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Abstract: The use of photoactivatable dyes in STED microscopy has so far been limited by two-photon activation
through the STED beam and by the fact that photoactivatable dyes are poorly solvable in water. Herein, we report
ONB-2SiR, a fluorophore that can be both photoactivated in
the UV and specifically de-excited by STED at 775 nm. Like-

wise, we introduce a conjugation and purification protocol
to effectively label primary and secondary antibodies with
moderately water-soluble dyes. Greatly reducing dye aggregation, our technique provides a defined and tunable
degree of labeling, and improves the imaging performance
of dye conjugates in general.

Introduction

FLUX[9]) allows achieving even molecule-scale resolution in
lens-based fluorescence microscopy. In any case, all superresolution microscopy approaches require fluorophores with properties tailored to the particular imaging technique.
Multiple pathways can be taken in order to convert non-fluorescent molecules to fluorophores and vice versa. Besides reversibly photo-switchable fluorescent dyes, which rarely provide sufficient contrast between the non-fluorescent and fluorescent states, irreversibly ‘photoactivatable’ dyes are the most
common and abundant. Photoactivation (i.e. conversion into a
state in which the dye can be excited to fluorescence) of organic dyes is often based on a Wolff rearrangement[10] or Norrish Type II reactions.[11] The most important features of a good
photoactivatable fluorophore are a high photoconversion
degree, bright fluorescence, good water-solubility, and insensitivity to light other than the specific activation wavelength.
Among the most useful types of fluorophores suitable for superresolution microscopy are rhodamines, carbopyronines, silicon rhodamines and related xanthene structures with extended conjugated systems. The switching capacity for these structures is often achieved by transfer to a poorly conjugated
system; in particular, cyclic and uncharged derivatives (esters,
amides) formed upon an intramolecular nucleophilic attack.
While such transformations significantly decrease water-solubility, thus making bioconjugation quite challenging, the hydrophilic properties can be restored by the use of polar groups
and linkers.[12] Such „masked“ fluorophores have been extensively used for single-molecule localization microscopy.[13]
Nonetheless, the combination of a photoactivation and STED
imaging offers unique possibilities in superresolution, such as
counting the number of fluorophores participating in STED
imaging.[14] The spatial control of the active fluorophores can
be used to protect the fluorophores from bleaching by the
STED laser and to increase the spatial resolution. On the other

The conversion of a non-fluorescent compound into a fluorescent form and back is at the heart of fluorescence microscopy
(nanoscopy) with diffraction-unlimited spatial resolution. While
the earliest methods (STED,[1] GSD,[2] (S)SIM,[3] RESOLFT[4]) utilized structured light patterns to modulate the emission capability of fluorophores in order to make adjacent details distinguishable, the methods called STORM,[5] PALM,[6] GSDIM[7] or
dSTORM[8] made nearby features distinguishable by individually
switching the marker molecules to an emissive state for a brief
period of detection and localization. The combined use of
single molecule switching (activation and de-activation) for
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hand, realizing this combination brings about additional complexity, since high resolution STED microscopy entails relatively
high photon fluxes eliciting uncontrolled activation by twophoton absorption from the typically pulsed STED laser
beam.[13b] Silicon rhodamines (SiR) are widely used in fluorescence microscopy and STED nanoscopy, especially for live-cell
imaging. A photoactivatable SiR with photocleavable 4,5-dimethoxy-2-nitrobenzyl (DiMeO-ONB) groups was reported and applied in photoactivation localization microscopy (PALM) of
actin.[13d] However, this caging group is cleaved by the STED
light, which precludes its use in STED nanoscopy. We found
that the activation by the STED beam may be as high as 10 %
after one scan, thus making any prior sequential (time-lapse)
measurements of other fluorophores impossible due to progressively increasing activation of DiMeO-ONB. We introduce a
photoactivatable SiR (ONB-2SiR, see Scheme 1), which has
been designed to overcome this drawback. In STED nanoscopy,
ONB-2SiR produces images with excellent quality and without
two-photon activation. Without the use of complex solubilizing
modifications of the structure, we introduce a general conjugation and purification technique, which overcomes the limitations associated with low water-solubility and dye aggregation
that would lead to low degrees of labelling (DOL) and unspecific antibody staining. We expect this protocol to be applica-

ble and efficient for bioconjugation of any hydrophobic dye or
molecule, far beyond caged xanthene fluorophores.

Results and Discussion
A key process in STED microscopy is the rapid transfer of the
excited fluorophores from the first excited singlet state S1 back
to a high vibrational level of the ground state S0 by stimulated
emission. To avoid the undesired excitation by the stimulating
beam, its wavelength is typically chosen at the red edge of the
fluorophore emission band. The most popular laser wavelengths for STED are 590 nm, 660 nm, and particularly 775 nm
which is readily available and widely used due to its low
photo-toxicity and high tissue penetration. To achieve a high
resolution, the cross section of stimulated emission, which is
proportional to the emission probability at that wavelength,
should be maximized. As a compromise between STED efficiency and spurious excitation by the STED beam, fluorophores
emitting between 610–680 nm (emission maximum) are depleted at 775 nm. To date, the best performing dyes in STED
microscopy are mostly xanthenes featuring high photostability,
large fluorescence quantum yields and extinction coefficients
of about 105 cm@1 m@1. An emission maximum at about 660 nm
can be achieved with rhodamines, carbopyronines, SiRs and
germano-rhodamines. We chose a photoactivatable SiR[13d] as a
scaffold because of the excellent STED performance of SiRs
with a 775 nm STED beam[15] and the compatibility of these
dyes with live-cell experiments.[15–16] The ortho-nitrobenzyl photocaging groups, which can be chemically introduced into the
SiR structure are shown in Scheme 1. Importantly, this caging
strategy leads to a fluorophore without an electric charge and
with poor solubility in water. In order to compensate for these
undesirable properties, we used a „universal solubilizer“[12] (see
Scheme 2), as had been previously applied on a diazoketone
caged rhodamine to improve its poor solubility. The relatively

Scheme 1. Photoactivation of SiR by photocleavage of ortho-nitrobenzyl carbamates.

Scheme 2. Synthesis of leuco-dyes, photoactivatable dyes and their conjugates decorated with a hydrophilizer linker, phalloidin and strained alkyne. Reagents
and conditions: (a) LiOH, THF, H2O, 55 8C, 48 h; (b) DDQ, CH2Cl2, H2O, rt, 18 h; (c) TSTU, DIEA, DMSO, rt, 1–18 h; (d) 9, DIEA, DMSO, rt, 1–18 h.
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high STED beam intensities applied in STED nanoscopy can
lead to adverse two-photon induced photoreactions in the UV
region.[13b] The DiMeO-ONB photocleavable group has substantial absorption around 400 nm, a region where two-photon interactions with the 775 nm STED beam can take place
(Figure 1). To prevent or reduce this effect, we decided to shift
the absorption of the photocleavable group to shorter wavelengths by using the ortho-nitrobenzyl (ONB) group without
additional substituents. However, this choice may lead to complications because the light transmission of the optical components of the microscope is low in the UV region, and aberrations are difficult to compensate at the wavelength of 350–
370 nm required for the one-photon activation (1PA) of oNB,
compared to the 405 nm wavelength often used for cleaving
DiMeO-ONB. Nevertheless, many microscopes are equipped
with an excitation light source < 400 nm (e.g. for DAPI imaging), which turned out to be sufficient for uncaging of ONB
through a 1PA process.
In Scheme 2, we show the synthesis of caged SiR bearing
the 6-carboxyl group for bioconjugation. The complete synthetic procedures are given in the Supporting Information.
Compound 4 reacted with commercially available chloroformate (5) and freshly prepared o-nitrobenzyl chloroformate[17]
(6) to give caged leuco-SiR 7 and 8. Saponification of esters 7
and 8 using aq. LiOH in THF yielded the desired dicarboxylic
acids with 35 % and 37 % yield, respectively. These intermediates were oxidized with DDQ to obtain the target caged SiR 1OMe-H and 2-H-H in 90 % yield Scheme 2). The free carboxyl
group at C-6 of the pendant phenyl ring was used as a bioconjugation handle. To overcome the poor water-solubility of the
caged dye, we attached a short sulfonate linker 9 (the „universal solublizer“[12]) to the dye before bioconjugation. Compounds 1-OMe-H and 2-H-H were converted to N-hydroxysuccinimidyl esters and reacted with hydrophilizer 9 to give the
more water-soluble compounds 10-OMe-H and 11-H-H with
57 % and 96 % yields, respectively (Scheme 2). The hydrophi-

lized caged dyes were converted to NHS esters 10-OMe-Su
and 11-H-Su, and these active esters were then used to produce conjugates with antibodies and ligands. The NHS esters
10-OMe-Su and 11-H-Su reacted with aminophalloidin in
DMSO to provide the phalloidin conjugates 12-OMe-Phalloidin
and 13-H-Phalloidin. Similarly, the dibenzocyclooctyne containing dye 14-H-DBCO was prepared by reacting the sulfo-DBCOamine with NHS ester 11-H-Su. The compound 14-H-DBCO was
used to obtain antibody conjugates of ONB-2SiR by means of
click chemistry.
Since the photo-physical properties are only weakly influenced by additional linkers,[12] the spectroscopic analysis was
performed on the compounds without a hydrophilizer linker.
The absorption spectra of compounds 1-OMe-H, 2-H-H and the
reference compound 3 (uncaged dye) are given in Figure 1.
Due to the limited solubility of the caged compounds, studies
were performed in mixtures of buffered aqueous solutions
(phosphate 100 mm, pH 7) and acetonitrile (1:1). The replacement of the DiMeO-ONB groups with ONB resulted in a hypsochromic shift of the absorption maximum of almost 100 nm.
At 355 nm, the ratio of the absorption coefficients (compound 1-OMe-H/ compound 2-H-H) is 12.6. Nevertheless, compound 2-H-H has a residual absorption „foot“ in the range
350–405 nm, which is sufficient for activation with a commercially available laser or wide-field illumination source. Both
compounds show no detectable absorption and fluorescence
in the red before activation. The activation of both compounds
was performed in bulk experiments with a 365 nm LED source.
To evaluate the quantum yields of the uncaging reactions, 1–
2 mm solutions of caged compounds were irradiated in a
custom setup with UV light until the starting material was consumed (Figure 2 and SI3–4). The growth of the absorption
maximum of the photoproduct 3 (insets in Figure 2) shows a
bi-exponential behavior suggesting a consecutive two-step reaction (Figure 2 C). The temporal evolution at the wavelength
where all the products (including the byproducts produced by
the caging groups) are expected to absorb (i.e. 316 nm or
390 nm), shows a mono-exponential growth in agreement
with this hypothesis.
To confirm this reaction sequence, LC-MS experiments (Figures S1, S2) were performed in the course of irradiation (at the
same irradiation conditions as shown in Figure 2 A, B). The
presence of the mono-caged fluorophores as intermediates
was confirmed by MS analysis (Figures S1, S2). In addition, we
observed these intermediates predominantly in the closed (lactone) forms, even under acidic conditions used in HPLC runs
(0.1 % TFA in aqueous MeCN). Thus, we assume that these
compounds are also in the closed form at pH 7, and the only
products absorbing at 640 nm are the final, completely uncaged substances.
Remarkably, a clean photoreaction is observed throughout
the whole irradiation period, with three compounds in each
case (1-OMe-H and 2-H-H) present in the proposed sequence
(the nitroso benzaldehydes were not detected). Only traces of
byproducts absorbing at 250–700 nm were observed. The
emission quantum yield and fluorescence lifetime of the fluorescent product (in the reaction mixtures at the end of the

Figure 1. Absorption of compounds 1-OMe-H (blue) and 2-H-H (black) in a
1:1 mixture of acetonitrile and aq. phosphate buffer (100 mm, pH 7). The
inset shows the normalized absorption and fluorescence of 3 (red) together
with the fluorescence of 1-OMe-H and 2-H-H after UV activation.
Chem. Eur. J. 2021, 27, 451 – 458
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Figure 2. Uncaging experiments with compounds 1-OMe-H (A) and 2-H-H (B) in a 1:1 mixture of acetonitrile and aq. phosphate buffer (100 mm, pH 7). The
time is color-coded from blue to red. Solutions were stirred and irradiated with 365 nm light, and the absorption was monitored at constant intervals (at
20 8C). The insets show the temporal evolutions at 637 nm (blue symbols), where only the final product absorbs, and at a wavelength where the intermediate
and the final product absorb (A: 316 nm or B: 390 nm, black symbols), along with a global fit (black/blue lines) fitting a scheme with two consecutive reactions. (C) Proposed uncaging process, consisting of two consecutive photochemical reactions.

photolysis) were identical in both cases to the reference compound 3 (Figures S3), excluding the presence of any observable fluorescent byproducts.
By integrating the areas under the HPLC peaks, the concentration changes of the three reactants were calculated. A
global
reaction schemes yielded the values
0 fit to consecutive
/
irr
for elSC;Int
> @1;2 listed in Table 1. The absorption coefficients
of the starting compounds (double-caged 1-OMe-H and 2-H-H)
are known, but the ones of the intermediates (single-caged)
are difficult to measure (only reaction constants were extracted
from the fits). However, assuming that the absorption coefficient of the intermediate at the irradiation wavelength
(365 nm) is half of the starting compound, the quantum yield
of the second reaction was evaluated and listed in the table.
The conversion quantum yield for the second step is slightly
larger than for the first step. The uncaging efficiencies under irradiation with 365 nm wavelength for each step are 8–10
times higher for the ONB cage than for the DiMeO-ONB cage.
The phalloidin conjugates 12-OMe-Phalloidin and 13-H-Phalloidin were applied in fixed HeLa cells and imaged with a commercial STED microscope (Abberior Instruments) featuring a

STED laser emitting pulses of & 1.2 ns duration at 775 nm
wavelength. The oil-immersion objective lens had a numerical
aperture of 1.4. The results are shown in Figure 3. The images
before activation and the full-size images are shown in Figure S5. ONB-2SiR exhibits a negligible signal before UV activation, whereas the DiMeO-ONB analogue shows a significantly
higher (but for most applications still acceptable) signal under
the same conditions. Both conjugates were activated with a
broadband 400 nm LED to saturation and imaged by STED microscopy. Since both dyes share the same activated chromophore, the images exhibit the same resolution. The twophoton activation (2PA) of the dyes by the STED light was
tested by scanning a fresh region several times in the following sequence: (i) first confocal image scan directly after preparation; (ii) scan with STED light only (image not shown); (iii)
second confocal image scan; (iv) UV activation (image not
shown); (v) third confocal image scan. In step (ii) the STED
beam had the same power as used for the STED images in Figure 3 A–B, namely approx. 90 mW time-averaged power,
amounting to & 430 MW cm@2 of pulse peak intensity.

Table 1. Reaction parameters of the photochemical reactions. Extinction coefficients and quantum yields are measured at irradiation wavelength of
365 nm.[a]

Compd.

lirr
lirr
Extinction coefficient
coefficient of intermediate: eSC
> @1 eInt
> @2 Quantum yield of first Quantum yield of second
@ 1 > of starting Extinction
1 lirr @ 1 >
lirr
compound: elSCirr M cm
eInt
¼ 2 eSC
reaction: @1
reaction:@2
M cm

1-OMe-H
2-H-H

8800
575

4400
287

44
28

32
16

0.005
0.049

0.007
0.056

[a] The DiMeO-ONB analog shows a high signal (9.5 % relative to the signal after UV activation) after scanning once with only the STED beam, whereas the
ONB-2SiR analog shows only a very minor, negligible signal increase.
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before UV activation, remained negligible compared to the
signal after UV activation. The activation of the ONB analogue
was also tested at 405 nm wavelength, which has been reported to be an efficient activation light for the DiMeO-ONB
cage.[13d] Only sparse activation was observed (Figure S6A, B).
To allow the labelling of different cellular structures, the
NHS-ester of the ONB analogue 11-H-Su was used to produce
antibody conjugates with primary/secondary antibodies. First
attempts using a standard labeling protocol (< 3 % DMSO or
DMF in aqueous buffer) were unsuccessful, probably due to
the poor solubility of the dyes. The solubilizing linker seems to
be insufficient on its own to provide good conjugation of the
caged dye. The same results were obtained with the DiMeOONB variant 10-OMe-Su. Since further solubilizing chemical
modifications would require a new synthesis route, we opted
for adapting the conjugation and purification routines.
We increased the amount of organic solvent (DMSO or DMF)
in the coupling reaction to 30 % to facilitate the dissolution
and reaction of the lipophilic dye. After conjugation, the antibodies aggregated, and the unreacted dye could not be completely separated from the protein using size-exclusion chromatography, dialysis or MWCO spin filters. Cells stained with
these antibodies were used for fluorescence microscopy as
shown in Figure 4 A. The labelled microtubules are weakly visible in the wide-field image with a high intra- and extracellular
background, which can be attributed to the unreacted dye.
For obtaining better performing antibodies, we first optimized

Figure 3. Images of actin filaments in fixed HeLa cells labelled with compounds 12-OMe-Phalloidin (A, C) and 13-H-Phalloidin (B, D). A, B: Confocal
(left) and STED (right) images after activation with UV light below 400 nm
wavelength. C, D: Confocal image sequence of the same sample region,
(from left to right): after preparation; after one scan with exposure to STED
light only; and after UV activation. The numbers in C and D show the signals
relative to the signal after UV activation. Scale bar: 2 mm.

The blue shift in the absorption of the ONB (with respect to
DiMeO-ONB) resulted in a remarkable absence of 2PA with the
nanosecond-pulsed 775 nm STED beam. The undesired residual activation of the ONB analogue, as well as the fluorescence

Figure 4. Fixed U2OS cells labeled with primary antibody against tubulin and secondary antibody conjugated with 11-H-Su (A–C) or 14-H-DBCO (D, E) using
standard (A) or phase-separation purification (B–E) with NHS (A–C), NHS-azide (D) or glycan-azide (E). F shows the antibody modification and purification protocol: I–III) cleavage of glycans, attachment of azide modified sugars or azide introduction through NHS-azide, IV) reaction with 14, addition of water, saturated ammonium sulfate solution and tert-butanol, V) removal of organic phase, addition of buffer, VI) final antibody solution. Scale bar: 2 mm.
Chem. Eur. J. 2021, 27, 451 – 458
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the purification of the conjugates, to remove the unreacted
dye from the antibody solution.
In order to separate the lipophilic dye from the labelled antibodies, we developed a new separation technique based on
the three phase partitioning (TPP) method.[18] We used tert-butanol as an organic co-solvent and saturated ammonium sulfate solution to induce a phase separation in the tert-butanol/
DMF/water system. The lipophilic dye accumulates in the organic (tert-butanol) phase and can be removed (together with
most of the DMF), whereas the antibody remains in the aqueous phase. Before saturated (NH4)2SO4 and tert-butanol were
added to the antibody dye solution, the mixture was diluted
with distilled water to compensate the loss by the water content of the organic phase. The amounts of distilled water, saturated (NH4)2SO4 and tert-butanol can be adjusted to obtain the
desired volume of the aqueous phase (to concentrate or dilute
the protein), salt concentration (salts partition mainly into the
aqueous phase) and volume of the organic phase. The salt
concentration was kept low and the purified antibodies were
diluted with buffer, in order to prevent the antibody from precipitating. Wide-field, confocal and STED images using labelled
secondary antibodies purified by this method are shown in
Figure 4 B–C. The wide-field image shows dense labelling of
the microtubules without intra- or extracellular background.
The STED images are punctuated, whereas the confocal
images show homogenous labelling. Variations in the ratio between antibody and NHS-ester 11-H-Su did not significantly
improve the image quality. The aggregation of the antibodies
was still observed, even with the new purification method. The
punctuated STED images also indicated a low DOL.
With the new purification technique at hand, we started optimizing the conjugation procedure to improve the DOL and
reduce the aggregation of the antibodies upon labelling. Since
the desired aminolysis of NHS-esters is compromised by hydrolysis, and the concentration of the dye in water is an important parameter, we exchanged the reactive groups to a hydrolytically stable azide alkyne pair in a strain-promoted „click
chemistry“. First, azide groups were introduced into antibodies
by converting free amines to azides with N-hydroxysuccinimidyl azidoacetate. The azide- containing antibodies were purified
by size exclusion chromatography. Then, the modified antibodies reacted with a dye bearing a dibenzocyclooctene (DBCO)
residue 14-H-DBCO and were purified using the new method.
The confocal and STED images obtained with these antibodies
are shown in Figure 4 D. The structures appear densely labelled
even in the STED images. However, partial precipitation of the
protein after purification was still observed (which often happens in the course of labelling with hydrophobic dyes). The
low water solubility of the dye putatively limits the maximal
amount of dye attachable to the antibody before precipitation
occurs. Thus, the DOL needs to be precisely controlled between the minimum, defined by the fluorescence needed for
obtaining informative images, and the maximum levels, limited
by aggregation. In order to control the DOL and target the
conjugation to a specific site of the antibodies, we enzymatically modified the glycans on the heavy chain of the antibody.[19] The number of glycan chains attached to the IgG antiChem. Eur. J. 2021, 27, 451 – 458
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bodies, which is two for most species, then defines the DOL.
Different types of antibodies (secondary and primary) were
tested with this conjugation and purification technique, and
no aggregation was observed, even after storage for months
in solution. The confocal and STED images of tubulin labelled
with primary and secondary antibodies are presented in Figure 4 E. Notice that no background is observed despite dense
labelling of the structure.
The photoactivatable dye ONB-2SiR conjugated to primary
or secondary antibodies was further tested for different imaging applications. Although it was primarily designed for STED
imaging, the dye can also be used in PALM. Figure S6C shows
a PALM image obtained using 405 nm light for uncaging,
which we show to induce sparse activation of the ONB caged
fluorophore.
The resilience against 2PA protects the dye from bleaching
and allows using ONB-2SiR to extend the number of channels
of a STED microscope equipped with a nanosecond-pulsed
775 nm STED beam. First, an image is acquired with the signal
from a normal fluorescent dye (i.e. uncaged). This dye is then
bleached using intense excitation. Subsequently, a second
caged dye is activated by UV light and imaged. The activated
second dye may feature similar spectral properties as the first
dye, such that it can be imaged under similar conditions as the
first dye. Thereby, a second detection window can be added to
any spectral channel of a fluorescence microscope. This
method is particularly useful for STED microscopy with 775 nm
STED wavelength as it neither requires attribution by the excitation and/or detection wavelengths of the fluorophores, nor
by their fluorescence lifetimes, nor by the linear un-mixing of
their signals.
To test the concept for visualizing different cellular structures, one of the primary antibodies was conjugated with compound 14-H-DBCO, and two others were labelled with primary
and secondary antibodies decorated with Alexa 594 and Abberior STAR 635P fluorophores. The combinations of primary and
secondary antibodies amplify the signals, whereas the primary
antibodies decorated only with 14-H-DBCO have two fluorophores per antibody via the glycan labeling, and produce
darker images.
The three-color images with these fluorophores are presented in Figure 5. The full images are shown in Figure S7. Although the ONB-2SiR-decorated primary antibodies are unamplified by secondary antibodies, the signal of ONB-2SiR greatly
exceeds any residual unbleached STAR 635P, which can be
seen by the low signal after activation in the nucleus at the
bottom of the image compared to the bright signal in the mitochondria (see Figure 5 C). The structure, labelled with primary
antibody conjugated to ONB-2SiR, shows a comparable image
quality to the STAR 635P primary/secondary antibody-labelled
structure, even though the latter is with amplification.

Conclusions
We synthesized a new photoactivatable SiR fluorophore (ONB2SiR) for STED microscopy, which is stable against two-photon
activation with the routinely applied STED pulses at 775 nm
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Figure 5. Confocal (left) and STED (right) images of fixed U2OS cells labelled
with primary antibody against DNA (A: green), TOM20 (B: blue) and ATPSynthase B (C: red) labelled with 14-H-DBCO (activated by UV light below
400 nm wavelength) and secondary antibodies labelled with STAR 635P
(green) and Alexa 594 (blue). The images show mitochondri.a and a part of
the nucleus (bottom of the images). An overlay of all colors is shown in D.
Scale bar: 2 mm.

wavelength. The fluorophore is also suitable for single-molecule localization microscopy, such as PALM, or the more recent
nanoscopy called MINFLUX. The versatility of ONB-2SIR should
enable the same sample preparation for different microscopy
techniques to realize spatial resolutions ranging from diffraction- to label-limited. The ability to optimize sample preparation and access the labelled structure also with STED microscopy is very helpful for single-molecule localization techniques as
well. To compensate the intrinsic hydrophobicity of caged dyes
like ONB-2SIR, we introduced a new coupling and purification
protocol that can be used to conjugate aggregating and
poorly water-soluble dyes to antibodies. The protocol provides
definite and constant values of DOL and reduces the antibody
aggregation while preserving their affinity.
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Appl. Phys. 2019, 52, 504003;b) T. Stephan, A. Roesch, D. Riedel, S.
Jakobs, Sci. Rep. 2019, 9, 12419.
[17] a) R. G. Dyer, K. D. Turnbull, J. Org. Chem. 1999, 64, 7988 – 7995; b) G. E.
Negri, T. J. Deming, ACS Macro Lett. 2016, 5, 1253 – 1256.
[18] C. Dennison, R. Lovrien, Protein Expression Purif. 1997, 11, 149 – 161.

Chem. Eur. J. 2021, 27, 451 – 458

www.chemeurj.org

[19] a) J. Sjçgren, W. B. Struwe, E. F. J. Cosgrave, P. M. Rudd, M. Stervander,
M. Allhorn, A. Hollands, V. Nizet, M. Collin, Biochem. J. 2013, 455, 107 –
118; b) B. Ramakrishnan, P. K. Qasba, J. Biol. Chem. 2002, 277, 20833 –
20839.
Manuscript received: October 21, 2020
Accepted manuscript online: October 23, 2020
Version of record online: November 26, 2020

458

T 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

