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ABSTRACT: Genetic code expansion is a versatile method for in situ
synthesis of modified proteins. During mRNA translation, amber stop codons
are suppressed to site-specifically incorporate non-canonical amino acids. Thus,
nanobodies can be equipped with photocaged amino acids to control target
binding on demand. The efficiency of amber suppression and protein synthesis
can vary with unpredictable background expression, and the reasons are hardly
understood. Here, we identified a substantial limitation that prevented
synthesis of nanobodies with N-terminal modifications for light control.
After systematic analyses, we hypothesized that nanobody synthesis was
severely affected by ribosomal inaccuracy during the early phases of translation.
To circumvent a background-causing read-through of a premature stop codon,
we designed a new suppression concept based on ribosomal skipping. As an
example, we generated intrabodies with photoactivated target binding in
mammalian cells. The findings provide valuable insights into the genetic code
expansion and describe a versatile synthesis route for the generation of modified nanobodies that opens up new perspectives for
efficient site-specific integration of chemical tools. In the area of photopharmacology, our flexible intrabody concept builds an ideal
platform to modulate target protein function and interaction.
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■ INTRODUCTION

Conditional protein modifications are fundamental in the life
sciences. Genetic code expansion connects the versatility of
chemical synthesis to protein expression in living systems.1−10

Protein modifications can be inserted site-specifically via
natural translation machineries.11 By reprogramming the
genetic code, non-canonical amino acids bearing a modifica-
tion of choice are used in ribosomal polypeptide syn-
thesis.12−14 Non-canonical amino acids have many applications
in protein engineering, as they can be equipped with isotopes
for structural studies,15−17 photoreactive groups and post-
translational modifications for functional studies,18−29 reactive
groups for bio-orthogonal coupling,13,15,30−34 photocross-
linkers,1,22,35−40 infrared-active probes to follow conforma-
tional dynamics,6,36−41 fluorescent dyes for imaging,42−46

biotin analogues for high-affinity interactions with streptavi-
din,47 and stable phosphotyrosine analogues for analysis of
signal transduction.23,48 Site-specific incorporation is achieved
by suppressing a stop codon with an additional aminoacyl-
tRNA-synthetase (aaRS)/tRNA pair.4,14,49,50 In bacterial or
mammalian cells, the rarest amber codon (TAG) is most often
used to minimize suppression throughout the pro-
teome.5,6,12,33,51 However, the underlying processes of the
genetic code expansion are complex and hardly understood.6,7

For efficient protein synthesis, an ideal interplay of all chemical

and biological components is required.12,50 To date, no
standard approach for the screening of optimal parameters is
available. In mammalian cells, the in vivo synthesis of modified
proteins is further challenged by the relatively high abundance
(23%) of the amber codon, in contrast to only 9% in
Escherichia coli.52−54 The potential for incorporation in
response to endogenous amber codons can be partially
prevented by the cellular compartmentalization of the mRNA
using liquid-phase segregation or membrane recruitment.55,56

However, the problem of cells incorporating natural amino
acids at TAG codons is well known, particularly for Phe and
Tyr analogues. Though background-causing amino acids may
be dropped out of the media in E. coli,11,57 methods for
addressing this problem in eukaryotic species have not been
reported.
Here, we systematically identified a potential interference

factor and reported a novel synthesis strategy to circumvent
limitations for synthesis of modified nanobodies. After
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introducing an amber stop codon at a strategically defined
position in the 5′ region of the gene of interest (GOI), we
observed an inefficient termination of translation. The resulting
background expression impeded the synthesis of the modified
protein by genetic code expansion. A systematic analysis
revealed frequent read-through across the premature stop
codon. Recent studies using ribosome display technologies
reported reduced accuracy in early phases of translation in the
5′ region.58−61 We rationalized that premature amber stop
codons in nanobodies are prone to such infidelity. For amber
suppression with high efficiency, we present a new approach
that improves the fidelity of ribosomal synthesis, particularly
for amber stop codons present in the 5′ region of the mRNA.
As an outstanding example, we generated intrabodies with

photoactivated binding to intracellular antigens. The strategy
opens new avenues because intrabodies are ideal for imaging or
modulating intracellular targets. Controlling the protein
function with light enables experimental and therapeutic
applications with minimal interference and high spatiotemporal
precision. In general, genetic code expansion allows the
synthesis of photoactivatable (PA) proteins.21,26 To this end,
amino acids equipped with large photolabile protection groups
are site-specifically introduced at crucial positions. Active sites
and interaction interfaces, for example, constitute excellent
targets. In this context, we described the synthesis of a
conditional interaction pair via a genetic code expansion in a
stable human cell line.62 To generalize the concept to other
proteins and expression hosts and to reduce the amount of
work required, it would be beneficial to avoid stable genomic
integration. Moreover, synthesis based on transient trans-
fection would facilitate flexible tagging to modulate the target
protein.

■ RESULTS AND DISCUSSION

To generate a PA version of the α-GFP nanobody (enhancer),
an amber mutation was introduced at position Tyr37.63,64

Incorporation of a tyrosine analogue bearing a bulky
photolabile protection group controls target binding (Figure
1). After photocleavage, the native paratope is restored,
allowing rapid high-affinity binding of the target. For transient
transfection, we cloned the construct in a plasmid for
expression in mammalian cells (Figure 2a, construct I). To
visualize protein synthesis, we used a C-terminal fusion to the
red fluorescent protein mCherry. An engineered variant of the

pyrrolysyl-tRNA (PylT) synthetase (PylRS) pair from
Methanosarcina barkeri was co-transfected in order to suppress
the premature amber stop codon.26 First, we selected ortho-
nitrobenzyl-caged tyrosine (ONBY) to replace Tyr37 (Figure
2b).22 After transient transfection of HeLa cells, we analyzed
the synthesis efficiency of the PA nanobody (PANbmCherry) via
flow cytometry. The fluorescence intensities of cells expressing
the unmodified (UM) construct (UMNbmCherry) were used for
normalization (Figure S1). After solely transfecting the PAN-
bmCherry-encoding plasmid in the absence of ONBY, we
observed up to 40% cells with similar fluorescence intensities.11

High ratios of mCherry-positive cells indicated that the
premature amber codon did not terminate mRNA translation
in the absence of amber suppression components. In contrast,
30% positive cells were recorded under amber suppression
conditions by co-transfecting PANbmCherry with the orthogonal
aaRS/tRNA pair and supplementing the medium with ONBY
(Figure 2c). These results demonstrated insufficient suppres-
sion of the premature termination signal.
To improve amber suppression, we equipped the PAN-

bmCherry encoding plasmid with four additional copies of the
orthogonal tRNA (PylT)65,66 (Figure 2a, construct II). Here,
15% of mCherry-positive cells were observed under amber
suppression conditions, and 20% after solely transfecting the
plasmid in the absence of ONBY (Figure 2c). We excluded the
background expression of unfused mCherry by replacing the
start methionine with an alanine (Met1Ala) to eliminate the
possibility that this could be used as a translational initiation
site (Figure 2a, construct III). Again, high ratios of mCherry-
positive cells were recorded in the absence of amber
suppression components. To identify the source of mCherry
fluorescence, we analyzed the translation products in the cell
lysates by sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS-PAGE) and in-gel fluorescence. We observed
the full-length fusion construct NbmCherry in all samples.
Moreover, amber construct samples showed similar fluores-
cence intensities (Figure S2). These surprising results
indicated that the amber stop codon Tyr37TAG failed to
terminate translation efficiently. Consequently, the read-
through caused a background protein expression, competing
with efficient synthesis of the modifed protein.
One reason for insufficient termination of translation could

be an unbalanced mRNA/tRNA ratio. To harmonize the RNA
level, we cloned the constructs into a plasmid with a previously

Figure 1. Genetic code expansion enables the synthesis of the modified proteins (pink). To generate the functionalized proteins in living cells,
natural translation machineries are reprogrammed. Using an orthogonal aaRS/tRNA pair (beige), amber stop codons are suppressed to site-
specifically introduce a non-canonical amino acid (magenta). For photoactivated binding, photocaged tyrosine analogous are introduced at position
Tyr37 of the α-GFP nanobody (enhancer).
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described design for amber suppression.12,13,67 In this case, the
GOI is under control of the strong EF-1 alpha promoter and
amber suppression supported by four additional PylT copies
(Figure 2a, construct IV). After transient transfection, we
measured background expression by flow cytometry. Relative
to the UM construct, up to 90% cells showed similar
fluorescence intensities in the absence of suppression
components (Figure S3). Again, the amber stop codon
Tyr37TAG failed to terminate translation, indicating that
altering the mRNA/tRNA ratio did not prevent an undesired
read-through.
Recent advances in ribosome profiling and other technol-

ogies demonstrated reduced fidelity in early phases of
translation.58−61 We rationalized that the early amber codon
at position Tyr37 is prone to such inaccuracy. In a recent
study, we observed slightly increased amber suppression
efficiency by using a bicistronic translation approach.29 In
order to circumvent the NbmCherry background expression, we
developed a new approach inspired by the translation strategy
of the foot-and-mouth disease virus (Figure 1a, construct V).
First, we implemented an upstream encoded GOI to our
expression cassette to reduce translational slowdown and
inaccuracy. To analyze PANbmCherry binding, we co-expressed
the cognate target protein (EGFP), which can be fused to
many reference proteins via a multiple cloning site. As an initial
reference, we used the ER-resident transporter associated with
antigen processing (TAP1).68,69 Second, we connected both
gene constructs via the foot-and-mouth disease virus ribosomal
skipping site (F2A), which allows bicistronic translation of two
proteins (target and nanobody) in a single ribosome passage

(Figure 3a).29,70 Polycistronic mRNAs are a valuable strategy
for the expression of certain genes in mammalian cells that is
gaining increasing recognition.71 Parallel protein synthesis was
monitored using flow cytometry to detect the two fluorescent
reporters (Figure S4). In the absence of amber suppression
components, no mCherry-positive cells were detected (Figure
3b), while the expression of the GFP-tagged reference protein
indicated efficient transient transfection (Figure S4). Gratify-
ingly, the new approach restored the translational stop function
of the amber codon at position Tyr37. In contrast to all
previous approaches (constructs I−IV), efficient amber
suppression was observed after this complete silencing of the
background expression. By suppressing the amber codon with
ONBY, we observed up to 50% NbmCherry-positive cells (Figure
3b). To investigate the synthesis of PANbmCherry with improved
photodeprotection properties, we suppressed the amber codon
with nitropiperonyl-caged tyrosine (NPY). After transfection,
we observed 60% of cells that contained the PA intrabody
(Figure 3b). Background expression was minimal in the
absence of amber-suppression components. These results
demonstrate high fidelity in amber suppression and photo-
caged tyrosine incorporation. Importantly, the upstream
reference protein restored the functionality of the amber
codon at position Tyr37 and allowed efficient genetic code
expansion for the generation of photoconditional intrabodies.
For simplicity, we termed the new plasmid p2A-Amber (Figure
3a).
In contrast to the synthesis in stable cell lines, expression by

transient transfection is flexible toward other hosts, with no
need for stable transfection and tedious selection. To scale up

Figure 2. Synthesis of the modified protein in mammalian cells by amber suppression. (a) Expression cassettes for the generation of PANbmCherry

intrabodies by transient transfection. To site-specifically insert photocaged tyrosines (b), an amber codon was introduced at position Tyr37. For
amber suppression, an orthogonal aaRS/4xtRNA pair was co-transfected. (c) Quantity of Nbmcherry-positive cells after transient transfection of
expression cassettes under the control of the CMV promoter (constructs I−III), monitored by flow cytometry. The premature amber codon at
position Tyr37-inadequately terminated translation. Background expression limited sufficient amber suppression for the synthesis of PANbmCherry

(construct I). Efficient amber suppression was not achieved by encoding four additional copies of the orthogonal tRNA (construct II). The parallel
synthesis of unfused mCherry was excluded by the substitution of the potential start codon with an mCherry-M1A mutation (construct III). aaRS/
4xtRNA = NPYRS/4xPylT co-transfection, ONBY = medium supplemented with 0.25 mM ONBY. Living HeLa cells 24 h after transfection, mean
amount of n = 3 biological replicates ± SD.
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the synthesis of the modified protein, we analyzed our p2A-
Amber strategy in HEK293-F cells. After transient transfection,
we enriched PANbmCherry-positive cells by flow cytometry and
analyzed protein synthesis by SDS-PAGE (Figure S5). In-gel
fluorescence showed high levels of PANbmCherry and the
reference protein (TAP1EGFP) when ONBY was present. In
the absence of ONBY components, the amber codon
terminated the synthesis of the mCherry-tagged intrabody.
The analysis further validated efficient translational processing
and cleavage into the two proteins by the ribosomal skipping
site (Figure 3c).
Next, we analyzed the functionality of the inserted protein

modification. Using confocal laser scanning microscopy
(CLSM), we visualized PANbmCherry in living HeLa cells that
were transiently transfected with our new p2A-Amber
plasmids. Under amber suppression conditions with ONBY,
we observed a homogeneous distribution of PANbmCherry in the
cytosol (Figure 3d,e). The results confirmed that the
photocage blocked the high-affinity interaction with EGFP-
tagged target proteins in comparison to the UMNbmCherry

(Figure S6). Immediately after in situ photodeprotection, we
detected PANbmCherry binding of the antigen transport complex
(TAP1EGFP)69 or histone H2B located at the ER membrane or
the nucleus, respectively (Figure 3d,e). The same results were
obtained by generating PANbmCherry with NPY via a p2A-
Amber-mediated amber suppression (Figure S7). Collectively,
these results confirmed the efficient processing and synthesis of
PA intrabodies via genetic code expansion and ribosomal
skipping.
In general, synthesis of non-canonical amino acids is quite

laborious, and material consumption for genetic code
expansion is high. Especially for the purification of
recombinantly expressed proteins to homogeneity, large
quantities of non-canonical amino acids are required. To
optimize amber suppression, we combined our p2A-Amber
approach with a methyl ester NPY concept.72,73 The
generation of methyl esters promises enhanced membrane
crossing and protein incorporation.73 Accordingly, we
synthesized the methyl ester of NPY (NPY-Me) and quantified
genetic code expansion by flow cytometry (Figure S8a). By

Figure 3. Synthesis of the modified protein in mammalian cells using p2A-Amber. (a) Plasmid design circumvents ribosomal inaccuracy in early
phases of translation for efficient amber suppression by adding an upstream protein. As an example, the photoactivatable intrabody PANbmCherry is
generated. To facilitate intracellular binding analysis, a GFP-tagged reference protein was encoded upstream of the intrabody gene. The proteins are
separated during translation via a viral ribosomal skipping (F2A) site. (b) Amber suppression in HeLa cells monitored by flow cytometry. The
plasmid design of p2A-Amber restored the termination signal at the position Tyr37 of the PANbmCherry gene. Thereby, efficient amber suppression
generated site-specifically modified intrabodies by transient transfection. Relative to the unmodified (UM) protein UMNbmCherry, high quantity of
PANbmCherry-containing cells were observed via the C-terminal mCherry. Living HeLa cells 24 h after transfection, mean quantity of n = 3 biological
replicates ± SD. (c) Large-scale synthesis of the modified proteins by HEK-F cells after the transient transfection of p2A-Amber. In-gel fluorescence
of cell lysates (2.5 μg total protein), displaying efficient generation of PANbmCherry. Before SDS-PAGE, cells were analyzed by flow cytometry and
PANbmCherry-containing cells were enriched. Importantly, in the absence of ONBY, no PANbmCherry were observed. (d) In situ photoactivation of
PANbmCherry inside living cells. Intracellular binding of the ER resident reference protein TAP1EGFP was corroborated by co-localization. (e) Photo-
activated PANbmCherry binding of the reference histone protein H2BEGFP. Imaging conditions were adjusted to the level of the fluorescent protein
expression for cells transfected with H2BEGFP

| F2A |
UMNbmCherry. (d,e) CLSM live-cell imaging of living HeLa cells. Scale bar = 10 μm. (b−e)

Mammalian cells were transiently transfected with p2A-Amber containing the UM construct (UMNbmCherry) or the genetic code expansion construct
(PANbmCherry) with the premature amber codon at position Tyr37. For the suppression of the amber codon, cells were co-transfected with a plasmid
encoding an orthogonal aaRS/tRNA pair (aaRS/4xtRNA) and the medium was supplemented with photocaged tyrosine (0.25 mM, ONBY).

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.1c00471
ACS Synth. Biol. 2022, 11, 1466−1476

1469



using various concentrations of NPY and NPY-Me, we
systematically identified the optimal concentrations for
amber suppression. At high concentrations, NPY-Me seemed
to be toxic. However, we observed that a 25-fold lower
concentration of NPY-Me (only 10 μM) was sufficient to
evoke more than 60% of NPY-mediated amber suppression
(Figure S8). For large-scale expression studies, these results
will help to significantly decrease the amount of the precious
materials. These results pave the way for improved future
applications of this versatile sterically bulky UAA that has
excellent photophysical properties.26

■ CONCLUSIONS

We systematically identified a deadlock of a genetic code
expansion with nanobodies/intrabodies and circumvented
inefficient protein synthesis by a new translation strategy. In
this context, we identified that an early amber stop codon is
potentially prone to ribosomal infidelity during early phases of
mRNA translation corresponding to the N-terminal region of
the nascent chain. The resulting background expression can
severely affect the efficiency of amber suppression. We sought
to eliminate background by pre-starting translation with an
upstream gene. Inspired by the translational strategy of the
foot-and-mouth disease virus, we implemented a ribosomal
skipping site to separate both proteins during translation. The
new approach establishing plasmid p2A-Amber allowed
synthesis of modified nanobodies/intrabodies in mammalian
cells with high efficiency. Due to its productive translational
initiation, the resulting mRNA is likely to be highly stable,74

which will allow efficient expression of a variety of single-chain
binders for genetic code expansion. Correspondingly, we
generated photoactivatable intrabodies in mammalian cells,
which targeted different proteins in the ER membrane and
nucleus. Similar to the viral ribosome skipping site, N-terminal
fusions with the STELLA-tag, the GCE-tag, ubiquitin, SUMO,
and other ubiquitin-like proteins can be applied, which could
allow efficient genetic code expansion in 5′-regions of the
GOI.75−77 However, some proteins are potentially affected by
N-terminal fusions. For nanobodies, the N-terminus is located
close to the interaction-mediating CDR loops, which limits the
use of N-terminal fusions in general. Here, the p2A-Amber
approach facilitates simple and efficient co-translation of the
reference and target proteins, with no potentially interfering
changes to the latter.
Photoactivatable intrabodies are ideal tools to monitor or

modulate target proteins in living cells. We controlled binding
by introducing a photocaged tyrosine into the interaction
interface of the α-GFP enhancer nanobody (PANbmCherry).
Previously, we reported synthesis of photoactivatable intra-
bodies in stable mammalian cell lines. The new synthesis route
based on transient transfection allows flexible upgrades of
PANbmCherry with additional fusion tags for target protein
modulation. For example, combining PANbmCherry with a
degradation signal will allow photoconditional protein knock-
downs to study essential genes and complex pathways.
Additionally, the plasmid set facilitates the expression in
other cells and higher protein yields.
The direct contrast to our stable cell lines62 reveals further

details about underlying processes. Stable transfection enabled
a background-free synthesis of the modified nanobody. In this
case, gene expression was carefully controlled via tetracycline
induction to generate nearly endogenous protein levels. By
transient transfection, a strong overexpression is evoked. In the

case of transient transfection using conventional expression
plasmids, the high mRNA levels can increase the likelihood of
read-through events. Accordingly, we observed the highest
quantity of NbmCherry in the absence of amber suppression
components under these conditions (constructs I−IV). In the
presence of an orthogonal aaRS/tRNA pair, a competition of
read-through and amber suppression events further compli-
cates the procedure. By implementing a bicistronic expression
of an upstream encoded gene via p2A-Amber, this competition
is shifted toward amber suppression events.
Antibody/nanobody drug conjugates offer a broad range of

pharmaceutical applications. Our approach offers a direct route
to photopharmacology78,79 using therapeutic antibodies. For
conjugate generation, efficient synthesis and precise mod-
ification are key requirements.80,81 By using our p2A-Amber
strategy, high quantity of site-specifically modified nanobodies
can be expressed in human cells. Because our approach is
customizable, it can be a robust route for the synthesis of
nanobodies harboring other non-canonical amino acids for
various applications such as bioconjugation.
In summary, we acquired new insights about genetic code

expansion by amber suppression. We showed that an early
amber codon in nanobodies is prone to translational read-
through. Consequently, efficient incorporation of unnatural
amino acids is impeded. The novel plasmid design p2A-Amber,
inspired by the foot-and-mouth-disease virus, circumvents the
limitation. Hence, pA2-Amber offers efficient synthesis of
modified nanobodies or similar proteins. Our findings will help
to expand the toolbox of genetic code expansion and allow new
in vivo applications of chemically modified proteins.

■ MATERIALS AND METHODS

Molecular Biology. Enzymes for molecular biology were
used by following the manufacturers’ instructions. For DNA
amplification by PCR, Phusion high-fidelity DNA polymerase
was used. Ligation was performed using T4 DNA ligase. The
mCherry-tagged α-GFP enhancer (NbmCherry) was previously
cloned into pcDNA3.1(+) by PCR and restriction enzymes.82

The amber mutation at position Tyr37 was inserted as
previously described by site-directed mutagenesis using the
following primer pair: fwd 5′-AGC ATG CGT TGG TAG
CGT CAG GCA CCG-3′, rev 5′-CGG TGC CTG ACG CTA
CCA ACG CAT GCT-3′ (mutation in bold).62 For the
generation of a pcDNA3.1(+) construct with additional tRNA
copies (plasmid II), the plasmid SE323 with four PylT copies
under the control of individual U6 promotors was used. The
plasmid SE325 was kindly provided by Kathrin Lang (TU
Munich).13 All four tRNA genes were cloned by PCR and
endonuclease restriction into pcDNA3.1(+) encoding
NbmCherry with the amber mutation at position Tyr37. For
PCR, a primer pair introducing an upstream MfeI restriction
site and a downstream Bpu10I restriction site was applied.MfeI
fwd: 5′-GTG GCG CAA TTG GGG GAT ACG GGG AAA
AGG-3′, Bpu10I rev: 5′-GCG GTG CCT AAG CGG CAC
CGG AGC GAT CGC AGA T-3′ (restriction sites are
underlined). The mCherry mutant Met1Ala (plasmid III) was
generated by site-directed mutagenesis using the pcDNA3.1-
(+) plasmid encoding NbmCherry with amber mutation. Base-
exchange was performed with the following primer pair: fwd
5′-GTT AGC AGC GGT ACC GCG GTG AGC AAG GGC
GAG-3′ and rev 5′-CTC GCC CTT GCT CAC CGC GGT
ACC GCT GCT AAC-3′ (mutation in bold). For cloning of
the mammalian expression vector with additional tRNA copies
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and a moderate EF-1 alpha promotor (plasmid IV), the
NbmCherry genes were cloned via endonuclease restriction into
SE323 by exchanging a PylRS gene. Therefore, the UM
NbmCherry gene and the amber mutant encoded by pcDNA3.1-
(+) were amplified by PCR using a primer pair that maintained
an upstream NheI restriction site and inserted a downstream
BamHI restriction site. NheI fwd: 5′-AGA CCC AAG CTG
GCT AGC ACC-3′, BamHI rev 5′-GTG GCG GGA TCC
GGT TTA AAC GGG CCC TCT AGA-3′ (restriction sites
are underlined). A pcDNA3.1(+) plasmid encoding a multiple
cloning site and downstream mEGFP| 2A |NbmCherry with the
amber mutation at position Tyr37 of the nanobody was
designed for amber suppression after transient transfection
(construct V, p2A-Amber). The plasmid was synthesized by
GenScript. TAP1 or H2B was cloned into the multiple cloning
site via endonuclease restriction. The TAP1 gene was amplified
by PCR originating from a previously generated plasmid
encoding TAP1myc‑SBP

| 2A |TAP2mVenus‑His10.29 A primer pair
binding an upstream NheI restriction site and inserting a
downstream BamHI restriction site was applied. NheI fwd: 5′-
CCA AGC TGG CTA GCG TTT AAA CTT AAG CTT
AGC-3′, BamHI rev: 5′-GCG GGC GCT CAC GGA TCC
TTG TGG ACC ATC AGG AGC GTC AGC AGG AGC
CTG GAC-3′ (restriction sites are underlined). Furthermore,
the H2B gene for the generation of H2BEGFP

| 2A |
PANbmCherry

was obtained by endonuclease restriction, based on a
previously described plasmid encoding H2BEGFP. The plasmid
H2BEGFP in pEGFP-N1 was a gift from Geoffrey Wahl
(Addgene #11680). After endonuclease restriction using
HindIII upstream and BamHI downstream, the resulting
frameshift was removed by site-directed mutagenesis using the
following primer pair fwd: 5′-ACC AGC GCT AAG GAT
CCA ATG GTG AGC AAG GGC GAG-3′ and rev: 5'-CTC
GCC CTT GCT CAC CAT TGG ATC CTT AGC GCT
GGT-3′ (insertion bold). For the generation of the UM
intrabody (UMNbmCherry), the amber mutation Tyr37TAG of the
p2A-Amber constructs was exchanged toward the wild-type
tyrosine by site-directed mutagenesis. The following primer
pair with fwd 5′-CGT TAT AGC ATG CGT TGG TAT CGT
CAG GCA CCG-3′ and rev 5′-ACG TTC TTT ACC CGG

TGC CTG ACG ATA CCA ACG CAT GCT-3′ (mutation
underlined) was used. The plasmid encoding the orthogonal
aaRS/tRNA pair (NPYRS/4xPylT) was previously gener-
ated.26,62 The pyrrolysine tRNA synthetase (PylRS) of M.
barkeri contained the following mutations: L270F, L274M,
N311G, and C313G.26

Synthesis and Analytics of Non-Canonical Amino
Acids. NPY was synthesized using a procedure modified from
a published report.26 ONBY was purchased from Santa Cruz
Biotechnology. Compound identity was validated by mass
spectrometry (Figures S8−S11).
NPY-Me was synthesized as follows. All reagents and

solvents were obtained from commercial suppliers and used
without further purification. Reactions were monitored by thin-
layer chromatography (TLC) using glass-backed silica gel (60
Å, F254) plates (EMD Millipore). Flash chromatography was
performed with silica gel (Sorbtech, 60 Å, 230−400 mesh).
Nuclear magnetic resonance (NMR) spectra were obtained on
500 MHz or 600 MHz Bruker NMR spectrometers, and
chemical shifts are in δ units (ppm) relative to the solvent
signal. HRMS data were obtained using a Q Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Scientific)
(Scheme 1).

o-Nitropiperonyl Bromide. This compound was synthesized
by the Appel reaction according to literature procedures and
was obtained as a yellowish tan solid in 90% yield (2.39 g, 9.19
mmol). Characterization data matched reported results.83

(S)-2-Amino-3-(4-((6-nitrobenzo[d][1,3]dioxol-5-yl)-
methoxy)phenyl)propanoic Acid (NPY, 1). A solution of
copper sulfate pentahydrate (444.4 mg, 1.780 mmol, 0.5 equiv)
in water (1.5 mL) was added dropwise to a stirred solution of
L-tyrosine (645.0 mg, 3.564 mmol) in 2 M NaOH (2.8 mL, 5.6
mmol, 1.6 equiv) at 70 °C. After 1 h, the reaction mixture was
cooled to 40 °C, and MeOH (10 mL) and additional 2 M
NaOH (1.9 mL, 1.8 mmol, 0.5 equiv) was added. o-
Nitropiperonyl bromide (984.1 mg, 3.784 mmol, 1.06 equiv)
was added in 10 portions over 15 min. The mixture was stirred
for 2 days at 40 °C in the exclusion of light (in a vial wrapped
in aluminum foil). The mixture was centrifuged (500g, 1 min)
and washed three times by resuspending in 1:3 MeOH/water

Scheme 1. Synthesis of NPY (1) and NPY-Me (2) via Reaction of a Dityrosine−Cu2+ Complex with o-NPBr and Removal of
the Cu2+ by Heating with a Solution Containing Excess Ethylenediaminetetraacetic acid (EDTA)
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(10 mL) with a vortex mixer, repeating the centrifugation step,
and discarding the supernatant. A solution of disodium EDTA
dihydrate (796.6 mg, 2.140 mmol, 0.6 equiv) in water (10 mL)
was added, and the mixture was stirred at 70 °C overnight. The
product was cooled and was filtered in a funnel containing a
glass frit and was washed with ice-cold water (20 mL) and ice-
cold acetone (2 × 15 mL). The remaining solids were dried in
vacuo, affording the product as a beige solid in a 85% yield
overall (1.08 g, 3.01 mmol). Characterization data matched
reported results.26

Methyl (S)-2-Amino-3-(4-((6-nitrobenzo[d][1,3]dioxol-5-
yl)methoxy)phenyl)propanoate (NPY-Me, 2). NPY (99.0
mg, 0.275 mmol) was added to a methanolic solution of 1
M HCl that had been prepared by adding AcCl (210 μL, 3.00
mmol) dropwise to anhydrous MeOH (3.0 mL) in a flame-
dried vial on ice. The reaction mixture was allowed to warm to
room temperature and was stirred overnight [note: TLC
analysis (84:15:1 EtOAc/MeOH/Et3N) of the reaction
mixture shows a spurious spot at the baseline; a 1 M HCl in
MeOH blank also produces this spot, suggesting that the
solution destroys the TLC fluorescent indicator]. The reaction
mixture was concentrated onto silica gel in vacuo. A silica gel
column was neutralized by equilibration with 0.1% (v/v) Et3N
in EtOAc, and the sample was purified by flash chromatog-
raphy (99:1 → 75:25 EtOAc/MeOH), affording the product
as a pale yellow powder in quantitative yield (104.3 mg, 0.2789
mmol). 1H NMR (600 MHz, DMSO-d6): δ (ppm): 3.06 (m,
1H), 3.14 (m, 1H), 3.66 (s, 3H), 4.17 (t, J = 6.6 Hz, 1H), 5.35
(s, 2H), 6.26 (s, 2H), 6.96 (d, 3J = 8.4 Hz, 2H), 7.17 (d, 3J =
8.4 Hz, 2H), 7.26 (s, 1H), 7.74 (s, 1H), 8.74 (br s, 2H); 13C
NMR (151.1 MHz, DMSO-d6): δ (ppm): 35.4, 53.0, 53.8,
67.0, 104.1, 106.0, 108.3, 115.4, 127.8, 130.5, 131.2, 141.8,
147.7, 152.6, 157.5, 169.9; HRMS-ESI (m/z) [M + H]+ calcd
for C18H19O7N2: 375.11868 Da, found 375.11741 Da.
Mass Spectrometry. Photocaged tyrosines, ONBY and

NPY solved in phosphate buffered saline (PBS), were analyzed
using a Waters BioAccord system running UNIFY 1.9.4.
Individual samples were separated within an Acquity BEH C18
column (1.7 μm, 2.1 mm × 100 mm) and subjected to ESI-
TOF mass spectrometry using a cone voltage of 30 V and
capillary voltage of 0.8 kV in positive polarity.
Cell Culture. Adherent mammalian cells (HeLa, HEK293-

F) were maintained in Dulbecco’s modified Eagle medium
(DMEM) containing 4.5 g/L glucose, supplied with 10% (v/v)
fetal calf serum (FCS) in T75 cell culture flasks. For passaging,
cells were detached by using PBS (Sigma-Aldrich) and 0.05%
trypsin−EDTA (Gibco) every 2−3 days. Cells were cultivated
in a tissue culture incubator at 37 °C and humidified with 5%
CO2. Following the established guidelines, mycoplasma
contamination tests were regularly carried out.84 For live-cell
imaging of HeLa cells, 2.5 × 104 cells were seeded per glass-
bottom 8-well imaging slide. For flow cytometry analysis of
HeLa cells, 5 × 105 cells were seeded per 6-well, harvested
using PBS and 0.05% trypsin−EDTA, washed once with
DMEM and once with PBS. To establish suspension cultures
of HEK293-F cells for high-scale synthesis of PANbmCherry,
adherent cells were detached using PBS and 0.05% trypsin/
0.02% EDTA/PBS. Cells were pelleted, washed in PBS (800 g,
5 min, RT), and resuspended in 100 mL of FreeStyle 293
medium. The suspension culture was incubated at 37 °C, 5%
CO2, and 125 rpm in 1 L Erlenmeyer flasks. For flow
cytometry and cell sorting, cells were pelleted (800 g, 8 min, 4
°C) and washed twice with PBS before analysis.

Cell Transfection and Amber Suppression. For the
expression analysis of the various plasmid I−V, HeLa cells
were transiently transfected using Lipofectamine 2000
according to the manufacturer’s instructions. Solubilized
HEK293-F cells were transiently transfected using PEI for a
large-scale expression. Two days before transfection, HEK293-
F cultures were adjusted to 1 × 106 cells/mL. One day before
transfection, cell concentrations were reduced to 0.5 × 106

cells/mL. For the transfection of a 100 mL culture, two
mixtures were prepared. 100 μg of the plasmid (200 μg for co-
transfection, 1:1 ratio) was diluted in 3.9 mL of Opti-MEM. In
parallel, 400 μL of PEI (18 mM) was added to 3.25 mL of
Opti-MEM. After 5 min, both solutions were mixed and
incubated for 30 min at room temperature. For transfection,
the solution was carefully added to the cell flasks. In order to
ensure an optimal mixture, flasks were gently agitated during
the procedure. To enable genetic code expansion by amber
suppression, cells were co-transfected with the respective
plasmids (constructs I−V, aaRS/4xtRNA), and 4−6 h later the
medium was supplemented with non-canonical amino acids.
For adherent cells, the medium was exchanged with DMEM,
4.5 g/L glucose, 10% (v/v) FCS, containing 250 μM ONBY or
NPY, respectively. Stock solutions of the non-canonical amino
acids were prepared in 100 mM NaOH and sterile-filtered.
After stock addition to DMEM medium, the pH was
neutralized by the same volume of 100 mM sterile-filtered
HCl. NPY-Me was dissolved in dry DMSO at 50 mM to
generate a stock solution. For suspension HEK293-F cultures,
stocks of non-canonical amino acid and HCl were added in
parallel to the cells cultured in the FreeStyle 293 medium.
Again, flasks were gently agitated during the procedure. For
optimal amber suppression, cells were cultivated in the
corresponding medium for 24−48 h after transfection.

Flow Cytometry and Analysis. To analyze the synthesis
of the modified proteins, the C-terminal mCherry tag was
recorded via flow cytometry. For quantification, amounts of
cells showing fluorescence intensities similar to the UM
intrabody were used. Samples were recorded in biological
triplicates by fluorescent-activated cell sorting (FACSMelody,
BD Biosciences). mCherry fluorescence was excited with a 561
nm laser line and passed through a 613/18/LP605/10 filter
set. To all samples, standard gates for doublet discrimination
were applied. Flow cytometry data were evaluated using
FlowJo 10.6.2 (BD), with the cell count of a mCherry
transfection gate evaluated and plotted in OriginPro 2020
(OriginLab). For amber suppression efficiency analysis, the cell
portions of the doublet-discriminated cells in the amber-
supression gate were background corrected and normalized to
the highest applied NPY concentration. Background correction
was performed with a UAA-free sample. For the sorting of
HEK293-F cells showing mCherry fluorescence in the range of
UMNbmCherry, a 100 mL culture was used.

Fluorescence Microscopy and Intrabody Photoacti-
vation. For live cell CLSM imaging, cells cultivated in 8-well
cell culture chambers were rinsed once and covered with a
Ringer’s solution (145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1
mM MgCl2, 10 mM HEPES, 10 mM glucose, pH 7.4). During
imaging, chambers were incubated at 37 °C and humidified
with 5% CO2. Images were acquired by a confocal laser-
scanning microscope (Zeiss LSM 880) combined with a Plan-
Apochromat 63x/1.4 Oil DIC objective. Excitation of EGFP
was achieved by using a 488 nm argon laser and of mCherry by
a 543 nm helium-neon laser. To exclude fluorescence cross-
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talk, sequential track imaging was used. For photoactivation of
PANbmCherry, a bleaching function with 250 iterations, 50 cycles
using a 405 nm diode (4.5 mW/μm2) was applied. The whole
region of interest was illuminated.
In-Gel Fluorescence and Immunoblotting. Synthesis of

UM/PANbmCherry was analyzed by in-gel fluorescence. To
visualize the expression in adherent cells, HeLa cells were
transiently transfected in 6-well plates. 5 × 105 cells were
seeded in a 6-well plate. After 24 h, transient transfection using
Lipofectamine 2000 was performed to initialize amber
suppression. Cells were harvested on the following day by
using PBS/0.05% trypsin−EDTA. The samples were pelleted
(800 g, 4 °C) and washed once with DMEM to remove trypsin
and once in PBS. For suspension HEK293-F cells, two PBS
washing steps were applied. The obtained pellets were lysed in
RIPA buffer containing 1% (v/v) benzonase and 1% (v/v)
protease-inhibitor mix HP. The pellet of one 6-well plate was
incubated in 30 μL of lysis buffer for 1 h (end-over-end
rotation, RT). For HEK293-F cells, 100 μL lysis buffer was
used. Subsequently, lysates were centrifuged (21,000 g, 30 min,
4 °C) and the supernatant collected. The obtained lysate
protein concentration was determined by the Bradford assay
(Pierce Detergent Compatible Bradford Assay Kit). To analyze
the size of the synthesized protein by in-gel fluorescence,
lysates were separated by discontinuous Tris/glycine SDS-
PAGE (12%). Samples were prepared using a fivefold loading
buffer concentrate with 30% (v/v) glycerol, 10% (w/v) SDS,
0.02% (w/v) Bromophenol Blue, and 250 mM Tris/HCl pH
6.8. After electrophoresis, the gel was washed three times with
ddH2O. In-gel fluorescence was analyzed using a gel and blot
imaging system (Fusion FX imaging system, Vilber). EGFP
was excited with 480 nm and detected using a 535 nm narrow
band pass filter. For the detection of mCherry, a 530 nm and a
585 nm narrow band pass filter was used. As a loading control
for in-gel fluorescence, an anti-GAPDH immunoblotting was
performed. After imaging the samples, gels were semi-dry
blotted on nitrocellulose membranes. The membranes were
blocked in TBS-T supplemented with a 5% (w/v) skim milk
powder (1 h, RT). Subsequently, membranes were washed
three times in TBS-T. For immediate GAPDH detection,
Direct-Blot HRP anti-GAPDH antibody was diluted 1:2000 in
blocking buffer. Antibodies and membranes were incubated
overnight at 4 °C. Before analysis, three washing steps with
TBS-T were applied to remove unbound antibodies. For the
chemiluminescent detection of the HRP conjugate, an ECL
solution (Clarity Western ECL Substrate, Bio-Rad) was used
in a gel and blot imaging system (Fusion FX imaging system,
Vilber).
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