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fAbstract: Bioorthogonal reactions are ideally suited to selec-
tively modify proteins in complex environments, even in
vivo. Kinetics and product stability of these reactions are cru-
cial parameters to evaluate their usefulness for specific appli-
cations. Strain promoted inverse electron demand Diels—
Alder cycloadditions (SPIEDAC) between tetrazines and
strained alkenes or alkynes are particularly popular, as they
allow ultrafast labeling inside cells. In combination with ge-
netic code expansion (GCE)-a method that allows to incorpo-
rate noncanonical amino acids (ncAAs) site-specifically into
proteins in vivo. These reactions enable residue-specific fluo-
rophore attachment to proteins in living mammalian cells.
Several SPIEDAC capable ncAAs have been presented and

-

studied under diverse conditions, revealing different instabil-
ities ranging from educt decomposition to product loss due
to P-elimination. To identify which compounds yield the
best labeling inside living mammalian cells has frequently
been difficult. In this study we present a) the synthesis of
four new SPIEDAC reactive ncAAs that cannot undergo f-
elimination and b)a fluorescence flow cytometry based
FRET-assay to measure reaction kinetics inside living cells.
Our results, which at first sight can be seen conflicting with
some other studies, capture GCE-specific experimental con-
ditions, such as long-term exposure of the ring-strained
ncAA to living cells, that are not taken into account in other

assays.
/

Introduction

Bioorthogonal reactions are an essential part in the toolbox of
chemical biologists that strive to label and modify biomole-
cules in vivo. They can be used to label nucleic acids, sugars,
lipids and proteins. For the labeling of proteins, bioorthogo-
nal reactions can be exquisitely combined with genetic code
expansion (GCE) technology that enables the co-translational,
site-specific incorporation of reactive noncanonical amino
acids (ncAAs) into proteins.” To this end, an orthogonal tRNA/
aminoacyl-tRNA-synthetase pair is used to suppress a stop
codon in the protein of choice.”’ In order for such a pair to be

orthogonal to the host, it is crucial that the orthogonal tRNA is
not recognized by any endogenous tRNA-synthetase, while the
orthogonal tRNA-synthetase does not use any endogenous
tRNA or any canonical amino acids as a substrate.” For eukary-
otes, several GCE systems have been described,” however the
pyrrolysyl-tRNA/tRNA-synthetase systems (PyIRS/tRNA™) de-
rived from methanogenic archaea arguably represent the most
versatile and efficient ones, and therefore most commonly
used GCE tools in eukaryotes.” These PylIRS systems have
been used to encode a plethora of ncAAs, compatible with
several types of bioorthogonal reactions into proteins in living
cells. So far, the fastest, and one of the most potent bioorthog-
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onal reactions that has been encoded for in vivo labeling is the
strain-promoted inverse electron demand Diels—Alder cycload-
dition (SPIEDAC).”? Commonly a tetrazine is used as the diene
component, which readily reacts with a strained dienophile
like trans-cyclooctene or cyclooctyne.”®® Several ncAAs with
such ring strained side chains have been genetically encoded
using the PyIRS/tRNA™' system, these include some examples
of tyrosine derivatives® and various lysine derivatives, includ-
ing equatorial trans-cyclooct-4-ene- (1, TCO-E), axial trans-cy-
clooct-2-ene- (2, TCO*-A), cyclooctyne- (3, SCO, note that this
is a special case as it likely does not proceed with an inverse
electron demand®) and endo bicyclononyne-lysine (4,
BCN).[Zb_e]

For live cell labeling experiments, an ideal compound
should have a fast reaction rate, it should be stable prior to
the conjugation reaction and the reaction product should
remain stable. Therefore, it is of high interest to accurately
measure these reaction parameters in order to choose the best
possible ncAA. Kinetic parameters of the head group, the
amino acid or a purified protein have often been measured in
vitro and sometimes requiring even non-physiological buffers
due to solubility issues.”'™ SPIEDAC reactions have also been
evaluated using enzymatic methods to attach a reactive group
to a protein in vivo which is then subsequently modified with
the corresponding bioorthogonal reactive group.”*™ A recent
study found the head group of TCO*-A to be less reactive than
the head group of BCN."Y At first sight this seems to conflict
with the observation made by us and others that in GCE based
experiments TCO*-A outperforms BCN and yields the highest
contrast for fluorescence imaging, indicating most stable prod-
uct formation."” However, our observation in itself might al-
ready be counterintuitive, as the TCO*-A/tetrazine SPIEDAC re-
action products can undergo P-elimination," in which the flu-
orophore would be lost. The efficiency of this elimination pro-
cess depends on the solvent and on the tetrazine substitu-
ents" and it is clearly necessary to take it into account for
developing quantitative fluorescent labeling strategies in cells.
These conflicting data stress the importance of evaluating bio-
orthogonal reactions at application specific conditions, and
that kinetic and stability information cannot always easily be
transferred between different assays. This is particularly rele-
vant, for optimizing the labeling parameters in the complex
environment of a cell, as it is typically impossible to fully con-
trol all reaction parameters without interfering with the normal
physiology of the host.

While most commonly the dienophile is genetically encoded
into proteins, it is also possible to genetically encode the tetra-
zine."™ This technology was recently extended to mammalian
cells and it was shown that the genetically encoded tetrazine
can react fast with a particularly strained dienophile.”® For
fluorescence imaging based studies, this however comes with
a limitation. Dyes often tend to stick to various parts of the
cell and therefore fluorogenicity is an important feature to
enable better signal to noise ratios for in vivo applications."®
For tetrazine based SPIEDAC reactions it has been shown that
the tetrazine itself can serve as a quenching moiety for the or-
ganic fluorophore and thus the reaction with the dienophile
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leads to a substantial fluorescence increase.'”’ Therefore, it is

advantageous to genetically encode the dienophile and use
the tetrazine coupled to a dye as the fluorogenic probe. It is
thus of high interest to optimize the stability and reactivity of
the genetically encoded dienophile in order to enable the
access to the reported repertoire of fluorogenic tetrazine deriv-
atives."”

In this paper we present multiple advancements towards
this goal. i) We designed and synthesized four conceptually
novel ncAAs which cannot lose their fluorescent dye conjugate
due to B-elimination. i) We developed a simple, high-through-
put FRET-based assay to quantitatively measure relative reac-
tion kinetics of genetically encoded bioorthogonal handles di-
rectly in living cells using fluorescence flow cytometry (FFC),
see Figure 1 for a graphical overview. This assay enables the
faithful evaluation of labeling reactions under the actual in
vivo GCE conditions, simultaneously evaluating compound sta-
bility, reaction rate and product stability, and thereby the assay
enables the simple identification of the best ncAA for labeling
in living mammalian cells.

Results and Discussion

As we found TCO*-A so far to yield the highest contrast imag-
ing in eukaryotic cells,"®' we aimed to design ncAAs that
maintain the positive features of this compound (high reactivi-
ty) but less prone to losing their payload after conjugation.

To this end, we synthesized axial and equatorial aminometh-
yl-trans-cyclooct-2-ene-lysine (5, AmMTCO-E and 6, AmTCO-A)
based on the recently reported highly reactive AmTCO head
group. In addition, we synthesized, lactame-trans-cyclooct-2-
ene-lysine (7, TCO*N) and equatorial trans-cyclooct-2-ene
acetic acid (8, TCO*C-E). The synthesis procedure for the four
new ncAAs is shown in Scheme 1; for more details see Supple-
mentary Methods. Trans-cyclooctene moieties are usually syn-
thesized as alcohol derivatives, i.e. trans-cyclooctenols and
then connected as a carbamate to the amino acid backbone.
In brief, AMTCO-E and AmTCO-A instead are connected to the
lysine residue via a urea functionality, based on the hypothesis
that a different linkable group on the trans-cyclooctene moiety
could help tuning the properties of the resulting conjugates.
In TCO*C-E the trans-cyclooctene moiety is attached to the
lysine backbone via an amide bond instead of the carbamate
found in TCO*-A.

These three amino acids lack the carbamate in 3 position to
the double bond and should be less susceptible to undergoing
[B-elimination. For TCO*N a different strategy was envisioned
to suppress payload loss. Here [3-elimination can still occur, but
due to the lactam bond in the 3-position the payload would
still remain attached to the protein.

In addition to the already mentioned ncAAs, we also tested
methylene-trans-cyclooct-2-ene- (9, TCO*linker-A) and cyclo-
propene-lysine (10, CpK).*”

In GCE experiments the ncAA bearing the reactive group is
incorporated into the protein of interest during translation.
This process is very slow and hence the reactive group is ex-
posed to the cellular environment for a much longer period of
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Figure 1. In cellulo FRET measurements to obtain kinetics inside living mammalian cells. a) EGFP with a site-specifically incorporated ncAA is expressed in
HEK293T cells. A tetrazine-dye conjugate is added at defined concentrations and FRET from EGFP to the dye is measured in a time resolved fashion (EGFP
structure PDB 2y0g""®). The relative Eg is calculated for every time point and plotted against the time. From these data an observed reaction rate constant
(kops is calculated for each concentration and plotted against the dye concentration. Finally, a pseudo first-order reaction rate constant (ko) is calculated from
these data. b) Chemical structures of ncAAs analyzed in this work. Newly synthesized ncAAs are highlighted with a green background.

1)Csl

2) Na,SO,, KOH AgNO,

1) CICO,C,H,NO,,

Pyridine

Q (pH 6 -8) Q( hv Q:( 2) Fmoc-Lys, DIPEA,
NH < : ‘I\g/ \/\/x)k
13

b
) PMe,, DEAD, 1) NaOH
CH(CO,CH,), 2) AcOH
e s
OH CO,Et
fco Et
c)
1) Hydrazine

2) Fmoc-Lys-OMe, DIPEA, 4-Nitrophenyl chloroformate

14 R = Fmoc
Piperidine
7R=H
1) TSTU,
DIPEA
2 Fmoc-Lys o NHR
- 5 be
.,,COH )J\N OH
H
16 17 R = Fmoc

Piperidine |:
8R=H

o
&N
18 (diastereomere mixture)
19, 20 (equatorial/axial isomer)

\g/ M\/ﬁ‘)kow
HR?

R' = Me, R? = Fmoc; 21 (diasteromere mixture),
22, 23 (equatorial/equatorial isomer)

R', R? = H; 24 (diasteromere mixture),
5, 6 (equatorial/axial isomer)

Scheme 1. Synthesis of TCO* derivatives. a) Synthesis of TCO*N, b) synthesis of TCO*C-E and c) synthesis of AmTCO-A and AmTCO-E. The synthesis of 18-20

was described before.'”

time, as compared to for example other SPIEDAC reactive
assays where the compounds are only added for a short time
to the cell™ We thus aimed to develop an assay that allows
to directly assess the reaction speed and product stability in
living cells.

The first step for our assay development was to determine
appropriate ncAA concentrations to obtain similar amber sup-
pression levels by titrating the ncAAs in transient transfection
experiments (Figure S1). Then we expressed EGFPY°™¢ with
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the respective ncAA in HEK293T cells, washed out excess ncAA
and labeled EGFP™*"** with three different concentrations of a
silicone rhodamine tetrazine conjugate (SiR-tet). We aimed for
a comparatively low EGFP expression level to avoid aggrega-
tion or accumulation of EGFP in the cell as well as ensuring a
pseudo-first-order reaction with the tetrazine group. The posi-
tion of the amber stop codon at Y39 in the EGFP protein was
selected to ensure that the fluorophore of EGFP and the at-
tached fluorophore of the tetrazine-dye conjugate are in close

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Full Paper

Chemistry
Europe

European Chemical

Chemistry—A European Journal doi.org/10.1002/chem.202100322

Societies Publishing

10 ) 10° 3 10° 10°4 r 10°4
3‘ 1044 1044 104 104+ %/ 1044
< ; 3
= 10 10° 10° 10°4 : 10°
w104 ® 300 min 1024 ® 300 min 1074 ® 300 min| 1074 ©® 300 min| 1074 ® 300 min|
0 ©® 30 min 04 ® 30 min 0+ ©® 30 min 04 ® 30 min 0+ @ 30 min
041 ® 0 min 1004 2 ® 0 min 1024 3 ® 0 min 1044 ® 0 min 1024 B ® 0 min
0 10 100 10° 0 100 100 10° o 10 100 10° o 10 10t 100 To 10 10f 10°

GFP fluorescence [A.U.]

Figure 2. In cellulo FRET based kinetic measurements to evaluate bioorthogonal reactions in vivo. HEK293T transiently expressing PyIRS, tRNA™' and EGF-
PY39neA (with either of the ncAAs 1-5) were labeled with 1 pm SiR-tet and analyzed via FFC after indicated time points. The FFC plots show overlays of the
GFP fluorescence vs. FRET signal of cells for each ncAA before labeling (0 min, black) as well as 30 (magenta) and 300 minutes (cyan) after addition of SiR-tet.
For this analysis only cells above a GFP threshold of 4x 10> A.U. are taken into account (each dot shows the fluorescence/FRET values of a single cell).

proximity to enable efficient FRET from EGFP to the dye. We
took samples after appropriate time points and measured
EGFP fluorescence as well as the resulting FRET signal via FFC.
We subsequently calculated the relative FRET efficiency (Erger)
for each dye concentration over time, determined the ob-
served reaction rate constant (kg), and used this concentra-
tion dependent value to calculate the pseudo-first-order rate
constant kg, (Figure 1). Additionally, we also calculated the
maximal reached value of Eqe which we term relative Egeryax
namely the highest Eqgr signal at the highest dye concentra-
tion for each ncAA. Assuming that the FRET efficiency and
quantum efficiency of the fluorophores used is initially con-
stant across all experimental conditions, this value can be seen
as a relative estimate of the educt stability after expression,
that is, how much reactive ncAA was present at the start of
the labeling experiment. We also observed the Eqg; over an ex-
tended period of time (>3h). In some cases the reaction
curves reached a temporary maximum and afterwards a slight
drop in Egper occurred. This is indicative of decaging or forma-
tion of a nonfluorescent species over time. To estimate this
effect, we also report Eqgerrings that is, the measured Eqer after
5 h of measurement, which can be seen as a relative parameter
to compare fluorescent product stabilities.

Using our new in cellulo FRET assay, we observed both rapid
and highly efficient labeling for TCO-E, TCO*-A, BCN, AmTCO-E
and TCO*linker-A (Figure 2, Figures 3, S2 and S3). The fastest of
these is AmTCO-E with ko, above 20000m's™', however it
only reaches an Egermax Of less than 0.6, its axial isomer
AmTCO-A reacts similarly fast but reaches an even lower Eggr.
wax Of merely 0.2. The low relative Eggeruax for these two com-
pounds is likely caused by instability of the ncAA prior to reac-
tion. The ncAA with second highest k,, of about 15000m~"s™"
is TCO-E, which also reaches a high relative Eqgerpmax Of 0.8. BCN
and TCO*-A react slower and both exhibit a reaction rate con-
stant of about 10000m~'s™', but both also reach a relative
Ergermax Of 0.8. TCO*linker-A is even a bit slower with a kg, of
approximately 6000m~"s™', but it also reaches a relative Eqger
wax Of 0.8. TCO*N and TCO*C-E also reach high relative Ergeryax
values of 0.8 but they react comparatively slow with a kg,
below 2000Mm 's™'. Expectedly, the reaction proceeds even
slower for SCO and CpK (Figures 2, 3 and S3).

Within 5 hours TCO*-A, and TCO-E loose about 7% relative
Errer TCO*linker-A looses 10%, while AmTCO-E looses about
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Figure 3. Kinetic parameters of SPIEDAC reactions in cellulo. a) Bar graph
showing the measured in cellulo reaction rates for the ncAAs. Shown are the
mean values with SEM for at least three independent experiments. b) Bar
graph showing the measured relative Eqperyax Values for the ncAAs as well
as the Epperrina (relative Eqgerafter 5 hours). Shown are the mean values with
SEM for at least three independent experiments.

15% (Figures 2, 3 and S3). For SCO and BCN we observe no
substantial loss of relative Eqger during the entire measurement
window. In the case of TCO*-A this is most likely caused by [3-
elimination as reported previously."”® As TCO-E and AmTCO-E
cannot undergo B-elimination, the signal loss can potentially
be attributed to another form of product instability or an alter-
native dye quenching mechanism.”" In the case of AmTCO-E,
the reaction at 37°C was too fast to faithfully calculate kgy,. To
overcome this bottleneck, we measured TCO-E, AmTCO-A and
TCO*-A also on ice (Figure S4). Here, AmTCO-E also showed
faster labeling rates than TCO*-A and TCO-E, but did not reach
the same relative Eqgeruax- Overall, these data reveal that, while
our new compounds showed partially better characteristics
then TCO*-A or BCN, in total they are not better choices for
GCE based fluorescence labeling than these two.

Already in preliminary screening experiments, we discovered
one previously hardly used compound TCO-E which reacted
even faster than TCO*-A. However, TCO-E was only poorly ac-
cepted by the known PylRS mutants, and thus yields very low
incorporation efficiency explaining why this compound was
rarely used. To increase the incorporation efficiency of TCO-E,
we performed a synthetase library screening. Therefore, five
positions in the binding pocket of PylRS* were mutated to
any of the 20 amino acids at these positions. The library was
selected via chloramphenicol resistance (positive selection) and
barnase expression (negative selection).”? The resulting PyIRS

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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variant (PylRS"™') containing the mutations Y306A, L309M,
C348G, Y384F and 1405R showed up to five-fold higher incor-
poration efficiency (Figure S5). This new mutant also showed
better performance for TCO-E incorporation and was used for
all experiments shown, demonstrating that in fact TCO-E reacts
substantially faster than TCO*-A and also reaches a comparable
relative Eqpervax (Figures 2, 3). Interestingly, the corresponding
axial isomer (TCO-A) is completely unreactive in mammalian
cells and when testing proteins purified from E. coli (Figure S6).
This seems to contrasts the previously reported higher reactivi-
ty of the axial TCO isomer compared to the equatorial iso-
mer.[ﬂe]

To better understand the origin of some of those discrepan-
cies, we also performed a set of in vitro experiments. To this
end, we measured reaction kinetics in vitro using EGFP, with
site-specifically inserted ncAAs purified from E. coli.

To measure the kinetics we labeled the protein with a 3-(p-
benzylamino)-1,2,4,5-tetrazine-Cy5 (Cy5-tet) conjugate and fol-
lowed the increasing FRET from EGFP to Cy5. In good agree-
ment with the in cellulo data TCO*-A reacts rapidly and almost
quantitatively, while SCO reacts slow but also quantitatively. In-
terestingly, BCN shows hardly any labeling in vitro, which indi-
cates that this compound decomposes almost completely
under these experimental conditions. In vitro, TCO-E shows
lower Egper than TCO*-A, which can potentially be attributed to
some extend to trans—cis isomerization of the double bond
(Figure S7). The isomer TCO-A is even less reactive, indicating a
further destabilization of the double bond in this isomer (Fig-
ure S6).

We confirmed that TCO-E and TCO-A both are highly reac-
tive as free amino acids by performing an LC-MS based mea-
surement (solvent 50% acetonitrile in water, Figure S8). Intrigu-
ingly, once the pure amino acids are incubated in LB medium
or E. coli cultures they quickly isomerize. Particularly, in E. coli
cultures grown in LB medium for 12 hours, 95% of TCO-A iso-
merized from trans to cis, while of TCO-E only 72% and of
TCO*-A merely 33% were in cis-conformation. In the same
time, 78% of BCN decomposed in E. coli cultures (Figure S9).

Conclusions

In this work we developed four novel ncAAs that after click la-
beling with a tetrazine should not be able to loose their pay-
load by p-elimination. We then developed a simple assay to
quantitatively compare the compounds for in cellulo labeling
experiments. We demonstrate that this assay can be executed
at different biologically relevant temperatures and it should
thus be possible to adapt this assay to any host system that is
amenable to FFC analysis.

With this assay we identified that our four new ncAAs can
undergo SPIEDAC reactions in living cells, we can confirm fast
labeling reactions for TCO*-A and BCN and we rediscover TCO-
E, a previously largely ignored ncAA, to exhibit very fast kinet-
ics as well as high educt and product stability in mammalian
cells. We also note that the synthesis of TCO*N turned out to
be impractical to yield the large amounts necessary for large
scale protein expression experiments.
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Strikingly, we observed that kinetics and stability measured
in cellulo can be different from those measured in vitro, high-
lighting that it is necessary to evaluate bioorthogonal reactions
under the relevant conditions of the host system. Therefore,
we hope that our new assay will find broad application for fur-
ther ncAA optimization.
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