Retinal isomerization in bacteriorhodopsin captured by a

femtosecond x-ray laser
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Ultrafast isomerization of retinal is the primary step in photoresponsive biological functions including
vision in humans and ion-transport across bacterial membranes. We studied the sub-picosecond
structural dynamics of retinal isomerization in the light-driven proton pump bacteriorhodopsin using an x-
ray laser. A series of structural snapshots with near-atomic spatial and temporal resolution in the
femtosecond regime show how the excited all-frans retinal samples conformational states within the
protein binding pocket prior to passing through a twisted geometry and emerging in the 13-cis
conformation. Our findings suggest ultrafast collective motions of aspartic acid residues and functional
water molecules in the proximity of the retinal Schiff base as a key ingredient for this stereo-selective and

efficient photochemical reaction.

Nature harvests light for its energy and information content.
Seven-transmembrane helix retinal proteins use the absorp-
tion of photons to achieve both of these purposes across all
domains of life. Family members include visual rhodopsins
(light receptors triggering vision) in animals as well as bacte-
riorhodopsin and proteorhodopsins (proton pumps), halor-
hodopsins (anion pumps), channelrhodopsins (gated ion
channels) and sensory rhodopsin (phototaxis receptors) in ar-
chaea and bacteria. Retinal-binding ion pumps and channels
have found exciting applications in the optogenetic manipu-
lation of neural cells (7). Activation of seven-transmembrane
helix retinal proteins is initiated by the photochemical tramns-
to-cis (or cis-to-trans for visual rhodopsins) isomerization of
the conjugated double bond system of the retinal chromo-
phore. Photo-isomerization is one of the fastest reactions in
biology being completed within a few picoseconds after pho-
ton absorption. Retinal isomerization occurs stereo-selec-
tively at a specific double bond within the binding pocket of
the protein host and with a quantum yield of up to 67% (2,
3). In contrast, illumination of all-trans retinal in solution
leads to formation of a mixture of different stereoisomers, 13-
cis, 11-cis and 9-cis, with a quantum yield of only a few per-

cent for each sub-product (4). How the protein scaffold rap-
idly guides retinal isomerization toward a single high-yield
product is an outstanding and fundamental question in pho-
tobiology.

Bacteriorhodopsin (bR) is an archetypical proton pump
that has long served as a system for understanding how the
energy of a captured photon may be utilized to achieve uni-
directional proton transport against a transmembrane pro-
ton concentration gradient. Chemical insights into retinal
isomerization have emerged from ultrafast spectroscopy,
which identified the I, J and K intermediates rising and de-
caying in the ultrafast time regime (Fig. 1) (5-8). Hybrid
quantum mechanics and molecular mechanics (QM/MM)
simulations have provided further insight into the initial
steps of retinal isomerization including predictions of energy
and charge redistributions (9). Despite these advances, theo-
retical and spectroscopic studies require complementary
structural information in order to build up a complete picture
of the highly efficient photo-isomerization of retinal within
proteins. X-ray structures have described reaction cycle inter-
mediates after illuminating crystals with visible light or
changing their pH (Z0). Such intermediate trapping studies,
however, yielded conflicting results for the earliest available



intermediate, i.e., K (11-13). Importantly, they cannot address
the first events upon photo-isomerization since the low ther-
mal energy barriers are not rate-limiting on the ultrafast
time-scale.

With the advent of x-ray free electron lasers (XFELSs),
time-resolved serial femtosecond crystallography (TR-SFX)
has emerged as a powerful method to study ultrafast struc-
tural changes in proteins (14). TR-SFX was validated against
time-resolved Laue diffraction recorded at a synchrotron ra-
diation source using photoactive yellow protein (PYP) as a
model system (I5). The method has further provided unique
insight into ultrafast structural changes during the photo-dis-
sociation of carbon monoxide from the active site of myoglo-
bin (I6), isomerization of p-coumaric acid in PYP (I7) and
isomerization of hydroxybenzylidene imidazolinone in
rsEGFP2 (I8). TR-SFX has also tracked the evolution of pro-
tein and water molecule rearrangements within bR from na-
noseconds to milliseconds from which a coherent picture of
proton pumping emerged (19). Here we utilize this powerful
new methodology to characterize the photo-isomerization of
retinal and the immediate adaptations of its protein binding
pocket.

X-ray diffraction data were collected to 1.50 A resolution
(table S1) from a continuous stream of light adapted bR mi-
crocrystals grown in a lipidic cubic phase (LCP) (20, 21) at the
coherent x-ray imaging (CXI) beamline (22) of the Linac Co-
herent Light Source (LCLS) (23). Approximately one million
indexable diffraction patterns were collected in a pump-
probe scheme using a sequence of four x-ray probe pulses be-
tween every optical pump laser pulse (fig. S1) (24). The x-ray
diffraction images immediately following the optical laser
pulse at four nominal delays were sorted into sub-groups
based on the LCLS timing tool signal (25) with a temporal
resolution estimated to be in the order of 200 fs (16, 17) (fig.
S2). Sequential windows of data within the first picosecond
(overlapping pump-probe delay (A¢) ranges with ~30000
sorted diffraction patterns) together with data collected at
At=10 ps and At=8.33 ms yielded 20 snapshots of bR activa-
tion.

Trajectory of retinal isomerization

A long-distance overview of electron density changes (Fops ™
- Fore?™¥) within bR during the course of the first ten picosec-
onds is shown in movie S1. Changes are already visible for the
earliest time-point and are initially clustered at the retinal
and its binding pocket. A close-up view on the retinal chro-
mophore (Fig. 2 and movie S2) reveals negative density fea-
tures that are visible above 4 ¢ (o is the root mean square
deviation of electron density) on the carbon atoms of the ret-
inal polyene backbone (associated with C8, C10, C12 and C14)
and corresponding weaker positive features (2.7-4.4 c; see ta-
ble S3) for At < 500 fs, but which decay for later time delays.

Theoretical analyses have argued that photon absorption in-
duces a partial charge relocation in retinal from the Schiff
base (SB) toward the B-ionone ring in the excited state and
prior to the trans-to-cis isomerization (9). Measurements of
transient changes in the excitonic coupling between the reti-
nal dipole moment and nearby tryptophan residues imply
that this charge redistribution occurs within 200 fs after pho-
ton absorption (5). Simultaneously, nuclear rearrangements
lead to an extension of double bonds and contraction of the
single bonds (so called inversion of the bond length alterna-
tion), which allows the planar geometry of retinal to distort
in the excited state (26). Such distortion is consistent with the
negative and (weaker) positive difference Fourier electron
density map (Fops'®" - Fops %) features observed around the C7
to C14- atoms of the retinal (Fig. 2) on this time-scale.

The retinal initially samples possible isomerization geom-
etries for At < 500 fs but the possible evolution is heavily con-
strained by the rigidity of the binding pocket. Following this
sampling of double bond geometries in the initial excited
state, electron density changes focus around the C13=Cl4
double bond suggesting a coordinated evolution throughout
the trans-cis isomerization. The progress of retinal isomeri-
zation can be followed in extrapolated electron density maps

(fig. S3 and Movie 1). Changes over time are best visual-
ized by overlaying the difference Fourier electron density
map (Fops 8 - Fops®®*) with the resting and refined structures
for the time ranges At = 49 to 406 fs; 457 to 646 fs; 10 ps; and
8.33 ms (table S2) with (Fig. 3). These time-windows correlate
approximately with accumulation of the spectroscopically
distinct I, J, K and M intermediates identified in solution (5-
8, 27, 28). Already for the earliest temporal windows paired
difference density features indicate that the retinal Schiff
base nitrogen is displaced toward helix G, which is quantified
by structural refinement as a 0.5 A sideways-motion of the SB
but with the retinal geometry otherwise remaining rather
similar to the all-trans conformation. For At = 457 to 646 fs,
we observe stronger continuous negative difference Fourier
electron density map (Fon 8" - Fobs?®¥) along the C20-C14=C13
bonds and two positive difference density peaks flank a neg-
ative feature on the SB nitrogen. This time-point is modeled
as a twisted retinal configuration with the C12-C13=C14-C15
torsion angle approximately 90° and the C15=N; bond lying
in the plane of the membrane. Overall changes between the
dark and At = 457 to 646 fs time delay twist the torsion angles
of the C13=Cl14 and the neighboring C11=C12 and C15=N;
bonds in opposite directions, indicating that the reaction pro-
ceeds according to the aborted bicycle-pedal model of retinal
isomerization (9, 29, 30).

By At = 10 ps only one positive difference Fourier electron
density map (Fops'#" - Fop,s3¥) feature remains that is comple-
mentary to the negative peak on the SB nitrogen atom and
paired positive and negative density features are associated



with the retinal C20 methyl group. Structural refinement cap-
tures these changes as the retinal having reached its twisted
13-cis configuration and the C20 methyl being twisted toward
helix G. This sequence of events is entirely consistent with
quantum mechanical and molecular mechanical (QM/MM)
simulations of the retinal excited state when the key Wat4.02,
Lys216 and the counter-ion network are included within the
modeled domain (fig. S4 and Altoe et al. (9)) providing theo-
retical support for the structural evolution observed here. Fi-
nally, the difference Fourier electron density map recorded
for A¢ = 8.33 ms displays all major features previously ob-
served for At = 1.725 ms (19) including the planar 13-cis reti-
nal characteristic of later reaction intermediates of the bR
photocycle.

Ultrafast response of the counter-ion cluster

A key feature in the resting bR state is a hydrogen bond (H-
bond) interaction of the SB with Wat402, which participates
in the hydrogen bonding network with the counter-ions
Asp85 and Asp212 and stabilizes the positive charge on the
SB nitrogen (31). Mutation of either Asp85 or Asp212 to non-
charged residues greatly reduces the rate of retinal isomeri-
zation (32) and both have been implicated in guiding stere-
oselectivity of the reaction (33).

Quite remarkably, Wat402 and the SB respond to the pho-
ton absorption of retinal even before the isomerization ap-
pears to begin, moving up to 0.6 A further away from each
other (to a distance of 3.25 &) following light absorption (At
= 49 to 406 fs). This separation increases to 4.05 A once the
retinal is isomerized (At = 10 ps). This movement is visualized
as very strong paired positive and negative difference Fourier
electron density map (Fons 8 - Fopnd@™) features (from 6 o to 11
o, Fig. 4) associated with Wat4.02, Asp212 and Tyr57 and
which together reveal an ultrafast collective motion of a
group of polar residues connected through H-bond interac-
tions (Movie 2). The driving force for this motion is the ultra-
fast redistribution of the positive charge away from the SB
and toward the p-ionone ring. Quantum chemical calculation
of the difference between the ground and excited state elec-
tron density (fig. S4) show the localization of changes along
the retinal polyene chain. The sudden polarization instanta-
neously pushes the water molecule away from the SB (up to
a distance of 3.65 A at At= 457 to 646 fs) and breaks the SB-
Wat4.02 H-bond (which would otherwise oppose the SB reor-
ientation during isomerization). Loss of the H-bond lowers
the energy barrier for a specific isomerization pathway (34)
allowing the retinal to isomerize about the C13=C14 bond.
These collective motions are later damped with the retinal
being fully isomerized at At = 10 ps while Wat402 loses its
interaction to the SB in agreement with a changing hydrogen
bonding pattern in this region predicted by low temperature
Fourier transform infrared (35) and Raman spectroscopy

(36). Overall it is striking that the rigidity of the large hydro-
phobic region of retinal binding pocket, which prevents un-
wanted C7=C8, C9=C10 or Cl11=12 cis products, is in stark
contrast with the specific ultrafast motions associated with
Wat4.02 and the counter-ion cluster. These findings implicate
ultrafast collective motions as a key ingredient essential for
efficient isomerization within the protein scaffold.

Protein quake
The collective motions from the counter-ion region extend up
to 12 A away from the SB nitrogen within 600 fs (fig. S5) yet
become dispersed on longer time-scales. This dampening is
evidenced by weaker paired difference densities associated
with Tyr57 at At = 759-1025 fs, as well as the motions of Thr47,
Asp212, which are no longer visible at Az = 10 ps. Changes are
further apparent when comparing the refined structural in-
termediates at At = 49 to 406 fs; 457 to 646 fs; and 10 ps
(Movie 2). As such these motions propagate away from the
active site at 2 nm/ps which is noticeably faster than the
speed of sound in water (~1.5 nm/ps). These observations are
consistent with the propagation of motions in the bacterial
photoreaction center (37) and myoglobin (16, 38, 39) and the
theory of protein quakes that suggests how excess energy in
proteins can be dissipated in earthquake like motions of col-
lective structural deformations (40). In the case of photoac-
tive proteins like bR, these motions may be the mechanism
through which excess energy from decay of the excited state
is released in a non-radiative fashion.

Our ultrafast TR-SFX data recorded at an XFEL captures
a fundamental photochemical reaction and one of the fastest
processes in biology. In particular, our measurements un-
cover the initial structural rearrangements in the excited
state that guide the selective isomerization process. Photo-
excited retinal initially samples multiple isomerization path-
ways within its binding pocket, but the ultimate fate of the
reaction is steered by the near instantaneous charge redistri-
bution along the retinal and the resulting collective motions
of the Schiff base counter-ion complex. Breaking of the SB-
Wat402 H-bond enables the trans-to-cis isomerization about
the C13=C14 double bond. Similar ultrafast collective motions
may guide the stereochemistry and enhance the quantum ef-
ficiency of retinal isomerization in such diverse processes as
phototrophy in the seas, neuron stimulation in optogenetics
and the initiation of visual signals within the photo-receptors
of our eyes.

Materials and methods

Purification and crystallization of bR
Bacteriorhodopsin was purified from purple membranes of
Halobacterium salinarum. The purification and crystalliza-
tion was performed as described previously (24, 4I) with a
few modifications. The purple membranes were solubilized



overnight in the presence of 1.7% B-Octylglucoside (Anatrace)
and 50 mM sodium phosphate buffer pH 6.9 (GERBU). After
solubilization the pH was adjusted to 5.5 with 0.1 M HCl and
the insoluble fraction was removed by 1-hour centrifugation
at 150 000 x g. The size exclusion purification step was omit-
ted following Nango et al. (19). The protein was concentrated
to 40 - 80 mg ml! using Millipore centricolumns with 50 kDa
cutoff. Lipidic Cubic Phase (LCP) for crystallization was ob-
tained in a Hamilton syringe by mixing protein with
monoolein (Nu-Chek) in a 42:58 ratio. Subsequently the LCP
was slowly injected into another Hamilton syringe filled with
crystallization buffer consisting of 100 mM Sorensen buffer
pH 5.6 (GERBU) and 30% polyethylene glycol 2000 (Molecu-
lar Dimensions). The crystallization was carried out at 21°C
and crystals between 15 um and 50 pum along the longest edge
and with a thickness of 1 - 5 um were obtained within 3-6
days (average crystals size 35x35x3 um). All purification and
crystallization steps were performed under dim red light or
in the dark.

Sample preparation for LCP-SFX

The crystallization buffer was removed from LCP containing
crystals via a syringe coupler by slow pressing on the syringe
plunger. Shortly before the experiment monoolein was added
to bring the sample into a homogeneous and transparent LCP
mesophase. The sample was supplemented with 5% of MAG
7.9 to prevent phase transition during injection into vacuum
and 5% of paraffin was added to support smooth flow of the
sample. The crystal density within the sample was homoge-
nized using a custom made “3-way syringe coupler”. It con-
sisted of three syringe inlets and the simultaneous passage of
sample from two syringes into a third one over several cycles
ensured optimal crystal distribution throughout the sample
volume for smooth jet operation. The stability of jetting was
tested offline with a high-speed camera providing further ev-
idence that the addition of paraffin improved stable jetting.
Selected batches of the prepared crystalline sample were
tested in advance to confirm high hit rates and diffraction
quality using the Swiss Light Source set up for LCP injection
(42). Before data collection the sample was light adapted at
300 mW for 5 min through a long-pass yellow filter (>515
nm). Sample was used for data collection no longer than 30
min after light exposure to prevent decay of the light adapted
dark state. On average, 1 ml of final sample was used per 12-
hour shift.

Data collection

The TR-SFX experiment was performed in June 2017 in the
microfocus chamber of the CXI beamline at LCLS (43) with
the integrated optical pump-probe laser set-up (44). The 50
fs XFEL pulses at 9.5 keV were delivered at 120 Hz into a vac-
uum chamber. In the experiment we used a modified version

of the LCP injector (20) with a larger sample reservoir of 130
ul to allow a longer data collection and the higher flow rates
(2.5 ul min™ through a 50 ym diameter nozzle and, for a small
amount of data, 5 ul min™ through a 75 um diameter nozzle)
necessary for time-resolved crystallography (24). The LCP
stream was aligned with the x-ray beam and an Ti:Sapphire-
pump Optical Parametric Amplifier producing optical laser
pulses with a 30 Hz repetition rate, 100 fs pulse length, 529
nm wavelength and 17 uJ energy in a focal spot of 95 um
(1/€%). The arrival time of the optical laser pulse relative to
the XFEL pulse, was monitored using the timing tool at LCLS
(25, 45) with nominal time delays At = -500 fs, 300 fs, 600 fs,
900 fs, 1100 fs and 10 ps. As the exact timing is subject to
jitter, data collected at these delays were sorted and binned
after collection based on their timing tool signal (see Data
sorting and binning). By combining all indexed patterns from
the second XFEL pulse after the pump laser excitation (175
pm from the interaction region) we could further resolve A¢
= 8.33 ms, but with lower occupancy due to this time-point
being excited further from the pump laser peak intensity (fig.
S1). We obtained a high quality dark dataset (table S1) by
merging patterns of the fourth XFEL pulse after light excita-
tion from all datasets. For clarity, the 120 Hz XFEL, 30 Hz
optical data collection scheme is further illustrated in fig. S1.

An important parameter for a successful TR-SFX experi-
ment is the laser power density at sample position, which is
critical for efficient activation but difficult to estimate. In our
case we aligned the laser approximately 50 um below the x-
ray interaction region to exclude light contamination of the
following pulses. This shift reduced the nominal power den-
sity of 2.4 TW/cm? the laser to 0.324 TW/cm2 (factor of 0.135
(1/e7%)) at the x-ray interaction region. This value is in a sim-
ilar range as in previously published ultrafast TR-SFX studies
(16, 17, 46). Using an offline setup with a continuous laser we
established that scattering from the 50 pm wide LCP jet
(without protein or crystals) reduces the incident laser light
by about 80%. Scattering from the LCP jet and the high opti-
cal density of the crystals further reduced the average light
intensity any given bR molecule was exposed to. Taking the
typical crystal dimensions of 35x35x3 um? and the parameters
above into account, we estimate 3.3 to 0.6 absorbed photons
per retinal depending on the orientation of the crystal with
respect to the laser pulse. This exposure is within the range
where multiphoton effects are negligible in a crystallographic
analysis based on the small spectroscopic effect under similar
laser conditions (46-48). Moreover, our setup provided com-
parable results to our previous experiment using a nanosec-
ond pump laser with much lower power density (0.06 GW
cm2) at SACLA (19), with a twisted retinal at 10 ps and 16 ns
(fig. S7). The two delays correspond to the lower and upper
end of the temporal range where the K intermediate of bR is
observed spectroscopically and the high similarity between



the two structures indicates that productive photocycles can
be induced using a femtosecond laser pump pulse. The simi-
larity of structures for 10 ps / 16 ns provides us with an inter-
nal control for the presented experiments in the femtosecond
range.

Our choice of laser energy was guided by two previous TR-
SFX experiments with very similar femtosecond pump laser
parameters but different laser energies (fig. S9). In December
2015, we used 8 uJ and 12 pJ, with the former yielding nearly
flat Fourier difference electron density maps while the latter
provided very weak signal with a few peaks at 3.5 ¢ and the
estimated activation levels of about 5%. In July 2014, we used
20 pJ which yielded about 13% activation levels (24). In the
currently reported experiment we aimed for activation levels
better than 10% and measured all time-delays with a con-
sistent 17 uJ in order to collect interpretable crystallographic
data.

Data sorting and binning
Diffraction images were selected with Cheetah (49) followed
by further sorting according to event codes corresponding to
one of the four images collected after the optical laser pulse.
Light data in the femtosecond range were sorted by
pump-probe delay time using the timing tool available at CXI
with yttrium aluminum garnet (YAG) target (45). The spec-
trally encoded delay was determined by the standard
matched-filter procedure implemented in psana, the LCLS-
provided analysis software (50). Strong etalon effects caused
by the thick YAG target necessitated one modification to this
standard analysis. Before edge-position determination by
matched filtering, the spectral signal was bandstop filtered
using a 5th-order Butterworth filter with a cut-on and cut-off
frequency of 45 fs* and 120 fs™ respectively, effectively re-
moving signal oscillations due to etalon. The data where ini-
tially sorted into 20 bins with 10000 images each (see fig. S1).
For calculating structural snapshots, we combined 3 overlap-
ping bins which lead to 18 snapshots in the femtosecond
range, which we further complement with data collected at
At =10 ps and 8.33 ms (see table S1).

Data processing

The images were indexed using mosflm and dirax indexing
algorithms on the peaks identified by Cheetah. Data were in-
tegrated (the integration radius was 3 pixels for the peak re-
gion and 4-7 pixels for the background annulus with
integrating 1.2 nm™ beyond the conservative resolution limit
determined on a per image basis) and merged with CrystFEL
(51) version 0.6.3. A geometry refinement using geoptimiser
was carried out on a subset of images that diffracted beyond
2.0 A in CrystFEL’s conservative apparent resolution. This
step improved high resolution statistics significantly after re-

indexing and re-integration of the data. The indexing ambi-
guity in space group P6; was resolved using ambigator in
CrystFEL (52). Data were scaled and merged using partialator
in CrystFEL without the calculation of partialities (-model =
unity), using one cycle of scaling and applying the option to
extend the conservative resolution limit determined on the
per image basis (“-pushres 1.2”). A small subset of patterns
(11758) with HPLC back pressures 25 bars above the average
value for each data run was discarded in order to eliminate
any source of potential light contamination in dark data due
to occasional jet slowdowns owing to higher crystal density.

Data analysis

For the structure determination of the dark state, diffraction
images from every fourth diffraction image after the optical
laser pulse were used. The signal recorded by the timing tool
for every first diffraction image after the optical laser pulse
was used to sort the diffraction images after the experiment
into bins with defined time ranges (see Data processing and
binning). Each of the datasets (table S1) consists of three
overlapping original bins (fig. S1). The time ranges used for
data analysis were initially chosen to contain around 30000
images (about 27000 after indexing, see table S1) to ensure
good quality data for analysis and to be comparable to the
number of images collected at 10 ps. The resolution cutoff for
the light data was established so that most datasets have at
least a CC* of 0.5 at 1.50 A. We used a dark dataset of 29461
patterns collected without optical pump laser to cross-check
our high quality dark dataset for light contamination and
could not observe difference density peaks corresponding to
the M-state above the noise level of 2.5 c.

Structure determination and refinement of the bR dark
state

PDB entry with accession code 5J7A (24) with all water mol-
ecules and lipids removed was used as molecular replace-
ment model in Phaser (53). The resting state structure was
obtained with several cycles of building and refinement using
COOT (54) and PHENIX (55) to a resolution of 1.5 A (table
S2).

Calculation of difference Fourier density maps

The difference Fourier density maps were calculated with
phenix.fobs_minus_fobs_map (55) including the multiscal-
ing feature and low resolution cutoff at 4.5 A. The electron
density peak minima and maxima in ¢ units (= root mean
square electron density of the unit cell) were extracted in
COOT (56). Table S3 lists peak values for regions of the den-
sity map which at any point in the ultrafast time range ex-
ceeded * 4 ©. The values below 2.5 o were set to 0 as being of
too low significance.



Refinement of intermediate states

In a TR-SFX experiment crystals subjected to optical laser
light pulse contain a mixture containing light activated mol-
ecules and dark state molecules. We used extrapolated struc-
ture factors Fex (57) to enable modeling of bacteriorhodopsin
activated states, similar approach as used to model the sub-
picosecond structural states of PYP (7). The extrapolated
structure factors were calculated using a linear approxima-
tion (58) as follows: Fext = [(Fobs_tight - Fobs_aark) / activated frac-
tion] + Fobs_dark- The 2Fex - Feae maps calculated with phases of
the dark state model showed distinct features in agreement
with the Fos - Fopd®* Fourier difference maps. Using this
comparison, the light activated fraction of molecules in the
data time-ranges 49 - 406 fs, 457 - 646 fs, 10 ps, 8.3 ms was
estimated to be 25%, 18%, 16% and 10% corresponding to
fractions where the features associated exclusively with the
dark state disappear from extrapolated maps. Reciprocal
space refinement against the F.. to 1.9 A resolution in
PHENIX (55) in combination with real space fitting in COOT
(566) provided models (table S2) for the respective time points
with all of them showing about 98% of residues in the Rama-
chandran favored region. A comparison of calculated (Feac™
fined _ F 1.2%) and experimental (Fos'e' - Fopd2) difference
densities (fig. S8) was used as additional control to validate
the refined structures. Comparison of the bR 8.33 ms struc-
ture obtained from the refinement against the extrapolated
structure factors with the 1.725 ms structure (19) obtained by
an alternative conformation refinement approach shows a
high level of similarity between the structures derived using
the two different approaches (fig. S6).

Quantum mechanics and molecular mechanics
(QM/MM) calculations

We used a hybrid quantum mechanics/molecular mechanics
(QM/MM) method to study the photochemical reaction of bR.
The key step in setting up such a QM/MM calculation is the
partitioning of the total system in the QM and MM subsys-
tems. The QM subsystem is described using a quantum chem-
ical method, while the MM subsystem is computed by a
classical force field. Following the crystallographic results, we
included the retinal chromophore and the Lys216 sidechain,
as well as the counter-ion sidechains Arg82, Asp85, Asp212
and the water molecules Wat4.02, Wat404, Wat406 to the QM
part, while the rest of the protein was treated at the MM level.
The MM subsystem is treated using an AMBER force field
and interacts with the QM subsection through electrostatic
embedding. In all the simulations, we have performed the
protein backbone was kept fixed in the crystallographic posi-
tion and only the QM section and all sidechains, which have
at least one atom within 5 A from the retinal Schiff base and
Lys216 moiety was allowed to be moved freely in the geome-
try optimization.

To optimize the geometry in the ground state the QM sub-
system was described using the pure-GGA BP86 functional
with Grimme’s corrections for dispersion interactions and
the cc-pVDZ basis set. The difference between the ground and
excited state density was computed using CAM-B3LYP and
the cc-pVTZ basis set.
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structure factors have been deposited in the PDB database under accession
codes 6G7H (dark state), 6G7I (At=49-406 fs), 6G7J (At= 457-646 fs), 6G7K
(At=10 ps), and 6G7L (At=8.33 ms). Scripts used for correcting the jitter in the
sub-picosecond time delays are available online
(https://gist.github.com/tjlane/1d0c7d7d1f93ec8icadd53593fbe25b2) or upon
request to Thomas Lane Stanford Linear Accelerator Center (SLAC) National
Accelerator Laboratory. Other software used for data evaluation is freely
available as detailed in the material and methods section.
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Fig. 1. Early events in bR activation. (A) Structural changes in the seven
transmembrane helix proton-pump bR are initiated by the trans-to-cis
isomerization of the covalently bound retinal chromophore. The arrows
indicate direction of H* transport from cytoplasmic side (IC) to extracellular
side (EC) of the membrane. A hydrogen bonding network including the
complex counter-ion network and several water molecules is critical for
maintaining the high affinity of the Schiff base (SB) link for protons. (B)
Serial femtosecond crystallography allows us to resolve the retinal molecule
and its binding pocket with near atomic resolution (2Fops-Fcac electron
density of the light-adapted resting state at 1.5 A resolution shown in blue at
20) atambient temperature and in the membrane-like environment of lipidic
cubic phases. The atoms C13 and Cl14 are labeled to indicate the bond
undergoing isomerization. (C) The retinal chromophore (sticks with van der
Waals radii shown as transparent halo) is tightly encased within the binding
pocket of the bR dark state (yellow). (D) Retinal isomerization is an ultrafast
event progressing within picoseconds from the bR dark state over the | and
J to the K intermediate. | forms within about 200 fs after excitation and is
characterized by a rapid rise in the retinal dipole moment (5) and twisting of
the polyene backbone (6). After about 500 fs the J intermediate evolves
which initiates the isomerization reaction (7) and turns into the K state with
isomerized 13-cis retinal after about 3 ps (8). The ultrafast dynamic
interplay between retinal and its binding pocket increases quantum
efficiency and guides stereo selectivity of retinal isomerization.
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Fig. 2. Femtosecond structural dynamics along the retinal
chromophore. The potential energy diagram (A) indicates along energy (y-
axis) and reaction coordinates (x-axis) how absorption of a photon
promotes all-trans retinal to the Franck Condon point (FC). The excitation
energy is kinetically dissipated after passage through the conical
intersection (CI). Trans-cis isomerization occurs along local energy minima
correlating with the I, J and K spectroscopic intermediates. According to the
commonly accepted model, the transition of the excited state intermediate
() to the first ground state product (J) occurs within about 0.5 ps and
coincides with the onset of retinal isomerization (7, 27, 59). The progression
(B to E) of difference Fourier electron density (Foos®" - Fopsd@* contoured at
4 o, golden negative, blue positive) displayed along a dark state model
allows us to follow trans-cis transition and see how the double bond system
is sampled immediately after photoactivation before selective
isomerization around the C13=C14 bond occurs. The process results into an
energetically elevated 13-cis isomer that is still twisted by the protein
binding pocket 10 ps after activation. All temporal snapshots of this
trajectory are available as movie S2.
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Fig. 3. Structural intermediates at pump-probe delays (A?)
corresponding to times where key spectral intermediates of the bR
photocycle occur. (A) At= 49-406 fs = |-intermediate (B) At=457-646 fs =
J-intermediate (C) At = 10 ps = K-intermediate and (D) At = 833 ms = M-
intermediate. The structure of the bR dark state is shown in magenta and
overlaid with the bR reaction intermediates in red. The difference Fourier
electron density map (Fopse" - Fops®@* contoured at 4 5, golden negative, blue
positive) and arrows indicate the structural rearrangements around the
isomerizing C13=C14 bond and the retinal counter-ion. The corresponding

extrapolated electron density maps 2Fex-Feac are available as fig. S3 and
Movie 1.
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Fig. 4. Close-up view of the protonated Schiff base (SB) and
associated counter-ion network. Progression of the difference Fourier
electron density map (Fops8" - Fops®®™ contoured at 4 o, golden negative,
blue positive) shows the coherent motions of the hydrogen bonding
network connecting the Schiff base with Asp85, Asp212, Tyr57 via water
molecules Wat402, Wat401 and Wat400. Arrows indicated correlated
motions in retinal and hydrogen bonding network. The sticks represent
the dark state model of bR. All temporal snapshots are available as movie

S3.



Movie 1. Retinal isomerization in refined
structures with extrapolated electron
density (2Fext - Fealc contoured at 1.2 o).

Movie 2. Dynamic view of retinal isomerization and
response of the counter-ion network. The movie shows
the ftransitions between four structural intermediates:
Ground State, At =49 - 406 fs, At = 457 - 646 fs and At =10
ps. The morphs between the refined structures where
generated with Chimera (60) and reveal a fast motion
proceeding through the entire structure followed by a
slower rearrangement. A zoom into the region of the
counter-ion network highlights the hydrogen bond
breakage between the Schiff base and Wat402. The
detailed view of the retinal isomerization visualizes the
structural rearrangements as the isomerization proceeds.
Time scales inthe movie do not correlate to real time scales
and the structures are linear morphs of atom motions. The
transition 457 - 646 fs — 10 ps is shown slower than the
other two transitions in order to highlight the longer time
scale of the transition.



