection fluorescence (TIRF) microscopy using a Nikon N-
STORM Ti2-E inverted microscope (Figure 3D,H). Samples
of 4 and 5 were subjected to continuous activation at 405 nm
(5% from a 30 mW laser source). Excitation was accomplished
at 561 nm (25% from a 70 mW laser source), and emission was
collected from 580 to 625 nm for 5 min at an integration time
of 30 ms. Photon output profiles were plotted as a function of
time (Figure 3A,E). Rhodamine 4 exhibited many photo-
switching events, with a mean of 44 switching cycles during the
5 min of acquisition (Figure 3A) and an average of 661
photons per switching event (Figure 3B). Next, we calculated
the duty cycle (τ)27 (i.e., the fraction of time the fluorophore
spends in the on state) and the survival fraction (i.e., the
fraction of molecules that are in the on state versus a dark or
photobleached state) as a function of time (Figure 3C). The
average duty cycle was calculated to be 0.0036 for the last 100

Figure 3. Single-molecule characterization of rhodamines 4 and 5. (A) Representative single-molecule fluorescence time traces showing the
number of detected photons from single molecules of 4. (B) Histogram showing the distribution of photons. The mean number of photons for 4
was calculated using a single-exponential fit (blue line). (C) The on/off duty cycle was calculated for 4 and plotted as a function of time (orange
squares). The average duty cycle was calculated for the last 100 s of acquisition where the switching events reach a quasi-equilibrium state (gray
box). This duty cycle was used to determine the survival fraction during image acquisition and is plotted against time (blue dots). (D) Image
showing single molecules of 4 in 1% w/v PVA on glass. (E) Representative single-molecule fluorescence time traces showing the number of
detected photons from single molecules of 5. (F) The mean number of photons for 5 was calculated using a single-exponential fit (blue line). (G)
The on/off duty cycle was calculated for 5 and plotted as a function of time (orange squares). The average duty cycle was calculated for the last 100
s of acquisition where the switching events reach a quasi-equilibrium state (gray box). This duty cycle was used to determine the survival fraction of
5 during image acquisition and is plotted against time (blue dots). (H) Image showing single molecules of 5 in 1% w/v PVA on a glass surface.
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s of acquisition (Figure 3C, orange squares, gray box), and the
survival fraction declined by roughly 60% over the course of 5
min of acquisition. The behavior of 5 was similar; we observed
an average of 603 photons per switching event (Figure 3F), 56
switching events per 5 min acquisition, a duty cycle of 0.0048,
and a survival fraction of approximately 40% (Figure 3G). The
photon counts of 4 and 5 are comparable to those of other
STORM dyes and photoactivatable fluorescent proteins27,49

and suggest that these and similar fluorophores should be
useful in super-resolution imaging.
To enable super-resolution imaging of bacterial proteins, we

elaborated the rhodamine spirolactam scaffolds to generate 2
and 3 (Scheme S3) and employed the NMT labeling strategy
illustrated in Figure 1. E. coli chemotaxis proteins Tar and
CheA and cell division proteins FtsZ and FtsA were chosen as
test substrates. Cells harboring both the pHV738-NMT1-
MetAP plasmid50 for the constitutive expression of NMT and a
modified pBAD24 plasmid51 for the inducible expression of the
target protein downstream of the araBAD promoter were

grown at 37 °C to an optical density (OD600) of 0.5 at 600 nm.
The expression of each target protein was accomplished by the
addition of 0.2% w/v L-arabinose for 1 h, and N-terminal
labeling was achieved by the addition of 250 μM 1. Cells were
collected by centrifugation, rinsed with PBS, and resuspended
to an OD600 of 2 in PBS. A 100 μL aliquot of cells was labeled
with 200 nM 2 at 37 °C for 1 h in the dark and then washed
five times with PBS. A 10 μL aliquot of cells was pipetted onto
a 1.5% w/v agarose pad and imaged using the laser conditions
described previously for the characterization of single
molecules of 4 and 5.
We observed the photoswitching of 2 in live cells

(Supporting Information Movie S1) and reconstructed super-
resolution images (Figure 4). Chemotaxis proteins Tar and
CheA predominantly clustered at the cellular poles, a
phenomenon believed to enhance chemotactic signaling.42

Reconstructed images of Tar also revealed smaller clusters
distributed throughout the cell, in some cases in banded or
helical patterns (Supporting Information Movie S2). The

Figure 4. Super-resolution imaging of bacterial proteins in live cells. Cells expressing one of four bacterial proteins were labeled with 1 and 2. (A)
STORM images of bacterial proteins with polar localization (Tar and CheA) or septal localization (FtsZ and FtsA) expressed in E. coli. Bright-field
images of cells are shown in the top left corner of the fluorescence images. Scale bar = 2 μm. (B) Histogram indicating the number of detected
photons during image acquisition with the fit to a single exponential (blue curve). The mean number of photons is calculated from the single-
exponential fit. (C) Mean radial precision for imaging in live bacterial cells.
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insertion of Tar into the polar membrane has been reported to
be associated with the Sec protein−translocation pathway,52

and the Sec machinery has been suggested to form helical
patterns which colocalize with expression of Tar. Greenfield
and co-workers have also observed banded patterns for Tar
fused to photoconvertible fluorescent protein mEos in bacterial
cells53 and suggest that such patterns may reflect the spatial
organization of the translocation machinery. For cell division
proteins FtsZ and FtsA, localization near the septum of the cell
in diffraction-limited fluorescence images was observed.
Cellular division in bacteria involves the synthesis of
peptidoglycan from synthases that are recruited by FtsZ and
FtsA filaments. Coupling of the filaments to peptidoglycan
synthases is central to the mechanism of bacterial cytokinesis.
Recent studies have demonstrated that FtsZ treadmilling both
recruits peptidoglycan synthases to the division plane and
distributes these enzymes along the cell in the form of
concentric rings.54,55 Our high-resolution image of FtsZ reveals
elongated clusters of variable orientation throughout the cell,
consistent with earlier reports that suggest that the Z ring
forms from FtsZ protofilaments oriented both axially and
longitudinally.56,57 The mean photon output of 2 measured in
these live-cell imaging experiments (Figure 4B) was 864
photons, with a mean localization precision of 13 nm in the
radial direction (Figure 4C) and 27 nm in the axial direction
(Figure S8). Live cells labeled with 3 yielded similar results,
with similar photon output and localization precision in both
the radial and axial directions (Figures S9 and S10).
We conducted a series of control experiments to determine

the specificity of labeling, the cytocompatibility of reagents 1−
3, and potential effects of the N-terminal NMT recognition
sequence on protein function. Cells that did not express the
target protein or were treated only with 1 did not show
significant fluorescence (Figures S11 and S12), confirming the
specificity of labeling. At the concentrations of the fluorophore
and fatty acid used in our labeling experiments, we found no
effects on cell growth (Figure S13). To determine whether the
short N-terminal peptide tag affects protein function, we
monitored the growth of cells that express either Tar or FtsA
with or without the N-terminal NMT recognition tag. For Tar
(Figure S14A−C), the growth curves were essentially
unaffected by the recognition tag, although induction of the
target protein (by the addition of 0.2% arabinose) reduced the
growth rate and the limiting optical density of the culture
(Figure S14B). Treatment with 1 caused no further changes
(Figure S14C). For FtsA, the effects of induction were larger
(Figure S14E), although only the limiting optical density
appears to be sensitive to the presence of the recognition tag.
Treatment with 1 again caused no further changes (Figure
S14F). We believe that the results of these experiments are
consistent with expectation in that the effects of the N-terminal
peptide tag on protein function are likely to be small but
should be determined for each target of interest.
There is substantial interest in the development of methods

to label macromolecular targets with small-molecule fluores-
cent probes for super-resolution fluorescence microscopy,
specifically in live cells.58 The fusion of targets to either the
SNAP-Tag or the HaloTag has been successful in achieving the
site-specific modification of proteins with small-molecule
fluorescent probes, but both tags are large relative to the
appended fluorophores. As the field progresses toward
achieving the molecular resolution of new biological
architectures, smaller labels will be needed. Bright organic

dyes will be critical for pushing imaging modalities forward.
Rhodamines 2 and 3 have photon budgets comparable to those
of fluorescein, Atto 655, and Alexa 750.27 Although 2 and 3
emit fewer photons than some yellow- and red-absorbing dyes,
such as Cy3 and Cy5,27 Lavis and co-workers have shown that
the replacement of the diethylamino groups on rhodamines
with azetidinyl substituents substantially improves the photon
output.59 Furthermore, 2 and 3 can be used directly in live-cell
imaging of intracellular targets without the need for fixation
and permeabilization. More broadly, the strained alkyne
functionality of 2 and 3 should make these fluorophores
useful for labeling other azide-tagged biomolecules in both
prokaryotic and eukaryotic cells. Notably, 2 and 3 do not
require reducing agents or oxygen-scavenging buffers; careful
optimization of the concentrations of these reagents is usually
needed to facilitate the photoswitching of dyes.60 Because
these dyes emit in the orange region of the spectrum, they are
suited for use in two-color STORM imaging experiments with
fluorophores such as Alexa 647 and Cy7.27 Although the
method is limited to N-terminal labeling and is unlikely to be
used on bacterial proteins bearing signal peptides,61 NMT-
mediated labeling provides a simple strategy to append small,
bright, photoswitchable dyes to specific target proteins. As dyes
continue to be developed with chemical modifications to
modulate the spectral stability,62 labeling technologies that
enable site-specific covalent modification with small molecules
will prove even more broadly useful.

■ CONCLUSIONS

The advent of super-resolution imaging methods has
substantially advanced our understanding of how prokaryotic
organisms orchestrate fundamental cellular processes. Here we
report a new class of reactive rhodamine spirolactam dyes and
demonstrate their use as cell-permeant fluorescent probes for
super-resolution imaging in live bacterial cells. Super-resolution
images of the bacterial chemotaxis protein Tar and the cell
division protein FtsZ capture features of protein assembly that
are not discernible by diffraction-limited fluorescence micros-
copy. New methods that continue to push the boundaries of
light microscopy (e.g., cryogenic PALM) will be particularly
informative for elucidating new structures with high
precision.63,64 We anticipate that the results described here
will expand the palette of methods for the super-resolution
imaging of proteins in live cells and aid the discovery of new
biological ultrastructures.

■ MATERIALS AND METHODS

Plasmid and Strain Construction. The construction of
modified pBAD24 plasmids encoding target bacterial proteins
with the NMT recognition sequence has been described
previously.36 Briefly, the gene encoding a bacterial protein of
interest was amplified from DH10B Escherichia coli using a
forward primer that contained the oligonucleotide sequence 5′-
ATG GGT AAC GAA GCG TCT TAC CCG CTG-3′ to
encode the NMT recognition sequence (MGNEASYPL). The
amplified gene was inserted between the EcoRI and HindIII
sites in pBAD24 using standard restriction enzyme digestion
and ligation protocols. The modified pBAD24 plasmid and
pHV738-NMT1-MetAP plasmid50 were transformed into
BL21 E. coli cells and selected against ampicillin (200 μg/
mL) and kanamycin (35 μg/mL).
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Characterization of Spectral Properties. Spectroscopic
measurements were performed in 1 cm, 3.5 mL quartz cuvettes
(Starna Cells, Atascadero, CA) at ambient temperature (23
°C). Absorption spectra of rhodamine salts were recorded
using a Cary 50 UV−visible spectrophotometer (Varian, Palo
Alto, CA). Rhodamines were diluted to concentrations ranging
from 0 to 40 μM in different solvents (e.g., 1:1 v/v
acetonitrile/water, acetonitrile, toluene, methanol, and 10
mM HEPES pH 7.3). Extinction coefficients (ε) at 561 nm for
4 and at 563 nm for 5 were calculated by applying the Beer−
Lambert law to the absorption spectra of diluted samples in 1:1
v/v water/acetonitrile with the addition of 1 M HCl.
Measurements were made in triplicate. Fluorescence measure-
ments were made on a PTI QuantaMaster fluorescence
spectrofluorometer (Photon Technology International, Bir-
mingham, NJ). For quantum yield determination, rhodamine
salts were diluted in acidic ethanol (containing 1% v/v 1 M
HCl) and adjusted to A510 < 0.1. Excitation was carried out at
510 nm, and emission was collected from 530 to 700 nm at a
scan rate of 1 nm/s. The quantum yields of the rhodamine salts
were calculated using the integrated fluorescence intensities at
λem,max and rhodamine B as a standard with a known quantum
yield (0.70).65 The reported values for φ are averages (n = 3).
For pH studies, solutions of rhodamine salts were prepared at a
concentration of 5 μM in 10 mM bis-tris propane at different
pH values such that A510 < 0.1. Rhodamine salts were prepared
in mixtures of water and dioxane with known dielectric
constants66 at a concentration of 5 μM. Fluorescence emission
spectra were collected using an excitation wavelength of 510
nm and emission from 530 to 700 nm with a scan rate of 1
nm/s.
Single-Molecule Fluorescence Measurements. Rhod-

amine salts were dissolved at a concentration of 200 nM in 1%
w/v poly(vinyl alcohol) (31−50 kDa, Sigma-Aldrich, St. Louis,
MO), and solutions were cast onto 75 mm × 25 mm quartz
microscope slides (Electron Microscopy Sciences, Hatfield,
PA). Quartz microscope slides were cleaned extensively with
acetone, methanol, and doubly distilled water (ddH2O),
sonicated with 1 M KOH for 60 min, and washed with
acetone again before being dried under a stream of argon.
Quartz coverslips (25 mm × 25 mm, Electron Microscopy
Sciences, PA) were used to seal the films. Time series were
recorded using a Nikon N-STORM Ti2-E inverted microscope
(equipped with 405, 488, 561, and 647 nm fiber-coupled
excitation lasers) with total reflection internal fluorescence
(TIRF) illumination using an Apochromat TIRF 100X/1.49
NA oil-immersion objective lens, an sCMOS detector (Andor
Technology, South Windsor, CT) for PSF detection, and a
Perfect Focus System (PFS4) for axial stabilization. The filter
cube set (TRF89902-EM-ET 405/488/561/647 nm laser band
set, Chroma Technology, VT) was equipped with a quad-
band-pass ZET 405/488/561/647x excitation filter, quad-band
ZT405/488/561/647rpc dichroic mirror, and ZET405/488/
561/647m emission filters. The excitation wavelengths were
405 nm (5% from a 30 mW laser source) and 561 nm (25%
from a 70 mW laser source), and emission was collected from
580 to 625 nm. Single molecules of the rhodamine salts were
identified by drawing 7 pixels × 7 pixels around areas that had
integrated fluorescence intensities that were at least 5 times the
standard deviation of the background fluorescence intensity.
Molecules were selected such that the 7 pixel × 7 pixel areas
were at least 5 pixels away from each other to ensure that
molecules were not overlapping. Time series were used with an

integration time of 30 ms for 5 min, resulting in 10 000 frames
per acquisition. The duty cycle (DC for each single molecule
was calculated as reported by Zhuang and co-workers.27

Briefly, peaks from the photon output profiles were identified
as switching events if the photon count was at least 5 times
above the standard deviation of the background fluctuations. A
sliding window of 100 s was used in calculating the duty cycle
with the following equation

τ
=

∑
duty cycle

100 s
i ion,

where τon,i denotes the time for which the ith fluorophore is in
the on state. The duty cycle is plotted against time in Figure 3
for n = 50 single molecules. The last 100 s were used to assign
the DC value for determining the survival fraction.

Labeling Proteins with a ω-Azido Fatty Acid and
Conjugation to the Fluorophore in Live Cells. Overnight
cultures of E. coli strain BL21 harboring modified pBAD24 and
pHV738-NMT1-MetAP plasmids were diluted 1:50 in LB
medium supplied with 200 μg/mL ampicillin and 35 μg/mL
kanamycin and labeled with azido fatty acids as previously
described.36 Protein expression was carried out at 37 °C for 1
h, and cells were harvested by centrifugation, rinsed with PBS,
and concentrated to OD600 = 2 in PBS. Fluorophore 2 or 3 (2
mM in DMSO) was then added to the cells to a concentration
of 200 nM, and incubation proceeded at 37 °C for 1 h, after
which cells were rinsed five times with PBS to remove excess
fluorophore. Cells (in 10 μL aliquots) were mounted onto
1.5% w/v agarose pads in PBS for imaging.

Super-resolution Imaging (STORM) in Live Bacterial
Cells. Bacterial cells labeled with 1 and either 2 or 3 were
mounted on 1.5% w/v agarose pads in PBS. Imaging was
performed using the Nikon N-STORM 5.0 system on an Ti2-E
inverted microscope with TIRF illumination equipped with an
Apochromat 100X/1.49 NA oil immersion objective lens and a
sCMOS detector for PSF detection. The Perfect Focus System
(PFS4) was used to stabilize and detect the axial position of
the agarose pad for imaging. The filter cube set (TRF89902-
EM-ET 405/488/561/647 nm Laser Band Set, Chroma
Technology, VT) was equipped with a quad-band-pass ZET
405/488/561/647x excitation filter, quad-band ZT405/488/
561/647rpc dichroic mirror, and ZET405/488/561/647m
emission filters. The angle of the incident wave was adjusted
to match the angle of the evanescent wave as close as possible
to maximize the signal-to-noise ratio. Samples were continu-
ously excited at 405 and 561 nm (5% from a 30 mW laser
source and 25% from a 70 mW laser source, respectively), and
images were recorded at a frame rate of 33 Hz for 10 000
frames. Drift correction was automatically implemented by
NIS-Elements during image acquisition. STORM images were
reconstructed using Nikon Advanced Research (AR) NIS-
Elements, in which each voxel represents a three-dimensional
Gaussian representing the localized centroid of each PSF. For
each bacterial protein expressed and each labeling condition, at
least four cells were imaged with these excitation and emission
settings. Histograms of photon counts and localization
precisions were determined in NIS-Elements and plotted in
IGOR Pro (WaveMetrics, Portland, OR).
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