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ABSTRACT: Small synthetic fluorophores are in many ways superior to
fluorescent proteins as labels for imaging. A major challenge is to use them
for a protein-specific labeling in living cells. Here, we report on our use of
noncanonical amino acids that are genetically encoded via the pyrrolysyl-
tRNA/pyrrolysyl-RNA synthetase pair at artificially introduced TAG
codons in a recoded E. coli strain. The strain is lacking endogenous TAG
codons and the TAG-specific release factor RF1. The amino acids contain
bioorthogonal groups that can be clicked to externally supplied dyes, thus
enabling protein-specific labeling in live cells. We find that the
noncanonical amino acid incorporation into the target protein is robust
for diverse amino acids and that the usefulness of the recoded E. coli strain
mainly derives from the absence of release factor RF1. However, the membrane permeable dyes display high nonspecific binding
in intracellular environment and the electroporation of hydrophilic nonmembrane permeable dyes severely impairs growth of the
recoded strain. In contrast, proteins exposed on the outer membrane of E. coli can be labeled with hydrophilic dyes with a high
specificity as demonstrated by labeling of the osmoporin OmpC. Here, labeling can be made sufficiently specific to enable single
molecule studies as exemplified by OmpC single particle tracking.
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Fluorescence microscopy has become one of the most
widely used tools in cell and microbiology to study

proteins in the context of the living cell. However, since most
proteins are not natively fluorescent, they need to be specifically
labeled. One of the most widespread methods of in vivo protein
fluorescence labeling relies on genetically fusing the protein of
interest (POI) to natively fluorescent proteins such as green
fluorescent protein (GFP) or its derivatives. The chief
advantage of the genetic fusion tagging resides in the high
chemical specificity; that is, as long as the fusion protein is not
degraded all fluorescence will come from the protein of interest
(POI). However, a major disadvantage of this approach lies in
the large size of the tag which often interferes with the activity
of the labeled protein.1,2 Moreover, due to photobleaching
autofluorescent proteins have lower brightness compared to
more photostable organic fluorophores, making them less
suitable in experiments where many photons are needed from
the same protein molecule, which is the case in, for example,
single molecule tracking.3−5 Additionally, localization artifacts
have recently been reported for some autofluorescent
proteins.6−8

Because of the limitations of autofluorescent proteins, much
effort has gone into developing alternative methods of protein

in vivo labeling using small synthetic fluorophores. Although
differing in the chemistry of the dye attachment site (referred to
as “labeling handle”) in the POI, the attachment site is
genetically encoded in all those small fluorophore-based
labeling schemes to enable labeling specificity. The “handle”
may comprise an entire dye reactive protein as exemplified by
the SNAP,9 CLIP,10 HALO,11 and DHFR12,13 tagging
technologies or may be a short peptide sequence embedded
in the POI as in the case of sortase-,14 ligase-,15−19 or
Flash-20−24 tagging. Though providing a way of incorporating
tailor-made fluorophores with superior photophysical proper-
ties into proteins in vivo, nonspecific fluorescence incoporation
into cells has been noted with some of those methods.25−27

Additionally, with the SNAP/CLIP/HALO and DHFR tags,
which have a size close to that of the autofluorescent proteins,
there is still the danger of the tag interfering with the activity of
the POI. This risk is reduced with the enzyme mediated peptide
tagging as developed by Ting and colleagues.15 This labeling
technique allows the conjugation of short peptide sequences in
proteins with biotin or lipoic acid derivatives using biotin or
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lipoic acid ligase.15,28 These derivatives carry, for example, azide
or alkyne functionalities that allow conjugation with fluoro-
phores using “click” chemistry.29 Though initially restricted to
labeling proteins on the cell surface15 because of cross-reactivity
with endogenous substrates, engineering of these enzymes has
led to the development of ligases with low cross-reactivity17 and
an ability to directly incorporate fluorophores into proteins in
the intracellular environment.17,19

To further minimize the size of the fluorescent label while
retaining its genetic encoding, a strategy of cotranslationally
incorporating a noncanonical amino acid (NcAA) with a
fluorescent side chain has been developed by Schultz and co-
workers.30,31 The fluorescent NcAA is incorporated at an
artificially introduced amber (TAG) stop codon in the gene of
the POI using an evolved suppressor tRNA/aminoacyl-tRNA
synthetase pair.30,31 Because of the small size of the NcAA there
is a considerable freedom in the placement of the label within
the POI compared to the enzymatic or even peptide tags. This
NcAA-based labeling strategy was successfully used by
Chapman and co-workers to label the bacterial cytoskeletal
protein FtsZ and characterize its cellular localization.32

However, such a direct incorporation of fluorescent amino

acids is currently not suited for the incorporation of bulkier but
photophysically superior fluorophores due to an inefficient
accommodation and delivery of those fluorophores to the
ribosome.33 To address these challenges, the NcAA-based
protein labeling scheme has been substituted with a two-step
protocol where a relatively small nonfluorescent NcAA is first
genetically incorporated at the amber stop codon and then
conjugated with a fluorescent dye.34−38 The side chains of the
NcAAs contain ring-strained functional groups39,40 that react
with tetrazine (tet)-containing fluorophores in different types of
catalyst-free strain-promoted cycloaddition reactions.41−45

Since the reaction between tetrazine and the ring-strained
moiety in the NcAA is highly specific,46 spurious labeling of
endogenous proteins is avoided.47 The NcAAs are incorporated
using an archeal tRNAPyl-(where Pyl stands for pyrrolysine, the
22nd natural amino acid) or tRNATyr derived suppressor tRNA
charged with the NcAA by the cognate synthetase.48−51 As
neither the suppressor tRNA nor its cognate aminoacyl-tRNA
synthetase participate in endogenous aminoacylation reac-
tions49,52 (i.e., the suppressor tRNA and the synthetase are
orthogonal to the expression host53,54), ideally only the NcAA
is attached to the suppressor tRNA.49,52 The overall specificity

Figure 1. NcAA-dependent expression of LacI. (A) NcAA-incoporation sites in LacI. The location of the TAG stop codon in the LacI constructs is
shown alongside with the 5′- and 3′- flanking nucleotides. (B) E. coli C321.ΔA.exp cells transformed with pEVOL and pBAD24-LacI-Y12TAG were
grown in the presence of 0.02% L-arabinose and 1 mM of different NcAAs for 5 h at 37 °C. Cells were lyzed and lysates resolved by SDS-PAGE. LacI
expression was visualized by Western blot using a LacI-specific antibody. (C and D) Analysis of NcAA-incorporation in E. coli strains C321.ΔA.exp
and BW25993, respectively. Cells transformed with pEVOL and one of the pBAD24-LacI constructs were grown in LB at 37 °C in the presence of 1
mM TCO*-AK. LacI expression was induced with 0.02% L-arabinose and the cells were harvested for lysis at ΔOD600 = 0.9. LacI was labeled in
lysate supernatants with 1 μM ATTO647N-tet at 37 °C for 30 min. LacI expression and labeling were analyzed by Western blot and in-gel
fluorescence, respectively. “FL”, full-length LacI; “Trc”, truncated LacI. The Western blots are from two independent experiments (EXPERIMENTS
1 and 2). The fluorescence gel is from EXPERIMENT 2. The numbers below the fluorescent LacI lanes denote the ratio of the fluorescence signal in
the fluorescent LacI band (marked with asterisk) normalized to the luminescence signal in the corresponding full-length LacI band (marked with
asterisk) in the Western blot. (E) The Western blot band in (D) in the absence of NcAA is not caused by detecting endogenous LacI. C321.ΔA.exp
cells with or without pBAD24-LacI-Y12TAG were grown in LB at 37 °C for 5 h in the presence or absence of 1 mM NcAA and 0.02% L-arabinose.
LacI expression was detected using a LacI-specific antibody.
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of the NcAA-based labeling thus derives both from the specific
encoding of the NcAA by the tRNAPyl/PylRS pair and from the
chemical specificity of the cycloaddition reaction between the
NcAA and the tetrazine moiety in the fluorophore.44,46,55 A
factor that potentially restricts the specificity of the NcAA-
based labeling scheme resides in the encoding of the NcAA by
the amber stop codons which are present throughout the
genomes of most model organisms. Thus, as long as the
endogenous amber codons are present, one may anticipate a
certain level of “off-target” incorporation of the NcAA into the
proteome of the expression host, leading to a concomitant
nonspecific incorporation of the fluorophore. Fortunately, in
the case of E. coli, a genetically recoded derivative of the
MG1655 strain is now available where all the known
endogenous amber stop codons have been replaced with the
alternative ochre stop codon TAA.56 This recoding leaves the
artificially introduced TAG codon in the gene of POI as the
only specific codon to be read by the NcAA-tRNAPyl. The
NcAA-based labeling approach is therefore at least in theory
suitable to live cell fluorescence microscopy studies in E. coli.
However, while having been successfully applied to protein
labeling in eukaryotic cells, there are as yet few reports in
recoded organisms.
We report on our efforts to label different intra- and

extracellular proteins with synthetic fluorophores in the
recoded E. coli using the NcAA-based small fluorophore
tagging. We have applied this labeling scheme to proteins
that are difficult to tag with autofluorescent proteins without
compromising their biological function, in particular the lac
operon repressor LacI. LacI is natively a tetramer but labeling
with yellow fluorescent protein (YFP) in the C-terminal makes
it a dimer57 and labeling in the N-terminus prevents it from
binding DNA. We have been able to characterize how the YFP
labeled dimer searches for its chromosomal DNA targets in
great detail.57−59 However, the tetramer is suggested to have
different search modes60 and an NcAA-based small fluorophore
tagging of LacI may allow us to explore these in living cells. We
find that the labeling of the intracellular proteins suffers from
high background fluorescence due to the nonspecific intra-
cellular binding by the more membrane permeable hydro-
phobic fluorophores and from the restricted membrane
permeability of the more hydrophilic fluorophores. However,
proteins exposed on the outer surface of the E. coli cells are
amenable for labeling as shown by our specific labeling of the
outer membrane porin OmpC. Using fluorescent dyes as labels
for OmpC, we were able to follow its lateral diffusion over
trajectory lengths far exceeding those obtainable with
autofluorescent protein tags. OmpC lateral diffusion was largely
confined to zones of 0.5 μm radii or less with rare excursions
out of the confinement zone. We conclude that to be a viable
alternative to the fusion tag labeling for intracellular proteins in
E. coli, the fluorophores must be improved with regard to their
membrane permeability/nonspecific binding. For example
“turn-on” dyes that become fluorescent upon the “click”
reaction61−63 seem to be a promising direction that would
circumvent some of those problems.

■ RESULTS AND DISCUSSION
NcAA Incorporation. Variants of LacI and OmpC

harboring site-specifically incorporated NcAAs were expressed
from amber (TAG) codon containing constructs in pBAD24 in
the presence of 1 mM NcAA and the Methanosarcina mazei
tRNAPyl

CUA/PylRS
AF pair (Supporting Information, Table S1)

encoded in the plasmid pEVOL.64 PylRSAF is a double mutant
(Y306A, Y384F) of M. Mazei PylRS synthetase designed for a
more efficient recognition of bulky NcAAs.34 The pEVOL
plasmid (from ref 34) harbors two copies of the PylRSAF. One
of the PylRS copies is under the control of the arabinose
inducible araBAD promoter while the other copy of PylRSAF is
constitutively expressed from the gln S′ promoter.64 The NcAA
incorporation and dye labeling experiments were, unless stated
otherwise, performed in the recoded E. coli strain
C321.ΔA.exp56 in which all known endogenous TAG codons
have been replaced with the TAA stop codon and the TAG-
specific release factor RF1 has been deleted. The NcAA
incorporation sites were selected based on existing mutagenesis
data as follows. In LacI, the NcAA incorporation sites (Figure
1A) were selected using the data of Miller and co-workers from
an amber suppression-based substitution tolerance analysis.65,66

In OmpC,67 the NcAA incorporation site was introduced in the
cell surface exposed loop 7.68 This loop has been previously
used for inserting exogenous polypeptide sequences into
OmpC.69 Out of the residues in loop 7, position 311 was
selected for the NcAA incorporation based on its low
conservation score in the amino acid conservation analysis as
determined using the ConSurf web server70 (Supporting
Information, Figure S1). For both LacI and OmpC, the surface
accessibility of the selected position for dye labeling was verified
by an inspection of the protein structures (Figure S1). For the
NcAA incorporation we used the tetrazine-unreactive (i.e.,
“nonclickable”) amino acid eBoc-lysine (eBocK) as well as the
tetrazine react ive (i .e . , ”cl ickable”) amino acids
endobicyclo[6.1.0]nonyne-lysine (endo-BCNK) and the axial
isomer of trans-cyclooct-2-ene-lysine (TCO*-AK) (Figure S2).
For the sake of clarity we will refer to proteins containing a
tetrazine reactive NcAA as “clickable” and to proteins
containing a tetrazine unreactive NcAA as “unclickable”. A
protein of interest containing a tetrazine unreactive endogenous
amino acid at the position reserved for the NcAA will be
referred to as “wild-type” (WT). With regard to tetrazine
reactivity the WT protein is also “unclickable”. We preferred
TCO*-AK over other “clickable” NcAAs due to its efficient
recognition by the PylRS synthetase,37 superior stability in the
presence of intracellular thiols,37,71 and its high labeling
efficiency with 1,2,4,5-tetrazine fluorophores.71 We note that
TCO*-AK tetrazine adducts have been reported to be
susceptible to elimination and the ensuing loss of the pyridazine
leaving group from lysine.72,73 Though this elimination would
potentially compromize the labeling yield of a TCO*-AK
containing protein with tetrazine dyes, a recent study by
Hoffmann and colleagues places this loss within 10%−30% and
concludes that this unfavorable elimination reaction is
compensated by the overall higher incorporation and labeling
yield of TCO*-AK with tetrazines,71 making TCO*-AK a good
choice when fast protein labeling at low tetrazine dye
concentration is required.

NcAA Incorporation Efficiency into LacI Is Position-
Dependent. We first evaluated the NcAA incorporation
efficiency by monitoring the expression of LacI (“LacI-
Y12NcAA”) from a construct containing an artificially
introduced TAG stop codon at amino acid position 12 (Figure
1A) in the presence of 1 mM eBocK, BCNK or TCO*-AK.
Despite differences in the size and chemical reactivity of the
NcAAs (Figure S2) the expression levels of the LacI-Y12NcAA
variant were similar to the three NcAAs (Figure 1B) and
remained markedly below the expression level of the WT LacI
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variant (Figure S3). The expression of LacI-NcAA could be first
detected within 2 h of starting the induction (Figure S4). The
similar incorporation efficiencies of the chemically diverse
NcAAs into LacI are consistent with the NcAA incorporation
analysis of Summerer and co-workers where the suppression
efficiency of the M. jannaschii tRNAPyl/PylRS system was little
affected by differences in the chemical structures of the
NcAA.74 In contrast to the similar expression levels of LacI-
NcAA with structurally diverse NcAAs, the expression levels of
LacI-NcAA varied depending on the location of the TAG
codon in the lacI gene (Figure 1C). This effect was more
notable in the nonrecoded E. coli strain BW25993 (Figure
1C,D). The highest level of LacI-TCO*-AK expression was
observed with a construct harboring the TAG codon at the
amino acid position 312 in both strains (Figure 1C,D).
However, the expression levels of the three LacI-NcAA variants
were less variable in the recoded strain C321.ΔA.exp (Figure
1D). Though the incorporation efficiency of an NcAA by the
tRNAPyl/PylRS system may be influenced by multiple factors,
codon context appears to be the most important factor as
revealed by a recent analysis of Xu and co-workers.75 A
comparison of the codon context around the three TAG
codons in LacI with the data of Xu and co-workers75 revealed
that none of the TAG codons in our LacI constructs is flanked
by the most favorable sequences for tRNAPyl decoding. This
suboptimal codon context may be one reason for the relatively
low expression levels of the NcAA-LacI variants compared to
the expression level of WT LacI (Figure 1B).
Protein Truncation Is More Pronounced in the Presence of

RF1. In the RF1+ strain BW25993, Western blot analysis of LacI
expression from the LacI-Q153TAG and LacI-A312TAG
constructs revealed the presence of an additional protein
species. This additional protein had the size expected of LacI
truncated at the artificial TAG codon (Figure 1C, Figure S5A).
In the case of the Y12TAG construct the formation of a
possible truncation product could not be analyzed by Western
Blot due to its small size (11 amino acids). In contrast, a less
extensive protein truncation was observed in the RF1− strain
C321 (Figure 1D, Figure S5B). Before moving on to the dye
labeling results we note that when the LacI-NcAA expressing
cells were treated with tetrazine dyes no fluorescent species
corresponding to the truncated protein was seen in either of the
strains (Figure 1C,D). This observation suggests that the
truncation occurs before the NcAA incorporation and is
probably a result of the RF1-mediated release of the nascent
polypeptide at the artificial TAG codon. In line with this,
expression of LacI from the TAG containing construct in the
absence of the NcAA slowed down cell growth relative to
expressing LacI from the WT construct (Figure S6). This effect
was also more pronounced in the RF1+ BW25993 strain

(Figure S6). On the basis of these observations, we suggest that
the less extensive protein truncation in the C321.ΔA.exp strain
(Figure 1D) is due to the absence of RF1, in agreement with
the results of Johnson and co-workers.76 Moreover, the fact that
the formation of the truncated LacI was reduced in the RF1
deletion strain C321.ΔA.exp indicates that the misreading of
the premature TAG codon by the noncognate release factor
RF2 is not significantly increased in the absence of RF1
contrary to what has been recently observed in vitro.77

NcAA-Independent Read-through of the UAG Codon Is
Increased in Recoded E. coli. In the C321 strain, Western blot
analysis revealed LacI expression from the LacI-Y12TAG and
LacI-A312TAG constructs in the absence of the NcAA (Figure
1D). The NcAA-independent LacI expression from the TAG
containing constructs was lower in cells harvested from
stationary phase (ΔOD600 = 3−6) cultures (Figure S5B)
compared to cells harvested at ΔOD600 = 0.9 (Figure 1D).
Control experiments in cells lacking LacI expression constructs
confirmed that this NcAA-independent full-length LacI syn-
thesis is not due to the detection of endogenous LacI (Figure
1E). The NcAA-independent expression of LacI may be due to
a misincorporation of an endogenous amino acid into LacI by
(i) either a promiscuous activity of the PylRSAF synthetase in
accepting an endogenous amino acid or (ii) an enhanced
endogenous amber suppression in the absence of RF1 as
observed in previous reports.56,76,78 Since the NcAA-
independent expression of LacI was more prominent in the
RF1 knock out strain C321.ΔA.exp (Figure 1D) compared to
the RF1+ strain BW25993 (Figure 1C) we favor explanation ii
as PylRS would likely display a promiscuous activity regardless
of the expression host. Regardless of the mechanism of the
NcAA-independent LacI synthesis, it would potentially
compromize the subsequent dye labeling of the protein by
reducing the level of LacI-NcAA. Nevertheless, dye treatment
of cells harvested from an NcAA containing LacI expression
culture resulted in a fluorescently labeled LacI in in-gel analysis
(Figure 1C,D). This indicates that despite an increased
competition from the misincorporation of endogenous amino
acids at the artificial TAG codon in C321.ΔA.exp the tRNAPyl/
PylRS system is able to produce the “clickable” protein at levels
resulting in detectable fluorescently labeled product.

Dye Labeling. Cell Membrane Affects the Efficiency of
Intracellular Protein Labeling. To find suitable dye(s) for live
cell protein labeling we first analyzed the efficiency of protein
labeling with different 1,2,4,5-tetrazine containing fluorophores
by in-gel fluorescence. We preferred tetrazine containing dyes
to, for example, azide dyes due to the magnitudes faster rates
and the irreversibility of the tetrazine reactions.41,44,46,55 We
used the commercially available tetrazine derivatives of
ATTO647N, TAMRA, sulfo-Cy5 (commonly referred to as

Table 1. Physicochemical Characteristics of the Tetrazine Dyes Used in the Study

dye
λMAX

a

(em)
λMAX

a

(ex)
εa

(M−1cm−1)
Net chargeb

at pH 7.4
logDc at
pH 7.4

length of
linker (atoms)

substituent at
tetrazine C6

substituent
electron donating

substituent electron
withdrawing

ATTO532-tet 553 nm 532 nm 115 000 −1.92 −2.64 7 H-
ATTO647N-tet 644 nm 669 nm 150 000 1.00 4.52 2 H-
Cy5-tet n.a. n.a. n.a. 1.00 5.24 12 2-pyrimidinyl- +
Sulfo-Cy5-tet 649 nm 670 nm 250 000 −1.00 2.20 12 H-
m6-sulfo-Cy5-tet 647 nm 663 nm 251 000 −2.00 −0.35 12 CH3- +
TAMRA-tet 545 nm 563 nm 89 000 0.00 0.71 14 CH3- +

aData provided by the manufacturer. bCalculated from structures using ”Marvin Sketch” version 16.6.27 software (Chemaxon). cCalculated for the
major microspecies at pH 7.4 using “Marvin Sketch” 16.6.27 software. Notation: n.a., data not available.
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simply “Cy5” but consistently referred to as “sulfo-Cy5”
throughout this publication) and m6-sulfo-Cy5 as well as a
custom synthesized sulfo-group free derivative of Cy579

(hereafter referred to as “Cy5”) (Figure S7). The advantage
of commercially available tetrazine fluorophores lies in their
accessibility to researchers without in-house organic synthesis
facilities. Our preference for the red light excitable dyes was
motivated by the lower cellular autofluorescence in the red
spectral region. The tetrazine groups in the selected dyes
contain substituents with different electron donating/with-
drawing propensities (Table 1; Figure S7). Though electron
donating substituents (including the methyl group in m6-sulfo-
Cy5-tet and TAMRA-tet) are known to decrease tetrazine
reactivity in strain-promoted [4 + 2] cycloadditions,42 they have
the advantage of increasing the solvent stability of tetrazines.42

The slower reacting 6-methyl substituted tetrazine dyes m6-
sulfo-Cy5-tet and TAMRA-tet were therefore included in the
analysis as a successful in vivo protein labeling may require a
trade-off between the reactivity and chemical stability of the
tetrazine group in the fluorophore. Furthermore, on the basis of
previous information on the membrane permeability of small
molecules80 we anticipated that the labeling efficiencies of
intracellular proteins (as exemplified by LacI) with the tetrazine

fluorophores may be influenced by the different membrane
permeabilities of the dyes. To separate the effects of membrane
permeability from the intrinsic differences in the chemical
reactivities of the tetrazine fluorophores, protein labeling was
performed in parallel with LacI and the cell surface exposed
protein OmpC.67,68 In the case of OmpC the accessibility of the
target protein to the dyes is not compromised by the cell
membranes, and the differences in the labeling yields would
reflect the intrinsically different reactivities of the tetrazine
groups.
In intact cells the highest labeling yields were observed with

ATTO647N-tet and Cy5-tet with both the intracellularly
located LacI-Y12TCO*-AK (Figure 2A) and the surface
exposed OmpC-D311TCO*-AK (Figure 2B). The labeling
yields with ATTO647N-tet and Cy5-tet were similar on both
proteins (Figure 2A,B). Since the linker between the
fluorophore and tetrazine moieties is shorter in ATTO647N-
tet compared to Cy5-tet (Table 1; Figure S7), the similar
labeling yield regardless of the linker length indicates that the
distance of the fluorophore to the tetrazine does not markedly
affect the attachment of the dye to the protein-bound NcAA.
With sulfo-Cy5-tet the labeling yield was similar to that
observed with ATTO647N-tet and Cy5-tet when the cell

Figure 2. In-gel analysis of protein labeling with tetrazine fluorophores. (A and B). Comparison of intra- (LacI) (A) and extracellular (OmpC) (B)
protein labeling in intact cells and cell lysates. C321.ΔA.exp cells transformed with pEVOL and pBAD24-LacI-Y12TAG or pBAD24-OmpC-
D311TAG were grown in LB in the presence of 1 mM TCO*-AK at 37 °C and harvested at ΔOD600 = 0.8 (OmpC) or 1.8 (LacI). After a copious
washout of excess TCO*-AK and cell lysis intact cells and cell lysates were treated with 5 μM of tetrazine fluorophores at 37 °C for 30 min. Proteins
from cells and lysates were resolved by SDS-PAGE and analyzed for in-gel fluorescence. (C) Impact of dye labeling on LacI tetramerization. Affinity
purified, N-terminally His6-tagged LacI variants were incubated with 5 μM sulfo-Cy5-tet at 37 °C for 30 min, and the labeling products were
resolved by native PAGE. LacI expression was confirmed by Western blot. “Dim” denotes a C-terminally His6-tagged variant of LacI where the C-
terminal tetramerization helix has been removed. (D and E) Analysis of “off-target” fluorescence incoporation into cellular proteome in C321.ΔA.exp
and BW25993, respectively. Cells expressing LacI from the Y12TAG and WT constructs in the presence of 1 mM TCO*-AK were grown in LB at 37
°C and harvested for lysis at ΔOD600 = 2. The lysates were incubated with 1 μM ATTO647N-tet for 30 min at 37 °C, and the labeling products
were analyzed by SDS-PAGE on a 12% acrylamide gel. Red arrow denotes the labeled LacI.
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surface exposed OmpC-D311TCO*-AK was labeled in intact
cells (Figure 2B) and concentrations of sulfo-Cy5-tet as low as
10 nM resulted in a detectable fluorescent OmpC band (Figure
S8). In contrast, with the intracellularly located LacI-
Y12TCO*-AK the labeling with sulfo-Cy5-tet in intact cells
was less efficient compared to ATTO647N-tet and Cy5-tet
(Figure 2A). With TAMRA-tet and m6-sulfo-Cy5-tet the yields
were significantly lower compared to the other dyes in OmpC-
D311TCO*-AK labeling (Figure 2B) and essentially no
labeling with TAMRA-tet and m6-sulfo-Cy5-tet was observed
in the case of LacI-Y12TCO*-AK (Figure 2A). A similar trend
in the labeling efficiencies of the selected dyes was observed
when the labeling was performed in cell lysates (Figure 2A,B).
In lysates the only exception was the labeling of LacI with sulfo-
Cy5-tet where the yield was now similar to that obtained with
ATTO647N-tet and Cy5-tet (Figure 2A). The similar labeling
yields with ATTO647N-tet and Cy5-tet in the case of both
LacI (an intracellular protein) and OmpC (a surface exposed
protein) in intact cells indicate that the cell membranes do not
restrict the accessibility of the target protein to those dyes. We
speculate that in contrast to the negatively charged sulfo-Cy5-
tet and m6-sulfo-Cy5-tet the positively charged of ATTO647N-
tet and Cy5-tet (Table 1) are not repelled by the anionic
groups on the outer leaflet of the E.coli outer membrane while
the relatively high hydrophobicity of those dyes (as evidenced
by the large positive partition coefficient, logD) (Table 1)
facilitates their diffusion through the phospholipid membranes.
In contrast, the reduced labeling efficiency of LacI with the
negatively charged sulfo-Cy5-tet in intact cells compared to
labeling in lysate may be due to the repulsion of sulfo-Cy5-tet
by the anionic groups on the E.coli outer membrane. On the
other hand, the low labeling yields of LacI with TAMRA-tet
and m6-sulfo-Cy5-tet, even in the absence of cell membranes,
indicate their intrinsically lower chemical reactivities, consistent
with the presence of the electron donating methyl substituent
on the tetrazine groups of those dyes.42 We note though that
when the labeling of LacI-Y12TCO*-AK with the more
permeable dyes ATTO647N-tet and Cy5-tet was compared
in exponential and stationary phase cells, nearly identical
labeling yields were observed in samples derived from both
growth phases despite the markedly higher expression level of
LacI-Y12TCO*-AK in the stationary phase cells (Figure S9).
This observation suggests that the cell membrane in stationary
phase cells is less permeable to the dyes compared to the
exponential phase. Consistent with the previously reported high
rates of the strain promoted cycloaddition reactions of
tetrazines,35,37 the labeling of LacI and OmpC with
ATTO647N-tet was essentially complete within 5 min of the
dye addition in both intact cells and cell lysates (Figure
S10A,B).
Dye Labeling Does Not Interfere with the Tetramerization

of LacI. An appealing aspect of the small molecule labeling is
that the small size of the fluorescent dye makes it less likely to
interfere with the folding and biological activity of the POI
compared to the large fusion tags. Since tetramerization is
important for the functionality of LacI,81−83 we investigated the
impact of dye labeling on the ability of LacI to form tetramers.
Affinity purified, N-terminally His6-tagged LacI-TCO*-AK
variants were labeled with sulfo-Cy5-tet and the oligomeriza-
tion state of the proteins was analyzed based on their mobilities
in native polyacrylamide gels. The negatively charged sulfo-
Cy5-tet was chosen for labeling to better preserve the overall
charge of LacI in native PAGE. As a reference for the

oligomerization state of LacI, we used a LacI variant (“LacI-
Dim”) where the C-terminal tetramerization helix was replaced
with the His6 purification tag. Since mutations in the C-
terminal tetramerization helix abolish the ability of LacI to
tetramerize but do not affect dimerization,83,84 “LacI-Dim” is
expected to move as a dimer in native PAGE. A lower mobility
of the dye-labeled LacI variants relative to the “LacI-Dim”
standard would therefore indicate that the protein is able to
form oligomers consisting of more than two subunits. To verify
that the mobility differences of the LacI variants in native
PAGE reflect differences in the oligomerization state rather
than differences in net charges of the proteins, values for the
isoelectric points (pI) of the LacI variants were calculated as
described in the Methods section. The pI value for the N
terminally His6-tagged and dye-labeled LacI-Y12TCO*-AK
and LacI-A312TCO*-AK as well as the nonlabeled, N
terminally His6-tagged LacI WT variant was close 6.70. The
pI of the C terminally His6-tagged “LacI-Dim” was 6.51. Thus,
given the similar pI values for the different LacI variants, the
proteins are expected to move under native PAGE conditions
(pH 8.3) predominantly based on their oligomerization state.
In line with the expectation that the dye-labeled LacI would
preserve its ability to tetramerize, the major fluorescent bands
of the dye-labeled LacI-Y12TCO*-AK and LacI-A312TCO*-
AK variants exhibited a significantly lower mobility compared
to the “LacI-Dim” reference protein (Figure 2C). Furthermore,
the major fluorescent species in the LacI-Y12TCO*-AK and
LacI-A312TCO*-AK samples displayed a mobility close to that
of the N-terminally His6-tagged WT LacI (Figure 2C). The
analysis also revealed a minor fluorescent species with an
intermediate mobility (Figure 2C). Since this minor species was
recognized by the LacI specific antibody (Figure 2C), it may
represent a LacI trimer as observed in earlier studies.85

Though an unambiguous assignment of the major fluorescent
LacI bands to tetramer would require a more precise mobility
calibration using, for example, a chemically cross-linked LacI
tetramer,85 the significantly lower mobility of the dye-labeled
LacI relative to the dimeric “LacI-Dim” indicates that the dye-
labeled and TCO*-AK containing LacI can form oligomers
consisting of more than two subunits. Moreover, the similar
mobilities of the dye-labeled LacI variants and WT LacI
indicate that LacI preserves its WT-like folding after dye
labeling. Thus, we conclude that the small fluorophore labeling
does not grossly perturb the folding and functionality of LacI.

Presence of Additional Fluorescently Labeled Proteins.
Though the dye-labeled LacI and OmpC were the major
fluorescent species in the in-gel analysis (Figure 2A,B, Figure
S11A,B), the analysis also revealed the presence of additional
fluorescent molecules (Figure 2D, Figure S11A,B). Since these
additional fluorescent proteins were also observed in the
recoded strain C321.ΔA.exp (Figure 2D) which lacks
endogenous TAG codons, those labeled proteins are unlikely
to result from an “off-target” incorporation of the NcAA and its
subsequent labeling with the dye The majority of these
fluorescent species had a lower molecular weight than the full-
length LacI and OmpC (Figure S11A,B). At least some of those
lower molecular weight species may therefore be degradation
products of the fluorescently labeled LacI or OmpC. Indeed,
when the presence of the additional fluorescent proteins was
analyzed after dye labeling of affinity purified N-terminally
His6-tagged LacI variants, these lower molecular species were
more abundant in samples containing the “clickable” LacI
compared to WT LacI (Figure S12A,B). However, two
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fluorescent species with molecular weights below 36 kDa and
55 kDa, respectively, were observed in cells grown without
NcAA or in the presence of the tetrazine unreactive BocK
(Figure S13A,B), indicating that the dye had reacted with
endogenous proteins. Though we did not undertake a further
characterization of those fluorescent proteins, we note that the
55 kDa species has previously been proposed to represent a
dye-PylRS conjugate.34 However, since we find that the 55 kDa
fluorescent species also occurs in the absence of PylRS
expression (Figure S14), we doubt that this molecule is a
dye-labeled PylRS.
Presence of Endogenous TAG Stop Codons Does Not

Increase Spurious Dye Incorporation. The majority of the
NcAA incorporation and dye labeling experiments in this study
were performed in the UAG-less E.coli strain C321.ΔA.exp.
However, we envisage situations where the NcAA-based small
fluorophore labeling needs to be performed in “native” E.coli
strains containing the ca. 300 endogenous TAG stop codons. In
that case one will anticipate a certain level of the NcAA
incorporation at the endogenous TAG with the concomitant
spurious dye labeling of the proteome in addition to the
labeling of the protein of interest. Such an “off-target” labeling
of the host proteome will lead to an increased background
fluorescence in cells and thus impair the specific detection of
the labeled protein of interest, especially if the latter is present
at low levels. We were therefore interested if and to what extent
the presence of the endogenous TAG codons increases
spurious dye incorporation into the cellular proteome due to
the “off-target” incorporation of the NcAA at those codons.
Using in-gel fluorescence as readout we therefore compared
ATTO647N-tet incoporation into the proteomes of
C321.ΔA.exp and a nonrecoded E.coli strain BW25993.
BW25993 is very similar to the MG1655-derived EcN2 parent
strain that was used in the construction of the strain
C321.ΔA.exp.56 Contrary to the expectation that the spurious
dye incoporation would increase in the presence of multiple
endogenous TAG codons we observed similar levels of “off-
target” incorporation of the dye in the C321.ΔA.exp and
BW25993 strains in the presence of the tRNAPyl/PylRS pair
and the “clickable” NcAA (Figure 2D and 2E). This finding was
later confirmed when the specificity of OmpC labeling was
compared in BW25993 and C321.ΔA.exp (see below). We
therefore discuss the potential causes for this lack of an
increased “off-target” dye incorporation in BW25993 in this
section. We envision two explanations for the absence of an
increased “off-target” labeling of the cellular proteome in the
presence of the endogenous amber codons: (i) the endogenous
TAG codons are inefficiently decoded by the NcAA-tRNAPyl or
(ii) the tRNAPyl-dependent read-through products are
efficiently degraded by e.g. the tmRNA-dependent degradation
pathway. An inefficient decoding of the endogenous TAG
codons by tRNAPyl may be due to codon context since previous
biochemical data indicate a preferred nucleotide context for an
efficient decoding of the stop codons by their cognate release
factors86−88 and highlight the importance of the nucleotide
immediately 3′ of the stop codon for the release factor
decoding.86−88 Within the preferred codon context the
decoding of the stop codons by the release factors is enhanced
relative to the suppressor tRNA-dependent read-through.87

Importantly, while uridine is the preferred nucleotide 3′ to the
RF1-decoded endogenous TAG codons in E.coli K12,87 the
same uridine was least efficient in promoting the tRNAPyl-
dependent decoding of the TAG stop codon.74,75 Thus, at the

“legitimate” TAG stop codons, RF1 may outcompete the
suppressor tRNA and in this way restrict the NcAA
incorporation at those codons. The idea that RF1 is able to
outcompete the suppressor tRNAPyl at endogenous TAG
codons is supported by a recent study of Johnson and co-
workers where the tRNAPyl-dependent NcAA incorporation at
the endogenous TAG codons was enhanced upon RF1
deletion.76

Degradation of the NcAA-containing proteins resulting from
the NcAA-tRNAPyl-dependent readthrough of the endogenous
TAG codons may also limit the “off-target” incorporation of the
NcAA into endogenous proteins. In this scenario, the
suppressor tRNA-dependent readthrough of native TAG
codons eventually results in the ribosome-nascent chain
complex stalling at the 3′-end of the mRNA.89 This stalling
complex is recognized by the transfer-mRNA (tmRNA),
leading to the degradation of the NcAA-containing illegit-
imately extended polypeptide.
In addition to those factors, the low level of the “off-target”

NcAA incorporation at the endogenous UAG by tRNAPyl may
be explained by a recent finding that among the three stop
codons in E.coli, TAG is predominantly found in genes
expressed at low levels.90 Moreover, tRNAPyl may be mostly
sequestered in ribosomal complexes carrying the TAG
containing mRNA, leaving a small fraction of it for the
decoding of the endogenous amber codons. We note that our
observation of similar levels of spurious dye incorporation in
the presence or absence of the endogenous TAG codons is in
agreement with the observation of Uttamapinant and co-
workers47 where only minimal spurious dye incorporation was
seen in the presence of BCN-K when proteins were labeled
with tetrazine fluorophores in mammalian cells.
Taken together, we have shown a specific and rapid labeling

of the NcAA-containing proteins with tetrazine fluorophores
but find that the labeling yields are lower with the more
hydrophilic dyes. Furthermore, though the foregoing analysis
showed the “clickable” NcAA-containing protein to be the
major target of dye incorporation, the analysis also revealed
some NcAA-independent “off-target” incorporation of the
tetrazine fluorophores, indicating that the fluorescent dyes
can react with endogenous molecules.

Extensive Nonspecific Dye Retention Precludes a Micros-
copy Analysis of the Labeled LacI in Cells. The foregoing in-
gel fluorescence analysis indicates that the in vivo labeling of
LacI with tetrazine fluorophores is largely specific to the
“clickable” protein. We therefore proceeded to the analysis of
LacI labeling in live cells using fluorescence microscopy. Since
in the in-gel analysis the highest labeling yields of LacI had been
observed with ATTO647N-tet and Cy5-tet (Figure 2A), those
dyes were selected for LacI labeling in the following
experiments. Out of the three LacI variants (LacI-Y12NcAA,
LacI-Q153NcAA, LacI-A312NcAA) we chose the LacI-
Y12NcAA variant for labeling since, despite its lower expression
level compared to the LacI-A312NcAA variant, more dye-
labeled protein per protein expressed was observed with the
LacI-Y12NcAA variant (Figure 1D, Figure S5C,D). The
recoded C321.ΔA.exp cells expressing LacI-Y12BCNK or
LacI-Y12TCO*-AK were treated with ATTO647N-tet or
Cy5-tet, and the fluorescence in the cells was analyzed by
microscopy after an extensive washout of the unreacted dye. As
a control for any nonspecific dye uptake we used cells
expressing WT LacI grown in the presence of a “clickable”
NcAA. Cells expressing WT LacI in the presence of a
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“clickable” NcAA have the advantage of allowing to control for
(i) any LacI overexpression-related dye retention while
simultaneously controlling for (ii) nonspecific dye retention
due to “off-target” incorporation of the NcAA or (iii) a reaction
between the dye and traces of the “free” NcAA. Using LacI-
NcAA expressed in the presence of a nonclickable NcAA as a
control would miss the nonspecific dye incoporation due to the
“off-target” incoporation of the NcAA or reaction of the dye
with the remaining “free” NcAA. The expression level of WT
LacI was adjusted to the level of LacI-NcAA by titrating the
concentration of the inducer L-arabinose (Figure S3).

In contrast to the NcAA-specific fluorescence labeling of LacI
as observed in the in-gel analysis (Figure 2A) we were unable to
detect fluorescently labeled LacI in the cells by microscopy due
to the high background fluorescence resulting from the dye
treatment (Figure 3A,B, Figure 4A,B, Figure S15,S16). The
dye-related background fluorescence markedly exceeded the
background fluorescence in cells where dye treatment had been
omitted (Figures 3C and 4C). Use of the more highly
expressed LacI-A312NcAA variant (Figure 1C) in the in-cell
labeling did not yield a LacI-specific fluorescence signal that
would be detectable over the high background fluorescence

Figure 3. Microscopy imaging of the LacI-Y12TCO*-AK expressing C321.ΔA.exp cells after labeling with tetrazine fluorphores. Cells transformed
with pEVOL and pBAD24-LacI-Y12TAG or pBAD24-LacI-WT were grown in the presence of 1 mM TCO*-AK and 0.0002% (LacI-WT) or 0.02%
L-arabinose (LacI-Y12TAG) in LB at 37 °C. Cells were harvested at ΔOD600 = 0.6 (“exponential phase”) or ΔOD600 = 2.5 (“stationary phase”).
After a copious washout of excess TCO*-AK cells were incubated with 0.1 μM or 2 μM ATTO64N-tet (A) or Cy5-tet (B) at 37 °C for 30 min. In
panel C dye treatment of the cells was omitted. Cells were imaged on agarose pads at ambient temperature using a 638 nm excitation laser at a beam
intensity of 10 W/cm2 with 50 ms exposure time. EMCCD camera gain was set to 5. The pixel intensities in the fluorescence images from the LacI-
Y12TCO*-AK and LacI-WT samples treated at one dye concentration (0.1 μM or 2 μM) were adjusted to the same brightness-contrast scale as
described in the Methods section. In panels A and B, dye-labeled cells were analyzed for LacI expression and dye labeling by Western blot and in-gel
fluorescence as described in Figure 1. The asterisk-marked Western blot images show LacI expression in controls withdrawn from the main
expression cultures before L-arabinose and TCO*-AK addition.

ACS Synthetic Biology Research Article

DOI: 10.1021/acssynbio.6b00138
ACS Synth. Biol. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acssynbio.6b00138/suppl_file/sb6b00138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.6b00138/suppl_file/sb6b00138_si_001.pdf
http://dx.doi.org/10.1021/acssynbio.6b00138


(Figure S17). Strong dye fluorescence was also observed in (i)
cells grown in the absence of the NcAA and in (ii) cells
expressing the “unclickable” LacI-BocK (Figure S18). The high
fluorescence background observed in cells grown without any
NcAA rules out the nonspecific dye retention as a result of (i)
an incorporation of the NcAA into the cellular proteome
through an occasional misreading of sense codons by tRNAPyl

or (ii) an insufficient removal of the NcAA prior to the dye
treatment as suggested based on protein labeling in eukaryotic
cells.47,91 Though the high background fluorescence precluded
observation of the fluorescently labeled LacI by microscopy, in
gel analysis confirmed the presence of a fluorescently labeled
LacI in the LacI-Y12TCO*-AK expressing cells (Figure 3A,B).

In the LacI-Y12BCNK expressing cells, fluorescently labeled
LacI was only seen in cells treated with 2 μM ATTO647N-tet
(Figure 4B). Western blot analysis confirmed the expression of
LacI in all microscopy samples (Figures 3 and 4). Thus, though
LacI can be conjugated with the membrane permeable tetrazine
dyes in intact cells, we could not detect this labeled LacI by
microscopy due to the high nonspecific binding of the dyes to
intracellular components and the resulting high background
fluorescence. We sought to alleviate the nonspecific dye binding
by using sulfo-Cy5-tet, reasoning that the lower labeling yield
with it in intact cells (Figure 2A) may be compensated by its
lesser intracellular binding due to the presence of the sulfo
groups, allowing a specific detection of the fluorescent LacI

Figure 4. Microscopy imaging of the LacI-Y12BCNK expressing C321.ΔA.exp cells after labeling with tetrazine fluorophores. LacI-Y12BCNK
expression and dye labeling were performed as described in Figure 3. (A) Labeling with ATTO64N-tet. (B) labeling with Cy5-tet. (C) Cells without
dye treatment Cells were imaged on agarose pads at ambient temperature for dye fluorescence using a 638 nm excitation laser at a beam intensity of
10 W/cm2 with 50 ms exposure time. EMCCD camera gain was set to 5. The pixel intensities in the fluorescence images from the LacI-Y12BCNK
and LacI-WT samples treated at one dye concentration (0.1 μM or 2 μM) were adjusted to the same brightness-contrast scale as described in the
Methods section. In-gel fluorescence and Western blot analysis in panels A and B were performed as described in Figure 1. The asterisk-marked
Western blot images show LacI expression in controls withdrawn from the main expression cultures before L-arabinose and BCNK addition.
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over the background. However, the use of sulfo-Cy5-tet did not
result in a LacI specific signal in the LacI-Y12TCO*-AK
expressing cells relative to the controls (Figure 5A,B, Figure
S19). Efforts to facilitate the intake of sulfo-Cy5-tet in
C321.ΔA.exp by electroporation23,92 did not lead to a LacI-
specific fluorescence signal in the LacI-Y12TCO*-AK express-
ing cells relative to the control (Figure 5C,D) and the
electroporation was detrimental to the cells (Figure 5E).
Encouragingly, electroporation of sulfo-Cy5-tet in BW25993
led to an increased fluorescence in the LacI-Y12TCO*-AK
expressing cells compared to the control (Figure 5F and 5G),
indicating that when sulfo-Cy5-tet is used the labeled LacI can
be detected over the background. However, the fluorescent
LacI-Y12TCO*-AK containing cells did not resume growth
under conditions in which the nonfluorescent cells were able to
divide (Figure 5H), apparently due to the detrimental effect of

electroporation. Though the electroporation did not yield LacI
specific labeling in living cells, we think that an optimization of
the electroporation conditions (e.g., incubation times, growth
medium, field strength) may make electroporation a viable
means of dye delivery since molecules as large as proteins can
be delivered into E.coli while still retaining cell viability93

Search for the Factors Contributing to the Nonspecific
Fluorescence Incorporation. Since our in-gel analysis had
revealed some “off-target” protein labeling (Figure 2E,D Figure
S12 and S13), we analyzed the contribution of these spuriously
labeled fluorescent species to the total fluorescence signal from
cell-extracted material. We found that the additional bands
contributed roughly 70% of the total in-gel fluorescence when
the LacI-Y12TCO*-AK bearing exponential phase cells were
treated with 0.1 μM ATTO647N-tet (Figure S20). This
substantial spurious fluorescence incorporation partly explains

Figure 5. LacI-Y12TCO*-AK labeling with sulfo-Cy5-tetrazine. C321.ΔA.exp cells transformed with pEVOL and pBAD24-LacI-Y12TAG or
pBAD24-LacI-WT were grown in LB at 37 °C in the presence of 1 mM TCO*-AK and harvested at ΔOD600 = 0.6. Cells were treated with sulfo-
Cy5-tet at 0.1 μM (A) or 2 μM (B) as described for Cy5-tet in Figure 3. Cells were imaged on agarose pads at ambient temperature using a 638 nm
excitation laser at a beam intensity of 10 W/cm2 with 50 ms exposure time. EMCCD camera gain was set to 5. The brightness-contrast of the
fluorescence images was adjusted to the same scale as in the fluorescence images of cells treated with 0.1 μM or 2 μM Cy5-tet in Figure 3. (C−H)
Electroporation of sulfo-Cy5-tet. C321.ΔA.exp (C,D) cells expressing LacI-Y12TCO*-AK or LacI-WT were grown as in panel A and harvested at
ΔOD600 = 0.8. The cells were made electrocompetent by repeated washes with 10% glycerol and electroporated in the presence of 2 μM sulfo-Cy5-
tet. Cells were recovered in LB at 37 °C for 1.5 h followed by a 12 h washout of the dye. Cells were imaged on agarose pads using a 638 nm
excitation laser at a beam intensity of 830 W/cm2 with 50 ms exposure time. EMCCD camera gain was set to 30. (E) Effect of electroporation in
C321.ΔA.exp and in BW25993. Brightfield images of the cells electroporated at 18 kV/cm field strenght are shown. (F,G). Electroporation of sulfo-
Cy5-tet in BW25993. Treatment of the cells was as in panels C and D. (H) BW25993 cells from panel G were incubated at 4° for one day and then
imaged on agarose pads supplemented with 1×RPMI amino acids and 0.15 μg/mL D-biotin. Cell growth was monitored at 37 °C.
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the high nonspecific fluorescence retention in those samples.
However, in the stationary-phase derived cells treated with 0.1
μM ATTO647N-tet, LacI was the main fluorescent species,
accounting for 73% of the total in-gel fluorescence (Figure
S20). Thus, a covalent labeling of those additional proteins with
the dye cannot fully account for the nonspecific dye retention
in all situations.
Though our finding that the occurrence of the 55 kDa

spurious fluorescent species is unrelated to the expression of
PylRS (Figure S14) does not support the idea of a direct
reaction between PylRS and the tetrazine fluorophores, at least
in the absence of the NcAA, we analyzed whether the
expression of one or both components of the tRNAPyl/PylRS
pair indirectly affects the nonspecific dye retention. The
retention of ATTO647N-tet was analyzed in C321.ΔA.exp
cells harboring (i) a PylRS-free derivative of pEVOL (“pEVOL-
ΔPylRS”) or (ii) the original pEVOL containing one
constitutively expressed and one arabinose-inducible copy of
PylRS. Dye retention was analyzed in cells grown in the
absence of NcAA or in cells grown in the presence of 1 mM
BCNK or TCO*-AK. Curiously, microscopy analysis revealed
that the expression of tRNAPyl alone, independently of the
expression of PylRS, led to a significantly increased dye
retention compared to controls devoid of tRNAPyl and PylRS
(Figure S21A). Moreover, this tRNAPyl-dependent dye
retention was independent of NcAA addition to the expression
culture (Figure S21A). Expression of PylRS, either from a
constitutive or arabinose inducible promoter, did not make a
further contribution to the dye retention (Figure S21A). In line
with these findings, an in-gel analysis of the microscopy samples

expressing tRNAPyl alone or in combination with PylRS
revealed a similar pattern of fluorescent proteins (Figure
S21B). In contrast, significantly less fluorescence was observed
in the sample devoid of tRNAPyl regardless of the presence of
the NcAA (Figure S21A,B). It thus seems that tRNAPyl alone
contributes to the increased nonspecific dye retention. Since
the known reaction specificity of the tetrazines makes it hard to
conceive how a tRNAPyl lacking the NcAA could form a
covalent adduct with the tetrazine dyes, the alternative
explanation is that the tRNAPyl-dependent dye retention is an
indirect effect of the overexpression of tRNAPyl. The influence
of tRNAPyl on the nonspecific retention of tetrazine
fluorophores has earlier been observed by Uttamapinant and
co-workers though the authors interpret this effect as due to the
reaction of the tetrazine dyes with BCNK attached to
tRNAPyl.47

We conclude the LacI labeling section by noting that though
LacI could be conjugated with tetrazine fluorophores in intact
cells, an in vivo observation of the labeled LacI was complicated
due to the high fluorescence background when membrane
permeable dyes were used. Use of the more hydrophilic sulfo-
Cy5-tet on the other hand was complicated by its poor
membrane permeability.

Labeling of Extracellular Proteins.We next turned to the
labeling of proteins exposed on the outer membrane of E.coli,
where the restricted membrane permeability and nonspecific
binding of the dyes to intracellular components do not obstruct
the labeling and detection of the fluorescent protein. As a
model protein for the NcAA-based small fluorophore labeling
we used outer membrane porin OmpC, a homotrimeric β-

Figure 6. Labeling of OmpC with tetrazine fluorophores. C321.ΔA.exp cells transformed with pEVOLV and pBAD24-OmpC-D311TAG or
pBAD24-OmpC-WT were grown in the presence of 1 mM TCO*-AK at 30 °C in M9/0.7% glycerol supplemented with amino acids and 15% LB.
Cells were harvested at ΔOD600 = 0.5−0.7, repeatedly washed with growth medium over 2.5 h and incubated with 10 nM of one of the tetrazine
dyes for 20 min at 37 °C. Cells were washed with the growth medium over 2.5 h and imaged on agarose pads using a 514 nm (for ATTO532-tet) or
638 nm excitation laser. EMCCD camera gain was set to 50 and camera exposure was 50 ms. (A) Cells expressing OmpC-D311TCO*-AK. (B) A
magnified view of a fluorescently labeled cell (marked with asterisk) from panel A. (C) Cells expressing WT OmpC. (D) In-gel fluorescence analysis
of OmpC labeling in the microscopy samples from A and C (“D311”, OmpC-D311TCO*-AK; “WT”, OmpC-WT). (E) Ratios of the mean pixel
intensities from the images in panel A to the mean pixel intensities in panel C. (F) Growth of the sulfo-Cy5-treated C321.ΔA.exp cells. Cells were
grown and labeled with 10 nM sulfo-Cy5-tet as described above. Cells were incubated at 4 °C for 48 h and imaged on agarose pads supplemented
with 1 × RPMI amino acids and 0.15 μg/mL D-biotin at 37 °C.
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barrel protein consisting of 16 transmembrane β-sheets that are
connected by eight external and seven internal loops.68 OmpC
(along with OmpF and PhoE) is one of the most abundant
outer membrane proteins in E.coli and is involved in the control
of cellular osmolarity and the uptake of nutrients and
antibiotics.67,80,94 The pore in OmpC allows passage of
hydrophilic molecules of up to 600 Da67 with a slight
preference for cationic compounds.80,94 OmpC is also known
to serve as a receptor for bacteriophages80and colicins95 and has
been used as a target for a site-specific incoporation of
azidohomoalanine at methionine codons for a cell surface
labeling with biotin.96

Fluorescently Labeled OmpC Can Be Specifically Detected
in Live Cells. We incorporated TCO*-AK into OmpC at
position 311 in the extracellular loop 7 (Figure S1) in E.coli
C321.ΔA.exp and labeled the OmpC-D311TCO*-AK variant
with the tetrazine dyes ATTO532-tet, ATTO647N-tet, Cy5-tet,
sulfo-Cy5-tet, and m6-sulfo-Cy5-tet. After a 20 min labeling at a
10 nM dye concentration, microscopy analysis revealed a
membrane-localized fluorescence in the OmpC-TCO*-AK
expressing cells with all dyes except for m6-sulfo-Cy5 (Figure
6A,B). With the hydrophilic dyes ATTO532-tet and sulfo-Cy5-
tet little fluorescence was observed in cells expressing OmpC
from the WT construct in the presence of TCO*-AK (Figure
6C, Figure S22A) or in cells expressing OmpC from the TAG-
containing construct in the presence of the “unclickable” eBocK
(Figure S22A). This specific labeling of the “clickable” protein
in the case of OmpC is in clear contrast with the lack of
specificity in LacI labeling and recapitulates the specificity of
outer membrane protein labeling as reported for eukaryotic
cells.35,38 In-gel analysis confirmed the specificity of the
“clickable” OmpC labeling (Figure 6D, Figure S22B,C). In
contrast to ATTO532-tet and sulfo-Cy5-tet, use of the more
hydrophobic (Table 1) and more cell permeable (Figure 2A)
dyes ATTO647N-tet and Cy5-tet led to a noticeable
fluorescence retention in the WT OmpC expressing controls
(Figure 6C). However, this nonspecific fluorescence was not
localized to the membranes but was distributed over the entire
cell (Figure 6C). As the highest OmpC-specific signal over the
background fluorescence was seen when OmpC was labeled
with sulfo-Cy5-tet (Figure 6E), this dye was selected for the
subsequent experiments. The sulfo-Cy5-tet treated OmpC-
D311TCO*-AK expressing C321.ΔA.exp cells were able to
divide when cultivated on agarose pads (Figure 6F), indicating
that the labeling protocol is compatible with cell viability.
Preservation of cell viability after dye labeling was later
confirmed by experiments where sulfo-Cy5-treated OmpC-
D311TCO*-AK expressing C321.ΔA.cells were cultivated in a
microfluidic device (see the section on single particle tracking
of OmpC). The level of the sulfo-Cy5-tet labeled OmpC-
D311TCO*-AK did not markedly decrease over a period from
6 h to 5 days when the labeled OmpC bearing cells were
incubated in M9 medium at an ambient temperature (Figure
S23) and a clear membrane-localized fluorescence signal was
observed on the cells harvested from the 5 day time point
(Figure S24). This result indicates that even after an extended
in vivo incubation the fluorescently labeled OmpC is present at
levels sufficient for microscopy analysis. Reverting to the issue
of the nonspecific dye binding in LacI labeling with sulfo-Cy5-
tet, we noted that at the 10 nm sulfo-Cy5-tet concentration
used for OmpC labeling (10-fold lower concentration
compared to the lowest concentration of 0.1 μM sulfo-Cy5-
tet used in LacI labeling) the nonspecific dye binding in LacI-

Y12TCO*-AK expressing cells was negligible compared to the
OmpC-D311TCO*-AK specific fluorescence and was close to
the background fluorescence in the OmpC-WT expressing cells
(Figure S25).

Dye-Labeled OmpC Is Localized on the Membrane.
Though the fluorescence in the OmpC-D311TCO*-AK
expressing cells was localized in membrane-proximal regions
after dye treatment, the limited spatial resolution of the
microscopy setup does not unambigously distinguish if the
labeled OmpC is localized in the outer membrane or in, for
example, the periplasm. We therefore analyzed the cellular
localization of the fluorescently labeled OmpC by proteinase K
treatment since OmpC is known to be cleaved by proteinase K
at a surface exposed region between residues 155−169.97 A
proteinase K cleavage of the fluorescently labeled OmpC would
thus indicate that the protein is localized in the outer
membrane. Consistent with this, when material from proteinase
K treated sulfo-Cy5-OmpC bearing cells was analyzed by SDS-
PAGE, a lower molecular weight fluorescent species was
observed in addition to the full-length fluorescent OmpC
(Figure S26A). The size of the lower molecular species (Figure
S26A) is close to the size of the C-terminal OmpC cleavage
product (21 kDa) as observed by Morona and colleagues.97

Only full-length sulfo-Cy5-OmpC (molecular weight 38.3 kDa)
was observed when proteinase K treatment was omitted
(Figure S26A). In agreement with the in-gel analysis, proteinase
K treatment reduced the membrane-bound fluorescence on the
fluorescently labeled OmpC bearing cells (Figure S26B),
indicating that the cleavage fragment is at least partially
released from the outer membrane. Together, these data
indicate that the fluorescently labeled OmpC is accessible to
the proteinase and is therefore localized in the outer membrane.

Dye Labeling Preserves OmpC Folding. To analyze the
impact of the dye labeling on the folding and oligomerization of
OmpC, we made use of the fact that the correctly folded outer
membrane porins, including OmpC, are known to retain their
oligomeric state in denaturing polyacrylamide gel electro-
phoresis when the heat treatment of the sample prior to SDS-
PAGE is omitted.98,99 We therefore monitored the mobility of
the sulfo-Cy5-tet labeled OmpC in denaturing PAGE in the
presence and absence of heat treatment. When the heat
treatment was omitted the dye-labeled OmpC (monomeric
molecular weight 38.3 kDa of the mature OmpC after cleavage
of the 21 amino acid N-terminal signal peptide) exhibited an
apparent molecular weight between 95 and 130 kDa (Figure
S27), thus close to the nominal molecular weight of 114 kDa of
an OmpC trimer. After the sample was heated to 95 °C a single
fluorescent species with a molecular weight close to 40 kDa was
observed (Figure S27), in agreement with the mobility of an
OmpC monomer. On the basis of the above observations we
conclude that the NcAA incorporation and dye labeling do not
interfere with the oligomerization of OmpC.

Optimizing TCO*-AK Washout. One important consider-
ation in the NcAA-based protein labeling is the efficient
removal of the NcAA prior to dye labeling. We therefore tested
different washout schemes with the aim of removing the NcAA
from the cells using a minimal number of washing steps.
Initially, we tried to remove the NcAA by washing the cells over
1 h with a solution consisting of M9 salts and 0.8% glycerol.
However, this NcAA washout protocol resulted in a notable
nonspecific fluorescence retention in membrane-proximal
regions when the control cells expressing WT OmpC in the
presence of 1 mM TCO*-AK were incubated with 10 nM sulfo-
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Cy5-tet (Figure S28A). This nonspecific dye retention was
specific to a “clickable” NcAA in the expression culture as little
nonspecific dye fluorescence was seen in the OmpC-D311BocK
expressing cells (Figure S28A). An in-gel fluorescence analysis
of the labeling samples showed a fluorescent protein only in the
OmpC-D311TCO*-AK containing sample (Figure S28B),
indicating that the nonspecific fluorescence retention is not
caused by a misincorporation of TCO*-AK into the WT variant
of OmpC or another membrane protein. On the basis of the
known role of OmpC in the intake of exogenous small
molecules94 we speculate that the nonspecific dye retention
results from an entrapment of TCO*-AK in the periplasm and
its subsequent reaction with the tetrazine dye the intake of
which may be facilitated by the porin OmpC itself. This
putative entrapment of the NcAA is reversible as little
nonspecific fluorescence was observed in the cells when the
NcAA washout was extended to 12 h (Figure S28C). Though
the prolonged NcAA washout eliminated the nonspecific dye
binding, such a long washing procedure is undesirable for
physiological studies. However, experiments done when the
manuscript was in submission showed that the NcAA washout
procedure could be shortened to 1 h when rpmi amino acids
and 15% LB were included in the washing solution (Figure
S29). This improved NcAA removal in a more nutrient-rich
medium suggests that the metabolic state of the cell is an
important factor for removing the excess labeling components
from the cell. Provided that the NcAA had been efficiently
removed prior to dye labeling, removal of sulfo-Cy5-tet could
be achieved by two 30 min washing steps in the rpmi amino
acid and LB supplemented medium (Figure S30). Though the
exact washing conditions may be specific to a given protein and
cell line, we have noticed that a prolonged washout procedure
in a medium that allows cell growth reduces OmpC
fluorescence, probably because the fluorescent OmpC is diluted
when cells divide during the washout (Figure S31).
NcAA Incorporation at Endogenous TAG Codons Is

Negligible. Having established the conditions for specific
labeling of OmpC and the removal of the nonspecifically
bound dye in the recoded strain C321.ΔA.exp, we next
analyzed the specificity of OmpC labeling with sulfo-Cy5-tet in
the presence of endogenous TAG stop codons. Though our in-
gel fluorescence analysis indicated the absence of a noticeable
spurious dye incorporation into the cellular proteome in a
nonrecoded E.coli strain during the intracellular labeling
experiments, we also tested for nonspecific dye retention in
OmpC labeling. We therefore expressed OmpC-TCO*-AK in
the nonrecoded strain BW25993 in parallel with the recoded
C321.ΔA.exp strain and treated the cells with 10 nM sulfo-Cy5-
tet. In line with our previous results with intracellular labeling
the fluorescence incorporation in the nonrecoded BW25993
strain in the absence of the tetrazine-reactive OmpC did not
exceed the level observed in the recoded strain (Figure 7A−D).
We thus conclude that “off-target” incorporation of the NcAA
at the endogenous TAG codons is negligible with regard to the
membrane proteome of E.coli at least in the presence of an
excess of the TAG containing transcript. Overall, the low level
of spurious dye incorporation in OmpC labeling independently
of the presence of endogenous TAG codons supports our
previous conclusion that NcAA incorporation and the ensuing
dye labeling are specific and that the nonspecific dye retention
during intracellular labeling is rather related to interactions of
the lipophilic tetrazine dyes with cellular components.

Protein Expression from the TAG-Containing OmpC
Construct Is Toxic in BW25993. Though we did not observe
more spurious protein labeling in the nonrecoded strain
BW25993, the dye-labeled-OmpC bearing RF1+ BW25993 cells
did not resume growth when cultivated on agarose pads (Figure
7E, Figure S32A), in contrast to the situation in C321.ΔA.exp
(Figure 6F, Figure S32B). Such growth impairment may be
caused by the expression of a truncated and probably misfolded
OmpC from the TAG-containing construct when RF1
competes with tRNAPyl in TAG decoding. In agreement with
this, microscopy analysis revealed dense particles in BW25993
cells expressing OmpC from the TAG-containing construct
(Figure 7E, Figure S32A) that may represent inclusion bodies
of the truncated OmpC. Those particles are absent from the
RF1− C321 cells (Figure 6F, Figure S32B). An optimization of
the expression and incubation conditions may still yield viable
fluorescent cells in the presence of RF1. An indication of a
possible optimization is the difference in growth rate response
of the TAG-containing constructs in different media (Figure
S33). There are however conditions (Figures 6 and 7) where
the presents of RF1 leads to toxic effects due to truncated
proteins. We therefore conclude that usefulness of the

Figure 7. Dye labeling of OmpC in BW25993 and C321.ΔA.exp.
C321.ΔA.exp (A) or BW25993 (B) cells transformed with pEVOL
and pBAD24-OmpC-D311TAG or pBAD24-OmpC-WT were grown
in the presence of 1 mM TCO*-AK at 30 °C in M9/0.7% glycerol
supplemented with amino acids and 15% LB. After an extensive
washout of excess TCO*-AK with growth medium, cells were
incubated with 10 nM sulfo-Cy5-tet for 20 min at 37 °C and imaged
on agarose pads using a 638 nm excitation laser at a beam intensity of
50 W/cm2 with 50 ms camera exposure time. EMCCD camera gain
was 50. (C and D) In-gel fluorescence analysis of the labeling products
from panels A and B, respectively. (E) Sulfo-Cy5-tet labeled OmpC-
TCO*-AK expressing BW25993 cells from panel B were incubated at
4 °C for 48 h and imaged on agarose pads supplemented with 1 ×
RPMI amino acids and 0.15 μg/mL D-biotin at 37 °C. Blue rectangle
denotes a phase contrast image of the fluorescent cells in panel E. The
inclusion bodies are denoted by arrows.
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C321.ΔA. exp strain for the NcAA incorporation experiments
partly lies in the absence of RF1.
An OmpC Fluorescent Protein Fusion Is Toxic to the Cells.

In the OmpC single particle tracking experiments described in
the next section, our ambition was to compare the perform-
ances of a small fluorophore labeled OmpC and fusion-tagged
OmpC. To this end, we cloned the photoconvertible
fluorescent protein mEos2100 into the extracellular loop 7 of
OmpC. Loop 7 of OmpC has previously been used for the
insertion of exogenous peptide sequences into OmpC. We
avoided placing mEos2 to either the N- or C-terminus of
OmpC for the following reasons: (i) fusion of mEos2 to the
signal sequence containing N-terminus of OmpC101 may
interfere with the SecYEG-dependent translocation102 of
OmpC through the plasma membrane and (ii) in a C-terminal
fusion mEos will be facing the periplasm where the oxidizing
environment would affect the folding of mEos2 because of the

formation of interchain disulfide bridges with other proteins or
mEos2 folding intermediates that inhibit the chromophore
maturation.103,104 Unfortunately, expression of the OmpC-
mEos2 “sandwich” fusion was detrimental to cells in both the
recoded C321.ΔA.exp and the nonrecoded BW25993 strains
(Figures S34 and S35). Though mEos2 fluorescence could be
observed in membrane-proximal regions in the cells (Figures
S34 and S35), the OmpC-mEos2 expressing cells appeared
severely damaged (Figures S34 and S35). The negative effect of
installing mEos2 into OmpC is in agreement with the results of
Xu and Lee in which the insertion of longer poly(His6)
sequences into loop7 severely decreased the expression level of
the fusion protein.69 Since the functionality of OmpC is not
necessary for cell viability (as evidenced by the viability of
OmpC deletion strains),105 the marked negative effect of the
OmpC-mEos2 expression is likely not due to the loss of
function of OmpC but is rather related to OmpC-mEos2

Figure 8. Single particle tracking of Cy5-labeled OmpC in E.coli strain C321.ΔA.exp. Sulfo-Cy5-tet treated OmpC-D311TCO*-AK expressing cells
were loaded into the traps of a microfluidic device by gravity flow. The device contains 51 cell traps with dimensions of 40 × 40 × 0.9 μm3. The cells
were allowed to grow into monolayers at 37 °C for approximately 7 h with a constant replenishment of fresh growth medium and removal of waste.
The movement of Cy5-labeled OmpC was tracked at 37 °C using a 638 nm excitation laser at a beam power of 290 to 660 W/cm2 at EMCCD
camera frame rates of 2 Hz (6 traps) or 0.5 Hz (11 traps) with a total of 200 frames. EMCCD camera and laser exposure times were 150 ms for the 2
Hz and 200 ms for the 0.5 Hz frame rate set. For the 33 Hz data set time-lapse photography images were recorded at a 30 ms camera exposure time
with no interval between the exposures. EMCCD camera gain was set to 300. At the beginning and end of the tracking, phase-contrast and
brightfield images of the traps were recorded for cell segmentation. During trajectory building the positions of OmpC are mapped to the internal cell
coordinates generated during segmentation. The minimal number of steps in a trajectory was set to 10 during trajectory construction. (A)
Distribution of OmpC diffusion coefficients estimated by a linear regression of the msd versus time curves of individual trajectories. Points up to 1/3
of the maximal time-lag of a trajectory were used for the regression. The insets show an overlay of the regression lines to individual mean-squared
displacement (msd) curves (in black) and an average over all regression lines (in red). (B) The msd versus time curves of OmpC diffusion. The msd
values were calculated from the X, Y positions of the particles. Mean msd values for each time-lag are plotted versus time-lag n·Δt, where n is the
number of steps and Δt is the interval between camera exposures. The insets show a zoom of the msd vs time-curves up to 1/3 of the maximal time-
lag over all trajectories in a data set. (C) Scatter plots of trajectory end point distances versus trajectory length (in steps). Color-coding of trajectory
length ranges is indicated on the figure. (D) Overlay of individual single particle trajectories of OmpC with lengths from 50 to 70 steps plotted with a
color-coding for each trajectory length range (indicated on the figure). The yellow broken circle denotes a region with a radius equal to the mean
localization error. The green circle denotes a region with a radius equal to the particle displacement d at the minimal time-lag nmin·Δt (where nmin =
50 is the minimal trajectory length in steps) assuming a “normal” Brownian diffusion according to d = (2DnΔt)1/2 with a diffusion coefficient D as
estimated from the msd vs time curves in A.
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interfering with an essential cellular process. For instance, the
OmpC-mEos2 fusion protein may not be recognized by the
BAM outer membrane folding complex, leading to the
accumulation of a misfolded OmpC-mEos2 in the periplasm
and an eventual cell death.106,107 However, we envisage that a
more extensive screen for fluorescent protein insertion sites108

in OmpC may yield fluorescent fusions that are compatible
with cell viability.
OmpC Diffusion Is Restricted in E.coli Outer Membrane. In

the foregoing experiments we had established a protocol for an
OmpC-specific small-molecule labeling in live cells. We went
on to apply this protocol to the study of the diffusion of OmpC
in its native environment by single particle tracking to harness
the advantages of small synthetic fluorophores in terms of
increased photostability and lesser interference with the
functionality of the POI.
For single particle tracking of OmpC in the outer membrane,

C321.ΔA.exp cells containing sulfo-Cy5-tet labeled OmpC
were grown from individual cells into microcolonies in the traps
of a microfluidic chip (Figure S36A,B). By growth the
fluorescent OmpC molecules are diluted to 0.6 ± 0.16
fluorescent molecules per cell (mean fluorophore density over
three experiments) at the beginning of image acquisition,
making the surface density sufficiently low (Figure S36C−F)
for single particle tracking.109 In the sulfo-Cy5-tet treated WT
OmpC expressing control cells only traces of fluorescence
could be observed (Figure S37A), confirming that the
fluorescence in the OmpC-D311TCO*-AK (Figure S37B)
expressing cells is not caused by nonspecific dye binding. This
specific fluorescence incorporation was confirmed by an in-gel
analysis of material from the microscopy samples (Figure
S37C,D). Since membrane proteins have been suggested to
display different modes of lateral diffusion ranging from
“confined” to “normal Brownian” each with its own character-
istic diffusion parameters4,110−113 we followed the movement of
the Cy5-labeled OmpC at camera acquisition rates of 0.5, 2,
and 33 Hz to decrease the likelihood of missing a particular
mode of diffusion due to time-averaging or undesampling of the
trajectories.114 Though the limited lateral movement of OmpC
observed in our experiments (see below) may warrant sampling
rates below 0.5 Hz to reveal longer displacements of OmpC,
the occasional movements of the cells in the traps would have
compromised trajectory building at acquisition rates lower than
0.5 Hz. To filter out false positives during trajectory building we
accepted trajectories consisting of minimally 10 steps. Using
this cutoff value we collected 800−1300 single particle
trajectories per experiment (0.16−0.4 trajectories per E.coli
cell). The mean trajectory lengths for OmpC were close to 20
steps per trajectory with approximately 25% of trajectories
exceeding this value (Figure S38A). The longest trajectories
consisted of 101, 132, and 258 steps for the 0.5, 2, and 33 Hz

data sets, respectively. These trajectory lengths exceed those
regularly observed in single particle tracking experiments with
fluorescent protein fusions,57,113,115 emphasizing the usefulness
of the NcAA-based small fluorophore labeling protocol for
single molecule experiments.
Diffusion coefficients for OmpC assuming a “normal”

diffusion mode were estimated from the mean square
displacement (msd) versus time curves by a linear regression
through the first 1/3 of points in individual trajectories (Figure
8A).116 For the 0.5 and 2 Hz acquisition rate data sets the
diffusion coefficients were (1.8 ± 0.2) × 10−4 and (4.2 ± 1.0) ×
10−4 μm2/s, respectively (Table 2). For the 33 Hz acquisition
rate data set the diffusion coefficient was (8.2 ± 1.5) × 10−3

μm2/s (Table 2). However, with this data set the displacements
that go into the diffusion coefficient estimation are noise
dominated (Table 1). The diffusion coefficients estimated from
the 0.5 and 2 Hz data sets are markedly lower than the diffusion
coefficients reported for similarly sized or larger E.coli plasma
membrane proteins117−119 and therefore suggest that the
movement of OmpC is at least partly confined in the outer
membrane.4,112,114 “Confined” diffusion has been frequently
observed with membrane proteins and is caused by the
interactions of the protein with other membrane components
or underlying cytosolic structures.4,116,120,121 For confined
diffusion at a well-defined length scale one would expect to
see that the msd curves approach and settle at a plateau. This is
not observed for OmpC (Figure 8B). Furthermore, with all
data sets we saw little correlation between the duration of a
trajectory and the displacement between the initial and final
coordinates of the trajectory (Figure 8C). This distance should
scale according to x = (2Dt)1/2 in “free” Brownian diffusion. If
the confinement is not absolute, the protein will occasionally
escape the confinement zone and move according to a “normal”
Brownian diffusion until being captured by another confine-
ment zone.114 This may give the appearance of “normal”
diffusion in the msd plots when averaged over several escape
events. When looking at individual long trajectories (50−70
steps) acquired at 0.5 or 2 Hz we note that they typically dwell
in small regions corresponding to the localization error before
moving to a nearby neighboring region (Figure 8D and Figure
S38B). Several such confinement and escape events may be the
reason for the apparent normal diffusion indicated by straight
lines in the MSD plot. In Figure 8D we see that the trajectories
acquired at 0.5 or 2 Hz approximately reach the normal
diffusion distance (2Dt)1/2 for 50 to 70 steps as indicated by
dashed circles, when the diffusion constant is calculated from
the slope of the regression line in the msd plot. Interestingly,
the trajectories with durations exceeding 50 steps were located
closer to the cell periphery than trajectories consisting of less
than 50 steps (Figure S38C,D). For the faster tracking at 33 Hz
the trajectories are so short in actual time that they do not leave

Table 2. OmpC Diffusion Coefficients and Particle Tracking Parametersa

camera aquisition rate (Hz) diffusion coefficient (μm2/s) localization error (μm) mean single step size (μm)

0.5 (1.8 ± 0.2) × 10−4 (7.3 ± 1.4) × 10−2 (9.6 ± 0.4) × 10−2

2 (4.2 ± 1.0) × 10−4 (7.4 ± 1.4) × 10−2 (9.4 ± 0.5) × 10−2

33 (8.2 ± 1.5) × 10−3 (8.8 ± 1.5) × 10−2 (11.2 ± 0.5) × 10−2

aDiffusion coefficients and localization errors were calculated from the slopes and offsets, respectively, of the regression lines to the msd versus time
curves of individual single particle trajectories according to msd = 4Dtlag + 2σxy

2 (D, diffusion coefficient; tlag, time-lag; σxy, localization error).138 The
mean single step size was calculated as average over all single step displacements from all trajectories obtained at a particular camera acquisition rate.
The error estimates of the parameters are given as margins of error (me) at a 95% confidence level according to me = 1.96 × std/(N)1/2 where std is
the standard deviation and N the number of msd curves.
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the individual trapping region, and the overall displacement
matches the localization error (Figure 8D). Overall the above
observations demonstrate that the diffusion of OmpC in the
E.coli outer membrane is severely restricted. A similarly
restricted diffusion has previously been observed in the lateral
movement of the E.coli outer-membrane maltoporin
LamB122,123 similar to OmpC in size and oligomerization
state. As the biological explanation for the restricted movement
of OmpC we invoke earlier observations of a direct association
of OmpC with the peptidoglycan layer.124,125 This interaction
would tether the OmpC to a limited region of the E.coli outer
membrane.124,125 On the basis of a comparison of our msd
versus time curves for OmpC with those reported for LamB by
Gibbs and co-workers,123 we note that the msd values observed
by us exceed the values observed for LamB by the authors by
more than an order of magnitude.123 We surmise that the
higher mobility of OmpC compared to an otherwise similar
E.coli outer-membrane protein may be due to the retarding111

or cross-linking110 effect of the large gold particles used for the
labeling of LamB by Gibbs et al.123 Small molecule fluorescence
labeling enables the reduction of those effects. We conclude by
noting that the apparently restricted diffusion of OmpC as
observed by us adds to the growing body of evidence indicating
a compartmentalization of membrane proteins in E.coli into
microdomains.118,126,127

■ CONCLUSIONS
In this study we report on our attempts to use the NcAA-based
small fluorophore tagging to label different E. coli proteins for
single molecule studies in live cells. We find that the NcAA-
incoporation at artificially introduced TAG codons works
robustly with diverse NcAAs, though codon context has a major
impact on the efficiency of the NcAA incorporation. However,
the presence of the TAG stop codon specific release factor RF1
led to a substantial protein truncation at the TAG codon even
in the presence of the NcAA-tRNAPyl as previously observed by
others.56,76,128 The protein truncation and the associated fitness
loss is reduced in the recoded E. coli strain C321.ΔA.exp where
RF1 has been deleted, but the absence of RF1 also led to an
increased NcAA-independent TAG codon readthrough. Con-
trary to our expectations, the endogenous amber codons in a
nonrecoded strain did not lead to a significantly increased “off-
target” dye incorporation compared to the “amber-less”
recoded E. coli strain. On this basis, we suggest that the
NcAA-based labeling can also be performed in strains where
only a subset of amber stop codons have been reassigned and
RF1 has been deleted.56,128−130 The increased misincorporation
of endogenous amino acids in the absence of RF1 may be
relieved by further evolving the tRNAPyl/PylRS system131 or by
increasing the expression level of tRNAPyl.132 Despite the
increased misincorporation of endogenous amino acids at the
artificial amber codon in C321.ΔA.exp the incoporation of
“clickable” NcAAs yields proteins that can be labeled rapidly
using tetrazine fluorophores in intact cells. We find that the dye
labeling is selective at the protein level, but causes high
fluorescence background when membrane permeable fluoro-
phores are used or when it is limited by the poor membrane
permeability of the hydrophilic dyes. This limits the usefulness
of click chemistry for intracellular fluorescence labeling in E.
coli. Nevertheless, the labeling method can be successfully
applied to cell-surface exposed proteins in live cells as
exemplified by our labeling of the E. coli osmoporin OmpC.
Labeling of OmpC allowed us to study its diffusive behavior

using single molecule tracking and estimate its diffusion
coefficient. We speculate that the low mobility of OmpC in
the outer membrane of E. coli is due to its interactions with the
underlying peptidoglycan layer. We conclude that to be easily
applicable to the labeling of intracellular proteins in E. coli,
especially proteins present in low copy numbers where the
protein-specific fluorescence signal would be difficult to detect
over a high background fluorescence caused by nonspecific dye
binding, the labeling method would profit from a further
engineering of the fluorescent dyes with regard to their
membrane permeability and nonspecific binding as well as the
“turn-on” fluorescence upon the “click” reaction. Use of “turn-
on” fluorescent dyes61−63 would also allow the study of
transiently expressed proteins.

■ METHODS
Optical Setup. The optical setup was built around an

inverted microscope (Eclipse Ti-E, Nikon) equipped with a
high-numerical-aperture objective (CFI Apo TIRF 100xoli N.A.
1.45), a CCD camera (IMAGING SOURCE USB3.0
Monochrome Industrial Camera), and an EMCCD camera
(Andor iXon Ultra 897). A 638 nm excitation laser (Genesis
MX639-1000-STM, COHERENT) and a 514 nm excitation
laser (Genesis CX514-2000 STM, COHERENT) were used as
excitation light sources. The following dichroic mirror/emission
filter combinations were used to filter fluorescence emission:
for the 514 nm light excited emission Di02-R514-25 × 36/
FF01-534/27-25 (SEMROCK), for the 638 nm light excited
emission LF635-B-000/FF01-676/29-25 (SEMROCK). The
fluorescence and brightfield images were acquired on the
EMCCD camera, and the phase contrast images were acquired
on the CCD camera. Illumination for brightfield and phase-
contrast was controlled by a shutter and a shutter driver
(Vincent Associates). The cameras, the microscope and the
shutter were controlled by μManager 1.4.19.

Plasmids and Strains. TAG-containing variants of LacI
and OmpC were made by standard site directed mutagenesis
using the AccuPrime Pfx DNA Polymerase (Invitrogen). TAG
codons were introduced at the positions Y12, Q153, and A312
in LacI and at the position D311 in OmpC (see Supplementary
Table SX for the primer sequences). The positions for TAG
insertion were selected based on the existing mutagenesis
data65,66 and an analysis of the following crystal structures: PDB
IDs: 1EFA133 for LacI and 2J1N68 for OmpC. The TAG-
containing PCR fragments were subcloned into pBAD24
between the EcoRI and Hind III restriction sites in the case
of LacI variants Q153TAG and A312TAG and between the
BamHI and HindIII sites in the case of LacI variant Y12TAG
and the OmpC variant D311TAG. The primer sequences used
for making the constructs are given in Table S2. The identity of
the constructs was verified by sequencing (Table S3). The
derivative of pEVOL (“pEVOL-ΔPylRS”) lacking both copies
of PylRS was made by PCR-amplifying the original pEVOL
using primers complementary to the sites flanking the region
harboring the PylRS genes and a Phusion Hot-Start DNA
polymerase, followed by ligation of the PCR product using T4
DNA ligase. The pBAD24-GFP-Y39TAG construct was from
ref 34.
The recoded E. coli strain C321.ΔA.exp was obtained from

Addgene. The pEVOL containing BW25993 and C321.ΔA.exp
strains were obtained by a transformation with the pEVOL
plasmid, followed by incubation at 37 °C in LB in the presence
of 50 μg/mL chloramphenicol. The pEVOL containing strains
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were subsequently transformed with the pBAD24 expression
constructs and incubated at 37 °C in LB in the presence of 50
μg/mL chloramphenicol and 100 μg/mL carbenicillin.
Chemicals. Trans cyclooct-2-ene lysine (TCO*-AK) and

endobicyclo[6.1.0]noncyne lysine (BCNK) were obtained from
Sirius Fine Chemicals. eBoc lysine (eBocK) was obtained from
Iris Biotech GmbH. TAMRA-tetrazine was purchased from
Click Chemistry Tools (Scottsdale, Arizona). ATTO532-
tetrazine, ATTO647N-tetrazine, sulfo-Cy5-tetrazine, and m6-
sulfo-Cy5-tetrazine were purchased from Jena Biosciences. D-
biotin, RPMI amino acids (without L-glutamine), and thiamine
hydrochloride were from Sigma-Aldrich.
Western Blot Analysis. LacI was transferred from

acrylamide gels to Amersham ProtRan Premium 0.45 μm
blotting membranes (GE Healthcare Life Sciences) in a TE77
PWR transfer unit (GE Healthcare Life Sciences) at 1 mA/cm2

at ambient temperature for 40 min. The membranes were
rinsed with 15 mL of PBS + 0.1% Tween-20 and blocked with
2.5% milk in PBS + 0.1% Tween-20 at ambient temperature for
2 h. For anti-LacI blotting, the membrane was incubated with
mouse monoclonal anti-LacI antibody (IgG1, clone 9A5,
Millipore) in 10 mL of 2.5% milk in PBS + 0.1% Tween-20
at a 1:5000 antibody dilution at ambient temperature for 2 h.
The membrane was washed three times with 15 mL of 2.5%
milk in PBS + 0.1% Tween-20 at ambient temperature over 30
min. The membrane was subsequently incubated with
antimouse horseradish peroxidase conjugate (Jackson Immu-
noresearch) in 10 mL of PBS + 0.1% Tween-20 at a 1:5000
antibody dilution at ambient temperature for 1 h, followed by
three washes with 15 mL of PBS + 0.1% Tween-20 (ambient
temperature). The blots were developed using ECL Prime
Western Blotting Detection Reagent (Amersham) and
visualized on a ChemiDoc MP Imaging System (BioRad).
NcAA Incorporation Analysis into LacI. The efficiency of

NcAA incoporation into LacI was analyzed in the recoded E.
coli strain C321.ΔA.exp harboring the tRNAPyl/PylRS
expression plasmid pEVOL (p15 origin of replication,
chloramphenicol acetyltransferase for chloramphenicol resist-
ance) and a pBAD24 construct containing the LacI-Y12TAG
variant. Cells were grown overnight at 37 °C/200 rpm in
Luria−Bertani (LB) medium in the presence of 50 μg/mL
chloramphenicol and 100 μg/mL carbenicillin. The overnight
cultures were diluted to ΔOD600 = 0.08 in 5 mL of LB
containing 50 μg/mL chloramphenicol and 100 μg/mL
carbenicillin and supplemented with 0.2% (v/v) L-arabiniose
and one of the following NcAAs at a 1 mM final concentration:
eBocK, BCNK, or TCO*-AK. A culture expressing LacI from
the WT construct was used as a positive control. The cultures
were incubated at 37 °C/200 rpm and cells were harvested at
ΔOD600 = 2.4−2.8. The cells were pelleted at 12 000g at
ambient temperature for 1 min and resuspended in 20 μL 1×
Laemmli Sample Buffer (BioRad) (+ 0.35 M β-mercaptoetha-
nol). The samples were incubated at 95 °C for 10 min and
centrifuged at 12 000g for 1 min; 15 μL of supernatants was run
in a 4%−15% acrylamide gel (BioRad). LacI levels in the gels
were analyzed by Western blot as described above.
The incorporation efficiencies of TCO*-AK into LacI in

dependence of the location of the TAG codon in the LacI gene
were analyzed in the recoded strain C321.ΔA.exp and in the
nonrecoded strain BW25993 genotypically similar to the
MG1655-derived EcN2 parent strain used for the construction
of the strain C321.ΔA.exp.56 The cells were grown in the
presence of 50 μg/mL chloramphenicol and 100 μg/mL

carbenicillin in 2 mL of LB medium supplemented with 0.02%
(v/v) L-arabinose and 1 mM TCO*-AK at 37 °C/200 rpm. At
culture densities ΔOD600 = 0.8−1.0 (time point 1) and
ΔOD600 = 3−6 (time point 2) aliquots with a volume of 750
μL/1 ΔOD600 unit were withdrawn from the cultures and cells
pelleted at 12 000g at ambient temperature for 1 min. The
pellets were washed four times 40 min with 500 μL of PBS at
37 °C/200 rpm. Between washes cells were pelleted at 1700g at
ambient temperature for 4 min and resuspended by pipetting.
After being washed, the cells were resuspended in 30−80 μL of
“Lysis Buffer” [“BugBuster” Lysis reagent (Novagen), 0.1 ug/
mL egg white lyzozyme (AppliChem), 0.05 U/μL Dnase I
(Invitrogen)] to yield suspensions with a nominal density of
ΔOD600 = 3. The lysates were incubated at ambient
temperature for 40 min, followed by clearing with the use of
centrifugation at 12 000g for 1 min. A 25 μL aliquot of
supernatants was mixed with ATTO647N-tet to a final
concentration of 1 μM and incubated at 37 °C/200 rpm for
30 min. The samples were run in 12% precast acrylamide gels
(BioRad) and analyzed for dye fluorescence on a ChemiDoc
Imaging System. LacI levels in the gels were analyzed by
Western blot as described above.

In-gel Fluorescence Analysis of LacI and OmpC
Labeling. Cells harboring the LacI-TAG or OmpC-TAG
pBAD24 constructs were grown overnight in LB at 37 °C/200
rpm in the presence of 50 μg/mL chloramphenicol and 100
μg/mL carbenicillin. The cells were diluted to a ΔOD600 =
0.08 in 8 mL LB containing 50 μg/mL chloramphenicol and
100 μg/mL carbenicillin and supplemented with 1 mM TCO*-
AK and 0.2% (v/v) L-arabiniose. The cultures were incubated
at 30 °C for OmpC expression and 37 °C for LacI expression at
200 rpm. The cells were harvested for labeling at the following
densities: for LacI, ΔOD600 = 1.8; for OmpC = 0.8. The cells
were pelleted in at 5000g/RT for 5 min, quickly rinsed with 1
mL PBS and then washed with 1 mL PBS in 5 successive
washing steps at 37 °C/200 rpm for 10 min. The cells were
pelleted at 1700g for 4 min at ambient temperature and initially
resuspended in 300 μL PBS. The densities of the suspensions
were subsequently adjusted to ΔOD600 = 9 with PBS. Two
pairs of 150 μL aliquots were withdrawn from each of the
ΔOD600 = 9 suspensions. In one of the pair of aliquots the
cells were pelleted at 12 000g at ambient temperature for 30 s
and resuspended in 150 μL “Lysis buffer” [“BugBuster” Lysis
reagent, 0.1 ug/mL egg white lyzozyme (AppliChem), 0.05 U/
μL Dnase I (Invitrogen)]. The lysates were incubated at
ambient temperature for 40 min. The lysates were cleared by
centrifugation at 12 000g at ambient temperature for 1 min and
the ca. 140 μL of supernatants transferred to new tubes. In the
other of the pair of aliquots the cells were incubated at ambient
temperature for 40 min alongside with the lysates. From the
cell suspensions and the lysate supernatants 20 μL aliquots
were withdrawn to new tubes and mixed with the following
tetrazine dyes (to a final concentration of the dye 5 μM):
TAMRA-tet, ATTO647N-tet, Cy5-tet, sulfo-Cy5-tet, m6-sulfo-
Cy5-tet. The samples were incubated at 37°/200 rpm for 40
min wrapped in an aluminum foil. Ten microliter aliquots of
the labeling samples were withdrawn, incubated at 95 °C/10
min and cleared by centrifugation at 12 000g at ambient
temperature for 1 min. The cleared supernatants were run in
12% Mini-PROTEAN TGX precast acrylamide gels (BioRad)
and visualized for dye fluorescence on a ChemiDoc Imaging
System. Fluorescent gels were analyzed in ImageJ image
processing software.
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LacI Tetramerization Analysis. All LacI variants were
expressed from pBAD24 in 15 mL of LB at 37 °C in the
presence of 0.02% (v/v) L-arabinose for 6 h. The N-terminally
His6-tagged LacI variants LacI-Y12TCO*-AK, LacI-
A312TCO*-AK, and LacI-WT were expressed in E. coli
C321.ΔA.exp/pEVOL. The C-terminally His6-tagged LacI-
WT (“LacI-Dim”) was expressed in E. coli BW25993. In “LacI-
Dim” the His6 purification tag replaces the C-terminal
tetramerization helix, abolishing the tetramerization of the
protein. The LacI- Y12TCO*-AK and LacI-A312TCO*-AK
variants were expressed in the presence of 1 mM TCO*-AK.
Cells were pelleted at 7200g/ambient temperature for 6 min,
and the pellets were washed with 1 mL of PBS in five
centrifugation (12 000g/ambient temperature for 1 min) and
resuspension steps. Between the centrifugations, suspensions
were incubated at 37 °C/200 rpm for 40 min.
The cells were lyzed by resuspending them in 400 μL of

“BugBuster” protein extraction reagent (Novagen) (75 μg/mL
lyzozyme [AppliChem], 0.2 U Dnase I [Invitrogen]) and
incubating the lysates at ambient temperature for 30 min. The
lysates were centrifuged at 12 000g/ambient temperature for 10
min. The lysate supernatants (ca. 400 μL) were mixed with a
500 μL Ni-NTA (QIAGen) suspension in buffer A (20 mM
KH2PO4/K2HPO4 (pH 7.4), 500 mM NaCl, 20 mM
Imidazole) and incubated at 4 °C on a rotary shaker for 1 h.
The Ni-NTA gel was spun down at 1680g/ambient temper-
ature for 30 s, followed by removal of the supernatant. The Ni-
NTA gel was resuspended in 300 μL of buffer A and the
suspensions were transferred to “Mini BioSpin” columns. The
Ni-NTA gel was washed seven times with 300 μL buffer A at
ambient temperature to remove unbound protein. Ni-NTA
bound LacI was eluted from the gel in 150 μL buffer B (20 mM
KH2PO4/K2HPO4 (pH 7.4), 500 mM NaCl, 500 mM
Imidazole) at ambient temperature. The eluates were clarified
by centrifugation at 12 000g/ambient temperature for 1 min.
The supernatants were mixed with sulfo-Cy5-tet to a final
concentration of 5 μM and incubated at 37 °C/200 rpm for 30
min. The labeling mixtures were transferred to Amicon Ultra 3-
K 3 kDa Mw cutoff centrifugal filters and centrifuged at
13 000g/4 °C until 50 μL retentate was left on the filters. The
retentates were washed two times with 450 μL “LacI buffer”
(25 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 100 mM KCl) and
concentrated to a volume of 30 μL. A 1−6 μL aliquot of the
sample in 1× loading buffer (31.3 mM Tris-HCl (pH 6.8), 12%
glycerol) was loaded onto a 12% acrylamide gel (BioRad) and
run in native PAGE running buffer (25 mM Tris-HCl (pH 8.3),
192 mM glycine) at 100 V/8 mA/4 °C for 7 h. In-gel
fluorescence and Western blot analysis of the gel was
performed as described above.
To verify the charge of the LacI variants at pH 8.3 of the

native PAGE gel, isolectric points (pI) for the LacI variants
were calculated based on the amino acid sequences using the
ExPASy web server (http://web.expasy.org/compute_pi/). To
calculate the pI for the sulfo-Cy5-tet labeled LacI-Y12TCO*-
AK and LacI-A312TCO*-AK variants, we first calculated the pI
of the TCO*-AK-sulfo-Cy5-tet conjugate using ”Marvin
Sketch” version 16.6.27 software (Chemaxon). The pIs of the
entire TCO*-AK-sulfo-Cy5-tet bearing LacI variants were then
calculated from the amino acid sequences of LacI by replacing
the amino acid at the NcAA incorporation position with
cysteine. Cysteine was selected for the replacement due to the
closeness of its pI (5.02) to the pI of the TCO*-AK-sulfo-Cy5-
tet conjugate (pI = 4.89).

Fluorescence Labeling of LacI for Microscopy. For LacI
labeling, cells were grown in LB at 37 °C as described in the
“In-gel fluorescence analysis of LacI and OmpC labeling”
section and harvested for labeling at the following densities:
ΔOD600 = 0.6 (exponential phase) and ΔOD600 = 2−3
(stationary phase). The cells were collected by centrifugation at
5000g at ambient temperature for 5 min. The pellets were
washed with 1 mL of LB in seven to eight successive 1 h
washing steps at 37 °C/200 rpm. Between washes cells were
collected by centrifugation at 1700g at ambient temperature for
4 min. The cells were then resuspended in 1 mL of PBS and left
overnight on a shaker at ambient temperature. Prior to labeling,
the densities of the cell suspensions were adjusted to ΔOD600
= 3 with PBS. The ΔOD600 = 3 suspensions were mixed with
the tetrazine fluorophore to a final concentration of 0.1 or 2
μM and incubated at 37 °C/200 rpm for 30 min. The cells were
collected by centrifugation at 1700g at ambient temperature for
4 min. The pellets were washed with 1 mL of LB in seven to
eight successive 1 h washing steps at 37 °C/200 rpm. Between
washes cells were collected by centrifugation at 1700g at
ambient temperature for 4 min. The cells were then
resuspended in 1 mL of PBS and left overnight on a shaker
at ambient temperature. In the dye electroporation experiments
cells were subsequently washed with 6 × 1 mL of ice-cold 10%
(v/v) glycerol and resuspended in 10% ice-cold glycerol to a
ΔOD600 = 16. Then, 50 μL samples of the glycerol-washed
suspensions were mixed with sulfo-Cy5-tet to a final
concentration of 2 μM and electroporated in presterilized 0.1
cm gap-width electroporation cuvettes (Molecular Bioproducts,
Inc.) at a field density of 1.8 kV/cm in a MicroPulser
electroporation apparatus (BioRad). Immediately upon electro-
poration the samples were diluted with 200 μL of LB, and cells
were recovered at 37 °C for 1.5 h followed by 6 washes with 1
mL of LB over 12 h on a shaker at ambient temperature.

Fluorescence Labeling of OmpC for Microscopy.
C321.ΔA.exp or BW25993 cells harboring pEVOL and the
pBAD24-OmpC-D311TAG or pBAD24-OmpC-WT constructs
were grown overnight in LB at 37 °C/200 rpm in the presence
of 50 μg/mL chloramphenicol and 100 μg/mL carbenicillin.
The cells were diluted to a ΔOD600 = 0.08 in M9/0.7%
glycerol/1×RPMI amino acids/15% LB and grown at 26 °C/
200 rpm in the presence of 1 mM TCO*-AK and 0.02% L-
arabinose (for OmpC-D311TCO*-AK) or 0.0002% L-arabinose
(for OmpC-WT). At ΔOD600 = 0.5−0.9 cells were collected
by centrifugation at 7200g ambient temperature for 15 min and
washed 5 times with the growth medium at 37 °C/200 rpm
over 5 h. Between washes, cells were collected by centrifugation
at 1700g at ambient temperature for 4 min. The cells were
resuspended in 1 mL of M9/0.8% glycerol and left on a rotary
shaker at 4 °C overnight. Cells were then resuspended in PBS
to ΔOD600 = 3 and incubated with 10 nM tetrazine
fluorophores at 37 °C for 20 min. Subsequently, cells were
first washed with 1 mL of M9/0.7% glycerol/1×RPMI amino
acids/15% LB at 37 °C/200 rpm over 1 h and then 5 times
with 1 mL of M9/0.8% glycerol at 37 °C/200 rpm over 5 h.

Fluorescence Imaging of Dye Treated Cells on
Agarose Pads. After the dye washout the densities of the
cell suspensions were adjusted to ΔOD600 = 30, and 0.6 μL
samples from those suspensions were pipetted on 4 × 4 mm
2% agarose pads (in M9 plus 0.8% glycerol). The pads were air-
dried at ambient temperature for 5 min and sealed with a
Hellmanex-III (Sigma) cleaned coverslip. The imaging speci-
men was mounted on a Nikon Ti Inverted microscope with the
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cell-covered side facing the objective. If not stated otherwise,
the fluorescence images were aquired at beam intensities of 10
W/cm2 (for Cy5-tet and ATTO647N-tet in LacI labeling) or
60 W/cm2 (for sulfo-Cy5-tet in OmpC labeling) of the 638 nm
laser at the sample plane. Cells receiving no dye treatment were
imaged as controls for background subtraction. White light
images were aquired using a white light lamp (Nikon
Instruments) and a condenser (TI-DF, Nikon Instruments)
attached to the microscope as an illumination source.
Fluorescence images were processed using Matlab and

visualized with ImageJ. Owing to a considerable cell-to-cell
variability in fluorescence uptake, the fluorescence images were
processed with a view of obtaining a balanced display of both
the highly and dimly fluorescent cells. The contrast-brightness
of the images was adjusted to a common intensity scale in the
following way (Figure S39). The lower pixel intensity threshold
was set equal to the mean plus three standard deviations of the
intensity of the images of cells receiving no dye treatment. The
upper pixel intensity threshold for the contrast adjustment was
calculated in two steps. First, pixel intensities from all images in
a sample were concatenated into a single intensity matrix and
the mean and standard deviation were calculated based on the
first and second quartile of the collected pixel intensities. The
upper threshold for the contrast adjustment was then set equal
to the mean plus three standard deviations of the sample with
the highest mean fluorescence signal.
Sample Preparation and Setup for OmpC Imaging in

Microfluidic Chips. The design, fabrication, and preparation
of microfluidic chips have been described previously.134 Briefly,
port holes (0.5 mm diameter) were punched out of the chip.
The chip was cleaned using scotch tape, and the chip and a
coverslip (40 mm diameter, 200 μm thick, Thermo-Scientific)
were then further cleaned by oxygen/UV plasma treatment
(UVO-cleaner 42-220, Jellight Co.) for 10 min followed by
treatment of both surfaces to be bonded with a high frequency
generator (ETP MODEL BD-20 V, Electro-Technic Products,
Inc.). The chip was dropped onto the treated surface of the
coverslip, and the bond was stabilized at 80 °C for 10 min. Just
prior to loading and running the chip, it was flooded with
deionized water.
Cells harboring the OmpC-D311TAG construct were grown

overnight at 37 °C/200 rpm in the presence of 50 μg/mL
chloramphenicol and 100 μg/mL carbenicillin. The cells were
diluted to ΔOD600 = 0.08 in 100 mL of M9 containing 0.7%
glycerol and supplemented with 1 mM TCO*-AK, 0.15% (v/v)
L-arabinose and 15% (v/v) LB. Cells were grown at 26 °C/200
rpm and harvested at ΔOD600 = 0.311. The cells were spun at
10 000g/ambient temperature for 10 min and washed 6 times
with 2 mL of growth medium over 5 h at ambient temperature.
Between washes cells were collected by centrifugation at 1700g
at ambient temperature for 4 min. The cells were kept at 4 °C
overnight in M9 plus 0.7% glycerol. On the following day the
cells were additionally washed 3 times with M9 plus 0.7%
glycerol at ambient temperature over 1.5 h and resuspended in
M9 plus 0.8% glycerol to a density ΔOD600 = 3.7. The cell
suspension was mixed with sulfo-Cy5-tet to a final concen-
tration of 10 nM and incubated at 37 °C/200 rpm for 20 min.
The cells were then pelleted at 1700g at ambient temperature
and washed 7 times with 1 mL M9 plus 0.8% glycerol at
ambient temperature over 4 h. The suspensions were stored at
4 °C overnight. On the following day the cells were pelleted at
1700g at ambient temperature and resuspended in 600 μL of
M9 plus 0.4% glycerol.

In preparation for the cell loading, reservoirs connected to
the microfluidic chip were filled with sterile “chip growth”
medium (M9, 0.4% glucose, 1×RPMI amino acids, 0.02% (v/v)
pluronic, 0.15 μg/mL D-biotin, 1 μg/mL thiamine hydro-
chloride), and the medium was degassed for approximately 40
min. The flow inside the microfluidic chip was controlled by
adjusting the elevation of the media reservoirs relative to the
sample. A 50 μL aliquot of the cells harboring Cy5-labeled
OmpC was spun down at 12000g for 30 s, concentrated in 200
μL of fresh “chip growth” medium and introduced into the chip
through the running waste port. Cells were caught in the traps
by introducing pressure waves into the tubing by manually
shaking the tubing, and once all traps were sufficiently occupied
(approximately 5−50 cells per trap), the direction of the flow in
the chamber was reversed, such that cells outside the traps were
exchanged with fresh medium. The cells were allowed to
acclimatize and grow at 37 °C for approximately 7 h before
imaging. The temperature was maintained using a custom-fitted
incubator hood (OKO LAB).
Each microcolony in a trap was imaged at a frame rate of 0.5

or 2 Hz for a total of 200 frames (100 or 400 s) with an
excitation laser exposure time of 150 ms (for the 2 Hz set) or
250 ms (for the 0.5 Hz set) per single frame at a beam intensity
of 290−660 W/cm2 of the 638 nm laser at the sample plane.
The fluorescence movies and brightfield images were acquired
on the EMCCD camera. The phase-contrast images were
acquired on the CCD chamera. The EMCCD camera gain was
set to 300 during the image acquisition.

Cell Geometry Determination and Analysis of
Fluorescence Images of Cells in Microfluidic Devices.
Cell contours of the cells imaged in the microfluidic devices
were determined from phase-contrast images. The phase
contrast images were first brought into register with the
brightfield images to allow the fluorescence movies to be
overlaid on the segmented images. A cell segmentation
algorithm was then used to detect cells in phase contrast
images.135 Cell width and length were computed using the
segmented cells to create an internal coordinate system.
An a ̀ trous wavelet three-plane decomposition was used for

spot detection.136 The spots were detected in the second
wavelet plane and significant wavelet coefficients were
determined through scale-dependent kσ-thresholding where σ
is the standard deviation of the second wavelet plane. The
standard deviation was estimated by the median absolute
deviation method137 and k was set to 3.5. The spot centers were
determined by a weighted centroid calculation from the pixel
regions obtained from the wavelet analysis. The frame
coordinates of each fluorescent particle were mapped into a
coordinate system internal to a segmented cell and the
trajectories of the fluorescent particles were constructed by
connecting points from consecutive frames in the fluorescent
movies and were kept if they consisted of at least 10 points.
The maximum allowed xy frame-to-frame displacements were
set to 250 nm. The diffusion coefficient and particle localization
errors were estimated from the mean-squared displacement
(msd) versus time curves of individual trajectories by a linear
regression. Points up to 1/3 of the maximal time lag for each
trajectory were used for the regression.
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