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Abstract

The dynamic interplay between proteins and their ligands is central to molecular biology,
pharmacology, and drug development but is difficult to resolve experimentally. Using time-
resolved serial crystallography at a synchrotron and X-ray laser, we studied the release of the
photochemical affinity switch azo-Combretastatin A4 from the anti-cancer target tubulin. Thirteen
logarithmically spaced temporal snapshots at near-atomic resolution are complemented by time-
resolved spectroscopy and molecular dynamics simulations. They show how the photoinduced cis
to trans isomerization of the azobenzene bond stretches the ligand in the picosecond to nanosecond
range, followed by stepwise opening of a gating loop within microseconds, and completion of the
unbinding reaction within milliseconds. Ligand unbinding is accompanied by collapse of the
binding pocket and global tubulin-backbone rearrangements. Our results have implications for the
molecular basis of photopharmacology, the mechanism of action of anti-tubulin drugs and provide

a general experimental framework to study protein-ligand interaction dynamics.

One-Sentence Summary
Time-resolved crystallography reveals structural changes in tubulin upon release of a

photoswitchable microtubule inhibitor.
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Main Text

The dynamic interaction of small molecule ligands with their target proteins is the basis for
numerous physiological processes in living cells. To catalyze chemical reactions, enzymes have
to bind their substrates and release the products. Cellular signaling is coordinated by the binding
of ligands that activate their cognate receptors in the cytoplasm or the cellular membrane. Small
molecule ligands that act as drugs to selectively intercede in these physiological processes provide
the most common strategy for medical intervention.

Much effort has been spent on resolving the molecular structure of important protein targets in
complex with their ligands, yet it has been more challenging to experimentally follow the structural
dynamics of protein-ligand binding and release with atomic details. Traditional structural biology
relies on X-ray crystallography, nuclear magnetic resonance, or cryo-electron microscopy to
provide accurate structures that can act as starting points for molecular dynamics (MD) simulations
to study how a molecular system evolves with time. However, computational methods are limited
in the size and time ranges that can be studied and can lead to results that are difficult to verify
experimentally. Indirect verification can be achieved by mutagenesis followed by functional
analyses (/) or a variety of spectroscopic methods that are commonly used to study protein-ligand
interaction dynamics (2). Some of these methods allow for high temporal resolution, yet do not
allow obtaining the direct atomic insight obtainable by structural biology.

Time-resolved serial crystallography combines the advantages of structural biology and
spectroscopy to provide molecular snapshots over time that can be assembled into flipbook-like
movies of how proteins function. Reactions from femtoseconds onwards have been probed at X-
ray free electron lasers (XFELs) and adaptations to the use at synchrotron sources have been very
successful in reaching longer temporal regimes (3). In its most common form, time-resolved
crystallography relies on an optical pump laser to initiate the reaction followed by a probing X-ray
pulse to obtain structural information at a precise time delay after photoactivation. For this reason,
the method has been most successful when studying photoactive proteins which are easy to trigger
but are rare in biology (4). Besides these naturally evolved, photoactive protein systems, progress
in chemical research has provided a large repertoire of synthetic photoswitches, whose structures
are altered by the absorption of a photon. When incorporated into different types of polymers, such
photochemical switches allow for exciting new applications (5). In chemistry, they can be used to
control solid-to-liquid transitions (6). Biologists in turn have adapted synthetic photoswitches for

the optical control of peptide (7) and protein functions (&) up to the neuromodulation of living
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mice (9). Finally, the field of photopharmacology uses photochemical affinity switches to localize
therapeutic drug dose and reduce harmful side-effects (70).

A prominent example is the photochemical affinity switch azo-combretastatin (azo-CA4), which
binds the ap-tubulin heterodimer (hereafter called tubulin) (/7). Tubulin is the key building block
of the microtubule cytoskeleton in all eukaryotic cells. It is critical for cell division and thus a
prominent target for cytotoxic drugs including the first line anti-cancer drug Paclitaxel (Taxol®).
Combretastatin A4 phosphate is strong cell growth inhibitor (/2) that has been tested in clinical
trials against different types of tumors (http://clinicaltrials.gov). It expresses anti-cancer activity
via a destabilizing effect on microtubules through binding to the colchicine site located at the
interface between the o and 3 subunits of tubulin (13, /4). Azo-CA4 is a combretastatin A4 variant,
in which the central C=C stilbene bond is replaced by a more photoreactive N=N azobenzene bond,
allowing for reversible switching between a bent cis and straight ¢rans form (/7). Isomerization of
an azobenzene bond occurs with high quantum efficiency and results in pronounced changes in its
geometry and dipole moment within a few hundred femtoseconds after photons have been
absorbed (75). Once built into azo-CAA4, this effect allows to perturb the division of cancer cells
using a localized pulse of monochromatic light (/7). However, we have only just begun to
understand how azobenzene isomerization changes binding affinity and how this then affects the
conformational plasticity needed during microtubule formation.

Here, we describe how we used time-resolved serial crystallography at the Swiss Light Source
(SLS) and the Swiss X-ray Free Electron Laser (SwissFEL) to follow the photoflash induced
release of azo-CA4 from the colchicine binding site of tubulin with near-atomic spatial and sub-
picosecond temporal resolution. We resolved the evolution of the unbinding reaction in thirteen
structural snapshots ranging from 1 ps to 100 ms after photoconversion of the compound. Our
results reveal in atomic detail how a ligand is switched from high affinity to low affinity
conformation and suggest the release mechanism. Molecular snapshots of the tubulin structural
plasticity during ligand release may assist in finding the best strategy to target selective tubulin

functions.

Evolution of electron density features over time
The X-ray crystallographic pump-probe data were collected on azo-CA4 soaked af-tubulin-
DARPiIn crystals (16, 17) at SwissFEL (/8). Overall, we collected 1°330°681 indexed diffraction

patterns with a resolution up to 1.7 A (Table S1). The data are divided into “dark” images collected
3
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without light exposure and images taken at time delays of 1 ps, 25 ps, 35 ps, 125 ps, 1 ns, 10 ns,
100 ns, 1 ps, 10 ps, 100 ps, 1 ms, and 10 ms after illumination with a femtosecond flash of laser
light (Fig. 1). In addition, we collected serial synchrotron crystallography data (/9) on the ligand-
bound and ligand-free state obtained by approximately 100 ms of light exposure.

The difference electron density maps (Fobs(light)-Fobs(dark)) calculated from the data are of high
quality (Fig. 2A, Movie S1) and can be quantitatively followed by Pearson correlation analysis to
highlight transitions between structural intermediates (20) (Fig. S1). We observed four major
blocks of elevated correlation in the picosecond, nanosecond, microsecond, and early millisecond
time regimes. Further substructures can be derived when comparing changes in the binding pocket
to backbone movements occurring over the whole protein. From this analysis, it is clear that
illumination generates a nonequilibrium photoproduct population that relaxes over a broad time
range from picoseconds to milliseconds.

Using structural refinements against extrapolated data from the light-activated fraction of the
structure factors (21, 22), we were able to generate atomic models for predominant intermediate
states (Fig. S2, Table S2). In addition, we used conventional refinement approaches to solve room
temperature crystal structures of the initial cis-azo-CA4 isomer bound and ligand-free states.
Taken together, our data provide a comprehensive overview of the structural changes occurring
upon cis-trans isomerization and the following release of the azo-CA4 compound from its tubulin-
binding pocket. A movie covering eleven orders of magnitude in time (Movie S2) summarizes the

critical molecular rearrangements that we will discuss in the following sections.

Early rearrangements in the binding pocket

The conformation of a ligand is generally presumed to precisely fit the architecture of its binding
pocket even though both protein and ligand are in constant motion. The photoinduced release of
azo-CA4 provides an excellent system to study what happens when a ligand deviates from its
primary binding pose. Before light-activation, the cis isomer of azo-CA4 is bound to the colchicine
site at the interface between the o and B subunits of tubulin (Fig. 1B). Interactions with the protein
are primarily hydrophobic in nature, except for hydrogen bonds to the backbone carbonyl of
aThr179 and the backbone amide of aVall81, respectively (Fig. 2B). Further interactions are
mediated by a water molecule interacting directly with the azobenzene bond of azo-CA4. Overall,
the binding pose of the ligand is nearly identical to that of the parent compound combretastatin A4
that contains a stilbene instead of the azobenzene group connecting the A and B rings of the ligand
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(23). Difference electron density maps and structural refinements show that azo-CA4 has
completed cis-trans isomerization already 1 ps after photoactivation (Fig. 2F and Movie S1). This
reaction stretches the molecule by 1.9 A as measured by the increase in distance between the 4 and
4’ atoms of its A and B rings, respectively (Fig. 2 C). Stretching changes the interaction pattern
of the ligand with the protein as the binding pocket has not yet adapted to the altered ligand
conformation. The water-mediated interactions are broken and relocation of the two ring moieties
of'azo-CA4 reduces their hydrophobic stacking interactions with the protein. From 25 ps onwards,
we observed conformational rearrangements of the aVall81 side chain located close to ring B of
azo-CAA4, resulting in a rotamer change of this residue at 125 ps, providing additional space for
accommodating the stretched ligand in the binding pocket (Fig. 2D). From 1 ns onwards, the
electron density maps suggest a larger conformational flexibility of azo-CA4 that propagates into
a new relaxed ligand-binding pose observed at 100 ns (Fig. 1E). At this time point, ring A of azo-
CA4 is relocated by 2.6 A towards the BT7 loop of B-tubulin, known to be involved in ligand
unbinding (17, 23) .

To further characterize azo-CA4 isomerization in context of the colchicine site, we have used time-
resolved, transient absorption spectroscopy (Fig. 2F). In agreement with the structural results, the
cis-trans isomerization proceeds with a lifetime of about 450 fs; a similar scale as observed for the
same reaction in unsubstituted azobenzenes (/5). At the 1 ps delay, we have refined the crystal
structure of the tubulin-azo-CA4 complex in the predominant state but the electron density
indicates that azo-CA4 has not yet reached a single conformation. With the experimental
framework described here and recent progress in using machine learning to analyze ultrafast XFEL
data (24), it seems now within reach to study the relevance of this heterogeneity to the
isomerization mechanism with temporal resolutions of only few femtoseconds.

Interestingly, the transient spectra of azo-CA4 taken in the presence of tubulin exhibit an additional
pronounced blue shift with a lifetime of 35 ps (Fig. S3), indicating that the binding pocket further
influences the ligand in this temporal regime. As the spectral changes coincide in time with the
changed interaction patterns after cis-trans isomerization and the rotation of the aVall81 side
chain, it seems likely that the ligand cannot stretch as quickly and needs longer to achieve a relaxed
conformation within the confined space of the binding pocket.

To bridge the gap between structural effects and binding energy we relied on MD simulations (25).
We aimed at estimating the relative binding free energy difference between the cis and trans
isomers (AAGeis-trans) Using the computational protocol utilized for the tubulin-combretastatin A4
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complex (23). Fig. 2G shows the free energy profiles corresponding to the bound and unbound
isomerization processes of the thermodynamic cycle (cis-bound — trans-bound — trans-unbound
— cis-unbound). As expected, the trans isomer is the most stable form in both the bound and
unbound simulations with AG values of AGcis-trans-bound = -14 kcal/mol and AGeis-trans-unbound = -19
kcal/mol, respectively. The resulting relative binding free energy difference of AAGeis-trans = 5
kcal/mol clearly favors the cis-isomer stabilized interactions with tubulin. Such a free energy
difference translates into an increased affinity of ~4300 times based on the equilibrium probability
ratio and Boltzmann statistics. The low affinity of trans-CA4 explains why we were unable to
crystallize this isomer in complex with tubulin using classical crystallography methods but instead

needed a time-resolved experiment.

Binding pocket rearrangements upon ligand release

Both the induced fit and conformational selection models of ligand binding predict complex
dynamic transitions associated with the ligand entering and leaving the binding pocket of its target
protein (26, 27). The colchicine site of tubulin is no exception, as it displays pronounced
conformational adaptations between the ligand-bound and -unbound forms of the protein (/4, 23,
28, 29).

Our time-resolved structures allow to follow the reorganization of the colchicine site following
formation of the metastable azo-CA4 binding pose. The relevant temporal regime starts at 100 ns,
when the A ring of the ligand has been repositioned into close contacts with residue fAla248 of
the BT7 loop (Fig. 3B). Initial conformational changes of the BT7 loop follow on the microsecond
scale with further rearrangements of the loop, including a displacement of fAsn247 and fLeu246
occurring in the millisecond time range (Fig. 3C,D). The binding pocket initially expands starting
from a volume of 446 A3 before illumination (cis-azoCA4) to 552 A3 at 100 ns (relaxed trans-
azoCA4), and then collapses from 363 A3 at 1 ms (after BT7 loop movement) down to 71 A3 at 10
ms when the compound has left the binding pocket (Fig. 3G). Based on visual inspection of
difference maps and plotting electron density changes on the ligand over time, we have modeled
the release of azo-CA4 between the 1 and 10 ms time delays (Fig. 3D,E). However, residual ligand
can still be observed at low occupancy in the 10 ms data and is only fully released at about 100 ms
(Fig. 3F) as evident from the synchrotron structure which is essentially identical to the one

determined in the absence of azo-CA4 (Fig. S4). The long release time is consistent with a
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stochastic nature of the process where unbinding events of individual molecules occur over several
milliseconds in time once they are initiated on faster time scales.

The binding pocket is not freely accessible to the solvent but our structural analysis suggests the
opening of an exit channel between 100 ps and 1 ms (Fig. 3H). Reorganization of the BT7 loop,
particularly through a rotation of the BLeu246 side chain, results into a 8 A long channel from a
possible exit site close to the A ring of the ligand (Fig. S5). The diameter of the channel is 4-6 A,
which seems small given the 7 A diameter for the larger A ring of azo-CA4. As the unbinding
takes place over many milliseconds throughout the crystal, it seems likely that the channel
transiently widens in short-lived intermediates that did not sufficiently accumulate to be observed.
To study this possibility, we have used MD simulations starting from the 1 ms delay where the
opening of the channel is most prominent. Almost 50 us of simulations suggests that the azo-CA4
approaches a position close to the proposed exit site of the protein, where only minimal changes
would be sufficient to let the ligand diffuse out of its binding pocket. Once the ligand detaches our
crystallographic data again shows how the BT7 loop flips back and packs against B-tubulin residues
that were previously engaged in azo-CA4 binding. Overall, our data are consistent with the flexible
BT7 loop to act as a “molecular gate” that opens and closes the colchicine site and, depending on
its current conformation, directly competes with ligand binding (74, 29).

There are elements of an induced fit when the binding pocket adapts to the stretched trans azo-
CA4 within a microsecond. However, the collapse of the binding pocket coinciding with ligand
release (Fig. 3G) suggests that the tubulin-azo-CA4 interaction dynamics are dominated by
conformational selection involving open and closed positions of the BT7 loop. A transiently
formed conformation of the binding pocket is stabilized through the ligand, but relaxes when
ligand-protein interactions are removed. Notably, all colchicine-site ligands structurally analyzed
so far displace the BT7 loop upon binding (30, 317), suggesting a general mechanism for this class

of microtubule-destabilizing agents.

Global tubulin backbone rearrangements

Tubulin displays substantial structural plasticity that is vital to microtubule dynamics and thus its
cellular function. A prominent example is the global conformational change during tubulin
assembly into microtubules from a “curved” free tubulin to a “straight” microtubule-lattice

incorporated tubulin conformation (32). This major reorganization of the tubulin dimer is
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accompanied by a contraction of the colchicine site (/4, 29). Binding of ligands including
combretastatins to the colchicine site prevents its contraction and thus destabilizes microtubules
by stabilizing the curved conformation of free tubulin (30).

To illustrate how such global backbone rearrangements develop with time, we superimposed the
structures obtained from our thirteen time delays and visualized the rearrangements of Ca
backbone atoms as individual vectors. We observed several motions that correspond well to our
initial Pearson-correlation analysis of electron density changes, and which coincide in time with
the major events in the ligand-binding pocket (Fig. S1). This result suggests that local structural
changes in the binding pocket are accompanied by global, allosteric backbone rearrangements
throughout the - and B-tubulin subunits of the tubulin dimer.

Next, we assessed global conformational changes occurring between our tubulin structures
obtained in the picosecond, nanosecond, microsecond, and millisecond time range (Fig. 4B). We
found that global backbone changes in the picosecond time range, representing early adaptations
following cis-trans isomerization of the ligand, are minor and do not go beyond the > 0.5 A
displacements in Co. backbone atoms we introduced as a significance threshold for the vector
analysis. However, global structural changes became more pronounced in the nanosecond time
range, where we observed coordinated inward motions of both the c- and B-tubulin subunits. These
changes correlated well to the time range where the A ring of azo-CA4 shifts to a new place
completing the cis-to-trans relaxation process within the binding pocket. Interestingly, some of
these movements are reverted in the microsecond time range, where the BT7 loop starts moving
and finally collapses into the binding pocket. In the millisecond time range, final backbone
movements primarily in the a-tubulin subunit brings the structure back to its ligand-free state. To
analyze whether the global backbone rearrangements in tubulin upon ligand release have an impact
on the overall conformation of the protein, we analyzed the curvature of an oligomer constructed
from three longitudinally, head-to-tail aligned tubulin dimers, as previously described (33) (Fig.
4B and Fig. S6). Like our initial structural comparison, this complementary analysis suggests no
significant differences in the picosecond time regime while significant changes in curvature are
observed in the nano- and millisecond time range. Once azo-CA4 is released the curvature is
markedly reduced into the direction of the straight protofilament conformation found in
microtubules. Taken together, these analyses suggest that the global tubulin backbone movements,

as well as overall changes in tubulin conformational curvature evolve in par with structural
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alterations of ligands within the colchicine binding site. This is in agreement with the inhibiting

effect on microtubule formation exhibited by these small molecules.

Conclusions

Due to their broad biological relevance, structural biologists have determined thousands of atomic-
resolution structures of protein-ligand complexes. The pharmaceutical industry is relying on
structural information as an integral part of a rational approach to discover new drugs and
understand their mechanisms of action. Based on static structures alone, it is tempting to
oversimplify the dynamic nature of ligand-binding and -unbinding reactions. The ligand residence
time, for example, is considered one of the key factors for improving drug efficacy, as the lifetime
of the binary drug-target complex, and not the binding affinity alone, dictates much of the in vivo
pharmacological activity of a compound. Also, the probability of side effects can increase if a drug
does not engage its biological target long enough (34, 35). Our molecular snapshots resolve the
formation and dissolution of a metastable binding pose within the most frequently targeted drug-
binding site in tubulin (30). They provide an excellent framework on which to explore the use of
time-resolved structural information as a new dimension in structure-guided drug development.
Many new beamlines at 4" generation synchrotron sources are purpose build for time-resolved
serial crystallography and X-ray laser sources worldwide deliver more and more results (4).
However, a major drawback has not been resolved: measurements typically rely on naturally light
activated target proteins. While promising results using photo-caged compounds (36) and rapid-
mixing have been shown (37), these will not allow observations on very fast time scales relevant
for protein-ligand interactions. Our study demonstrates that time-resolved crystallography is now
efficient enough for an untargeted, logarithmic approach to cover many orders of magnitude in
time on targets that have not been extensively characterized by spectroscopic methods. Key for the
employed pump-probe approach is the use of photochemical affinity switches, for which azo-CA4
is just one example. We anticipate that similar compounds developed to control kinases, channels,
G protein-coupled receptors, and other pharmaceutically relevant protein targets will be important
future tools to experimentally study the structural plasticity of proteins, as well as protein-ligand

interaction dynamics.
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Data and materials availability

Coordinates and structure factors for tubulin in complex with cis-azo-CA4 have been deposited in

the PDB database under accession code xxx. Light activated data sets, coordinates, light

amplitudes, dark amplitudes and extrapolated structure factors have been deposited in the PDB

database under accession codes xxx (1 ps), xxx (25 ps), xxx (35 ps), xxx (125 ps), xxx (1 ns), xxx

(10 ns), xxxx (100 ns), xxxx (1 ps), xxxx (10 ps), xxxx (100 ps), xxxx (1 ms) and xxxx (10 ms).

The serial synchrotron data have been deposited in the same format under xxxx (dark) and xxxx

(100 ms).
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Fig. 1: Tracking drug release using a photochemical affinity switch. (A) The two chemical
5 structures of azo-CA4 show the wavelength dependent conformational change between the cis
(top) and trans (bottom) positions of the A and B rings attached to the N=N azo bond that switches
azo-CA4 between high affinity and low affinity conformations, respectively. (B) Azo-CA4 binds
to the colchicine site that is formed by secondary structural elements stemming from both the o
(blue) and B (cyan) subunits of the af-tubulin heterodimer. (C) Thirteen molecular snapshots
10 determined with pump-probe delays between 1 ps and 100 ms allow following the critical events
upon azo-CA4 release. Representative difference Fourier electron difference density maps
((Fobs(light)-Fops(dark), positive density shown as green and negative density as red mesh
contoured at 3.50) for the 25 ps, 100 ns, 10 ps and 100 ms time delays are shown together with an
overlay of azo-CA4 before (grey sticks) and after (orange sticks) light activation.
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Fig. 2: Effect of the azo-CA4 isomerization. (A) Before illumination, cis-azo-CA4 is bound in
the colchicine site located between the a (blue) and [ (cyan) subunits of tubulin. For clarity, only
amino acid residues (sticks) and the two water molecules (red spheres) contacting the ligand are
shown. Binding is stabilized by hydrophobic stacking and polar interactions (green lines) of
tubulin residues with the A and B rings of the ligand, and by hydrophilic interactions formed by
the ring substituents and the azobenzene-bond (blue dashed lines). (B) At 1 ps, the cis-trans
isomerization breaks the two water-mediated hydrogen bonds to the azo group and changes the
stacking interactions through rotations and displacements of the two azo-CA4 rings. (C) At 125
ps, stretching of the ligand is transmitted into the protein by a push against aVall81 (black arrow).
(D) At 100 ns, the A ring of trans-azo-CA4 has relocated into a position closer to the BT7 loop.
(E) The relaxation of the conformationally strained azo-CA4 coincides with a blue shift in the
absorption maximum, which is not observed in the absence of tubulin (Fig. S3). (F) Computational
analysis of the binding energy landscape provides a rationale for how cis-trans isomerization
initiates ligand unbinding. The plot indicates the energy gain of the cis vs. the trans azo-CA4
isomer upon binding to tubulin.
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Fig. 3: Reorganization of the colchicine site upon azo-CA4 release. (A) View on cis-azo-CA4
(yellow sticks) within the colchicine site (o and B-tubulin in blue and cyan, respectively). Of
particular interest are the dynamics of the BT7 loop (green) connecting the BH7 and BHS helices
of B-tubulin. (B) At 100 ns, the A ring of trans-azo-CA4 (orange sticks) is positioned closer
towards the BT7 loop. (C-D) Further reorganizations (black arrows) open a channel between the
BHS helix and the BT7 loop at 1 ms. (E) At 10 ms after activation, the BT7 loop has folded back
into the colchicine site, where now BAsn247 occupies the position previously accommodating the
azo-CA4 ligand. (F) Within 100 ms of activation, the colchicine site has collapsed and returned to
its unliganded conformational state. (G) The volume of the colchicine site (black boxes) remains
largely constant until the microseconds and the following collapse in the milliseconds. Between 1

and 10 ms, the movement of the BT7 loop is followed by an increase of negative difference density
(Fobs(light)-Fobs(dark)) in the original azo-CA4 position (red boxes), indicating ligand release from

the binding pocket. (H) Surface representation illustrating how repositioning of the residue

BLeu246 of the BT7 “gating loop” opens a pathway for ligand release.
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Fig. 4: Global tubulin conformational changes upon azo-CA4 release. (A) Overview of the
main conformational changes (dark to 1ps, 1ps to 125 ps, 125 to 100ns, 100ns to Ims and 1ms to
100ms) in the colchicine site and corresponding global protein backbone rearrangements.
Backbone movements within tubulin are represented by modevectors between consecutive time
delays. Only Ca-backbone atom displacements of at least 0.5 A in the main secondary structural
elements are shown (N-terminal nucleotide-binding domain in blue, C-terminal domain in red,
intermediate domain in green, and core helix HS in yellow according to (38)). (B) Comparison of
the conformational states of “straight” tubulin (a- and B-tubulin in blue and cyan surface
representations; PDB ID 5SYE (39)), and “curved” tubulin before (black) and at selected time
delays after light activation (orange). Shown are three longitudinally aligned tubulin dimers.
Arrows indicate the main direction of movements at the indicated time delays. The final release of
azo-CA4 reduces the curvature of the three tubulin dimers by 2.6° in the direction of the straight
protofilament conformation found in a microtubule (30) (see also Fig. S6).
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Materials and Methods

Tubulin purification and crystallization

Bovine brain tubulin was purchased from the Centro de Investigaciones Bioldgicas (Microtubule
Stabilizing Agents Group), CSIC, Madrid, Spain. The DARPin DI construct was adapted,
expressed and purified according to previous descriptions (/6). The tubulin-DARPin D1 (TDI)
complex was formed by mixing the respective components in a 1:1.1 molar ratio. The TDI1
complex was crystallized on EasyXtal 15-well plates (QIAGEN) by the hanging drop vapor
diffusion method (drop size 2 pL, drop ratio 1:1, 8 drops per well) at a concentration of 9.8 mg
mL™! at 20°C with a precipitant solution containing 21% (w/v) PEG 3000, 0.2 M ammonium
sulfate and 0.1 M bis-tris methane, pH 5.5. All drops were subsequently hair-seeded with
crystalline material obtained in previous crystallization attempts to increase homogeneity and
density of crystals. After 48 hours, crystals were washed off the plates with precipitant solution,
collected in 0.6 ml tubes and vortexed for a few seconds. This procedure induces a batch-
crystallization within the tubes and a sedimented crystal pellet after 24 hours of incubation at 20°C.
Initially crystals grew as long needles that could be broken into smaller fragments of

approximately 15x5x5 um? during the sample preparation described below.

Azo-combretastatin A4 synthesis
Az0-CA4 (compound 6) was prepared and synthesized following the experimental procedure described in detail by

Borowiak et al (11), according to the following synthetic scheme:

OMe OMe

OH HoN OMe i /@EOMe iii /@:om

OR N —_— N

©/ + \@[om N OMe N OMe
OMe HO MeO

1:R=H

5 R=T
i[ 3 OR 4 OR v |: S
2.R=Ts 6: R=H

i. TsCl, Pyridine, r.t., 24 h, yield 70 %. ii. isopentyl nitrite, HCI conc., NaOH (2M), MeOH, 0° C., 5 h, yield 66 %. iii.
Mel, K>COs, acetone, r.t., 16 h, yield 99 %. iv. KOH, MeOH, reflux, 1h, yield 78 %.

Following mono-tosylation of catechol 1, the resulting intermediate 2 was subjected to diazo coupling with 3,4,5-
trimethoxy aniline (3) using isopentyl nitrite in methanol, leading to 4 as a mixture of E/Z isomers (1/0.8).
Diazocompound 4 was then methylated in acetone leading to intermediate 5, and the tosyl protecting group was finally

removed in basic media to deliver azo-CA4, compound 6, as a mixture of E and Z isomers.
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Sample preparation serial crystallography

Crystal pellets were resuspended and the contents of two 0.6 mL tubes were combined and
collected into 2 mL tubes. After centrifugation in a tabletop centrifuge (2000 rpm, 15 seconds), a
concentrated crystal pellet of 45-60 uL. volume was obtained. The pellets were extracted,
transferred into PCR tubes and mixed with the trans-azo-CA4 to a final concentration of 1 mM.
To switch the compound into the binding cis conformation, the tubes were then illuminated for at
least 4 hours at 385 nm before incorporation into hydroxyethylcellulose hydrogel (Sigma-Aldrich)
(40). Hydrogels containing 22% (w/v) hydroxyethylcellulose were prepared in syringes and left to
cure for 5 days. Illuminated crystals were transferred into a Hamilton syringe and mixed into
hydrogel matrix at a ratio of 4:7 using a three-way-coupler (4/) before loading into the high

viscosity injector.

Experimental setup and XFEL data collection

Time-resolved serial crystallographic data of light-induced azo-CA4 from tubulin were collected
within 4 days of beamtime in September 2020 at the Alvra experimental station of SwissFEL. The
X-ray source provided pulses with a photon energy of 12.1 KeV and a pulse energy between 300
pJ and 550 pJ at a repetition rate of 100 Hz. To reduce X-ray scattering (background level), the
sample chamber was pumped down to a pressure of 150 mbar and then refilled with helium to 500
mbar. This process was continuously repeated during the measurement, except for the 1 ps time
delay where pressure changes would have had a significant impact on timing accuracy. Data were
collected using a Jungfrau 16M operated in 4M mode. Hit rate determination and initial data
processing during the experiment were done with the online data analysis pipeline described by
Nass et al. (42).

TD1 crystals homogeneously incorporated into Hydroxyethylcellulose were loaded into a high
viscosity injector connected to an HPLC pump (43). The system extruded the crystal loaded
hydrogel matrix into the pump—probe interaction point through a 75 um capillary at a flow rate of
5.3 pl per minute. In the interaction point, the probing XFEL beam intersected with a circularly
polarized pump beam originating from an optical parametric amplifier producing laser pulses with
350 fs duration (1/e?), 475 nm wavelength and 10 pJ total energy in a focal spot of 65 um (1/¢?)
diameter; corresponding to a maximal laser fluence of 301 mJ/cm? and laser power density of 861
GW/cm?. In the 1 ps time delay a laser pulse with 150 fs duration (1/e?) was used while keeping

the other parameters the same. In order to follow the complete reaction of light-induced azo-CA4
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ligand release from tubulin between the pump laser and the probing, XFEL pulses were chosen at

At=1 ps, 25 ps, 35 ps, 125 ps, 1 ns, 10 ns, 100 ns, 1 ps, 10 ps, 100 ps, 1 ms and 10 ms.

Serial synchrotron crystallography

Serial synchrotron data were collected using a previously described setup (/9). Crystals embedded
into hydroxyethylcellulose were injected in the intersecting X-ray and laser beam paths by a high
viscosity injector (43) with a 75 um diameter nozzle.

The jet speed was set to 0.5 um/ms and data frames were recorded using an Eigerl6M detector
with a frame rate of 100 Hz. The beam size was set to 20 x 5 um? to cover the central part of the
hydroxyethylcellulose column on one axis and extrusion by one frame on the other. In this way
we ensured the majority of crystals were exposed, whilst minimizing similarities in consecutive
frames for more reliable statistics. A photon flux of around 1.5 x 10! photons/s resulted in a
radiation dose of about 5 kGy per recorded detector frame when calculated with RADDOSE-3D
(44). Depending on their size and orientation while traversing the beam this corresponds to
between 5 and maximally 100 kGy per crystal. [llumination was done using light at 445 nm from
a laser diode with a peak optical power of 5 mW (Roithner Lasertechnik). Light intensity at the
interaction region was approximately 2.5 mW in a spot size of about 100 x 50 um?2. The
illumination time was set to approximately 100 ms by adjusting the distance between the laser and

X-ray interaction regions.

Data processing

Indexing, integrating and merging of obtained data was performed using Crystfel version 0.9.1
(45, 46). In detail, the peakfinder9 algorithm was used for peak detection, xgandalf (47) was used
to index obtained data; and peaks were integrated using --ring-radius=2,3,6 ; partialator options -
-model=unity, --iterations=1.0, --push-res=1.5 were used to merge selected patterns. A general
resolution cutoff of 1.7 A was chosen (see Table S1) and refinements for collected dark-state and
apo-state data were carried out to the full resolution range. Structural refinements of time-resolved
data were carried out to 2.2 A resolution due to data degradation when extrapolating data (see
Table S1). Serial synchrotron crystallography data obtained at SLS showed stronger anisotropy
than the data obtained at the SwissFEL. The data were therefore corrected for anisotropy using the

STARANISO server (48).
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Difference density maps calculation

Calculations of Fops(light) — Fops(dark) difference maps were performed using PHENIX (49). In
detail, the multi-scaling option was used excluding amplitudes smaller than 2 ¢ and exclusively
considering the resolution range between 6 A and 1.7 A. For all calculated Fobs(light) — Fobs(dark)
difference maps, the phases of the refined dark state were used. Fcaic(light) — Feaic(dark) difference

maps were computed to the same resolution using the CCP4 suite (50).

Pearson correlation of difference maps

To compute Pearson correlations independent of individual dataset multiplicities we reduced the
number of patterns to match the time delay where we collected the least data (55,065 patterns) and
calculated difference maps as stated above. These difference maps where then used to calculate
the Pearson correlation of integrated difference electron densities (20) around all protein atoms
and around the ligand and all residues lying within a 3 A sphere around the ligand. Water molecules
and hydrogen atoms were excluded in the selection. The density maps were integrated within a 2
A radius around the atoms and densities below 1.5 ¢ where ignored. The resulting Pearson
correlation values where normalized to the largest correlation, displayed on a gray scale and values

smaller than 0.3 were omitted from the figures for clarity.

Data extrapolation

Calculation of extrapolated data was performed using the method described by Pandey et al. (27).
Briefly, the linear approximation was used: Fexira = [100/A X (Fops(light) — Fops(dark)] + Feale, with
A representing the activation level in percent, Feac representing amplitudes of the high-resolution
dark state model and Fexta representing the extrapolated structure factor amplitude. The activation
level A, defined as the percentage of dark state molecules being activated after pump laser pulse
exposure, was determined as described (27). Briefly, extrapolated data were calculated using a
decreasing activation level A. Then the negative electron density in 2Fexra-Fcale maps calculated
using the dark model phases, was integrated around nitrogen atoms of the ligand which have strong
negative difference density peaks on them in each of the light activated structures and hence leave
their position. The negative density was then plotted against the activation level. The intersection
of the linear parts of the resulting graph (negative density is zero for not enough dark state
subtracted and starts to linearly increase as dark is over subtracted) was taken as the activation

level. The activation levels determined in this way fluctuated between 18-27% but since all data
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(except the 1 ps time delay) were measured under the same conditions we chose the average of
22% to refine the structures. As a further control we determined the activation level using the re-
appearance of dark state features in 2Fexua-Fcae maps (57, 52), which confirmed our initial

assignment.

Structure determination and refinement

The structure of the dark-state was solved by molecular replacement with SNQT as a search model.
Structural refinements of the model were done using PHENIX (49) with iterative cycles of manual
adjustments made in Coot (53). As a final step the ligand was refined using Buster (54), employing
the -qm option to use a quantum mechanics target for the ligand rather than restraints which may
be a source of errors, especially for molecules which are not at their energy minimum. The
structure of the apo-state was directly refined using the final dark-state structure as a starting point.
Before the actual refinement and model building of the obtained time-resolved data, the negative
amplitudes resulting from the extrapolation procedure were removed. The models were manually
adjusted to best fit observed difference map features as well as extrapolated maps using the final
dark-state model as a starting point.

Before the actual refinement and model building of the obtained time-resolved data, the negative
amplitudes resulting from the extrapolation procedure were removed. The models were manually
adjusted to best match observed difference map features, to produce similar Feac(light)-Feac(dark)
maps and to fit extrapolated maps using the final dark-state model as a starting point. To match
the observed difference density features using Feaic(1ms)-Fcaic(dark) maps we chose to exclude Leu
246 from XYZ refinement after manual adjustment for the 1 ms structure (See Figure S2). Given
the activation level of 22 percent we choose to refine the predominant structural species by

comparing the models to previous and consecutive structures.

Binding pocket and protein backbone analysis

Protein interactions in the binding pocket were identified with the protein-ligand interaction
profiler (55). Changes in the volume of the colchicine binding site over time were determined
using PyVOL (56) with the parameters (minimum radius = 1.65; maximum radius = 3.8; minimum
volume = 50, standard partitioning).

To visualize global protein backbone movements, alternative conformers were removed and

structures truncated to poly-Ala using Phenix PDB tools (49). Respective structural displacements
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of secondary structural elements were indicated using the PyMOL Python script Modevectors (by
Sean M. Law, University of Michigan). Displacements greater than 0.5 A were classified as
significant (cutoff=0.5). For visualization purposes, only the displacement vectors of every second
(skip=2) a-backbone atom (atom=CA) were shown and the vectors amplified by a factor of 6
(factor=6). Additional settings involve the vector representation (head=2.0, tail=0.85,

head length=3.0, cut=0).

Time-resolved spectroscopy measurements

The time-resolved transient absorption data were recorded using a home-built pump—probe setup,
as described in detail previously (57). In short, the fundamental laser pulses (1 mJ, 775 nm, 130
fs, 1 kHz) were provided by a Ti:Sa amplifier (Clark, MXR-CPA-iSeries). The pump pulses were
generated using a home-built two stage NOPA (noncollinear optical parametric amplifier) and sum
frequency mixing. The pulses were pre-compressed in a prism compressor located between the
two NOPA stages. White light continuum pulses (300-750 nm) were generated by focusing a
fraction of the laser fundamental beam into a CaF»-crystal (5 mm). The continuum pulses were
split into probe and reference beams. The reference beam was guided directly into a spectrograph,
while the probe beam was focused at the sample position then collected and directed into a second
spectrograph. The spectrographs (AMKO Multimode) contained gratings with 600 grooves/mm
blazed at 300 nm and a photodiode array. The instrument response function (IRF) of ~100 fs in
the experiments was estimated from the pump probe cross correlation. Anisotropic contributions
to the measurements were avoided by performing the experiments at the magic angle condition
(54.7° pump-probe polarization difference). The samples were held in a fused silica cuvette with
an optical path length of 1 mm which was constantly moved in the plane perpendicular to the
direction of the probe pulse propagation to avoid accumulation of photoproducts. To keep the azo-
CA4 samples (bound and free) in the cis isomer state, the cuvette was continuously illuminated
with a high-power LED at 385 nm. Global analysis of the experimental data was performed using
OPTIMUS (www.optimusfit.org) (58) to recover the lifetimes describing the cis — trans
photoisomerization kinetics. With the help of target analysis, a sequential kinetic scheme was fitted
to the experimental data to obtain the times of the highest population of each kinetic state, which

were helpful in determining the optimal time points for the XFEL experiments.
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Computational Methods

System preparation

The starting models for simulations were built from the respective XFEL-based time-resolved
structures. We removed the DARPin protein and reconstructed the BM-loop (res 272-288) using
the one in chain D of PDB 4I4T (tubulin-RB3-TTL-Zampanolide complex) as template by
employing the Prime (59) module of the Schrodinger 2020-4 suite. Analogously, Mg?* ion in chain
B (B-tubulin) was added by superimposition with the one of chain D of 414T structure. Calcium
ions were removed from the model.

The final model consisted of an a/p-tubulin heterodimer in complex with azo-CA4, GTP and GDP
molecules bound to the a- and B-tubulin monomers, respectively, as well as their associated Mg?*
ions and their coordinating water molecules. The resulting protein structure possessed 437 out of
451 residues of a-tubulin (UniProtKB ID P81947) and 431 out of 445 residues of B-tubulin
(UniProtKB ID Q6B856). Missing residues belonging to the intrinsically disordered C-terminal
tails of a- and B-tubulin were not modeled and C-termini were capped with N-methyl amide
(NME) groups. Residue protonation states were evaluated at pH 7.0 using the Protein Preparation
Wizard tool (60) implemented in the Schrodinger 2020-4 suite (67). The af-tubulin heterodimer
structure was solvated with the TIP3P-model (62) for water molecules in a truncated octahedron
box using 12 A as minimum distance between the protein and the box edges. The system was
neutralized by adding Na" ions resulting in a total of about 122k atoms. The atomistic force field
Amber-ff14SB (63) was used for all simulations. Parameters for Mg?" ions and the GTP and GDP
molecules were developed by Allner et al. (64) and Meagher et al. (65) respectively.

Concerning the ligand, partial atomic charges were obtained with the Restrained Electrostatic
Potential (RESP) method on a DFT-optimized trans conformation at the B3LYP/6-31g* level. The
geometric optimization was carried out with Terachem v1.94. The General Amber ForceField
(GAFF) was used, with custom parameters for the three main dihedral angles: 1-1a-1b-1°, 6-1-1a-
1b, 1a-1b-1’-6".

In order to obtain such optimized parameters, we fitted the GAFF energy curves associated with a
rigid torsion of the dihedral angles to the corresponding DFT energy curves. For each of the
considered dihedral we proceeded as follows: we started out with the geometrically optimized
trans structure. We then performed a clockwise rigid rotation with 15° steps followed by an
analogous counter-clockwise rigid rotation. For each rotation step we performed a DFT geometric

optimization restraining the rotated dihedral and we evaluated the energy. We retained the
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minimum energy among the clockwise and anticlockwise rotation cycles to overcome hysteresis.
The three resulting DFT energy profiles consisting of 24 evaluation points were used as a target
for the fitting procedure. DFT calculations were performed with Terachem v1.94, at the B3LYP/6-
31g* level. The fitting procedure was carried out separately for the three energy profiles with
mdgx, part of AmberTools21. The af-tubulin heterodimer system was assembled with the LEaP
tool implemented in the AmberTools 21 software package (61).

The designed models for QM calculations consisted of protein residues a(99-101, 178-181), B(237-
242, 248-259, 314-321, 349-354, 378-380), with the respective N- and C- termini capped with
acetyl (ACE) and NME groups, the azo-AC4 molecule, and its two closest water molecules. They

resulted in 743 atoms.

MD simulations

Plain MD simulations starting from the trans azo-AC-tubulin complex 1 ms structure were
performed using the Amber20 engine (6/). The system, after a preliminary stage of energy
minimization (1000 steps of steepest descent and 9000 of conjugate gradient), was heated to the
target temperature of 300 K with a 250 ps ramp using an integration time-step of 1 ps and the
weak-coupling algorithm, followed by another 500 ps of simulation in the NVT ensemble after
switching to an integration time-step of 2 ps. Subsequently, in order to the equilibrate box
dimensions, the system was simulated for 1 ns in the NPT ensemble using the Berendsen barostat.
For these initial stages, heavy atoms were harmonically restrained with a force constant of 5
kcal/mol/A? Finally, a last stage of 5 ns in the NVT ensemble, using the Langevin thermostat with
a collision frequency y of 2.0 ps™'. Bonds involving hydrogen atoms were restrained, a short-range,
non-bonded cut-off of 8 A was applied, whereas long-range electrostatics were treated with the
particle mesh Ewald (PME) method (66). Periodic boundary conditions (PBC) were applied.
After the equilibration stage, a cumulative 30 ps-long MD simulation was conducted with an
integration time step of 2 fs in the NVT ensemble at a target temperature of 300 K.

In order to evaluate the AAGeis-trans, Well-tempered metadynamics (WTMD) simulations (67) were
performed with GROMACS 2020.2 (68) and PLUMED 2.6.1 (69). We performed WTMD
enhancing the sampling of the two dihedral angles 1-1a-1b-1" and 6-1-1a-1b for both the bound
and the unbound state. The bias factor, the deposition rate, the initial hill height, and the hill width

were set to 45, 0.5 ps~!, 2.5 kJ-mol™!, and 0.3 rad, respectively.
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The WTMD simulation of the bound state was carefully designed to sample conformations
compatible to the XFEL-based time-resolved structures. A positional harmonic restraint with
K=100 kJ/mol nm”"2 was introduced on the backbone of the protein together with the supervision
of the hydrogen bond to the backbone carbonyl of a’Thr179. With this regard, the simulation was
stopped and restarted with regenerated velocities whenever the H-bond was broken. The resulting
trajectory of 400 ns was reweighted in order to reconstruct the free energy profile shown in Figure
2(G). Block analysis with block size of 50 ns was performed to assess convergence and to plot
95% confidence interval error bands.

The WTMD simulation of the unbound state was performed with the same parameters used for the
bound state. In this case, we simulated a single ligand molecule in a solvated cubic box using 10
A as minimum distance between the ligand and the box edges. After standard minimization,
thermalization and equilibration phases WTMD was carried out for 400 ns. The resulting trajectory
was reweighted in order to reconstruct the free energy profile shown in Figure 2 G. Block analysis
with block size of 50 ns was performed to assess convergence and to plot 95% confidence interval

error bands.
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Fig. S1: Pearson correlation of difference electron density changes over time. Electron density
maps (Fobs(light)-Fobs(dark)) were integrated around atoms in the colchicine site (upper middle
panel) or the whole tubulin-azo-CA4 complex (lower middle panel) and subjected to Pearson
correlation analysis (20). The 100 ms data that were collected at the SLS has not been included
because differences in activation level and resolution prevent a direct comparison on the electron
density level. Relevant structural changes on representative time points are shown for the ligand-
binding pocket (left panels) and the whole protein (right panels). Global protein backbone
movements are represented as modevectors relative to the dark structure. Only Coa-backbone atom
displacements of at least 0.5 A in major secondary structural elements of a- and B-tubulin are
shown (N-terminal nucleotide-binding domain in blue, C-terminal domain in red, intermediate
domain in green according to (38)); their magnitudes were multiplied by a factor of six for better
visualization.
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Fig. S2: Comparison of Fops and Fcac difference maps. Experimentally observed Fops(1ms)-
Fovs(dark) and calculated Fcaic(1ms-model)-Fcac(dark-model) difference density maps within the
ligand binding site are shown. Positive and negative difference density are displayed in red and
green, respectively. The initial dark model is shown in grey and the 1 ms structure as blue (a
tubulin), cyan (B tubulin) and green (BT7 loop). Selected side chains are displayed in stick
representation. The Fcac difference density map (top) was calculated using B-factors of 30 for all
atoms and is displayed at a sigma level of 3.5 sigma, while the Fops maps are shown at levels from
2.5 to 3.5 sigma. The Fcac maps represent a full activation level and data without noise and even
though this prevents direct comparison of sigma levels, there is an excellent agreement between
the simulated and calculated difference maps.
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Fig. S3: Time-resolved spectroscopic data collected in the absence and presence of tubulin.
Between 1 ps and 125 ps, the spectrum of tubulin-bound azo-CA4 (A) shows a transition from the
primary strained frans-isomer to a conformationally relaxed trans-isomer as reflected by the shift

of the corresponding absorption to shorter wavelengths (indicated by rectangles 1 and 2). Such a
shift is not observed in the absence of tubulin (B).
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Fig. S4: Comparison of tubulin-azo-CA4 complex structures after photoinduced ligand
release with a crystal structure obtained in the absence of any ligand. (A) Overlay of liganded
dark (grey) and 100 ms (cyan) tubulin structures obtained by serial synchrotron crystallography.
The corresponding difference densities (positive in green, negative in red, Fobs(100ms)-Fops(dark),
sigma level = 5.0) confirm the release of azo-CA4 and reorganization of the colchicine site in
tubulin. (B) Overlay of the structure determined using the 100 ms data (cyan) and the one
determined using data collected from unliganded crystals (blue). They are near identical and show
that the release of azo-CA4 has been completed within this time regime.
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Fig. S5: Release pathway 1 ms after light illumination. (A) Unbinding pathway of azo-CA4 as
obtained by enhanced sampling MD simulation. To obtain an unbinding event, Adiabatic-bias
Molecular Dynamics (ABMD) simulations have been conducted using the electrostatic
interactions between ligand and binding site residue heavy-atoms as collective variable (its target
value was set to zero; elABMD (70)). The small red spheres depict the center-of-mass of ligand
atoms, plotted every 50 frames of the simulation. They indicate a possible pathway azo-CA4 can
take during the unbinding process. (B) The program Caver allows plotting of a release channel

along the same pathway (Caver 3.0.3. azo-CA4 as specified starting point, minimum probe radius
= 1.9 A, shell depth = 4 A, shell radius = 5 A).
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Relaxation of BT7-loop Azo-CA4 release and
trans-azo-CA4 movements pocket reorganization

oI BN\

. J/

Fig. S6: Effects of protein backbone movements on the conformation of tubulin oligomers.
Shown are three longitudinally aligned afp-tubulin heterodimers as found in “straight” (PDB ID
5SYE (39); and “curved” microtubule protofilaments. The curved oligomers were generated by
superimposing the structures of three consecutive af-tubulin heterodimers using their respective
a-tubulin subunit as a reference (33). The effects on oligomer conformation between different time
delays are indicated by the angular changes occurring at the tip of each oligomer; they are defined
as the differences between the centers of masses of the respective third tubulin dimers relative to
the first dark tubulin dimer using PyMOL (Python script by Sean Law, Michigan State University).
Angular deviations demonstrate the plasticity of tubulin during azo-CA4 relaxation in its binding
pocket (125 ps in grey, 100 ns in yellow) and BT7-loop movements of B-tubulin (100 ns in grey,
1 ms in bright orange), as well as a directed curvature adjustment towards the straight tubulin
conformation after azo-CA4 release (1 ms in grey, 100 ms in orange).
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Dark 1ps 25 ps 35 ps 125 ps 1ns 10 ns 100 ns lps 10 ps 100 ps 1ms 10 ms Apo ~100 ms Dark
(XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) (SYN) (SYN)

Data collection

Space group P2;
a,b,c(A) 74.53,92.58, 83.99 74.71, 74.28,91.87, 83.69
92.71,
84.09
o, B,y (°) 90, 96.71, 90 90, 90, 96.82, 90
96.4,
90

Indexed patterns 370356 55065 152814 62447 63962 63970 69058 61091 73798 67496 57915 60644 89399 82666 41314 102238

Indexing rate (%) 16.6 10.76 15.8 19.1 236 233 18.1 19.8 13.2 235 31.2 16.7 22.6 25.6 18.1 16.5
Overall statistics: 11.09 A—1.70 A 92.11-2.1A
(high-resolution statistics: 1.76 A —1.70 A) (2.18-2.10A)
No. reflections 123960 | 122163 | 122167 | 122152 | 122157( | 122155( | 122150 | 122150 | 122150 | 122154 | 122150 | 122153 | 122152 | 104994 | 38945 43965
(12356) | (12154) | (12154) | (12154) | 12154) | 12154) | (12154) | (12154) | (12154) | (12154) | (12154) | (12154) | (12154) | (10494) | (117) (945)
Completeness (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 60 67
(100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) (100) 2) (15)
Multiplicity 2089.8 268.3 893.1 378.2 416.8 365.9 347.5 314.1 404.2 392.6 309.1 3289 586.1 429.5 274.2 602.5
(1000.6) | (107.6) | (447.5) | (200.9) | (210.6) | (188.4) | (175.9) | (164.8) | (208.4) | (207.5) | (155.8) | (161.2) | (313.1) | (194.3) | (216.6) | (504.6)
Rspiit (%) 7.5 18.2 113 17.4 15.7 16.9 17.2 18.1 16.6 16.7 17.5 18.1 13.8 14.2 10.5 8.0
(78.85) | (217.9) | (140.8) | (166.8) | (139.8) | (217.8) | (204.3) | (180.4) | (268.7) | (174.4) | (299.0) | (253.1) | (106.5) | (372.3) | (69.48) (49.9)
CCyy2 0.992 0.965 0.987 0.967 0.972 0.971 0.968 0.964 0.972 0.971 0.969 0.968 0.979 0.981 0.992 0.996
(0.694) | (0.221) | (0.449) | (0.354) | (0.431) | (0.265) | (0.274) | (0.323) | (0.210) | (0.343) | (0.170) | (0.217) | (0.558) | (0.14) | (0.528) | (0.660)
<I/of1)> 9.53 4.02 6.04 4.14 4.66 4.01 4.16 4.05 4.05 4.26 3.68 3.79 5.36 4.59 7.87 10.09
(1.43) | (0.53) (0.83) (0.66) | (0.81) | (0.50) | (0.56) | (0.62) | (0.43) (0.64) | (0.38) | (0.45) | (1.03) | (0.32) (1.25) (1.62)
PDB Code

Table S1: Data Statistics
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Dark 1ps 25 ps 35ps 125 ps 1ins 10 ns 100 ns lps 10 ps 100 ps 1ms 10 ms Apo ~100 ms Dark
(XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) | (XFEL) (XFEL) (XFEL) (SYN) (SYN)
Refinement
Resolution (A) 95A- | 95A- | 95A- | 95A- | 95A- | 95A- | 95A- | 95A- | 95A- | 95A—- | 95A- | 95A- | 95A- 95A- 73.75A- 73.75 A-
1.7A 22A 22A 22A 22A 22A 2.2A 22A 22A 22A 22A 22A 2.2A 1.75A 2.1A 2.1A
No. reflections | 123591 | 54292 | 54329 | 53497 | 53355 | 53409 | 53221 | 52461 | 52234 | 53180 | 52580 | 53111 53134 102745 38921 43943
(8816) | (3737) | (3692) | (3866) | (3831) | (3901) | (3910) | (3763) | (3710) | (3840) | (3778) | (3915) (3657) (1827) (68) (652)
Rwork / Riree in% | 12.13/ | 34.03/ | 24.66/ | 30.73/ | 29.83/ | 31.11/ | 31.13/ | 31.10/ | 30.46/ | 29.87/ | 30.48/ | 30.18/ | 28.52/ 17.51/ 17.28/ 17.76 /
15.38 38.39 29.13 3486 | 3322 | 3519 | 3433 3553 | 34.88 | 3548 | 36.29 35.17 33.36 21.42 23.08 22.64
No. atoms 8482 8349 8436 8327 8239 8284 8352 8211 8217 8228 8262 8274 8210 8366 8198 8646
Protein 8392 7965 7963 7925 7925 7915 7945 7915 7909 7907 7912 7935 7931 7990 7986 8392
Ligands 90 57 57 57 57 57 57 57 57 57 57 57 33 34 34 90
Water 544 299 388 317 229 284 322 211 223 236 265 254 218 314 150 164
B-factors 44.82 2296 | 33.82 3484 | 3970 | 3434 | 3325 3464 | 4097 | 35.09 | 3552 30.69 41.84 49.64 39.94 42.16
Protein 44.27 23.05 33.79 34.95 39.77 | 34.43 | 3334 | 3469 | 4110 | 3517 | 3560 | 30.77 41.89 49.60 39.08 42.30
Ligands 36.79 17.95 24.75 2828 | 3337 | 2695 | 3238 | 2940 | 3234 | 2844 | 31.26 24.09 28.41 33.19 21.95 36.13
Water 54.51 21.83 35.77 33.57 3892 | 3347 | 27.06 | 3437 | 3862 | 33.88 | 3430 | 29.50 4222 53.15 35.76 38.15
Bond lengths (A) | 0.008 | 0.002 | 0002 | 0.002 0.001 | 0.01 | 0.001 | 0002 | 0002 | 0001 | 0.001 | 0.004 0.001 0.008 0.001 0.002
Bond angles (°) 0.885 0.420 | 0426 | 0444 | 0405 | 0414 | 0424 | 0455 | 0436 | 0409 | 0426 | 0.673 0.422 1.050 0.417 0.469
Ramachandran fa- | 98.71/ | 96.63/ | 96.83/ | 97.33/ | 97.33/ | 96.73/ | 97.23/ | 96.93/ | 96.73/ | 97.23/ | 96.82/ | 96.04/ | 96.13/ 97.54/ 95.97/ 97.72/
vored /allowed/ | 1.29/ | 3.7/ | 297/ | 248/ | 248/ | 317/ | 257/ | 277/ | 287/ | 257/ | 2.68/ 3.47 3.57 2.36/ 3.54/ 2.08/
outliers in % 0.00 0.20 0.20 0.20 0.20 0.10 0.20 0.30 0.40 0.20 0.50 0.50 0.30 0.10 0.49 0.20
PDB Code

Table S2: Refinement Statistics

35



https://doi.org/10.1101/2022.02.17.480857
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

15

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.17.480857; this version posted February 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Movie S1: Evolution of difference electron density along the azo-CA4 ligand over time. The
movie shows the overlay of dark (grey) and time-resolved (protein in blue, azoCA4 in orange)
structures with plotted electron difference density (Fobs(light)-Fops(dark), negative in red and
positive in green). The contour level is shown at 3 ¢ for most time delays. For better comparison
it is shown to higher levels for the 25 ps time delay where we collected about three times the light
images and for the ~100 ms time delay from the synchrotron experiment where we achieved higher
activation levels.

Movie S2: Movie illustrating the principal steps upon azo-CA4 release. The movie is prepared
from morphs between the thirteen molecular snapshots and highlights the effect of azo-CA4
(before and after illumination as yellow or orange sticks) isomerization, relaxation, release and the
resulting collapse of the colchicine binding site (a-tubulin in blue and B-tubulin in cyan and BT7
loop in green, respectively, cartoon or surface representation, selected residues as sticks).
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