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Cryo-EM Resolves Molecular Recognition Of An Optojasp
Photoswitch Bound To Actin Filaments In Both Switch States
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Peter Bieling, Hans-Dieter Arndt,* and Stefan Raunser*
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Abstract: Actin is essential for key processes in all eukaryotic
cells. Cellpermeable optojasps provide spatiotemporal control
of the actin cytoskeleton, confining toxicity and potentially
rendering F-actin druggable by photopharmacology. Here, we
report cryo electron microscopy (cryo-EM) structures of both
isomeric states of one optojasp bound to actin filaments. The
high-resolution structures reveal for the first time the pro-
nounced effects of photoswitching a functionalized azoben-
zene. By characterizing the optojasp binding site and identify-
ing conformational changes within F-actin that depend on the
optojasp isomeric state, we refine determinants for the design of
functional F-actin photoswitches.

Actin is a key player in eukaryotic cell biology and involved
in cellular motility, cytokinesis, intra-cellular cargo transport
and endocytosis.l'! The 42 kDa globular protein (G-actin)
assembles into polar filaments (F-actin) that form complex
and dynamic networks. To fulfill its diverse functions, the
conformation and dynamics of actin filaments are clocked by
ATP hydrolysis and the subsequent release of phosphate.*”!
Furthermore, actin polymerization and the assembly of higher
order structures is tightly controlled in space and time by
a plethora of actin binding proteins (ABPs).

While actin may serve as a potential entry for drug design
due to its involvement in many cellular processes, it is also
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a highly challenging target owing to its high abundance, its
dynamics, and its remarkable conservation of sequence and
3D structure among species. Actin stabilizers such as phalloi-
din (1, Figure 1) are thus generally toxic. Recently, optojasps,
cell-permeable and photo-switchable small molecules derived
from the natural F-actin inhibitor jasplakinolide (JASP, 2,
Figure 1)F! were shown to provide direct optical spatiotem-
poral control of the actin cytoskeleton.! The design of
optojasps originated from in silico molecular modelling data
of the JASP binding site and thorough analysis of structure—
activity-relationship data.””! It features a modified cyclodep-
sipeptide macrocycle with a bistable azobenzene attached via
a linker chain to the Ala residue position (3, Figure 1). The
diazene bond can be isomerized from its trans-configured
ground state to a high-energy cis form that thermally reverts
back to trans with a specific half life, or by irradiation with
green light.l®!

1: phalloidin 2: jasplakinolide (JASP)
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Figure 1. Chemical structures of F-actin stabilizing natural product
toxins and of optojasp-8. Conditions: a) hv =380 nm; b) hv =520 nm
or AT (t,,,=15 min in PBS buffer at 37°C) .1
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Recent high-resolution electron cryo microscopy (cryo-
EM) structures of JASP-stabilized F-actin allowed a near-
atomic analysis of the JASP binding pocket and its inter-
actions with F-actin,>®? highlighting the potential of cryo-
EM for structure-based drug design.'” Surprisingly, these
data suggested the photoswitch moiety of functional opto-
jasps to be placed in the interior of the actin filament.!

Ligand switchability in photopharmacology has been
conceptualized well,'Y but elucidiating the molecular recog-
nition of photoswitches on the molecular level has rarely been
achieved. For optojasps, such data should facilitate their
optimization and allow examining the effects of photoswitch-
ing on the overall structure of F-actin. We hence strived to
structurally characterize optojasp-stabilized F-actin by cryo-
EM. We were able to solve structures of F-actin in complex
with optojasp-8 (0J8, 3)( in both its inactive (trans-3, “dark”
PDB 7AHQ and EMD-11790) and its active (cis-3, “bright”,
PDB 7AHN and EMD-11787) state when bound to F-actin by
cryo-EM at 3.6 A (trans) and 2.9 A (cis) resolution, respec-
tively (Figure S1 and Table S1). Interestingly, while the cis-
state is significantly more potent than the trans state of OJ8,
both states could be enriched in an actin-bound form, in line
with the residual activity of the trans state of this optojasp.

Cryo-EM structures require averaging of many helical
protein segments that cannot be individually assessed for

A Dark state - trans-0J8
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presence or kind of a bound small molecule. Hence, sample
preparation and imaging for the dark state was conducted
under red light to prevent unwanted isomerization (trans-3).
For the bright state, OJ8 containing samples were repetitively
activated by 380 nm light pulses. F-actin was then plunge
frozen, and directly imaged to prohibit thermal relaxation
(cis-3). Since modelling of the actin-bound ligand is crucial for
understanding of the molecular recognition and for subse-
quent design efforts, we used state-of-the-art molecular
dynamics-based modelling™® in combination with energetic
geometry restraints to determine the conformation of OJ8
(see Supporting Information for details).

In its trans state, each OJ8 ligand binds in regular intervals
to three actin subunits from both strands of the double-
stranded F-actin helix (Figure 2A, Figure S2A and Movie
S1A,B). Its binding changes neither the overall architecture
of F-actin nor its helical symmetry (Table S1). The binding
pocket and the conformation of the bound macrocycle closely
resembles the one described previously for cLys-JASP, the
core of 0J8.2% In analogy to cLys-JASP, trans-3 stabilizes
a transient state of partial ATP-hydrolysis which is charac-
terized by incomplete release of phosphate (Figure S2A) and
increased stability compared to ADP-bound F-actin.>"! F-
actin adopts the open DNase-I-binding loop (D-loop) state
when trans-3 is bound (Figure 2 A, Figure S2A and Movie

Bright state - cis-0J8
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Figure 2. High-resolution structures of O)8-stabilized F-actin. A,B) Cryo-EM structures of O)8-stabilized F-actin in the (A) dark state, trans-O)8
(magenta), and (B) bright state, cis-OJ8 (yellow). To highlight the double stranded helical arrangement of F-actin, the central and subsequent actin
subunit are colored in shades of green (dark state) and blue (bright state), respectively. The central D-loop (*) and O)8 binding site (#) are
enlarged for direct comparison of the structures before and after activation of OJ8 with UV light (380 nm). (Top) While the D-loop solely adopts
the open conformation with trans-O)8 bound, it is mixed with a considerably higher population of the closed D-loop state after irradiation. The
map is additionally shown at a lower threshold (mesh) to highlight the second, less populated D-loop conformation of the cis-O)8 structure.
(Bottom) The azobenzene photoswitch stacks onto the macrocycle and changes its configuration from trans to cis upon UV-irradiation.

C,D) Atomic wire models of trans- and cis-O}8. For details also see Figure S2 and Movies S1,2.
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S1A,B) and thereby generally resembles the structure pre-
viously reported for cLys-JASP-stabilized F-actin.>") Taken
together, the addition of an azobenzene photoswitch to JASP
does not modify the mechanism by which JASP-like ligands
stabilize actin filaments, namely by introducing additional
contacts within and between strands.

Binding of cis-3 occurs at the same binding site and also
does not alter the overall arrangement of F-actin (Figure 2B,
Figure S2B and Movie S1C,-D) or its symmetry (Table S1).
Interestingly, photoswitching leaves the conformation of the
bound macrocycle unchanged and solely affects the azoben-
zene photoswitch (Figure 2), as hypothesized earlier.!” Thus,
the mode of ligand binding, which primarily features inter-
actions between the macrocycle and F-actin,*? is conserved
for both isomeric states of OJ8 (Figure 2, Figure S2 and
Movie S1).

While cis-3 stabilizes the transient state of partial ATP-
hydrolysis also seen for trans-3 (Figure S2), it differs markedly
from trans-3 in modulating the conformation of the D-loop of
F-actin (Figure 2). The D-loop has been shown to be highly
dynamic and polymorphic.!'* Different D-loop conforma-
tions were observed in G-actin, including an a-helical and a (3-
turn fold, but in most structures this region is not resolved.!!
The D-loop is at a major interface of the F-actin double helix.
Yet, different D-loop conformations have also been reported
for F-actin,®>1%17 including the open and closed state.**!®l
The conformation of the D-loop was inter alia proposed to be
linked to the protein sequence,*® to the nucleotide
state,>!*1%171 and to binding of small molecules.**'**"!

Although both the trans- and the cis-isomer of 3 share
most of their interactions with F-actin with respect to the
macrocyclic ligand (Figure 2 A,B, Figure S2), photoswitching
changes the conformation of the D-loop of F-actin (Figure 2).
In contrast to the exclusively open D-loop state found in F-
actin stabilized by trans-3, we find a mixed conformation of
actin with a higher population of the closed D-loop state for
cis-3 (Figure 2, Figure S2, Movie S2), although F-actin was
prepared similarly. The closed conformation, typical for
ADP-bound F-actin® and for phalloidin bound, aged F-
actin,’! was not observed in any previous JASP-F-actin
structure. This suggests that the interactions of cis-3 with F-
actin do not stabilize the open D-loop state to the same extent
as trans-3 or JASP itself,>*! eventually allowing a partial
relaxation of the D-loop toward the closed state. This
indicates that F-actin-bound cis-3, probably as a result of
the more compact, globular azobenzene moiety, is consid-
erably more “phalloidin-like” than JASP, or than trans-3
(Figure 2, Figure 3 A).

The cyclodepsipeptide macrocycle of OJ8 is bound rigidly
and approximately takes on a stoichiometric ratio in both
isomeric states as its density appears at the same threshold as
the protein backbone (Movie S1). By contrast, the connecting
linker remains unresolved in both structures, indicating
considerable flexibility as usually observed for loops that
have little to no contact with surrounding protein residues
(Figure 2, Figure S2 and Movie S1). The flexibility of the
azobenzene extension depends on its isomeric state; while
bound cis-3 appears remarkably rigid with its density
appearing at the same threshold as the macrocycle, the

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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density for trans-3 appears only at much lower density
thresholds (Movie S1). This suggests that cis-3 synergistically
stabilizes F-actin in a very regular, ordered manner, likely due
to tighter interactions with the protein assembly. Intriguingly,
we could not find residual density for the trans configuration
in our bright state structure (cis-3), although OJ8 can only be
activated by light to a 94:6 cis/trans ratio at best (photosta-
tionary equilibrium, Table S2).

The trans configuration of the azobenzene moiety closely
resembles available X-ray structures???! (Figure S3A). By
contrast, the bound azobenzene of cis-3 differs markedly from
X-ray structures™>¥ (Figure S3B, also see Methods) showing
almost 90° torsion angles, which are appreciable even when
considering the non-atomic experimental resolution (2.9 A).
When conjugated to JASP and bound to F-actin, the
symmetry of the cis-form is reduced due to shearing and
twisting (Table S3). While the resulting overall conformation
may be energetically unfavorable when isolated, the binding
energy is apparently increased due to a complementary shape
match of cis-3 with F-actin.

Our data clearly show that the azobenzene photoswitch
folds back in a scorpion tail-like manner. It stacks onto the
cyclodepsipeptide macrocycle, thereby creating a compact,
space-filling structure that actively complements the more
disk-like appearance of JASP (Figure 2). While the azoben-
zene in its trans configuration non-specifically protrudes into
the cavity between the two strands of F-actin, cis-3 is more
compact, extending toward the pointed end of the filament
(Figure 3, Movie S1). Interestingly, phalloidin (1) that stabil-
izes F-actin at the same binding pocket as JASP,*>! not only
shares its interacting residues with cis-3, but the hydroxyl
group of the hydroxyproline is placed in the same region as
the polar, cis-configured N=N double bond (Figure 3 A,B).
The close resemblance of the F-actin bound cis-3 and
phalloidin, as well as the presence of the closed D-loop
state, suggests that both ligands do not stabilize the open D-
loop state to the same extent as JASP or trans-3. Such ligand-
induced modulation may have relevance for the functional
difference of F-actin stabilizing compounds.”® We have
previously shown that the addition of JASP to F-actin-ADP
results in strong binding of coronin-1B, which is usually
limited to F-actin-ADP-P,.”! Based on this, we proposed that
nucleotide-sensitive ABPs such as coronin distinguish the
nucleotide state of F-actin based on the conformation of the
D-loop,? which serves as a hub for ABP binding. Unfortu-
nately, total internal reflection fluorescence (TIRF) micros-
copy, which is considered the state-of-the-art method to
measure the binding of ABPs to F-actin,” was found
incompatible with the photoswitchable ligand when measur-
ing the binding of coronin-1B to F-actin (Figure S4, also see
Methods), clearly indicating the limits of current biochemistry
methods in photopharmacology.

The large cavity between the two strands of F-actin, which
is incompletely filled by OJ8 in either configuration (Fig-
ure 3C), suggested that also the bound ligand should be
responsive to light. Indeed, ion-pair reversed-phase chroma-
tography showed reversible photoswitching of OJ8 inside
actin filaments (Figure S5). This may suggest that optojasps
can be incorporated in the trans state during F-actin

Angew. Chem. Int. Ed. 2021, 6o, 8678 8682
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Figure 3. Interactions at the binding site of OJ8 in comparison to phalloidin. A) The binding site of trans-3 (magenta) and cis-3 (yellow) in
comparison to the one of phalloidin (cyan, PDB: 6T1Y, EMDB: 10363,). Due to the scorpion tail-like fold of the photoswitch, O)8 resembles the
three-dimensional arrangement of phalloidin more closely than the flat conformation of JASP. The conformation of cis-3 is remarkably similar to
phalloidin (see text). B) 2D ligand-protein interaction diagrams of the ligands shown in (A). Both hydrophobic contacts (red arcs with rays) and
putative hydrogen bonds (dashed green lines) are depicted. Chain IDs are stated in brackets for protein residues. Residues that only participate in
interactions with either trans-3 (top) or cis-3 (center) are highlighted in orange. Note that all residues involved in the binding of phalloidin

(bottom), also interact with cis-3. C) Surface representation of the O}8 bind

ing site from three different perspectives. While trans-3 adopts an

elongated conformation, partially filling the cavity between the actin strands (into the plane of projection), the conformation of cis-3 is more
compact, thereby increasing contacts to the subunit displayed in the upper right corner (SU D, pointed end direction), also see Movie S1.

polymerization and may then be switched to the more
strongly stabilizing cis form. Furthermore, the azobenzene
“extension” does clearly not only provide a passive element of
steric blockade (trans), but can also contribute actively to
binding (cis). As a result, activity of both the cis- and the
trans-state of the optojasp depend on switch topology and
linker length, cogently explaining the complex structure—
activity-correlation observed for optojasps.!

In summary, for the first time both isomeric states of
a protein-bound bioactive photoswitch were resolved by cryo-
EM. Notably, the metastable cis-state of the optojasp photo-
switch was characterized, which in this case actively contrib-
utes to binding by providing a fitting shape for a cavity in F-

Angew. Chem. Int. Ed. 2021, 6o, 8678 -8682
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actin. This does not only result in a better fit and higher
activity for the cis-isomer, but also in switching the F-actin
into a state resembling the phalloidin-bound form. This
conformational modulation of the whole F-actin offers
interesting explanations for different in cellulo activities
observed previously for F-actin ligands.!*?! Such effects may
now be further explored by structure-based optimization of
the optojasps. In combination, our data showcase the impact
that cryo-EM can have on understanding drug functioning on
complex protein targets as well as on structure determination
of ligands not accessible by Xray crystallography, opening up
new prospects for structure-based drug design.
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