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Photoswitchable, Water-Soluble Bisazobenzene Cross-
Linkers with Enhanced Properties for Biological
Applications
Jana Volarić,[a] Sebastian Thallmair,[b] Ben L. Feringa,*[a] and Wiktor Szymanski*[a, c]

Photoswitchable cross-linkers are light-responsive molecules
that can be attached at two locations to a target biomolecule
to modulate its activity. Under irradiation, the cross-linker
changes the distance between the residues it spans, affecting
the structure and function of the labeled target. Efficient
photocontrol is enabled especially by cross-linkers with large
end-to-end length change upon switching. The design of
water-soluble azobenzene-based cross-linkers for applications
in chemical biology remains challenging due to major issues
regarding synthesis and purification. Furthermore, the solubility

and photochemical properties of the reported systems are
frequently not suitable in aqueous media. Herein we report two
water-soluble bisazobenzene cross-linkers with extended half-
lives and high photostationary state isomer distributions that
can be achieved upon irradiation. We present molecules that
enable cross-linking of biomolecular residues within one target,
or are bridging two proteins to allow the study of protein–
protein interactions, which paves the way for light-based
manipulation of under-explored biological targets.

Introduction

Peptides, together with larger and more complex proteins, play
a pivotal role in determining the structure and enabling the
function of living organisms, and are involved in various
disease mechanisms.[1–5] Therefore, the ability to externally and
selectively control the properties and function of proteins offers
a wide range of possibilities to manipulate and study the
processes within living beings. Towards this aim, light can be
used as a powerful tool that allows non-invasive biorthogonal
interference with spatio-temporal precision.

Molecular photoswitches are small organic molecules that
change their shape and properties upon irradiation with light
of different wavelengths.[6] Consequently, it comes as no

surprise that various photoswitch designs have been applied to
manipulate the activity of biological systems, including proteins
and peptides.[7–17] Usually, the largest effect on the shape and
stability of the target protein structure can be achieved by
covalently attaching a photoswitch-based cross-linker via two
connection sites at the protein structure.[18–22] While azoben-
zene-based cross-linkers largely dominate the field,[8,13,18,19,23,24]

there are several reports of applying stilbenes,[25–28]

hemithioindigos,[26,29–31] diarylethenes,[32–35] overcrowded alkene-
based molecular motors,[36] spiropyrans[37] and other
switches[22,37,39] as cross-linkers. The covalent attachment to the
target peptide or protein is often achieved by modifying either
native or genetically introduced cysteine groups which readily
react with haloacetyl and maleimide groups, as well as lysine
moieties, which can be functionalized with activated N-hydro-
xysuccinimide esters.[40,41]

Photoswitching of a crosslinked azobenzene molecule is
sufficiently strong to interfere with the secondary structure of
most proteins, since the energy difference between the cis and
trans isomers (10–12 kcal/mol) is higher than the amount of
energy typically needed for folding and unfolding of
proteins.[47] Cross-linking helical peptides to interfere with the
stability of the α-helix had been investigated on numerous
targets,[48] especially with the pioneering work on the first
haloacetamido-azobenzene cross-linker, which did not feature
sulfonate groups, reported by the Woolley group.[49–52] How-
ever, the end-to-end distance of a regular azobenzene changes
upon isomerization by only 3.4 Å,[53] while in many cases it is
required to effect a larger change in distance. Therefore, the
original non-water-soluble azobenzene cross-linker design has
been extended by adding various geometrically constrained
(stiff) groups to the ends, such as amino acids, prolines,
additional benzene rings,[54] alkyne extensions,[55–57]

piperidine,[58] bicyclic pyrrolidine or water-solubilizing polygly-
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col (PEG) groups,[58–60] as well as carbohydrate groups.[61,62] In
other examples the cross-linkers featured more flexible linkers
where piperazine groups were attached directly to the
azobenzene core thus increasing the water-solubility.[58,63]

However, while these cross-linkers had a shifted absorbance
maximum allowing them to switch with blue light instead of
UV light, they also had diminished half-lives in the seconds
range in aqueous buffer,[64,65] alongside low photostationary
state distribution (PSD) ratios.[58,63] For applications where the
switch is covalently attached to the target, the photostationary
state (PSS) directly dictates the maximal effect on the
manipulated system. Therefore, it is of great importance to
design cross-linkers which reach very high PSD ratios to
accomplish maximal differences on the target activity upon
irradiation with light.

Another key limitation to many established azobenzene-
based cross-linkers is their insolubility in aqueous media. In
some cases, limited water-solubility of the photoswitch can be
sufficiently improved by addition of co-solvents during cross-
linking (DMSO, DMF), as it was done in the modification of ATP-
gated ion channels[66–69] and other proteins[70,71] that tolerate the
presence of the organic solvents during labeling, as well as
refold after denaturing conditions (in the presence of guanidine
hydrochloride).[21] For many other protein targets, it is not
feasible to use co-solvents, or it is the case that labeling with a
lipophilic switch causes aggregation or disrupts the structure
and activity of the biomolecules.[72,73] In those examples, the
photoswitchable cross-linker needs to be soluble in water. Most
photoswitches are inherently water-insoluble and it is not trivial
to solubilize them in aqueous environments as it can lead to
detrimental effects on their photochemical properties.[11] There-
fore, the main limitation for designing photoswitchable cross-
linkers for biological applications is achieving water-solubility
while retaining optimal photochemical properties.

The most commonly applied solubilization approach is by
introducing sulfonate groups to enable dissolving the lipophilic
aromatic switch core in water, as in the most widely used
water-soluble azobenzene 3,3’-bis(sulfonate)-4,4’-
bis(chloroacetamido)azobenzene (BSBCA)[74] (Figure 1a) that
has been applied to cross-link various targets.[42,75-83] The
numerous applications of BSBCA include cross-linking of small-
er helical peptides that interact with larger targets, such as the
S-peptide which forms the RNase S complex,[84–86] to study
allosteric regulation mechanisms of the PDZ domains,[80,87]

control the DNA binding activity of alpha-helical
peptides[79,81,88,89] or inhibit protein-protein interactions in living
cells,[78] as well as to activate fluorescence of a reporter peptide
in zebrafish.[90] BSBCA was used to cross-link many helical
peptides,[75] yet only one type of small protein target,
fynomers.[82,83,91] BSBCA features sulfonate moieties in the meta
positions to the azo bond to maintain the properties of the
photoswitch.[42] Furthermore, it exhibits favorable photochem-
ical properties in buffer with a 10–30 min half-life at 25 °C
depending on the cross-linked protein and attachment
location.[43] Upon irradiation with 370 nm light BSBCA can form
up to 85% of the cis isomer. However, a major drawback of

BSBCA is that it enables only a relatively small end-to-end
distance change of ~4 Å upon irradiation.[50]

For some applications, especially to cross-link larger
proteins or to study protein-protein interactions, a larger end-
to-end distance change and the ability to reach longer
distances is required. Therefore, the original system BSBCA was
extended with alkyne linkers and sulfonated benzene rings
resulting in a rigid cross-linker 3,3’-diazene-1,2-diylbis{6-[2-
sulfonato-4-(chlor-oacetyl-amino)phenyl-ethynyl]benzene
sulfonic acid} (DDPBA) with an end-to-end distance change of
13 Å (Figure 1a).[44] While the half-life was relatively long in
aqueous solutions (76 min at 20 °C for free cross-linker, 100–
160 min when cross-linking peptides), very low amounts of the
cis isomer (15%) were formed upon irradiation with 400 nm
light. Therefore, the sulfonated cross-linker, 4’-bis(4-(2-chloroa-
cetamido)-phenyl)diazenylbiphenyl-2,2’-disulfonate (BPDBS)
with two connected azobenzene groups was designed (Fig-
ure 1b).[45] The presence of two azobenzene groups compli-
cated the system as either one (trans, cis) or both (cis, cis)
azobenzene units can isomerize, yet this feature enables large
end-to-end distances, namely 20 (l-cis, cis) and 6 (s-cis, cis) Å for
cis, cis, 21 Å for trans, cis and 28.5 Å for trans, trans. Upon
irradiation with 365 nm light in D2O, formation of (trans,
trans):(trans, cis):(cis, cis)=1 :3.2 : 3.2 was observed by 1H-NMR
spectroscopy, indicating a significant amount of the cis, cis
isomer formed in aqueous conditions. Furthermore, BPDBS
exhibited half-lives of 43 min at 20 °C and 10 min at 37 °C in
PBS buffer, as well as resistance toward reduction by GSH.[45]

The elongated water-soluble cross-linker design 1 (Figure 1c)
was designed to enable isomerization with visible light,[46]

instead of toxic UV light required to photoswitch BPDBS. The

Figure 1. Water-soluble azobenzene cross-linker designs and their proper-
ties: (a) Mono-azobenzene cross-linkers BSBCA[42,43] and DDPBA;[44] (b) Cross-
linker designs featuring two azobenzene groups, BDPS[45] and 1;[46] (c) The
water-soluble bisazobenzene crosslinkers described in this work with
improved properties.
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bisazobenzene cross-linker 1 featured a piperazine linker
connecting the two azobenzene systems to break the con-
jugation between the azobenzene cores in BPDBS, while still
extending the π system via the central nitrogen lone pairs. For
a derivative of switch 1 in vacuo, the most likely end-to-end
distances are 9.1 Å for cis, cis, 21.3 Å for trans, cis and 32.8 Å for
trans, trans. While switch 1 isomerizes under irradiation with
blue light (410 nm), the cis, cis isomer could only be obtained
by applying very strong pulses of light indicating the major
species formed under irradiation is the trans, cis isomer, which
features only a small shortening in the end-to-end distance
compared to the stable trans, trans isomer. Furthermore, the
half-life of this switch was found to be only 1.5 s at 4 °C in
phosphate buffer. Unfortunately, the exact amounts of each
isomer formed upon irradiation were not reported.

While the larger sulfonated cross-linkers have not yet been
applied to biological targets, the numerous examples of BSBCA
applications, as compared to any other reported cross-linker,
clearly demonstrate how advantageous water-solubility is.
Furthermore, since no other photoswitchable cross-linker
matches its favorable properties while extending the span of
cross-linking, it is essential to develop novel large water-soluble
cross-linkers.

Results and Discussion

Design and Synthesis

Firstly, for comparison purposes, we aimed to synthesize the
original cross-linker 1 reported by Woolley and co-workers[46]

and install the reactive chloroacetyl handles. Since the reported
synthetic route[46] involved a very low-yielding step, namely

coupling of the diazonium salt 3 with the diphenylpiperazine 4,
that provided compound 1 in 7% yield, we tested alternative
synthetic approaches to obtain cross-linker 1 in higher yield
(Scheme 1). Despite several attempted procedures, such as
performing Mills coupling with a bis-aniline functionalized
diphenyl piperazine and nucleophilic-aromatic substitution for
cross-linking two azobenzene units with a piperazine molecule,
none of the tested routes resulted in the desired cross-linker
molecule 1. Therefore, we focused on optimizing the original
synthetic route. In the published approach,[46] the diazonium
salt 3 was prepared with a chloride counterion from aniline 2,
however we synthesized the more stable BF4

� salt that could
safely be filtrated from the reaction mixture and submitted to
the coupling reaction with the prepared diphenylpiperazine 4.
Since the challenging solubility of the reagents was suspected
to be causing the low yield, we attempted to optimize the
reaction medium. The diazonium salt 3 was dissolved in a
mixture of water and MeOH, while 4 was dissolved in DMF.
Both solutions were cooled to 0 °C and the solution of 4 was
slowly added to 3. After filtering the precipitated dark solid, the
crude product mixture was purified by reversed-phase chroma-
tography on C18 silica with water and ACN as eluents. Despite
the challenging purification, cross-linker 1 was successfully
isolated in a three times higher yield than previously
reported[46] (23%), next to side product 5. The acetamide
groups in compound 1 were hydrolyzed in aqueous HCl and
the chloroacetyl groups were installed by heating 6 in neat
chloroacetic anhydride. The excess anhydride was easily
removed from 7 by several centrifugation steps in ether.
Purification of 7 on C18 silica was attempted, however the
cross-linker either decomposed or reacted with the silica as a
very small amount of 7 could be recovered from the column.
Furthermore, solubility of 7 in water was limited and the

Scheme 1. Synthesis of cross-linker 7 by optimizing the reported route for cross-linker 1.[46]
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compound would form aggregates which restricted full charac-
terization by NMR spectroscopy.

Since the reported properties of 1 in aqueous conditions,
such as short half-life and a low amount of photoswitching
upon irradiation, are not optimal, we designed two new water-
soluble bisazobenzene cross-linkers, 13a and 13b (Scheme 2),
with potentially improved photochemical properties. Namely,
while the piperazine linkage of the two azobenzenes core in 1
enables the molecule to absorb at longer wavelengths, the
presence of the amine groups also significantly shortens the
half-life of the resulting push-pull system, especially in polar
solvents such as water. For this reason, the new cross-linkers
13a and 13b feature shorter linkers connecting the two
azobenzene groups, which were expected not to affect the
photochemical properties negatively: a methylene and an ether
linkage (Scheme 2). It was anticipated that the new cross-linker
systems would exhibit longer half-lives of the unstable isomers,
both in organic and in aqueous solutions. Furthermore, higher
fraction of the cis, cis isomer was expected to be formed upon
irradiation of compounds 13a and 13b, especially for the ether-
linked molecule, as it was reported previously that methoxy
groups in the para positions increase the PSD.[92–94] The new
cross-linkers feature sulfonate moieties in the meta positions to
ensure water-solubility, while not affecting the photochemical
properties, as reported other cross-linkers from the Woolley
group.[43–45]

The synthesis of the new cross-linkers started from the
sulfonated aniline 2. The aniline group was oxidized to the
nitroso moiety with mCPBA in MeOH in a high yield, giving the
nitroso compound 8. The Mills reaction of 8 with anilines 10a
and 10b was attempted in different solvents and conditions,
however at best only one side of the aniline was converted to
the azobenzene. The main reason for the reduced reactivity

was limited solubility of the intermediate, as the mono-
azobenzene products were precipitating out of the solution,
even when high amounts of DMSO or DMF as co-solvents were
used. Furthermore, while Mills coupling under basic conditions
has been reported,[95] in our case it either resulted in hydrolysis
of the protected aniline or a general lack of reactivity when a
weak base, such as cesium carbonate, was used. For this reason,
we aimed to render the sulfonated nitroso compound 8 more
soluble in organic solvent by introducing the lipophilic tetra-
butyl-ammonium counterion in 9. The tetra-butyl-ammonium
salt 9 was indeed sufficiently soluble in organic solvents such
as chloroform and DCM. The Mills coupling reactions of 9 with
10a and 10b were performed in acetic acid and DMSO mixture
to enable the formation of the desired bisazobenzenes 11a and
11b. The crude products were purified by normal phase
chromatography; however, the challenging separation required
a slow solvent gradient increase, which resulted in degradation
and allowed isolation of only an analytical pure sample.
Purification of compounds 11a,b on reversed phase C18 silica
was also attempted, yet with complete decomposition of the
material. Therefore, the crude product was purified on normal
phase silica with a rapid column chromatography, before
submitting the compound to the next synthetic step. The
acetamide groups were hydrolyzed in conc. aq. HCl and
chloroacetyl groups were introduced in a neat reaction with
chloroacetic anhydride, giving the cross-linkers 13a and 13b.
The structures were confirmed by NMR spectroscopy and HRMS
analysis (see SI section 1.2).

Scheme 2. Synthesis of new cross-linkers 13a and 13b.
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Photochemical Properties: UV/Vis Absorption Spectroscopy

With the three cross-linkers in hand, we investigated their
photochemical properties in DMSO and PBS buffer. Cross-linker
1, as previously reported, can be manipulated fully by visible
light with 430 and 530 nm LEDs (Figure 2a). Upon irradiation
with 430 nm, one or both azobenzene moieties switch, giving
trans, cis and cis, cis isomers of 1, respectively. As the ultimate
application of the cross-linkers requires their functioning in
aqueous environment, the properties of 1 were investigated in
PBS buffer at pH=7.5 (Figure 2b). As previously reported, a
small amount of the trans, cis and cis, cis isomers was formed
upon irradiation with 430 nm in aqueous solution. Photoswitch
1 exhibited excellent fatigue resistance both in DMSO and PBS
buffer upon several irradiation cycles (Figure S1). The measured
half-life in DMSO was associated with two processes, corre-
sponding to the cis-trans isomerization of two azobenzene
moieties, with relatively short values of 2.8 min and 30 s at
20 °C. In PBS, even shorter half-lives were determined (19 s and
3 s, Figure S2).

Next, the photochemical properties of the newly synthe-
sized water-soluble cross-linkers with a methylene (13a) and an

ether (13b) linker were investigated. The photochemical
properties of the chloroacetyl analogues 13a and 13b were
determined, since the largest amount of the compounds was
available. The photochemical properties were assessed both in
DMSO and PBS buffer. Since the piperazine ring in 1 caused a
red-light shift of the absorbance, the new cross-linkers were
expected to have absorption maxima at shorter wavelength
thus requiring UV irradiation. This was indeed confirmed, as
seen in the UV-Vis spectra of 13a (Figure 2c and d) and 13b
(Figure 2e and f). The reversibility of 13a upon several
irradiation cycles in DMSO was excellent and the cross-linker
exhibited a very long half-life of the metastable isomer of over
10.8 h in DMSO at 20 °C. Furthermore, in PBS buffer at the same
temperature switch cis,cis-13a proved to be stable and exhibit
a half-life of 2 h (Figure S2). The photochemical properties of
the ether-based cross-linker 13b were very similar to the
methylene linked molecule 13a, except for a somewhat shorter
half-life in DMSO (3.2 h) (Figure S3) which in this case was
surprisingly similar to 13a in aqueous conditions (2.1 h).

Figure 2. Photochemical properties of the synthesized water-soluble bisazobenzene cross-linkers: (a) UV/Vis absorption spectrum of 1 at PSS430 nm and PSS530 nm

(50 μM, DMSO, at 20 °C). (b) UV/Vis absorption spectrum of 1 at PSS430 nm and PSS530 nm (50 μM, PBS buffer. pH=7.5, at 20 °C). (c) UV/Vis absorption spectrum of
13a at PSS365 nm and PSS530 nm (50 μM, DMSO, at 20 °C). (d) UV/Vis absorption spectrum of 13a at PSS365 nm and PSS530 nm (50 μM, PBS buffer, pH=7.5, at 20 °C
(e) UV/Vis absorption spectrum of 13b at PSS365 nm and PSS530 nm (28.6 μM, DMSO, at 20 °C). (f) UV/Vis absorption spectrum of 13b at PSS430 nm and PSS530 nm

(18 μM, PBS buffer, pH=7.5, at 20 °C).
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Photochemical Properties: NMR Spectroscopic Analysis of the
Photoswitching Process

Due to the presence of two azobenzene moieties in the studied
cross-linkers, upon irradiation either one or both azo groups
switch to the metastable cis isomer. In an attempt to estimate
the amount of cis, cis isomer formed at PSS for all three cross-
linkers, the process photoswitching was investigated in more
detail with 1H-NMR spectroscopy in DMSO-d6. The formation of
trans, cis and cis, cis isomers was measured by following the
amide proton and methyl (1) or methylene (13a and 13b)
group signal changes upon irradiation, as previously described
for azobenzene BPDBS.[45] For both the trans, trans and cis, cis
isomers, it is expected to observe one signal for each (tt and
cc), both for the amide proton and the methyl/methylene
groups. However, for the trans, cis isomer two signals are
expected, namely tc for the groups on the trans azobenzene
and ct for the groups on the cis azobenzene core (Figure 3a
and b).

Upon irradiation of switch 1 with 430 nm light, the
disappearance of tt and appearance of the cc was observed for
the NH signal (Figure 3b). Likely, both the signals were a
combination of tt and tc, as well as ct and cc, respectively.
However, both the tc and ct signals were observed for the
methylene signals and they were both overlapping with the
corresponding tt and cc signals, thus preventing us from being
able to determine their exact ratios. The same signals were
observed when switching back to trans, trans with 530 nm. It
was concluded, based on the methylene signals, that the trans,
cis isomer is the predominant species after irradiation for

20 min with 430 nm light, while at PSS430 nm reached after
40 min irradiation, there is a significant amount of the cis, cis
isomer formed yet a substantial part of trans, cis is still present.

Interestingly, upon irradiation of bisazobenzene 13a, both
with 365 nm and 530 nm light, the tt and tc, as well as ct and cc
signals were almost completely overlapping for both the amide
hydrogen and the methylene group (Figure 4a and b). Due to
the overlap and the broad nature of the signals it was difficult
to estimate the amount of cis, cis at PSS365 nm. In contrast, the tc
and ct signals of cross-linker 13b were not overlapping for the
methylene signal confirming that the cis, cis species is the
major isomer formed upon irradiation with 365 nm light since
the ct signal intensity is very small compared to the cc signal at
PSS365 nm (Figure 4c).

Due to the complex mixture of isomers formed under
irradiation, and overlapping signals that they featured in NMR
spectra, it was not trivial to determine the PSD ratios formed
upon irradiation. In an attempt to estimate the amounts of the
formed isomers, we investigated the 1H NMR signals of both
the amide protons as well as the methyl groups (Figure 3, 4,
S4). The PSDs were determined with 1H-NMR spectroscopy,
focusing on the signals of the amide protons and the meth-
ylene groups (Figure S4a). For molecule 13a, it was highly
challenging to differentiate the trans, cis and cis, cis isomers,
resulting only in PSD estimations of 85–91% (at 430 nm) and
87–94% (at 530 nm) which are both significantly higher than
for cross-linker 1 (Figure S4a and b). For molecule 13b, it was
possible to observe formation of the trans, cis and cis, cis isomer
upon irradiation, resulting in the estimated PSD ratios around
85% (430 nm) and 81% (530 nm) (Figure S4c). While the PSD

Figure 3. Photochemical properties of model cross-linker 1 (a) in DMSO at 20 °C. (b) Determination of cis, cis isomer content at PSS430 nm with 1H NMR
spectroscopy (1.5 mM, DMSO-d6).
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ratios of all the cross-linkers were not determined in PBS buffer,
upon inspecting the UV-Vis spectra of the cross-linkers it is
clear that for both azobenzene 13a and 13b a substantial
amount of the cis, cis isomer is formed, especially when
compared to the low amount of switching observed for 1.

Structural Properties: Modeling of the Conformational
Flexibility

The two azobenzene moieties of the photo-crosslinkers 1, 11a,
and 11b enable a major change in end-to-end distance in a
stepwise manner. To gain insights into their conformational
landscape and the range of end-to-end distances covered, we
performed atomistic molecular dynamics (MD) simulations in
water using the OPLS-AA (Optimized Potentials for Liquid
Simulations-all atom) force field (for details see Experimental
Section).[96] Representative snapshots of the trans, trans (tt) and
cis, cis (cc) isomers of the three photo-crosslinkers are depicted
in Figure 5a. While the end-to-end distance defined by the

terminal methyl groups is larger for 1 compared to 11a and
11b, the overall change is more pronounced for 11a and 11b
considering the shortest possible end-to-end distance. This
more pronounced change of the newly designed photo-cross-
linkers 11a and 11b is due to higher flexibility of the sp3-
hybridized linker, enabling the termini of the para-substituted
azobenzene moieties to come closer than 3.4 Å in the cis, cis
isomer. This corresponds to a van-der-Waals contact of the two
Me groups.

Figure 5b depicts violin plots of the end-to-end distance of
the trans, trans, the trans, cis (tc), and the cis, cis isomers of 1,
11a, and 11b. Again, the violin plots show that the average
end-to-end distance is largest for 1-tt (30.38�0.04 Å), while
11a-tt and 11b-tt have shorter end-to-end distances of 23.56�
0.07 Å and 24.05�0.05 Å, respectively. The width of the
distributions is narrower for 1, indicating an increased rigidity
for the piperazine linker compared to the methylene and ether
linker. Rotations along the azobenzene-piperazine single bond
are sterically hindered and did not occur within our simulation
time of 50 ns. In case of the trans, trans and the trans, cis

Figure 4. Photochemical properties of model cross-linker 13a and 13b in DMSO at 20 °C. (a) Isomerization scheme for 13a and 13b with highlighted amide
and methylene groups. Determination of cis, cis isomer content at PSS430 nm with 1H NMR spectroscopy (1.5 mM, DMSO-d6) of 13a (b) and 13b (c).
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isomers, these rotations are not expected to strongly affect the
end-to-end distance. However, in the case of the cis, cis isomer,
this rotation has a pronounced impact. Therefore, we started a
second simulation from another rotamer, allowing the terminal
methyl groups to approach closer. For 11a and 11b, these
rotations along the single bonds between azobenzene and the
sp3 hybridized linker easily take place. They have the highest
impact on the end-to-end distance of the cis, cis isomer which
ranges from 3.4–22.4 Å in both molecules. For a derivative of 1,
conformational analysis of the end-to-end distances are similar
to Figure 5b.[46] Differences of the exact values might be due to
larger substituents in the para-position of the azobenzene,
different atoms used for the distance measurement, and
different environment (in vacuo compared to water used here).

The photo-crosslinkers 11a and 11b show an increased
flexibility of the end-to-end distances, which in principle could
limit their enforced distance change in the linked protein. An
indication for this is the overlap of the end-to-end distance
distributions of the trans, trans and the cis, cis isomers.
However, the attachment to a protein introduces additional

conformational constraints on the photo-crosslinkers which
likely also affect their end-to-end distance distributions.

Functionalization with Sortase A-Mediated Ligation Substrate
Peptides

To gain insights into the ability of the newly synthesized linkers
to react with peptidic thiols, as is envisioned in their final
applications, we have chosen to react them with peptides
recognized by SortaseA (SrtA) in biocatalytic ligations. SrtA is a
bacterial enzyme with transpeptidase activity that has been
extensively used for labeling and modification of proteins in
the past years.[97–102] The ligation mechanism involves two
substrates: the acyl donor and the acceptor where SrtA first
recognizes the sequence Leu-Pro-Xxx-Thr-Gly (LPXTG) of the
acyl donor and forms a thioester-linked acyl-enzyme intermedi-
ate. Next, the free amino group from the N-terminus of the
acceptor featuring an oligoglycine chain performs a nucleo-
philic attach at the acyl intermediate, thus forming a link
between the acyl donor and acceptor. The only requirement for
the acceptor is the presence of an oligoglycine chain,
preferably of more than two glycines,[103] which can perform
the nucleophilic attack to the acyl-SrtA intermediate.[89,100] A
critical prerequisite for the photoswitch to be used in this
ligation, especially to modify intact complex proteins, is its
solubility in water, as most proteins do not tolerate large
amounts of organic co-solvents.[72,73] Therefore, we aimed to
introduce the short peptide of a SrtA acceptor sequence,
namely Gly-Gly-Gly, into the water-soluble bisazobenzene
molecules to develop photoswitchable cross-linkers which can
be site-specifically introduced onto a target protein.

The SrtA acceptor sequence-containing peptide substrate,
namely Gly-Gly-Gly-Cys, peptide 14, was chosen for attachment
to the chloroacetyl-containing cross-linkers via the free thiol
group. Synthesis of the peptide was performed both via SPPS
and in solution (Scheme S2).

The obtained peptide 14 was reacted with the cross-linkers
7, 13a and 13b (Scheme 3). Several solvents were tested,
including phosphate and Tris buffers, however dissolving the
reaction mixture in DMF resulted in complete conversion into
the final cross-linkers 15, 16a and 16b in the presence of a
non-nucleophilic base, DBU, used to deprotonate the thiol
group of peptide 14. Analytical samples of pure cross-linkers
15, 16a and 16b were isolated, and the structures confirmed by
LCMS and HRMS analysis (See supporting information section
3.1). These results confirm our hypothesis that the cross-linkers
presented herein can be efficiently introduced into peptides,
also functional ones that can possibly be later used for protein
modification.

Conclusions

This work introduces two large, water-soluble bisazobenzene
cross-linkers, which were synthesized, and their photochemical
properties were investigated both in DMSO and in PBS buffer.

Figure 5. Conformational analysis of the photo-crosslinkers: (a) Representa-
ative snapshots of the trans, trans and cis, cis isomers of 1, 11a, and 11b. The
dashed black line indicates the end-to-end distance between the terminal
methyl groups. (b) Violin plots of the end-to-end distances of the different
isomers of 1, 11a, and 11b. The white marker indicates the median, the thick
black line spans from the 25th percentile to the 75th percentile. The two
violins depicted for the cis, cis isomer of 1 correspond to two simulations
initiated from different rotamers of the azobenzene-piperazine single bond.
A snapshot of the left violin is depicted in Figure S6; a snapshot of the right
violin in (a).
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The reported synthesis of a known cross-linker 1[46] was
optimized and the previously low-yielding step (7%)[46] was
improved (23%). Bisazobenzene 1 was further modified to
introduce the reactive chloroacetyl handles (10) for attachment
of the model tetra-peptide 14. Cross-linkers 13a and 13b were
synthesized by converting the water-solubilizing sulfonate
group into its tetra-butyl-ammonium salt that was soluble in
organic solvents, thus enabling the Mills coupling towards the
two cross-linker cores of 13a and 13b. After attaching the
peptide, the two SrtA-reactive cross-linkers 16a and 16b were
isolated (Scheme 3).

The photochemical properties of all three compounds, 1,
13a and 13b, were investigated in DMSO and PBS buffer
(Table 1). While cross-linker 1 exhibited optimal photochemical
properties in DMSO with moderate PSD ratios and an accept-
able half-life, upon solubilization in aqueous buffer the proper-
ties were diminished to a short half-life and very low amount of
switching upon irradiation with 430 nm (~6%. Table 1). On the
other hand, while both cross-linkers 13a and 13b had to be
irradiated with potentially harmful UV light,[104,105] their photo-
chemical properties were significantly improved in water when
compared to 1. Specifically, based on the UV-Vis spectra of 13a

and 13b in PBS, the achieved PSD ratios of the cis, cis isomers
were comparable to the values observed in DMSO (Table 1).
Upon more detailed investigation using NMR spectroscopy, it
was observed for 13a that the cis, cis isomer is indeed the
major isomer present at PSS365 nm in DMSO, especially compared
to 1 where a significant amount of trans, cis is observed. The
amount of cis, cis isomer at PSS is of great importance, since
the end-to-end distance for the trans, cis isomer is much larger
compared to that of cis, cis thus expecting a larger effect on
the cross-linked system the more of the cis, cis is formed.
Furthermore, the half-lives of 13a and 13b in aqueous solution
are longer than those for all the previously reported sulfonated
cross-linker based analogs.

Atomistic molecular dynamics simulations of the photo-
crosslinkers 1, 11a, and 11b in water showed that 11a and 11b
have a higher conformational flexibility than 1. In the latter,
rotation along the single bond to the piperazine linker is
sterically hindered. Moreover, 11a and 11b support shorter
end-to-end distances due to the higher flexibility of the
methylene and ether linker. However, this increased flexibility
might limit the overall achievable end-to-end distance change.

While the systems described herein achieve significantly
higher PSD ratios compared to other water-soluble bisazoben-
zene cross-linkers, they are limited by the need to use UV light
which is damaging for biological systems. However, the
architectures reported in this work provide a blueprint for
designing visible light-responsive, water-soluble biorthogonal
cross-linkers based for example on the tetra-ortho-fluoro,[106]

-chloro[107,108] or -methoxy[109] substituted azobenzenes or even
bridged diazocine systems.[110]

In conclusion, the newly synthesized cross-linkers 13a and
13b exhibit more favorable properties compared to the
reported bisazobenzene cross-linkers, especially since the
systems described in this work are water-soluble and fully
functional in an aqueous environment. Therefore, we anticipate
their application for cross-linking biological targets to result in
a large difference of end-to-end distances thus different activity
of the labeled systems.

Scheme 3. Coupling Gly-Gly-Gly-Cys (14) with cross-linkers 7, 13a and 13b to obtain the SrtA-reactive cross-linkers 15, 16a and 16b.

Table 1. Summary of the determined photochemical properties of model
cross-linkers 1, 13a and 13b in DMSO and PBS buffer (pH=7.5). * The
minimal PSD% was determined based on the relative absorbance values
for the thermally adapted sample and the respective irradiated samples.

Irradiation
wavelength

DMSO
PSD t1/2

1 430 nm 69–74% [~3 :2= (trans,cis) : (cis,
cis)]

30 s,
2.8 min

530 nm 66–81% (trans, trans)
13a 365 nm 85–91% (mostly cis, cis) 10.8 h

530 nm 87–94% (mostly trans, trans)
13b 365 nm 85–86% (mostly cis, cis) 3.2 h

530 nm 80–82% (mostly trans, trans)

PBS

1 430 nm >6%* 19 s,
3 s530 nm >90% (trans, trans)

13a 365 nm >69%* 2 h
530 nm >70% (trans, trans)

13b 365 nm >79%* 2.1 h
530 nm >70% (trans, trans)
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Experimental Section

General information

All chemicals for synthesis were obtained from commercial sources
and used as received unless stated otherwise. Technical grade
solvents were used for extraction and chromatography. Thin Layer
Chromatography (TLC) was performed using commercial Kiesegel
60 F254 silica gel plates with fluorescence-indicator UV254 (Merck,
TLC silica gel 60 F254) for normal phase and Nano-Silica gel RP-
18 W on Alu-foil (Sigma Aldrich) for reversed phase. For detection
of components, UV light at λ=254 nm or λ=365 nm was used.
Alternatively, oxidative staining was performed using a basic
solution of potassium permanganate in water or aqueous cerium
phosphomolybdic acid solution (Seebach’s stain). Merck silica gel
60 (230–400 mesh ASTM) was used in normal phase flash
chromatography. Reveleris® X2 automatic column was used with
Reveleris® C18 40 μm columns for reversed phase purification.
Preparative HPLC purification was performed on a Shimadzu HPLC
system with a Phenomenex® Kinetex 5 μm EVO C18 100 Å column.

NMR spectra were obtained using Agilent Technologies 400-MR
(400/54 Premium Shielded) (400 MHz) and Bruker Innova (1H:
600 MHz, 13C: 151 MHz) spectrometers at room temperature (22–
24 °C). Chemical shift values (δ) are reported in parts per million
(ppm) with the solvent resonance as the internal standard (CDCl3:
δ 7.26 for 1H, δ 77.16 for 13C; DMSO-d6: δ 2.05 for 1H, δ 39.52 for
13C, CD3CN: CDCl3: δ 1.94 for 1H, δ 1.32 and 118.26 for 13C). The
following abbreviations are used to indicate signal multiplicity: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), brs (broad
signal) or dd (doublet of doublets).

Exact mass spectra were recorded on an LTQ Orbitrap XL (ESI+),
(ESI-) and (APCI). All reactions requiring an inert atmosphere were
carried out under a nitrogen atmosphere using oven dried glass-
ware and standard Schlenk techniques. Dichloromethane was used
from solvent purification system using an MBraun SPS-800 column.
DMF and ether used were peptide grade and purged with nitrogen
gas. Melting points were determined using Stuart analogue
capillary melting point SMP11 apparatus. All errors are given as
standard deviations.

Cross-linker synthesis

Compounds 4,[46,111] 19,[46] and 2[23,46] were prepared as reported in
literature.

1,4-diphenylpiperazine (4).[46] In an oven dried flask with a
magnetic stirrer, potassium tert-butoxide (2.0 eq, 2.70 g,
24.1 mmol) was added and put under vacuum. Dry DMSO (25 mL)
was added via a syringe under a nitrogen atmosphere. Subse-
quently, 1-Phenylpiperazine 17 (1.88 mL, 12.3 mmol) was added via
a syringe to form a yellow to dark-red solution. Upon addition of
bromobenzene (0.98 eq, 1.27 mL, 12.1 mmol) the reaction mixture
changed color to dark purple. The reaction mixture was heated up
to 100 °C and left to stir for 2 hours. Subsequently, water (15 mL)
was added to quench the reaction. The water layer was extracted
with DCM (3×6 mL) and dried over MgSO4. The solvent was
removed by evaporation and the brown liquid was purified by
using automatic column GRACE chromatography on silica gel with
pentane/EtOAc as the solvent (from 0% to 10% EtOAc), Product 4
was obtained as a pale-yellow solid (1.21 g, yield=41%). Mp. 162–
165 °C. 1H NMR (400 MHz, CDCl3) δ 7.34 (t, J=7.7 Hz, 2H), 7.03 (d,
J=8.3 Hz, 2H), 6.94 (t, J=7.3 Hz, 1H), 3.38 (s, 4H). 13C NMR
(101 MHz, CDCl3) δ 151.3, 144.0, 129.2, 120.1, 116.4, 49.5. The
spectroscopic data is in accordance with the literature.[46]

Sodium 2-acetamido-5-nitrobenzenesulfonate (19).[46] In an oven-
dried three-neck flask that underwent three vacuum-nitrogen
cycles was added sodium 2-amino-5-nitrobenzenesulfonate 18
(400 mg, 1.77 mmol) and acetic anhydride (33 eq, 5.0 mL,
53 mmol). The reaction mixture was heated under reflux at 150 °C.
After 30 min, a white solid started to precipitate. The reaction was
left to stir for 2.5 h. After cooling down, the white solid was filtered
off via a Büchner funnel with fine filter paper. The reaction flask
was washed with hot acetic anhydride (3×1 mL). Subsequently, the
white solid was washed with ether (2 mL) and left overnight under
vacuum to dry. Pure product 19 was obtained in as a white powder
(300 mg, yield=70%). Mp. >250 °C. 1H NMR (600 MHz, DMSO-d6)
δ 10.68 (s, 1H), 8.56 (d, J=9.1 Hz, 1H), 8.45 (d, J=2.8 Hz, 1H), 8.23
(dd, J=9.1, 2.8 Hz, 1H), 2.15 (s, 3H). 13C NMR (151 MHz, DMSO-d6)
δ 168.6, 141.1, 140.9, 135.3, 125.5, 122.4, 119.5, 25.1. The spectro-
scopic data is in accordance with the literature.[46]

Sodium 2-acetamido-5-aminobenzenesulfonate (2).[46] Acetylated
aniline 19 (250 mg, 0.89 mmol) was dissolved in water (6 mL) in a
three-neck flask. Palladium on carbon (10 wt.% loading, 0.2 eq,
19 mg, 0.17 mmol) was added under nitrogen. A balloon filled with
hydrogen was connected to the three-neck flask. The flask was
subsequently degassed and purged with hydrogen gas. The
reaction mixture under hydrogen gas was left to stir vigorously
overnight (14 h) at room temperature. Subsequently, palladium on
carbon was filtered off over Celite® in a fritted glass funnel. The
remaining water was removed on the rotary evaporator. Product 2
was obtained as a pale gray-yellow solid (240 mg, yield=98%).
Mp. >250 °C. 1H NMR (400 MHz, DMSO-d6) δ 10.00 (s, 1H), 7.88 (d,
J=8.6 Hz, 1H), 6.96 (d, J=2.8 Hz, 1H), 6.46 (dd, J=8.7, 2.6 Hz, 1H),
4.91 (s, 2H), 1.96 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 166.3,
143.6, 136.2, 124.7, 120.8, 114.3, 112.4, 24.7. The spectroscopic data
is in accordance with the literature.[46]

4-acetamido-3-sulfobenzenediazonium (3). To aniline 2 (500 mg,
2.00 mmol) was added tertrafluoroboric acid (ca 50% w/w aq. soln.,
3.0 eq, 1.0 mL, 5.9 mmol) and water (2 mL) in a round bottom flask.
The heterogeneous mixture was sonicated to dissolve as much as
possible of aniline 2. A pale pink heterogeneous solution was
formed. The reaction mixture was cooled in an ice-water bath and
an ice-cooled saturated solution of sodium nitrite (1 eq, 140 mg,
2.0 mmol in 0.3 mL of water) was added dropwise to the reaction
mixture. The reaction mixture was left to stir on ice in the dark for
45 min. Upon completion, urea was added to remove excess
oxidant. The resulting heterogeneous mixture was filtered over a
fritted glass funnel. The pale pink solid was washed with ether and
dried under vacuum for a minimum of 15 min. Pure product 3 was
obtained as a pale pink solid (330 mg, 49%) and immediately used
in the next step. 1H NMR (600 MHz, DMSO-d6) δ 10.98 (s, 1H), 8.99
(d, J=2.3 Hz, 1H), 8.78 (d, J=9.3 Hz, 1H), 8.57 (dd, J=9.3, 2.3 Hz,
1H), 2.23 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 169.5, 145.1, 136.0,
135.5, 132.8, 120.1, 105.2, 25.3.

5,5’-((1E,1’E)-(piperazine-1,4-diylbis(4,1-phenylene))bis(diazene-
2,1-diyl))bis(2-acetamido benzenesulfonic acid) (1) (Adapted from
Ref. [46]). Diazonium salt 3 (330 mg, 0.94 mmol) was dissolved in a
mixture of water and methanol (3+1 mL). The heterogeneous
mixture was sonicated, however the material remained partially
undissolved. The solution was cooled in an ice-water bath and
stirred in the dark. 1,4-Diphneylpiperazine 4 (0.3 eq, 68 mg,
0.30 mmol) was dissolved in cold DMF (0.3 mL). Subsequently, ice
cold solution of 4 was slowly added dropwise to the reaction
mixture being stirred in the dark. Gradually, the reaction mixture
changed color to dark red. The reaction mixture was allowed to
warm up to rt and was stirred for another 24 h in the dark. The
formed solid was isolated by vacuum filtration over a PTFE
membrane (solid was left for approx. 1 h under vacuum until dry).
The dark purple solid was collected, loaded on Celite® and purified
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by reverse phase GRACE automatic chromatography on C-18 silica
gel. A mixture of water and acetonitrile was used as the eluent.
Product 1 eluted at around 40% acetonitrile and immediately
compound 5 was eluted. Bis coupled product 1 was obtained as a
black-purple solid (48 mg, yield=23%). Mp.>250 °C. 1H NMR
(600 MHz, DMSO-d6) δ 10.60 (s, 1H), 8.48 (d, J=8.7 Hz, 1H), 8.12 (d,
J=2.4 Hz, 1H), 7.85–7.78 (m, 3H), 7.14 (d, J=9.1 Hz, 2H), 3.57 (s,
4H), 2.10 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 167.8, 152.4, 146.7,
144.2, 136.7, 135.8, 125.2, 124.3, 119.7, 119.1, 114.1, 46.5, 25.0.
HRMS (ESI-) calcd. for C32H31N8O8S2

� [M� H]� 719.1712 found:
719.1713. The spectroscopic data is in accordance with the
literature.[46]

Sodium 5,5’-((1E,1’E)-(piperazine-1,4-diylbis(4,1-phenylene))bis
(diazene-2,1-diyl))bis(2-amino benzenesulfonate) (6). Compound
1 (30 mg, 0.04 mmol) was dissolved in conc. aq. HCl (1 mL, 37%)
and stirred at 80 °C for 4 h. Most of HCl was removed on the rotary
evaporator and the resulting brown solid was resuspended in
water. The pH was adjusted by addition of 1 M aq. NaOH, until pH
of 8.5 was reached. The solvent was removed by freeze drying.
Compound 6 was obtained as a brown-red solid and used as
obtained in the next step. HRMS (ESI+) calcd. for C24H25 N5O4S

+

[M+H]+ 637.1656 found: 637.1646.

5,5’-((1E,1’E)-(piperazine-1,4-diylbis(4,1-phenylene))bis(diazene-
2,1-diyl))bis(2-(2-chloroacetamido)benzenesulfonic acid) (7).
Compound 6 (~30 mg, 0.047 mmol) was transferred to a sealable
vial and an excess of chloroacetic anhydride was added (around
50 eq, 0.4 g). The reaction mixture was stirred and heated at 87 °C
for 4 h. The excess chloroacetic anhydride was removed by pouring
the hot reaction mixture into ether (50 mL) and subsequent
centrifugation (5x) to isolate cross-linker 7 as a black solid (33 mg,
yield over 2 steps >90%). 1H NMR (600 MHz, DMSO-d6) δ 11.20 (s,
1H), 8.49 (d, J=8.8 Hz, 1H), 8.16–8.13 (m, 1H), 7.85 (dd, J=8.8,
3.6 Hz, 3H), 7.15 (d, J=9.1 Hz, 2H), 4.40 (s, 2H), 3.59 (s, 4H). HRMS
(ESI-) calcd. for C24H29Cl2N8O8S2

� [M� H]� 787.0932 found: 787.0920.

Sodium 2-acetamido-5-nitrosobenzenesulfonate (8). Compound
2 (200 mg, 1.70 mmol) and mCPBA (1 eq, 260 mg, 0.74 mmol) were
dissolved in MeOH (17 mL) and the mixture stirred at rt for 2 h. The
reaction mixture immediately turned light green. The solvent was
removed with rotary evaporation with the water bath set at rt,
before transferring the crude mixture to a falcon tube using a
minimal amount of MeOH. Ether was added to precipitate the
green product. The solid was washed with ether (3×50 mL) and
centrifuged. The leftover green ether solution, still containing the
product, was transferred to a flask and the solvent removed on the
rotary evaporator (room temperature bath). The green residue was
transferred to a falcon tube using minimal amount of MeOH and
washed with ether (3×50 mL) and centrifuged. Both solids were
combined and dried under vacuum to obtain the product 8 as a
green solid (190 mg, yield=88%), which was immediately used as
obtained for the next step. Mp.>250 °C. 1H NMR (600 MHz, DMSO-
d6) δ 10.83 (s, 1H), 8.68 (d, J=8.8 Hz, 1H), 8.12 (dd, J=8.9, 2.3 Hz,
1H), 8.03 (d, J=2.4 Hz, 1H), 2.18 (s, 3H). 13C NMR (151 MHz, DMSO)
δ 169.3, 161.2, 142.6, 135.5, 119.5, 26.6. HRMS (ESI-) calcd. for
C8H7N2O5S

� [M]� 243.0081 found: 243.0079.

Tetra-butyl-ammonium 2-acetamido-5-nitrosobenzenesulfonate
(9). Compound 8 (86.0 mg, 0.35 mmol) was dissolved in water
(4 mL), while tetra-butyl-ammonium bromide (1 eq, 110 mg,
0.35 mmol) was dissolved in MeOH (5.6 mL). The solution of tetra-
butyl-ammonium bromide was slowly added to the nitroso
compound 8 and left to stir 15 min at rt. Part of the solvent was
removed from the pale green solution on the rotary evaporator
with gentle heating. The product was extracted with DCM (5×
20 mL), the organic layer was concentrated in vacuo to yield the
product as a dark green oil (170 mg, yield >95%), which was

immediately used as obtained for the next step. 1H NMR (600 MHz,
CDCl3) δ 10.59 (s, 1H), 8.41 (d, J=8.9 Hz, 1H), 7.97 (s, 1H), 7.66–7.47
(m, 1H), 2.92–2.75 (m, 8H), 1.85 (s, 3H), 1.23 (m, 8H), 0.99 (d, J=

7.4 Hz, 8H), 0.56 (dd, J=8.1, 6.4 Hz, 12H). 13C NMR (151 MHz,
DMSO) δ 168.4, 161.9, 141.7, 133.9, 118.6, 116.0, 57.7, 24.7, 22.9,
18.8, 12.7, 0.9. HRMS (ESI-) calcd. for C8H7N2O5S

� [M]� 243.0081
found: 243.0083.

General procedure for the tetra-butyl-ammonium 4- linked
bis((trans)-2-acetamido-5- (phenyldiazenyl) benzenesulfonate)
(11a and 11b). Nitroso compound 9 (85 mg, 0.18 mmol) and the
corresponding dianiline compound 10 (0.3 eq) were dissolved in
AcOH (0.5 mL) and DMSO (0.5 mL). The reaction mixture was
heated to 60 °C and left to stir for 24 h. The reaction mixture was
diluted into water and freeze-dried. Subsequently, the residue was
redissolved in DCM and purified via GRACE automatic column
chromatography on normal phase silica with MeOH and DCM as
eluents to obtain an analytical sample of the product 11. Some
degradation was observed during purification. However, since it is
not possible to purify the sample in the next steps before attaching
the peptide, the crude product was roughly purified at the same
conditions as described above and used as obtained for the next
step.

Tetra-butyl-ammonium 4-methylene linked bis((trans)-2-
acetamido-5-(phenyldiazenyl) benzenesulfonate) (11a). 1H NMR
(400 MHz, CDC 3) δ 10.68 (m, 1H), 8.72–8.63 (m, 1H), 8.44 (d, J=

2.4 Hz, 1H), 7.87 (dd, J=8.8, 2.4 Hz, 1H), 7.78 (d, J=8.4 Hz, 2H), 7.32
(d, J=8.4 Hz, 1H), 4.10 (s, 1H), 3.28–3.08 (m, 8H), 2.20 (s, 3H), 1.64–
1.52 (m, 8H), 1.36 (h, J=7.4 Hz, 8H), 0.93 (t, J=7.3 Hz, 12H).

Tetra-butyl-ammonium 4-ether linked bis((trans)-2-acetamido-5-
(phenyldiazenyl) benzenesulfonate) (11b). 1H NMR (400 MHz,
CDCl3) δ 10.69 (t, J=11.2, 10.6 Hz, 1H), 8.67 (dd, J=8.9, 1.9 Hz, 1H),
8.46 (d, J=2.2 Hz, 1H), 7.88 (d, J=8.9 Hz, 3H), 7.14 (d, J=11.1 Hz,
2H), 3.20–3.09 (m, 8H), 2.21 (s, 2H), 1.54 (q, J=8.1 Hz, 8H), 1.34 (qd,
J=7.3, 1.9 Hz, 8H), 0.92 (td, J=7.3, 1.7 Hz, 12H).

General procedure for tetra-butyl-ammonium 4-linked
bis((trans)-2-amino-5-(phenyldiazenyl) benzenesulfonate) (12a
and 12b). Roughly purified 11a and 11b (~75 and 80 mg),
separately, were dissolved in conc. HCl (2 mL, aq., 37%), and the
mixture heated to 40 °C and left to stir for 2 d. While C18 silica TLC
(6/4=water/ACN) indicated no starting material was left, LCMS
data were inconclusive if the products were formed. The obtained
reaction mixtures were freeze-dried and the dry solid was
subjected to the next step.

General procedure for tetra-butyl-ammonium 4-linked
bis((trans)-2-chloroacetamido-5-(phenyldiazenyl) benzenesulfo-
nate) (13a and 13b). Crude product 12 was transferred to a
sealable vial and a large excess of chloroacetic anhydride was
added (around 0.6 g). The mixture was put under a nitrogen
atmosphere, heated to 87 °C and left to stir overnight. The hot
reaction mixture was poured into ether (45 mL) in a 50 mL falcon
tube to observe precipitation of a brown solid. The solid was
washed with ether and centrifuged six times, the solvent was
carefully removed and the solid dried under vacuum to obtain
product 13 (for 13a: 34 mg, 16% yield over 3 steps; 13b: 45.5 mg,
22% yield over 3 steps).

Tetra-butyl-ammonium 4-methylene linked bis((trans)-2-chloroa-
cetamido-5-(phenyldiazenyl) benzenesulfonate) (13a). Mp. 179–
182 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.22 (s, 1H), 8.54 (d, J=

8.7 Hz, 1H), 8.22 (d, J=2.4 Hz, 1H), 7.91–7.83 (m, 3H), 7.51 (d, J=

8.3 Hz, 1H), 4.41 (s, 2H), 4.02 (s, 1H), 3.22–3.08 (m, 8H), 1.57 (dd, J=

10.5, 6.3 Hz, 8H), 1.31 (q, J=7.4 Hz, 8H), 0.93 (t, J=7.3 Hz, 12H).
13C NMR (151 MHz, DMSO-d6) δ 173.6, 168.6, 167.9, 167.7, 165.0,
150.5, 147.0, 136.9, 136.5, 129.9, 125.8, 123.2, 122.9, 120.3, 119.8,
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62.3, 57.6, 57.6, 57.6, 41.52, 2.1, 19.2, 13.5. HRMS (ESI-) calcd. for
C29H22Cl2N6O8S2

� [M]� 358.0164 found: 358.0153.

Tetra-butyl-ammonium 4-ether linked bis((trans)-2-chloroaceta-
mido-5-(phenyldiazenyl) benzenesulfonate) (13b). Mp. 52–54 °C.
1H NMR (600 MHz, DMSO-d6) δ 11.24 (s, 1H), 8.55 (d, J=8.7 Hz, 1H),
8.23 (d, J=2.5 Hz, 1H), 8.02–7.98 (m, 2H), 7.39–7.30 (m, 3H), 4.43 (s,
2H), 3.22–3.10 (m, 8H), 1.64–1.53 (m, 8H), 1.31 (q, J=7.4 Hz, 8H),
0.94 (t, J=7.3 Hz, 12H). 13C NMR (151 MHz„ DMSO-d6) δ 168.2,
165.5, 159.0, 148.8, 147.4, 137.3, 137.1, 126.3, 125.7, 125.2, 120.8,
120.3, 120.3, 120.1, 120.0, 58.0, 58.0, 58.0, 47.0, 43.8, 31.8, 29.5, 23.5,
22.6, 19.7, 12.0. HRMS (ESI-) calcd. for C28H20Cl2N6O9S2

� [M]�

359.0060 found: 359.0055.

Molecular dynamics simulations

Atomistic MD simulations were performed for three isomers of
each of the bisazobenzene photo-crosslinkers 1, 11a, and 11b: the
trans, trans, the trans, cis, and the cis, cis isomer. In case of the cis,
cis isomer of 1, two simulations were initiated from two rotamers
due to the sterically hindered rotation along the azobenzene-
piperazine single bond. All MD simulations were performed with
the program package GROMACS[112] (version 2020.4) using the
OPLS-AA force field.[96] The ligand parameters were obtained from
the Parameter Generator for Organic Ligands (LigParGen server)
using the option 1.14*CM1 A and a charge of � 2.[113–115] The
potential energy barrier along the C� N=N� C dihedrals was
increased from 30.334 kJ/mol to 140 kJ/mol to reproduce the
experimentally observed thermal stability of the cis-isomers of the
azobenzene moieties. Figure S5 shows that this has now impact on
the sampled end-to-end distances of 11a-tt. All other parameters
of the molecular topologies remained unchanged.

The photo-crosslinkers were solvated in a cubic box of water with
an edge length of 4.5 nm (5 nm in the case of 1-tt) and neutralized
by adding two Na+ ions. The TIP3P water model was used. After a
steepest decent minimization (500 steps), the systems were
equilibrated in two steps (1. 100 ps NVT simulation with a time
step of Δt=2 fs; 2. 100 ps NPT simulation with Δt=2 fs). The
production simulations were performed for 50 ns using a time step
of Δt=2 fs. The temperature was kept at 298.15 K in all simulations
using a Nosé-Hoover thermostat[116] (coupling constant τT=1 ps)
and the pressure was kept at 1 bar using a Parrinello-Rahman
barostat[117] (coupling constant τp=5 ps). Van der Waals interac-
tions were treated with a cutoff scheme; Coulomb interactions
were calculated using reaction field. The analyses were performed
using GROMACS tools. Figures were prepared with the Python
library Matplotlib[118] and the program package Visual Molecular
Dynamics (VMD).[119]

Peptide synthesis[119]

The peptide synthesis procedure and characterization are de-
scribed in detail in the SI in section 1.1.2.

Srt A-reactive cross-linker Synthesis

Piperazine-linked bisazobenzene cross-linker (15)

Peptide H-GGGC-OH 14 (5.6 eq, 50 mg, 0.14 mmol) and the cross-
linker 7 (20 mg, 0.025 mmol) were weighed out in a sealed vial, left
for 10 min under vacuum and subjected to three vacuum-nitrogen
cycles. DMF (2.7 mL, peptide grade, purged with N2 gas) was added
to the sealed vial under nitrogen gas and subsequently an excess
of DBU (0.08 mL) was added via syringe. The reaction mixture was

left to stir at rt while being covered from light. The solution was
analyzed with LCMS to confirm complete conversion of starting
material 7. The reaction mixture was diluted into water and freeze-
dried. The dry crude product was dissolved in 0.1 mM ammonium
hydrogen carbonate buffer with ACN and purified with preparative
HPLC with 0.1 mM NH4HCO3 and ACN gradient on a C18
preparative scale column to isolate an analytical sample of final
cross-linker 15. HRMS (ESI-) calcd. for C50H58N16O18S4

� [M� 2H]2�

649.1504 found: 649.1486.

Cross-linkers 16a and 16b

Peptide 14 (~6 eq, for 16a: 0.13 mmol, 36 mg; for 16b: 0.082 mmol,
24 mg) and cross-linker 13 (for 13a: 25 mg, 0.021 mmol; for 13b:
16.5 mg, 0.014 mmol) were transferred to a sealable vial and
subjected to three vacuum-nitrogen cycles. DMF (1 mL, peptide
grade, purged with N2 gas) and excess of DBU (0.013 mL) were
added to the reaction mixture via syringes. The reaction mixture
was left to stir at room temperature overnight, while being covered
from light. An aliquot was analyzed by LCMS to confirm complete
conversion to product 16. The reaction mixture was diluted with
water and freeze-dried. The dry crude sample was dissolved in
minimal amount of ammonium hydrogen carbonate buffer
(0.1 mM) and purified by preparative HPLC on a C18 preparative
scale column with ammonium hydrogen carbonate buffer (0.1 mM)
and ACN as eluents. An analytical sample of 16 was isolated and
analyzed by LCMS and HRMS.

Cross-linker 16a

HRMS (ESI-) calcd. for C46H50N14O19S4
� [M� 2H]2� 615.1135 found:

615.1138.

Cross-linker 16b

HRMS (ESI-) calcd. for C47H52N14O18S4
� [M� 2H]2� 614.1239 found:

614.1242.

Photochemical studies

Spectroscopic measurements were made in Uvasol® grade solvents
using a quartz cuvette (path length 10.00 mm). UV-Vis measure-
ments were performed on an Agilent 8453 UV-Visible absorption
Spectrophotometer. UV-Vis irradiation experiments were carried
out using a 365 nm LED (Thorlabs M365F1), 430 nm and 530 nm
LED lamps (3×430 nm, 3×530 nm, LED Nichia NCBS219B� V1m,
Sahlmann Photochemical Solutions).

The obtained photochemical data is reported in the SI section 1.2).
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