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Photoswitchable Cystobactamids
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Abstract: The rise of antibiotic resistance causes a serious
health care problem, and its counterfeit demands novel,
innovative concepts. The combination of photopharmacol-
ogy, enabling a light-controlled reversible modulation of drug
activity, with antibiotic drug design has led to first photo-
switchable antibiotic compounds derived from established
scaffolds. In this study, we converted cystobactamids, gyrase-
inhibiting natural products with an oligoaryl scaffold and
highly potent antibacterial activities, into photoswitchable
agents by inserting azobenzene in the N-terminal part and/or
an acylhydrazone moiety near the C-terminus, yielding twenty

analogs that contain mono- as well as double-switches.
Antibiotic and gyrase inhibition properties could be modu-
lated 3.4-fold and 5-fold by light, respectively. Notably, the
sensitivity of photoswitchable cystobactamids towards two
known resistance factors, the peptidase AlbD and the
scavenger protein AlbA, was light-dependent. While irradi-
ation of an analog with an N-terminal azobenzene with
365 nm light led to less degradation by AlbD, the AlbA-
mediated inactivation was induced. This provides a proof-of-
principle that resistance towards photoswitchable antibiotics
can be optically controlled.
_/

Introduction

The last decade witnessed the rise of photopharmacology, a
research area that relies on the concept that stable isomeric
forms of a molecule can be interconverted to each other by
light of different wavelengths in a reversible and repetitive
manner." Because the isomers differ by their three-dimensional
shape, their interactions with biological targets and the
resulting pharmacological effects are light-controllable by
‘photoswitching’. The successful conversion of a bioactive
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compound to a photoresponsive agent requires the identifica-
tion of an appropriate site on the scaffold where a photo-
switchable group can be inserted. Azobenzene and its analogs
have been by far the most widely applied photoswitches, but
also other types such as diarylethene, spiropyran, acylhydra-
zone, iminothioindoxyl have been developed and functionally
validated.”

Antimicrobial resistance renders currently used antibiotics
continuously less efficacious. In consequence, infections by
pathogenic bacteria have become again a serious threat to
public health.” Fighting resistance increasingly follows a ‘One
Health’ strategy, taking into consideration that resistance
spreads not only among humans (e.g. in hospitals), but also in
the environment and in animal livestock.” The discovery of
new antibiotics is therefore of high importance for human
health, and also unconventional strategies to control and slow
down resistance development are highly desirable.”’ Among
those, photoresponsive antibiotics have been proposed, be-
cause they offer the advantage of a body site selective control
of activity, thus limiting off-target effects on commensal
microbiota.® In addition, they have the potential to limit the
development of bacterial resistance, if they reside in an inactive
state without exerting selection pressure once secreted to the
environment. First examples on photoswitchable antibiotics
based on quinolones, gramicidin/tyrocidine, or trimethoprim
have been realized.?**” Recently, Lauxen et al. have studied
bacterial resistance mechanisms of trimethoprim photoswitch-
able conjugates, but differences between cis and trans isomers
were subtle.”

This study reports the introduction of photoswitches into a
new class of antibiotics that is not used clinically yet.
Cystobactamids like 861-2 (1) and the structurally related
albicidin (4) are microbial natural products with novel and
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unique structural features (Figure 1) and have high activity
against a broad range of Gram-negative and -positive patho-
gens by targeting bacterial gyrase.”’ Two resistance factors for
albicidin have been well characterized,"” the endopeptidase
AlbD that cleaves albicidin into two inactive fragments, and the
high affinity binder AlbA that traps the natural product and
thereby neutralizes its antimicrobial activity. Cystobactamids
are also substrates for AlbD,"” while how far their antibiotic
function is hampered by AlbA is still unclear.

Total synthesis and medicinal chemistry efforts by us and
others"? led to an understanding of structure-activity relation-
ships and also to the first analog CNDM-861 (2) that showed
high efficacy in vivo in a mouse infection model."” Based on
this knowledge, we aimed at preparing photoresponsive
analogs, and report the design, synthesis and characterization
of mono- and double-photoswitchable cystobactamids in this
communication. In addition to exploring differences in anti-
microbial properties between the isomeric states, we also report
a proof of principle that bacterial resistance can be modulated
with light and propose an alternative concept for the
application of photoswitchable antibiotics.

Results
N-terminally modified cystobactamids

The oligopeptidic, aromatic nature of the cystobactamids makes
them an ideal substrate for azologization."® Previous SAR
studies have shown that the amide bond connecting rings A
and B can be replaced by other functional groups without loss
of activity. We therefore decided to replace the N-terminal
dipeptide with azobenzenes. A set of three azobactamids was
synthesized that differed by their para-substituents on the A-
ring, enriching the electronic density (as in 6b) or decreasing it
(as in 6¢) compared to the unsubstituted 6a (Figure 2A). In 6d,
the amide bond was replaced by an acylhydrazone moiety,
which has not been used in photophamacology so far. The

variable part of the molecules was introduced in the last step of
the synthesis by coupling the Eastern tetrapeptidic portion of
the scaffold, whose synthesis has been previously reported,™”
with the photoswitchable unit (see the Supporting Information,
page 29).

To assess its photo-properties, a 0.5 mM DMSO solution of
azobactamid 6a was exposed to 365 nm light at time interval
of 10 min to induce a trans—cis isomerization, and to 450 nm
light to reverse the cis-isomer back to the trans state (Figure 2B).
The UV spectrum after irradiation displayed an additional
shoulder at 260 nm, had a weaker maximal absorption at
314 nm, and an additional maximum at 428 nm (Figure 2C).
Quantification of the two isomers was carried out by liquid
chromatography coupled to UV detection and mass spectro-
scopy (LC/UV/MS). Cis- and trans-isomers had baseline-sepa-
rated retention times of 13.8 and 15.0 minutes, respectively,
and a fraction of 52% of the cis-form could be obtained in the
photostationary state (PSS) (Figure 2D). We noted that the cis/
trans ratio at the PSS was concentration and solvent
dependent™ and varied from 0.8 at 0.1 mM to 0.35 at 1 mM in
DMSO (Supporting Information Figure S7).

Thermal relaxation from the PSS to the ground state
occurred with a half-life of 13.8 h at 35°C, a value that is
compatible for biological applications. By determining the
reaction rates (k) for the thermal relaxation at different temper-
atures, an activation energy (E,) of 118.95 kJ/mol was calculated
for 6a.

Next, the antimicrobial properties were assessed by deter-
mining the minimal inhibitory concentration (MIC) of com-
pounds needed for inhibiting the growth of the Gram-negative
bacterium Escherichia coli BW25113 (Table 1). The solutions of
antibiotics (0.5 mM in DMSO) were either kept in the dark or
irradiated with light of 365 nm, and then added to the bacterial
culture, followed by a 18 h incubation period. Azobactamids
6a-6 c showed excellent antimicrobial potencies in the sub-pg/
mL range, while hydrazobactamid 6d possessed diminished
activity, thus indicating that an azo group represents a better
bioisosteric substitution for the amide connecting rings A and B
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Figure 1. Chemical structures of natural and synthetic cystobactamids and of albicidin.
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Figure 2. Cystobactamids with N-terminal photoswitches. A) Compound structures. Photoswitchable functional groups are highlighted in red, and the final
synthetic step connecting the shown N-terminal A-B rings to the Eastern part is indicated in blue; B) E—Z isomerization of 6 a; C-E) Characterization of 6a; C)
UV spectra of 6a (0.5 mM in DMSO) before irradiation (in red) and after irradiation with 365 nm light (in green); D) LC/UV-chromatographic traces before
irradiation (above) and after irradiation with 365 nm light (below); E) calculated kinetic parameters: rate constant k, activation energy E,, preexponential factor

A, half-life t,,.

Table 1. Antimicrobial and enzymatic activities of selected cystobactamids
with a single photoswitch.?

Compound MIC [ug/ml] Gyrase ICy, [uM]
Dark 365 nm Dark 365 nm

2 0.005 - 0.08 -

6a 0.35 0.18 (1.9) 1.4 1.1(1.3)

6¢C 0.64 0.45 (1.4) 0.5 0.1 (5.0)

6d 4.37 1.54 (2.8) nd nd

10a 0.01 0.01 (1) 1.1 1.0 (1.1)

10f 0.04 0.1 (0.4) nd nd

10j 0.10 0.34 (0.3) nd nd

[a] Thermally adapted state (dark) compared to the PSS following 365 nm
irradiation. The MIC was determined on E. coli BW25113 by fitting a
Gompertz equation to the growth inhibition curve, and the enzymatic
activity was determined with an E. coli gyrase supercoiling assay. Numbers
in brackets display the fold-difference in activity between dark vs.
irradiated states. nd =not determined.

than an acylhydrazone. For all compounds, the irradiated
samples showed enhanced, up to 2.8 fold improved antimicro-
bial properties.

Compound 6b possessed a potent MIC of 0.13 pg/ml, but
as could be expected due to the para-amino moiety on the
azobenzene,™ its half-life was too short to retain photo-
isomerization on a time scale useful to asses antimicrobial
properties (Supporting Information Figure S1).

We wondered whether the difference in activity was due to
changes in affinity for the enzymatic target or to permeation
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properties into the bacterial cells. To address this, azobactamids
were tested in vitro in a gyrase negative supercoiling assay. The
relative activities observed in the cell-based assay were
reflected in vitro: Irradiated samples showed up to five-fold
higher gyrase inhibition compared to the thermally adapted
ones.

C-terminally modified hydrazobactamids

We hypothesized that configurational changes at the C-
terminus of the molecule may have an even higher impact on
activity. This was justified by the fact that ring D is an essential
pharmacophore of the cystobactamids, featured by a phenol
group that is particularly acidic due to an interaction with the
amide connecting rings D and E."® We thus decided to replace
the amide bond, but considered that acylhydrazones were a
more suitable moiety than azobenzenes to retain the electronic
properties of the original amide, at the same time offering
trans-cis photoisomerization of the C—N double bond. The E
ring was chosen as either a substituted phenyl or a heterocycle
possessing different properties (acidic, neutral or weakly basic)
(Scheme 1). In 10b, d, and e, fluorine or chlorine atoms were
introduced at the ortho-positions following the same principle
applied to azobenzenes, in order to generate red-shifted
acylhydrazones with isomeric states possessing separated
n—m* absorption bands."® The pyrazoles 10g-j were inspired
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Scheme 1. Final steps for the synthesis of C-terminal hydrazobactamids and overview of synthesized analogs. Reagents, conditions, isolated yields: a) DCM,
TFA, TiPS, rt, 2.5 h, quant.; b) HATU, DIiPEA, DMF, rt, 15 min, then tert-butyl carbazate, rt, 3 h, 91 %; c) Pd(PPh3)4, PhSiH3, THF rt, 2.5 h, 60%; d) DCM, TFA, rt,

2 h, quant.; e) aldehyde in THF, rt, 15 min, 10-81 %.

by the azoheteroarene photoswitches reported by Weston
et al., who observed quantitative E—Z isomerization and very
long half-lifes."” For the synthesis of all analogs, we relied on
the robust chemistry of acylhydrazone condensation, and
employed it as the last synthetic step to enable an efficient late
stage diversification. Ten C-terminally modified hydrazobacta-
mids were synthesized in five steps from known pentapeptide
intermediate 7.1""

A characterization of the photoinduced isomerization by LC/
UV/MS was not possible, because irradiated and non-irradiated
compounds had identical retention times. However, the UV
spectra of the compounds were clearly different pre- and post-
irradiation (Figure 3B and Supporting Information Figure S2).
For instance, the absorbance spectrum of 10c showed a
shoulder above 400 nm in the thermally adapted state, which
rose to two distinct maxima at 408 and 430 nm after irradiation.
On the other hand, a maximum at 354 nm had a strongly
decreased intensity. The photoisomerization could be reverted
by irradiation with light of 450 nm, and the compound showed
a limited degree of fatigue (on average 3.5% per cycle,
Figure 3C). This has been reported for other thiophene-derived
acylhydrazones and attributed to structural rigidity and its

Chem. Eur. J. 2022, 28, €202201297 (4 of 12)

effects on thiophene C—C vibrations."® The A, of the PSS at
430 nm is shifted by 10-30 nm to the visible range compared
to related, known thiophenyl hydrazones, which might be due
to the presence of the carboxylic acid. The introduction of
fluorine in 10b did not induce the expected shift of the n—m*
absorption band, but led to a higher maximum compared to
10a (Supporting Information Figure S6).

The antimicrobial properties were assessed by MIC determi-
nations against E. coli for thermally adapted and irradiated
samples as described above. For 10d, f, i and j the thermally
adapted forms were up to 3.4-fold more potent, while all other
compounds remained equipotent (Table1 and Supporting
Information Table S1). Thus, we obtained a trend that was
opposite to the one obtained for single photoswitches. The
hydrazobactamids 10a and 10c were the most potent com-
pounds of this study with MIC's as low as 10 and 30 ng/ml for
both forms, respectively (Table 1 and Supporting Information
Table S1). The introduction of fluorine atoms at the ortho-
position (10b) or the replacement of the para-aminobenzoic
acid unit by heterocycles was tolerated but lowered the
antimicrobial potency.
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Figure 3. Characterization of hydrazobactamid 10c. A) Chemical structure and photo-inducible E—Z isomerization of acylhydrazone moiety (highlighted in
blue and violet); B) UV spectra of 10¢ (0.5 mM in DMSO) in its thermally adapted state before irradiation (in black) and after irradiation with 365 nm light (in
violet) and with 450 nm light (in blue); C) Photoswitching cycles, recorded by the UV absorption at 350 nm after alternating irradiation with 365 nm light (light

blue periods) and 450 nm (dark blue periods).

Doubly photoswitchable cystobactamids

To investigate whether differences in antimicrobial potency
were additive or not, we considered the simultaneous incorpo-
ration of both N- and C-terminal structural variations, giving rise
to unprecedented doubly photoswitchable compounds. Initially,
the N- and C- terminal residues for which irradiated samples
gave the same activity trend were combined to achieve additive
effects. To this end, the plain azobenzene of 6a was combined
with acidic acylhydrazones. Furthermore, in order to obtain
molecules that can be selectively isomerized only at the N-
terminus, a red-shifted, tetrahalogenated azobenzene was
coupled with selected acylhydrazones (Scheme 2B). Such com-
pounds may allow to exploit the concept of orthogonal control
of photoswitching properties, that has been demonstrated with
structurally different photoswitches before.'” Ideally, such
molecules would enable multiple controls of activity by
selective N-terminal isomerization upon exposure to green light,
and double photoswitching by irradiation with 365 nm light.
Retrosynthetically, the formation of the acylhydrazone was
envisioned as the final synthetic step, preceded by the
introduction of the N-terminal photoswitchable moiety. The
known tripeptide 15 represented a key intermediate for the
synthesis of the target compounds (Scheme 2B). Initially, the
primary amino group was transformed into the corresponding
trifluoroacetamide (66%) to enable derivatization of the C-
terminal carboxylate. The orthogonally protected tripeptide was
then treated with trifluoroacetic acid to deprotect the Trt-

Chem. Eur. J. 2022, 28, €202201297 (5 of 12)

modified amide and the C-terminal carboxylate at the same
time; the latter was converted into an N-Boc protected
acylhydrazine that was directly subjected to aminolysis of the
trifluoroacetamide using ammonia in methanol to liberate the
primary, aliphatic amine, obtained with a 48% vyield over the
three steps. Amine 16 was then linked to the azobenzene
moieties (14a-c) using HATU as a coupling reagent that cleanly
afforded the corresponding O-allyl-N-Boc-tetra peptides, that
underwent palladium-catalyzed de-allylation of the phenol on
ring D using phenyl silane as a nucleophilic scavenger to obtain
18a-c. Partial concomitant reduction of the azo moiety was
observed for 18a and 18c that decreased the yield over the
two steps (20-60%). The final steps of the synthesis consisted of
an acidic N-Boc deprotection, followed by condensation with
the aldehyde of interest and final purification of the target
molecule by preparative reversed-phase (RP)-HPLC under basic
conditions (19-58 %).

The tetrahalogenated azobenzenes carrying a carboxylate
were obtained by a nucleophilic attack of an aryl lithium species
to an aryl diazonium salt, similar to the route reported by
Feringa and coworkers (Scheme 2A).*” The use of lithium
tetramethylpiperidine (LTMP) as the lithiating reagent instead
of butyl lithium enabled broader functional group tolerance in
the presence of both ester and nitrile functions on the reaction
substrates.

Three sets of doubly photoswitchable cystobactamids were
synthesized, comprising six compounds overall (19a, 19b, 20a,
20b, 21b, 21¢, Scheme 2B). An assessment of the antimicrobial
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Scheme 2. A) Synthesis of red-shifted azobenzenes; B) Synthetic route to doubly photoswitchable cystobactamids. Photoswitchable moieties are highlighted
in blue and red. Reagents, conditions, isolated yields: a) LTMP, THF, —78°C 30 min, then 12 in THF —85°C, 2 h, 49-51%; b) DCM, TFA, rt, 2 h; quant; c) TFAA,
TEA, DCM, 1t, 4 h, 66%; d) DCM, TFA, TiPS, rt, 2.5 h; e) HATU, DiPEA, DMF, rt, 30 min then tert-butyl carbazate, rt, 3 h; f) NH, (7 N) in MeOH, THF, 45°C, 10 h,
48% 3 steps; g) 14a-c, HATU, DiPEA, DMF, rt, 30 min then 16 rt, 1 h; h) Pd(PPh;),, PhSiH;, THF rt, 2.5 h, 20-60% 2 steps; i) aldehyde in THF, rt, 15 min., 19—
58%.

Table 2. Antimicrobial and enzymatic activities of selected doubly photo-

properties revealed that four of the compounds were not switchable cystobactamids.”

inhibiting growth of E. coli up to 6.4 ug/mL, the highest

. . . Compound MIC [pg/ml] Gyrase ICs, [uM]
concentration tested (Table 2 ant.:i Supportlr.mg Information Dark 365 nm 450 nm Dark 365 nm
Table S1). Only 19a and 20a, bearing unsubstituted A and B
rings, showed MICs in a therapeutically useful window, while 19a 0.40 0.28 (1.4) 1.12(0.4) 1.0 1o()

’ ] ’ -~ 20a 1.06 265(04) 3.16(03) 08 1.3 (0.6)
the introduction of halogens in the ortho-position was not 20b S640  >6.40 > 6.40 ~25  nd

tolerated. The biological inactivity was paralleled by a loss of
gyrase inhibitory capacity. We therefore focused on 19a and
20a that had plain azobenzene at the N-terminus and either
benzoate or thiophene carboxylic acid at the C-terminus.

A selective photoisomerization control of 19a and 20a was

[a] Thermally adapted state (dark) compared to the PSS following 365 nm
irradiation. The MIC was determined on E. coli BW25113 by fitting a
Gompertz equation to the growth inhibition curve, and the in vitro activity
was determined with an E. coli gyrase supercoiling assay. Numbers in
brackets display the fold-difference in activity between dark vs. irradiated
states. nd = not determined.

not possible due to the overlapping absorption spectra of the
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azo and hydrazone functional groups. The comparison of the
UV spectra of mono photoswitches 6a and 10a and the double
switch 19a after irradiation with 365 nm light revealed a clear
difference. For both compounds incorporating a single photo-
switch, irradiation led to a constant or lowered absorption
maximum at around 300 nm, while for the double photoswitch,
an increase was observed (Figure 4A, Figure 2B and Supporting
Information Figures S5, S6 and S8). A similar trend can be
observed comparing the absorption maxima at 350 nm for the
monoswitch 10c with the doubleswitch 20a. At higher wave-
lengths two distinct maxima at 408 and 430 nm strongly
increased after irradiation in 204a, as observed for 10c. A precise
determination of the four isomeric states at the PSS was not
possible by chromatographic analysis (LC/UV/MS). This was
because the presence of only two peaks could be detected after
irradiation, presumably due to coelution of the C-terminal
photoisomers. Based on the chromatographic behavior of the
monoswitches (see above), we assume that the two peaks
correspond to N-terminal isomers, and based on this deter-
mined the N-terminal cis fraction to be about 60% for double
photoswitches 19a and 20a. Four switching cycles with
alternating light of 365 and 450 nm showed that 20a was
fatigue-resistant, whereas 19a lost absorbance intensity over
the switching cycles, suggesting degradation (Figure 4B and
Supporting Information Figure S9). According to kinetic experi-
ments, the half-lives for the thermal relaxation to the ground
state at 35°C for these two molecules were 14.9 h for 19a and
6.9 h for 20a.

The effect of the photoisomerization on the antimicrobial
properties was assessed as described above with pre-irradiation
of a solution of the antibiotic, followed by bacterial incubation
and eventually read out of MICs. Because the compounds had
additional absorbance bands at higher wavelengths, they were
also excited at 450 nm to induce a photoisomerization.
Interestingly, irradiation of 20a with this wavelength entailed a
significant increase of the absorption maximum at 350 nm and
a decrease of the absorption band between 400 and 450 nm
(Figure 4A). Samples of 20a exposed to light showed an
increase of the MIC from 1.06 to 2.65 pg/mL. The data were
corroborated by the enzymatic assay, where irradiation of 20a
led to a 1.6 fold decrease in gyrase inhibition, indicating that
isomerization of both sides of the molecule at the same time is
deleterious for the antimicrobial activity. Thus, while light
irradiation led to an increase of antibacterial potency in N-
terminally modified cystobactamids and a decrease in C-
terminally modified compounds, the latter effect was prevalent
in the combination of the two motifs.

Addressing resistance mechanisms with light

The possibility to influence bacterial resistance with light is one
of the major advantages offered by photoswitchable antibiotics,
nevertheless clear proof-of-principles are missing. We therefore
exposed the photoswitchable cystobactamids to two of the
known resistance mechanisms for the structurally related

A (o
= = 10
e Dark 4
= -+ 19a
= ® PSS (365nm) -8+
Q - -+ 20b
e e PSS (302 nm) =
3 = 104 -+ 20a
2 ® PSS (450 nm) =
2 e PSS (525 nm) =
b=, ‘ 12
‘:_W::_
0.0 T T T % T T 14 T T T T T
250 300 350 400 450 500 550 600 Q‘? N W M af) o~ n,(')
) > 5 5 ! ) &
Wavelength [nm] § & § o @Q w@ w@
1T [1/K]
B D
2.0
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o A - 2 112, 35°C
] i [ 450nm Compound [kJ/mol] In(A) Al[sT] R [l
b 20a 10a 105.69 31.64 55x10" | 0.86 39
Q
E 1.0 19a 115.88 33.57 3.8x10™ | 0.90 14.9
§ 05 20a 115.61 34.38 8.5x 10" | 0.88 6.9
a X
< 20b 102.82 30.25 1.4x10 | 0.88 4.0
0.0 Azobenzene 81.00 5.8 x 108 0.99
0 20 40 60 80 100

Time [min]

Figure 4. Characterization of doubly switchable cystobactamids. A) UV spectra of 20a (0.5 mM in DMSO) in its thermally adapted state before irradiation (in
black) and after irradiation with light of five different wavelengths; B) Repeated photoswitching of 20a, recorded by the UV absorption at 350 nm after
alternating irradiation with 365 nm light (dark blue periods) and 450 nm (light blue periods). C) Arrhenius plot of the logarithmic rate constants of thermal
isomerization to the ground state versus reciprocal temperature for four cystobactamids. D) Kinetic data for 10a, 19a, 20b and 20a. Activation energy E, and
half-life t,,, were calculated based on reaction speeds in a temperature range from 30-50°C (Supporting Information Figures S10-S21, Table S3). Data for

azobenzene were taken from Ref. [21].
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Figure 5. Light-dependent inactivation of photoswitchable cystobactamids by AlbD. A) Enzymatic reaction. The photoswitchable moiety and the cleavage site
are marked in red. B) LC/UV-chromatographic traces of 6a after 30 minutes incubation, in presence (+) or absence (—) of AlbD. Before incubation, 6a was

either irradiated (365 nm) or not (dark).

albicidin, the endopeptidase AlbD and the high affinity binding
protein AlbA.'%9

For the former we made use of a biochemical assay that
monitors the proteolytic activity of recombinant AlbD in vitro
using LC/UV/MS.' Albicidin was completely cleaved within
30 minutes, and similar results were obtained for the cystobac-
tamid 2. We wondered whether photoswitchable cystobacta-
mids were also recognized by AlbD, and whether their cleavage
rates differed between the isomeric states. Both types of
monoswitchable as well as a doubly photoswitchable cystobac-
tamid were substrates of the endopeptidase (Figure5 and
Supporting Information Figure S22), but 10a and 19a were
degraded to a larger extent after 30 min than 6a, with 40% of
the compound remaining. Interestingly, shining 365 nm light
on 6a considerably accelerated the cleavage, with only 7% of
the antibiotic remaining after the same time (Table 3). This
suggests that a cis-configured 6a is a better substrate for the
endopeptidase than its trans-isomer.

In order to probe the impact of the resistance factor AlbA,
we assessed the antibiotic properties of selected photoswitch-
able cystobactamids against E. coli in presence of AlbA in an
agar diffusion assay.'®” Three photoswitchable cystobactamids
(one representative per subgroup) and the nonswitchable
controls albicidin and 3 were tested. The antibiotic activity of
albicidin disappeared in the presence of AlbA, while the

Chem. Eur. J. 2022, 28, €202201297 (8 of 12)

Table 3. Light-dependent inactivation of photoswitchable cystobactamids
by AlbD.”!

Compound % non-cleaved in presence of AlbD
Dark 365 nm

Albicidin 0 nd

6a 40 7

10a 21 23

19a 14 9

[a] Residual percentage of intact antibiotic with and w/o irradiation after
30 min incubation with AlbD.

cystobactamid 3 was not affected (Figure 6 and Table 4); the
findings are consistent with previous reports.""¥ Also the C-
terminally modified 10a escaped the binding protein. In
contrast, the activity of 19a was neutralized by the presence of
AlIbA, no matter whether the sample was pre-irradiated or not.
Most interesting was the azobactamid 6a, differing from 3 by
the azo group instead of the amide connecting rings A and B.
Its inhibition of microbial growth was not impaired by AlbA in
the dark, but upon irradiation, the antibiotic activity was
completely lost. This is remarkable, given that the generated
cis-isomer has higher antimicrobial activity in the absence of
AlbA (Table 1). The finding implies that the two photoisomeric
states of 6a have significantly different affinities for the

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Albicidin

6a 10a

19a

Figure 6. Light-dependent inactivation of photoswitchable cystobactamids by AlbA. Top left: Petri plate layout. Other panels: Images of the Petri plates from
the agar diffusion assay. Albicidin or cystobactamids were pre-irradiated with 365 nm light (+ UV) or not (-UV), deposited on an agar plate inoculated with E.
coli BW25113 in the presence (+) or absence (—) of AlbA (1 equivalent). Growth inhibition was visible as an inhibition zone, whose diameter was measured

and listed in Table 4.

Table 4. Light-dependent inactivation of photoswitchable cystobactamids
by AlbA.®

Inhibition zone [cm]

+ AlbA -AlbA

Dark 365 nm Dark 365 nm
Albicidin 0 0 2.2 2.2
3 2.1 2.1 25 25
6a 13 0 13 13
10a 2.2 2.2 2.2 2.2
19a 0 0 1.4 1.4

[a] Results summary of agar diffusion assays in E. coli BW25113 as depicted
in Figure 6.

resistance protein, and the cis-isomer is recognized as substrate,
while the trans-isomer is not or has a considerably lower
binding affinity. Taken together, the experiments showed a
steep SAR behind the antibiotic-AlbA interaction and notably,
revealed that a bacterial resistance mechanism could be
modulated by light.

Chem. Eur. J. 2022, 28, 202201297 (9 of 12)

Discussion

Photopharmacology has been proposed as an innovative
approach to tackle the problem of bacterial resistance, because
it offers the possibility to selectively control antibiotic activity
with light. Since the first report of a photoswitchable
antibacterial agent in 2013, significant progress has been made
towards the creation of the ideal photoantibiotic that should
possess large differences (ON/OFF) in activity between two
isomers and be quantitatively switched with visible light to
ensure optimal tissue penetration, while minimizing radiation
damaging.®®® '* This is exemplified by an azo-trimethoprim
analog that was activated with red light to give two isomeric
states with an eight-fold difference in potency.’™

This work widens photoswitchable drug design in several
aspects. One concerns the successful application of acylhydra-
zones in photopharmacology. Acylhydrazones have favorable
photochemical properties® and avoid a metabolic liability
compared to azobenzenes, because the reduction of the latter
in vivo may generate free and potentially toxic anilines, as
exemplified by Prontosil Rubrum.?? On the other hand, also
acylhydrazones have stability issues, as they might hydrolyse
into an aldehyde and a hydrazide under acidic pH, and have
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therefore been red-flagged.” However, acylhydrazone-contain-
ing drugs have progressed to clinical development,* and
further applications in photopharmacology deserve being ex-
plored.

We also report compounds with a dual photoswitch; in
principle, such molecules can adopt four light-dependent
states, i.e. A-B, A'-B, A-B’ and A-B'*" We found that
cystobactamids with dual photoswitches indeed possess unique
properties compared to the monoswitches. However, the
current compounds face limitations, as individual regioisomers
cannot be independently, selectively switched by light; thus,
their structural composition could not be properly defined.

The proof-of-concept that photoswitchable antibiotics are
principally feasible has been built on established antibiotics like
ciprofloxacin, trimethoprim or gramicidin. However, the need
for novel chemical scaffolds to build a next generation of
antibiotics, rather than further modifying existing classes, has
been clearly articulated.”™ We addressed this need by selecting
a novel and promising class of natural products, the cystobacta-
mids, as the basis for photoswitchable antibiotics. We identified
both N- and C- termini of the scaffold as suitable sites for the
insertion of photoswitches, replacing the original amide bonds
that connect the aromatic units. The modifications were in
general well tolerated, as the potent antimicrobial properties
against E. coli were retained. In sum, twenty photoresponsive
cystobactamids were synthesized that were categorized in three
subgroups, i.e. mono N-terminal, mono C-terminal and doubly
photoswitchable cystobactamids. While irradiation led to an
increase in antibiotic activity for compounds incorporating an
N-terminal photoswitch, the opposite was found for C-terminal
modifications. The antimicrobial activities observed in the
cellular assay were corroborated by a biochemical assay
measuring gyrase inhibition. This indicated that photo-induced
isomerization leads to different abilities to interact with the
enzymatic target. However, differences in antimicrobial proper-
ties were moderate overall.

The current concept of a photoswitchable antibiotic foresees a
light-induced activation of the drug, meaning that the molecule is
stored in its inactive form, and the active species is generated upon
irradiation with light in situ, and disappears over time by thermal
relaxation. In this study instead, light-induced inactivation was
observed for some compounds like 19a, enabling a reverse
approach. The compound is taken in the thermally adapted form as
an active substance, exerting its function in the body without the
needs of reliable activation by light as well as assuring pharmacoki-
netics and -dynamics of two isomers. This would be particularly
relevant for infections at deep, poorly accessible body sites that
require sustained exposure at high concentrations; it also avoids
resistance formation under selection pressure conditions, that
would be induced by isomerization to a less active isomer. In
contrast, ‘reverse’ order compounds as found here can be
inactivated by light ‘on demand’; natural light could convert and
keep the antibiotic in the inactive state. However, their application
is hampered by the incomplete conversion to the cis form as well
as its transient nature. Also the often limited exposure to light in
the environment constitutes a limitation for such agents.

Chem. Eur. J. 2022, 28, €202201297 (10 of 12)

We also investigated whether two classical resistance mecha-
nisms, antibiotic degradation and antibiotic trapping, can be
modulated by light. For the endopeptidase AlbD, we observed that
conformational changes near the N-terminus influenced the rate of
proteolysis of the antibiotic 6a. This implies that structural variations
in this region, although far from the cleavage site, can alter the
function of the resistance factor. In addition, we investigated
whether the neutralization of cystobactamids by the binding
protein AlbA was affected by isomerization. We observed that the
thermal trans-isomer was not trapped by AlbA, whereas the cis-
isomer was. The high importance of the A-B rings for the
antibacterial activity has been described before; the current findings
underline that also the sensitivity towards resistance factors can be
tuned by this region of the molecule.

Conclusions

The study provides evidence that light-induced conformational
changes alter the resistance properties of the compounds and
expands the arsenal of photoswitchable antibiotics based on
the unusual cystobactamid scaffold. Their oligoaryl nature
renders cystobactamids well-suited to incorporating photo-
switches and optimizing them towards improved on-off
activities seems an attractive target of future studies.

Methods
Chemical synthesis

See Supporting Information

Irradiation of compounds

The photoswitchable cystobactamids were irradiated by LEDs
with defined wavelengths (Sahlmann Photochemical Solutions,
type: 3x Nichia NCSU276 A). Available wavelengths were
340 nm, 365 nm, 450 nm, 495 nm, 525 nm and 617 nm. The
compounds were dissolved in DMSO at a concentration of
0.5 mM and irradiated at an intensity of 780 mW for 1 h unless
indicated otherwise. The cystobactamids were transferred to a
microtiter plate and placed in a polystyrene box. The lid of the
box had a hole to fit the LED and to ensure the same distance
of approx. 15 cm between LED and sample for all experiments.

Determination of the photo-stationary state (PSS) by LC/MS

The photo-stationary state was determined by LC/UV/MS
measurements using the same method as described for the
AlbD assay. The samples were measured in positive mode over
a mass range of 50-1500 m/z. By integration of the UV
chromatographic peak areas corresponding to the cis and trans
isomers, the ratio between cis and trans was calculated.
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Determination of minimal inhibitory concentrations (MICs)

The MIC was determined on Escherichia coli BW25113. For the
preparation of bacteria, an overnight culture was inoculated in
Mueller-Hinton broth and incubated for approximately 18 h at
37°C, 150 rpm. The overnight culture was diluted in fresh media to
ODgyo=0.1 and grown to ODg,=0.5 before being diluted to
OD4y,,=0.01. From a stock solution of the respective compound in
DMSO (0.5 mg/ml) — either in ground state or irradiated for 1 h at
365nm - a three-fold dilution series was prepared. For the
treatment, 1.92 ul of each dilution were transferred to a 96 well
plate and mixed with 148 pl of the bacterial culture resulting in
compound concentrations in the range of 6.4 to 0.0001 pg/ml. The
plate was sealed and incubated for 18 h at 37 °C. The optical density
after 18 h was determined using a microplate reader (Biomek,
Powerwave XS). The ODgy-values were then plotted against the
log(concentration) of the compound and fitted with a Gompertz-
equation in GraphPad Prism to determine the MIC values.

DNA negative supercoiling assay, determination of ICs, values

The concentration at which 50% of gyrase activity inhibition occurs
(ICsy) was determined by using commercial E. coli DNA gyrase
(Inspiralis, UK) and pUC19 relaxed DNA. The gyrase mix was
prepared according to the supplier manual and 11 pl were trans-
ferred to 0.2 ml Eppendorf cups. The compound at a stock
concentration of 0.75 yM in DMSO - either in ground state or
irradiated for 1 h at 365 nm — was pre-diluted to 0.375 uM in water.
The pre-diluted compound was used to prepare a three-fold
dilution series down to 0.03 pM, of which 1 ul was transferred to
the gyrase mix. After a mixing step and spinning down, 25 ng
relaxed pUC19 DNA was added and the final solution (volume:
15 ul) was incubated for 30 min at 37°C. The enzymatic reaction
was stopped by increasing the temperature to 60°C for 10 min.
After addition of 3 ul DNA loading dye, the samples were loaded on
a 0.8% agarose gel and run for 30 min at 100 V. The gel was
stained in a 0.1 ug/ml ethidium bromide solution and scanned
(ChemiDoc, Biorad). Since gyrase supercoils the DNA, the band
intensity for supercoiled DNA was used to determine the inhibitory
effect of the compound - with a non-treated control as reference.
For an active compound, the intensity of the supercoiled form
decreases with increasing concentration of the compound. The
intensities were then plotted against the log(concentration) of the
compound and the ICy, values was determined using a non-linear
log(inhibitor) versus response fit in GraphPad Prism.

AlbD Assay

Pure AlbD protein was obtained by recombinant expression and
the AlbD assay was performed according to our previous work™"
with the ground state cystobactamid, the switched version and
albicidin as positive control. 24 uM of AlbD were incubated with
12 uM of compound in 0.2 M phosphate buffer for 30 min at 28°C.
In parallel for each compound, a sample without enzyme was
generated to prove compound stability over incubation time. 350 pl
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methanol were added to precipitate the protein. The precipitate
was separated by 20 min centrifugation at 20,000g. 250 pl of the
supernatant were transferred to a fresh vial and evaporated in a
speed vac (Eppendorf, Concentrator plus). The dried concentrate
was resupended in 100 ul methanol and analyzed via LC/MS
measurement. 3 pl per sample were injected into an Ultra high
pressure chromatography instrument (UHPLC) (Thermo, Dionex
Ultimate 3000) with a C18 column (Phenomenex, Kinetex 1.7 pm
C18 150x2.1 mm). A 30 min linear gradient with 99% A and 1% B
to 100% B was used to separate the sample components — with A
water 4 0.1 % formic acid and B acetonitrile +0.1 % formic acid. The
masses were detected with a quadrupole time of flight mass
spectrometer (maXis HD QTof, Bruker Daltonics, Bremen, Germany)
after electrospray ionization. The measurement was performed in
positive ion mode in a mass range from 50-1500 m/z. The resulting
data was analyzed using DataAnalysis (Bruker Daltonics, Bremen,
Germany).

AlbA Assay

Pure AlbA protein was obtained as reported under Ref.['%. The
AlbA assay was performed according to Rostock etal.” The
compounds (0.5 mg/ml in DMSO) were either stored in the dark or
irradiated at 365 nm for 1 h. Albicidin was used in parallel to prove
resistance protein activity. Afterwards 1.5 ul of the compound or
DMSO as negative control were added to 4.2 ul AlbA (4.5 mg/ml) or
PBS as enzyme-free control. PBS was added to reach a total volume
of 15 pl. The samples were incubated for 20 min at room temper-
ature in the dark to allow the binding event to take place. In the
meantime, 100 ul of an E. coli BW25113 culture grown in LB-broth
to ODgy=0.5 was equally spread on a LB-agar plate. The 15 pl
compound-protein mix was added as a dot on the agar plate and
after letting it dry, incubated for 18 h at 37°C. The diameter of the
inhibition area was measured.
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