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ABSTRACT 

Bacteria spatially and temporally localize their proteins to carry out fundamental cellular 

processes.  Methods for visualizing protein subcellular localization have been critical to our 

understanding of prokaryotic cell biology.  Fluorescent reporters have been instrumental for 

imaging bacterial proteins in live cells.  Small-molecule fluorescent dyes, which have 

favorable spectral properties, including high brightness and photostability, are attractive in 

labeling proteins of interest.  Here we present a method to site-specifically label the N-termini 

of bacterial protein targets in situ for fluorescence imaging in bacterial cells.  The method 

uses the eukaryotic enzyme N-myristoyltransferase to ligate target proteins, bearing a 

nonapeptide recognition sequence, with an azide-bearing fatty acid.  Subsequent strain-

promoted azide–alkyne cycloaddition with fluorophores enable tagging of chemotaxis and 

cell division proteins in live cells.  We describe using a reactive BODIPY fluorophore for 

visualization of the chemotaxis proteins Tar and CheA and the division proteins FtsZ and 

FtsA.  Next we integrate a single copy of the gene encoding the protein target into the 

chromosome via Tn7 transposon mutagenesis and use the method to fluorescently label a 

bacterial chemoreceptor.  Finally, we describe the preparation of photoswitchable rhodamine 

spirolactam dyes for super-resolution imaging in live bacterial cells.  Our work highlights 

the utility of using photoswitchable molecules to label intracellular protein targets.  The 

ability to tag proteins, perform super-resolution imaging, and visualize proteins in space and 

time will prove broadly useful. 
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C h a p t e r  1  

PROTEIN LOCALIZATION IN BACTERIA 
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1.1 Abstract 

Despite their small size, bacterial cells precisely coordinate protein localization in space and 

time as they perform fundamental cellular processes.  The compartmentalization of proteins 

by bacterial cells is often tightly regulated with mechanisms that guide the specific proteins 

to their final destinations.  Advances in high-resolution imaging modalities allow researchers 

to visualize the ultrastructural assemblies of macromolecules with nanometer resolution.  

Fluorescent protein reporters have found widespread use in prokaryotic cell biology.  

However, some bacterial proteins cannot be expressed as the fusion, as the fusion can cause 

artifacts in imaging or improper localization.  Therefore, the development of strategies to 

site-specifically and orthogonally label specific bacterial proteins with fluorescent small-

molecules would provide information about subcellular bacterial localization and would 

elucidate the organization of protein assemblies within microbial species. 
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1.2 Protein Localization in Bacteria 

The different length scales of all forms of life make up the wondrous biological world.  

Despite only being a few microns in length, bacterial cells spatially and temporally localize 

their proteins for both form and function.  Once viewed as amorphous vessels to harbor 

randomly distributed proteins, decades of basic research in prokaryotic cell biology has 

shown these simple organisms have a great degree of control of the macromolecular 

topologies formed from their proteins.1  In bacteria, the subcellular localization of many 

proteins have direct consequences in processes such as cell division,2 cell motility,3 and 

regulation of chromosomes.4  The positioning of these proteins within cells is an important 

phenomenon to study: many of the proteins found in microbial species are homologs to 

eukaryotic proteins.5–8  Understanding the localization patterns of bacterial proteins, and 

more importantly, the mechanisms which drive formation of these assemblies, is critical for 

understanding how multicellular organisms may localize their proteins. 

One of the early studies in bacterial cells came from an observation in 1980 of a mutant, 

temperature-sensitive Escherichia coli strain that was unable to divide but still regulate its 

chromosomal DNA.9  The gene was named filament temperature-sensitive mutant Z (ftsZ) 

and encoded the formation of a protein that was later shown to localize at the site of cell 

division through immunolabeling with gold nanoparticles in fixed cells and visualization by 

electron microscopy.10  In 1996, researchers demonstrated the localization and formation of 

what is now called the “Z-ring” of FtsZ by virtue of fusing the FtsZ to the green fluorescent 

protein (GFP).11  These initial key experiments, coupled with the discovery of GFP (vide 

infra) as a fluorescent reporter to tag and image proteins of interest in the early 1990s, were 

crucial in understanding the mechanisms of bacterial cell division, akin to cytokinesis in 

eukaryotes.  The mechanism by which the polymerization of the FtsZ protofilaments are 

involved with formation of the Z-ring and how that process drives cell division is important 

for understanding how mother cells divide into two new daughter cells. The bacterial 

divisome is precisely coordinated with the self-assembly of FtsZ polymers and is mediated 

by the Min system (composed of proteins MinC, MinD, and MinE) in E. coli.12  The 

oscillations of MinC, for example, destabilize the FtsZ polymers and regulate the 
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intracellular concentrations of FtsZ during formation of the Z-ring.13,14 Other models of 

divisome positioning involve nucleoid occlusion mediated by the E. coli nucleoid occlusion 

factor SlmA.15  How the FtsZ protofilaments (structurally analogous to microtubules) are 

coupled both in space and time to cellular division is a longstanding question in fundamental 

biology.  Recently it was demonstrated by two independent research groups that a process 

called FtsZ treadmilling is directly coupled to the recruitment of peptidoglycan synthases 

during cell division.16,17  Other cell division proteins in E. coli (e.g. FtsA)18 and in other 

bacterial organisms (e.g. Caulobacter crescentus and Bacillus subtilis) have also been 

studied for their subcellular localization and function in cell division.19,20 

The biogenesis and compartmentalization of bacterial proteins is noteworthy in prokaryotic 

cell biology: the discrete complexes formed by bacterial proteins are analogous to organelles 

in eukaryotic cells.21  Importantly, the enclosure of subcellular compartments in bacteria 

allow them to carry out specific and defined functions.  For example, the marine bacterium 

Magnetospirillum sp. AMB-1 forms magnetosomes,22 membranous compartments for 

formation of magnetite crystals, that are involved with aligning the bacteria to the Earth’s 

magnetic poles for optimal oxygen concentrations.23  The mamABE gene cluster is 

responsible for the formation of these vesicles, and it was demonstrated that the protein 

MamA, in particular, is responsible for the formation of the magnetite crystals inside these 

compartments.24  Deletion of the mamA gene directly affected the ability of the cells to 

produce biogenetic magnetite crystals, although the cells were still able to produce the 

vesicles.  The origins of organelles (e.g. chloroplasts, mitochondria, endoplasmic reticulum, 

Golgi apparatus) are longstanding questions in fundamental biology.25,26 The fact that model 

prokaryotic organisms can produce magnetite-filled compartments may provide clues 

towards the biogenesis of other organelles in different organisms.  Another example of 

compartmentalization in bacteria involves the formation of carboxysomes in species of 

cyanobacteria.  The carboxysome is an intricate structure composed of a polyhedral protein 

shell that houses the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), 

an enzyme that is involved in the first step in the fixation of carbon dioxide.27  Much like 

chloroplasts in plants, cyanobacteria that form carboxysomes participate in steps in the 
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Calvin Cycle.28  The enzymes within the carboxysomes show a striking and remarkable 

arrangement of these structures such that they are evenly spaced.29  More recently, the inner 

and outer protein components and matrix organization in the cyanobacterium Synechococcus 

elongatus have been elucidated using three-dimensional structured illumination 

microscopy.30  Key experiments revealed that the two isoforms of the protein CcmM 

colocalize at the site of new carboxysomes.  The protein CcmM is thought to be involved in 

forming junctions between the RubisCO enzymes within each carboxysome.  Because 

bacterial cells are able to form structures that are analogous to organelles, the study of protein 

localization within defined compartments may be key to understanding the evolutionary 

origins of organelles in multicellular organisms. 

Proper positioning of proteins is essential for bacterial cells to perform basic cellular 

processes.  For example, it was known that the Gram-negative marine organism C. 

crescentus exhibited an S-shaped curvature, as opposed to rod-shaped species such as E. coli 

and B. subtilis.  The protein responsible for this shape in C. crescentus was identified to be 

crescentin (CreS) in 2003.31  The protein provides a curvature unique to C. crescentus cells 

and forms filaments towards the inner region of the cell.  Imaging was performed by virtue 

of expressing FLAG-tagged CreS in C. crescentus cells, fixing those cells, and labeling CreS 

with anti-FLAG antibodies conjugated to fluorophores.  Construction of the fusion reporter 

gene creS-gfp was also conducted in imaging experiments to analyze the localization patterns 

in live cells.  Formation of CreS filaments in C. crescentus is particularly interesting in that 

the protein bare similarities to intermediate filament (IF) proteins found in vertebrates.  

Through many years of research of examining CreS, it has been proposed that the CreS 

proteins and formation of the S-shape in C. crescentus is crucial for the cell to adhere to 

surfaces in its environment.  The actin homolog MreB has found considerable attention in 

prokaryotic cell biology.32  The positioning of MreB has been shown to provide structure 

within the bacterial cell, similar to cytoskeletal networks in eukaryotes.33  Interestingly, the 

observed localization patterns of MreB and whether the protein forms discrete patches or a 

helical array have been of considerable debate in microbiology.34,35  Nonetheless, key studies 
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of MreB function and localization have been invaluable in our understanding of how protein 

networks give rise to the individual cell’s shape. 

The polar assemblies of bacterial proteins have been implicated in processes such cellular 

division and chemotactic signaling.  One example involves the polar assembly of PleC, a 

histidine protein kinase, in C. crescentus.36  As a model organism for cell division, the 

bacterium exhibits a remarkable phenotype as the mother cell divides into two daughter cells.  

The resulting cells are asymmetric.  Cell division results in formation of one motile swarmer 

cell and one non-motile stalked cell.  The regulation of DNA separation is regulated by 

phosphorylation cascades and control of intracellular concentrations of proteins such as DivJ, 

CtrA, and PleC.37  The subcellular localization of PleC is precisely controlled as the mother 

cell begins its asymmetric division into the swarmer and stalked cells.  PleC initially is 

located at the flagellar pole of the cell but becomes delocalized during the formation of the 

stalked cell.  It has been shown that the protein DivJ is coordinated on the opposite pole in 

the stalked cell.  How the localization of PleC changes during the process of cell division in 

C. crescentus was elucidated in 2004 by fluorescence microscopy and single-molecule 

imaging.38  The determination of its diffusion coefficient was achieved by fusion of PleC to 

the enhanced yellow fluorescent protein (EYFP).  Using a 514-nm laser to bleach a majority 

of PleC–EYFP, single emissive molecules of the fusion protein could be visualized using 

fluorescence microscopy.  Importantly, these experiments revealed that during delocalization 

of the PleC–EYFP molecules in cell division, the protein follows a Brownian trajectory, 

consistent with a diffusion and capture mechanism for localizing PleC to cellular poles, as 

opposed to active transport.  In E. coli, the study of polar localization of transmembrane and 

cytoplasmic associated chemotaxis proteins has received attention for many decades of 

research in microbiology.39–41  Examples include the cytoplasmic proteins CheA, CheW, and 

CheY; the clustering of these proteins is believed to enhance chemotactic signaling in 

bacteria.42  The mechanism by which these proteins form clusters was studied by high-

resolution imaging by means of photoactivated localization microscopy (PALM) in live 

cells.43  An exponential array of clusters suggested that formation of these clusters was 

dependent on nucleation of the chemotaxis proteins.  The transmembrane chemoreceptors 
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Tar, Tap, Trg, and Tsr are known to coordinate the events of chemotaxis with the 

cytoplasmic chemotaxis proteins.44  The study of the topological patterns of these 

chemoreceptors was examined by high-resolution imaging by means of electron microscopy.  

These chemoreceptors adopt a hexagonal array with remarkable symmetry; it has been 

demonstrated that these arrays are present in many bacterial species.45  The coupling of the 

transmembrane chemoreceptors to the cytoplasmic chemotaxis proteins are directly related 

to how the cell responds to external stimuli and changes in chemical environment.46  Other 

forms of taxis (i.e. energy) that exist for other bacterial proteins, such as Aer,47 are modulated 

by changes in oxygen concentration or light exposure, which directly affect the protein 

electron transport chain. 

 

Figure 1.1.  Examples of protein localization in bacterial cells.  Polar clustering of 
chemotaxis proteins is thought to enhance chemotactic signaling.  Proteins involved in cell 
division localize at the septum of cell. 

The examples described above capture only a fraction of the exquisite spatial and temporal 

control bacteria have in localizing their proteins.  The tools of molecular biology and 

chemical biology have transformed our understanding of the microbial world.  Advances in 

microscopy are critical if scientists are to fully understand the intricate workings of bacterial 

cells.  These tools will allow researchers to fully immerse into the world of microbiology and 

understand the mechanisms that drive protein localization in bacteria. 

1.3 Fluorescent Protein Reporters  

The ability to genetically encode the Aequorea victoria green fluorescent protein to proteins 

of interest as a fusion transformed molecular biology in the early 1990s.  The protein 

sequence of wtGFP was reported in 1992,48 but the utility of GFP was realized when 

polar positioning septal positioning

Chemotactic signaling Cell division

Clustering of chemotaxis 
proteins for sensing

Coordination with 
cell wall for division
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scientists were able to heterologously express the protein in E. coli and C. elegans in 1994.49  

The photophysical properties (e.g. quantum yield and photostability) were dramatically 

improved with the identification of a key S65T mutation within the chromophore in 1996.50  

Since its discovery, GFP and other fluorescent proteins51 spanning the visible spectrum have 

been widely used to tag and image specific proteins in bacterial organisms. 

Fluorescence imaging has been powerful in the determination of macromolecular protein 

assemblies, but the method is inherently diffraction-limited.  The resolution achieved in such 

imaging experiments approach 200 nm in the radial direction and 500 nm in the axial 

direction.52  Before the advent of super-resolution microscopy, key experiments revealed that 

single molecules of GFP immobilized within polymer gels could blink between dark-off and 

bright-on states through excitation with a 488-nm laser.53  Importantly, the single molecules 

of GFP reached a long-lived dark state (on the timescale of seconds) that could reversed 

through activation with a 405-nm laser pulse.  These observations would not be discernable 

using ensemble-averaged measurements of GFP emission.  Photoactivatable GFP (PA-GFP) 

was reported in 2002, and its use was demonstrated to track diffusion in live cells.54  These 

experiments were particularly noteworthy and set the stage that single emitters could be 

resolved temporally by identifying the centroid of their individual point spread functions 

(PSF).52  This idea, which is the fundamental principle of super-resolution based imaging, 

was demonstrated in 2006 and was coined photoactivation localization microscopy, or 

PALM.55  (The report was published at the same time when stochastic optical reconstruction 

microscopy was reported in 2006, which is described in greater detail in 1.4).  In 2009, the 

crystal structures of dark and bright PA-GFP were solved, and the operative mechanism by 

which photoactivation occurs is facilitated by loss of carbon dioxide at Glu222, forming the 

anionic chromophore.56   By stochastic activation of a subset of dark-off fluorophores to their 

bright-on states, the localization precision from the centroid of individual PSFs could be 

determined, leading to construction of a high-resolution image.  The imaging resolutions are 

dramatically improved, achieving resolutions of approximately 20 nm in the radial direction 

and 50 nm in the axial direction.52  Since the discovery of PA-GFP, many other 

photoactivatable (e.g. PA-mCherry,57 PA-mKate,58 PA-CFP259), photoconvertible (e.g. 
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mEos60), and photoswitchable (e.g. Dronpa61) have been developed, characterized, and used 

for acquiring high-resolution images of protein assemblies in living cells. 

PALM imaging has enabled the study of complex biological phenomena in bacterial systems 

with unparalleled levels of spatial resolution.  One example involves the study of the 

nanodomains formed by the polar protein PopZ in C. crescentus.62  PopZ has earned 

considerable attention in prokaryotic cell biology; its localization to the cell poles is essential 

for the recruitment of other anchoring proteins during chromosomal separation and cellular 

division.63  Cryo-EM sectioning of the flagellated pole of C. crescentus revealed a polymeric 

network of PopZ filaments large enough to exclude macromolecules such as ribosomes.64  

The working hypothesis generated from these studies was that the localization of 

Caulobacter PopZ is essential during the cell cycle progression and its asymmetric cell 

division.  Using a PA-mCherry–PopZ fusion for PALM imaging, it was demonstrated that 

the density of individual PopZ molecules is conserved across numerous C. crescentus cells, 

suggesting that the three-dimensional polymeric network is highly conserved.62  The fact that 

PopZ forms a highly polarized network to exclude large molecules suggest that this 

architecture is critical for partitioning of the chromosome during different stages of the cell 

cycle.  Revisiting the early example of the cell division protein FtsZ (vide supra), PALM 

imaging has revealed key insights about the protofilaments that are coupled with 

peptidoglycan synthases involved during cell division.  A study in 2008 in which researchers 

imaged a fusion of FtsZ–Dendra2 in E. coli demonstrated that the protein adopts two types 

of structures:65 one belonging to the Z-ring previously known and a more dynamic helix with 

a diffusion coefficient approaching 0.1 µm2 s-1.  PALM imaging of Dendra2-tagged FtsZ in 

C. crescentus showed that the FtsZ filaments are able to dissociate from the Z-ring on the 

timescale of subseconds,19,66 whereas the depolymerization of FtsZ in B. subtilis and E. coli 

were measured to be on the order of 8–9 s.20  Strikingly, the FtsZ thickness spans on the order 

of 100 nm in C. crescentus.  Furthermore, FtsZ is present in many bacterial species (e.g. E. 

coli, C. crescentus, B. subtilis) but the proteins which interact with FtsZ are different in each 

type of bacteria.67–69  Fundamentally, this raises the question of how the molecular 

architecture is conserved for FtsZ, if at all, among different bacteria.  With more 
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developments in single-molecule detection, super-resolution imaging experiments will 

reveal a wealth of information about the organization of bacterial proteins.70 

1.4 Small-Molecule Fluorescent Reporters  

In recent years, there has been considerable interest in the use of small-molecule fluorescent 

dyes for super-resolution microscopy.71  Organic dyes are known to possess favorable 

photophysical properties,72 such as increased brightness,73 photostability,74 and photon 

output.75  Furthermore, the spectral properties of such dyes can be tuned through chemical 

modification of the dye core.76–78  Methods to site-specifically and covalently modify a 

biomolecule of interest with a synthetic molecule is a core idea in chemical biology.79,80  

(These methods are described in more detail in 1.5).  Super-resolution dyes include 

photoactivatable dyes, such as rhodamine spiroamides81 and spirocyclic diazoketones,82 and 

photoswitchable dyes, such as cyanine83 and oxazine84 dyes.  Photoactivatable fluorescent 

dyes undergo irreversible transition between a dark-off and bright-on state and is usually 

facilitated through exposure to weak UV illumination.54   Stimulated emission depletion 

(STED) microscopy, first reported in 2000, uses excitation to deactivate a subset of 

fluorophores to effectively create a defined local point to enable super-resolution imaging.85  

Photoswitchable fluorescent dyes can undergo multiple switching cycles between the dark-

off and bright-on states, and this process can be facilitated by redox process or exogenous 

thiols added in the imaging buffer.86  A simplified energy diagram is shown in Figure 1.2.  

Fluorophores can be excited and transition from ground (S0) to excited (S1) states.  Relaxation 

back to S0 of lower energy emits photons, and this process occurs on the timescale of 

nanoseconds (ns).  Intersystem crossing (ISC) can occur to allow for transition from the S1 

states to triplet (T1) states.  The fluorophore can either relax back to S0 or cross into long-

lived non-fluorescent “dark” states (D); these events are usually facilitated by redox 

processes.  UV irradiation can promote the transition between D and S0.  The cycling, which 

occurs on the order of milliseconds, is essential for stochastic optical reconstruction 

microscopy, or STORM.87  The high-resolution image is produced by reconstructing the 

image from the localized centroids of each PSF.  The imaging resolutions typically achieved 

using these dyes approach 20 nm and 50 nm in the radial and axial directions, respectively.  
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The improvement of the photon output of these synthetic dyes through chemical 

modification77 has been noteworthy in dye development since localization precision is 

directly related to the number of photons emitted during each switching event.88 

 

Figure 1.2.  Simplified energy diagram showing dark-off and bright-on states of 
fluorophores.  Dark states are long-lived intermediates, which can revert back to the ground 
state on the timescale of milliseconds to seconds.  Adapted from Ref. 87. 

Photoactivatable single-molecule emitters have found use in labeling specific bacterial 

protein targets for super-resolution imaging.  The tubular stalks of C. crescentus were labeled 

by reaction of lysine residues with a Cy3–Cy5 heterodimer conjugate, resulting in a 

resolution of 30 nm.89 In 2010, it was reported that photoactivatable 

dicyanomethylenedihydrofuran chromophore could be elaborated to the HaloTag ligand 

(described further in 1.5) for site-specific modification of PopZ in live C. crescentus cells.90  

Photoswitchable rhodamine spiroamides were then used for three-dimensional super 

resolution imaging of the cell-surface of live C. crescentus cells in 2014.91  It is important to 

note that many photoswitchable STORM dyes, such as Cy3 and Alexa Fluor 647, are not 

compatible for live-cell imaging.  Specifically, many dyes require fixation and 

permeabilization of cells.71  Moreover, a study demonstrated that many bacterial proteins in 

C. crescentus are sensitive to where the fluorescent protein fusion is placed.92  Therefore, 
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there is still a need for the development of dyes that can enable site-specific covalent 

modification of intracellular proteins in live bacterial cells. 

1.5 Site-Specific Covalent Modification of Proteins 

At the apex of chemical biology is the ability to site-specifically and covalently modify a 

protein of interest (POI) with a probe of choice (e.g. fluorophore, affinity handle, enrichment 

handle).93  Labeling proteins with fluorescent probes has allowed researchers to understand 

protein organization, dynamics, diffusion, and trafficking.94  Because these probes are 

generally smaller than larger fusions like GFP, there is considerable interest in being able to 

modify proteins with small molecules.  It has been shown in the case of proteins in C. 

crescentus that many proteins are sensitive to where the fluorescent protein is placed (N- or 

C-termini).92  Localization artifacts have been demonstrated for the bacterial protein MreB 

when a fluorescent protein reporter is fused to its N-terminus.34   

Chemoenzymatic labeling utilizes an enzyme that is not present in the host organism to 

mediate the ligation of a small, metabolic analog onto a POI bearing a short, genetically 

encoded peptide recognition sequence.95  The metabolic handle usually contains a 

bioorthogonal functional group (e.g. azide, alkyne) that can further be reacted for enrichment 

or visualization of the protein.  In 2007, it was demonstrated that the bacterial lipoic acid 

ligase could be re-engineered to enable site-specific modification of cell surface proteins with 

azide-containing fatty acid analogues.96  The same year, it was shown that the formylglycine–

generating enzyme (FGE) could recognize a short peptide sequence, known as the “sulfatase 

motif,” to cause the oxidation of a cysteine residue into an aldehyde, which could be further 

modified through selective aldehyde chemistry.97  Enzyme systems, such as sortases98,99 and 

farnesyl transferases,100 have also been used for chemoenzymatic labeling. 

Pro-fluorescent probes, amber suppression, and ribosome engineering have been used to 

fluorescently label proteins.  Tsien and co-workers first reported the design of a biarsenical 

fluorescein analog (FlAsH) that is weakly fluorescent when the arsenic atoms were bound to 

1, 2-ethanedithiol; however, upon thiol-arsenic exchange with a genetically encoded 

tetracysteine motif on a protein, the probe becomes highly fluorescent.101  Since this 
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discovery, a number of bis-arsenical dyes have been reported, such as ReAsH,102 

CrAsH,103 and Cy3As.104 Schepartz and co-workers reported the development of pro-

fluorescent bis-boronic acid fluorescein derivatives105 that would become highly fluorescent 

upon binding to tetraserine motifs.  Amber suppression106–108 was used to incorporate a 

fluorescent non-natural amino acid in the protein FtsZ in live E. coli cells.109  Recently, it 

was shown that bacterial cells bearing modified ribosomes are able to translate fluorescent 

amino acids that lack an α-amino group or asymmetric center at the α-carbon.110  The method 

was applied for incorporating the fluorescent dye into the bacterial protein MreB for imaging 

in live E. coli cells. 

Enzymes that can be covalently modified with synthetic probes have also found use in 

imaging, specifically in bacterial cells.  The SNAP Tag,111 CLIP Tag,112 and HaloTag113 

protein systems are based on proteins that have their active sites modified in such a way that 

allows them to be covalently modified with a synthetic protein ligand bearing the probe of 

choice.  For example, the HaloTag is a modified bacterial haloalkane dehalogenase from 

Rhodococcus (DhaA) that can be ligated with a synthetic haloalkane ligand.  The aspartic 

acid amino acid (Asp106) undergoes nucleophilic displacement with the synthetic ligand.  

For imaging applications, these proteins are expressed as a fusion to the POI, and the ligand 

is added to cells to enable the modification.  The HaloTag system has been useful in labeling 

bacterial proteins; for example, the HaloTag protein was fused to PopZ to enable super-

resolution imaging in live C. crescentus cells.90  The HaloTag system was applied for super-

resolution imaging to visualize protein subunits of the Type I Secretion System (T1SS) and 

a transcription factor in live Salmonella enterica.114  Notably, the HaloTag is a useful system 

because it allows for the incorporation of synthetic dyes onto the protein of interest.  

Photoactivatable dyes, in particular, have been elaborated into the HaloTag ligands and used 

in both single-molecule and super-resolution imaging.115 

1.6 N-Myristoyltransferase-Mediated Protein Labeling 

The eukaryotic enzyme, N-myristoyltransferase (NMT), catalyzes the amide bond formation 

between myristic acid, a rare 14-carbon, aliphatic fatty acid, and the N-terminus of a protein 
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bearing a 7–9 amino acid recognition sequence as a co-translational or post-translational 

modification.116–118  It has been demonstrated in the early 1990s that the enzyme tolerates 

fatty acid analogues of myristic acid with varying functional groups, such as terminal azides 

and alkynes.119–122  Importantly, the enzyme is not present in E. coli.123  Several labs have 

taken advantage of the orthogonality of this enzyme.  Work from Ploegh and co-workers 

showed that NMT-mediated labeling could be used for proteomic profiling of fatty acid 

acylated proteins in mammalian cells.124  Tate and co-workers reported that NMT could be 

used for N-terminal labeling of non-natural substrate proteins in bacteria for bioorthogonal 

ligations.125,126  It was reported that engineered protein substrates could be labeled on the N-

terminus with azide-containing fatty acids and used for capture on alkyne-printed 

microarrays.127 

1.7 Progress Towards Achieving Higher Resolutions 

Attention has been given to the development of correlated, electron cryotomography and 

super-resolution imaging.  Cryo-electron microscopy (cryo-EM) and electron cryo-

tomography (ECT) approach resolutions well below (on the order of 10 nm) those achieved 

in ambient temperature super-resolution microscopy.128  These methods have been powerful 

in identifying ultrastructures in mammalian and bacterial organisms.  Correlative light and 

cryo-EM (cryo-CLEM) has been useful for the identification of novel macromolecular 

assemblies, but the inherent diffraction limit (approximately 200 nm in the lateral direction 

and 500 nm in the axial direction) obscures correlation between the fluorescence image and 

the electron micrograph.  Due to the lack of optimized optical setups (e.g. requirement of 

using long-working-distance air objectives with approximately 0.7 numerical aperture) for 

cryo-fluorescence microscopy, the resolutions only approach 400–500 nm.129  ECT relies on 

structures with previously known organization within a cell,130 but correlative ECT and 

super-resolution microscopy would allow for discovery of uncharacterized and novel 

structures within the cell. 

In 2014, the first report of combining PALM imaging and ECT was published.  Importantly, 

this method allowed for the identification of ultrastructures involved in the Type 6 Secretion 
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System (T6SS) of Myxococcus xanthus.131  Importantly, of the different photoactivatable 

or photoswitchable fluorescent proteins imaged at cryogenic temperature (i.e. 80 K), PA-

GFP was the only one to show blinking events.  It is currently unclear of the mechanisms 

that are allowed for photoactivation or photoswitching at low temperatures.  Structural 

rearrangements, such as trans–cis isomerization, have been shown to occur at 100 K for the 

photoswitchable fluorescent protein Padron.132  However, many photoswitchable fluorescent 

proteins (e.g. Dronpa) do not respond under cryogenic temperatures.131  At cryogenic 

temperatures, the transition between the triplet (T1) state back to the ground (S0) state is 

nearly suppressed, a large fraction of molecules does not transition back to the ground state, 

and a major population of fluorophores exist in the T1 or dark states.133  The lack of oxygen 

diffusion decreases the rate at which these long-lived dark states transition to the ground 

state.  In 2018, it was demonstrated that photoactivatable mKate (PA-mKate) could 

photoactivate at 77 K.134  The localization precision was 1.4 nm, and a small fraction (8%) 

of PA-mKate molecules emitted 105 photons.  However, the long on-times of the activated 

fluorescent protein proved challenging, as multiple PSFs from overlapping emitters obscured 

the resolution.  Nonetheless, the fact that PA-GFP and PA-mKate and others respond at 

cryogenic temperatures suggest that cryonanoscopy may be a future direction in super-

resolution based imaging. 

1.8 Overview of Thesis Chapters 

In this Thesis, the NMT method was adapted for site-specific modification of bacterial 

proteins in situ for fluorescence imaging.  Chapter 2 describes the development of the method 

and its application to image four bacterial proteins in E. coli cells (Tar, CheA, FtsZ, and 

FtsA).  Chapter 3 then describes the adaptation of the method to image proteins that are 

expressed from a chromosomal copy integrated within the E. coli genome.  Chapter 4 then 

describes the synthesis of cell-permeant, photoswitchable dyes and their use with the NMT-

mediated labeling method to enable super-resolution imaging in live bacterial cells.  
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C h a p t e r  2  

CHEMOENZYMATIC LABELING OF PROTEINS FOR IMAGING IN 
BACTERIAL CELLS 

Content from this chapter is adapted with permission from: 

Ho, S. H.; Tirrell, D. A.  Chemoenzymatic Labeling of Proteins for Imaging in Bacterial 

Cells.  Journal of the American Chemical Society 2016, 138, 15098–15101. DOI: 

10.1021/jacs.6b07067.  Copyright 2016 American Chemical Society. 
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2.1 Abstract 

Reliable methods to determine the subcellular localization of bacterial proteins are needed 

for the study of prokaryotic cell biology.  We describe here a simple and general technique 

for imaging bacterial proteins in situ by fluorescence microscopy.  The method uses the 

eukaryotic enzyme N-myristoyltransferase to modify the N-terminus of the protein of interest 

with an azido-fatty acid.  Subsequent strain-promoted azide–alkyne cycloaddition allows 

conjugation of dyes and imaging of tagged proteins by confocal fluorescence microscopy.  

We demonstrate the method by labeling the chemotaxis proteins Tar and CheA and the cell 

division proteins FtsZ and FtsA in Escherichia coli.  We observe distinct spatial patterns for 

each of these proteins in both fixed and live cells.  The method should prove broadly useful 

for protein imaging in bacteria. 
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2.2 Main Text 

Bacteria exercise exquisite control of protein localization as they orchestrate processes such 

as cell division, chromosome segregation, and environmental sensing.1  Recent advances in 

super-resolution microscopy, including stochastic optical reconstruction microscopy 

(STORM)2 and photo-activated localization microscopy (PALM),3 along with new 

techniques in electron microscopy (e.g., correlated, cryogenic-PALM)4 allow researchers to 

visualize molecular ultrastructures in bacterial cells with nanometer-scale resolution.  

Although fluorescent proteins (FPs) have found widespread use in labeling of proteins for 

imaging studies,5 the large size of the FP can perturb protein localization.6  Because organic 

fluorophores are smaller and generally brighter than FPs,7 site-specific protein modification 

with biophysical probes remains an active area of research.8–11 

Building on prior studies from the Gordon laboratory and others12–14 including our own,15 

we report here a simple and general method for imaging bacterial proteins in fixed and live 

cells.  By co-expressing human N-myristoyltransferase (NMT) and a target bacterial protein 

outfitted with a short NMT recognition sequence,16 we append azido-fatty acids 1 or 3 to the 

N-terminus of the target (Figure 2.1).  The azide-labeled protein is then tagged with a 

fluorophore (2) via strain-promoted azide–alkyne cycloaddition.17,18 

Several features of the NMT system make it an effective tool for labeling recombinant 

proteins in bacterial cells and specifically in Escherichia coli.  Neither azido fatty acids nor 

NMT are normally present in E. coli cells;19 the azido functionality provides a site for facile 

bioorthogonal ligation; and the fatty acyl-coenzyme A synthetase (FACS) machinery of E. 

coli is known to convert 1 into an active substrate for NMT.20  To the best of our knowledge, 

however, there has been no prior report on use of the NMT labeling system for protein 

imaging in bacteria. 
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Figure 2.1.  Site-specific labeling strategy in bacterial cells.  (A) A genetically encoded N-
terminal amino acid sequence serves as the recognition element for NMT on the protein of 
interest (POI).  (B) Structures of fatty acid probes 1 and 3 and BODIPY fluorophore 2.  (C) 
Metabolic incorporation of fatty acid surrogate 1 or 3 allows site-specific labeling with NMT.  
Probe 1 or 3 is added directly to bacterial cultures and is converted into an active thioester 
for NMT recognition.  FACS = Fatty acyl-coenzyme A synthetase, NMT = N-
myristoyltransferase, HS–CoA: Coenzyme A.   

We chose the bacterial chemotaxis proteins Tar and CheA and the cell division proteins FtsZ 

and FtsA as test substrates for NMT labeling and fluorescence imaging.  The transmembrane 

protein Tar and cytoplasmic protein CheA localize at the poles of E. coli in clusters believed 

to enhance chemotactic signaling.21,22  FtsZ and FtsA have been shown to localize at the 

septum and to play important roles in cell division.23,24  To label these proteins, we introduced 

at each N-terminus the nonapeptide sequence MGNEASYPL derived from calcineurin B, a 

protein that is naturally myristoylated in mammalian cells.25  NMT appends fatty acid 

substrates to the N-terminal glycine residue of the recognition sequence, following cleavage 
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of the initiator methionine by methionyl aminopeptidase.26  Target proteins were expressed 

from modified pQE80-L plasmids under control of the bacteriophage T5 promoter27 (Table 

S2.1).  Cells were outfitted with a dual-plasmid expression system, with one plasmid 

(pHV738-NMT-MetAP)28 directing expression of NMT and methionyl aminopeptidase and 

a second coding for inducible expression of one of the four bacterial protein targets (Figure 

S2.1).  E. coli cultures were grown at 37 °C to an optical density at 600 nm (OD600) of 0.5.  

Protein expression was then induced by addition of 1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) and N-terminal labeling was accomplished by addition of 500 

µM 1.  After 4 h, cells were harvested by centrifugation, washed twice with phosphate-

buffered saline (PBS), and lysed.  Crude lysates were alkylated with 1 mM iodoacetamide 

and subsequently treated with 2 µM BODIPY conjugate 2, which carries a reactive 

bicyclononyne unit,29 at 37 °C for 0.5 h. 

We verified by gel electrophoresis that protein labeling occurred selectively.  For each of the 

bacterial proteins, in-gel fluorescence detection (488 nm excitation, 520 nm emission) 

showed a distinct band with apparent molecular corresponding to that of the intended target 

(Figure 2.2).  To provide a measure of the sensitivity of the method, we compared the 

intensity of this band in the inverted grayscale image to the background grayscale intensity 

associated with the same region of a gel prepared from uninduced cells treated with 1 and 2 

(Figure S2.2).  For cells expressing Tar, CheA, FtsZ, and FtsA, we found band intensities 

2.4-, 6.6-, 6.7-, and 5.7-fold above background, respectively.  We verified conjugation of a 

single copy of 1 to each protein of interest by mass spectrometry (Figures S2.3−S2.6 and 

Tables S2.4−S2.7).  In cells labeled with 1, we observed complete modification of each 

target protein; the unmodified forms were not observed.  CheA was found in its 

phosphorylated form30 in the absence of 1.  In cells expressing NMT and FtsZ or FtsA but 

not treated with 1, we observed modification by endogenous myristic acid;31 endogenous 

myristoylation was not detected for Tar or CheA. 
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Figure 2.2.  SDS–PAGE analysis of E. coli lysates prepared from cells expressing target 
proteins encoded on modified pQE80-L plasmids (Table S2.1).  Protein expression was 
achieved by addition of 1 mM IPTG.  Cultures were labeled with 1 at the time of induction.  
Cells were lysed and lysates were treated with 2.  Western blot analysis against a C-terminal 
His5 epitope tag with a primary antibody conjugated to Alexa Fluor 647 confirms protein 
expression. 

We screened a range of concentrations of 1 and 2 in cellular labeling experiments (Figure 

S2.7); concentrations of 250 µM 1 and 20 µM 2 were found to be sufficient.  At these 

concentrations, we observed no effect on cell growth (Figure S2.8).  We found no chain 

length redistribution of 1 in cells (Figure S2.9), but we did find evidence for incorporation 

of 1 into the phosphatidylethanolamine fraction of cellular lipids (Figures S10−S12).  

Although reaction of 2 with modified membrane lipids might be expected to contribute to 

diffuse background labeling in imaging experiments, we did not encounter problems of this 

kind. 

For in situ imaging experiments, target proteins were outfitted with C-terminal myc tags for 

immunofluorescence labeling and expressed from modified pBAD24 plasmids (Table S2.2) 

under control of the tightly regulated PBAD promoter32 (Figure S2.13).  Cells were treated 

with 0.2% (w/v) arabinose and 250 µM 1 at 37 °C for 2 h, fixed with 4% paraformaldehyde, 

and permeabilized with 0.3% (v/v) Triton X-100.  Permeabilized cells were incubated with 

20 µM 2 and an anti-myc antibody conjugated to Alexa Fluor 647 for two-color fluorescence 
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labeling.  In fluorescence confocal microscopy, cells were excited at 488 nm and the 

emission was monitored from 505 to 550 nm for detection of the BODIPY fluorophore.  The 

same cells were excited at 633 nm and monitored at 650 nm for immunofluorescence 

detection.  We found clear evidence of polar localization for the bacterial chemotaxis proteins 

Tar and CheA and septal localization for the cell division proteins FtsZ and FtsA (Figure 

2.3).  Control experiments confirmed that addition of the hydrophobic fatty acid 1 did not 

interfere with localization of the target proteins, nor was there significant interference from 

labeling of 1 in the absence of induction of the target protein (Figures S2.14 and S2.15). 

 

Figure 2.3.  Imaging of proteins in fixed cells.  Polar localization of Tar and CheA can be 
visualized by N-terminal fluorescence labeling with 2 and by immunofluorescence.  Septal 
localization of FtsZ and FtsA can be visualized in similar fashion (scale bar = 1 µm). 
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We then asked whether the methods introduced here could be used for protein imaging in 

live cells.  Cells harboring both pHV738-NMT-MetAP and one of the modified pBAD24 

plasmids for inducible expression of target proteins (Table S2.2) were treated with 250 µM 

1 at the time of induction and then grown at 37 °C for 2 h.  Cells were collected by 

centrifugation, resuspended to an OD600 of 2, and rinsed three times with PBS.  A 100 µL 

aliquot of the cell suspension was treated with 20 µM 2 at 37 °C for 30 min in the dark, and 

the cells were washed three times with PBS and mounted on agarose slides for imaging.  

When we labeled cells with 2 without fixation or permeabilization, we again found clear 

evidence of polar localization of each of the chemotaxis proteins and septal localization of 

each of the cell division proteins (Figure 2.4).  Analysis of fluorescence from cells 

expressing Tar, CheA, FtsZ, and FtsA showed labeling 2.7-, 9.8-, 10.8-, and 7.1 fold above 

background, respectively (Figure S2.16).  Labeling of FtsZ was also observed at lower 

concentrations of arabinose (Figure S2.17).  In control experiments, cells did not show 

significant fluorescence in the absence of expression of the target protein or treatment with 

1 (Figure S2.18).  These results suggest that the NMT labeling system and fluorophore 2 

should be broadly useful for live-cell imaging. 

 

Figure 2.4.  Live-cell images for chemotaxis and cell division proteins labeled with 1 and 2 
(scale bar = 2 µm). 
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Finally, we asked whether both the E. coli FACS33 and NMT could process other fatty acid 

substrates and expand the toolbox of probes for protein imaging.  To demonstrate the 

feasibility of using alternative fatty acids, we prepared the more hydrophilic fatty acid 3.  

Analysis of crude bacterial lysates prepared from cells treated with 2 and 3 confirmed 

selective modification of Tar, CheA, FtsZ, and FtsA (Figures S2.19−S2.21).  The extent of 

modification by 3 was determined by mass spectrometry (Figures S2.22−S2.25 and Tables 

S2.4−S2.7).  Addition of 3 did not affect cell growth (Figure S2.8).  Degradation of 3 in cells 

was not observed (Figure S2.9), and 3 did not perturb the lipidome (Figure S2.26). 

Live cells labeled with 3 yielded clear evidence of polar localization for Tar and CheA as 

well as septal localization for FtsZ and FtsA (Figure S2.27); the extent of labeling above 

background was similar to that observed with 1 (Figure S2.16).  These results, along with 

the known promiscuity of NMT, suggest that other fatty acids bearing bioorthogonal 

functionality might be useful for protein labeling and imaging in live bacterial cells. 

The results reported here demonstrate the feasibility of using NMT to modify membrane-

associated and cytosolic bacterial proteins for fluorescence imaging.  Although the method 

is unlikely to be applicable to proteins that bear N-terminal localization signals (roughly 10% 

of the E. coli proteome),34 it may be especially useful in experiments in which fusion to a 

fluorescent protein disrupts localization of the protein of interest.  With the advent of super-

resolution imaging in bacterial systems,35,36 we anticipate that the methods described here 

may be useful for conjugation of bright, photoswitchable fluorophores to bacterial proteins.  

We are currently working to combine the NMT labeling system with super-resolution 

techniques for live-cell protein imaging in bacteria. 
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2.4 Experimental Procedures 

Materials and Methods.  Unless otherwise stated, all synthetic reactions were performed 

using oven-dried glassware and under an atmosphere of argon.  Anhydrous solvents (N,N-

dimethylformamide and dichloromethane) were purchased from Sigma-Aldrich and kept 

under argon.  All other chemicals and reagents for chemical reactions were purchased from 

commercial vendors (Sigma-Aldrich, Oakwood Chemical, Life Technologies) and used 

without further purification.  Reactions were monitored with thin layer chromatography 

(EMD/Merck silica gel 60 F254 pre-coated plates) and UV light for visualization, with an 

acidic mixture of phosphomolybdic acid, cerium ammonium molybdate, or basic aqueous 

KMnO4 as developing agents.  Flash chromatography purifications were carried out using 

EMD/Merck silica gel 60 (230–400 mesh).  1H and 13C NMR spectra were measured on 

either a Bruker Prodigy 400 (400 MHz and 101 MHz, respectively) or a Varian Inova 500 

(500 MHz and 126 MHz, respectively), as noted.  1H and 13C NMR chemical shifts are 

reported as δ in units of parts per million (ppm) relative to tetramethylsilane (TMS, δ = 0) 

and calibrated using the residual solvent peak in chloroform (δ 7.26, singlet and δ 77.16, 

respectively).  Data for 1H NMR are reported as follows: chemical shift (δ ppm), multiplicity 

(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling constant 

(Hz), and integration.  High-resolution mass spectrometry (HRMS) was performed with 

either a JEOL JMS-600H High Resolution Mass Spectrometer with fast atom bombardment 

(FAB) at the California Institute of Technology Mass Spectrometry Facility in the Division 

of Chemistry and Chemical Engineering or with an Agilent 6200 Series TOF with an Agilent 

G1978A Multimode source in electrospray ionization (ESI), atmospheric pressure chemical 

ionization (APCI), or mixed (MM) ionization mode at the Caltech Beckman Institute Center 

for Catalysis and Chemical Synthesis.  Low-resolution mass spectrometry (LRMS) was 

performed using an Agilent 1290 UHPLC–MS in positive or negative mode at the Center for 

Catalysis and Chemical Synthesis.  

Lysogeny broth (LB) contained 10 g casein hydrolysate, 5 g yeast extract, and 10 g NaCl per 

liter.  Super optimal broth (SOB) was composed of 20 g casein hydrolysate, 5 g yeast extract, 

0.58 g NaCl, 0.19 g KCl, 10 mL 1 M MgCl2, and 10 mL 1M MgSO4 per liter.  Super optimal 
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broth with catabolite repression (SOC) was comprised of SOB with the addition of 0.1 mL 

2 M glucose to 1 L of SOB medium.  Hyper Broth (AthenaESTM, USA) was purchased and 

prepared according to the manufacturer’s instructions.  Ampicillin sodium salt (BioPioneer, 

USA) and kanamycin sulfate (BioPioneer, USA) were used at working concentrations of 200 

µg/mL and 35 µg/mL, respectively.  Phosphate-buffered saline (PBS) was purchased from 

Thermo Fisher Scientific (USA) and maintained at pH 7.4.  PBST was a solution comprising 

PBS and 0.1% v/v Tween-20.  Q5 Hot Start High-Fidelity DNA Polymerase, restriction 

endonucleases, Instant Sticky-End Master Mix, Antarctic phosphatase, and Blunt Ligase 

Master Mix were all purchased from New England Biolabs (USA) and used according to the 

manufacturer’s instructions.  DNA constructs were sequenced by Retrogen (USA).  

Cells were made chemically competent by using the Mix & Go E. coli Transformation Kit 

(Zymo Research, USA) according to the manufacturer’s instructions.  Electrocompetent cells 

were freshly prepared as follows: 8 mL of overnight cultures were washed extensively with 

300 mM sucrose on ice.  The culture was then concentrated to a final volume of 60 µL cells, 

after which 20 µL cells were mixed with 50 ng plasmid DNA.  Electroporation was carried 

out using the Gene Pulse XCell (BioRad, USA) according to the recommended 

manufacturer’s protocol.  Cells were immediately rescued in 500 µL SOC at 37 °C for 1 h, 

and plated on LB agar plates carrying the appropriate antibiotic supplements.  Plates 

containing colonies were always used within one week for further experiments.  

The plasmid encoding N-myristoyltransferase (NMT) and methionyl aminopeptidase 

(pHV738-NMT-MetAP) was a generous gift from the Kahn laboratory (Emory University, 

USA).  The plasmid confers resistance against kanamycin and contains the p15A origin of 

replication.  

Plasmid construction in pQE80-L.  The pQE80-L vector (Qiagen, USA) confers resistance 

to ampicillin and carries a 6xHis tag following the T5 promoter sequence, lac operon and 

ribosomal binding site (RBS).  To remove the 6xHis tag and RBS, pQE80-L was linearized 

with EcoRI and HindIII.  The gene fragment encoding the N-terminal nonapeptide sequence 

from eukaryotic calcineurin B (hCaNB) was 5’– ATG GGT AAC GAA GCG TCT TAC 
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CCG CTG – 3’ (encoding the peptide sequence MGNEASYPL for NMT recognition).   

The gene encoding the chemoreceptor Tar was amplified from genomic DH10B E. coli DNA 

using primers such that the final PCR product read EcoRI::RBS:: 

hCaNB::BamHI::tar::SacI::6xHis::HindIII.  This PCR product was digested with 

EcoRI/HindIII and ligated into pQE80-L to yield plasmid pQE80-hCaNB-Tar-6xHis.  For 

the remaining bacterial proteins (CheA, FtsZ, and FtsA) amplification was carried out using 

genomic DH10B E. coli DNA as the template.  Primers were designed such that the PCR 

products read BamHI::gene of interest::SacI.  The PCR products were digested with 

BamHI/SacI and ligated into pQE80-hCaNB-Tar-6xHis, which was also digested with 

BamHI/SacI to yield plasmids pQE80-hCaNB-CheA-6xHis, pQE80-hCaNB-FtsZ-6xHis, 

and pQE80-hCaNB-FtsA-6xHis.  These plasmids were transformed via electroporation into 

BL21 cells that already harbored plasmid pHV738-NMT-MetAP, generating strains 

SHH001–004 (Table S2.3).  Colonies were selected against ampicillin and kanamycin.  The 

primers used in this study are summarized in Table S2.1.   

Plasmid construction in pBAD24.  The pBAD24 vector contains an arabinose-inducible 

promoter and confers resistance against ampicillin.  The gene encoding the methyl aspartate 

chemoreceptor Tar was amplified from genomic DH10B E. coli DNA using primers such 

that the final PCR product read EcoRI::hCaNB::SpeI::tar::SacI::6xHis::HindIII.  Both the 

PCR product and pBAD24 were digested with EcoRI/HindIII and the resulting DNA 

fragments were ligated to make pBAD24-hCaNB-Tar-6xHis.  For the remaining bacterial 

proteins (CheA, FtsZ, and FtsA, also amplified from genomic DH10B E. coli DNA), primers 

were designed such that the final PCR products read SpeI::gene of interest::SacI.  The PCR 

products were digested with SpeI/SacI and ligated into pBAD24-hCaNB-Tar-6xHis, which 

was also digested with SpeI/SacI to make the plasmids pBAD24-hCaNB-CheA-6xHis, 

pBAD24-hCaNB-FtsZ-6xHis, and pBAD24-hCaNB-FtsA-6xHis.  To encode the C-terminal 

myc epitope tag and remove the C-terminal His tag, phosphorylated primers were used for 

amplification, with the pBAD24-hCaNB-gene of interest-6xHis as the template.  The 

forward primers for these four constructs are the same and contain the sequence encoding 

the myc epitope tag, whereas each reverse primer corresponds to a unique bacterial protein.  
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The template was then digested with DpnI, after which blunt-end ligation was performed 

to make the plasmids pBAD24-hCaNB-Tar-cmyc, pBAD24-hCaNB-CheA-cmyc, pBAD24-

hCaNB-FtsZ-cmyc, and pBAD24-hCaNB-FtsA-cmyc.  These plasmids were transformed 

via electroporation into BL21 cells that already harbored plasmid pHV738-NMT-MetAP, 

generating strains SHH005–012 (Table S2.3).  Colonies were selected against both 

ampicillin and kanamycin.  The primers used to design these constructs are summarized in 

Table S2.2.   

Gel analyses.  Sodium dodecyl sulfate–poly(acrylamide) gel electrophoresis (SDS–PAGE) 

was accomplished on a FB3000Q protein gel electrophoresis apparatus from Fisher Scientific 

(USA) using NuPAGE Novex 4–12% Bis-Tris protein gels (1.0 mm, 10-well) from Thermo 

Fisher (USA).  Protein samples were mixed with an SDS loading buffer consisting of 0.05% 

w/v bromophenol blue, 0.1 M dithiothreitol (DTT), 10% w/v glycerol, 2% w/v sodium 

dodecyl sulfate, and 8 M urea in 50 mM Tris, pH 8.0.  Samples were heated at 95 °C for 10 

min to ensure denaturation and reduction of disulfide bonds.  SeeBlue Plus 2 (Thermo Fisher, 

USA) was used as a molecular weight marker for all SDS–PAGE experiments.  Total protein 

loading was visualized by using InstantBlue (Expedeon, Carlsbad, USA) as a coomassie blue 

stain, following the manufacturer’s instructions.  

Protein expression and labeling with ω-azido fatty acids.  Individual colonies were used 

to inoculate LB medium supplemented with 200 µg/mL ampicillin and 35 µg/mL 

kanamycin, and cultures were grown overnight at 37 °C with mild agitation (250 rpm).  

Cultures were diluted 1:50 in 10 mL LB medium (also supplemented with 200 µg/mL 

ampicillin and 35 µg/mL kanamycin) and grown until the optical density at 600 nm (OD600) 

reached 0.5.  Protein expression was induced with either 1 mM isopropyl-β-D-1-

thiogalactopyrannoside (IPTG) or 0.2% w/v L-(+)-arabinose (for pQE80-L or pBAD24 

vectors, respectively).  At the time of induction, 500 µM of either 1 or 3 was added to the 

culture; growth was continued for an additional 4 h (37 °C, 250 rpm).  Cultures were 

harvested, washed twice with PBS, and resuspended in a solution containing 1% w/v sodium 

dodecyl sulfate (SDS) in Tris pH 8.4.  Lysis was accomplished by boiling cells at 90 °C for 



 

 

43 
5 min, after which the solution was cooled on ice.  Benzonase nuclease (Sigma-Aldrich, 

USA) and protease inhibitor (cOmplete, EDTA-free, Roche, USA) were added to the lysate 

to degrade chromosomal DNA and to prevent protein proteolysis, respectively.  The lysate 

was allowed to incubate at 37 °C for 1 h, after which the lysates were centrifuged at 13,000 

rpm at 4 °C for 30 min.  The supernatant was collected, and protein quantification was 

performed using the bicinchoninic acid (BCA) assay kit (Thermo Fisher, USA).  Lysates 

were separated into aliquots and stored at -80 °C until further use.  Protein expression and 

labeling with fatty acids were performed in three independent replicate experiments.  

Cell viability with compounds 1–3.  Individual colonies were used to inoculate LB medium 

supplemented with 200 µg/mL ampicillin and 35 µg/mL kanamycin, and cultures were 

grown overnight at 37 °C with mild agitation (250 rpm).  Cultures were diluted to an OD600 

of 0.1 in LB medium (also supplemented with 200 µg/mL ampicillin and 35 µg/mL 

kanamycin).  To each culture was added 250 µM 1 or 3, or 20 µM fluorophore 2.  Cultures 

were allowed to continue to grow in the presence of each compound, and OD600 was 

monitored every 10 min for 800 min using a Varioskan LUX microplate reader (Thermo 

Fisher, USA).  The OD600 of cultures grown without the presence of 1–3 were also measured 

as a control.  

Preparation of fatty acid methyl esters (FAMEs) and mass analysis.  Individual colonies 

were used to inoculate LB medium supplemented with 200 µg/mL ampicillin and 35 µg/mL 

kanamycin, and cultures were grown overnight at 37 °C with mild agitation (250 rpm).  

Cultures were diluted 1:50 in 10 mL LB medium (also supplemented with 200 µg/mL 

ampicillin and 35 µg/mL kanamycin) and grown until OD600 reached 0.5.  To each culture 

was added 250 µM 1 or 3, or no fatty acid mimic as a control.  Growth was continued (37 

°C, 250 rpm) until OD600 reached approximately 1.0.  Cultures were harvested, washed twice 

with 0.5X PBS, and once with ddH2O before being lyophilized.  Fatty acids were extracted 

and methylated in a single acidic methylation step.  Briefly, freeze-dried cell pellets 

(approximately 8.0 mg) were resuspended in a 20: 1 v/v methanol: acetyl chloride solution 

and heated at 100 °C for 10 min.  The solutions were allowed to cool to room temperature, 
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after which 1 mL hexane and 1 mL water were added, and FAMEs were extracted twice 

with hexane (2 x 1 mL).  The organic layers were combined and concentrated to a final 

volume of 200 µL for mass analysis.  GC–MS analysis of FAMEs was accomplished using 

a ThermoFinnigan Trace GC equipped with a HP-5MS column (30 m x 0.250 mm x 0.25 

µm), with the column effluent split between a flame ionization detector (FID) and 

ThermoFinnigan DSQ mass spectrometer.  The GC oven was held at 90 °C for 1 min, ramped 

at 3 °C / min to 140 °C, ramped at 3 °C / min to 250 °C, and finally ramped at 20 °C / min 

to a final temperature of 310 °C.  Known FAMEs present in E. coli were identified using the 

NIST MS Search 2.0 program and quantified against an internal standard (methyl behenate).  

GC traces of FAME extracts of cells not treated with fatty acids were compared with GC 

traces of FAME extracts of cells treated with fatty acids to identify new peaks. 

Lipid extraction from cells grown with 1 or 3 and mass analysis.  Individual colonies 

were used to inoculate LB medium supplemented with 200 µg/mL ampicillin and 35 µg/mL 

kanamycin, and cultures were grown overnight at 37 °C with mild agitation (250 rpm).  

Cultures were diluted 1:50 in 10 mL LB medium (also supplemented with 200 µg/mL 

ampicillin and 35 µg/mL kanamycin) and grown until OD600 reached 0.5.  To each culture 

was added 250 µM 1 or 3, or no fatty acid mimic as a control.  Growth was continued (37 

°C, 250 rpm) until OD600 reached approximately 1.0.  Cultures were harvested and washed 

twice with 0.5X PBS. Lipid extraction was performed following literature protocols.  Briefly, 

cell pellets were resuspended in 120 µL 0.1% wt/v ammonium acetate (dissolved in ddH2O).  

To the solution was added 300 µL methanol and 1 mL methyl-tert-butyl ether (MTBE). 

Solutions were briefly vortexed and then sonicated for 1 hour at room temperature using a 

sonicator bath. 8 µg of internal standard (di17:0 phosphatidylcholine, 

phosphatidylethanolamine, and phosphatidylglycerol) (Avanti Polar Lipids, Alabaster, USA) 

was added at this time.  Internal standards were prepared as 0.1 g/L solutions in 

methanol/dichloromethane (9:1) Lipids were extracted by addition of 260 µL of water, 

forming a biphasic solution, with lipids in the top (MTBE/methanol) layer.  The 

MTBE/methanol layer was separated from the water layer and dried under a gentle stream 

of nitrogen.  Dried samples were dissolved in 1 mL 9:1 methanol/dichloromethane for 
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analysis using LC–MS. Fatty acids 1 and 3 were also dissolved to a final concentration of 

10 µM in 9:1 methanol/dichloromethane as standards for mass spectrometry.  Samples were 

submitted to the Caltech Environmental Analysis Center of the Beckman Institute.  Mass 

spectrometry (UPLC–MS) analysis was accomplished using an Acquity I-Class UPLC 

coupled to a Xevo G2-S TOF mass spectrometer (Waters, USA).  Lipid samples (injection 

volume, 5 µL) were separated on an Acquity UPLC CSH C18 column (2.1 µm x 100 mm, 

1.7 µm, Waters, USA). UPLC–TOF–MSE data were collected in positive and negative mode 

using electrospray ionization (ESI).  Indiscriminate fragmentation of all parent ions was 

performed with the capillary voltage set to 2.0 KV, the cone voltage set to 30 V, and the 

acquisition range set for data collection between 100 to 2000 m/z.  MSE data consists of two 

channels acquired simultaneously.  Extracted ion chromatograms were performed using m/z 

searches based on fragment ions with a mass window of 10 mDa.  Lipids were identified 

from their fragmentation patterns in both negative and positive mode.  

Fluorescence labeling in cell lysates.  To 100 µg protein in cell lysate diluted to 250 µL 

with PBS, was added iodoacetamide to a final concentration of 1 mM.  Lysates were 

incubated at 37 °C for 1 h in the dark.  Then, 2 was added to each solution to a final 

concentration of 2 µM.  Reactions were performed at room temperature for 10 min in the 

dark.  Proteins were then precipitated by addition of chloroform and methanol.  Pellets were 

resuspended in SDS loading buffer.  Samples were boiled for 10 min at 95 °C, after which 

20 µg lysate were subjected to SDS–PAGE.  Protein gels were washed with a solution 

containing 10% acetic acid, 20% methanol, and 70% water, with mild agitation (2 x 30 min).  

Fluorescence labeling was visualized using a Typhoon Trio (GE Healthcare, USA) with 

excitation at 488 nm, the photomultiplier tube (PMT) voltage set to 400 V, and emission 

monitored using a 520 nm band pass filter.  Protein bands corresponding to the fluorescently 

labeled protein of interest were quantified using ImageQuant TL (GE Healthcare, USA), and 

normalized against the intensity of that particular band in the coomassie lane.  Fluorescence 

labeling was quantified for each biological replicate.  Plots representing the average 

fluorescence intensities from independent experiments were prepared using IGOR Pro 

(Wavemetrics, Oregon, USA). 
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Immunoblotting.  Protein lysates were separated by SDS–PAGE and transferred to a 0.2 

µm nitrocellulose membrane using an iBlot 2 gel transfer apparatus from Life Technologies 

(USA), following the manufacturer’s protocol.  Membranes were blocked with 5% w/v non-

fat dry milk in PBST at room temperature for 1 h, and washed three times with PBST before 

incubating with either 1:5000 PentaHis–Alexa Fluor 647 (Qiagen, USA), or 1:2000 c–myc 

Alexa Fluor 647 conjugate (Cell Signaling Technologies, USA) at 4 °C overnight.  

Membranes (covered from light) were then washed five times with PBST at room 

temperature (10 min each wash).  Fluorescence was visualized using a Typhoon Trio (GE 

Healthcare, USA) with excitation at 633 nm, the photomultiplier tube (PMT) voltage set to 

300 V, and emission monitored using a 670 nm band pass filter. 

Expression, purification and mass spectrometry of Tar.  An overnight culture of E. coli 

strain SHH001 bearing plasmids pQE80-hCaNB-Tar-6xHis and pHV738-NMT-MetAP was 

diluted 1:50 in 100 mL Hyper Broth supplemented with 200 µg/mL ampicillin and 35 µg/mL 

kanamycin and grown at 37 °C with mild agitation (180 rpm).  When OD600 reached 

approximately 0.5, the culture was cooled on ice for 20 min, after which 500 µM of either 1 

or 3 and 0.025 mM IPTG were added to induce protein expression and to initiate N-terminal 

labeling.  Cells were grown for an additional 20 h at reduced temperature and agitation speed 

(20 °C, 140 rpm), harvested, and stored at -80 °C until use.  Cell pellets were thawed and 

resuspended in a solution (4 mL/g cell mass) containing 50 mM NaH2PO4, 300 mM NaCl, 1 

mg/mL lysozyme, pH 8.0, and incubated on ice for 30 min.  Lysis was achieved using a Q500 

Sonicator (QSonica, USA), operating at a power of 500 watts and frequency of 20 kHz, with 

5 s on and 25 s off bursts at 40% amplitude (1 min total for on cycle).  The lysates were 

centrifuged at 13,000 rpm at 4 °C for 30 min, and the supernatant was discarded. To the 

insoluble fraction was added a solution (10 mL) containing 100 mM NaH2PO4, 10 mM Tris, 

8 M urea, 1% w/v n-dodecyl β-D-maltoside (DDM), pH 8.0, and incubated at 4 °C with mild 

agitation for 30 min.  Lysates were centrifuged at 13,000 rpm at 4 °C for 30 min, after which 

the protein was purified from lysate using Ni–NTA agarose (Qiagen, USA) under denaturing 

conditions.  Briefly, 10 mL lysate was incubated with 250 µL Ni–NTA agarose at room 

temperature for 30 min and loaded onto the column.  The column was washed with 10 
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column volumes of Buffer A (100 mM NaH2PO4, 10 mM Tris, 8 M urea, 0.2% w/v DDM, 

pH 8.0) and 10 column volumes of Buffer B (100 mM NaH2PO4, 10 mM Tris, 8 M urea, 

0.2% w/v DDM, pH 6.3).  The protein was eluted in 4 column volumes of Buffer C (100 

mM NaH2PO4, 10 mM Tris, 8 M urea, 0.2% w/v DDM, pH 5.9) and 5 column volumes of 

Buffer D (100 mM NaH2PO4, 10 mM Tris, 8 M urea, 0.2% w/v DDM, pH 4.5).  Fractions 

containing purified Tar were pooled and dialyzed against 25 mM Tris, 50 mM NaCl, 0.2% 

w/v DDM, pH 8.0 for 24 h.  The protein was diluted in a solution of 0.2% v/v formic acid in 

95% ddH2O and 5% acetonitrile to a final concentration of 20 µM.  Protein samples were 

submitted for LC–MS analysis using an Agilent 1100 MSD equipped with a quadrupole 

detector (Agilent Technologies, USA) at the Proteome Exploration Laboratory of the 

Beckman Institute at Caltech. 

Expression, purification, and mass spectrometry of CheA.  An overnight culture of E. 

coli strain SHH002 bearing plasmids pQE80-hCaNB-CheA-6xHis and pHV738-NMT-

MetAP was diluted 1:50 in 100 mL Hyper Broth supplemented with 200 µg/mL ampicillin 

and 35 µg/mL kanamycin and grown at 37 °C with mild agitation (180 rpm).  When OD600 

reached approximately 0.5, the culture was cooled on ice for 20 min, after which 500 µM of 

either 1 or 3 and 0.025 mM IPTG were added to induce protein expression and to initiate N-

terminal labeling.  Cells were grown for an additional 20 h at reduced temperature and 

agitation speed (20 °C, 140 rpm), harvested, and stored at -80 °C until use.  Pellets were 

thawed and resuspended in a solution (4 mL/g cell mass) containing 50 mM NaH2PO4, 300 

mM NaCl, 10 mM imidazole, 1 mg/mL lysozyme, pH 8.0, and incubated on ice for 30 min.  

Lysis was achieved using a Q500 Sonicator (QSonica, USA), operating at a power of 500 

watts and frequency of 20 kHz, with 5 s on and 25 s off bursts at 40% amplitude (1 min total 

for on cycle).  The lysates were centrifuged at 13,000 rpm at 4 °C for 30 min. Clarified lysates 

were loaded onto Ni–NTA columns (1 mL size, HP resin, GE Healthcare) using an ÄKTA 

purifier FPLC system (GE Healthcare, USA).  CheA was eluted from the column using a 

linear gradient from 100% Buffer A’ (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 

pH 8.0), 0% Buffer B’ (50 mM NaH2PO4, 300 mM NaCl, 500 mM imidazole, pH 8.0) to 

100% Buffer B’ over 20 column volumes.  Fractions containing CheA were pooled and 
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buffer exchanged into an anion exchange buffer (25 mM Tris, 10 mM NaCl, pH 8.0) and 

loaded onto an anion exchange Q-Sepharose column (HiTrapTM Q HP, GE Healthcare) 

using an ÄKTA purifier FPLC system (GE Healthcare, USA).  CheA was eluted from the 

Q-column by running a linear gradient from 10 mM NaCl to 1 M NaCl over 20 column 

volumes.  The protein was diluted in a solution of 0.2% v/v formic acid in 95% ddH2O and 

5% acetonitrile to a final concentration of 20 µM.  Protein samples were submitted for LC–

MS analysis using an Agilent 1100 MSD equipped with a quadrupole detector (Agilent 

Technologies, USA) at the Proteome Exploration Laboratory of the Beckman Institute at 

Caltech. 

Expression, purification, and mass spectrometry of FtsZ.  An overnight culture of E. coli 

strain SHH003 bearing plasmids pQE80-hCaNB-FtsZ-6xHis and pHV738-NMT-MetAP 

was diluted 1:50 in 10 mL LB medium supplemented with 200 µg/mL ampicillin and 35 

µg/mL kanamycin and grown at 37 °C with mild agitation (250 rpm).  When OD600 reached 

approximately 0.5, 500 µM of either 1 or 3 and 1 mM IPTG were added to the culture to 

induce protein expression and to initiate N-terminal labeling.  Cells were grown for an 

additional 4 h (37 °C, 250 rpm) and harvested.  Cell pellets were resuspended in a solution 

containing 50 mM NaH2PO4, 300 mM NaCl, 5 mM imidazole, 1 mg/mL lysozyme, and 

incubated on ice for 30 min.  Lysis was achieved using a Q500 Sonicator (QSonica, USA), 

operating at a power of 500 watts and frequency of 20 kHz, with 5 s on and 25 s off bursts 

at 30% amplitude (1 min total for on cycle).  The lysates were centrifuged at 13,000 rpm at 

4 °C for 30 min, after which the protein was purified from lysate using Ni–NTA agarose spin 

columns (Qiagen, USA) according to the manufacturer’s instructions.  The purified protein 

was eluted in a buffer solution containing 50 mM NaH2PO4, 300 mM NaCl, and 500 mM 

imidazole.  The purified protein was further concentrated using 30 kDa MWCO spin filters 

(Millipore, USA) and the buffer was exchanged into a solution containing 50 mM NH4HCO3.  

The protein was diluted in a solution of 0.2% v/v formic acid in 95% ddH2O and 5% 

acetonitrile to a final concentration of 20 µM.  ESI–TOF mass spectrometry was performed 

using an LCT Premier XE mass spectrometer (Waters, USA) at the Mass Spectrometry 

Facility in the Division of Chemistry and Chemical Engineering at Caltech.  Mass spectra 
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were deconvoluted using MassLynx V 4.1 (Waters, USA) and spectra were plotted using 

IGOR Pro (Wavemetrics, Oregon, USA). 

Expression, purification, and mass spectrometry of FtsA.  An overnight culture of E. coli 

strain SHH004 bearing plasmids pQE80-hCaNB-FtsA-6xHis and pHV738-NMT-MetAP 

was diluted 1:50 in 100 mL Hyper Broth supplemented with 200 µg/mL ampicillin and 35 

µg/mL kanamycin and grown at 37 °C with mild agitation (180 rpm).  When OD600 reached 

approximately 0.5, the culture was cooled on ice for 20 min, after which 500 µM of either 1 

or 3 and 0.025 mM IPTG were added to induce protein expression and to initiate N-terminal 

labeling.  Cells were grown for an additional 20 h at reduced temperature and agitation speed 

(20 °C, 140 rpm), harvested, and stored at -80 °C until use.  Cell pellets were resuspended in 

a solution (4 mL/g cell mass) containing 100 mM NaH2PO4, 10 mM Tris, 8 M urea, pH 8.0, 

and were lysed at 4 °C with mild agitation for 60 min.  Lysates were clarified with 

centrifugation (13,000 rpm, 4 °C, 30 min).  Clarified lysate was incubated with 250 µL Ni–

NTA agarose (Qiagen, USA) at room temperature for 30 min before being loaded onto the 

column.  The column was washed with 10 column volumes of 100 mM NaH2PO4, 10 mM 

Tris, 8 M urea, pH 8.0 and 15 column volumes of 100 mM NaH2PO4, 10 mM Tris, 8 M urea, 

pH 6.3.  FtsA was eluted from the column with 5 column volumes of 100 mM NaH2PO4, 10 

mM Tris, 8 M urea, pH 5.9, and 5 column volumes of 100 mM NaH2PO4, 10 mM Tris, 8 M 

urea, pH 4.5.  Fractions containing FtsA were pooled and dialyzed against 25 mM Tris, 50 

mM NaCl, pH 8.0 overnight.  The protein was diluted in a solution of 0.2% v/v formic acid 

in 95% ddH2O and 5% acetonitrile to a final concentration of 20 µM.  Protein samples were 

submitted for LC–MS analysis using an Agilent 1100 MSD equipped with a quadrupole 

detector (Agilent Technologies, USA) at the Proteome Exploration Laboratory of the 

Beckman Institute at Caltech. 

Mass calibration for the Agilent 1100 MSD was performed with an internal standard of 

myoglobin in positive mode.  Mass calibration for the LCT Premier XE mass spectrometer 

was performed with an internal standard consisting of sodium iodide clusters. 
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Calculated and observed masses are summarized in Tables S2.4–S2.7.  Protein masses 

were calculated using http://www.expasy.org.  Masses for proteins modified with 1 or 3 take 

into account for the following: the loss of the starting Met, the addition of the fatty acid, and 

the loss of a water molecule due to amide bond formation between the fatty acid and the Gly 

residue.  In cells that were not labeled with fatty acids, we observed that proteins of interest 

were labeled with endogenous myristic acid.  Additionally, we observed the mass addition 

of a phosphoryl group on unmodified CheA.  CheA has been reported to be 

autophosphorylated in bacterial cells. 

Labeling bacterial proteins with ω-azido fatty acids in fixed cells.  Overnight cultures 

were diluted 1:50 in LB medium supplemented with 200 µg/mL ampicillin and 35 µg/mL 

kanamycin and grown at 37°C with mild agitation (250 rpm).  Cells (harboring pBAD24-

derived and pHV738-NMT-MetAP plasmids) expressing Tar or CheA were grown to an 

OD600 of 0.5, and cells expressing FtsZ and FtsA were grown to an OD600 of 0.9, after which 

0.2% w/v arabinose and 250 µM 1 were added to the cultures.  Cells were allowed to grow 

for an additional 2 h, after which aliquots of cells were concentrated to an OD600 of 

approximately 2.  Cells were fixed by addition of 4% paraformaldehyde in PBS for 10 min 

at room temperature, and permeabilized with 0.3% v/v Triton X-100 for 15 min at room 

temperature.  Proteins were alkylated by addition of 100 mM iodoacetamide at room 

temperature for 1 h in the dark.  N-terminal fluorescence labeling was carried out by 

incubating the cells with 20 µM 2 at room temperature for 30 min.  Cells were rinsed four 

times with PBS and blocked with 3% w/v BSA in PBS at room temperature for 1 h, after 

which c-myc Alexa Fluor 647 antibody (Cell Signaling Technologies, USA) was added to 

the solution at a 1:100 dilution.  Cells were allowed to incubate with the antibody solution 

overnight at 4 °C, and washed five times with PBS the following day.  Cells were then 

mounted on 5% w/v agarose (in PBS) slides for imaging. 

Labeling bacterial proteins with ω-azido fatty acids in live cells.  Overnight cultures 

(harboring modified pBAD24 and pH738-NMT-MetAP plasmids) were diluted 1:50 in LB 

medium supplemented with 200 µg/mL ampicillin and 35 µg/mL kanamycin and grown at 
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37°C with mild agitation (250 rpm).  Cells expressing Tar or CheA were grown to an 

OD600 of 0.5, and cells expressing FtsZ and FtsA were grown to an OD600 of 0.9, after which 

0.2% w/v arabinose and 250 µM 1 or 3 were added to the cultures.  Cells were allowed to 

grow for an additional 2 h, after which aliquots of cells were concentrated to an OD600 of 

approximately 2.  Cells were rinsed three times with PBS, after which 2 was added to a 100 

µL aliquot of cell suspension to a final concentration of 20 µM.  The cells were incubated 

with 2 at 37°C for 30 min, after which the solution was washed three times with PBS to 

remove excess fluorophore.  Cells were then mounted onto a 5% w/v agarose slide in PBS 

for imaging. 

Fluorescence microscopy.  Protein localization in cells was detected using an inverted Zeiss 

LSM 5 Exciter laser scanning confocal microscope at the Biological Imaging Facility of the 

Beckman Institute at Caltech.  A 488 nm laser line (25 mW argon laser, 1–2 %) and 505–

550 nm band pass filter were used in the detection of proteins labeled by 2.  Excitation at 633 

nm (5 mW neon laser, 1–5 %) and emission at 650 nm (long pass) were used for 

immunofluorescence detection.  Images were taken as 15 Z-stacks, with 0.2 µm per stack.  

ImageJ (NIH) was used to sum each Z-stack to form the projections represented in the 

figures.  Cell Profiler was used to quantify the integrated fluorescence per cell for 

approximately 100–150 cells per sample. 

Discussion on fatty acid probes 1 and 3.  Gordon and coworkers previously showed that 

heteroatom-containing myristic acid analogues are well-tolerated by NMT, and that 

replacement of a methylene group by an ether oxygen atom is roughly equivalent to deletion 

of four methylene groups in terms of reduction in the hydrophobic character of the acid.  

Estimated logP values for 1 and 3 were calculated using Molinspiration Chemoinformatics 

(www.molinspiration.com), resulting in logP values of 4.84 and 2.86, respectively.  The 

software uses group contribution values to determine estimated partition coefficients. 

Discussion on fatty acid pool and intact lipids in E. coli.  We analyzed the free fatty acid 

pool of bacterial cells that were treated with the azide-containing fatty acids (Figure S2.9) 

by GC–MS.  Cells treated with 1 showed a peak in the GC trace that matched that of the 



 

 

52 
methyl ester of 1; otherwise, the GC trace was identical to that of untreated cells.  We 

looked at the intact phospholipids by LC–MS (Figures S2.10–S2.12).  In cells treated with 

1, we observed a single new peak that was not present in untreated cells.  On the basis of 

extracted ions in negative mode, we conclude that the phospholipid contained palmitic acid 

and 1.  Fragmentation in positive mode showed a m/z loss of 141 Da, corresponding to a 

phosphorylethanolamine molecule.  This would suggest that E. coli incorporates 1 into a PE 

molecule.  Treatment of cells with 3 did not significantly alter the intact lipid profile (Figure 

S2.26). 
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Table S2.1.  Primers used in construction of pQE80-L-based vectors. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Plasmid name Forward (5’ to 3’) Reverse (3’ to 5’) 
pQE80-hCaNB-Tar-
6xHis 

ATATGAATTCGAGGAG
AAATTAACTATGGGTAA
CGAAGCGTCTTACCCG
CTGGGATCCATGATTA
ACCGTATCCGC 

TATAAGCTTCTAGT
GATGGTGATGGTGA
TGGAGCTCAAATGT
TTCCCAGTTTGGAT
C 

pQE80-hCaNB-CheA-
6xHis 

ATATATGGATCCGTGA
GCATGGATATAAGCGA
TTTTTATCAGACATTTT
TTGATGAA 

ATATATGAGCTCGG
CGGCGGTGTTCGC
CAT 

pQE80-hCaNB-FtsZ-
6xHis 

ATATATGGATCCATGTT
TGAACCAATGGAACTT 

ATATATGAGCTCAT
CAGCTTGCTTACGC
AG 

pQE80-hCaNB-FtsA-
6xHis 

ATATATGGATCCATGAT
CAAGGCGACGGAC 

ATATATGAGCTCAA
ACTCTTTTCGCAGC
CAACT 
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Table S2.2.  Primers used in construction of pBAD24-based vectors. 
 

Plasmid name Forward (5’ to 3’) Reverse (3’ to 5’) 
pBAD24-hCaNB-Tar-
6xHis 

ATATATGAATTCACCA
TGGGTAACGAAGCGT
CTTACCCGCTGACTA
GTATGATTAACCGTAT
CCGC 

TATAAGCTTCTAGT
GATGGTGATGGTG
ATGGAGCTCAAAT
GTTTCCCAGTTTGG
ATC 

pBAD24-hCaNB-CheA-
6xHis 

ATATATACTAGTGTGA
GCATGGATATAAGCG
ATTTTTATCAGACATT
TTTTGATGAA 

ATATATGAGCTCGG
CGGCGGTGTTCGC
CAT 

pBAD24-hCaNB-FtsZ-
6xHis 

ATATATACTAGTATGT
TTGAACCAATGGAAC
TT 

ATATATGAGCTCAT
CAGCTTGCTTACG
CAG 

pBAD24-hCaNB-FtsA-
6xHis 

ATATATACTAGTATGA
TCAAGGCGACGGAC 

ATATATGAGCTCAA
ACTCTTTTCGCAGC
CAACT 

pBAD24-hCaNB-Tar-
cmyc 

GAGCTCGAACAAAAA
CTTATTTCTGAAGAAG
ATCTGTAGAAGCTTG
GCTGTTTTGG 

AAATGTTTCCCAGT
TTGGATC 

pBAD24-hCaNB-CheA-
cmyc 

GAGCTCGAACAAAAA
CTTATTTCTGAAGAAG
ATCTGTAGAAGCTTG
GCTGTTTTGG 

GGCGGCGGTGTTC
GCCATA 

pBAD24-hCaNB-FtsZ-
cmyc 

GAGCTCGAACAAAAA
CTTATTTCTGAAGAAG
ATCTGTAGAAGCTTG
GCTGTTTTGG 

ATCAGCTTGCTTAC
GCAGG 

pBAD24-hCaNB-FtsA-
cmyc 

GAGCTCGAACAAAAA
CTTATTTCTGAAGAAG
ATCTGTAGAAGCTTG
GCTGTTTTGG 

AAACTCTTTTCGCA
GCCAAC 
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Table S2.3.  E. coli strains constructed in this study. 

Name Strain Genotype  
   
SHH001 BL21 AmpR, KanR 

pQE80-hCaNB-Tar-6xHis 
pHV738-NMT-MetAP 
 

SHH002 BL21 AmpR, KanR 
pQE80-hCaNB-CheA-6xHis 
pHV738-NMT-MetAP 
 

SHH003 BL21 AmpR, KanR 
pQE80-hCaNB-FtsZ-6xHis 
pHV738-NMT-MetAP 
 

SHH004 BL21 AmpR, KanR 
pQE80-hCaNB-FtsA-6xHis 
pHV738-NMT-MetAP 
 

SHH005 BL21 AmpR, KanR 
pBAD24-hCaNB-Tar-6xHis 
pHV738-NMT-MetAP 
 

SHH006 BL21 AmpR, KanR 
pBAD24-hCaNB-CheA-6xHis 
pHV738-NMT-MetAP 
 

SHH007 BL21 AmpR, KanR 
pBAD24-hCaNB-FtsZ-6xHis 
pHV738-NMT-MetAP 
 

SHH008 BL21 AmpR, KanR 
pBAD24-hCaNB-FtsA-6xHis 
pHV738-NMT-MetAP 
 

SHH009 BL21 AmpR, KanR 
pBAD24-hCaNB-Tar-myc 
pHV738-NMT-MetAP 
 

SHH010 BL21 AmpR, KanR 
pBAD24-hCaNB-CheA-myc 
pHV738-NMT-MetAP 
 

SHH011 BL21 AmpR, KanR 
pBAD24-hCaNB-FtsZ-myc 
pHV738-NMT-MetAP 
 

SHH012 BL21 AmpR, KanR 
pBAD24-hCaNB-FtsA-myc 
pHV738-NMT-MetAP 
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Table S2.4.  Calculated and observed masses for modification of Tar. 
Calculated mass (Da) Observed mass 

(Da) 
+/- (Da) Notes 

    
61984.8 61984.9 4.5 Unmodified Tar (–Met) 

62208.0 Not observed  Tar modified with 1  

62229.8 62226.9 4.1 Tar modified with 1 (sodium adduct) 
62210.0 62210.2 4.6 Tar modified with 3 

Table S2.5.  Calculated and observed masses for modification of CheA. 
Calculated mass (Da) Observed mass 

(Da) 
+/- (Da) Notes 

    
73391.5 73391.2 5.2 Unmodified CheA (–Met) 
73470.5 73471.8 

 
4.6 CheA modified by phosphorylation 

73614.7 
73636.7 

Not observed 
73635.9 

 
5.1 

CheA modified with 1  
CheA modified with 1 (sodium adduct) 

73616.7 
73638.7 

Not observed 
73638.7 

4.9 
5.1 

CheA modified with 3 
CheA modified with 3 (sodium adduct) 

    
Table S2.6.  Calculated and observed masses for modification of FtsZ. 
Calculated mass (Da) Observed mass 

(Da) 
+/- (Da) Notes 

    
42365.1 42364.8 1.1 Unmodified FtsZ (–Met) 
42575.5 42575.1 

 
1.0 FtsZ modified with endogenous myristic acid 

42588.3 42588.2 1.0 FtsZ modified with 1  
42562.3 42562.2 

 
1.0 FtsZ modified with 1 (reduction of azide to amine) 

42590.3 42590.1 1.2 FtsZ modified with 3 

    
Table S2.7.  Calculated and observed masses for modification of FtsA. 
Calculated mass (Da) Observed mass 

(Da) 
+/- (Da) Notes 

    
47371.1 Not observed  Unmodified FtsA (–Met) 
47581.5 47582.6 

 
3.1 FtsA modified with endogenous myristic acid 

47594.3 47594.6 3.5 FtsA modified with 1  
 

47596.3 47595.8 2.4 FtsA modified with 3 
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2.5 Protein Sequences used in this Study 

The NMT recognition sequence is highlighted in blue.  C-terminal epitope tags (either 6xHis 

or myc) are highlighted in red.  

pQE80-hCaNB-Tar-6xHis 
MGNEASYPLGSMINRIRVVTLLVMVLGVFALLQLISGSLFFSSLHHSQKSFVVSNQLREQQGELTS
TWDLMLQTRINLSRSAVRMMMDSSNQQSNAKVELLDSARKTLAQAATHYKKFKSMAPLPEMVAT
SRNIDEKYKNYYTALTELIDYLDYGNTGAYFAQPTQGMQNAMGEAFAQYALSSEKLYRDIVTDNAD
DYRFAQWQLAVIALVVVLILLVAWYGIRRMLLTPLAKIIAHIREIAGGNLANTLTIDGRSEMGDLAQSV
SHMQRSLTDTVTHVREGSDAIYAGTREIAAGNTDLSSRTEQQASALEETAASMEQLTATVKQNAD
NARQASQLAQSASDTAQHGGKVVDGVVKTMHEIADSSKKIADIISVIDGIAFQTNILALNAAVEAAR
AGEQGRGFAVVAGEVRNLASRSAQAAKEIKALIEDSVSRVDTGSVLVESAGETMNNIVNAVTRVT
DIMGEIASASDEQSRGIDQVALAVSEMDRVTQQNASLVQESAAAAAALEEQASRLTQAVSAFRLA
ASPLTNKPQTPSRPASEQPPAQPRLRIAEQDPNWETFELHHHHHH 
 
pQE80-hCaNB-CheA-6xHis 
MGNEASYPLGSVSMDISDFYQTFFDEADELLADMEQHLLVLQPEAPDAEQLNAIFRAAHSIKGGA
GTFGFSVLQETTHLMENLLDEARRGEMQLNTDIINLFLETKDIMQEQLDAYKQSQEPDAASFDYIC
QALRQLALEAKGETPSAVTRLSVVAKSEPQDEQSRSQSPRRIILSRLKAGEVDLLEEELGHLTTLTD
VVKGADSLSAILPGDIAEDDITAVLCFVIEADQITFETVEVSPKISTPPVLKLAAEQAPTGRVEREKTT
RSNESTSIRVAVEKVDQLINLVGELVITQSMLAQRSSELDPVNHGDLITSMGQLQRNARDLQESVM
SIRMMPMEYVFSRYPRLVRDLAGKLGKQVELTLVGSSTELDKSLIERIIDPLTHLVRNSLDHGIELPE
KRLAAGKNSVGNLILSAEHQGGNICIEVTDDGAGLNRERILAKAASQGLTVSENMSDDEVAMLIFA
PGFSTAEQVTDVSGRGVGMDVVKRNIQKMGGHVEIQSKQGTGTTIRILLPLTLAILDGMSVRVADE
VFILPLNAVMESLQPREADLHPLAGGERVLEVRGEYLPIVELWKVFNVAGAKTEATQGIVVILQSGG
RRYALLVDQLIGQHQVVVKNLESNYRKVPGISAATILGDGSVALIVDVSALQAINREQRMANTAAEL
HHHHHH 
 
pQE80-hCaNB-FtsZ-6xHis 
MGNEASYPLGSMFEPMELTNDAVIKVIGVGGGGGNAVEHMVRERIEGVEFFAVNTDAQALRKTA
VGQTIQIGSGITKGLGAGANPEVGRNAADEDRDALRAALEGADMVFIAAGMGGGTGTGAAPVVAE
VAKDLGILTVAVVTKPFNFEGKKRMAFAEQGITELSKHVDSLITIPNDKLLKVLGRGISLLDAFGAAN
DVLKGAVQGIAELITRPGLMNVDFADVRTVMSEMGYAMMGSGVASGEDRAEEAAEMAISSPLLED
IDLSGARGVLVNITAGFDLRLDEFETVGNTIRAFASDNATVVIGTSLDPDMNDELRVTVVATGIGMD
KRPEITLVTNKQVQQPVMDRYQQHGMAPLTQEQKPVAKVVNDNAPQTAKEPDYLDIPAFLRKQA
DELHHHHHH 
 
pQE80-hCaNB-FtsA-6xHis 
MGNEASYPLGSMIKATDRKLVVGLEIGTAKVAALVGEVLPDGMVNIIGVGSCPSRGMDKGGVNDL
ESVVKCVQRAIDQAELMADCQISSVYLALSGKHISCQNEIGMVPISEEEVTQEDVENVVHTAKSVR
VRDEHRVLHVIPQEYAIDYQEGIKNPVGLSGVRMQAKVHLITCHNDMAKNIVKAVERCGLKVDQLIF
AGLASSYSVLTEDERELGVCVVDIGGGTMDIAVYTGGALRHTKVIPYAGNVVTSDIAYAFGTPPSD
AEAIKVRHGCALGSIVGKDESVEVPSVGGRPPRSLQRQTLAEVIEPRYTELLNLVNEEILQLQEKLR
QQGVKHHLAAGIVLTGGAAQIEGLAACAQRVFHTQVRIGAPLNITGLTDYAQEPYYSTAVGLLHYG
KESHLNGEAEVEKRVTASVGSWIKRLNSWLRKEFELHHHHHH 
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pBAD24-hCaNB-Tar-cmyc 
MGNEASYPLTSMINRIRVVTLLVMVLGVFALLQLISGSLFFSSLHHSQKSFVVSNQLREQQGELTS
TWDLMLQTRINLSRSAVRMMMDSSNQQSNAKVELLDSARKTLAQAATHYKKFKSMAPLPEMVAT
SRNIDEKYKNYYTALTELIDYLDYGNTGAYFAQPTQGMQNAMGEAFAQYALSSEKLYRDIVTDNAD
DYRFAQWQLAVIALVVVLILLVAWYGIRRMLLTPLAKIIAHIREIAGGNLANTLTIDGRSEMGDLAQSV
SHMQRSLTDTVTHVREGSDAIYAGTREIAAGNTDLSSRTEQQASALEETAASMEQLTATVKQNAD
NARQASQLAQSASDTAQHGGKVVDGVVKTMHEIADSSKKIADIISVIDGIAFQTNILALNAAVEAAR
AGEQGRGFAVVAGEVRNLASRSAQAAKEIKALIEDSVSRVDTGSVLVESAGETMNNIVNAVTRVT
DIMGEIASASDEQSRGIDQVALAVSEMDRVTQQNASLVQESAAAAAALEEQASRLTQAVSAFRLA
ASPLTNKPQTPSRPASEQPPAQPRLRIAEQDPNWETFELEQKLISEEDL 
 
pBAD24-hCaNB-CheA-cmyc 
MGNEASYPLGSVSMDISDFYQTFFDEADELLADMEQHLLVLQPEAPDAEQLNAIFRAAHSIKGGA
GTFGFSVLQETTHLMENLLDEARRGEMQLNTDIINLFLETKDIMQEQLDAYKQSQEPDAASFDYIC
QALRQLALEAKGETPSAVTRLSVVAKSEPQDEQSRSQSPRRIILSRLKAGEVDLLEEELGHLTTLTD
VVKGADSLSAILPGDIAEDDITAVLCFVIEADQITFETVEVSPKISTPPVLKLAAEQAPTGRVEREKTT
RSNESTSIRVAVEKVDQLINLVGELVITQSMLAQRSSELDPVNHGDLITSMGQLQRNARDLQESVM
SIRMMPMEYVFSRYPRLVRDLAGKLGKQVELTLVGSSTELDKSLIERIIDPLTHLVRNSLDHGIELPE
KRLAAGKNSVGNLILSAEHQGGNICIEVTDDGAGLNRERILAKAASQGLTVSENMSDDEVAMLIFA
PGFSTAEQVTDVSGRGVGMDVVKRNIQKMGGHVEIQSKQGTGTTIRILLPLTLAILDGMSVRVADE
VFILPLNAVMESLQPREADLHPLAGGERVLEVRGEYLPIVELWKVFNVAGAKTEATQGIVVILQSGG
RRYALLVDQLIGQHQVVVKNLESNYRKVPGISAATILGDGSVALIVDVSALQAINREQRMANTAAEL
EQKLISEEDL 
 
pBAD24-hCaNB-FtsZ-cmyc 
MGNEASYPLGSMFEPMELTNDAVIKVIGVGGGGGNAVEHMVRERIEGVEFFAVNTDAQALRKTA
VGQTIQIGSGITKGLGAGANPEVGRNAADEDRDALRAALEGADMVFIAAGMGGGTGTGAAPVVAE
VAKDLGILTVAVVTKPFNFEGKKRMAFAEQGITELSKHVDSLITIPNDKLLKVLGRGISLLDAFGAAN
DVLKGAVQGIAELITRPGLMNVDFADVRTVMSEMGYAMMGSGVASGEDRAEEAAEMAISSPLLED
IDLSGARGVLVNITAGFDLRLDEFETVGNTIRAFASDNATVVIGTSLDPDMNDELRVTVVATGIGMD
KRPEITLVTNKQVQQPVMDRYQQHGMAPLTQEQKPVAKVVNDNAPQTAKEPDYLDIPAFLRKQA
DELEQKLISEEDL 
 
pBAD24-hCaNB-FtsA-cmyc 
MGNEASYPLGSMIKATDRKLVVGLEIGTAKVAALVGEVLPDGMVNIIGVGSCPSRGMDKGGVNDL
ESVVKCVQRAIDQAELMADCQISSVYLALSGKHISCQNEIGMVPISEEEVTQEDVENVVHTAKSVR
VRDEHRVLHVIPQEYAIDYQEGIKNPVGLSGVRMQAKVHLITCHNDMAKNIVKAVERCGLKVDQLIF
AGLASSYSVLTEDERELGVCVVDIGGGTMDIAVYTGGALRHTKVIPYAGNVVTSDIAYAFGTPPSD
AEAIKVRHGCALGSIVGKDESVEVPSVGGRPPRSLQRQTLAEVIEPRYTELLNLVNEEILQLQEKLR
QQGVKHHLAAGIVLTGGAAQIEGLAACAQRVFHTQVRIGAPLNITGLTDYAQEPYYSTAVGLLHYG
KESHLNGEAEVEKRVTASVGSWIKRLNSWLRKEFELEQKLISEEDL 
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2.6 Synthesis and Characterization of Compounds 

 
12-azidododecanoic acid (1).  To a flamed-dried 100 

mL round bottom flask, was added 20 mL DMF, 

419.1 mg sodium azide (6.45 mmol, 1.80 equiv), and 53.7 mg sodium iodide (0.36 mmol, 

0.1 equiv).  The mixture was stirred to form a heterogeneous suspension, after which 12-

bromododecanoic acid (1.0 g, 3.58 mmol, 1.0 equiv) was added.  The reaction mixture was 

allowed to stir at room temperature for 24 h, after which 20 mL ethyl acetate was added, and 

the solution was cooled on ice.  To the resultant solution, 1 M HCl was added dropwise until 

the suspension became clear.  The reaction mixture was extracted twice with ethyl acetate (2 

x 20 mL).  The organic layer was washed three times with saturated LiCl (3 x 20 mL), dried 

over MgSO4, and concentrated in vacuo, resulting in a slightly yellow solid.  The crude 

product was washed extensively with ice-cold ether and ice-cold water before being filtered.  

The white solid was collected and dried overnight under high vacuum to afford 785.6 mg of 

1 as a brilliant, white solid (91%).  1H NMR (400 MHz, CDCl3): δ 3.25 (t, 2H, J = 6.8 Hz), 

2.35 (t, 2H, J = 7.6 Hz), 1.58 – 1.65 (m, 4H), 1.30 – 1.36 (m, 6H), 1.25 – 1.30 (m, 8H).  13C 

NMR (101 MHz, CDCl3): δ 179.67, 77.36, 51.63, 34.08, 29.58, 29.50, 29.35, 29.28, 29.17, 

28.98, 26.85, 24.80.  HRMS (FAB) calculated for C12H24N3O2 ([M+H]+) 242.1868, found 

242.1853. 

 
BCN–BODIPY conjugate (2).  An oven-dried 20 mL 

scintillation vial was charged with 4,4-difluoro-5,7-

dimethyl-4-bora-3a,4a-diaza-s-indacene-3-

propionic acid (5 mg, 17 µmol, 1.0 equiv), O-(6-

chlorobenzotriazol-1-yl)-N,N,N’,N’-

tetramethyluronium hexafluorophosphate (HCTU) (7 mg, 17 µmol, 1.0 equiv), and N-

(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane 

(10 mg, 31 µmol, 1.8 equiv).  N,N-dimethylformamide (2 mL) was then added to the vial.  

To the solution, N,N-diisopropylethylamine (DIPEA) (6.7 µL, 39 µmol, 2.3 equiv) was 

added, and the reaction mixture was allowed to stir at room temperature for 4 h, after which 

the solvent was removed in vacuo.  The residue was taken up in 10 mL ethyl acetate and 
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extracted twice with 1 M HCl (2 x 20 mL), washed once with deionized water (10 mL), 

and washed three times with saturated LiCl (3 x 30 mL).  The organic layer was dried over 

Na2SO4 and concentrated under reduced pressure to give a lustrous brown oil as the crude 

product.  Flash chromatography (1–2% methanol in dichloromethane) afforded 9.2 mg of 2 

as a brilliant, red solid (90%).  1H NMR (400 MHz, CDCl3): δ, 7.08 (s, 1H), 6.89 (d, 1H, J = 

4.0 Hz), 6.30 (d, 1H, J = 4.0 Hz), 6.12 (br s, 1H), 5.22 (br s, 1H), 4.14 (br s, 1H), 4.12 (br s, 

1H), 3.57 (br s, 1H), 3.54 – 3.50 (m, 4H), 3.46 – 3.42 (m, 2H), 3.37 – 3.33 (m, 2H), 3.30 – 

3.25 (m, 2H), 2.63 (t, 2H, J = 8.0 Hz), 2.56 (s, 3H), 2.25 (s, 3H), 2.23 – 2.21 (m, 2H), 1.61 – 

1.50 (m, 7H), 1.33 (t, 2H, J = 8.8 Hz), 0.91 (t, 2H, J = 9.6 Hz).  13C NMR (101 MHz, CDCl3): 

δ, 171.89, 160.27, 157.71, 156.90, 143.92, 135.20, 133.49, 128.37, 123.88, 120.52, 117.63, 

98.96, 70.39, 70.33, 70.24, 70.04, 62.90, 40.88, 39.39, 36.11, 29.16, 24.99, 21.57, 20.22, 

17.90, 15.09, 11.48.  HRMS (FAB) calculated for C31H42O5N4BF2 ([M+H]+) 599.3216, 

found 599.3219. 

 
6-azidohexan-1-ol (S1).  To a flamed-dried 100 mL round 

bottom flask was added sodium azide (968.9 mg, 14.9 mmol, 

1.8 equiv), sodium iodide (123.4 mg, 0.83 mmol, 0.1 equiv), and 10 mL DMF to form a 

heterogeneous suspension.  To this mixture was added 6-bromohexan-1-ol (1.5 g, 8.28 mmol, 

1.0 equiv) dropwise over the course of 2 min.  The reaction mixture was allowed to stir at 

room temperature for 18 h, after which the solution was diluted with 30 mL ethyl acetate and 

cooled on ice.  To the solution, 10 mL 1 M HCl was slowly added to quench the reaction.  

The solution was extracted twice with 1 M HCl (2 x 10 mL), twice with deionized water (2 

x 10 mL), twice with saturated LiCl (2 x 10 mL), dried over MgSO4, and concentrated in 

vacuo.  Flash chromatography (10% ethyl acetate: 90% hexanes) afforded 1.07 g of S1 as a 

colorless oil (90%).  1H NMR (500 MHz, CDCl3): δ, 3.66 (t, 2H, J = 6.5 Hz), 3.28 (t, 2H, J 

= 7.0 Hz), 1.61 (m, 4H), 1.41 (m, 4H).  13C NMR (126 MHz, CDCl3): δ, 62.93, 51.51, 32.69, 

28.95, 26.66, 25.47.  LRMS (ESI) calculated for C6H14N3O ([M+H]+) 144, found 144. 

 
tert-butyl 5-((6-azidohexyl)oxyl)pentanoate 

(S2).  A flame-dried 50 mL flask was charged 

with S1 (276 mg, 1.93 mmol, 1.1 equiv), followed by anhydrous DMF (10 mL), and cooled 
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to 0°C on ice.  To the solution was slowly added NaH (84.1 mg 60% wt dispersion in 

mineral oil, 2.10 mmol, 1.2 equiv), and the resulting suspension was allowed to stir on ice 

for 0.5 h.  The solution was warmed to room temperature and allowed to stir for an additional 

0.5 h, after which the reaction mixture was cooled on ice.  To the reaction mixture was added 

tert-butyl 5-bromopentanoate (415.5 mg, 1.75 mmol, 1.0 equiv) dropwise over the course of 

10 min.  The reaction mixture was allowed to warm to room temperature and stirred for an 

additional 5 h, after which the solution was cooled on ice and quenched by addition of 

aqueous, saturated LiCl (20 mL).  The solution was extracted twice with ethyl acetate, dried 

over MgSO4, and concentrated in vacuo.  The residue was suspended in dichloromethane 

and purified by flash chromatography (1–5% ethyl acetate in hexanes) to afford 146.7 mg of 

S2 as a colorless oil (28%).  1H NMR (500 MHz, CDCl3): δ, 3.40 (t, 2H, J = 6.0 Hz), 3.39 (t, 

2H, J = 6.5 Hz), 2.23 (t, 2H, J = 7.0 Hz), 1.62 (m, 4H), 1.59 (m, 4H), 1.43 (s, 9H), 1.38 (m, 

4H).  13C NMR (126 MHz, CDCl3): δ, 173.15, 80.16, 70.83, 70.58 51.53, 35.44, 29.74, 29.27, 

28.94, 28.25, 26.71, 25.93, 21.99.  HRMS (FAB) calculated for C15H30N3O3 ([M+H]+) 

300.2287, found 300.2283. 

 
5-((6-azidohexyl)oxy)pentanoic acid (3).  A 20 mL 

scintillation vial was charged with S2 (140 mg, 0.47 

mmol, 1 equiv) and 2 mL dichloromethane.  The reaction mixture was allowed to stir to form 

a homogenous solution, after which 2 mL trifluoroacetic acid was added dropwise over the 

course of 5 min.  The reaction mixture continued to stir at room temperature for 1 h, after 

which the trifluoroacetic acid was evaporated using a gentle stream of nitrogen.  Remaining 

trifluoroacetic acid was removed by azeotropic evaporation with toluene (5 x 5 mL) under 

reduced pressure to afford 3 as a faint yellow oil (quantitative).  The material was used 

without further purification.  1H NMR (500 MHz, CDCl3): δ, 3.43 (t, 2H, J = 6.0 Hz), 3.40 

(t, 2H, J = 6.0 Hz), 3.26 (t, 2H, J = 7.0 Hz), 2.39 (t, 2H, J = 7.0 Hz), 1.72 (m, 2H), 1.61 (m, 

6H), 1.38 (m, 4H).  13C NMR (126 MHz, CDCl3): δ, 179.08, 70.92, 70.46, 51.53, 33.81, 

29.68, 29.09, 28.93, 26.70, 25.92, 21.72.  HRMS (MM) calculated for C11H20N3O3 [M-H]-

242.1510, found 242.1507. 
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2.7 Supplementary Figures 

 

 

 

 

 

 

Figure S2.1.  Schematic of vector construction in pQE80-L and pHV738-NMT-MetAP 
plasmids.  (A) The gene encoding the protein of interest is placed under control of the 
bacteriophage T5 promoter in the pQE80-L vector.  The protein is outfitted with the N-
terminal nonapeptide sequence from calcineurin B (hCaNB) for NMT recognition and a C-
terminal hexahistidine tag for purification. RBS = ribosome binding site.  (B) Simplified 
vector schematic for pHV738-NMT-MetAP.  Expression of NMT is placed under control of 
the Ptac promoter whereas methionyl aminopeptidase (MetAP) expression is placed under 
control of its own promoter.  The plasmid harboring the genes encoding NMT and MetAP 
contains a p15A origin of replication. 
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Figure S2.2.  Fluorescence emission from labeled proteins expressed from pQE80-L 
plasmids.  Crude lysates from cells (labeled with 1) expressing NMT and one of the four 
bacterial proteins (Tar, CheA, FtsZ, or FtsA) from pQE80-L plasmids were treated with 2 
and separated using SDS–PAGE.  Fluorescence measurements (from gels corresponding to 
Figure 2.2) were normalized to the band corresponding to the labeled protein in the 
coomassie lane.  Error bars denote standard deviations from three independent experiments.  
Shown below the bar graphs are the fluorescence and coomassie gels in inverted grayscale.  
The regions boxed in yellow denote the band regions which were used in quantifying 
fluorescence emission.  Fluorescence emission was normalized against the intensity from the 
associated coomassie gels. 
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Figure S2.3.  Deconvoluted mass spectra of Tar.  (A) Tar isolated from cells expressing both 
NMT and Tar but not labeled with 1.  The mass at 61984 Da corresponds to unmodified Tar.  
(B) Tar isolated from cells labeled with 1.  The mass at 62227 Da corresponds to Tar 
modified with 1 (sodium adduct).  Calculated and observed masses for modification of Tar 
are listed in Table S2.4. 
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Figure S2.4.  Deconvoluted mass spectra of CheA.  (A) CheA isolated from cells expressing 
both NMT and CheA but not labeled with 1.  The mass at 73472 Da corresponds to the 
phosphorylated form of CheA.  (B) CheA isolated from cells labeled with 1.  The mass at 
73636 Da corresponds to CheA modified with 1 (sodium adduct).  Calculated and observed 
masses for modification of CheA are listed in Table S2.5.  
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Figure S2.5.  Deconvoluted mass spectra of FtsZ.  (A) FtsZ isolated from cells expressing 
both NMT and FtsZ but not labeled with 1.  The mass at 42365 Da corresponds to unmodified 
FtsZ, and the mass at 42575 Da corresponds to FtsZ modified from endogenous myristic 
acid.  (B) FtsZ isolated from cells labeled with 1.  The mass at 42588 Da corresponds to FtsZ 
modified with 1.  The mass at 42562 Da corresponds to FtsZ modified with 1, with reduction 
of the terminal azide to an amine.  Calculated and observed masses for modification of FtsZ 
are listed in Table S2.6. 
  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mass (Da) 

Mass (Da) 

Io
n 

co
un

t 
Io

n 
co

un
t 

42562 

42588 

42365 

42575 

B 

A 



 

 

67 

 
 
 
 
Figure S2.6.  Deconvoluted mass spectra of FtsA.  (A) FtsA isolated from cells expressing 
both NMT and FtsA but not labeled with 1.  The mass at 47583 Da corresponds to FtsA 
modified from endogenous myristic acid.  (B) FtsA isolated from cells labeled with 1.  The 
mass at 47595 Da corresponds to FtsA modified with 1.  Calculated and observed masses for 
modification of FtsA are listed in Table S2.7. 
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Figure S2.7.  Screening fatty acid and fluorophore concentration ranges.  Cells not 
expressing a target protein were grown at 37 °C to OD600 = 0.5 and treated as described in 
(A) – (C).  After treatment, cells were washed three times with PBS and imaged by confocal 
fluorescence microscopy.  (A) Cells that were not treated with 1 were labeled with different 
concentrations of 2 for 30 min at 37 °C.  Scale bar = 10 µm.  (B) Cells that were treated for 
2 h with different concentrations of 1 were labeled with 20 µM 2.  Scale bar = 10 µm.  (C) 
Cells that were treated for 2 h with 250 µM 1 and labeled for 30 min with different 
concentrations of 2.  Fluorescence can be observed for 10 µM 2 and low fluorescence is 
observed for 1 µM 2. Scale bar = 2 µm. 
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Figure S2.8.  Addition of 1, 2, or 3 does not affect cell growth.  Cells were diluted from an 
overnight culture to an OD600 = 0.1.  Cells were then treated with either 1, 2, or 3, and 
continued to grow through the course of 800 min.  OD600 was monitored every 10 min for 
each culture.  E. coli strain SHH010 (culture bearing plasmids pBAD24-hCaNB-CheA-myc 
and pHV738-NMT-MetAP) was used in this experiment. 
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Figure S2.9.  GC traces of fatty acid methyl esters (FAMEs) extracted from E. coli.  FAMEs 
were extracted from cells that were (A) untreated with fatty acids, (B) treated with 1, or (C) 
treated with 3.  The methyl ester derivative of 1 is found in (B) at t = 37.84 min.  (D) Zoomed 
image comparing FAMEs from untreated cells (top) and cells treated with 1 (bottom).  For 
cells treated with 3, the fatty acid pool is essentially identical to that of cells that were not 
treated with any azido-fatty acids.  (E) Compound 1 was subjected to esterification and 
injected for GC–MS analysis.  The elution time (t = 37.75 min) matches that of the peak in 
trace (B) at t = 37.84 min.  The methyl ester of endogenous myristic acid (C14:0) is labeled 
in traces A–C.  FAME analysis yields no evidence that probes 1 and 3 undergo chain-length 
redistribution. 
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Figure S2.10.  LC traces of intact lipids from E. coli.  Intact lipids were extracted from cells 
(A) untreated with azide-containing fatty acids or (B) treated with 1.  (B) Fatty acid probe 1 
is incorporated into a phosphatidylethanolamine with a C16 acyl chain (t = 3.48 min).  
Identification of PE molecule eluting at t = 3.48 min was performed by analysis of 
fragmentation patterns in both negative (Figure S2.11) and positive (Figure S2.12) mode.  
BPI = Base peak intensity. 
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Figure S2.11.  Identification of fatty acids from phospholipids (negative mode).  (A) Base 
peak ion (BPI) chromatogram of cells treated with 1.  (B) Extracted ion chromatogram (EIC) 
for phospholipid (parent ion), using m/z value search from MS1 channel (m/z = 675.422 – 
675.484 ± 0.010 Da).  Elution peak occurs at t = 3.48 min. (C and D) Identification of 
individual chain components of phospholipid eluting at t = 3.48 min.  EICs were generated 
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using m/z values from MS2 channel (fragment ions).  (C) EIC for m/z value corresponding 
to 1 (m/z = 240.171 ± 0.010 Da).  (D) EIC for m/z value corresponding to palmitic acid (m/z 
= 255.233 ± 0.010 Da).  The fragment ions (traces C and D) show an elution peak at t = 3.48 
min, matching that of the peak corresponding to the parent ion (trace B) and indicating that 
1 is incorporated into a cellular lipid bearing a palmitic acid chain.  Max ion count for traces 
A–D: 2.24 x 106.  (E) Probe 1 was run to confirm production of the expected ion at the 
expected m/z. 
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Figure S2.12.  Identification of fatty acids from phospholipids (positive mode).  (A) Base 
peak ion (BPI) chromatogram of cells treated with 1.  (B) Extracted ion chromatogram (EIC) 
for phospholipid (parent ion), using m/z value search from MS1 channel (m/z = 677.234 – 
677.304 ± 0.010 Da).  (C) EIC for the fragment ion (MS2 channel; m/z = 536.292 ± 0.010 
Da) shows an elution peak at t = 3.48 min.  The difference in m/z between the parent ion in 
(B) and fragment ion in (C) suggests the loss of phosphorylethanolamine (calculated m/z: 
141.019 Da), consistent with formation of a phosphatidylethanolamine bearing acyl chains 
derived from 1 and palmitic acid. Max ion count for traces A–C: 2.58 x 106. 
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Figure S2.13.  In-gel fluorescence detection of proteins expressed from pBAD24 plasmids 
and labeled with 1.  (A) The gene encoding the protein of interest is placed under control of 
the PBAD promoter in the modified pBAD24 plasmid.  The protein is outfitted with the N-
terminal nonapeptide sequence from calcineurin B (hCaNB) for NMT recognition and a C-
terminal myc-tag (cmyc) for immunoblotting and immunofluorescence imaging. RBS = 
ribosome binding site.  (B) In-gel fluorescence analysis shows NMT can achieve site-specific 
labeling of E. coli proteins expressed under control of the arabinose-inducible promoter.  
SDS–PAGE analysis of E. coli lysates.  Protein expression was achieved by addition of 0.2% 
w/v L-arabinose (Ara).  Cultures were labeled with 1 when protein expression was induced.  
Cells were lysed and lysates were treated with 2.  Western blot analysis against a C-terminal 
myc tag with a primary antibody conjugated to Alexa Fluor 647 confirms protein expression.  
 
The T5 promoter can exhibit basal expression in the absence of an inducer.  The pBAD 
promoter is more tightly regulated with reduced basal expression.  In cells outfitted with 
pBAD24 plasmids, NMT is constitutively expressed under control of the tac promoter.  We 
found sufficient labeling for imaging with basal NMT expression.  
  

Pbad

RBS hCaNB gene cmyc

Ara

1

—

—

—

+
+
—

+
+

—

—

—

+
+
—

+
+

—

—

—

+
+
—

+
+

—

—

—

+
+
—

+
+

Tar CheA FtsZ FtsA

BODIPY

Coomassie

α–myc

188 KDa –

62 KDa –

49 KDa –

38 KDa –
28 KDa –

18 KDa –
14 KDa –

A 

B 



 

 

76 
 
 
 

 
 

 
 
 
 
 
Figure S2.14.  Immunofluorescence labeling of bacterial proteins.  Bacterial proteins that 
are not labeled with 1 show localization patterns indistinguishable from those treated with 1.  
Polar localization is observed for Tar and CheA; septal localization for FtsZ and FtsA.  After 
protein expression was induced, cells were fixed, permeabilized, and treated with 2 and an 
anti–myc antibody conjugated to Alexa Fluor 647 (scale bar = 2 µm). 
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Figure S2.15.  Immunofluorescence labeling of uninduced cells or uninduced cells treated 
with 1.  Control experiments where cells do not express a target protein but are treated with 
1, 2, and antibody (following fixation and permeabilization) show no observable, distinct 
localization patterns (for all four proteins Tar, CheA, FtsZ, and FtsA), confirming that there 
is little interference from labeling of free 1 or of 1 incorporated into membrane lipids (scale 
bar = 1 µm). 
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Figure S2.16.  Relative fluorescence intensities for live cells labeled with 1 or 3 and 2.  
Fluorescence signal from cells was quantified using Cell Profiler. Background signal was 
measured from cells that were not expressing protein targets but were treated with 250 µM 
of either (A) 1 or (B) 3, and labeled with 20 µM 2.  The fold changes above background for 
Tar, CheA, FtsZ, and FtsA are (A) 2.7, 9.8, 10.8, and 7.1 and (B) 2.5, 8.4, 8.8, and 4.8, 
respectively.  Error bars denote standard deviation from fluorescence quantification for 100–
150 cells for each of the cells expressing one of the four protein targets or cells used for 
quantifying background signal. 
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Figure S2.17.  Cells can be labeled with lower concentrations of arabinose.  We were able 
to achieve similar labeling when protein targets were induced with lower concentrations of 
arabinose.  Shown here is a representative example of FtsZ expressing cells labeled with 250 
µM 1 and 20 µM 2.  Scale bar is 2 µm. 
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Figure S2.18.  Live-cell fluorescence imaging of uninduced cells.  Representative live-cell 
imaging for control experiments.  Cells that do not express the protein of interest, but that 
have been treated with 1 and 2, do not show distinct localization patterns (scale bar = 1 µm). 
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Figure S2.19.  In-gel fluorescence detection of proteins expressed from pQE80-L plasmids 
and labeled with 3.  SDS–PAGE analysis of E. coli lysates.  Protein expression was achieved 
by addition of 1 mM IPTG. Cultures were labeled with 3 when protein expression was 
induced.  Cells were lysed and lysates were treated with 2.  Western blot analysis against a 
C-terminal His5 tag with a primary antibody conjugated to Alexa Fluor 647 confirms protein 
expression.   
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Figure S2.20.  In-gel fluorescence detection of proteins expressed from pBAD24 plasmids 
and labeled with 3.  SDS–PAGE analysis of E. coli lysates. Protein expression was achieved 
by addition of 0.2% w/v L-arabinose (Ara).  Cultures were labeled with 3 when protein 
expression was induced.  Cells were lysed and lysates were treated with 2.  Western blot 
analysis against a C-terminal myc tag with a primary antibody conjugated to Alexa Fluor 
647 confirms protein expression.  With hydrophilic fatty acid 3, we were unable to observe 
fluorescence labeling for the transmembrane protein, Tar. 
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Figure S2.21.  Fluorescence emission of proteins expressed from pQE80-L plasmids and 
labeled with 3.  Crude lysates from cells (labeled with 3) expressing one of the four bacterial 
proteins (Tar, CheA, FtsZ, or FtsA) were treated with 2 and separated using SDS–PAGE.  
Fluorescence measurements (from gels corresponding to Figure S2.19) were normalized to 
the bands corresponding to the labeled proteins in the coomassie gels.  The extent of 
fluorescence enhancement above background measured by gel electrophoresis was 1.8-, 5.1-
, 6.2-, and 4.3-fold, respectively.  Error bars denote standard deviations from three 
independent experiments. 
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Figure S2.22.  Deconvoluted mass spectra of Tar.  (A) Tar isolated from cells expressing 
both NMT and Tar but not labeled with 3.  The mass at 61984 Da corresponds to unmodified 
Tar.  (B) Tar isolated from cells labeled with 3.  The mass at 62210 Da corresponds to Tar 
modified with 3. Calculated and observed masses for modification of Tar are listed in Table 
S2.4. 
  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

A 

B 

61984 

62210 

Io
n 

co
un

t 
Io

n 
co

un
t 

Mass (Da) 

Mass (Da) 



 

 

85 

 
Figure S2.23.  Deconvoluted mass spectra of CheA.  (A) CheA isolated from cells 
expressing both NMT and CheA but not labeled with 3.  The mass at 73472 Da corresponds 
to the phosphorylated form of CheA.  (B) CheA isolated from cells labeled with 3.  The mass 
at 73639 Da corresponds to CheA modified with 3 (sodium adduct).  Calculated and observed 
masses for modification of CheA are listed in Table S2.5. 
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Figure S2.24.  Deconvoluted mass spectra of FtsZ.  (A) FtsZ isolated from cells expressing 
both NMT and FtsZ but not labeled with 3.  The mass at 42365 Da corresponds to unmodified 
FtsZ, and the mass at 42575 Da corresponds to FtsZ modified from endogenous myristic 
acid.  (B) FtsZ isolated from cells labeled with 3.  The mass at 42590 Da corresponds to FtsZ 
modified with 3.  Calculated and observed masses for modification of FtsZ are listed in Table 
S2.6. 
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Figure S2.25.  Deconvoluted mass spectra of FtsA.  (A) FtsA isolated from cells expressing 
both NMT and FtsA but not labeled with 3.  The mass at 47583 Da corresponds to FtsA 
modified from endogenous myristic acid.  (B) FtsA isolated from cells labeled with 3.  The 
mass at 47596 Da corresponds to FtsA modified with 3.  Calculated and observed masses for 
modification of FtsA are listed in Table S2.7. 
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Figure S2.26.  The lipidome of cells treated with 3 does not differ from that of untreated 
cells.  LC trace of intact lipids extracted from cells (A) untreated with azide fatty acids, or 
(B) treated with 3.  The profile of (B) does not differ significantly from the LC trace of 
untreated cells in (A), suggesting that 3 is not incorporated into cellular lipids. 
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Figure S2.27.  Representative live-cell images for chemotaxis and cell division proteins 
labeled with 2 and 3.  (A) Structure of fatty acid analogue 3 used for live-cell labeling.  (B) 
N-terminal fluorescence labeling shows polar localization for Tar and CheA and septal 
localization for FtsZ and FtsA (scale bar = 1 µm). 
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2.8 NMR Spectra 
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C h a p t e r  3  

LABELING THE BACTERIAL CHEMORECEPTOR TSR 
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3.1 Abstract 

Site-specific modification of bacterial proteins mediated by N-myristoyltransferase (NMT) 

presents an attractive method for attaching fluorescent dyes to protein targets.  Protein targets 

are expressed using a plasmid-based expression system.  We wished to see whether proteins 

expressed from a single copy in the bacterial chromosome could be labeled by NMT.  To 

this end, we integrated a single copy of the methyl-accepting chemotaxis protein Tsr into the 

E. coli chromosome using site-specific Tn7 transposon mutagenesis.  Protein expression was 

verified through means of immunoblotting.  Live-cell imaging was performed using NMT-

mediated labeling and confocal fluorescence microscopy.  We observed polar localization of 

the chemoreceptor in live cells.  The method demonstrates the feasibility of labeling bacterial 

proteins that are expressed from a single copy of the gene on the bacterial chromosome. 
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3.2 Introduction 

Bacterial chemoreceptors are remarkable protein assemblies that dictate how prokaryotic 

organisms respond to attractants or repellents.1  The histidine–aspartate-phosphorelay 

signaling pathway consists of the cytoplasmic chemotaxis proteins, CheA, a histidine kinase, 

and CheB and CheY, regulator proteins that control adaptation and flagellar motor switching, 

respectively.2,3  These cytoplasmic chemotaxis proteins interact with the periplasmic domain 

of bacterial methyl-accepting chemotaxis proteins (MCPs).4  The transmembrane MCPs 

form a dimer consisting of a four-helix bundle.  These MCPs can bind to different ligands, 

and these interactions results in changes in the interactions with the periplasmic domain and 

between the four-helix bundles.  Importantly, it is thought that these changes could be 

important for signal propagation.5  The bacterial chemoreceptor Tsr has been shown to adopt 

a hexagonal array with a spacing of 12 nm in E. coli.6  Across many bacterial organisms, the 

hexagonal array of the chemoreceptors is present at the cellular poles, suggesting that this 

architecture is a conserved structural motif.  The clustering of this protein and other 

chemotaxis proteins is thought to enhance signaling.7  Fluorescence labeling of Tsr and its 

polar localization has been demonstrated by means of protein fusion to YFP on the C-

terminus of the protein.8 

We sought to label the N-terminus of Tsr using NMT-mediated protein labeling.  In our 

previous report,9 we expressed the bacterial proteins Tar, CheA,10 FtsZ, and FtsA11 bearing 

the NMT recognition sequence from plasmids for site-specific modification.  We asked 

whether the method would be amenable to proteins expressed from a single copy of the gene 

in the bacterial chromosome.  Expression of the protein target from a single genomic copy 

may be useful in cases where heterogeneity in plasmid copy number poses significant 

challenges.12   

3.3 Results and Discussion 

We utilized the Tn7 transposon machinery13,14 to site-specifically insert a single copy of a 

gene encoding Tsr bearing the N-terminal nonapeptide NMT recognition sequence 

(MGNEASYPL) and C-terminal (Gly-Gly-Ser-Gly)2 spacer sequence and 3xFLAG epitope.  
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We placed expression of the protein under control of the bacteriophage T5 promoter.  The 

gene was inserted into the pGRG25 plasmid and transformed into MG1655 E. coli cells.  The 

pGRG25 plasmid bears a temperature-sensitive origin of replication that allows for 

propagation at lower temperatures (32 °C) and plasmid curing at elevated temperatures (42 

°C).  The plasmid places control of the Tn7 transposon machinery (TnsA, TnsB, TnsC, and 

TnsD) under the araBAD promoter.15  The transposon machinery allows for binding and 

insertion in the region of attTn7 site in E. coli between the phoS and glmS genes.  Overnight 

cultures of MG1655 E. coli cells were grown in the presence of 0.1% w/v arabinose at 32 °C 

to induce expression of the transposon machinery and insert the modified Tsr into the E. coli 

chromosome.  Plasmid curing was performed by means of temperature elevation to 42 °C, 

and a single copy of the inserted gene was verified through polymerase chain reaction on 

genomic DNA from single colonies (Figure S3.1). 

Insertion of the modified gene did not have a noticeable impact on cell growth (Figure S3.2) 

when compared to unmodified MG1655 E. coli cells. Next, we induced expression of the 

modified chemoreceptor and analyzed expression through means of immunoblotting against 

the C-terminal FLAG epitope.  E. coli cells harboring the genomic insert of the modified Tsr 

protein and pHV738-NMT-MetAP plasmid16 were grown at 37 °C to an optical density at 

600 nm (OD600) of 0.5.  We induced protein expression by addition of 1 mM isopropyl β-D-

thiogalactopyranoside (IPTG), and cells continued to grow for an additional 4 h.  Cells were 

collected by centrifugation, rinsed with phosphate-buffered saline (PBS, pH 7.4), and lysed 

by treatment with 1% w/v sodium dodecyl sulfate (SDS) at 95 °C.  Proteins were separated 

by gel electrophoresis, and immunoblotting was performed with a primary antibody targeted 

to the FLAG epitope and secondary antibody conjugated to Alexa Fluor 647.  In-gel 

fluorescence detection (633 nm excitation, 670 nm emission) revealed a band corresponding 

to the apparent molecular weight of the chemoreceptor Tsr bearing the C-terminal 3xFLAG 

epitope (Figure S3.3). 

To prepare cells for NMT-mediated labeling, we transformed to the MG1655 E. coli cells 

containing the genomic insert of Tsr the plasmid (pHV738-NMT-MetAP) encoding 
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constitutive expression of NMT and methionyl aminopeptidase.  Cells harboring the 

pHV738-NMT-MetAP plasmid and the modified tsr gene in the chromosome were grown at 

37 °C until OD600 = 0.5.  Protein expression was performed by induction with 1 mM IPTG, 

and N-terminal labeling was achieved by addition of 250 µM 1.  Cells continued to grow for 

another 2 h, after which cells were collected by centrifugation, washed with PBS, and 

resuspended to an OD600 = 4.0.  Protein labeling was accomplished by treating the cells with 

20 µM 2 at 37 °C for 45 min.  Cells were washed with PBS three times before being mounted 

onto a 1.5% w/v agarose pad for imaging with confocal fluorescence microscopy.  Detection 

of the BODIPY fluorophore was achieved by excitation at 488 nm and emission from 505 to 

550 nm.  In live cells, we saw clear polar localization of the protein Tsr (Figure 3.1).   

 

Figure 3.1.  Polar localization of the bacterial chemoreceptor Tsr in live E. coli cells.  The 
single copy of the gene encoding the protein Tsr bearing the N-terminal NMT recognition 
sequence was integrated into the E. coli chromosome using Tn7 transposon mutagenesis. 

When we performed control imaging experiments with unmodified MG1655 E. coli cells, 

we saw diffuse labeling throughout the cell (Figure 3.2).  The diffuse labeling pattern is 

5 µm

BODIPY

Brightfield
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suggestive of modified cell wall lipids (from the azide-bearing fatty acid) reacting with 

our dye.9 

 

Figure 3.2.  Control imaging experiments.  Unmodified MG1655 E. coli cells were treated 
with azide-containing fatty acid 1 and bicyclononyne–BODIPY conjugate 2. 

3.4 Conclusions 

The NMT method for labeling and imaging bacterial proteins has been adapted for labeling 

the bacterial protein Tsr expressed from a single genomic copy in the E. coli genome.  The 

method provides a general framework for labeling bacterial proteins that are not expressed 

from plasmid-based expression systems, and may prove useful when overexpression from 

plasmid-based vectors is problematic. 
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3.5 Experimental Procedures 

Synthetic Compounds.  Azide-bearing fatty acid 1 and bicyclononyne–BODIPY 2 were 

synthesized and characterized as described previously.9 

Materials and Methods.  Lysogeny broth (LB) contained 10 g casein hydrolysate, 5 g yeast 

extract, and 10 g NaCl per liter.  Super optimal broth (SOB) was composed of 20 g casein 

hydrolysate, 5 g yeast extract, 0.58 g NaCl, 0.19 g KCl, 10 mL 1 M MgCl2, and 10 mL 1M 

MgSO4 per liter.  Super optimal broth with catabolite repression (SOC) was comprised of 

SOB with the addition of 0.1 mL 2 M glucose to 1 L of SOB medium.  Ampicillin sodium 

salt (BioPioneer, USA) and kanamycin sulfate (BioPioneer, USA) were used at working 

concentrations of 200 µg/mL and 35 µg/mL, respectively.  Phosphate-buffered saline (PBS) 

was purchased from Thermo Fisher Scientific (USA) and maintained at pH 7.4.  PBST was 

a solution comprising PBS and 0.1% v/v Tween-20.  Q5 Hot Start High-Fidelity DNA 

Polymerase, restriction endonucleases, Instant Sticky-End Master Mix, Antarctic 

phosphatase, and Blunt Ligase Master Mix were all purchased from New England Biolabs 

(USA) and used according to the manufacturer’s instructions.  DNA constructs were 

sequenced by Retrogen (USA). 

pGRG25 was a gift from Nancy Craig (Addgene plasmid #16665; 

http://n2t.net/addgene:16665 ; RRID:Addgene_16665). 

The plasmid encoding N-myristoyltransferase (NMT) and methionyl aminopeptidase 

(pHV738-NMT-MetAP) was a generous gift from the Kahn laboratory (Emory University, 

USA).  The plasmid confers resistance against kanamycin and contains the p15A origin of 

replication.  

Plasmid Construction in pGRG25.  The pGRG25 vector contains an arabinose-inducible 

promoter for expression of the Tn7 transposon machinery and confers resistance against 

ampicillin.  The gene encoding the methyl-accepting serine chemoreceptor Tsr was amplified 

from genomic MG1655 E. coli DNA using primers 2_hCaNB_Tsr_F and 3_Tsr_GGSG2_R 

such that the final PCR product read hCaNB::tsr::(GGSG)2.  The synthetic sequences 
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encoding the bacteriophage T5 promoter followed by ribosome binding site and 3xFLAG 

epitope followed by transcription terminator were ordered as linear DNA fragments (IDT, 

USA).  Gibson assembly was performed with the DNA fragments 

4_T5_RBS_hCaNB_gblock, 5_GGSG2_3xFLAG_TT_gblock, and PCR product 

hCaNB::tsr::(GGSG)2, such that the final DNA product read 

T5::RBS::hCaNB::tsr::(GGSG)2::3xFLAG::TT.  The restriction sites PacI and NotI were 

introduced at the flanking regions of the DNA strand, and the DNA product was digested 

and ligated into the PacI/NotI site of the pGRG25.  

Integration of Modified tsr.  Modified pGRG25 plasmids bearing 

T5::RBS::hCaNB::tsr::(GGSG)2::3xFLAG::TT were transformed into chemically 

competent NEB 10β E. coli cells (New England Biolabs, USA).  DNA was isolated from 

cells, and transformed to MG1655 E. coli cells via electroporation.  Integration of the desired 

gene was performed by inoculating a single colony in LB with addition of 0.1% w/v 

arabinose.  Cells were grown overnight at 32 °C.  The overnight culture was plated on LB 

agarose plates containing no ampicillin and grown at 42 °C to facilitate removal of the 

pGRG25 plasmid.  Insertion events were confirmed by colony PCR. 

Monitoring Growth of Modified Strains.  Individual colonies bearing the gene insert of 

the modified tsr (strain SHH013) were used to inoculate LB medium, and cultures were 

grown overnight at 37 °C with mild agitation (250 rpm).  Cultures were diluted to an OD600 

of 0.1 in LB medium, and OD600 was monitored every 20 min for 800 min using a Varioskan 

LUX microplate reader (Thermo Fisher, USA).  The OD600 of unmodified MG1655 E. coli 

cells were monitored as a control experiment. 

Immunoblotting.  Protein lysates were separated by SDS–PAGE and transferred to a 0.2 

µm nitrocellulose membrane using an iBlot 2 gel transfer apparatus from Life Technologies 

(USA), following the manufacturer’s protocol.  Membranes were blocked with 5% w/v non-

fat dry milk in PBST at room temperature for 1 h, and washed three times with PBST before 

incubating with 1:5000 monoclonal mouse anti-FLAG antibody (Sigma Aldrich) at 4 °C 

overnight.  Membranes (covered from light) were then washed five times with PBST at room 



 

 

107 
temperature (10 min each wash).  To the membrane was added 1:10000 goat anti-mouse 

antibody conjugated to Alexa Fluor 647 (Invitrogen) in PBST.  The membrane was incubated 

with the secondary antibody at room temperature for 1 h.  Membranes (covered from light) 

were then washed five times with PBST at room temperature (10 min each wash).  

Fluorescence was visualized using a Typhoon Trio (GE Healthcare, USA) with excitation at 

633 nm, the photomultiplier tube (PMT) voltage set to 300 V, and emission monitored using 

a 670 nm band pass filter. 

Labeling of the Bacterial Chemoreceptor Tsr for Fluorescence Imaging.  An overnight 

culture of E. coli strain SHH013 (harboring modified Tsr gene and pH738-NMT-MetAP 

plasmid) were diluted 1:50 in LB medium supplemented with 35 µg/mL kanamycin and 

grown at 37°C with mild agitation (250 rpm).  Cells were grown to an OD600 of 0.5, after 

which 1 mM IPTG and 250 µM 1 was added to the culture.  Cells were allowed to grow for 

an additional 2 h and washed with PBS, after which aliquots of cells were concentrated to an 

OD600 of approximately 4.  Cells were rinsed three times with PBS, after which 2 was added 

to a 100 µL aliquot of cell suspension to a final concentration of 20 µM.  The cells were 

incubated with 2 at 37°C for 45 min, after which the solution was washed three times with 

PBS to remove excess fluorophore.  Cells were then mounted onto a 1.5% w/v agarose slide 

in PBS for imaging. 

Fluorescence microscopy.  Protein localization in cells was detected using an inverted Zeiss 

LSM 880 Exciter laser scanning confocal microscope at the Biological Imaging Facility of 

the Beckman Institute at Caltech.  A 488 nm laser line (25 mW argon laser, 1–2 %) and 505–

550 nm band pass filter were used in the detection of proteins labeled by 2.  Images were 

taken as 15 Z-stacks, with 0.2 µm per stack.  ImageJ (NIH) was used to sum each Z-stack to 

form the projections represented in the figures. 
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Table S3.1.  Primers used in construction of pGRG25-based vector bearing the 
T5::RBS::hCaNB::tsr::(GGSG)2::3xFLAG::TT insert (plasmid name: pGRG25-T5-hCaNB-
Tsr-(GGSG)2-3xFLAG). 
 

 
Table S3.2.  E. coli strains constructed in this study. 
 

Name Strain Genotype  
   
SHH013 MG1655 KanR 

phoS:T5:hCaNB:tsr:GGSG:3xFLAG:glmS 
pHV738-NMT-MetAP 
 

SHH014 DH5𝝰α 
 

AmpR 
pGRG25-T5-hCaNB-Tsr-(GGSG)2-3xFLAG 
 

 

Primer Name Sequence (5’ to 3’) 
2_hCaNB_Tsr_F GGTAACGAAGCGTCTTACCCGCTGG

GATCCATGTTAAAACGTATCAAAATT
GTGACCAG 

3_Tsr_GGSG2_R ACCAGAACCACCACCAGAACCACCA
AATGTTTCCCAGTTCTCCTCG 

4_T5_RBS_hCaNB_gblock ATCGGATCCTAGTAAGCCACGTTTTA
ATTAATACCTAAATCATAAAAAATTTA
TTTGCTTTGTGAGCGGATAACAATTA
TAATAGATTCAATTGTGAGCGGATAA
CAATTTCACACAGAATTCATTAAAGA
GGAGAAATTAACTATGGGTAACGAAG
CGTCTTACCCGCTGGGATCC 

5_GGSG2_3xFLAG_TT_gblock ATTTGGTGGTTCTGGTGGTGGTTCTG
GTGACTACAAAGACCATGACGGTGA
TTATAAAGATCATGACATCGACTACA
AGGATGACGATGACAAGTGAAAGCT
TTTTTTACCAGGCATCAAATAAAACG
AAAGGCTCAGTCGAAAGACTGGGCC
TTTCGTTTTATCTGTTGTTTGTCGGTG
AACGCTCTCTACTAGAGTCACACTGG
CTCACCTTCGGGTGGGCCTTTCTGC
GTTTATAGCGGCCGCCACTCGAGCA
CCTAGGA 
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3.6 Supplementary Figures 

 

 

 

Figure S3.1.  Chromosomal integration of T5::hCaNB::Tsr:(GGSG)2:3xFLAG into attTn7 
site in MG1655 E. coli.  Lane 1 corresponds to amplification from unmodified cells with 
primers flanking the attTn7 site.  Band size is approximately 600 bp for Lane 1.  Lanes 2–9: 
Colony PCR to verify insertion event with primers flanking the attTn7 site.  If insertion event 
occurs, the expected band size is approximately 3.0 kb. 

  

kb

3.0

1.0

0.5

1 2 3 4 5 6 7 8 9



 

 

110 
 
 
 
 

 
 

 
Figure S3.2.  Insertion of gene does not affect cell growth.  Cells were grown at 37 °C with 
250 rpm for 800 min.  The optical density at 600 nm (OD600) was monitored every 20 min. 
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Figure S3.3.  Immunoblotting against 3xFLAG epitope on Tsr to verify protein expression.  
Cells were lysed and proteins were resolved by SDS–PAGE.  Immunoblotting was 
performed with a primary anti-FLAG antibody and secondary antibody conjugated to Alexa 
Fluor 647.  The band in Lane 2 appears at the apparent molecular weight of the protein Tsr.  
Lane 1 = unmodified MG1655 E. coli cell lysate.  Lane 2 = Strain SHH013 E. coli cell lysate. 
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C h a p t e r  4  

ENZYMATIC LABELING OF BACTERIAL PROTEINS FOR SUPER-
RESOLUTION IMAGING IN LIVE CELLS 

Content from this chapter is adapted from a manuscript in preparation: 

Ho, S. H.; Tirrell, D. A.  Enzymatic Labeling of Bacterial Proteins for Super-Resolution 

Imaging in Live Cells.  Manuscript to be submitted. 
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4.1 Abstract 

Methods that enable 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 chemoenzymatic labeling of bacterial proteins with azide-

bearing fatty acids in live cells using the eukaryotic enzyme N-myristoyltransferase.  Here 

we demonstrate 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 the 

bacterial chemotaxis proteins Tar and CheA and cell division proteins FtsZ and FtsA.  High-

resolution imaging of Tar revealed a helical pattern; super-resolution imaging of FtsZ yielded 

banded patterns dispersed throughout the cell.  The precision of radial and axial localization 

in reconstructed images approaches 15 nm 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. 
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4.2 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 biological 

macromolecules and 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 illumination.18  This behavior 

is characteristic of azido push-pull chromophores,19 rhodamine spiroamides20 and spirocyclic 

diazoketones;21 photoactivatable fluorescent proteins, such as PA-CFP222 and PA-

mCherry;23 and photoconvertible fluorescent proteins, such as mEos24 and Dendra2.25  

Development of fluorescence methods that resolve molecules in space and time with high 

precision remains an active area of research.26 

Resolution of adjacent emitters based on their individual point spread functions (PSF) is 

dependent on the individual fluorophores’ photon output, duty cycle, survival fraction, and 

number of switching cycles.27  Organic fluorophores offer important advantages that make 

them attractive for use in super-resolution microscopy, including photostability, brightness,28 

and high photon outputs.27  Many of the conventional STORM dyes (e.g. Cy5, Alexa 647) 

require the use of oxygen scavenging buffers and addition of exogenous reducing agents to 

facilitate photoswitching.29  Targets are typically labeled by means of immunofluorescence 
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staining in fixed cells with antibodies conjugated to dyes.30  The size of antibodies used 

in such labeling experiments is typically 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, 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 on the same order as 

fluorescent proteins.  Improved methods for 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 to the N-termini of 

intracellular proteins in E. coli for imaging with cell-permeant fluorophores (Figure 4.1A).36  

The method uses the eukaryotic enzyme N-myristoyltransferase (NMT) to ligate the myristic 

acid surrogate 12-azidodocanoic acid (12-ADA, 1) to the proteins of interest.37  Target 

proteins are outfitted with the nonapeptide sequence MGNEASYPL, an N-terminal NMT 

recognition sequence derived from the mammalian protein calcineurin B.38  In this work, we 

demonstrate labeling of chemotaxis and cell division proteins in live E. coli cells with the 

cell-permeant photoswitchable rhodamine spirolactam dyes 4 and 5 (Figure 4.1B).  

Rhodamine spirolactams have been used as probes for super-resolution imaging of cell-

surface targets in live Caulobacter crescentus.39  Upon activation at 405 nm, the fluorophore 

converts from a non-fluorescent state to a fluorescent state.40  The open rhodamine isomers 

thermally re-cyclize 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 activation of STORM dyes, are not required for 

photoswitching of these molecules.  To the best of our knowledge, these scaffolds have not 

been used for labeling and imaging specific intracellular proteins in live bacterial cells. 
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Figure 4.1.  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).  Treatment of cells with 1 during expression of the target protein results in 
the azide-labeled protein.  Subsequent strain-promoted azide–alkyne cycloaddition with cell-
permeant photoswitchable dyes such as 4 and 5 tag the protein of interest for super-resolution 
imaging.  (B) Structures of fatty acid 1 and rhodamines 4 and 5. 

Inspired by the potential application of these fluorophores in live-cell imaging experiments, 

we examined rhodamine spirolactam salts 6 and 7 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 the reactive dyes 4 and 5 to 

accomplish live-cell super-resolution imaging of the chemotaxis proteins Tar and CheA42,43 

and cell division proteins FtsZ and FtsA44,45 in live E. coli cells. 

4.3 Results and Discussion 

Rhodamines 6 and 7 were prepared as iodide salts from commercially available Rhodamine 

B (Scheme S4.1 and S4.2).  Activation of Rhodamine B with phosphorus oxychloride in 
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refluxing acetonitrile afforded the acid chloride, which was directly condensed with an 

aminopyridine at room temperature.  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 6 and 7 in 48% and 43% overall 

yields, respectively. 

We characterized the spectral properties of 6 and 7 in a variety of aqueous solutions (Figure 

4.2 and Figures S4.1–S4.6).  Rhodamine 6 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 4.2B, blue solid line).  Addition of acid resulted in a 

characteristic peak beyond 500 nm (Figure 4.2B, blue dashed line, λmax = 561 nm) 

suggesting a shift in the position of the equilibrium between the closed and open isomers.  In 

contrast, rhodamine 7 showed a small peak at λmax = 553 nm in a 1:1 v/v mixture of water 

and acetonitrile (Figure 4.2E, 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 non-acidic solvent (Figure 4.2E, blue dashed line).  To determine 

the spectral properties of the open isomers of 6 and 7, we determined the molar absorptivity, 

quantum yield, and fluorescence emission of each compound in acidic-buffered solvents.  

Interestingly, rhodamine 7 had higher molar absorptivity (ε563 nm  = 55200 M-1 cm-1) and 

quantum yield (φ = 0.69) when compared to 6 (ε561 nm  = 10200 M-1 cm-1 and φ = 0.54).  Both 

6 and 7 showed emission profiles commonly found for orange-emitting dyes (Figure 4.2B, 

E, orange solid lines).  No significant shifts in emission maxima were observed for 7 when 

compared to 6 (λem = 578 nm and λem = 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 6 and 7, we prepared solutions in bis-tris propane at different pH values and 

measured both fluorescence emission and absorption.  Analysis of fluorescence emission 

from 6 showed a 50-fold reduction in intensity as pH increased from 3 to 9.5 (Figure 2C, 

D).  In contrast, emission from 7 decreased only 1.6-fold over the same range of pH (Figure 

2F, G).   
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Figure 4.2.  Spectroscopic characterization of rhodamines 6 and 7.  (A) Structures of 
rhodamines 6 and 7.  (B) Absorption and fluorescence emission spectra of 6.  (C) 
Fluorescence emission values of 6 at λem = 577 nm as a function of pH.  (D) Absorption 
values of 6 at λabs = 561 nm as a function of pH.  (E) Absorption and fluorescence emission 
of 7.  (F) Fluorescence emission values of 7 at λem = 578 nm as a function of pH.  (G) 
Absorption values of 7 at λabs = 563 nm as a function of pH.  Error bars donate the standard 
deviation from three independent experiments.  cps = counts per second. 

In order for dyes to be useful in super-resolution imaging experiments, they must exhibit 

photoswitching behavior on the millisecond timescale.27  To investigate the blinking 

behavior of 6 and 7, we analyzed their spectral properties at the single-molecule level.  We 
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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 polyvinyl 

alcohol (PVA) and cast as films on pre-cleaned glass slides.  Immobilizing fluorescent 

molecules in polymeric films has been used to characterize blinking properties of single 

molecules.47  We imaged the cast PVA films by total internal reflection fluorescence (TIRF) 

microscopy using a Nikon N-STORM Ti2-E inverted microscope.  Samples of 6 and 7 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 nm to 625 nm for 5 min at an integration time of 30 ms.  Photon output profiles 

were plotted as a function of time (Figure 4.3A, E).  Rhodamine 6 exhibited many 

photoswitching events, with a mean of 44 switching cycles during the 5 min of acquisition 

(Figure 4.3A) and an average of 661 photons per switching event (Figure 4.3B).  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 number of molecules that are in the “on” state versus 

a dark or photobleached state) as a function of time (Figure 4.3C).  The average duty cycle 

was calculated to be 0.0036 for the last 100 s of acquisition (Figure 4.3C, orange squares, 

gray box), while the survival fraction declined by roughly 60% over the course of 5 min of 

acquisition.  The behavior of 7 was similar; we observed an average of 603 photons per 

switching event (Figure 4.3F), 56 switching events per 5-min acquisition, a duty cycle of 

0.0048, and a survival fraction of approximately 40% (Figure 4.3G).  The photon counts of 

6 and 7 are comparable to those of other STORM dyes and photoactivatable fluorescent 

proteins,27,48 and suggest that these and similar fluorophores should be applicable in super-

resolution imaging. 
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Figure 4.3.  Single-molecule characterization of rhodamines 6 and 7. (A) Representative 
single-molecule fluorescence time traces showing the number of detected photons from 
single molecules of 6.  (B) Histogram showing the distribution of photons.  The mean number 
of photons for 6 was calculated using a single exponential fit (blue line).  (C) The on/off duty 
cycle was calculated for 6 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 6 in 1% w/v PVA on glass.  (E) Representative single-molecule 
fluorescence time traces showing the number of detected photons from single molecules of 
7.  (F) The mean number of photons for 7 was calculated using a single exponential fit (blue 
line).  (G) The on/off duty cycle was calculated for 7 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 7 during image acquisition and is plotted against time (blue 
dots).  (H) Image showing single molecules of 7 in 1% w/v PVA on a glass surface. 

To enable super-resolution imaging of bacterial proteins, we elaborated the rhodamine 

spirolactam scaffolds to generate 4 and 5 (Scheme S4.3) and employed the NMT labeling 

strategy illustrated in Figure 4.1.  The 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 plasmid49 for constitutive expression of NMT and a modified 

pBAD24 plasmid50 for inducible expression of the target protein downstream of the araBAD 

promoter, were grown at 37 ˚C to an optical density at 600 nm (OD600) of 0.5.  Expression of 

each target protein was accomplished by addition of 0.2 % w/v L-arabinose for 1 h and N-

terminal labeling was achieved by addition of 250 µM 1.  Cells were collected by 
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centrifugation, rinsed with PBS, and re-suspended to an OD600 of 2 in PBS.  A 100 µL 

aliquot of cells was labeled with 200 nM 4 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 characterization of single 

molecules of 6 and 7. 

We observed photoswitching of 4 in live cells and reconstructed super-resolution images 

(Figure 4.4).  The chemotaxis proteins Tar and CheA predominantly clustered at the cellular 

poles, a phenomenon believed to enhance chemotactic signaling.42  The reconstructed image 

of Tar revealed a helical array throughout the cell.  The insertion of Tar into the polar 

membrane has been reported to be associated with the Sec protein–translocation pathway.51  

The Sec machinery has been shown to form helical patterns which colocalize with expression 

of Tar.  The apparent coil-like structure is thought to arise from distribution of Sec 

translocases involved in the insertion of proteins into the membrane.  Our data are consistent 

with an additional report detailing the observed helical nature of Tar fused to a 

photoswitchable fluorescent protein in live bacterial cells.52  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 synthesis of peptidoglycan from 

synthases that are recruited by FtsZ and FtsA filaments.  How the filaments are directionally 

coupled to peptidoglycan synthases during bacterial cell division in space and time is crucial 

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.53,54  Our high-resolution image of 

FtsZ reveals banded patterning throughout the cell and may capture the many FtsZ 

protofilaments involved in formation of the Z-ring during cell division, consistent with other 

reports on FtsZ.55,56  The mean photon output of 4 measured in these live-cell imaging 

experiments (Figure 4.4B) was 864 photons, with a mean localization precision of 13 nm in 

the radial direction (Figure 4.4C) and 27 nm in the axial direction (Figure S4.7).  Live cells 

labeled with 5 yielded similar results, with similar photon output and localization precisions, 

in both radial and axial directions (Figure S4.8 and S4.9).  Control experiments, in which 
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cells did not express the target protein or were treated only with 1, did not show 

significant fluorescence (Figure S4.10 and S4.11).  These results demonstrate that 4 and 5 

should be broadly useful for resolving azide-tagged macromolecules in live bacterial cells. 

There is considerable interest in the development of methods to label macromolecular targets 

with small-molecule fluorescent probes for super-resolution fluorescence microscopy, 

specifically in live cells.57  Fusion of targets to either the SNAP-Tag or the HaloTag has been 

successful in achieving site-specific modification of proteins with small-molecule 

fluorescent probes, but both tags are large relative to the appended fluorophores.  As the field 

progresses towards achieving molecular resolution of new biological architectures, smaller 

labels will be needed.  Bright organic dyes will be critical for pushing imaging modalities 

forward.  Rhodamines 4 and 5 have photon budgets comparable to those of fluorescein, Atto 

655, and Alexa 750.27  Although 4 and 5 emit fewer photons than some yellow- and red-

absorbing dyes, such as Cy3 and Cy5,27 Lavis and co-workers have shown that replacement 

of the diethylamino groups on rhodamines with azetidine substituents substantially improves 

the photon output.58  Furthermore, 4 and 5 can be used directly in live-cell imaging of 

intracellular targets without the need for fixation and permeabilization.  Notably, 4 and 5 do 

not require inclusion of reducing agents and oxygen scavenging buffers; careful optimization 

of the concentrations of these reagents is usually needed to facilitate photoswitching of 

dyes.59  Although the method is limited to N-terminal labeling and is unlikely to be used on 

bacterial proteins bearing signal peptides,60 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 spectral stability,61 

labeling technologies that enable site-specific covalent modification with small molecules 

will prove even more broadly useful. 



 

 

125 

 

Figure 4.4.  Super-resolution imaging of bacterial proteins in live cells.  Cells expressing 
one of four bacterial proteins and are labeled with 1 and 4.  (A) STORM images of bacterial 
proteins with polar localization (Tar and CheA) or septal localization (FtsZ and FtsA) 
expressed in E. coli.  Brightfield images of cells are shown in the top left corner of 
fluorescence images.  Scale bar = 2 µm.  (B) Histogram indicating number of detected 
photons during image acquisition with fit to 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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4.4 Conclusions 

The advent of super-resolution imaging methods has transformed 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 discernable by diffraction-limited fluorescence 

microscopy.  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.62,63  We anticipate the results described here will expand the palette of methods 

for super-resolution imaging of proteins in live cells and aid discovery of new biological 

ultrastructures.  
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4.5 Experimental Procedures 

General Synthetic Procedures.  Unless otherwise stated, all synthetic reactions were 

performed using oven-dried glassware and PTFE stir bars under an atmosphere of argon.  

Anhydrous solvents were purchased from Sigma-Aldrich and kept under argon.  Other 

chemicals and reagents for chemical reactions were purchased from Sigma Aldrich and used 

without further purification.  Reactions were monitored with thin layer chromatography 

(EMD/Merck silica gel 60 F254 pre-coated plates) and UV light for visualization.  Flash 

chromatography purifications were carried out using a Biotage Isolera One purification 

system with pre-packed SNAP Ultra (silica) or SNAP KP-NH (amine-functionalized silica) 

columns.  The gradient of the eluent is given as a percentage of strong solvent per column 

volume (CV).  1H and 13C NMR spectra were measured on a Bruker Prodigy 400 

spectrometer (at 400 MHz and 101 MHz, respectively) equipped with a cryogenic probe.  19F 

NMR spectra were recorded on either a Varian 300 (282 MHz) or a Bruker 400 (376 MHz) 

instrument.  1H, 13C, and 19F chemical shifts are reported as δ in units of parts per million 

(ppm) relative to tetramethylsilane (TMS, δ = 0) and calibrated using the residual solvent 

peak in chloroform (δ 7.26, singlet for 1H; δ 77.16 for 13C; and δ 0 for 19F, respectively) or 

dimethylsulfoxide (δ 2.50, quintet for 1H; δ 39.52 for 13C; and δ 0 for 19F, respectively).  Data 

for 1H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = 

doublet, t = triplet, q = quartet, p = pentet, m = multiplet, br = broad, dd= doublet of doublets, 

td = triplet of doublets, dt = doublet of triplets), coupling constant (Hz), and integration.  

High-resolution mass spectrometry (HRMS) was performed with either a JEOL JMS-600H 

High Resolution Mass Spectrometer with fast atom bombardment (FAB) or an LCT Premier 

XE Electrospray TOF Mass Spectrometer with electrospray ionization (ESI) at the California 

Institute of Technology Mass Spectrometry Facility in the Division of Chemistry and 

Chemical Engineering.  HMRS data are reported as follows: calculated mass, observed mass, 

error in ppm. Liquid chromatography (LC) coupled with low-resolution mass spectrometry 

(LRMS) was performed using an Agilent 1290 UHPLC–MS in positive mode at the Center 

for Catalysis and Chemical Synthesis in the Caltech Beckman Institute. 
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General Molecular Biology.  Lysogeny broth (LB) contained 10 g casein hydrolysate, 

5 g yeast extract, and 10 g NaCl per liter of double-distilled water (ddH2O).  Ampicillin 

sodium salt (BioPioneer, USA) and kanamycin sulfate (BioPioneer, USA) were used at 

working concentrations of 200 µg/mL and 35 µg/mL, respectively.  Phosphate-buffered 

saline (PBS) was purchased as a 10X stock solution from Thermo Fisher Scientific (USA) 

and diluted to 1X (pH 7.4) in ddH2O as needed.  Colonies were grown on LB agar plates 

carrying the appropriate antibiotic supplements.  Plates containing colonies were always used 

within one week or discarded. 

Plasmid and Strain Construction.  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 CTC – 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 plasmid49 were transformed into 

BL21 E. coli and selected against ampicillin (200 µg/mL) and kanamycin (35 µg/mL). 

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 carried out using a Cary 50 UV–visible 

spectrophotometer (Varian, Palo Alto, CA).  Rhodamines were diluted to concentrations 

ranging from 0 µM 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 6 

and at 563 nm for 7 were calculated by applying the Beer–Lambert law to the absorption 

spectra of diluted samples in 1:1 v/v water/acetonitrile with addition of 1 M HCl.  

Measurements were made in triplicate.  Fluorescence measurements were performed on a 

PTI QuantaMaster fluorescence spectrofluorometer (Photon Technology International, 

Birmingham, NJ).  For quantum yield determination, rhodamine salts were diluted in acidic 
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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 nm 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 known quantum yield (0.70).64  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.  Fluorescence emission spectra were collected using an excitation wavelength 

of 510 nm and emission from 530 nm to 700 nm with a scan rate of 1 nm/s. 

Single-Molecule Fluorescence Measurements.  Rhodamine salts were dissolved at a 

concentration of 200 nM in 1 % w/v polyvinyl alcohol (31–50 KDa, Sigma Aldrich, St. 

Louis, MO) and solutions were cast onto 75 mm x 25 mm quartz microscope slides (Electron 

Microscopy Sciences, Hatfield, PA).  Quartz microscope slides were cleaned extensively 

with acetone, methanol and double-distilled water (ddH2O), sonication with 1 M KOH for 

60 min, and another acetone wash before being dried under a stream of argon.  Quartz 

coverslips (25 mm x 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, a sCMOS detector (Andor Technology, South Windsor, CT) for PSF 

detection, and Perfect Focus System (PFS4) for axial stabilization.  The filter cube set 

(TRF89902-EM-ET 405/488/561/647nm 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 30 mW laser source) and 561 nm (25 % from 

70 mW laser source) and emission was collected from 580 to 625 nm.  Single molecules of 

the rhodamine salts were identified by drawing 7 x 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 x 7 pixel areas were at least 

5 pixels away from each other to ensure molecules were not overlapping.  Time series were 
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performed using an integration time of 30 ms for 5 min, resulting in 10000 frames per 

acquisition.  The duty cycle (D.C.) 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: 

Duty cycle = 
τon, ii

100 s
 

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 4.3 for n = 50 single molecules.  The last 100 s were used 

to assign the D.C. value for determining the survival fraction. 

Labeling Proteins with ω-Azido Fatty Acid and Conjugation to 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 4 or 5 

(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 4 or 5 were mounted onto 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 sCMOS detector for PSF detection.  Perfect Focus System (PFS4) was used to 

stabilize and detect the axial position of the agarose pad for imaging.  The filter cube set 
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(TRF89902-EM-ET 405/488/561/647nm 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 incidence wave was adjusted to match the angle of the evanescence wave as 

close as possible to maximize signal-to-noise.  Samples were continuously excited with 405 

nm and 561 nm (5 % from 30 mW laser source and 25 % from 70 mW laser source, 

respectively) and images were recorded at a frame rate of 33 Hz for 10000 frames.  Drift 

correction was automatically implemented by NIS-Elements during image acquisition.  

STORM images were reconstructed using Nikon Advanced Research (AR) NIS-Elements 

where each voxel represents a three-dimensional Gaussian representing the localized 

centroid of each PSF.  Histograms of photon counts and localization precisions were 

determined in NIS-Elements and plotted in IGOR Pro (WaveMetrics, Portland, OR). 
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4.6 Synthesis of Compounds 

 

Scheme S4.1.  Synthesis of rhodamines S3 and 6. 

 

Scheme S4.2.  Synthesis of rhodamines S4 and 7. 

 

Scheme S4.3.  Synthesis of rhodamine spirolactams 4 and 5.  
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4.7 Synthesis and Characterization of Compounds 

Rhodamine intermediate (S3): To a flame-dried 100 mL round 

bottom flask, was added Rhodamine B (1.5 g, 3.13 mmol, 1.0 eq), 

PTFE stir bar, and 20 mL acetonitrile at room temperature.  

Phosphorus(V) oxychloride (0.875 mL, 9.39 mmol, 3.0 eq) was 

added all at once to the reaction mixture, and the flask was quickly attached to a reflux 

condenser (14/20 neck size).  The solution was heated to 92 °C and allowed to reflux for 4 

h, after which the solution was cooled to room temperature and concentrated in vacuo to give 

a purple solid bearing the acid chloride.  In a separate 100 mL round bottom flask, 4-

aminopyridine (884.1 mg, 9.39 mmol, 3.0 eq) was dissolved in 30 mL acetonitrile.  

Triethylamine (1.309 mL, 9.39 mmol, 3.0 eq) was added to the solution containing 4-

aminopyridine.  This pre-mixed solution was then added to the acid chloride via syringe (5 

mL per min over the course of 6 min) at room temperature.  Gas evolution occurred upon 

addition of the solution to the acid chloride.  The solution was allowed to stir at room 

temperature for 14 h, after which the solution was concentrated in vacuo.  Ethyl acetate (50 

mL) was added to the resultant solid, and the mixture was transferred to a 1 L separatory 

funnel.  Saturated NaHCO3 (30 mL) was added to wash the organic layer.  The organic layer 

was collected and washed two more times with saturated NaHCO3 (2 x 30 mL).  The organic 

layer was washed three times with saturated NaCl (3 x 50 mL), dried over MgSO4, and 

concentrated in vacuo, resulting in a purple and white solid.  Flash chromatography (Biotage 

SNAP KP-NH, 6–60% ethyl acetate/hexanes over 15 CVs) afforded 1.28 g (78.7%) of S3 as 

white solid.  1H NMR (400 MHz, chloroform-d) δ 8.35 – 8.30 (m, 2H), 8.00 – 7.95 (m, 1H), 

7.51 – 7.42 (m, 2H), 7.39 – 7.36 (m, 2H), 7.09 – 7.06 (m, 1H), 6.55 (d, J = 8.9 Hz, 2H), 6.37 

(d, J = 2.5 Hz, 2H), 6.23 (dd, J = 8.9, 2.6 Hz, 2H), 3.31 (q, J = 7.1 Hz, 8H), 1.15 (t, J = 7.0 

Hz, 12H).  13C NMR (101 MHz, chloroform-d) δ 168.96, 154.37, 152.50, 150.05, 149.05, 

145.18, 134.00, 128.56, 128.37, 128.05, 123.85, 123.68, 116.92, 108.42, 106.06, 98.01, 

66.95, 44.45, 12.73.  HRMS (FAB) calculated for C33H35O2N4 ([M+H]+) 519.2760, found 

519.2761 (∆ = 0.2 ppm). 
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Rhodamine spirolactam (6): To a flame-dried 2-neck 

(14/20) 25 mL round bottom flask, was added rhodamine S3 

(200 mg, 0.386 mmol, 1.0 eq), PTFE stir bar, and 10 mL 

acetonitrile.  Methyl iodide (48 µL, 0.771 mmol, 2.0 eq) was 

quickly added to the solution all at once and the flask was attached to a reflux condenser.  

The solution was allowed to reflux at 92 °C for 4 h.  TLC was performed to monitor the 

reaction progress using a solvent system of 2% v/v methanol in methylene chloride.  TLC 

showed that the starting material had not all been consumed.  Additional methyl iodide (24 

µL, 0.386 mmol, 1.0 eq) was added to the refluxing solution, and the reaction continued to 

reflux for an additional 2 h.  TLC (2% v/v methanol in methylene chloride) indicated the 

presence of starting material, so additional methyl iodide (12 µL, 0.193 mmol, 0.5 eq) was 

added to the reaction mixture.  The reaction mixture was allowed to reflux for an additional 

1 h, after which TLC indicated complete consumption of starting material (total 6 h of reflux 

with total 3.5 eq of electrophile).  Solvent from the reaction mixture was removed in vacuo 

and the resultant brown oil was dissolved in a minimal amount of methylene chloride (2 mL).  

A mixture of hexanes was added to triturate 6 as a solid.  The solid was collected by filtration, 

washed with hexanes (3 x 5 mL), and dried under vacuum to afford 154.5 mg (60.6%) of 

rhodamine spirolactam 6 (iodide salt) as a tan solid.  1H NMR (400 MHz, DMSO-d6) δ 8.68 

– 8.64 (m, 2H), 8.08 – 8.04 (m, 2H), 8.01 (dt, J = 7.5, 1.0 Hz, 1H), 7.67 (td, J = 7.5, 1.2 Hz, 

1H), 7.59 (td, J = 7.5, 1.0 Hz, 1H), 7.06 (dt, J = 7.7, 0.8 Hz, 1H), 6.57 (d, J = 8.9 Hz, 2H), 

6.47 (d, J = 2.7 Hz, 2H), 6.30 (dd, J = 9.0, 2.6 Hz, 2H), 4.04 (s, 3H), 3.30 (m, 8H), 1.07 (t, J 

= 6.9 Hz, 12H).  13C NMR (101 MHz, DMSO-d6) δ 169.11, 154.01, 151.58, 149.34, 148.89, 

145.63, 136.00, 129.23, 127.28, 125.53, 124.05, 123.67, 114.70, 108.58, 104.03, 97.43, 

66.74, 46.44, 43.63, 12.39.  HRMS (FAB) calculated for C34H37O2N4 ([M]+) 533.2916, found 

533.2929 (∆ = 2.4 ppm). 
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Rhodamine intermediate (S4): To a flame-dried 100 mL round 

bottom flask was added Rhodamine B, (1.5 g, 3.13 mmol, 1.0 eq), 

PTFE stir bar, and 10 mL acetonitrile.  Phosphorus(V) oxychloride 

(0.875 mL, 9.39 mmol, 3.0 eq) was added all at once to the reaction 

mixture and the flask was quickly attached to a reflux condenser (14/20 neck size).  The 

solution was heated to 92 °C and allowed to reflux for 4 h, after which the solution was 

cooled to room temperature and concentrated in vacuo to give a purple solid bearing the acid 

chloride.  In a separate 100 mL round bottom flask, 4-amino-3-fluoropyridine (1.053 g, 9.39 

mmol, 3.0 eq) was dissolved in 30 mL acetonitrile and triethylamine (1.309 mL, 9.39 mmol, 

3.0 eq) was added.  The resulting solution was added to the acid chloride (5 mL per min over 

the course of 6 min) at room temperature.  Gas evolution occurred upon addition of the 

solution containing 4-amino-3-fluoropyridine to the acid chloride.  The solution was allowed 

to stir at room temperature for 16 h, after which the solution was concentrated in vacuo.  

Ethyl acetate (50 mL) was added to the resultant solid, and the mixture was transferred to a 

1 L separatory funnel.  Saturated NaHCO3 (30 mL) was added to wash the organic layer.  

The organic layer was collected and washed two more times with saturated NaHCO3 (2 x 30 

mL).  The organic layer was washed three times with saturated NaCl (3 x 30 mL), dried over 

MgSO4, and concentrated in vacuo, resulting in a purple and white solid.  Flash 

chromatography (Biotage SNAP KP-NH, 6–60% ethyl acetate/hexanes over 15 CVs) 

afforded 1.04 g (62%) of S4 as white solid.  1H NMR (400 MHz, chloroform-d) δ 8.35 (d, J 

= 2.2 Hz, 1H), 8.10 (d, J = 5.2 Hz, 1H), 8.05 – 7.99 (m, 1H), 7.56 – 7.47 (m, 2H), 7.17 – 7.11 

(m, 1H), 6.67 (d, J = 8.8 Hz, 2H), 6.39 – 6.35 (m, 1H), 6.31 (dd, J = 8.9, 2.7 Hz, 2H), 6.27 

(d, J = 2.6 Hz, 2H), 3.32 (q, J = 7.1 Hz, 8H), 1.15 (t, J = 7.1 Hz, 12H).  13C NMR (101 MHz, 

chloroform-d) δ 166.77, 156.59, 154.10, 153.98, 153.04, 149.06, 146.03, 145.98, 139.57, 

139.34, 133.54, 132.47, 132.37, 129.69, 128.99, 128.49, 124.24, 123.69, 121.79, 108.30, 

105.24, 97.65, 67.87, 44.42, 12.66.  19F NMR (282 MHz, chloroform-d) δ -128.72.  HRMS 

(ESI) calculated for C33H34N4O2F ([M+H]+) 537.2666, found 537.2642 (∆ = -4.5 ppm). 
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2,5-dioxopyrrolidin-1-yl-4-iodobutanoate (S5): To a flame-dried 

100 mL round bottom flask was added 4-iodobutyric acid (100 mg, 

0.467 mmol, 1.0 eq), N’-ethylcarbodiimide hydrochloride (EDC-HCl) 

(450 mg, 2.34 mmol, 5.0 eq) N-hydroxysuccinimide (270 mg, 2.34 mmol, 5.0 eq), and PTFE 

stir bar.  The flask was cooled to 0 °C using an ice bath and 15 mL tetrahydrofuran was 

added.  The reaction mixture was allowed to stir and warm to room temperature over the 

course of 0.5 h.  The mixture was stirred for an additional 18 h, after which the solution was 

diluted with ethyl acetate (20 mL) and extracted with 10% w/v citric acid (20 mL).  The 

organic layer was collected and washed with 10% w/v citric acid (2 x 30 mL) and saturated 

NaCl (2 x 20 mL), dried over MgSO4 and concentrated in vacuo to yield a brown oil.  The 

oil was dissolved in a minimal amount of methylene chloride and loaded onto a Biotage 

SNAP Ultra cartridge for purification.  Purification (6–50% ethyl acetate/hexanes over 15 

CVs) afforded 101 mg (70%) of S5 as a pale yellow solid.  This procedure was repeated as 

needed to generate more S5.  1H NMR (400 MHz, chloroform-d) δ 3.28 (t, J = 6.7 Hz, 2H), 

2.84 (s, 4H), 2.77 (t, J = 7.2 Hz, 2H), 2.24 (p, J = 6.9 Hz, 2H).  13C NMR (101 MHz, 

chloroform-d) δ 169.13, 167.69, 31.93, 28.25, 25.71, 4.01.  HRMS (ESI) calculated for 

C8H10NO4INa ([M+Na]+) 333.9552, found 333.9546 (∆ = -1.8 ppm). 

Rhodamine spirolactam (7): A flame-dried 2-neck (14/20) 25 

mL round bottom flask was charged with rhodamine S4 (100 

mg, 0.186 mmol, 1.0 eq) and PTFE stir bar.  Acetonitrile (10 

mL) was added to the flask and methyl iodide (23.2 µL, 0.373 

mmol, 2.0 eq) was subsequently added.  The flask was quickly attached to a reflux condenser 

and refluxed at 92 °C for 3 h.  TLC (2% v/v methanol in methylene chloride) was used to 

monitor the reaction and indicated the presence of starting material.  Methyl iodide (23.2 µL, 

0.373 mmol, 2.0 eq) was added to the refluxing solution after 2 h.  After an additional 1 h, 

TLC indicated the starting material had not been completely consumed.  Another 2.0 eq of 

methyl iodide (23.2 µL, 0.373 mmol) was added to the solution.  Over the next 6 h, methyl 

iodide (23.2 µL, 0.373 mmol, 2.0 eq) was added every 2 h.  After a total of 14 h, the amount 

of starting material did not decrease further, as indicated by TLC.  The reaction mixture was 
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cooled to room temperature and concentrated in vacuo.  Flash chromatography (Biotage 

SNAP Ultra, 1–2% v/v methanol/methylene chloride over 15 CVs) afforded 88.4 mg (70%) 

of rhodamine spirolactam 7 as a brilliant red powder.  1H NMR (400 MHz, DMSO-d6) δ 9.36 

(d, J = 5.8 Hz, 1H), 8.72 (dd, J = 6.8, 1.5 Hz, 1H), 8.04 – 7.97 (m, 1H), 7.69 (td, J = 7.4, 1.4 

Hz, 1H), 7.63 (td, J = 7.4, 1.2 Hz, 1H), 7.13 (d, J = 7.5 Hz, 1H), 6.93 (t, J = 6.9 Hz, 1H), 6.60 

(d, J = 8.9 Hz, 2H), 6.44 (dd, J = 9.0, 2.6 Hz, 2H), 6.36 (d, J = 2.6 Hz, 2H), 4.16 (s, 3H), 3.34 

– 3.22 (m, 8H), 1.08 (t, J = 6.9 Hz, 12H).  13C NMR (101 MHz, DMSO-d6) δ 165.89, 154.86, 

154.24, 152.29, 152.08, 151.95, 148.91, 143.86, 143.82, 139.93, 139.83, 137.38, 137.00, 

135.25, 129.32, 128.02, 126.70, 124.18, 123.71, 121.27, 108.79, 103.67, 97.13, 68.29, 48.03, 

43.66, 12.38.  19F NMR (282 MHz, DMSO-d6) δ -118.19.  HRMS (ESI) calculated for 

C34H36N4O2F ([M]+) 551.2822, found 551.2831 (∆ = 1.6 ppm). 

Rhodamine spirolactam NHS ester (S6): A flame-dried 2-neck 

(14/20) 25 mL round bottom flask was charged with rhodamine S3 

(250 mg, 0.482 mmol, 1.0 eq), NHS ester S5 (300 mg, 0.964 mmol, 

2.0 eq), and PTFE stir bar.  Acetonitrile (12 mL) was added and the 

flask was quickly attached to a reflux condenser.  The solution was 

heated to 90 °C and allowed to stir under refluxing conditions for 

48 h, after which the solution was cooled to room temperature and 

solvent was removed in vacuo, resulting in a tan precipitate.  Ethyl acetate (10 mL) was 

added to the flask, and the solution was allowed to gently stir for 12 h, after which the solid 

was collected by filtration.  The solid was washed with ethyl acetate (3 x 10 mL) and dried 

under vacuum to afford 300 mg (75%) rhodamine spirolactam NHS ester S6 as a tan powder.  
1H NMR (400 MHz, DMSO-d6) δ 8.74 (d, J = 7.6 Hz, 2H), 8.08 (d, J = 7.6 Hz, 2H), 8.03 – 

8.01 (m, 1H), 7.67 (td, J = 7.5, 1.2 Hz, 1H), 7.59 (td, J = 7.4, 1.0 Hz, 1H), 7.05 (d, J = 7.8 

Hz, 1H), 6.57 (d, J = 8.9 Hz, 2H), 6.48 (d, J = 2.6 Hz, 2H), 6.31 (dd, J = 9.0, 2.6 Hz, 2H), 

4.36 (t, J = 7.2 Hz, 2H), 3.33 – 3.22 (m, 8H), 2.80 (s, 4H), 2.79 – 2.74 (m, 2H), 2.17 (q, J = 

7.5 Hz, 2H), 1.07 (t, J = 7.0 Hz, 12H).  13C NMR (101 MHz, DMSO-d6) δ 170.15, 169.13, 

168.17, 154.07, 151.61, 149.87, 148.91, 144.85, 136.05, 129.23, 127.38, 125.47, 124.07, 
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123.69, 115.09, 108.60, 103.98, 97.41, 66.85, 58.04, 43.63, 27.12, 25.45, 24.89, 12.39.  

HRMS (ESI) calculated for C41H44N5O6 ([M]+) 702.3292, found 702.3267 (∆ = -3.6 ppm). 

Rhodamine spirolactam NHS ester (S7): To a flame-dried 2-neck 

(14/20) 50 mL round bottom flask was added rhodamine S4 (125 

mg, 0.233 mmol, 1.0 eq), NHS ester S5 (181.2 mg, 0.582 mmol, 2.5 

eq), and PTFE stir bar.  Acetonitrile (15 mL) was added to the flask 

and the flask was quickly attached to a reflux condenser.  The 

solution was heated to 95 °C and allowed to reflux for 48 h, after 

which the solvent was removed in vacuo, resulting in a red oil with 

a purple hue.  Ethyl acetate (5 mL) was added to the flask, and the solution was allowed to 

stir for 24 h at room temperature, resulting in a purple solid.  The solid was collected by 

filtration, washed with ethyl acetate (3 x 5 mL), and dried under vacuum to afford 126 mg 

(64%) of rhodamine spirolactam NHS ester S7 as a purple powder.  1H NMR (400 MHz, 

DMSO-d6) δ 9.41 (d, J = 5.8 Hz, 1H), 8.79 (d, J = 6.9 Hz, 1H), 8.04 – 8.00 (m, 1H), 7.69 (td, 

J = 7.5, 1.3 Hz, 1H), 7.63 (td, J = 7.4, 1.1 Hz, 1H), 7.13 (d, J = 7.7 Hz, 1H), 6.99 (t, J = 6.9 

Hz, 1H), 6.60 (d, J = 8.9 Hz, 2H), 6.44 (dd, J = 9.0, 2.6 Hz, 2H), 6.37 (d, J = 2.6 Hz, 2H), 

4.48 (t, J = 7.1 Hz, 2H), 3.33 – 3.25 (m, 8H), 2.81 (s, 4H), 2.80 – 2.77 (m, 2H), 2.23 (p, J = 

7.4 Hz, 2H), 1.08 (t, J = 6.9 Hz, 12H).  13C NMR (101 MHz, DMSO-d6) δ 170.14, 168.15, 

165.90, 155.02, 154.27, 152.45, 152.05, 148.91, 142.96, 140.41, 140.31, 136.67, 136.29, 

135.32, 129.31, 127.96, 126.54, 124.16, 123.75, 121.12, 108.81, 103.78, 97.16, 68.38, 43.65, 

40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 27.07, 25.45, 24.65, 12.37.  HRMS (ESI) 

calculated for C41H43N5O6F ([M]+) 720.3197, found 720.3178 (∆ = -2.6 ppm). 
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Bicyclononyne rhodamine conjugate (4): 

To a 20 mL scintillation vial was added ester 

S6 (15 mg, 18.1 µmol, 1.0 eq), 0.5 mL 

dimethylformamide, and a PTFE stir bar.  

BCN-NH2 (see Scheme S4.3) (7.62 mg, 23.5 

µmol, 1.3 eq, dissolved in 1.0 mL 

dimethylformamide) was added to the 

solution; N,N-diisopropylethylamine (5.6 

µL, 32.01 µmol, 1.8 eq) was added subsequently.  The reaction mixture was allowed to stir 

for 2 h at room temperature, after which the crude mixture was directly dry loaded onto 

Celite.  Flash chromatography (Biotage SNAP KP-NH, 0–20% methanol/ethyl acetate over 

15 CVs) afforded 11.1 mg (59%) of 4 as a pale yellow film.  1H NMR (400 MHz, chloroform-

d) δ 8.70 (d, J = 7.0 Hz, 2H), 8.25 (d, J = 7.3 Hz, 2H), 8.01 – 7.98 (m, 1H), 7.57 (td, J = 7.5, 

1.2 Hz, 1H), 7.49 (td, J = 7.5, 1.0 Hz, 1H), 7.08 – 7.06 (m, 1H), 6.46 (d, J = 2.6 Hz, 2H), 

6.43 (d, J = 8.9 Hz, 2H), 6.22 (dd, J = 9.0, 2.6 Hz, 2H), 5.47 (br s, 1H), 4.75 (t, J = 7.8 Hz, 

2H), 4.17 – 4.07 (m, 3H), 3.62 – 3.59 (m, 4H), 3.58 – 3.53 (m, 3H), 3.54 – 3.48 (m, 2H), 

3.39 – 3.29 (m, 12H), 2.51 (t, J = 6.8 Hz, 2H), 2.26 – 2.20 (m, 7H), 1.64 – 1.52 (m, 3H), 1.38 

– 1.31 (m, 1H), 1.17 (t, J = 7.1 Hz, 12H), 0.92 (t, J = 10.0 Hz, 2H).  13C NMR (101 MHz, 

chloroform-d) δ 171.85, 171.74, 170.12, 157.06, 154.46, 152.49, 152.15, 151.11, 149.66, 

143.70, 136.07, 129.08, 127.02, 125.71, 124.42, 124.06, 115.93, 108.77, 108.07, 103.77, 

99.00, 98.38, 98.00, 70.41, 70.33, 70.26, 69.59, 68.05, 62.75, 60.55, 58.90, 44.53, 40.85, 

40.73, 39.29, 39.16, 32.35, 29.21, 28.10, 21.59, 21.21, 20.23, 17.94, 14.34, 12.74.  HRMS 

(ESI) calculated for C54H67N6O7 ([M]+) 911.5071, found 911.5060 (∆ = -1.2 ppm). 
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Bicyclononyne rhodamine conjugate (5): 

To a 20 mL scintillation vial was added ester 

S7 (12 mg, 14.2 µmol, 1.0 eq), 0.5 mL 

dimethylformamide, and a PTFE stir bar.  

BCN-NH2 (see Scheme S4.3) (9.19 mg, 28.3 

µmol, 2.0 eq, dissolved in 1.0 mL 

dimethylformamide) was added to the 

solution; N,N-diisopropylethylamine (3.71 

µL, 21.3 µmol, 1.5 eq) was added subsequently.  The reaction mixture was allowed to stir 

for 2 h at room temperature, after which the crude mixture was directly dry loaded onto 

Celite.  Flash chromatography (Biotage SNAP KP-NH, 0–20% methanol/ethyl acetate over 

15 CVs) afforded 1.4 mg (9.6%) of 5 as a purple film.  1H NMR (400 MHz, chloroform-d) δ 

9.02 – 8.97 (m, 1H), 8.02 (d, J = 7.4 Hz, 1H), 7.65 – 7.46 (m, 3H), 7.14 – 7.08 (m, 1H), 6.58 

(d, J = 8.9 Hz, 2H), 6.36 (d, J = 2.5 Hz, 2H), 6.31 (dd, J = 9.1, 2.7 Hz, 2H), 6.23 – 6.20 (m, 

1H), 5.45 (s, 1H), 4.96 (s, 1H), 4.21 – 4.07 (m, 3H), 3.69 – 3.53 (m, 9H), 3.43 – 3.29 (m, 

12H), 2.55 – 2.41 (m, 2H), 2.34 – 2.15 (m, 7H), 1.41 – 1.30 (m, 4H), 1.18 (t, J = 7.1 Hz, 

12H), 1.00 – 0.90 (m, 2H).  13C NMR (101 MHz, chloroform-d) δ 173.03, 168.44, 166.70, 

157.12, 156.37, 154.54, 153.14, 152.71, 149.67, 144.47, 136.75, 135.20, 134.68, 128.00, 

124.41, 124.35, 108.99, 108.27, 108.10, 103.89, 101.60, 99.00, 97.94, 70.41, 70.36, 70.24, 

69.62, 68.10, 62.82, 60.56, 57.62, 44.55, 40.90, 40.84, 39.37, 39.10, 31.98, 29.20, 27.95, 

21.59, 21.22, 20.25, 17.93, 14.35, 12.75.  19F NMR (376 MHz, chloroform-d) δ -111.36.  

HRMS (ESI) calculated for C54H66N6O7F ([M]+) 929.4977, found 929.4978 (∆ = 0.1 ppm). 
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4.8 Supplementary Figures 

 

 

 

Figure S4.1.  Absorption spectra of rhodamine 6 in bis-tris propane at different pH values.  
(A) Structure of 6.  (B) Absorbance at 561 nm as a function of pH.  (C) Absorption spectra 
of 6 across different pH ranges.  Error bars denote the standard deviation from three 
independent experiments.   
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Figure S4.2.  Fluorescence emission of rhodamine 6 in bis-tris propane at different pH 
values.  (A) Structure of 6.  (B) Fluorescence emission at 577 nm as a function of pH.  (C) 
Fluorescence emission spectra of 6 across different pH ranges.  Error bars denote the standard 
deviation from three independent experiments. 
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Figure S4.3.  Spectroscopic characterization of rhodamine 7 in bis-tris propane at different 
pH values.  (A) Structure of 7.  (B) Absorption spectra at 563 nm as a function of pH.  (C) 
Absorption spectra of 7 across different pH ranges.  Error bars denote the standard deviation 
from three independent experiments. 
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Figure S4.4.  Spectroscopic characterization of rhodamine 7 in bis-tris propane at different 
pH values.  (A) Structure of 7.  (B) Fluorescence emission at 578 nm as a function of pH.  
(C) Fluorescence emission spectra of 7 across different pH ranges.  Error bars denote the 
standard deviation from three independent experiments.   
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Figure S4.5.  Spectroscopic characterization of rhodamine 6 in different solvents. (A) 
Structure of 6.  (B) Absorption spectra of 6 in different solvents.  (C) Absorption and 
fluorescence emission spectra of 6.  Absorption spectrum was taken in 1:1 water: acetonitrile 
(solid blue line) or 1:1 water: acetonitrile with addition of 1 M HCl (dashed blue line).  
Emission spectrum was taken in acidic ethanol (orange line). 
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Figure S4.6.  Spectroscopic characterization of rhodamine 7 in different solvents.  (A) 
Structure of 7.  (B) Absorption spectra of 7 in different solvents.  (C) Absorption and 
fluorescence emission spectra of 7.  Absorption spectrum was taken in 1:1 water: acetonitrile 
(solid blue line) or 1:1 water: acetonitrile with addition of 1 M HCl (dashed blue line).  
Emission spectrum was taken in acidic ethanol (orange line). 
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Figure S4.7.  Radial and axial resolutions for E. coli cells expressing Tar and labeled with 
4.  Precision was calculated with 50 clusters that had ≥5 localizations.  Histogram for the X-
resolution gave a deviation of 12 nm in the x direction (gray dash line represents Gaussian 
fit) and a FWHM of 28 nm.  Histogram for the Y-resolution gave a deviation of 15 nm in the 
y direction (gray dash line represents Gaussian fit) and a FWHM of 35 nm.  Histogram for 
the Z-resolution gave a deviation of 27 nm in the z direction (gray dash line represents 
Gaussian fit) and a FWHM of 64 nm. 
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Figure S4.8.  Super-resolution imaging of bacterial proteins in live cells.  Cells expressing 
one of four bacterial proteins were labeled with 1 and 5.  (A) STORM images of bacterial 
proteins with polar localization (Tar and CheA) or septal localization (FtsZ and FtsA) 
expressed in E. coli.  Brightfield images of cells are shown in the top left corner of 
fluorescence images.  (B) Histogram indicating number of detected photons during image 
acquisition with fit to single exponential.  The mean number of photons was calculated from 
the exponential fit (blue curve).  (C) Mean radial precision for imaging in live bacterial cells.  
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Figure S4.9.  Radial and axial resolution for E. coli cells expressing Tar and labeled with 5.  
Precision was calculated with 50 clusters that had ≥5 localizations.  Histogram for the X-
resolution gave a deviation of 12 nm in the x direction (gray dash line represents Gaussian 
fit) and a FWHM of 28 nm.  Histogram for the Y-resolution gave a deviation of 18 nm in the 
y direction (gray dash line represents Gaussian fit) and a FWHM of 42 nm.  Histogram for 
the Z-resolution gave a deviation of 21 nm in the z direction (gray dash line represents 
Gaussian fit) and a FWHM of 49 nm. 
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Figure S4.10.  Representative live-cell super-resolution imaging in control experiments.  (A) 
Cells that did not express the protein of interest (Tar), labeled only with 4 (no added 1).  (B) 
Cells that did not express the protein of interest (Tar), treated with 1 and 4.  (C) Cells that 
expressed Tar, labeled only with 4 (no added 1).   None of these controls shows any distinct 
localization pattern.  For all images, brightfield images of cells are shown in the top left 
corner of the fluorescence image. 
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Figure S4.11.  Representative live-cell super-resolution imaging in control experiments.  (A) 
Cells that do not express the protein of interest (Tar) and not been treated with 1 but labeled 
with 5 show no distinct localization patterns.  (B) Cells that do not express the protein of 
interest (Tar) but have been treated with 1 and 5 show no distinct localization patterns.  (C) 
Cells that express Tar but are not treated with 1 and are labeled with 5 show no distinct 
localization patterns.  For all images, brightfield images of cells are shown in the top left 
corner of the fluorescence image.   
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Figure S4.12.  LC–MS trace of compound 4 (0–95% acetonitrile in water buffered with 0.1% 
v/v acetic acid). 
 
 
 
 
 

 
 
Figure S4.13.  High-resolution mass spectrum of compound 4. 
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Figure S4.14.  LC–MS trace of compound 5 (0–95% acetonitrile in water buffered with 0.1% 
v/v acetic acid). 
 
 
 
 
 
 

 
 
Figure S4.15.  High-resolution mass spectrum of compound 5.  
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4.9 NMR Spectra 
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