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ABSTRACT: Reliable methods to determine the sub-
cellular localization of bacterial proteins are needed for the
study of prokaryotic cell biology. We describe here a
simple and general technique for imaging of 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.

B acteria exercise exquisite control of protein localization as
they orchestrate processes such as cell division,
chromosome segregation, and environmental sensing.' Recent
advances in super-resolution microscopy, including stochastic
optical reconstruction microscopy (STORM)” and photo-
activated localization microscopy (PALM),” along with new
techniques in electron microscopy (e.g., correlated, cryogenic-
PALM)* 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,” the large size of the FP
tag can perturb protein localization.® Because organic
fluorophores are smaller and generally brighter than FPs,’
site-specific protein modification with biophysical probes
remains an active area of research.’

Building on prior studies from the Gordon laboratory and
others” including our own,'’ we report here a simple and
general method for imaging of bacterial proteins in fixed and
live cells. By coexpressing human N-myristoyltransferase
(NMT) and a target bacterial protein outfitted with a short
NMT recognition sequence,'' we append azido fatty acid 1 or 3
to the N-terminus of the target (Figure 1). The azide-labeled
protein is then tagged with a fluorophore (2) via strain-
promoted azide—alkyne cycloaddition.'”"?

Several features of the NMT system make it an effective tool
for labeling of recombinant proteins in bacterial cells and
specifically in Escherichia coli: neither azido fatty acids nor
NMT are normally present in E. coli cells;'* the azido
functionality provides a site for facile bioorthogonal ligation;
and the fatty acyl-coenzyme A synthetase (FACS) machinery of
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Figure 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-myristoyl-
transferase; HS—CoA = coenzyme A.

E. coli is known to convert 1 into an active substrate for
NMT." 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.

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 trans-
membrane protein Tar and cytoplasmic protein CheA localize
at the poles of E. coli in clusters believed to enhance
chemotactic signaling.m’17 FtsZ and FtsA have been shown to
localize at the septum and to play important roles in cell
division."®"” 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.”” NMT appends fatty acid substrates to the
N-terminal glycine residue of the recognition sequence
following cleava%e of the initiator methionine by methionyl
aminopeptidase.”’ Target proteins were expressed from
modified pQE80-L plasmids under control of the bacteriophage
TS promoter™ (Table S1). Cells were outfitted with a dual-

Received: July 16, 2016
Published: November 10, 2016

DOI: 10.1021/jacs.6b07067
J. Am. Chem. Soc. 2016, 138, 15098—15101


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b07067

Journal of the American Chemical Society

Communication

plasmid expression system, with one plasmid (pHV738-NMT-
MetAP)** directing expression of NMT and methionyl
aminopeptidase and a second coding for inducible expression
of one of the four bacterial protein targets (Figure S1). E. coli
cultures were grown at 37 °C to an optical density at 600 nm
(ODgyy) of 0.5. Protein expression was then induced by
addition of 1 mM isopropyl f-p-thiogalactopyranoside (IPTG),
and N-terminal labeling was accomplished by addition of 500
UM 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 uM BODIPY conjugate 2, which
carries a reactive bicyclononyne unit,”* 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 weight
corresponding to that of the intended target (Figure 2). To
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Figure 2. SDS—PAGE analysis of E. coli lysates prepared from cells
expressing target proteins encoded on modified pQE80-L plasmids
(Table S1). Protein expression was achieved by addition of 1 mM
IPTG. Cultures were labeled with 1 at the time of induction. Cells
were lysed, and the lysates were treated with 2. Western blot analysis
against a C-terminal Hisg epitope tag with a primary antibody
conjugated to Alexa Fluor 647 confirmed protein expression.
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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). 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 S3—S6 and Tables S4—S7). 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 form™ in the absence of 1. In
cells expressing NMT and FtsZ or FtsA but not treated with 1
we observed modification by endogenous muyristic acid;”’
endogenous myristoylation was not detected for Tar or CheA.
We screened a range of concentrations of 1 and 2 in cellular
labeling experiments (Figure S7); concentrations of 250 M 1
and 20 uM 2 were found to be sufficient. At these
concentrations, we observed no effect on cell growth (Figure
S8). We found no chain length redistribution of 1 in cells
(Figure S9), 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 pPBAD24 plasmids (Table
S2) under control of the tightly regulated Pg,p promoter”’
(Figure S13). Cells were treated with 0.2% (w/v) arabinose and
250 uM 1 at 37 °C for 2 h, fixed with 4% paraformaldehyde,
and permeabilized with 0.3% (v/v) Triton X-100. Permeabi-
lized cells were incubated with 20 yM 2 and an anti-myc
antibody conjugated to Alexa Fluor 647 for two-color
fluorescence labeling. In fluorescence confocal microscopy,
cells were excited at 488 nm and the emission was monitored
from 505 to S50 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 3). Control experi-
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Figure 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 pm).

ments 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 S14 and S15).

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)
were treated with 250 yM 1 at the time of induction and then
grown at 37 °C for 2 h. Cells were collected by centrifugation,
resuspended to an ODy, of 2, and rinsed three times with PBS.
A 100 uL aliquot of the cell suspension was treated with 20 uM
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 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
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Figure 4. Live-cell images for chemotaxis and cell division proteins
labeled with 1 and 2 (scale bars = 2 um).

background, respectively (Figure S16). Labeling of FtsZ was
also observed at lower concentrations of arabinose (Figure
S17). In control experiments, cells did not show significant
fluorescence in the absence of expression of the target protein
or treatment with 1 (Figure S18). These results suggest that the
NMT labeling system and fluorophore 2 should be broadly
useful for live-cell imaging.

Finally, we asked whether both the E. coli FACS*® and NMT
could process other fatty acid substrates and expand the
toolbox of probes for protein imaging. To demonstrate the
teasibility 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 $19—S21).
The extent of modification by 3 was determined by mass
spectrometry (Figures $22—S25 and Tables S4—S7). Addition
of 3 did not affect cell growth (Figure S8). Degradation of 3 in
cells was not observed (Figure S9), and 3 did not perturb the
lipidome (Figure S26).

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 S27); the extent of labeling above
background was similar to that observed with 1 (Figure S16).
These results, along with the known promiscuity of NMT,
suggest that other fatty acids bearing bioorthogonal function-
ality 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),” 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,”” 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.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOIL: 10.1021/jacs.6b07067.

Experimental details, synthesis of probes 1-—3, mass
spectrometry data, and additional microscopy images
(PDF)

H AUTHOR INFORMATION

Corresponding Author
*tirrell@caltech.edu

ORCID
Samuel H. Ho: 0000-0001-7647-0752

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank B. M. Babin, S. E. Stone, L. J. Dooling, K. P.
Yuet, K. S. Burke, J. D. Bagert, and C. Kulkarni for insightful
discussions. S.H.H. thanks D. K. Romney, S. Brinkmann-Chen,
A. Collazo, S. Hess, A. Moridan, M. Shahgholi, C. Neubauer,
and N. Dalleska for advice. S H.H. was supported in part by a
National Science Foundation Graduate Research Fellowship.
This work was supported by the Caltech Center for
Environmental Microbial Interactions, the Jacobs Institute for
Molecular Engineering for Medicine, and the Institute for
Collaborative Biotechnologies through Grant W911NF-09-
0001 from the U.S. Army Research Office.

B REFERENCES

(1) Shapiro, L; McAdams, H. H.; Losick, R. Science 2009, 326,
1225—-1228.

(2) Rust, M. J; Bates, M; Zhuang, X. Nat. Methods 2006, 3, 793—
79S.

3) Betzig, E,; Patterson, G. H.; Sougrat, R,; Lindwasser, O. W.;
Olenych, S.; Bonifacino, J. S.; Davidson, M. W.; Lippincott-Schwartz,
J.; Hess, H. F. Science 2006, 313, 1642—1645.

(4) Chang, Y.-W.; Chen, S.; Tocheva, E.; Treuner-Lange, A.; Lobach,
S.; Segaard-Anderson, L.; Jensen, G. J. Nat. Methods 2014, 11, 737—
739.

(5) Shaner, N. C,; Steinbach, P. A.; Tsien, R. Y. Nat. Methods 2005, 2,
905—909.

(6) (a) Werner, J. N; Chen, E. Y.; Guberman, J. M.; Zippilli, A. R;;
Irgon, J. J.; Gitai, Z. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 7858—
7863. (b) Swulius, M.; Jensen, G. J. J. Bacteriol. 2012, 194, 6382—6386.

(7) Ulrich, G.; Ziessel, R.; Harriman, A. Angew. Chem., Int. Ed. 2008,
47, 1184—1201.

(8) (a) Chen, 1; Howarth, M,; Lin, W.; Ting, A. Y. Nat. Methods
2005, 2, 99—104. (b) Carrico, L. S.; Carlson, B. L.; Bertozzi, C. R. Nat.
Chem. Biol. 2007, 3, 321-322. (c) Glasgow, J. E; Salit, M. L,
Cochran, J. R. J. Am. Chem. Soc. 2016, 138, 7496—7499. (d) Charbon,
G.; Brustad, E; Scott, K. A.,; Wang, J.; Lobner-Olesen, A.; Schultz, P
G.; Jacobs-Wagner, C.; Chapman, E. ChemBioChem 2011, 12, 1818—
1821.

(9) (a) Devadas, B.; Lu, T.; Katoh, A.; Kishore, N. S.; Wade, A. C;
Mehta, P. P,; Rudnick, D. A;; Bryant, M. L; Adams, S. P.; Li, Q;
Gokel, G. W,; Gordon, J. L. J. Biol. Chem. 1992, 267, 7224—7239.
(b) Rangan, K. J; Yang, Y.-Y; Charron, G.; Hang, H. C. J. Am. Chem.
Soc. 2010, 132, 10628—10629. (c) Charlton, T. M.; Kovacs-Simon, A.;
Michell, S. L.; Fairweather, N. F.; Tate, E. W. Chem. Biol. 2015, 22,
1562—1573.

(10) Kulkarni, C.; Kinzer-Ursem, T. L.; Tirrell, D. A. ChemBioChem
2013, 14, 1958—1962.

(11) Duronio, R. J.; Jackson-Machelski, E.; Heuckeroth, R. O.; Olins,
P. O, Devine, C. S,; Yonemoto, W.; Slice, L. W,; Taylor, S. S,;
Gordon, J. I. Proc. Natl. Acad. Sci. U. S. A. 1990, 87, 1506—1510.

(12) Agard, N. J; Prescher, J. A; Bertozzi, C. R. J. Am. Chem. Soc.
2004, 126, 15046—15047.

DOI: 10.1021/jacs.6b07067
J. Am. Chem. Soc. 2016, 138, 15098—15101


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b07067
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b07067/suppl_file/ja6b07067_si_001.pdf
mailto:tirrell@caltech.edu
http://orcid.org/0000-0001-7647-0752
http://dx.doi.org/10.1021/jacs.6b07067

Journal of the American Chemical Society

Communication

(13) Beatty, K. E.; Fisk, J. D.; Smart, B. P,; Lu, Y. Y.; Szychowski, J.;
Hangauer, M. J; Baskin, J. M, Bertozzi, C. R; Tirrell, D. A
ChemBioChem 2010, 11, 2092—2095.

(14) Heal, W. P.; Wright, M. H.; Thinon, E.; Tate, E. W. Nat. Protoc.
2011, 7, 105—117.

(15) Heal, W. P.,; Wickramasinghe, S. R;; Leatherbarrow, R. J.; Tate,
E. W. Org. Biomol. Chem. 2008, 6, 2308—2315.

(16) Maddock, J. R; Shapiro, L. Science 1993, 259, 1717—1723.

(17) Shiomi, D.; Banno, S.;; Homma, M.; Kawagishi, 1. J. Bacteriol.
20085, 187, 7647—7654.

(18) Sun, Q.; Margolin, W. J. Bacteriol. 1998, 180, 2050—2056.

(19) Addinall, S. G.; Lutkenhaus, J. J. Bacteriol. 1996, 178, 7167—
7172.

(20) Aitken, A.; Cohen, P.; Santikarn, S.; Williams, D. H.; Calder, A.
G.; Smith, A; Klee, C. B. FEBS Lett. 1982, 150, 314—318.

(21) Towler, D. A;; Adams, S. P.; Eubanks, S. R;; Towery, D. S;
Jackson-Machelski, E.; Glaser, L.; Gordon, J. I. Proc. Natl. Acad. Sci. U.
S. A. 1987, 84, 2708—2712.

(22) Gentz, R; Bujard, H. J. Bacteriol. 1985, 164, 70—77.

(23) MetAP expression under control of its own promoter has been
shown to increase acylation of protein targets. See: Van Valkenburgh,
H. A,; Kahn, R. A. Methods Enzymol. 2002, 344, 186—193.

(24) Dommerholt, J.; Schmidt, S.; Temming, R.; Hendriks, L. J. A;
Rutjes, F. P. J. T.; van Hest, J. C. M.; Lefeber, D. J.; Fried], P.; van
Delft, F. L. Angew. Chem.,, Int. Ed. 2010, 49, 9422—9425.

(25) Wind, M.; Wegener, A; Kellner, R; Lehmann, W. D. Anal.
Chem. 2005, 77, 1957—1962.

(26) Marr, A. G.; Ingraham, J. L. J. Bacteriol. 1962, 84, 1260—1267.

(27) Guzman, L. M.; Belin, D.; Carson, M. J.; Beckwith, J. J. Bacteriol.
1995, 177, 4121—4130.

(28) Weimar, J. D.; DiRusso, C. C.; Delio, R;; Black, P. N. J. Biol.
Chem. 2002, 277, 29369—29376.

(29) Ivankov, D. N.; Payne, S. H.; Galperin, M. Y.; Bonissone, S.;
Pevzner, P. A.; Frishman, D. Environ. Microbiol. 2013, 15, 983—990.

(30) (a) Kocaoglu, O.; Carlson, E. E. Nat. Chem. Biol. 2016, 12, 472—
478. (b) Lee, M. K; Rai, P.; Williams, J.; Twieg, R. J.; Moerner, W. E.
J. Am. Chem. Soc. 2014, 136, 14003—14006.

15101

DOI: 10.1021/jacs.6b07067
J. Am. Chem. Soc. 2016, 138, 15098—15101


http://dx.doi.org/10.1021/jacs.6b07067

